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Abstract
Atmospheric plasma sprayed (APS) Z21#&%6WtY,03; thermal barrier coatings (TBCS)
were subjected to a G@ontinuous wave laser-glazing process in ordgetterate an
external dense layer produced by different proogssarameters. For that purpose, different
beam scanning speeds and track overlapping wesenho
Surface roughness has been reduced significanéy later-glazing. Despite the surface
crack network, all laser-glazed specimens presemtatly dense and porous free external
layer with a columnar microstructure. Surface csaalong the densified layer were found to
have tendency to be oriented in two perpendicutactions, one in the direction of the laser
beam travel, the other perpendicular to it. Morepthee cracks parallel to the beam moving
direction are found to be on the overlapping zao@ciding with the edge of the subsequent
track. The cracks along the densified layer ardcadrand tend to branch and deviate from
the vertical direction within the porous PS coatifige largest overlapping allied to the
smallest amount of irradiated energy generatedntb&t uniform layer with the shortest crack
branches within the PS coating. For the as-spragating, the XRD results revealed mainly
t' non-transformable tetragonal zirconia with a #parcentage of residual monoclinic
zirconia. All glazed coatings presented only t' aitansformable tetragonal zirconia with

some variations on preferable crystal orientation.
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1. Introduction

Thermal barrier coatings (TBCs) are a demand intgdmne engines for protection of the
hot-section metallic components and to improve ggarance at high temperatures. Typical
TBCs consist of a dual-layer system comprising &moapheric plasma-sprayed (APS)
ceramic (partially stabilized zirconia (PSZ)) topat over a metallic (MCrAlY where M is Ni,
Co or Ni/Co) bond-coat deposited by vacuum plaspraysng (VPS). The porous top-coat
provides thermal insulation and the dense bond+ooiabnly reduces the mismatch of thermal
expansion coefficients between the ceramic top-cmrad metallic substrate (Ni-based
superalloy) but also enables oxidation and hotoston protection, forming alumina as the
principal protective scale (thermally grown oxidé€s0)).

Interconnected porosity and segmented crack neswvorkoduced on plasma-sprayed
TBCs due to volume reduction and residual stressséee top coat [1-4] affect the mechanical
properties and deteriorates the oxidation and s@mro resistance. These features are
considered to be the path for corrosive gases aoltemsalts to attack the TBC system,
especially in applications where low purity fuete &durned, and also support the infiltration
of oxygen through the top coat leading to an ingeem thickness of the TGO, favouring
premature spallation.

Laser-glazing has been revealing a high potentiatife improvement of plasma-sprayed
TBCs properties by reducing surface roughness,ngealpen porosity and generating a
controlled segmented crack network. An increasahmjut fourfold in the lifetime of the
plasma-sprayed TBCs in a,®s salt-containing corrosive environment was obseratdr
laser-glazing [5], the same increase in lifetimesvadso seen in cyclic oxidation tests [6].
Recent studies [7] have shown that laser-glazin@,-B2WtY,O3; coatings improved
considerably microhardness, erosion and abrasisista@ce, whilst lowered strength and

stiffness.



Segmented cracks, perpendicular to the surfacegdlendensified layer are characteristic
features of laser melted ceramic materials [4-18] @are generated by shrinkage and relief of
thermal-induced stresses [6,12,18]. It was shownhttiese cracks, induced by laser treatment,
improved thermal shock resistance by improving sk@in accommodation. Moreover, a
considerable reduction on the surface roughnesss léa an improvement of the erosion
resistance. On the other hand, densification amiasiructural modification from lamellar to
columnar can alter heat transfer by increasingiéconductivity.

Also, the existence of macroscopic cracks may plea fast path for oxygen and molten
salts to attack the TBC system. For all this reaseaveral studies have been carried out and
are still underway to accomplish an affordable cmnpse between the desirable and
undesirable properties.

In this work the effect of the laser-glazing pracgmrameters on the morphology and
microstructure of the ZrE28%WtY,0; coatings is discussed. Thickness of the densiégerl

and distribution and size of characteristic laseluced cracks are investigated.



2. Experimental details

2.1. Material

The thermal barrier coatings used on this reseeaotisisted on an atmospheric plasma
sprayed ZrO2-8%2X0; top coat deposited on a steel substrate, sinseathik is focused on
the phenomena occurring within the top coat. Spegimpreparation details are described

elsewhere [19].

2.2. Laser-glazing
An industrial high power (6.0kW) COcontinuous wave laser (wavelength 1Qu®)

(Rofin-Sinar RS6000) with a 3-axis CNC workstatiwsas used at a power of 500W to laser-
glaze coatings surface. Different scanning spemdsiag specimen), shown in Table 1, were
set to apply different amounts of energy to eachpa. The laser was operated in a TigM
mode at the chosen power, and with the beam sfiglefocused (g,=0.43mm). Another
sample was used before the final glazing procegget®rate a single track at each chosen
scanning speed. The width of each track was themsuned so the beam could be shifted

away a sufficient distance for each parallel ssuang a known overlap of tracks.

2.3. Characterization

Coatings microstructure and surface morphology veerayzed by optical and scanning
electron microscopy (SEM). Cross-section planespgredicular to laser beam travel
direction, were previously prepared metalographicdbr cross-section analysis. Free-
standing coatings were prepared as well so theydcbe fractured and observed along
through-thickness. Microtopography based in lasangulation [20] has been used as well as

a complementary technique to monitor coatings sarfaorphological changes.



With the purpose of examining phase transformatioingirconia for the various laser
treated specimens, an X-ray diffractometer usimgrainuous scan of CuKradiation with
0.154056 nm wavelength (and Cy,Kvith 0.154439 nm; k/K,;=0.5) was used to acquire

the patterns within thef2ange 20-80° using a step size of 0.02°.



3. Resultsand Discussion

3.1. Surface morphology and microstructure

From visual inspection, the coatings changed frotigla gray to a soft yellow glassy
transparent surface and spallation was not observedy case. SEM studies shows that a
network of cracks has formed in the coatings, tloeofity was eliminated and the
homogeneity has been improved. Some voids weredfatithe surface, located mostly over
cracks, and were probably formed by release ofrgesgions of higher porosity. By means of
laser triangulation technique, surface topographyg analysed and roughness)(Ras been
determined for all specimens. Fig. 1 illustrates ¢bntrast of surface morphology, before and
after the laser treatment. Roughness results, showrable II, demonstrate a significant
decrease after laser-glazing. Disparity in roughivedues of glazed coatings are related to the
different processing parameters. The roughnesgased with the increase of crack density,
as a consequence of the increase of beam scanm#egl sind overlap. However, specimen
LG12 presents lower roughness than LG10 and LGt@aesmoother surface caused by the
large overlap of tracks.

The melted region, shown in Fig. 2, consists olilly fdense columnar microstructure
differing significantly from the as-sprayed one.cdkistructural inhomogeneities, such as
unmelted/partially melted powder particles, porad aavities, common to plasma-sprayed
coatings, were eliminated. Despite the voids foanhthe surface, pores have not been found
within or at the lower region of the melted lay@tthough the molten pool has solidified
rapidly as the laser beam moved way, there was é&nmeigh for pores, existing in the as-
sprayed coating, to coalesce and rise to the surfac

Fig. 3 depicts a top view backscattered electroaragraph where it is recognizable a
crack network. The cracks tend to be oriented i p@rpendicular directions, one along the

laser beam travel (vertical in micrographs), and tither perpendicular to it. The cracks



oriented along the beam travel are spaced apprdégiynidne same distance (corresponding to
the chosen track shift) coinciding with the edgetted subsequent track. The other cracks,
perpendicular to the moving direction of the spemisiare more dependent on the scanning
speed, resulting in higher density of cracks whk tncrease of the scanning speed. The
cracks are considered to be caused by shrinkagestmdhtion of residual stresses during the
cooling down of molten zirconia to room temperat[6d.2,18] and are probably formed by
the large and localized temperature gradients wherterates residual stresses after the laser
has passed. When the laser scanning speed issedtdhe higher is the thermal gradient and
consequently the solidification is faster, resgtin higher thermal stresses and thus higher
crack initiation.

Different layer profiles were achieved by varyirge tapplied energy and track overlap
(Fig. 4). In all cases, the cracks across the @leddayer are perpendicular to the surface and
start to branch and deviate from the vertical dioecwithin the porous PS coating (Fig. 5).
None of the coatings presented cracks extendirtbeonterface between substrate and top-
coat although LG5 seems to be quite damaged pregevery long cracks initiated at the
overlapping region of the melted layer and extegdiaross the PS coating to the centre of the
tracks (Fig. 4a).

Coating LG12 (Fig. 4d) shows the most uniform neeliyer. The largest overlapping
allied to smallest amount of irradiated energy gateel a very dense layer of uniform
thickness. Comparatively to the others, it presémeshigher amount of cracks, within the
melted layer, regularly spaced but fewer and shdstanches across the plasma-sprayed
coating.

For the different amounts of applied energy, trdefths ranged from approximately 70 to
175um and track widths from 1.01 to 1.21 mm (Tabld=br the whole laser-glazed coatings,

the melted layer maximum thickness is within thkuga for the respective single track depth



except for the LG12 coating that presented a slighigher value, 7/4m, due to the high

overlap (more than half of its respective trackthvid.61 mm).

3.2. Phasetransformation

The achieved XRD spectra cover therdnge where the tetragonal, cubic and monoclinic
main characteristic diffraction peaks of zirconande found. The2range showed in Fig. 6
represents the range in which the most intensespehfithe monoclinic phase may appear
depending on its presence. It is evident only fog ais-sprayed coating the existence of
monoclinic zirconia. The as-sprayed coating exkibiainly t' non-transformable tetragonal
phase and a small amount of residual monoclinics@h&docal inhomogeneities in,®s
content (deriving from the feeding-powder) were hiaato homogenize during the rapid
cooling inherent in the plasma spray process, antesnained within the top coat.

All laser-glazed coatings present only t' non-tfanwable tetragonal phase, no
monoclinic phase is detected. This can be explaoyed homogenization, during melting, of
the chemical composition of the two phases preserthe as-sprayed coating. The cubic
phase then formed, comprising the whole yttria eotttransforms to the t' martensitic phase
with the same composition by a diffusionless me@mardue to rapid cooling. Furthermore,
detailed comparisons of the patterns on range ?2(#i§. 7) showed that the calculated
lattice parameters of the t' phase do not vary ntioae 0,2%. It was also observed changes in
the relative intensity of individual peaks indudey the glazing process. This is a result of
preferable crystal orientation due to microstrugkuearrangement of the melted zone. The

splats lamellar structure, typical of plasma-spdageatings, changed to a columnar structure

(Fig. 2).



4. Conclusions

Plasma sprayed ZpgB%W1tY,03 thermal barrier coatings were subjected to a, CO
continuous wave laser-glazing process in orderettetate an external dense layer produced
by different processing parameters. A morphologartal microstructural characterization was
accomplished resulting on the following conclusions

Laser-glazing plasma-sprayed coatings decreasddcsuroughness significantly. The
melted layer has a fully dense columnar microstmgctfree from the microstructural
iInhomogeneities existing in the plasma-sprayedirngsit A crack network has formed at the
surface and is extended across the whole thickokesise melted layer. Within the melted
layer, cracks are perpendicular to the surfacdoweit, they tend to tilt within the porous
plasma-sprayed coating. This surface crack netvierkxtremely dependent on the laser
scanning speed and track overlapping. The densityacks oriented perpendicularly to the
laser moving direction increase with the increab¢he laser scanning speed. The cracks
oriented along the beam travel are located at Weelapping zone, coinciding with the edge
of the subsequent track.

Laser-glazing allowed the homogenization of locddloamogeneities in Y03 content and
led to the disappearance of the residual monogtihase due to rapid cooling. Only the non-
transformable t' phase is present within the melss@r with some variations on preferable
crystal orientation. Specimen LG12 presents thet pasmising laser-glazed coating for the

improvement of thermal cycling and hot corrosiosistance.
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Tables

Table I: Varied parameters and resultant conditafrthe laser-glazing process.

specimen  sweea . Trackshift Overag SRS TERC et

(mm/min) mm) MM mnd)  (mm) (um)

LG5 5000 1 0.21 14.0 1.21 176

LG7 7000 0.7 0.40 10.0 1.10 129

LG10 10000 0.5 0.56 7.0 1.06 87

LG12 12000 0.4 0.61 5.8 1.01 69
4Chosen parameters

b Calculated values
® Measured values

Table II: Microtopographic results of surface roonghs.

: Ra (um)
Specimen (Average roughness)
As-sprayed 14,67
LG5 2,70
LG7 7,85
LG10 8,36
LG12 5,58
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Figure captions

Fig. 1. Micrograph illustrating the contrast of fawe morphology, before (left) and after

(right) laser treatment.

Fig. 2. Fracture plane illustrating the columnacrostructure of the laser melted layer over

the plasma-sprayed coating.

Fig. 3. Representative backscattered electron miaph of the surface of a glazed coating

illustrating crack distribution.

Fig. 4. Cross-section backscattered electron mraepdgs of the plane perpendicular to the
beam travel direction illustrating the various laywofiles and segmented cracks of the

different coatings; (a) LG5, (b) LG7, (c) LG10, (dp12.

Fig. 5. SE Micrograph illustrating crack profile.ithin the melted layer, the segmented crack

is perpendicular to the surface, bellow it, theckreend to deviate from the vertical direction,

along the porous PS coating.

Fig 6. XRD spectra in the lowb2range; (a) as-sprayed, (b) LG5, (c) LG7, (d) LG(),

LG12.

Fig 7. XRD spectra in the highb2Zange; (a) as-sprayed, (b) LG5, (c) LG7, (d) LG(),

LG12.
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Figures

Fig. 3
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Fig. 6

Fig. 7
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