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Thermal properties of La;Zr,0O7 double-layer thermal barrier coatings

LayZr,07 is a promising thermal barrier coating (TBC) material. In this work
LayZr,07 and 8YSZ layered TBC systems were fabricated. Thermal properties
such as thermal conductivity and coefficient of thermal expansion were
investigated. Furnace heat treatment and jet engine thermal shock (JETS) tests
were also conducted. The thermal conductivities of porous La,Zr,O7 single layer
coatings are 0.50~0.66 W/m/°C at the temperature range from 100 to 900 °C,
which are 30~40% lower than the 8YSZ coatings. The coefficients of thermal
expansion of La,Zr,O7 coatings are about 9~10x10 °C ! at the temperature
range from 200 °C to 1200 °C, which are close to those of 8YSZ at low
temperature range and about 10% lower than 8YSZ at high temperature range.
Double layer porous 8YSZ plus La,Zr,O7 coatings show a better performance in
thermal cycling experiments. It is likely because porous 8YSZ serves as a buffer

layer to release stress.
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1. Introduction

Thermal barrier coatings (TBCs) are refractory-oxide ceramic coatings deposited to the
surface of metallic parts in gas turbine engines, which include combustor, rotating
blades, stationary guide vanes, blade outer air-seals, and afterburners in the tail section
of jet engines, etc. TBCs are critical to gas turbine engines, since the gas temperatures
are higher than the melting point of the metallic substrate parts [1-5]. TBCs provide
high-temperature protection to the metallic substrate, which enable the gas-turbine
engines to operate at significantly high temperatures. With the benefits of the high
operation temperature, the energy efficiency of the gas turbines can be greatly
increased. Typically commercial used TBCs are 7~8 wt% Y203 stabilized ZrO; (8YSZ)
ceramics are deposited by air plasma-spraying (APS) or electron beam physical vapor
deposition (EB-PVD). 8YSZ has a metastable tetragonal phase (¢’). It transforms to
tetragonal or cubic phases (¢ and ¢) when the temperature is above 1200 °C, which will
change the microstructure along with the mechanical properties [6]. As demanded by
modern gas turbine engines, new TBCs suitable for operation above 1200 °C need to be

developed.

LaxZr,07 has been recently proposed as a promising TBC material. LaxZr,O7 has no
phase change from room temperature to its melting point, which is 2300 °C. Compared
with YSZ, it has a lower thermal conductivity (lower than 1.5W/m/K for La;Zr.O7 and
2.1-2.2 for YSZ), lower sintering ability and lower coefficient of thermal expansion
(9.1~9.7x10°° K™! for La;Zr»07 and 10.5~11.5x10°% K'! for YSZ) [7]. Vassen et al.
studied the thermal cycling behavior of single and double layered La>Zr.O7 TBCs with
the bottom layer of YSZ and top layer of LaxZr>O7. The TBC systems were tested at the
surface temperature between 1200 to 1450 °C. The heating and cooling time periods
were 5 minutes and 2 minutes, respectively. The results showed that the single-layer
coatings had a rather poor thermal cycling performance and the double-layer systems
showed similar results to YSZ coatings at the temperatures below about 1300 °C [8].
Yildirim et al studied the influence of temperature on phase stability and thermal
conductivity of single- (SCL) and double-ceramic-layer (DCL) EB-PVD TBCs top
coatings consisted of 7YSZ and La>Zr>O7. The specific heat capacity and thermal
conductivities of different compositions were measured [9]. Guo et al. reported the
mechanical properties[10] and thermal cycling behavior [11-14] of 8YSZ and LaxZr,07
layered coatings. Jung ef al. investigated the thermal cycling behavior of 8YSZ TBC



systems. The effects of the microstructure on the interfacial stability and fracture
behavior of TBCs were investigated. The results revealed that the microstructural
control is an important factor for stability, and it is necessary to optimize the porosity

when the thick coatings are applied [15].

Although the mechanical properties of the La;Zr,07 coatings have been extensively
studied, the thermal properties have not fully explored. The present study focuses on the
thermal properties and thermal cycling behavior of layered La,Zr,O7 coatings. The
thermal conductivity and coefficient of thermal expansion of porous La>Zr,O7 top
coatings were studied. The thermal stability performance of both single and double

layered TBCs was investigated using furnace heat treatment and jet engine thermal

shock (JETS).

2. Experimental method

2.1 TBC sample preparation

The TBCs systems in this work include a metallic substrate, a metallic bond coating
layer and one or two ceramic top coating layer. Haynes 188 superalloy was used as
substrate in round button shape with the diameter of 1 inch and thickness of 0.125 inch.
The bond coatings were deposited by APS technique using a Ni-based metallic feed
stock powder, LN-65, with the thickness of 229 um. All the top coatings were sprayed
by APS using a Praxair patented plasma spray torch. Single layer commercial 8YSZ
coatings and La>ZrO7 coatings were deposited with the same thickness and same
porosities (11.54%). Two different types of double layer TBC systems were deposited:
(1) porous 8YSZ coating + La,Zr,O7 top coating, and (2) dense 8YSZ coating with
vertical crack + LaxZr,O7 top coating. Additionally, two single layer coatings, La,Zr>O7
and porous 8YSZ, were fabricated for reference. The porosities of porous 8YSZ are in
the same level as La>Zr>O7 top coating. All type of samples are listed in Table 1. All of
LaxZr,07 coating layers were sprayed using the same parameters. Additional coating

samples preparation information is available in Ref. [11].



Table 1: 8YSZ and La,Zr,O7 TBC samples

TBC type # Top coatings Thickness (um)
1 LaxZr207 432

2 Porous 8YSZ+ LaxZr,07 127+305

3 Dense 8YSZ + LayZr07 127+305

4 Porous 8YSZ 432

2.2 Experimental testing details

The porosity of the La,Zr,O7 top coating was measured using free standing samples,
which were peeled off from substrate without using a bond coating. The porosities were
measured following the ASTM standard B328-94. The measurement device includes an
analytical balance (Mettler AE240, Switzerland) and a density determination kit
(Denver Instrument, density kit, Arvada, Colorado). Single layer La,Zr,O7 samples with
the thickness of 432 um were used to measure the porosity and density. The measured
average density and porosity are respectively 5.31g/cm? and 11.54%.
The thermal conductivities are calculated from thermal diffusivity Du(t), specific heat
capacity Cp(t) and measured density p(t) [16]:

k = Du(t)-Cp(1)p(1) (1)
Thermal diffusivities were measured by a flash diffusivity system (TA instrument
DLF1200, Delaware). Coefficients of thermal expansion were measured by BAEHR
dilatometer from room temperature to 1400 °C.
Two thermal tests were conducted. The first one is the furnace thermal exposure test,
which was conducted at 1080 °C for 4 hours in argon atmosphere using round button
samples with the diameter of 25.4 mm [17]. The second one is jet engine thermal shock

(JETS) test, which is to investigate the thermal cycling performance with fast heating



and cooling cycles. The TBC samples were heated to 1232 °C at the center for 20 s, and
then cooled by compressed nitrogen cooling for 20 s and using ambient cooling for 40 s.
This heating and cooling cycles repeated until the TBC samples failed. Both the front
and back side temperatures were collected to investigate the temperature gradient.

The TBC samples were also sectioned and polished to conduct microstructural analysis
according to ASTM-E1920-30. The cross-sectional microstructures were observed

using a scanning electron microscope (SEM, JEOL Model JSM-5610, Japan).

3. Results and discussion

3.1 Thermal conductivity

Thermal conductivities were determined from the production of thermal diffusivity,
specific heat capacity and density, as shown in Eq. 1. At selected temperatures (31°C,
104 °C, 306 °C, 503 °C, 701 °C, and 901 °C), at least three independent measurements
were made. The average value of thermal diffusivity was used to calculate the thermal
conductivity. The measured thermal conductivities and the fitting curves of porous
LaZr,07 and porous 8YSZ are plotted in Fig. 1. As shown in the figure, the thermal
conductivities of La;Zr,07 coatings are about 30% lower than those of porous 8YSZ

coatings.
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Fig. 1: Temperature dependent thermal conductivity of porous La;Zr,07 and porous

8YSZ coatings. Lines are for showing the trend.

There are a few guidelines that can be used to initially evaluate the thermal conductivity
of TBC materials. Based on the assumption that the phonon mean free path approaches
the mean inter-atomic distance, Clarke proposed the minimum thermal conductivity Kmin
in oxides [18]:
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where Q is an effective atomic volume: Q= M /(mpN ,), where M is the mean atomic

mass of the ions in the unit cell, m is the number of ions in the unit cell, p is the density,
and E is Young’s modulus. ks and N4 are Boltzmann’s constant and Avagadro’s number,
respectively.

To understand the systematic dependence of thermal conductivity, using kinetic theory
of thermal transport, the thermal conductivity £ is related to the mean free path A by

k=%Cﬂ% 3)

where Cy is the specific heat, v is the sound velocity, and A is the mean free path [19].



For LaZr,07, its mean free path is expected to be much shorter than 8YSZ, due to heavy
rare earth element La serving as barriers to wave propagations. Therefore its thermal
conductivity should be intrinsically less than that of 8YSZ.

The minimum thermal conductivity

3.2 Coefficient of thermal expansion

The temperature-dependent coefficients of thermal expansion of LaxZr,O7 are shown in
Fig. 2. The CTE values of La,Zr>0O7 are about 9~10x10° °C™! from 200 - 1200°C, which
are very close to the literature data. From Hayashi’s experiment, 8YSZ coatings have
CTE values of 9~10.9 °C ! in same temperature range. So the CTE values of La:Zr>07
coatings are close to 8YSZ in the temperature range 200~500 °C, and about 10% lower

than 8Y'SZ at temperatures above 500 °C. [7, 20].
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Fig. 2: Temperature-dependent CTE values of La>Zr,07, along with literature data of

LayZr,0O7 and 8YSZ [16, 20-23].



3.3 Furnace thermal exposure testing results

Fig. 3 shows the SEM images of cross-sectional microstructures of the 8YSZ and
LaxZr,07 single and double layer coatings after the 4 hours of furnace thermal exposure.
Except the single layer porous 8YSZ (Fig. 3d), all of the La>,Zr>O7 coatings were
delaminated near the interface within La,Zr,O7 region. This is mainly because the
fracture toughness of La,ZrO7 coatings is low. Additionally, the discrepancy of thermal
expansion coefficient between the top La,Zr,O7 coating and beneath 8YSZ layer (Figs.
3b and 3c¢) or bond coating layer (Fig.3a) led to high thermal stress. The failure

ultimately occurred due to the large residual stress near the interface within La,ZrO

region [2].

(a) (b) () (d)



Fig. 3: Microstructures of TBC samples after furnace thermal exposure test. (a) #1
porous LaZr07, (b) #2 LaxZr,O7+ porous 8YSZ, (¢) #3 LaZr,O7+ dense 8YSZ, and

(d) #4 porous 8YSZ (scale bar is 50 um)

Energy-dispersive X-ray spectroscopy (EDS) experiments were performed to check the
diffusion tendency between the La>Zr,O7 layer and 8YSZ layer. Only sample #2
LaxZr,O7+ porous 8YSZ after 4 hours 1080 °C thermal exposure was used in this
analysis. As shown in Fig. 4, there is no obvious diffusion of Zr and La between two
layers. So the diffusion effect can be excluded for this delamination of La>Zr,O7. The

thermal and mechanical properties of La>Zr,O7 are the main reason to its failure.
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Fig. 4: EDS analysis in the connection between La2Zr207 and 8YSZ coating layers in
sample #2 LaxZr,O7+ porous 8YSZ after thermal exposure test. (a) SEM image where
the line of scan and EDS spectrum are overlaid, (b) intensity of Zr (blue) and La (red)

elements.



3.4 Jet engine thermal shock testing results

For the JETS test, the round button TBC samples were heated to 1232 °C for 2000
cycles. All the single layer La;Zr.O7 TBC samples were delaminated in the first 40
cycles. Similar to the furnace thermal exposure test, the delamination occurred at the
interface between the bond coating and top coating layer. After 2000 cycles, the dense
8YSZ + LaxZr,07 coatings were completely delaminated. The delamination happened at
the interface between the 8YSZ layer and LaxZr,O7 top coating layer. However, the
porous 8YSZ plus LaxZr,O7 coatings were mainly intact. Only a few edges were
cracked, about 60~70% La>Zr>O7 top coating layer were still bonded with the porous
8YSZ layer. This porous 8YSZ plus La>Zr,O7 coatings have much better thermal
cycling performance than other La>Zr,O7 coatings. All the 8 YSZ standard samples
were intact after 2000 thermal shock cycles.

The single layer La;Zr,07 sample is shown in Fig. 5 (a). The coating was 100%
delaminated from the bond coating layer. Only the bond coating and substrate left. This
photo shows the rough interface of the connection area between bond coating and top
coating. The JEST result of the dense 8YSZ and La>Zr,O7 double layer coating is
shown in Fig. 5 (c). After 2000 cycles JETS test, only the dense 8YSZ layer left on the
substrate. The La>Zr>O7 top coatings were totally lost after this thermal shock test.
Delamination happened on the connection area of the 8YSZ and La>Zr,0O7 layer. Single
layer 8YSZ coatings post-test samples are shown in Fig. 5 (d) as a standard sample. The
top coatings of this TBC system are almost intact after 2000 cycles. The three black
dents on the edge of the sample are the place where the clip located. There are no cracks

on the surface of this 8YSZ top coating. It shows a significant higher lifetime.
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Fig. 5: Optical image of the JETS results after 2000 cycles. (a) #1 porous La>Zr>0O7, (b)

#2 LaxZr,O7+ porous 8YSZ, (¢) #3 LaZr,O7+ dense 8YSZ, and (d) #4 porous 8YSZ

The porous 8YSZ and La>Zr,O7 double layer coating’s JEST result is shown in Fig. 5
(b). The La>Zr,07 top layer coatings have a few cracks on the edge. It did not
delaminate in most part. The reason for this edge crack is probably related to the small
radius of curvature at the outer rim. This type of double layer coatings shows a
considerably better performance than the single layer La;Zr,07 coatings and dense

8Y SZ+LaxZr,07 double layer coatings.



For round button samples, the heating and cooling of TBC systems will lead to residual
thermal stress level in the ceramic topcoat perpendicular to the interface area. This
residual stress level is proportional to distance from the interface. As a result, it will
reduce linearly from the maximum value at the interface to zero at the free surface [6].
For this porous 8YSZ and La2Zr207 double layer system, the stress level at the
interface of 8YSZ and La>Zr>O7 is less than the stress level at the interface of 8YSZ and
bond coating. The bond strength between 8YSZ and bond coating is much larger than
the strength between LaxZr,07 and 8YSZ. However the residual stress at interface
between 8 YSZ and La>Zr>0O7 is probably high enough to promote crack growth in this
interface. So the LaZr,O7 coatings were delaminated by this residual stress. The
interfaces of porous 8YSZ and LaxZr,O7 coatings are much rougher than the interface
between dense 8YSZ and LaxZrO7 shown in Fig. 6, because porous 8YSZ coatings
have more cracks, pores and other defects in the interface, so porous 8YSZ and
LaxZr,0O7 interfaces have higher bond strength than the dense one. In summary, it is

probably because porous 8YSZ serves as a buffer layer to release stress.
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Fig. 6: SEM images of coating interfaces between (a) LaxZr,O7 and bond coating, (b)
LaxZr>O7 and porous 8YSZ, (¢) LaxZr>O7 and dense 8YSZ, and (d) porous 8YSZ and

bond coating

Fig. 7 shows the temperature drop curves from the front to back surface of single layer
La»Zr>0O7 and single layer porous 8YSZ samples. Both La,Zr,O7 and 8YSZ coatings
have 3 individual samples. Comparing with porous 8YSZ, the temperature drops in the
La»Zr>O7 top coating are about two times higher than the commercialized 8YSZ,
because of the thermal conductivity of porous La>ZrO7 coatings are about 30% lower
than 8Y'SZ coatings. But all of the porous La>Zr,O7 coatings delaminated after 30 JETS
cycles. The bond coatings and substrates were exposed to the JETS flame directly, so
the temperature difference between front and back surface decreased severely. From

Fig. 7, the temperature drops are only 200 °C.
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Fig. 7: Temperature difference between the front side and back side.

4. Conclusions
The thermal properties of La;Zr,07 and 8YSZ multilayer TBC systems were studied in

this work. The major conclusions are summarized below.

1. All the La>Zr>O7 coatings were delaminated in the 1080°C heat treatment for 4 h.
This is mainly because the low fracture toughness of La>xZr.O7 material. The volume
change due to the different CTE between bond coating layer and La>Zr>O7 coating layer
led to a high thermal stress. During the heating process, the inner thermal stresses were
accumulated until the crack appeared.

2. The thermal conductivities of porous La>Zr>O7 single layer coatings are 0.50~0.66
W/m/°C at the temperature range from 100 °C to 900 °C, which are 30~40% lower than
those of 8YSZ coatings.

3. The coefficients of thermal expansion of La,Zr,O7 coatings are about 9~10x10° °C !
at the temperature range from 200 °C to 1200 °C, which are close to those of 8YSZ at

low temperature range and about 10% lower than 8YSZ at high temperature range.



4. The double layer La;Zr,0O7 coatings with porous 8YSZ sublayer have better
performance in the JETS test. It is probably because porous 8YSZ serves as a buffer

layer to release stress.
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