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Influence of Dopant on the Behavior
under Thermal Cycling of Two
Plasma-Sprayed Zirconia Coatings
Part 2: Residual Stresses

R. Hamacha, P, Fauchais, and F. Nardou

The evolution of coating morphology and surface residual stresses was followed for three different pow-
ders: zirconia stabilized with 8 wt% yttria (YSZ), 9.9 wt% dysprosia (DSZ), and 9.8 wt% ytterbia
(YbSZ). The YSZ reference powder was fused and crushed (-45 +22 um), and the other two were agglom-
erated and sintered (-90 +10 um). According to the size distributions and manufacturing process, the
plasma-sprayed YSZ particles were fully molten, resulting in dense coatings with good contact between
the splats; the DSZ and, especially, the YbSZ particles were partially molten.

In general, the surface residual stresses were slightly compressive before thermal cycling. The YSZ and
DSZ coatings were insensitive to aging (600 h in air at room temperature), as shown by the surface stress
evolution, which was not the case for YbSZ coatings. Six hundred furnace thermal cycles from 1100 °C to
room temperature indicated excellent behavior of YSZ and DSZ coatings, with almost no variation of sur-
face residual stresses, compared to a high dispersion for YbSZ coatings with the development of

macrocracks parallel and perpendicular to the substrate within the coating.

l Keywords residual stresses, thermal cycling, zirconia coating J

1. Introduction

RESIDUAL stresses are among the most important parameters
that determine the lifetime of thermal barrier coatings (TBCs)
(Ref 1-11). These stresses can arise from the quenching of indi-
vidual splats, the expansion mismatch between coating and
workpiece, and the thermal gradients within the coating and
substrate during spraying. Such stresses can result in coating
spallation due to crack propagation parallel to the workpiece
surface. Many studies have examined the behavior of yttria- or
ceria-stabilized or partially stabilized zirconia coatings under
various thermal cycling conditions, but no work has been re-
ported on dysprosia and ytterbia partially stabilized zirconia.
The current work is related to the behavior of such coatings
when cycled in a furnace with air atmosphere at 105 Pa between
1100 °C and room temperature.

2. Experimental Procedure

The characteristics of the zirconia powders (=90 +10 pum)
partially stabilized with dysprosia (DSZ) or ytterbia (YbSZ) and
the spraying parameters have been detailed elsewhere (Ref 12).
For comparison purposes, zirconia coatings stabilized with 8
wt% yttria (YSZ) were sprayed using fused and crushed parti-

R. Hamacha, P. Fauchais, and F. Nardou, LMCTS—URA CNRS
320, 123 Avenue Albert Thomas, 87060 Limoges Cedex, France, Fax
55.45.75.86.

Part 1 of this article was printed in the Journal of Thermal Spray Tech-
nology, Vol 5 (No. 4), 1996, p 431-438.

Journal of Thermal Spray Technology

cles with a smaller size distribution (—45 +22 pm) (Ref 12). With
this powder, the contact between the splats is much better due to
good particle melting, and the thermophysical properties of the
coatings are improved compared to those obtained with YbSZ
and DSZ coatings.

For the present study, the coatings were sprayed on disk-
shaped (25 mm diam, 5 mm thick) FeCr;;Als g (PM alloy ob-
tained by powder metallurgy) substrates grit blasted prior to
spraying with Al,Oj3 grit (1.4 mm diam) at a pressure of 0.3 MPa,
resulting in R, = 14 to 15 um. The coatings were sprayed with
substrate preheating of 300 °C (Ref 12), and on completion of
the spray operation, the plasma jet and the cooling air jets were
switched off and the coating and substrate cooled slowly (over
approximately 5 min) to room temperature.

The thickness of the coatings was close to 400 um, and the
as-sprayed coating roughness, estimated with a perthometer Mi-
tutoyo surftest 201 (Mitutoyo, Japan), was about 10 um. Coat-
ing surface strain measurements were performed using an X-ray
device (PSI device: Dosophatex type, Courbon Co., St. Etienne,
France), with an iron target in the case of the DSZ and YSZ coat-
ings or a chromium target in the case of the YbSZ coating. The
linear detector was equipped with a vanadium filter (12.5 um
thick).

3. Stress Determination

The residual stresses were measured by monitoring the shift
of selected diffraction peaks (Ref 1, 3, 4, 13, 14). The lattice
strain was obtained from the shift of a (hkl) peak, when com-
pared with that for a corresponding unstrained specimen, a
method employed by Castex and Sprauel (Ref 15). Measure-
ment of the peak shift along the three angles, 6, @, and ¥ (Fig.
1), allows determination of the nine components of the stress
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tensor (Fig. 2). However, it must be emphasized that this method
has a few drawbacks: (1) The limited penetration depth of x-rays
(typically in the 5 pm range for zirconia) implies that stresses are
measured within a region that is subject to stress relaxation, and
(2) the layer removal technique to obtain the stress distribution
within the coating is subject to errors since the stress distribution
changes (Ref 14). Therefore, in this work no layer removal
method was employed. The deformations were measured by us-
ing the X-ray diffraction (XRD) peaks of a single phase. It was
thus important to know which crystalline phases were present
together with the corresponding diffracting planes. The spectra
obtained with the Ko copper radiation showed that the coatings
consisted mainly of the nontransformable tetragonal phase, gen-
erated by very rapid cooling (>10 K/us) during the spraying
process (Ref 16).

In the case of the DSZ coating (measurements performed
with an iron target), the (422) plane was chosen for determina-
tion of stresses, according to the corresponding line intensity
and its angular position. However, since the intensity of the
(224) peak was about one-third of the height of the peak (422)
(Fig. 3a), deconvolution of the two peaks was mandatory. These
angular ranges were used:

e 0:64.5 to 71° by steps of 0.02° to obtain one spectra for
given values of ¥ and @

e W:-541054° by steps of 9° (i.e., 13 6 scanning for a given @)

o  @:01t090°by steps of 45° (i.e., 3 scanning in 0 for a given \V)

After smoothing the 39 patterns obtained (3 x 13), the decon-
volution was performed assuming the two diffraction peaks had
Gaussian shapes. The determined values were used to evaluate
the deformation of the reticular planes:

*

*
_dn~d0
£, =

d

0

where d,, is the reticular plane distance in the n direction, and dy
is the reticular plane distance in the z direction perpendicular to
the sample surface (see Fig. 1).

To calculate the stresses, assuming elastic behavior, determi-
nation of the elastic constants £ (Young’s modulus) and v (Pois-
son’s ratio) is a prerequisite. This can be performed by using, for
example, a four-point beam flexion test for samples detached
from their substrate (Ref 10) or an ultrasonic method. Such
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Fig. 1 Schematic depiction of the XRD technique for measurement
of residual stresses, with definitions of the angles 0, ®, and ¥
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measurements were performed (Ref 11) on YSZ coatings
sprayed under similar conditions as those used in this study.
There was no substrate preheating and the coating and substrate
temperatures were kept below 200 °C during spraying, resulting
in poor contact between splats (Ref 17). The Young’s modulus of
the plasma-sprayed YSZ coatings was 48 GPa, approximately
25% of the value of sintered zirconia (200 GPa). McPherson
(Ref 18) interpreted this low value as due to the relatively low
fraction of the “true” contact between the layered splats.

According to the particular microstructure of plasma-
sprayed coatings, crystallographic data on elastic constants de-
duced from XRD experiments and those calculated with
Kroner’s model (Ref 19), for example, are very different from
those determined by using the experimental values of E and v
(from four-point bending, ultrasonic tests, etc.). Thus, as empha-
sized by Zaouali (Ref 10), for precise stress determination it is
necessary to know the crystallographic constants of the mate-
rial. This was not possible in the present work, and the values
proposed by Zaouali were used. The values were determined by
studying the shift of (hkl) peaks when a tensile stress was ap-
plied to the plasma-sprayed coatings. Calculation of the corre-
sponding values of E and v showed that E=210 GPaand v =
0.31. Compared to E and v values measured by the four-point
method, E is about four times greater. This can be explained by
the fact that, at the grain size scale, the grain behaves like a
monocrystal, while the macroscopic measurements take into ac-
count all the macroscopic defects. The following crystal-
lographic constants were used:

8, =-1476x 107

S,=1.2476x 10>

When 633 =0, S and S; allowed determination of the relation-
ship between €, and the stress components 61 and G5;. The
stress tensor was then obtained by performing a multiple regres-
sion and using Hooke’s law (g, = F;; X G;5), where F; depended
only on the crystallographic constants. It was assumed that these
values remained constant whatever the type of coating and the
number of thermal cycles, and this may not necessarily be true.
The normal stress to the surface was assumed to be zero (the
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Fig. 2 Relative positions of the global stress and its main compo-
nents referred to the measured strain epy. The G;; components corre-
spond to the shear stresses.
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penetration of X-rays is less than 6 pm for zirconia; see Table 1), 4. Results
and dy was calculated for ¥ = 0.
A chromium target was used to study the YbSZ coatings, and
the (400), plane was examined (Fig. 3b). No deconvolution was
needed since the peak was isolated. The spectra obtained were
processed automatically with house-developed software (Ref
20). In this case, the 0 angular range was from 60 to 67° and was

4.1 Coating Surface Residual Stresses before
scanned by steps of 0.02°. The values of @ and ¥ were the same
as those used for DSZ.

Thermal Cycling

The stress tensors obtained for each coating are given in Ta-

ble 2. As anticipated, the stress values are weak because stresses
generated during plasma spraying are relaxed, as shown by the
microcracked state of the coatings. During the cooling of each
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Fig.3 Examples of XRD spectra for residual stress determination. (a) DSZ. (b) YbSZ
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splat after solidification, tensile quenching stresses, Oy, are gen-
erated. This stress can be approximated by:

oq=deadxAT

where Ej is the Young’s modulus of the coating, 04 is its volu-
metric expansion coefficient, and AT is the temperature differ-
ence between the plastic state of the particle (corresponding
roughly to Ty, = 0.6 X Ty, where Ty, is the melting temperature of
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the sprayed material) and that of the substrate (7 ~ 600 K). The
corresponding values for AT = T, — T; can be relaxed only by
microcracks—as shown, for example, by the microcrack net-
work observed by Bianchi et al. (Ref 21) for splats collected on
hot (400 °C) substrates. According to Kuroda et al. (Ref 22), the
residual quenching stress should be on the order of 10 to 20
MPa.

Two other types of stress exist in the substrate close to its sur-
face: (1) the compressive stresses due to grit blasting and only
partially (=10%) relaxed by rapid preheating (90 to 120 s) of the
substrate prior to spraying and the substrate heating during
spraying (~300 s), and (2) residual stresses in compression gen-

Table1 Linear absorption coefficient and average
penetration depth of X-rays in zirconia (at ¥ = 0 and
IIy=63%)

Parameter Iron target Chromium target
Linear absorption coefficient(a), m™! 87,753 170,950
Average penetration depth of X-rays(b), yum 5.3 2.6

0Zr0,, deg 63.86 86.01

(hkD)¢ (422) (400)

(a) Calculated with p = 5700 kg/m3 for zirconia. (b) Calculated with the
formula given in Ref 19.

Table2 Influence of zirconia dopant on plasma coating
surface residual stresses
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Fig. 4 Residual stress evolution with thermal cycling. (a) YSZ. (b)
DSZ. (c) YbSZ
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Residual stress, MPa
Coating Stresses tensor + standard deviation Main stresses
YSZ 38 57 15 31 20 6 on =-52
57 3 -21|%£1}20 38 6 622=80
15 221 0 6 6 19 o33 =13
DSZ 67 12 64 38 22 7 on=10
12 26 4311022 42 8 O =107
64 43 0 7 8 22 033=—76
YbSZ 27 33 1 25 14 4 O =54
-33 5 22|14 25 4 622 =-31
1 22 0 4 4 14 6313=9
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Fig.5 Effectof aging on the superficial residual stresses of the YbSZ
coating measured by XRD
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erated within the coating upon cocling after spraying, assuming
that the coating and substrate temperature remains uniform.
However, the cooling temperature is not at all uniform, espe-
cially with the low thermal conductivity zirconia (=3 W/m - K),
and the coating surface cools faster than its bulk, resulting in ex-
tra tensile stresses at the surface. The tensile stresses, as summa-
rized in Table 2, were confirmed by using the incremental hole
drilling method (Ref 23) for alumina coatings sprayed on steel.

It is readily apparent that the stress tensor, no matter the sta-
bilizer, exhibits shear stress components, Cij which are not neg-
ligible compared to the main components, G;. Moreover, the
strain measured is on the order of 4 X 10~ and corresponds to a
peak shift of 6% in degrees (the measuring step in 20 is 0.04°).
The YSZ and DSZ coatings exhibit fewer cracks than the YbSZ
coating, and the stress values are slightly higher. However, the
same crystallographic constants S; were used for the three stabi-
lizers, and work is in progress to determine the validity of this as-
sumption.

4.2 Residual Stress Evolution with Thermal Cycling

Globally, the surface stresses are slightly compressive in cy-
cled coatings, as shown in Fig. 4, because of the thermal origin
of these stresses. The YSZ coating exhibits the highest compres-
sive stress due to the excellent contact between the splats (Fig.
4a), and, according to the precision of the measurements, it re-
mains constant during thermal cycling. The coating undergoes
no microscopic or macroscopic degradation during cycling, ex-
cept for the creation of a few macrocracks orthogonal to the sub-
strate. It appears that the DSZ coating exhibits relatively low
stresses with very little variation during thermal cycling (Fig.
4b). It is worth noting that this coating, which is minimally con-
strained during all the cyclings, undergoes no macroscopic or
microscopic degradation (Ref 9). Compared to YSZ coatings,
the contact between the splats is somewhat inferior because
some of the particles are not completely molten upon impact.
Polished cross sections of the DSZ coatings reveal several large
pores, corresponding to unmolten particles that have been
pulled out; this is not the case with the YSZ coating. Just as for
YSZ coatings, after thermal cycling of DSZ coatings a few
macrocracks orthogonal to the substrate, starting from a large
pore, are visible in polished cross sections.

For the YbSZ coating (Fig. 4c), taking into account the fact
that the penetration of the X-rays is only 3 im (chromium target)
while the coating roughness is 10 um, a dispersion of some
measurement points is observed, particularly for the cycle num-
bered 449. At this cycle, two very different values (about —150
and —40 MPa) are obtained due to superficial aging of the coat-
ing at ambient temperature, which is enhanced by the thermal
cycling. The coating cross section after thermal cycling (Ref 12)
reveals decohesion with much larger cracks (compared to the
two other coatings) perpendicular and parallel to the substrate.

According to the poor contact between the splats, this coating
is sensitive to aging at room temperature due to humidity ab-
sorption. No aging effect on the superficial residual stresses was
observed for the YSZ and DSZ coatings after 600 h in air, but
this was not the case with YbSZ coating. Figure 5 shows that ag-
ing for this coating significantly decreases the superficial com-
pressive residual stresses. The XRD measurements are very
sensitive to this aging, especially when the penetration depth of
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the X-rays is low. The coating microstructure (microcracking,
poor interlamellar contact, etc.) (Ref 12) can favor such stress
relaxation. Furthermore, the microstructure in transverse sec-
tions of the coating cycled to 478 cycles appeared to be very het-
erogeneous and could also account for the observed dispersion.
Thus, this coating undergoes high decohesion on thermal cy-
cling, as indicated by its microstructure and microhardness val-
ues (Ref 9).

Measurements of the evolution of the c/a ratio with thermal
cycling showed that after 600 cycles this ratio increased by
17.3% for DSZ and by 16.5% for YbSZ (Ref 12). Such an evo-
lution, according to Miller and Lowell (Ref 24), is often linked
to the decomposition of the t’ phase to ¢ and m phases. In any
case, XRD analysis revealed no increase of the m phase.

5. Conclusions

The DSZ coatings presented a very weak compressive sur-
face stress (measured by XRD with an iron target), which re-
mained stable during 600 furnace cycles from 1100 °C to room
temperature. The evolution of the cell parameters during ther-
mal cycling followed the same tendency as the surface stress, re-
maining almost constant.

The YbSZ coatings, with lower mechanical resistance (HV sy
= 632 % 36 compared to 695 + 32 for the DSZ coatings), exhib-
ited more dispersed values of surface residual stress after ther-
mal cycling in connection with greater variations in its cell
parameters. The coating microstructure, as revealed by cross-
sectional examination, was quite heterogeneous with many
macrocracks and microcracks, which can explain the observed
dispersion and which are linked to the coating decohesion with
thermal cycling.
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