CHAPTER 40

Behavior of
Plasma-Sprayed Coatings

CHRISTOPHER C. BERNDT

INTRODUCTION

Plasma-spray techniques are well-established as a means of depositing cor-
rosion, wear resistant, and thermal bamer coatings. Previous publications
have discussed coating propertiesin relation to plasma-spray variables,® by
thermofluid and heat transfer models®=# and by examining the microstruc-
ture."") Several books®” and conference proceedings®®!%!") have also ad-
dressed the generad fidd of therma spraying technology.

This chapter describes the microstructural development o plasma
sprayed oxide coatings and relates microstructural details to their mechani-
cal behavior. Specific examples are drawn from experience with aduminum
oxide coatings and thermal barrier coatings of yttria stabilized zirconia

MICROSTRUCTURAL OBSERVATIONS

Optical Metallography

Routine metallography was used to investigate the morphology of plasma
sprayed materials. The splat natureof particlesiswell-characterizedand the
lamellar structure formed during deposition is used during quality assurance
to check for coating integrity and as a measure of particle melting, inclu-
sions, and porosity. Figure 40.1 shows a single splat of dumina that was
sprayed onto a machine-ground steel substrate. The man features to note
are that (1) the ceramic splat has spread out significantly over the substrate,
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Figure 40.1 Plasma-spray quenched particle of AlL,O;.

(2) the splat in some areas is transparent (region A) to electrons and is
therefore very thin, and (3) microcracksand variousformsof porosity (inter-
facial about B and near the splat surface in C) can be distinguished.

Metallic powdersare usudly deposited under different plasma-spray vari-
ables because of their lower mdting point. The thermal and velocity proper-
tiesat the moment of impact with the substrate are different from oxidesand
this is reflected in their microstructure. These particles revea complete
melting and no obvious Signs of gross porosity or microcracks.

These two different structures are often used in conjunction. For exam-
ple, a primary coating of the composite powder Ni-Al adheres well to agrit-
blast substrate and in turn provides an excellent surface for a ceramic
overlay. This "laminate’ composite shows very interesting mechanical
properties, as illustrated in another section.

Scanning Electron Microscopy and Transmission Electron Microscopy

Figure 40.2 shows a coating cross section (i.e., perpendicular to the sub-
strate). The individua --saucer-shaped™ particlescan be discerned and some
splats (area A) exhibit columnar grains growing perpendicular to the sub-
strate. Such observations, together with fundamental TEM work,®'? con-
firm models of material and heat flow during rapid solidification. Thus, for
the ideal case of intimate contact between a particle and substrate, there is
grain growth perpendicular to the substrate surface. However, any part of



Figure 40.3 TEMof 8 wt. % Y,0,-ZrO, plasma-sprayed coating: (a) bright field, (b)diffrac-
tion pattern, (¢) dark field of spot 1, and (d) dark fied of spot 2.
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Figure 40.4 TEMof 8 wt. % Y,0;-ZrO, plasma-sprayed coating.

the solidifying particle that peels from the substrate will show grain growth
oriented in the longitudina direction.

Further evidence of orientation effects can be observed via TEM. For
exampl e, the bright fidd image of an 8 wt. % yttriastabilized zirconia (Y SZ)
coating (Fig. 40.3a) revealed a grain structure with oriented microcrystals
(Fig. 40.3b,¢,d). However, other regions (Fig. 40.4) reveal an amorphous
diffraction patternfor an area that exhibits very fine dendrites. The dendritic
arm spacing can be used"® to calculate a cooling rate of 1.4 x 107 °C/sec,
which correlates well with cooling rates obtained for other splat cooling
processes.

FRACTURE PROPERTIES

Tensile Tests

Theadhesion of thecoatingto the substrateisof paramount importance. The
most common technigue follows ASTM C633-69, where a fixture is glued
directly on to the coating so that tensileloading conditions can be smulated.
Other experimental methods'¥ based on the principles of fracture mechan-
ics may be used for examining the mechanismsof failure. For example, Fig.
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Figure 40.5 Failure through the bond coat-ceramic coat interfacial region of afracturetough-
ness specimen.

405 shows failure in the interfacial region of an dumina and bond coat
(Ni-Al) system. The fracture toughnessdf this mixed mode failure was 58 J/
m~2, which contrasts with 21 and 319 J/m~2 for failure within the ceramic and
bond coats, respectively.

Therefore, the fracture toughness tests have the distinct advantage o
examining specific failure modes and correlating fundamental materias
properties to the behavior of the bulk coating. Cracking in the interfacia
region (Fig. 40.5) occurred by plastic deformation of the metdlic particles
and brittle fracture through the ceramic regions. It is aso evident that the
durability of the ceramic coating would be severely limited if no bond coat
was incorporated. In fact, the weakest link in such a system would be the
boundary at the substrate surface (12 J/m~?%), which can be compared with
that of failure in the metal-ceramic system (21 J/m~2). Thus, the incorpora
tion of a bond coat also directs the failure mode away from the interfacial
region to within the ceramic. It was noted (Fig. 40.1) that ceramic coatings
are extensively microcracked during deposition. It is presumed that the
density and distribution of these cracks playsalarge role in the mechanical
properties of the coatings.
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Acoustic Emission Observations

Acoustic emission techniques have been coupled with tensile adhesion tests
and metallography to ascertain the failure mechanism(s) of plasma-sprayed
coatings. Consider a YSZ powder that was plasma-spray quenched into
water to examine the degree of particle melting (Fig. 40.6). These particles
do not completely melt, which, when considered with the origina powder
shape. results in many sites for ""keying' in other particles and also for
crack nucleation.

Different AE spectra were generated during tensile adhesion tests of such
coatings. The AE spectrum of the raw data displayed the count rate as a
function of time. It is then possible to sort the count rate valuesin ascending
order and to classify them in count rate intervalsof 2 x 10? counts/sec. The
"averagetime' for any specific count rate interval was calculated, and these
valuesare graphed in Fig. 40.7 for three different tensile tests. For example,
specimen 2 exhibited 3 timeintervals (at 4, 6, and 8 sec) of between 1000 and
1200 counts/sec, SO the average timefor a count of 1100/sec iS6 sec.

There are obvious differences between these distributions. In one case
(specimen 2), the count rate gradually increased during specimen loading,
and thiswas typical of a monomodal distribution. The other tests (specimens
1 and 3) showed a decrease in count rate during loading, and this was
representative of bimodal distributions centered about low and high count
rates. The bimodal behavior can be rationalized in terms of cracking mecha-
nisms. For example, the unmelted regions of the coating provide crevices

Figure 40.6 Plasma-spray quenched 8 wt. % Y,0s-ZrO; powder. Note the intricate topology
and partial melting of some particles.
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Figure 40.7 Summary of AE data derived from adheson tests.

into which other semimolten particles flow. The net result is that the parti-
clesareintegraly interlocked in many regions throughout the coating cross
section. Acoustic emission phenomenaarose from deformation and cracking
about these regionsduring the initial (=10 sec) straining of the sample and
this gave rise to a high count rate. Subsequent cracking centered about the
large microstructural features of the lamellae, with a correspondingdecrease
in AE. Specimen 3 was not as strong (34 MPa)* as specimen 1 (40MPa), and
this difference is reflected in a decrease in microcracking and AE activity.

However, it isnow apparent that the monomodal distributionof specimen
2 disagrees with thisfracture model. Failurein thiscase occurred in a mixed
mode manner —that is, the coating failed at the substrate interface (adhe-
sive), through the coating thickness (shear), and at the support layer inter-
face (adhesive). Adhesion of the epoxy to the support bar was poor and it
may not be appropriate to compare the AE spectra. The imperfect specimen
preparation has, therefore, changed the stress distribution in such a manner
that initial preloading does not generate AE events. It can be seen that AE
anaysis alows discrimination of failure mechanisms in plasma-sprayed
coatings and that this phenomenon is related to the coating integrity and
adhesion strength.

* Specimen 2 had a tensile strength of 36 MPa.
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CONCLUSIONS

Plasma-sprayed coatings exhibit extremely complex microstructures with
regard to their phase structure and lamellar interaction. The phase structure
was characterized by metallographictechniquesand a variety of microstruc-
tures were observed.

The adhesion of coatings was investigated via fracture toughness and
tensile tests. Acoustic emission is valuable in formulating possible fracture
mechanisms for YSZ coatings. In this case, it was thought that the semi-
molten particles were a nucleusfor cross-linkinglamellae, and thisimproved
coating integrity.
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