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Yttria-stabilized hafnia-zirconia thermal barrier
coatings: the influence of hafnia addition on TBC
structure and high-temperature behaviour

H. IBEGAZENE, S. ALPERINE, C. DIOT
ONERA Materials Science Department, B.P. 72, 92322 Chatillon cedex, France

The search for more reliable and durable thermal barrier systems is a key factor for future
aircraft turbine engines success. Hafnia is therefore an attractive ceramic component due to
its similarity to zirconia and its elevated structural transformation temperatures. We report
here structural and thermomechanical investigations of various plasma-sprayed coatings
composed of ZrO,+ xmol % HfO, (x=0, 25, 50 and 100), partially stabilized by 4.53 mol %
yttria. X-ray diffraction studies show that, a metastable, non-transformable, high yttrium
content, tetragonal solid solution is the only phase observed on the as-sprayed samples.
This phase is crystallographically equivalent to the t' phase described for classical
yttrium-partially stabilized zirconia (Y-PSZ) thermal barrier coatings (TBCs). Upon high-
temperature annealing in air (7= 1200°C), however, the return of this t' phase to equilibrium
differs from the classical t' — t+c reaction. According to literature data, reactions of the type
t' - t+c+m should prevail at the highest hafnia contents {x > 50}. Indeed, important
quantities of monoclinic phase are accordingly being observed upon cooling. Thermal
cycling of TBC samples in air has been performed at 1100 °C. The Young’s modulus of the
ceramic coating, which progressively increases when hafnia is substituted for zirconia, has

a strong influence on TBC thermomechanical resistance.

1. Introduction

Thermal barrier coatings (TBC) have been commonly
used over the past 20 years to increase the durability
of gas turbine engine combustors working in the
650-750°C temperature range. The use of TBC to
increase turbine engine efficiency, which implies coat-
ing high-temperature components (vanes and blades),
is still a technical challenge [1]. For this purpose, the
state of the art consists of an MCrAlY bond coat
about 100 pm thick covered by a 200-300 pm thick
ZrO,-8 wt % Y,03 top coat (this composition is
equivalent to 4.5 mol % Y,0; and 9 mol % YO, ).
Both can be plasma sprayed (low-pressure plasma
spray (LPPS) for the bond coat and air plasma
sprayed (APS) for the ceramic [2, 3]) or deposited by
an electron beam physical vapour deposition process
[4, 5].

A major problem to solve in TBCs is that of the
coatings” thermomechanical resistance at elevated
temperature (typically 1100°C and above). Many
authors have shown that this property is closely re-
lated to the phase structure of the ceramic part of the
coating [6-8]. In the 6-8 wt % Y,05; composition
range, a non-equilibrium tetragonal t' phase is re-
tained at room temperature, because of rapid quench-
ing during plasma spraying [9, 10]. This t’ phase
displays particular faulted microstructural features,
such as grain twinning and antiphase boundaries [11,
12]. Moreover, after high-temperature annealing in
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air (1100—1200 °C), a very fine and stable precipitation

.of the equilibrium cubic phase appears (“tweed”

microstructure). It has been pointed out that these
microstructural elements, absent outside this com-
position range, would act as crack deviation sites and
thus enhance coating intrinsic toughness.

In practice, however, the use of zirconia-based TBC
seems limited to a temperature well below 1200 °C for
several reasons, one of which is the lack of perenniality
of the ceramic microstructure. The aim of this study
was to selsct and examine a new oxide system that
would exhibit microstructures similar to that of zirco-
nia and transform at higher temperaturés. The current
knowledge on the hafnia-zirconia system is reported
in the following section. We have attempted to shed
some light upon the influence of hafnia addition on
the microstructure and high-temperature behaviour of
plasma-sprayed yttrium-partially stabilised zirconia
(Y-PSZ) coatings. For this purpose, such coatings
have been observed by conventional scanning and
transmission electron microscopy as well as X-ray
diffraction. Particular attention has been paid to the
defects structures of the observed tetragonal phase,
compared to that of the metastable t' phase of
plasma-sprayed ZrO,—8 wt % Y,0;. The influence of
high-temperature annealing on the microstructure has
also been studied, giving some insights on how it evolves
toward equilibrium in these new coatings. Finally,
a qualitative approach of the thermomechanical
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resistance of the coatings has been developed using
thermal cycling and Young’s modulus measurements.

2. The ZrO2-HfO2 system
Hafnium and zirconium are both elements of the IVB
group. Their ionic radii are very similar: 0.086 nm for
Zr** and 0.085 nm for Hf** with the eight-fold coor-
dinence (cubic and tetragonal polymorphs of zirconia
and hafnia, for instance) [ 13]. Their respective oxides
are therefore, characterized by remarkable structural
and chemical similarities. Hafnia and zirconia have
very comparable thermal expansion coefficients, close
to 10 x 109K ~ ! for their tetragonal polymorph [14].
Moreover, the volume change associated with the
tetragonal to monoclinic transition is about twice as
small in hafnia than it is in zirconia [15]. Hafnia is,
therefore, more thermal shock resistant, but less ad-
equate as transformation toughening agent [16].
The zirconia—hafnia binary phase diagram estab-
lished by Ruh et al. [17] is presented in Fig. 1. It
reveals that these oxides are miscible in all propor-
tions and at all temperatures. At normal atmospheric
pressure, hafnia and zirconia exist in three stable
forms: monoclinic, tetragonal and cubic. Table I sum-
marizes some crystallographic data available on ZrO,
and HfO, polymorphs. The transition between these

TABLE 1 Summary of crystallographic data of ZrO, and HfO,

phases occurs at much higher temperatures (see
Table IT) as the composition moves from ZrO; to
HfO, [17]. Moreover, Lefévre [18] claims that HfO,
is probably the only oxide the dissolution of which
induces a rise in the transformation temperatures of
zirconia. Owing to its important technological ap-
plication (transformation toughening mechanism), the
tetragonal to monoclinic inversion has been the most
extensively studied. Its transition temperature could
not be measured with great accuracy because of the
martensitic character of the transformation and its
hysteresis (about 100 °C for ZrO, and 30 °C for HfO,,
after Wolten [19]). '

However, to prevent this destructive transforma-
tion, hafnia like zirconia can be stabilized transformed
as a cubic structure, by addition of CaO, MgO, or
Y, 0. This structure is commonly called “fully stabil-
ized HfO, or ZrO,” or “fluorite-type phase”. It has
been shown [20] that Y,O;-stabilized HfO, is more
resistant to destabilization at high temperatures than
either CaO- or MgO-stabilized HfO,. According to
Stubican and Hannon [21], the hafnia—yttria system
phase diagram presents the same features as the zirco-
nia—yttria system (Fig. 2). A remarkable fact is that
the 4.5 mol % Y,0O; composition line approximately
intersects the middle area of the (t + ¢) phase field in
both yttria partially stabilized zirconia and hafnia.
Thus, interest in the ZrO,~HfO,-Y,0, systems arises
from its potential to develop favourable microstruc-
tural features and behave mechanically as ZrO,-8
wt % Y,0;.

3. Experimental procedure

The substrates used were 25 x 50 x 3 mm? platelets
and cylinders (diameter 15 mm, height 36 mm) of cast
alloy Ni-23Co-20Cr-8.5 Al-4Ta, wt% (this com-
position matches that of the AMDRY 997, without
yitrium), which were grit-blasted (Al,0; 220 mesh,
2 bar) and degreased (vapour-phase trichloroethy-
lene). The substrates were first coated with a 100 pm
thick NiCoCrAlTaY bondcoat deposited by low-pres-
sure plasma spraying (from Ni-23Co-20Cr-8.5A1-
4Ta-0.6Y wt %, AMDRY 997 powder). The MCrAlY
bondcoat is required to confer adequate oxidation
resistance and to minimize the stresses associated with
the thermal expansion mismatch between the ceramic

Monoclinic Tetragonal cubic
P2, /c(no. 0.14) P4, /nmc Pseudo-cubic cell Fm3m(no. 0.225)
(no. 0.137)
710, HfO, 710, ZrO, HfO, ZrO, HfO,
(at 1020°C) (at 1865°C) ’ (at 2750°C)

Cell a =0.51463 a=0.51156 a=0364 a=0512 a=0.514 a = 0.509 a =0.530
parameters b = 0.52135 b =0.51722
(nm) ¢ =0.53110 ¢ = 0.52948 ¢ =0.527 ¢ =0.525 ¢ =0.525

Bp=99.2° B=99.18°
References ASTM ASTM ASTM ASTM

36-420 [40] [27 17-923 8342 (27-997) [41]
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TABLE II Transformation temperatures (°C) for zirconia and
hafnia (after [39]); the first numbers indicate the beginning of the
transformation; the numbers between brackets show tranformation
completion temperatures

M=T T2M TaC C=Liq.
ZrQ, 1050(1110) 910 (804) 2370 2680
1160 (1215) 1038 (993)
HfO, 1540 (1650} 1590 (1510) 2520 2753
1620 (1650) 1620 (1520) 2530 2774
1725 2660 2800
2700 2900
This study
3000 ]
2500
Cubic (C)
S 2000
°
=}
& 1500
[}
Q
§
& 1000
500 ﬁ
+C
Mono- Non transformable  Gubic

o 5 10 15 20
YO, ; (mol %)

Figure 2 Zirconia~yttria [22] and (...) hafnia—yttria [21] phase
diagrams.

and the substrate. The composition of the substrate
was chosen in order to minimize bondcoat/substrate
interdiffusion. The samples were then heat treated for
4 h at 1080°C under secondary vacuum (P, < 1077
torr; 1 torr = 133.322 Pa) for bondcoat diffusion and
finally covered with a 300 pm thick layer of [ZrO,—
xHfO,]-4.5mol% Y,0; (x=0, 25 50 and
100 mol %). The ceramic was air plasma sprayed
starting from ZIRCYT powders (mean diameter is
around 30 um). Table I1I shows the composition of
each sample. The 4.5 mol % of added yttria corre-
sponds to a stabilization state equivalent to that of
the classical ZrO,-8wt% Y,0;. Plasma-spraying
parameters are listed in Table IV. Isothermal anneal-
ing of the specimens was performed at 1200 or 1400 °C
in a tubular furnace, in air, for 100 h, followed by an

air quench. Thermal cycling was carried out at
1100°C in two tubular furnaces fitted out with an
automatic device. Two cylinder samples per range of
composition were cycled to insure the test’s validity.
Two different cycling experiments have been per-
formed. One involves a 1h dwelling time and com-
bines the effect of thermal shocks with that of high-
temperature oxidation. The other provides a very
short stay at 1100 °C, and simulates thermomechani-
cal degradation in less-oxidizing conditions.

The different steps of a cycle are as follows (see also
Fig. 3):

(i) sample introduction: 6 min
(i) upward temperature 17 min
gradient:
(iii)  isothermal annealing 60 or 1 min

at 1100°C ( + 5°C):

(iv) sample withdrawal: 5s

(v) sample cool-down 4 min to 200°C
with forced air convection:

(vi) total cycle duration: 87 or 28 min

Young’s modulus has been determined by a pulse-
echo overlap technique on as-sprayed, 100h at
1200°C and 100 h at 1400 °C annealed samples. This
method enables calculation of the velocity of
propagating longitudinal ultrasonic waves in the ma-
terial. The knowledge of wave velocity, Vy, leads to
the Young’s modulus of the coating via the following
expression

E=pV{? (1)

where p is the specific weight of the material. The
samples used are 50 x 5 x 0.3 mm? strips. The prepara-
tion involves precutting of the ceramic strips, followed
by a dissolution (60% concentrated HCI, 20% acetic
acid and 20% hydrogen peroxide) of the underlying
metallic alloys.

X-ray diffraction data were obtained using a Philips
PW 1380 Omega goniometer under the conditions
listed in Table V. The {111} and {400} regions of the
diffraction patterns were extensively analysed. Lattice
parameters of the tetragonal phase, measured by X-
ray diffraction (XRD), provided indirect value of the
percentage of yttria in the tetragonal phase. The fol-
lowing expressions, derived from the experimental
work by Scott [22], link a, and ¢, parameters to the
molar per cent of YO, 5(§)

a, (nm) = 0.508 + 3.58 x 1074 & 2)
¢, (nm) = 0.5195 — 3.1x 1074 ¢ 3)

TABLE IIT Chemical composition (mol %) of the raw powders in the zirconia—hafnia—yttria system

Samples ZrO, (%) HfO, (%) Y,0; (%)
(raw powders)

Nominal Observed Nominal Observed Nominal Observed
Zr0,-Y,0; 95.47 92.65 - - 4,53 4.54
Zr0,-25Hf0,-Y,0; 71.60 68.78 23.87 24.07 4.53 451
Z10,-50HfO,-Y ;03 47.73 46.08 47.73 47.10 4.53 449
HfO,-Y,0; - - 95.47 94.29 4.53 4,53
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TABLE IV Air plasma spray parameters

Parameter

Value
Argon flow 28.31min~!
H, flow 8 Imin !
Arc current 500 A
Powder flow 18 gmin~*
Spray distance 110 mm
Torch displacement 20 mmin~*
velocity
Oxidizing Less-oxidizing
. conditions conditions
1100 f N
1000 ----
o
~
87 28
je—
020 —
Time {min)

Figure 3 Temperature-time profile for the two thermal cycling
conditions.

TABLE V X-ray diffraction instrumental parameters

Radiation Cuk,
Postspecimen-type curved
graphite monochromator
{111} peaks
Range (20) 27°-33°
Step 0.01°
Counting time per step 60 s
{400} peaks
Range (20) 72°-76°
Steps 0.02°
Counting time per step 120s
Thus
0.5195 — (0.508 ¢,/ a
£(%) = Saldlige
31+ (3.58¢,/ay)

It should be noted that the validity of these ex-
pressions is supposedly limited to the ZrO,-Y,O;
system. Equivalent data for the HfO,-Y,Q5 are not
available.

Quantitative analysis of monoclinic phase (concern-
ing both tetragonal and cubic phase) in ZrO,-
50mol % HfO,~4.5mol% Y,0; and HfO,-4.5
mol % Y,O5 samples, annealed 100 h at 1200°C, is
approximated by considering the low-angle X-ray

diffraction data in the 27 ° < 20 < 33 ° angular region.
The size range of the grains (0.1-1 um) is well below
the 5pum size required for accurate intensities
measurement by powder XRD [23] and there is no
preferential orientation. This {111} region corres-
ponds to the most intense reflections of monoclinic,
tetragonal and cubic phases. In the case of the diffrac-
tometer used in this study, the intensity I(hkl) of (hkl)
reflections can be calculated from [24]

1 + co0s? 20 cos? 26M> IF hal?

—2M

-k, L
I{hkD) = Ko p ( sinf sin26 U?

(5)

where K, is a constant, p the multiplicity of planes
(hkl), p the linear absorption coefficient of the mater-
ial, 0 the Bragg angle, 8,; the monochromator crystal
Bragg angle, F(hkl) the structure factor, e 2 the
Debye~Waller temperature factor, and U the crystal-
lographic unit cell volume. The cos?6y factor is intro-
duced for the Lorentz-Polarizatien correction for
a post-specimen type monochromator.
Equation 5 can also be written as

1(hkl) = K, R(ﬁk’)

(6)

Following Toraya et al. [23], the volume fraction,
V m, of the monoclinic phase in pure zirconia (m + t)
mixtures is calculated from

PX
Vs — B 7
»T 1+ (P - D)Xn @)

where

R(101)
R.A1D)+R, (111

The values of R,, are calculated with atomic para-
meters of monoclinic ZrQ, given by Smith and New-
kirk [25], lattice parameters of Adams and Rodgers
[26] and R, with all correct crystallographic para-
meters of Teufer [27]. Toraya et al. [23] obtained
a theoretical value of P = 1.34. The experimental
value of P =1.311 resulting from X-ray diffraction
measurements on 19 samples is in agreement with the
theoretical value.

X, the integrated intensity ratio, is defined for this
mixture by

P= ®)

I.(11) +1,(111)
Al +I,(111)+I,(101)

The (10 1) reflection of the tetragonal primitive cell
[27] corresponds, in the pseudo cubic cell, to the (11 1)
reflection habitually used.

In addition, Toraya et al. [28] have also studied the
quantitative analysis of monoclinic-stabilized cubic
ZrO, system by X-ray diffraction. Indeed, they con-
sider that the equation for the non-linear calibration
curve of volume fraction versus integrated intensity
ratio are still valid in the case of (m + ¢) mixtures. In
this system, the integrated intensity ratio is defined as

I.A1)+1,(111)

Xom = LA+, (Il +1. (111 (10)

X = ©
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TABLE VI Crystallographic data used for quantitative phase
analysis (by [40] for monoclinic phase, [27] for tetragonal phase,
ASTM 27-997 for cubic ZrO,, and Pearson [2] for cubic HfO,)

{a) Cell parameters

Monoclinic Tetragonal Cubic
2rQ, a= 51454 a =364 a =509
b= 52075 c=3527
c= 53107
B=99.23°
HiO, a= 51156 a =364 a=5125
b= 51722 c=1527
c= 52948
B=99.18°

(b) Atoms coordinates for monoclinic cells
(after the data by [25] for ZrO, and by {40] for HfO,)

7xQ, x y z B
Zr 0.2758 0.0411 0.2082 0.30
O, 0.0700 0.3360 0.3410 0.32
Oy 0.4420 0.7550 04790 0.23
HIO,

Hf 0.2759 0.0412 0.2078 0.45
0, 0.0730 0.3460 0.332 045
Oy 0.4460 0.7480 0.4830 0.45
and

PX
V= w5 v (11)
1+ (P-1x,,

where V ,, is the volume fraction of monoclinic ZrO,.

For our study, the qualitative analysis of the mon-
oclinic phase by X-ray diffraction is not problematic.
On the other hand, a tentative approximation of mon-
oclinic volume fraction in ZvQ,~-HfO,-Y,0; system
is more critical because the calculation or experi-
mental evaluation of P could not be very accurate,
owing to the lack of adequate crystallographic data.
However, based on the data given in Table VI, theor-
etical calculations of R (hk!) for monoclinic and tet-
ragonal polymorphs of ZrO, and HfO, have been

performed (see Table VII). Substituting these results
in Equation 8, the following P values for pure zirconia
and hafnija were obtained using, respectively (10 1),
and {11 1), reflections

P(m/t-7Zr0,) = 1.267 P (m/c-Zr0O,)

= 1.347
P(m/t-HfO,) =1229 P (m/c-HfO,)
= 1.314

In view of these results and the dispersion of
P values found in the literature, an average value of
P = 1.30 has been retained for the estimate of V,,. The
integrated intensities of monoclinic and tetragonal (or
cubic) peaks were evaluated by area measurements
considering a linear adjustment of the background
level.

The preparation of transverse samples for scanning
electron microscopy involved four steps: sample em-
bedding in epoxy resin or electrolytic nickel, crosswise
sectioning, mechanical thinning and conductive car-
bon deposit. Surface imaging was done using a Cam-
bridge Stereoscan S250 SEM.

Electron-transparent thin foils for TEM have been
prepared from planar sections of coating, using the
following steps. The ceramic topcoat was first re-
moved by chemical etching of the substrate and the
bond coat (60% concentrated HCl, 20% acetic acid
and 20% hydrogen peroxide). It was then mechan-
ically prethinned (to ~ 70 um) and ion milled (Ion
Tech. Supermicrolap Mark 2) at an incident angle of
17° until perforation occurred. They were studied
using conventional transmission electron microscopy
with Philips CM 20, JEOL 200CX and JEOL 4000 FX
microscopes,

4. Results

4.1. Microstructure of as-sprayed and
annealed samples

4.1.1 As sprayed specimens

4.1.1.1. X-ray analysis. X-ray diffraction (XRD) ana-

lyses of as-sprayed samples show, for each composi-

tion ratio, the presence of a single tetragonal phase.

Indeed, in these materials, the monoclinic form is

TABLE VII Theoretically calculated X-ray diffraction data for ZrO, and HfO, polymorphs

Material Reflection 4hk!(nm) 20(°) LP(®) » U073 nm?  |F? R
Cubic ZrO, (111) 0.2938 30.39 12.03 3 131.87 16615 9195
Tetragonal (101) 0.2995 29.81 12.54 3 69.82 4199 86.41
210,

Monoclinic (117 03162 28.19 14.10 4 14045 13971 39.94
ZIOZ

Monoclinic (111) 0.2838 31.49 11.16 4 140.45 12476 28.23
Zl'02

Cubic HfO, (111) 0.2958 30.18 12.21 8 134.61 51030 275.2
Tetragonal (101) 0.2995 29.81 12.54 8 69.82 12499 2572
HiO,

Monoclinic (1171) 0.3145 2835 1393 4 138.30 39720 115.7
HIO,

Monoclinic (111) 0.2825 3164 11.05 4 138.30 40481 9354
HfO,
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{111},¢,m region

X =100

x=25

x=0
28 285 29 295 30 305 31 315 32
2¢(deg)

Figure 4 XRD patterns of plasma-sprayed ZrO,—x mol %
HfO,-4.5 mol % Y,05. Detail of the {11 1} region for x = 0, 25, 50
and 100.

{400)t.
Ka‘l

T TS T S A O A S WY T O O W Y S S SOV SR S B AT L al

72 725 73 735 74 745 75 75.5 76
26{deg)

Figure 5 XRD patterns of plasma-sprayed ZrO,—x mol %
HfO,-4.5 mol % Y,05. Detail of the {004} region for x = 0, 25, 50
and 100.

TABLE VIII X-ray diffraction results of as-sprayed samples

Samples a, (nm) ¢, (hm) ¢/a

{ £ 0.0001) (& 0.0001) ( & 0.0002)
Zr0,-Y,0; 0.5111 0.5159 1.0093
Zr0,-25Hf0,-Y,0; 0.5110 0.5157 1.0091
ZrO,-50HfO,-Y,0; 0.5112 0.5161 1.0095
HfO,-Y,0; 0.5094 0.5145 1.0100

distinguished from the cubic and the tetragonal (t and
t') forms through the observation of the {111}, re-
flection (the pseudo-cubic description of the tetrag-
onal phase is used here for convenience). On the other
hand, ¢, t and t’ can be differentiated by the separation
of {400}, {400}, and {004}, reflections at higher
26 angles.

Partial X-ray diagrams in the {111} region are
shown for each sample in Fig. 4. The examination of
this region shows the presence of the intense (111)
reflection of the tetragonal (or cubic) phase and very
weak {111} reflections of the monoclinic phase (not
visible on the figure). Some amount of monoclinic
phase is also detected whatever the hafnia content.
However, calculations based on peak heights above
the background level and Equations 5-9 lead us to
consider this amount to be less than 2% (volume
fraction) for all samples.

The equivalent X-ray diffraction patterns from the
{400} region are shown in Fig. 5. The presence of
two peaks in this region is characteristic of t or t'
tetragonal phases.

From the lattice parameter ratios reported in
Table VIIL, the corresponding values of & were cal-
culated using Scott’s formulae [22] (Table IX). For
x =0, 25 and 50 the high Y,O3 content of the tetrag-
onal phase, derived from Equations 2—4, and ¢/a ratio
close to unity, suggest the presence of the metastable t’
phase. For x = 100, agreement with high yttria con-
tent (i.e. 4.5mol % Y,0O3) is only obtained on the
basis of ¢/a evaluation (see Equation 4). This fact is
not surprising considering the validity domain of
Scott’s formula [22] and the slight difference between
Zr** and Hf** ionic radii.

It should be noted that, although the observed
diffraction peaks lead to the conclusion that all coat-
ings are composed of a single non-equilibrium t'
phase, low amounts of the equilibrium.c¢ and t phases
could be present and undetected because their reflec-
tions in the {004} region lie in the same angle range as
those of t'. To check for this eventuality, XRD
measurements have been performed on mechanically
ground samples. The mechanical energy thus provided
would probably transform any amount of t phase
back into its low-temperature stable monoclinic form
[29]. Fig. 6 shows the related X-ray diffractograms of
such samples in the {11 1},, , region. Compared to the
equivalent diffractogram of as-sprayed samples, no
transformation seems to have occurred during grind-
ing, because the observed ratio I,/(I, + I,) has not
markedly change. The observed tetragonal phase is
accordingly a non-transformable t’ phase.

4.1.1.2. Ceramic microstructure. Fig. 7 illustrates the
typical aspect of the cross-section of thermal barrier
coatings. The coatings exhibit a morphology of lamel-
lar drops and a relatively important and uniform
amount of porosity. Backscattered electron imaging
also shows a heavily microcracked structure.

Fig. 8 shows, for all compositions, a microstructure
of fine equiaxed grains in the size range 0.1-1 pm.
Some grains sometimes are slightly elongated. The
fine characterization of the microstructure is achieved
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TABLE IX Compositions for t' metastable tetragonal phase derived from crystallographic data of Table VIII

Samples Ea(mol % YO, 5) + 0.5 &c (mol % YO, 5) + 0.5 &c/a (mol %
YOrs) £ 1
Zr0,-Y,0; 8.8 114 10.0
ZrO,-25Hf0,-Y,0; 8.3 12.1 10.1
ZrO,-50HfO,-Y,0, 9.0 10.8 9.9
HIO,-Y,0;, 41 159 9.3

{111}t,c,m region

x =100 Jk
S jk
x =25

x=0

PR | P

28 28.5 28 29.5 30 305 31 3156 32
26(deg)

Figure 6 XRD patterns of ground plasma-sprayed ZrO,—x mol %
HfO,-4.5 mol % Y,0;. Detail of the {1 1 1} region for x = 0, 25, 50
and 100.

Figure 7 Typical aspect of the cross-section of a TBC top layer;
SEM backscattered electron image.

by using dark-field imaging technique. Indeed,
the tetragonality of the coating is revealed in experi-
mental diffraction mode by the presence of weak re-
flections (forbidden for the F Bravais lattice) of the
type {odd, odd, even} (with the relevant index permu-
tations). Using these reflections, the appearance of  Figure & (), (b) and (c} (see over)
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Figure 8 TEM Dpright-field image of planar sections showing
equiaxed grains for x = (a) 0, (b) 25, (¢) 50 and (d) 100. Porosity
lines are seen in some instances.

grain twinning and domains structure (tetragonal
variants separated by anti-phase boundaries, APBs)
inside each diffracting twin is always displayed (see
Fig. 9). At a subgrain level the observed tetragonali
phase also exhibits microstructural features similar to
the well-studied t' phase in ZrO,—6 to 8 wt % Y,O;
[30, 31].

These microstructural features (domain microstruc-
ture and APBs inside the twins) result from the de-
crease of symmetry during the ¢ —» t’ displacive trans-
formation [11]. Twin microstructure occurs because
of the equivalent possibility for the tetragonal distor-
tion to be along any of the three original (100} axes
of the parent cubic cells.

4.1.2. Annealed specimens

4.1.2.1. X-ray analysis. Partial X-ray diagrams for
annealed samples in the {111} and {004} regions
have been performed. The observation of XRD dia-
grams leads us to consider separately low (x = 0, 25)
and high (x = 50, 100) hafnia content specimens.

Figure 9 (a)

Figure 9 (a—d) TEM dark-field image of tetragonal t' grain with
{111} zone axis; g ={112}; (1) APB, (2) extinguished twin;
x =(a) 0, (b) 25, (c) 50 and (d) 100.

Fig. 10 shows the {111} region diffractograms for
the low hafnia content samples. No phase evolution in
this region can be observed: the amount of monoclinic
is of the same order as in as-sprayed samplies. The
exploitation of XRD data (see Table X) in the {004}
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{111}t,c,m region

x =25

20(deg}

Figure 10 XRD patterns of plasma-sprayed ZrO,~x mol %
H{O,-4.5 mol % Y,0O; annealed 100 h at 1200°C. Detail of the
{111} region for x = 0 and 25.

region shows an increase of the tetragonal c/a ratio
and concurrently a weak decrease of the derived
YO, 5 content & (see Table X). These results first re-
veal that the tetragonal t’ phase is still preponderant
after annealing, whereas the yttria content remains
high. Moreover, they suggest the development of
a second phase, probably with a higher yttria content
than t.

Concerning the higher hafnia content samples the
tetragonal to monoclinic transformation ts markedly
observed in the {111} region. The increase of the
amount of monoclinic phase (see Fig. 11) with increas-
ing hafnia content thereby proves high-temperature
destabilization of the non-equilibrium t° phase.
Quantitative estimate of the monoclinic volume frac-
tion, V', is achieved by using Equations 5-8. Starting
from the value of P = 1.30, the calculated amounts of
monoclinic phase are V,, = 68% for HfO,-Y,0; and
Vo = 16% for ZrO,—50HfO,-Y,0;. Because of this
important amount of monoclinic phase, the {004}
region cannot be used in practice because many mon-
oclinic reflections lie in this angular domain.

4.1.2.2. Ceramic microstructure. As has been shown
above, phase evolution during annealing differs for
samples with low and high hafnia contents. In the first
case, the same microstructural features (twins, APBs)

are still present after isothermal ageing. The APB
boundaries have straightened: this is a classical ripen-
ing phenomenon leading to a minimal energy config-
uration. However, a microstructural change has oc-
curred, consisting of fine regularly spaced dark and
bright precipitates (Fig. 12). This feature, commonly
called modulated or tweed-like microstructure, has
already been observed by several authors [11, 32] in
the ZrO,-Y,0; system annealed in the c + t field.
Electron diffraction patterns performed in the {110}
orientation show the presence of reflections forbidden
for fluorite structure. It is likely that these precipitates
are composed of the equilibrium cubic phase which
appears in the t' matrix as a consequence of solid-state
diffusion [31]. This phase evolution can thus be inter-
preted as an early stage of the return path to equilib-
rium of the t’ phase.

TEM investigation on ZrO,-50HfO,-Y,0;
{x = 50) shows two typical second-phase morpholo-
gies. The first predominant one is similar to that
developed in low hafnia content samples, namely
a tweed pattern structure consisting of cubic precipi-
tates in tetragonal matrix (see Fig. 13a). In other
respects, limited numbers of t grains partially
transformed into monoclinic phase, are observed.
Fig. 13b shows the formation of m laths nucleated at
t grain boundaries. Distorted fringe contrast is evinced
at the m/t interface. It probably results from the
parameter misfit between t and m phases and the
volume expansion accompanying the t - m trans-
formation. Other localized strained zones are also
evinced when growing m laths impinge on other
propagating laths.

In the case of HfO,-Y,0; samples (x = 100),
a wide development of monoclinic phase has taken
place during isothermal annealing. Fig. 13c¢ shows
a heavily transformed region made up of wedge-

- shaped m plates that are coarsely twinned. In regions

transformed to a lesser degree (Fig. 13d), propagating
and coarsening m laths are best observed. Localized
strained zones are also present but no occurrence of
microcracks is evinced at monoclinic/tetragonal
grain-boundary interfaces.

4.2, Thermomechanical properties

4.2.1. Thermal cycling

The number of cycles to failure, for individual samples
and the two cycling conditions, is plotted versus haf-
nia content in Fig. 14. This evaluation has been made
on the basis of complete spallation of the coating. It
should be emphasized that for each composition, fail-
ure occurred almost simultaneously for the two sam-
ples tested, insuring the test reproducibility. These
results clearly show a marked decrease of the samples’
lifetime with increasing hafnia content. Moreover,

TABLE X X-ray diffraction results and derived compositions of samples annealed 100 h at 1200°C

Sample a( (nm) + 0.001 ¢ (nm) + 0.001 c¢/a £ 0.002 &%) + 1
Zr0;-Y,0, 0.5117 0.5171 1.010 8.34
Zr0O,-25HfO,—Y ;0,4 0.5113 0.5171 1.011 8.79
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Figure 11 XRD patterns of plasma-sprayed ZrO,-x mol %
HfO,—~4.5 mol % Y,0; annealed 100 h at 1200°C. Detail of the
{111} region for x = 50 and 100.

Figure 12 Tweed microstructure in ZrQ,-x mol % HfO,-4.5
mol % Y,03; annealed 100h at 1200°C; x = (a) 0 and (b) 25.
TEM dark-field image with (110} zone axis; g = {1 12}.

a critical influence of oxidation is evinced because 1 h
annealing during thermal cycling leads to specimen
lives which are three times shorter.

As has often been observed on plasma-sprayed
TBCs [33], the major thermomechanical degradation
mode of the samples consists of oxide spallation re-
sulting from progressive accumulation of fatigue dam-
age. A macrocrack usually propagates in the ceramic,
parallel to the ceramic/metal interface (Fig. 15).

A thin alumina layer (about 5 pm thick) has grown
between the ceramic-and the MCrAlY bondcoat. This
layer is formed by interaction of aluminium, which has

Figure 13 (a), (b) and (c)
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Figure 13 Microstructure of ZrO,-x mol % HfO,—4.5 mol %
Y,0; annealed 100 h at 1200°C for x = (a,b) 50 and (c,d) 100;
(a) tweed microstructure, (b) growth of m laths nucleated at t grain
boundary, (c) extensively transformed region, and (d) details of
propagating and coarsening m laths.
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1000
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Number of cycles to failure
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o] 25 50 100
Hafnia (mol %)

Less-oxidizing
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Figure 14 Thermal cyclihg lifetime versus hafnia content.

Al,O, layer Ceramic coating

v ‘l’-

NiCoCrAlTaY _,
bondcoat

Figure 15 Propagation of a macrocrack near the ZrO,—x mol %
HfO,-4.5 mot % Y,03/NiCoCrAlTaY interface during thermal cycl-
ing; SEM backscattered electron image; cross-section observation.
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Figure 16 Young’s modulus of as-sprayed and annealed samples
versus hafnia content.

diffused from the bondcoat, with oxygen present in the
oxide coating. It can be very rippled in some right
sides. Occurrence of other oxides such as Cr,O3 and
Ni(Al Cr), 0O, is also observed.

4.2.2. Young's modulus

The results of Young’s modulus measurements are
reported in Fig. 16. The specific weight takes into
account a porosity of 10% for each composition (this
value for the porosity is recommended by the manu-
facturer of the coating). On this basis, a significant
increase of E versus hafnia content is observed. More-
over, a very important effect of high-temperature an-
nealing upon the coating stiffness is seen. These results
are clearly to be correlated with the thermal cycling
behaviour of the ceramics.

5. Discussion

5.1. As-sprayed coatings

Generally speaking, the phase composition and
microstructure of (ZrO,—x mol % HfO,)-Y,0; coat-
ings are in good agreement with our expectations. It
has been shown unambiguously that all coatings are
composed of a single tetragonal phase. This phase is
the equivalent of the so-called t' phase [30] in the
Y-PSZ systems, because:

(i) its yttrium content (4.53 mol %) lies well above
the solubility limit of Y,O; in t phase;

(i) the measured c/a ratios only slightly depart
from unity (less than 1%, to be compared with the ¢/a
of about 1.03 in the transformable equilibrium
t phase);



(iii) it does not transform into monoclinic, even
when mechanical energy is being supplied (ground
coatings).

In this regard, the similarities of the Hf** and Zr**
cations lead to the formation of identical metastable
phases during rapid quenching.

From a microstructural point of view, twinning of
the t' grains and pseudoantiphase boundary planes
have been observed bearing great similarities with
those previously reported by Lelait et al. [11] in pure
yttria partially stabilized zirconia coatings.

5.2. High-temperature annealing of
coatings

Although striking similarities have been observed be-
tween the phase and microstructures of ZrO,—
xmol % HfO, coatings and their pure zirconia
counterparts, the evolution of the microstructures
during 1200 °C annealing differs, according to the ce-
ramic hafnia content.

5.2.1. Origin and stability of the tweed
microstructure

In ZrO,-4.5 mol % Y,O; system, the tweed micro-
structure that develops during intermediate temper-
ature annealing in the ¢ + t field (typically between
1100 and 1300°C), and consequently leads to solid
state diffusion, is believed to be the first step towards
the return of the t' phase to equilibrium [34]. In this
very peculiar microstructure, partial decomposition of
yttrium had occurred between very small precipitates
of cubic phase (somewhat richer in yttrium), arranged
on a pseudo-periodic three-dimensional lattice, and
the yttrium-depleted tetragonal matrix. One of the
most striking features exhibited by this tweed micro-
structure is the absence of coarsening of the precipi-
tates during long term exposure to temperatures up to
1200°C [11]. It looks just as if yttrium diffusion and
consecutive precipitates classical ripening, had been
blocked, soon after the appearance of the cubic pre-
cipitates.

According to Perovic et al. [35], who have investi-
gated from a mechanical standpoint the possibility of
such semi-ordered precipitation, two conditions are
necessary for the formation of such arrays of precipi-
tates. First, the included phase should be present with
such a volume fraction that the interparticle spacing is
of the same order of magnitude as the precipitates
typical dimensions. Second, the inclusions should in-
dividually give rise to tetragonal distortions within the
parent phase (which implies, in practice, cubic precipi-
tation in a tetragonal matrix, or the reverse). Indeed,
defects or precipitates giving rise to such a tetragonal
distortion can interact quite strongly [36]. Wen et al.
[37] have developed an energetic model that simulates
the reconfiguration of an arbitrary distribution of tet-
ragonal (or cubic) precipitates in a cubic (or tetrag-
onal) crystal. It appears that the elastic interaction
between the precipitates tends to stabilize the arrays of
precipitates against the Ostwald ripening phenom-

enon. The importance of this elastic field is that it
couples with the composition field and thus influences
the coarsening behaviour of the precipitates [38]. Per-
ovic et al. [35] also showed the possibility to obtain
stabilization of arrays of precipitates facing competi-
tive growth processes.

The analysis quoted above is very much relevant to
the case of the tweed precipitates in the tetragonal
matrix. On the one hand, high-temperature annealing
tends to allow yttrium diffusion and t’ decomposition.
The driving force that leads to this reaction is the
metastability of the t' phase at this temperature. On
the other hand, the strong elastic interaction between
the cubic nuclei (or very small precipitates) and the
depleted matrix opposes further precipitate growth,
and thus further decomposition. As long as the specific
energies involved in these two contradictory phe-
nomena are of the same order of magnitude, there will
be a critical size of the precipitates that will not be
exceeded (the cost in terms of increase in elastic energy
being too high). Conversely, it is logical to think that if
the annealing temperature is being raised, the corres-
ponding increase in the specific energy associated to
yttrium diffusion would allow the precipitates to grow
further to a size where higher elastic energy would
again counter that of yttrium diffusion.

Now, if the two specific energies mentioned above
are not of the same order of magnitude, two situations
can be observed:

(i) if the energy associated with yttrium diffusion is
the lower, the t’ phase remains stable and no precipita-
tion occurs (this is the case in YPSZ annealed below
1100°C);

(ii) if, on the contrary, this energy is the higher, the
critical precipitate size diverges and the system com-
pletely returns to equilibrium (this is the case for
YPSZ annealed above 1300 °C).

5.2.2 Hafnia-containing samples

It has been quoted above that when hafnia is progress-
ively substituted for zirconia the main phase trans-
formation temperatures are accordingly shifted up-
wards. Few bibliographic data concerning the solid
state ¢—t' transformation that appears during
plasma spraying, are available. Lelait [31] has per-
formed high-temperature X-ray measurements on
ZrO,—8 wt % Y,0; plasma-sprayed samples which
showed that this transformation was reversible and
took place between 1400 and 1500 °C on cooling. It is
reasonable to assume that this temperature should
also be shifted upwards with increasing hafnia con-
tents.

If one considers again the idea of the driving force
for yttrium diffusion and return of the t' phase to
equilibrium, it is logical to think that, at a given
temperature, this driving force should be all the more
powerful that the t" phase is far from equilibrium.
It is also logical to assume that t' is all the more
unstable because it is far from its ¢ — t’ transformation
temperature. Thus, we can assume that at a givén
temperature (1200 °C, for instance) the driving force
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associated with yttrium diffusion becomes higher
when hafnia is substituted for zirconia.

This idea accounts, to a reasonable extent, for the
differences observed in the microstructure of the vari-
ous annealed samples. For x =25, no significant
microstructural change (compared to x = 0) has been
observed. For x = 50, it has been observed that some
t' grains have been depleted in yttrium to such an
extent that the t - m transformation has occurred
(which would not appear for x = 0 until 1400°C [34]);
this means that the diffusion-specific energy locally
overrides that of precipitates/matrix elastic interac-
tion. The case of Y,0O; stabilized pure hafnia
(x = 100), illustrates this evolution well, because most
of the coating has transformed back into the equilib-
rium phases and the tweed microstructure is here
definitely unstable.

This last case somewhat differs from the others in
the fact that, according to the data given by Stubican
and Hannon [21], the logical evolution of t" at 1200 °C
is not t' - ¢ + t, but rather t' — ¢ + m: the monociinic
phase is stable for this composition up to around
1350°C (Fig. 2). Most of the monoclinic phase ob-
served at room temperature after annealing has for-
med at 1200°C and not on cooling.

All in all, it is possible to propose that when such
samples are annealed, it is roughly equivalent to rais-
ing the hafnia content or the annealing temperature,
as far as the t' return to equilibrium and sample
microstructure is concerned. This is supported by the
analysis detailed in the latter section, if one considers
that raising the hafnia content and annealing temper-
ature may have an equivalent influence on the yttrium
diffusion energy. In the former case, this energy in-
creases because t' metastability does. In the latter,
thermal activation is responsible for the increase of
diffusion-specific energy.

5.3. Thermomechanical behaviour

The marked decrease of thermal cycling sample life-
times, with increasing hafnia content, is not clearly
understood. Indeed, the spallation mechanism of the
hafnia-containing samples is the same as that of the
classical Y-PSZ: a macrocrack propagates parallel to
and near the ceramic/bondcoat interface, within the
ceramic coating. This interface is therefore not the
weak link for the durability of the system. At this
point, one should have to consider that the mecha-
nism which leads to the coating’s failure (thermal
expansion mismatch between the ceramic and the
substrate) implies that the system works under im-
posed strains. Here, the stress level in the coating is
proportional to the materials Young’s modulus.

It has been shown that the Young’s modulus of the
yttria partially stabilized hafnia (x = 100) was nearly
twice that of the yttria partially stabilized zirconia
(x = 0). If one considers the fact that hafnia and zirco-
nia-base materials have roughly the same modulus
[39], this means that the ceramic droplets forming the
coating are more strongly linked in hafnia-based TBC
than in zirconia TBC. This could be due to the fact
that the impinging hafnia-based powder grains spread

950

upon impact with a higher kinetic energy than zirco-
nia grains, because of their higher specific weight.

As a consequence of Young’s modulus increase, the
stress level would be twice as high in the case of the
hafnia—yttria system under thermal cycling condi-
tions. This result could be advanced as a first-step
hypothesis to explain the observed short life in the
high hafnia content samples. In addition, the evinced
increase of the Youngs modulus during isothermal
annealing is expected to accentuate the thermal stres-
ses and therefore accelerate coating damage. More-
over, the eventual appearance of relatively important
quantities of monoclinic phase, in high hafnia content
samples, associated with the corresponding volume
expansion, is another prejudicial factor for the coating
integrity.

Last, the fact that the number of cycles to failure is
about three times higher for samples tested in “less-
oxidizing conditions” than for samples tested with
a 1 h dwell-time, indicates that bondcoat oxidation, as
well as the return of t' phase to equilibrium and
droplets sintering leading to Young’s modulus in-
crease, account for the accumulated damage that
finally leads to sample failure.

6. Conclusion

The potential of hafnia as a ceramic material to be
totally or partially substituted for zirconia to form
plasma-sprayed thermal barrier coatings has been in-
vestigated. It has been shown that the similarities
between the ZrO,-Y,0; and HfO,-Y,0; equilib-
rium phase diagrams also extend to the formation of
non-equilibrium phases. Yttria-partially stabilized zir-
conia—hafnia mixtures all exhibit upon fast quenching
a single metastable t' phase with a microstructure
equivalent to that of pure YPSZ t’ phase. It has also
been shown that the stability of this t' phase at elev-
ated temperature is highly dependent on the chemical
composition of the ceramic. It is proposed that mix-
tures containing higher levels of hafnia exhibit a ¢ — t'
transformation at higher temperatures; the t' phase
would be, at a given temperature, all the more unsta-
ble towards diffusion. It is accordingly observed that
the return of t’ to equilibrium is faster when hafnia is
progressively substituted for zirconia.. The Young’s
modulus of the as-sprayed coatings also increases
monotonically with increasing hafnia content. Be-
cause the degradation mode in thermomechanical ex-
periments is the same, whatever the hafnia content,
there is a proved link between this parameter and the
thermomechanical resistance of the coating.
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