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Abstract

Yttria-stabilized zirconia coatings were deposited on Ti—6Al-4V substrate by plasma spraying. The thermal properties of the as-sprayed
coating were characterized using a scanning thermal microscopy that allows thermal conductivity to be mapped down to the submicrometer
scale. The analysis of the thermal properties shows the variations in thermal conductivity with the characteristics of the materials. The relation
between microstructural features and thermal conductivity was discussed in correlation with the heat conduction mechanism in different layers.
Based on the experiments, the thermal probe was calibrated and the thermal conductivities of the coating and the substrate were estimated
Experimental results and thermal conductivity estimation demonstrate that the SThM analyses can be used as a powerful tool for the thermal
property and microstructure analysis of plasma-sprayed thermal barrier coating.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction ramic has performed admirably as a TBC because of its
favourable combination of properties, including low thermal
Although Ti-6Al-4V is one of the most widely used ti- conductivity, phase stability to 140C, and good erosion
tanium alloys in aerospace engineering due to its unique resistance, eté3
high strength—weight ratid it shows a lack of mechanical Studies on thermophysical properties are of significance
and thermal properties at high temperature. Therefore, pro-not only for fundamental research but also for applications
tective coatings are frequently required to insulate the alloy of materials. It is known that the heat transport proper-
surfaces for the successful application and performance ofties of polycrystalline materials are strongly affected by
this alloy in aerospace gas turbines. their characteristics and microstructural featu¥@sin
Thermal barrier coatings (TBCs) have played an increas- general, TBC materials and substrate are different ma-
ingly important role in enhancing gas turbine engine dura- terials, different chemical compositions and microstruc-
bility and performancé.For example, a TBC on Ti-6Al-4V  tural features determine their thermal properties at high
alloy, in which the ceramic side contacting with high temper- temperature.
ature offers heat resistance, and the metallic side contacting Scanning probe microscopes (SPMs) provide one of the
with low temperature provides mechanical strength and ther-few methods of imaging structures, observing phenom-
mal conductivity. The TBC material almost universally used ena, and manipulating objects with nanometer scale spatial
is yttria-stabilized zirconia (¥Os-stabilized ZrQ). This ce- resolution® and the invention of the scanning thermal mi-
croscopy (SThM) provides a tool with which the thermal
- , properties of materials can be evaluated on a very small
* Corresponding author. Tel#33 3 26 91 33 92; . . .
fax: +33 3 26 91 32 50. scale. The SThM is based on an atomic force microscope
E-mail address: nathalie.trannoy@univ-reims.fr (N. Trannoy). (AFM), but uses a specialized thermal probe instead of con-
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ventional SiN tip of AFM. The SThM is developed to give
simultaneously surface topography image and thermal prop-
erty image of materials with micrometer or sub-micrometer
spatial resolution. In SThM, the interaction between probe
tip and sample is based on the heat fiuXherefore, dif-
ferences in temperature or thermal conductivity constitute
the imaging contrast. The SThM has many potential appli-
cations, one of them is to study local variations in surface
thermal properties.

Some earlier works have studied the thermal properties
of Y,0s-stabilized ZrQ coatings>2 most of them dealt
with the influence of temperatures, coating compositions,
defect distribution, grain size, or plasma-spraying process
variables on the thermal properties of coatings. Many inter-
esting results have been obtained from these studies. How- Microstructural examination was performed using a JSM
ever, no work dealt with the analysis of the thermal prop- 5800 scanning electronic microscopy (SEM) both on the
erties of TBC materials by means of SThM techniques. To cross-section and on the coating surface after plasma spray-
assist in this effort, we attempt to use SThM to characterize ing and polishing according to a standard sample prepara-
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Fig. 1. Schematic diagram of the SThM set-up.

the thermal properties of plasma-sprayegO¥-stabilized
ZrO, coatings on Ti—6Al-4V substrate.

In this report, Y%Ogs-stabilized ZrQ coatings on
Ti-6Al-4V alloy were performed by plasma-spraying
method. A SThM was used to map the thermal conduc-
tivity images, the thermal probe was then calibrated and
the thermal conductivities of the coating and the substrate
were estimated. The influence of the material characteristics
and microstructural features on heat conduction was dis-
cussed in correlation with the heat conduction mechanism
in different materials.

2. Experimental details
2.1. Preparation of Y,Os-stabilized ZrO, coating

Ti-6Al-4V wafers of dimensions: 35mm x 10 mm
were polished, degreased in benzene using ultrasonic clean
ing, rinsed in deionized water, and dried. Films of ZrO
with 7 wt.% Y,03 were deposited by plasma spraying onto
two sides of the Ti—-6Al-4V substrate at room temperature.
A Metco 6M plasma torch (Sulzer Metco AG, Switzerland)
was used to spray the,¥3-stabilized ZrQ coating. The fi-
nal coatings with thickness of {mn on one side and 9om
on the other side were sprayélble 1summarizes the pa-
rameters for plasma spraying.

Table 1
Plasma spraying parameters for the investigated zirconia coatings

Powder composition Zro+ 7wt.% Y203

Particle size (nm) 80-140
Power input (kW) 41
Prim./sec. gas (slpm) 45 Ar/155H
Carrier gas flow (slpm) 3.5 Ar
Powder feed rate (g/min) 20
Stand-off distance (mm) 120

tion routine.

2.2. SThM analysis

For the thermal conductivity analysis, a TopoMetrix
SThM was used in which thermal imaging is achieved us-
ing a resistive thermal element incorporated at the end of
a cantilever that makes it possible to achieve an AFM type
feedback. The thermal element consists of a bent filament
(5p.m diameter) of platinum/10% rhodiunkig. 1 depicts
the set-up of the SThM used in this work.

In SThM, normally two working modes are available:
‘temperature contrast mode’ and ‘thermal conductivity con-
trast mode’. In the present work, the ‘thermal conductivity
contrast mode’ was used, in which the thermal probe func-
tions as a resistive heater. The control circuit uses a feed-
back loop to adjust the voltage applied to the bridge in order
to keep the thermal probe at a constant temperature. When
the probe is brought in contact with the test specimen, the
probe tip cools due to heat conduction from the probe tip into
the specimen. This cooling will reduce the resistivity of the
probe. The current through the probe will then be increased
by the bridge feedback circuit, until the temperature of the
probe, and hence its resistance, is again equal to the target
operating value. The amount of power required to maintain
the probe at a constant temperature is directly related to the
thermal conductivity of the test specimen.

The specimens used for thermal conductivity analysis
were cut from the plasma-sprayed sample. The specimens
were embedded in a resin so that the scanning could be car-
ried out at the edge of the specimen. The specimens were
cautiously polished in order to avoid the surface influence
on the heat conduction. The SThM scanning was carried out
on the cross-section of the sample that includes the coating
layer and the substrate. A series of scanning of different di-
mensions were carried out, conducted at a temperature of
116.9°C in order to avoid the influence of water on heat con-
duction on the sample surfaé®&The scan rate is 10m/s,
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and a resolution of 400 lines per scan. The spatial resolution
of the probe used in this work is aboufuin. The error of

the calculation, which is estimated by the deviation of the
measured/ajr andViotal, is about 5%.

3. Results and discussion
3.1. Microstructure analysis

Fig. 2 presents a typical SEM microstructure of the
as-sprayed ¥Os-stabilized ZrQ coating in the cross sec-
tion, with several features indicated by the arrows. The
coating is porous, with microcracks, interlamellae gaps, and
cavities which could be the result of pull-out during the
metallographic sample preparatiofig. 3 shows a SEM
microstructure of the coating surface. Some partially melted
particles, microcracks and pores can be observed in therig. 3. SEM micrograph of the coating surface: (a) partially melted
coating. These features can play an important role in the particles, (b) pore, and (c) microcrack.
thermal conduction in the coating.

3.2. Thermal conductivity variation the coating and substrate are interlinked and their interface
is rough and uneven. At some locations, coating particles

Scanning thermal microscopy provides information on Penetrate the substrate and form a tight combination. This
thermal conductivity maps not available to conventional Means that the coherence mechanism of coating and sub-
AFM and scanning tunneling microscopy (STM). This Strate is mainly by mechanical combination. This observa-
offers valuable opportunity to characterize the thermal tion is in good agreement with the results obtained by SEM
properties of material surfaces at the submicrometer scale. €xperiments.

Fig. 4a and bshow a thermal image and topographical In SThM experiments, It should be pointed out that the
image of a cross-sectional scanning in the thermal conduc-fesolution of the topographical images, which is related to
tivity contrast mode. The upper parts of the images corre- the loop shape of the probe tip wire, is much lower than that
spond to the substrate of the sample, and the lower parts ar®f AFM topographical images. Despite this, the topograph-

the Y,Os-stabilized ZrQ coating. It can be observed that ical image analysis easily revealed large pores and other
defects such as cracks at the ceramic/substrate interface, as

indicated by the arrows iRig. 4h

In SThM, the thermal image signal is affected by
several factors, including sample thermal conductivity,
probe-sample temperature differential, and probe-sample
effective contact area, etc. Fg. 43 spots 1 and 3 were
induced by the pores in the coating. In these regions, the
probe-sample effective contact areas increase, the heat flows
from the probe tip to the sample increase, brighter spots ap-
pear in the thermal conductivity image. In contrast, spots 2
and 4 could be induced by the dusts on the sample surface,
their thermal conductivity is lower, dimmer spots appear in
the thermal conductivity image. The corresponding features
in the topographical image, however, show opposite con-
trast, as can be seen in the topographical image indicated
by the same numbers.

Although thermal conductivity images to some extent de-
pend on surface topography, thermal conductivity differ-
ences still dominate their contrast. Comparing the topo-

Ti-6Al1-4V ceramic

Fig. 2. SEM micrograph of polished cross section. Arrow 1 indicates a graphical image and thermal conductivity imageFig. 4,
crack between the coating and the substrate; arrow 2, a vertical microcrack;

arrow 3, an interlamellae gap; arrow 4, a pore; and arrow 5, a cavity it can be observed that, although many defects exist in the

which could be the result of pull-out during the metallographic sample €Oating, and the coating surface is rough (see the topograph-
preparation. ical value inFig. 4b), except some large defects, a relatively
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Fig. 4. (a) Thermal conductivity image, (b) topographical image, (c) thermal conductivity distribution across ab indicated in (a), and (dptiifetowli
acrossxx indicated in (b).

uniform contrast was obtained. In the present study, for the where the thermal conductivity is obviously lower than that
thermal conductivity estimation, we used the average voltageof the substrate and the rest of the coating. This is mainly
values for each estimated region, and tried to avoid the in- due to the higher defect density in this region, as can be seen
fluence of the defects on the thermal values, the influence ofin the topographical image and kig. 2
the contrast on the average thermal values can be neglected. In the spraying process, the melted powder particles im-
Fig. 4cshows the thermal conductivity distribution across pact on the substrate surface at high speed, then flow and de-
ab indicated irFig. 4a It can be observed that the thermal form along the substrate surface, finally forming a bonding
conductivity of the coating decreases substantially as com-microstructure in the coating. Because the coating consists
pared with that of the substrate. This clearly shows the ther- of melted and half-melted particles heaped up the layer, and
mal conductivity dependence on the characteristics of the since the thermal expansion characteristics of the substrate
material. It can also be seen that, between the substrate andnd ceramic are obviously different, many pores and micro-
the coating, there exists a region (indicated by an arrow) cracks formed in the coating, especially close to the sub-
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strate/coating interface, the defect density is much higher. of these defects can be evaluated: the dimensions of the
Therefore, the imperfections in the coating are mainly due defect5, 6 and 7 are abogt 12.5um x 0.6pm, &: 5.2um
to the inherent nature of the plasma-spraying process andx 0.3pm and@: 11.8.um x 0.9um, respectively.
might be present in each plasma-sprayed coating.
The thermal conductivity image was obtained by record- 3.3. Estimation of the thickness of the coating layer
ing the Wheatstone bridge voltage (9&g. 10). It will re-
quire more heat flows from the thermal probe to the loca- In the SThM thermal image regions showing different
tions having higher thermal conductivity than to the places thermal conductivities, and hence the thermal conductivity
with lower thermal conductivity. It is well known that, in  contrast variation can be observed which is mainly due to
electrically insulating materials, the dominant mode of heat the different characteristics and microstructural features of
transfer is mainly through phonon motiéfin contrast, the  the coating and substrate. Therefore, the SThM analyses
thermal conduction in metals includes electron conduction can also be used to estimate the thickness of the coating at
and phonon conductiol?. Therefore, the characteristics of different scanning locations.
the materials determine that the substrate has a higher ther- Fig. 5a and bexhibit a thermal conductivity image and
mal conductivity than that of theO3-stabilized ZrQ coat- variations in thermal conductivity across ae indicated in
ing. As a result, more heat flow from the thermal probe to Fig. 5a It can be observed that, from a to b, the thermal
the substrate than to the coating. In order to keep the ther-conductivity distribution is approximately stable, then from
mal probe at a constant temperature, the probe requires & to c, the thermal conductivity is obviously lower than that
higher power compensation over the substrate which, there-of a and b and ¢ and d, which is mainly due to the higher
fore, appear brighter in the thermal conductivity image, as defect density in this region, as discussed above. From c to
can be seen iRig. 4a d, the thermal conductivity becomes stable, and from d to e,
On the other hand, the defects within the coating have it decreases and becomes stable again. Since the scanning
a significant influence on the thermal conduction. Pores, was conducted at the edge of the sample, and the sample
filled with gas of a lower thermal conductivity than the solid was embedded in the resin, it is reasonable to deduce that,
phase, help block the heat flow and thus make the materialfrom a to b, it is in the substrate region, from b to d, is the
more insulating. Interfaces and grain boundaries, which areY ;03-stabilized ZrQ coating layer, then, from d to e, is the
crossed by the heat flow path, can also inhibit heat conduc-resin layer, and the thickness of the coating is aboyt88
tion. The impurities and the second phasgOX located at Fig. 6a and bshow another thermal conductivity image
the grain boundaries reduce the effective across sectionaland variations in thermal conductivity across ae indicated
area of the sample, thereby lower the thermal conductivity. in Fig. 6awhile scanning from the substrate to the resin on
Therefore, the cross-sectional thermal conductivity profile the other side of the sample. Similarly, the thickness of the
can also provide information on the imperfection distribu- coating is deduced to be about 8.
tion in the coating layer. The thickness of the coating at different scanning loca-
Fig. 4dshows the defect distribution acrass indicated tions deduced by the thermal conductivity contrast are con-
in Fig. 4h Using the image analysis process, the dimensions sistent with those obtained by optical microscopy experi-

substrate  coating

09

0pm 50 pm 100 pm

(a) resin (b)

Fig. 5. (a) Thermal conductivity image and (b) thermal conductivity distribution across ae indicated in (a).
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Fig. 6. (@) Thermal conductivity image and (b) thermal conductivity distribution across ae indicated in (a).

ments. These observations suggest that the SThM is a pow- At an operating temperature, the variationQg at dif-
erful tool which can easily detect the thickness of the coating ferent scanning locations is directly related to the thermal

with a simple sample preparation. conductivityxs of the microstructure.
For a given thermal probe tip, using a series of sam-
3.4. Thermal conductivity estimation ples whose thermal conductivities are known, a relation be-

tween Qs and ks can be obtained under the same scan-
For the thermal conductivity estimation, we calibrated the ning conditions, and hence the thermal conductivity of the

thermal probe used in this work. When the probe tip is in Studied sample can be estimatédg. 7 shows the rela-
the air (far away from the sample surface), the heat flow tion betweenQs and«s for these materials. It can be seen

dissipated into the ti®ai is given by: that two segmental Iings were obtained by linear fit pro-
cessing: for the materials with lower thermal conductiv-
V& 1 ities (less than 57Wm K1), the relation betweerQs
= Rop (1) and«s is Qs = 0.6905 + 0.0304s; and for the materi-

als with higher thermal conductivities, the relation 3
where Vy;r is the voltage across the probe tip (determined
by the bridge circuit)Ryp is the probe tip resistance at the
operating temperaturél{p). Rop is determined by the fol- 3Ss————————7——T—
lowing relation® :

3.0
Rop = Ro[1 + ap(Top — To)] 2

whereRy is the probe tip resistance at ambient temperature, 251
ap (=0.001652(<2 K)~1) is the resistance coefficient of the
platinum/10% rhodium thermoresistive filameii, is the
ambient temperature. o

When the probe tip is brought in contact with the sample, L5
the total heat dissipated into the probe®@gta is given by:

E 2.0

V2 1.0
Ototal = I;Ltal (3)
op 0.5

0 50 100 150 200 250 300 350 400
Viotal IS Obtained from the thermal conductivity images. K (W' K
Therefore, the heat flow going into the sample can be writ- s

ten as: Fig. 7. Heat flonQs as a function of thermal conductivig for some ma-
terials with known thermal conductivities. The solid line is a least-squares

Os = Qtotal — Qair (4) fitting line.
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= 1.2170+ 0.004%s. This result is not in agreement with
those obtained by Ruiz et al. who obtained an excellent linear
relation’

In order to evaluatexs, Qs was calculated at each
scanning location under the same scanning conditions
as those for the probe calibration. As mentioned above,
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Although this method should be improved to make the re-
sult more reliable, it provides a possible method to deter-
mine thermal conductivities of estimated materials with
a simple sample preparation.

for the Qs calculation, the average image voltage values Acknowledgements

were obtained from the thermal images of the estimated

region. The thermal conductivities of the .sub_strate and  This work is financially supported by French Ministry of
the coating are all less than that of pure titanium (about Research and the Regional Council of Champagne-Ardenne

20Wm1K—1)18 50 the relatiorQs = 0.6905+ 0.0304s
was used.

The thermal conductivity of the substrate estimated by this
method is about 16.6 W K~1, and that of the coating is
about 4.2WmtK-1,

The thermal conductivities of the substrate and the
coating obtained in this work are higher than those ob-
tained by other method (7.3 WThK~1 for the substrate,
25Wnr 1K1 for the coating)>2° This might be due

to the different composition of the materials and the dif- 3.

ferent experimental conditions. The results obtained in
this work demonstrate that SThM is a possible method
to estimate the thermal conductivities of the coating and

the substrate with a simple sample preparation. However, g

there are some drawbacks for this method: (1) the recal-
ibration is necessary if the probe or operating conditions

are changed; (2) as discussed above, the thermal volt- ©-

age values are affected by topographical factors, such as
microstructure defects, atom diffusion, grain boundary fea-
tures. These factors influence the thermal voltage values
and thermal imaging. It is easy to understand, but difficult

to separate the thermal data from the topographical data &

in this case. Therefore, further work should be taken in
order to obtain the precise values of the thermal image g
signal.

10.

4. Conclusions

In terms of SThM techniques, the >,¥3-stabilized
ZrOy thermal barrier coating on Ti—6Al-4V alloy de-
posited by plasma-spraying was investigated. On the
basis of the experiments, the following results were ob-
tained:

13.

1. Scanning thermal microscopy allows mapping of ther-
mal conductivity differences of solid material surface.

Therefore, the SThM analyses can be used to investigate**:

thermophysical properties and microstructural features of
materials.

. The thickness of the plasma-sprayed coatings could be
deduced by the cross-sectional thermal conductivity pro-
file and its results are consistent with those obtained by 16
optical microscope experiments.

. The thermal conductivities of the coating and the sub-
strate were estimated by calibrating the thermal probe.

11.

15.

France (Grant no. 2001882, CPER EN2040).
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