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Effect of Heat Treatment on the Thermal
Conductivity of Plasma-Sprayed Thermal
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The effect of heat treatment on the thermal conductivity of plasma-sprayed.®; stabilized ZrO, (YSZ) and
Al,O; coatings was investigated. A heat treatment of 130TC in flowing argon for 50 h was found to
significantly increase the thermal conductivity of the coatings when compared to measurements in the as-
sprayed condition. Transmission electron microscopy (TEM) examination of the microstructures of the
coatings in the as-sprayed and heat-treated conditions revealed that sintering of microcracks at the splat
interfaces was the main cause for the increase in thermal conductivity. In the YSZ coatings, complete closure
of microcracks was frequently observed. In contrast, microcrack closure in the AD; coatings was
characterized by the isolated necking of particles across a microcrack rather than complete closure. A model
for thermal conductivity in a solid containing oriented penny-shaped cracks was used to explain the observed
increase in thermal conductivity after heat treatment.

. ) 0.1 TiG,, 0.1 TaO, and 0.05 of combined CaO,®&y FeOs, and

Keywords %tlBeérgal conductivity, heat treatment, microcracks, MgO. The ALO, powder (Plasmalloy Al-1010, Sulzer Metco,
Hicksville, NY) had an average patrticle size @frb and a com-
position in wt.% of 0.3 N#, 0.05 FgO;, and 0.02 SiQ The
) coatings were applied using a Plasma Technik Spray system
1. Introduction with a single spray nozzle located at the Thermal Spray Labora-

L _tory of the State University of New York, (Stony Brook, NY).

The thermal cpnductlvny of plasma-sprayed therma.l barrier cgjibration sprays were performed to control the layer thickness.

coatings (TBCs) is strongly dependent upon the porosity of the e sition was carried out for a specified time determined from

coating and thg thermal resistance at the splat mterﬂiaifee._se the calibration runs for the required coating thickness. Samples
factors determine the heat insulation, thermal shock reS'Stancemeasuring 1 10 mm were cut from the as-sprayed samples

thermal cycle tolerance, and erosion resistance of the TBC.,q heat treated for 50 h at 13@under flowing argon (99.99%
Since plasma spraying involves processing temperatures on th'purity). The coatings separated from the substrate during the
O“?Gf of 6000 to 12,000, one would e.x.pect the coating prop-  peat treatment and some reaction product adhered to the coating/
erties to be stable at operating conditions of 900 to 2000 ghqtrate interface. This was removed by polishing prior to the
However, an increase in the thermal conductivity of TBCs with yetermination of the thermal conductivity. To obtain a sample of the
thermal exposure has often been obsef&dSince TBCs are 1, ys7 material for reference thermal conductivity measure-
exposed to high temperatures for extended periods of time, @ments, the as-received YSZ powder was hot pressed at€500
understanding of the change in thermal conductivity with ther- ¢, 1 1 ot 18 MPa. The hot-pressing cycle was designed such that
mal exposure is important. The purpose of this work 'is to eluci- 1o porosity of the hot-pressed sample was approximately the
date the mechanisms governing this increase in thermalsyme 45 that of the as-sprayed YSZ coating. To allow a direct
conductivity with thermal exposure. comparison between the thermal conductivity of the hot-pressed
YSZ powder and thas-sprayedr'SZ coating, the influence of

the coating/substrate interface upon thermal conductivity was
eliminated by chemically removing a sample of the YSZ coat-

Plasma-sprayed coatings were obtained by sprayi@ Y ing from the superalloy substrate. The detached coating was pol-
stabilized ZrQ (YSZ) and AlO, powder onto 3 mm thick René ished prior to the determination of thermal conductivity.

2. Experimental Procedure

95 substrates (62.8 12.5 mm). The YSZ powder (Metco The thermal conductivity was determined using the laser
204NS, Sulzer Metco, Hicksville, NY) had an average particle flash technique at the _Therr_nophysical Properties Research Lab-
size of 10um and a composition in wt.% of 8,8, 1.6 HfO, oratory at Purdue University (West Lafayette, IN). The laser

flash technique involves heating one side of the sample with a

. - ~laser pulse of short duration and measuring the temperature rise
Rollie Dutton, Air Force Research Laboratory, AFRL/MLLM, Materi- . . . .
als and Manufacturing Directorate, Wright-Patterson AFB, OH 45433- on the other side with an infrared detector. The thermal diffu-

7817: Robert Wheeler, UES, Inc., Dayton, OH 45432; arii.S. sivity is determined from the time required to reach one-half of
Ravichandran andK. An, Department of Metallurgical Engineering,  the peak temperature and a transient heat conduction analysis of
The University of Utah, Salt Lake City, UT 84112. a multilayer body. Measurements were made in a vacuum cham-
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ber from room temperature to 1080 in 100°C increment$! tion. Heat treatment at 130C for 50 h did not significantly

Specific heat measurements of thgdAland YSZ powders were  alter the X-ray diffraction patterns of either coating, indicating §
made with a Perkin-Elmer Model DSC-2 (PE Corp., Norwalk, that the phases present in the as-sprayed coatings are stablefig
CT) differential scanning calorimeter using sapphire as the ref-the heat treatment temperature. By
erence material. The thermal conductivity of the coatings was g_
then determined using 3.2 Thermal Conductivity Measurements %

- 0]
k=aCyp (Ea1) Figure 1(a) and (b) present the thermal conductivity mea-jikes

wherekis the thermal conductivity is the thermal diffusivity, ~ Surements for the as-sprayed coatings and the fully dense cog
C, is the specific heat, anmis the density of the coating. ing material. The values of thermal conduc_:tlvny shown for the
The porosity of the coatings was determined by measuremenPUlk YSZ are for the tetragonal phaSewhile those for the
of coating mass and volume as well as by point counting using opAl202 are for thea phase since values for the thermal conduc-
tical micrographs of the polished cross section at a magnificationtiVity of high-temperaturg/phase are not availabfélt is read-
of 400x. The two techniques gave reasonable agreement. Examilly @pparent that the thermal conductivity of the as-sprayed
nation of the as-sprayed and heat-treated samples indicated thcoatings is well below that of the bulk material. The effect of the
the pores had dimensions on the order of microns, while the thinheat treatment on the thermal conductivity is greatest at lowe
cracks at splat interfaces had separations on the order of nanome-
ters. Hence, the pores, but not the microcracks, could be observer
optically. While the microcracks could be observed using low
voltage scanning electron microscopy, only transmission electrong
S
=

Plasma Sprayed YSZ
4 | T T |

microscopy (TEM) provided the additional structural information

to allow the microcracks to be related to the fine-grained regions =
of the splat interfaces. The microstructures of the coatings were™
studied by TEM using a Philips CM200 microscope operating at .
200 kV (Philips Electronic Instruments Corp., Mahwah, NJ).
Cross-sectional specimens were prepared of both as-sprayed arS o L 1300°C / 50 hrs -
heat-treated coatings. In this manner, the built up structure of the'g A A A ke Ao S |
TBC could be studied by observing each layer of the deposited8 —
oxide powder particles. This required mounting two coatings to- _

gether in a back-to-back configuration using a hard epoxy. The ® 1

™ —A Bulk
- A - — — A= — =

tivity

glued assemblage was then sectioned and ground in a conver £ - 12% Porosity ) = 4
tional fashion to produce a 3 mm disc having a dimple at the TBC = Coating & Substrate
layer. Finally, this disc was ion milled at a low angle®(#@lina- 0 ' ' ' '
tion) in a Gatan PIPS (Gatan, Pleasanton, CA) unit. 0 200 400 600 800 1000
Temperature (°C)
(@
3. Results and Discussion Plasma Sprayed Alzoa
~ 20

3.1 Porosity and Texture Measurements ié N \ l I 1

The average porosity of the as-sprayed YSZ coating was founc§ X,
to be 11.9% 0.5% and the AD; coating was 18.8%1.5%. The ~ 15 |- \ -
average porosity of the hot-pressed YSZ powder was 12.5%2 N
+ 0.5%. Measurements after heat treatment indicated that any.2 A 1300°C % Bulk
changes in the porosity level were on the order of statistical vari- S 19 A 50 hrs v -
ations in porosity due to location within a given coatirg,there 2 A X s
was essentially no change in the porosity after heat treatment. 8 Vol A . TR s

The X-ray diffraction pattern of the as-sprayed YSZ coating _ 5 | 19% Porosity Ao a il SENURE
indicated that it consisted almost entirely of the tetragonal phase g N T

. . A

of ZrQ,. Similar results were found for the as-received and hot- & Coating & Substrate
pressed YSZ powder. It should be noted that the tetragonalrf | X : — ]

phase in the as-sprayed YSZ coatings consists of a nontrans
formable tetragonal phase, known as thghase. This non- 200 400 600 800 1000
equilibrium phase is present because of the rapid cooling from Temperature (°C)

the vapor to the bulk state upon deposition onto the substrate (b)

Th-e as-sprayed AD coating W?.S amixture af andyphases, Fig. 1 (a) and (b) The thermal conductivity of plasma-sprayed YSZ
while the ALO, powdgr contained only the phase. Appar- angd AEO(3 2:oatin(gs) in the as-sprayed and t?éat-t?eated co%diilions. Thg
ently, some of the high-temperatuyephase of AIO; was values of thermal conductivity for the bulk YSZ and@yare from Ref
retained due to the rapid cooling of the splats during solidifica- 5 and 6, respectively.
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Fig. 2 The thermal conductivity of plasma-sprayed YSZ coatings in
the as-sprayed and heat-treated conditions and hot-pressed YSZ pow
der. All samples have approximately 12% porosity. The plasma-sprayed
coatings were detached from their substrates.

temperatures and decreases as the temperature increases. Sele
ing 1000°C as a representative operating temperature for the
coatings, it can be seen that after the heat treatment atC300
for 50 h, there is a threefold increase in the thermal conductivity
of the YSZ and a fivefold increase in the@. Figure 2 is a plot Fig. 3 TEM micrograph of hot-pressed YSZ powder
of the thermal conductivity for an as-sprayed YSZ coating that
has been chemically removed from the substrate, a heat-treated
plasma-sprayed coating, again detached from the substrate, aran artifact of the ion milling process. Hence, while both the hot-
the hot-pressed YSZ powder. The YSZ coating was chemicallypressed powder and the as-sprayed coating contain pores, the
removed to eliminate the effect of the coating/substrate interfaceplasma-sprayed coating contains areas of finer grains and a large
upon the thermal conductivity measurements. (Similar attemptspopulation of micro cracks at the splat boundaries. Figure 5(a)
to chemically remove the AD; coating were unsuccessful— and (b) are micrographs of the heat-treated coating. In Fig. 4(a)
during the etching of the substrate, the coating fragmented intcand (b), the wide cracks follow rather tortuous paths, while the
small pieces.) The porosity of all three specimens is approxi- Narrower microcracks at splat interfaces are relatively straight or
mately 12%. It can be seen that the thermal conductivity of thegently curving. These same trends are observed in Fig. 5(a) and
heat-treated coating is essentially identical to that of the hot-(b), where the wide angular cracks remain open but extensive
pressed powder for all temperatures. Thus, the thermal conducbridging occurs in the relatively straight cracks. Since both sam-
tivity measurements indicate that the heat treatment hasples were ion milled at the same time, the closure of the microc-
eliminated any reduction in thermal conductivity due to the rapid racks can be attributed to the heat treatment. This suggests that
solidification microstructure of plasma spraying. areas with pores and wide microcracks (Fig. 5a) remained essen-
tially unchanged after the thermal exposure, while narrow mi-
crocracks along the splat interfaces sintered closed.
Figure 6 show a typical microstructure for the as-sprayed
Figure 3 is a micrograph of the hot-pressed YSZ powder. TheAl:Os coating. The coating contained coarse grains (recall that
microstructure is characterized by uniform coarse grains (recallthe powder size was f@m), pores, and microcracks along the
that the average powder size waguihf) and widely distributed ~ splat boundaries. Figure 7(a) and (b) show typical heat treated
pores. No microcracks were present within the sample. Figuremicrostructures. In contrast to the YSZ coating, the microcracks
4(a) and (b) show examples of the as-sprayed microstructure fodid not sinter closed. The grains along the microcrack bound-
the YSZ coating. At low magnification (Fig. 4a), coarse grains aries became rounded (Fig. 7a) and formed necks intermittently
are visible as well as pores and large microcracks. Some of theacross the microcrack (Fig. 7b), but for the most part, the micro-
coarse grains are bound by layers exhibiting the fine-grainedcracks remained open.
rapid solidification microstructure characteristic of plasma-
sprayed coatings. At higher magnification (Fig. 4b), narrow
micro cracks at the splat boundaries are apparent. In addition4, Discussion
some areas appear to have been subjected to remelting during tt
spraying process. The fact that no cracks were observed in thc  While it is reasonable to expect that the sintering of the micro-
hot-pressed powder indicates that the observed microcracks are ncracks accounts for the threefaidrease in thermal conductivity

3.3 Metallographic Observations
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(b)
Fig. 4 (a) and (b) TEM micrographs of as-sprayed YSZ coating
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(@)

Sintered
Micro-cracks

(b)

Fig. 5 TEM micrographs of YSZ coating following a heat treatment
of 1300°C for 50 h in flowing argon
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Fig. 6 TEM micrograph of as-sprayed &; coating

observed at 1008C in the heat-treated YSZ coating, it is not
apparent that intermittent particle necking along microcrack
boundaries can account for the fivefold increase in thermal con-
ductivity observed in the AD; coating. Hasselm&hdeveloped

a model for the thermal conductivity of a material containing
oriented penny-shaped cracks. His analysis assumed that th
cracks were pores with a very flat shape equivalent to ellipsoids
of revolution with the minor axis, approaching zero. For a di-
lute dispersion of penny-shaped cracks with zero thermal con-
ductivity (i.e., neglecting radiation and convection) and heat
flow parallel to the minor axis of the crack, the relative thermal
conductivity is

kiko = (L+ (2v/m)(b/a))™ (Eq 2)

wherek is the thermal conductivity of the microcracked mater-
ial, ko is the thermal conductivity of the uncracked mate¥iés,

the volume fraction of ellipsoidal pordss the major axis of the
ellipsoid, anda is the minor axis. Figure 8 shows the model
results for ellipsoidsi.€., microcracks) with aspect ratios rang-
ing from 20 to 500. Also shown is a best-fit line for the relative
thermal conductivity of porous YSZ and,@" using literature
values. The relative thermal conductivity of the porous YSZ and
Al,0; is approximately linear with respect to the volume frac-
tion of pores. In contrast, Hasselman’s model predicts a sharp (b)

decrease in the relative thermal conductivity for_ the mic_ro- Fig. 7 (a) and (b) TEM micrographs of £ coating following a heat
cracked material for a relatively small volume fraction of ellip- treatment of 1300C for 50 h in flowing argon
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4. Summary and Conclusions

-t

The effect of heat treatment on the thermal conductivity of
plasma-sprayed YSZ and,8; TBCs was investigated. A heat
treatment of 1300C in flowing argon for 50 h was found to sig-
nificantly increase the thermal conductivity of the coatings when
compared to measurements in the as-sprayed condition. Exa
nation of the microstructures of the coatings in the as-sprayeq
and heat-treated conditions revealed that sintering of micro
cracks at the splat interfaces was the main cause for the increa
in thermal conductivity. In the YSZ coatings, complete closure
of micro cracks was frequently observed. In contrast, microcrac
closure in the AIO; coatings was characterized by the isolated
necking of particles across a microcrack rather than completg
closure.
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