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Several studies have been undertaken recently to adapt yttria partially stabilized zirconia (YPSZ) thermal
barrier coating (TBC) characteristics during their manufacturing process. Thermal spraying implementing
laser irradiation appears to be a possibility for modifying the coating morphology. This study aims to present
the results of in situ (i.e., simultaneous treatment) and a posteriori (i.e., post-treatment) laser treatments
implementing a high-power laser diode. In both cases, the coatings underwent atmospheric plasma spraying
(APS). Laser irradiation was achieved using a 3 kW, average-power laser diode exhibiting an 848 nm wave-
length. Experiments were performed to reach two goals. First, laser post-treatments aimed at building a map
of the laser-processing parameter effects on the coating microstructure to estimate the laser-processing pa-
rameters, which seem to be suited to the change into in situ coating remelting. Second, in situ coating remelt-
ing aimed at quantifying the involved phenomena. In that case, the coating was treated layer by layer as it was
manufactured. The input energy effect was studied by varying the scanning velocity (i.e., between 35 and 60
m/min), and consequently the irradiation time (i.e., between 1.8 and 3.1 ms, respectively). Experiments
showed that coating thermal conductivity was lowered by more than 20% and that coating resistance to
isothermal shocks was increased very significantly.

Keywords hybrid plasma spraying, isothermal shock resistance,
laser remelting, thermal barrier coating, thermal con-
ductivity, yttria partially stabilized zirconia

1. Introduction

1.1 Pore Network

Thermal spraying is a random deposition process during
which molten particles impact at high velocity, spread, and so-
lidify onto a substrate or previously deposited particles to form
thin lamellae. The coating resulting from the stacking of those
lamellae is characterized by a highly anisotropic lamellar struc-
ture. Moreover, stacking defects generate specific interlamellar
features within the structure, mainly cavities (i.e., pores), which
can be, or not, connected to the upper surface of the coating (i.e.,
open pores). Finally, vapors and gases stagnating in the vicinity
of the surface to be coated and peripheral decohesions around
lamellae induce, delaminations between the lamellae. In other
respects, interlamellar microscopic cracks appear consecutively
in the particle rapid solidification process after spreading. Such
a phenomenon is especially emphasized for ceramic materials,
which do not accommodate so much the shrinkage during the
solidification. The combination of these features (Fig. 1) gener-

ates an interconnected network of pores, from which derives the
permeability of most of the thermal spray coatings. This network
can dramatically limit the coating in service performances, es-
pecially when the coated component is exposed to a reactive
environment. In such a case, the substrate material reacts with
the medium, which penetrates through the structure: corrosion
occurs at the substrate/coating interface and eventually leads to
the coating spallation.

1.2 Coating Post-Treatment

To circumvent the aforementioned difficulty, numerous ap-
proaches were scrutinized, such as (a) pore sealing by impreg-
nation of organic or ceramic compounds,[1-3] or (b) structure re-
melting using in most cases an oxyacetylene flame and
sometimes a laser beam.[4,5] This work deals with this latter ap-
proach. This article aims to present the results of in situ (i.e.,
simultaneous) and a posteriori (i.e., post-treatment) laser treat-
ments. It focuses at first on the implemented process and its pa-
rameters. Then, coating microstructures resulting from these
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Nomenclature

APS atmospheric plasma spraying
BC bond coat
EBPVD electron beam physical vapor deposition
OEM original equipment manufacturer
PECVD plasma-enhanced chemical vapor deposition
TBC thermal barrier coating
TGO thermally grown oxide
YPSZ yttria partially stabilized zirconia

JTTEE5 13:381-389
DOI: 10.1361/10599630420416
1059-9630/$19.00 © ASM International

Journal of Thermal Spray Technology Volume 13(3) September 2004—381

P
eer

R
eview

ed



treatments are studied, and their thermal conductivity and their
resistance to isothermal shocks are estimated.

1.3 Laser Remelting

Several studies have been undertaken in the past to modify
thermal spray coating architecture implementing laser irradia-
tion.[6-9] Whatever the nature of the treatment of the coating, the
methodology was somehow the same. The first step consisted of
manufacturing the coating via a classic route, and the second
step consisted of post-treatment through its overall thickness. In
such a case, the resulting microstructures were always made of
fine columnar dendrites, but the rapid solidification (i.e., cooling
rate ranging between 106 and 107 K/s[10]) of a large melting pool
induced high levels of residual stresses, as well as numerous
macroscopic cracks and delaminations affecting the structural
cohesion. Consequently, such microstructures exhibit degraded
physical properties, such as corrosion resistance and fatigue ero-
sion resistance.[10]

To densify the structures without generating too high a level
of cooling stresses, which would be incompatible with mechani-
cal resistance properties, in situ coating remelting appeared to be
an interesting alternative. This approach was never really inves-
tigated, except the very notable works performed in Japan by

Eguchi et al.[6] This research team has clearly shown that in situ
laser remelting of coating during their manufacture significantly
enhanced their cohesion (Fig. 2).

1.4 Specific Case of Thermal Barrier Coatings

Thermal barrier coatings (TBCs) are widely used in gas tur-
bines or diesel engines. Four primary constituents compose a
thermal insulation system[11]:

• the ceramic top coat (i.e., the ceramic TBC), which is com-
monly manufactured using atmospheric plasma spraying
(APS) process;

• the substrate materials, most commonly a superalloy;

• an aluminum-containing bond coat (BC) located between
the metallic substrate and the ceramic TBC; and

• a thermally grown oxide (TGO), predominantly �-alu-
mina,[12] that grows between the ceramic TBC and the BC.

The ceramic TBC behaves as the thermal insulator, the BC
provides oxidation protection and behaves as a compliance
layer, and the metallic substrate sustains the structural loads. The

Fig. 2 Evolution of a NiCrAlY coating manufactured implementing
various laser treatments, after the method of Eguchi et al.[6]

Fig. 1 Thermal spray ceramic coating (a) upper surface and (b) inter-
nal structure presenting cracks, decohesions, and pores constituting an
interconnected pore network
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TGO is an oxidation reaction product that grows during the very
first cycles of the system and plays a relevant role in the BC/TBC
adhesion.[13] TBC systems exhibit several failure mecha-
nisms,[13-18] which are generally attributed to (a) stress develop-
ment during cooling after a high-temperature exposure and (b) a
transient thermal stress appearance during rapid thermal cy-
cling. In the first case, the TGO develops large compressive
stresses upon cooling from operating temperatures, due to a sub-
stantial thermal expansion mismatch (i.e., on the order of 2.5-5 ×
10−6/K) with the underlying metallic substrate. In the second
case, compressive stresses experienced by the plasma spray
coating may cause the spalling (i.e., delamination) of individual

lamellae. In any case, TBCs do not comply with high tensile
stresses and relax by microcracking within their lamellar struc-
ture. Numerous studies during the last two decades have been
undertaken to find ways to increase TBC characteristics. Among
them, one can list:

• sealing of pores by impregnation of ceramic compounds;[1]

• plasma spraying under a low residual pressure (i.e., be-
tween 60 and 150 mbar) of a neutral atmosphere;[19] and

• altering the composition of the TBC by adding, for ex-
ample, CeO2, among other oxides, to improve phase stabil-
ity, corrosion resistance, and thermal diffusivity proper-
ties.[20]

These approaches still remain palliative treatments and quite
often induce one or even more additional steps in the manufac-

Table 1 Spray Parameters for YPSZ Used to Perform
These Experiments

Parameter Value

Arc current, A 630
Argon flow rate, SLPMa 44
Hydrogen flow rate, SLPMa 13
Feedstock carrier gas (argon) flow rate, SLPMa 3.4
Feedstock mass rate, g/min 15-25
Spray distance, mm 120
Spray velocity, m/min 30-60
Scanning velocity, mm/min 0.3-0.6

(a) SLPM, standard liter per minute

Fig. 3 Schematic of the experimental device

Fig. 4 The 3 kW laser diode used to perform these experiments
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turing process. Thus, several studies[6-10] have been devoted to
adapting TBC characteristics during their manufacturing pro-
cess. Thermal spraying combined with laser irradiation to in-
duce the remelting of structures appears to be one of the possi-
bilities.

2. Experimental Protocol

2.1 Feedstock

Yttria (7% wt.%) partially stabilized zirconia (YPSZ) was
chosen as the feedstock material for conducting in situ remelting
treatments. The 204B-NS powder (Sulzer-Metco, Wohlen,

Switzerland) was selected, as this feedstock complies with nu-
merous original equipment manufacturer (OEM) specifications,
being primarily used as TBCs for turbine combustion liners and
airfoils. The feedstock exhibited a particle size distribution rang-
ing from 45-75 µm, with hollow particle architecture.

2.2 Experimental Device

The experimental device (Fig. 3) consisted of the association
of an F4 direct current (dc) plasma spray gun from Sulzer-Metco
and a high-power laser diode of 3 kW average power, exhibiting
an 848 nm wavelength, from Laserline (Koblenz, Germany)
(Fig. 4). The choice of such a type of laser presents numerous
advantages. Among them, its compactness, which permits the
easy integration of the laser within the spray environment, and
its wavelength, which permits an increase in laser absorption by
the matter, are among the most noticeable.

Fig. 5 Substrate shape used for the cyclic isothermal shock test[21]

Fig. 6 Schematic experimental device for thermal conductivity mea-
surements

Fig. 7 Process map: evolution of the melting state as a function of the
irradiance and the interaction time, for various optical systems. Dashed
lines delineated approximately the different melting stages.

Fig. 8 Typical upper surface morphology of a YPSZ remelted coating
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2.3 Processing Parameters

YPSZ coatings were sprayed onto low-carbon steel coupons
25 mm in diameter and 25 mm in thickness. The spray param-
eters for YPSZ are listed in Table 1. The feedstock mass rate was
adjusted consequently to the spray velocity, which itself de-
pended on the selected laser irradiance, to ensure a constant de-
posited thickness per pass of about 12-15 µm. Two types of ex-
periments were carried out:

• laser post-treatments aimed at defining a map of the pro-
cessing parameter effects on the coating microstructure to

estimate laser parameters for in situ processing of coatings;
and

• in situ coating remelting to quantify the involved phenom-
ena. In this latter case, the coatings were remelted layer by
layer, as they were manufactured.

Fig. 9 Columnar structure of a YPSZ in situ remelted layer on top of
as-sprayed layers: (a) 20 µm; (b) 10 µm; (c) 5 µm

Fig. 10 Interface between successive in situ remelted layers of a YPSZ
coating: (a) 20 µm; (b) 10 µm

Fig. 11 Detail of preferential remelting around singularities of the
YPSZ coating surface
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Concerning laser post-treatment, the map of the laser-
processing parameter effects was studied implementing four op-
tical systems, which permitted evaluation of the influence of ir-
radiation time and input energy on the resulting molten state. To
conduct in situ laser remelting tests, the input energy effects
were studied by varying the spray velocity (i.e., from 35-60 m/
min), and consequently the irradiation duration (i.e., from 1.8-
3.1 ms, respectively) using one optical system.

2.4 Sample Characterization

Samples were sectioned to coupons using a diamond saw in
an oil medium. The coupons were then impregnated and
mounted onto rings using an epoxy resin. Coupons were pol-
ished using an automatic polisher (Vanguard, Buehler, Lake
Bluff, IL) to get reproducible results and were observed either by
optical or scanning electron microscopy. Samples were also
cooled down in liquid nitrogen and broken to observe the failure
facieses.

2.5 Cyclic Isothermal Shock Test

To investigate the thermal behavior of the treated coatings,
cyclic isothermal shock test was carried out. Samples were 20 ×
20 mm square and 5 mm thick,[21] and were made of the same
low-carbon steel (Fig. 5). They were sprayed following the same
protocols. The coated specimens were kept in a furnace for 10
min at the test temperature of 1273 K and then were dropped into
icy water (279 ± 2 K). After each thermal cycle, the sample was
visually inspected. The test was interrupted when the TBC coat
spalled from more than 50% of the test zone. One sample per
process parameter set was tested.

2.6 Thermal Conductivity Measurement

Thermal conductivity measurement was conducted to evalu-
ate the influence of laser remelting on the thermal conduction
through TBCs. One sample per process parameter set was tested.
The protocol was as follows (Fig. 6).

1. To put a free-standing TBC in front of radiation emitted
by a warm source of about 773 K. Samples were insulated
to stay in the case of a monodimensional heat conduction.
Warm temperature (Twarm) and cold temperature (Tcold)

were measurements were taken from five thermocouples,
with Tcold being the average of four measurements.

2. To determine the thermal flux through the sample. The
test used in this case a fully oxidized copper chip of 3 mm
thickness with a surface roughness equivalent to that of
the remelted YPSZ coatings (i.e., about 1.6 µm average
roughness). Hence, knowing the thermal conductivity of
copper (about 377 W/m � K between 0 and 773 K[22]), the
thermal flux was calculated according to the Fourier first
law. Effectively, the hemispherical spectral emissivities
between 2 and 10-12 µm for the wavelengths of oxidized
copper and YPSZ TBC are equivalent in a rough approxi-
mation[23,24] that is the heat fluxes through the copper disk
and through the ceramic disks can be equated in a first
approximation.

3. Finally, knowing Twarm and Tcold, the thermal flux through
the sample, and the sample thickness (measured by image
analysis), the thermal conductivity of each sample could
be calculated according to the Fourier first law.

Fig. 12 Crack network in the remelted zone

Fig. 13 Evolution of the porosity level as a function of the laser energy
density

Fig. 14 Crack orientation as a function of the laser energy density
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3. Results and Analysis

3.1 Process Map

Sample facies manufactured implementing laser post-
treatments were qualified to build the laser treatment process
map for YPSZ, which is valuable for targeting suitable in situ
treatment parameters. The effects of the laser irradiation on the
deposit morphologies were qualified, using stereoscopic mi-
crography, for several sets of processing parameters, as follows:

• stage 1: no detectable molten zone; treated area exhibiting
the same aspect as the as-sprayed deposits;

• stage 2: no detectable molten zone; treated area exhibiting a
different aspect (i.e., a different color);

• stage 3: localized molten zones;

• stage 4: continuous molten zones; and

• stage 5: continuous molten zones; the substrate is detectable
under the YPSZ by transparency.

Figure 7 presents the map of laser-processing parameter ef-
fects (i.e., irradiance versus interaction duration). From a gen-
eral point of view, the molten state depends on the laser irradia-
tion energy (i.e., on the irradiance and on the interaction
duration). Moreover, it seems to become critical to obtain con-
tinuous melted zones (i.e., stages 4 and 5) for irradiation energy
lower than 0.5 J/mm2.

3.2 Coating Structure

The microstructure resulting from laser treatment is a colum-
nar dendritic structure (Fig. 8). The characteristic dimension of
the columnar grains ranges from 1-3 µm, average diameter, for
laser post-treatment, and from 0.5-1 µm, average diameter, for in
situ laser remelting. As the solidification is directional, the mi-
crostructure orientation is directional, and this microstructure
orientation is due to the positive temperature gradient from the
substrate to the remelted area. In the case of in situ laser remelt-
ing, the microstructure refinement could be explained by a
higher temperature reached at the end of the remelting compared
with laser post-treatment. Figure 9 illustrates the columnar
structure, at various magnifications, of a YPSZ in situ remelted
layer on top of as-sprayed layers. Among various features, the
interface between the columnar and the layered structures (i.e.,
remelted and as-sprayed structures, respectively) seems quite
good with no visible decohesion at the interface. Figure 10 illus-
trates the interface between two successive in situ remelted lay-
ers of the YPSZ coating. The quality of the interface is quite
high, with a continuity of the columnar structure through the
layers. However, some decohesions remain.

3.3 Specific Features

Some laser parameters induced inhomogeneous coating
treatments. Molten zones appeared preferentially near surface
singularities and were typified by the formation of cavities (Fig.
11). The origin of this localized remelting could be attributed to:

• open pores, which behave like thermal pools. It is very
likely that the molten areas expand in this case by thermal
conduction;

• impurities within the coating exhibiting lower melting tem-
peratures or higher absorption coefficients than YPSZ; and

• gas pockets, which make their way toward the surface, via
liquefaction and suddenly release in the atmosphere.

3.4 Crack Network

With regard to laser post-treatment, the remelted layers, ho-
mogeneous or not, are characterized by a crack network (Fig.
12). As a matter of fact, when the laser energy is raised, the
remelted thickness increases and varies from 9-60 µm, from the
lowest to the highest laser energy density (i.e., from 0.5-9.9 J/
mm2, respectively). Consequently, the volume reduction con-
secutive to solidification is higher, and this induces the genera-
tion of high levels of residual stresses within the structure: ver-
tical cracking, perpendicular to the substrate surface, then occurs
when the local mechanical resistance of the coating is reached.
Besides, delaminations appear near the substrate/coating inter-
face as soon as the remelted thickness becomes higher than 10-
15 µm, (i.e., for a laser energy higher than 0.8 J/mm2). Such a
phenomenon is very likely induced by the thermal expansion
mismatch between the substrate and the coating that also gener-
ates stresses.[8] Concerning in situ laser remelting, vertical
cracking is far less emphasized. This could be simply explained,
in a first approximation, by the lower required energy, which
hence lowers the thermal shock.

Two types of porosity were distinguished by image analy-
sis[25]: (a) the globular porosity, which corresponds to pores of
about 10 µm diameter; and (b) the microcracks. Figure 13 dis-
plays the evolution of the porosity level as a function of the laser
energy density. Whereas the porosity level linked to micro-
cracks is stable at around 4-5%, it clearly appears that the total
porosity increases from about 14-15% to 20% for a laser energy
higher than 2.2 J/mm2. This is directly related to an enhancement
of the globular porosity. As a matter of fact, when the laser en-
ergy reaches high levels, thermal shocks and remelted thick-
nesses increase. This induces the formation of large cracks in the
deposit. Concerning the crack network orientation, horizontal
and vertical cracks were discerned.

Whatever the laser energy density, the proportion is always
the same: one-third of vertical cracks and two-thirds of horizon-
tal cracks (Fig. 14). For low laser energy densities, this seems to
be linked to the lamellar structure of the coating and the resulting
interlamellar decohesions. For higher laser energy density, the
crack distribution is certainly more related to the fact that the
thermal expansion mismatch between the BC and the ceramic
creates stresses in the deposit and, hence, induces the formation
of horizontal cracks (i.e., delaminations).

3.5 Isothermal Shock Resistance of In Situ
Remelted Coating

Evans et al.[26] has shown that the main degradation mecha-
nism during isothermal shocks is the growth of the TGOs. (1)
separations are induced into the coating, (2) the separations
propagate around imperfections induced in the TGO, and, fi-
nally, (3) coalesce and become large enough to satisfy large
buckling. This is the observed mechanism operating during
these isothermal shocks (Fig. 15).

Figure 16 shows the evolution of the number of cyclic iso-
thermal shocks inducing a spallation of 50% of the coated sur-
face of in situ remelted coatings for various laser energy densi-
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ties. It clearly appears that in situ remelted coatings exhibit
better resistance to isothermal shocks than as-sprayed coatings.
The resistance to isothermal shocks is even increased two-fold
for a laser energy density of 1.7 J/mm2. This shows that the co-
lumnar structure and the pore-crack architecture of the remelted

coating improve the compliance property and decrease the per-
meability of TBCs.

3.6 Thermal Conductivity

Figure 17 displays the evolution of the thermal conductivity
of in situ remelted and as-sprayed coatings as a function of laser
energy density. A decrease of about 20% of the thermal conduc-
tivity was obtained for the laser-treated coating. The thermal con-
ductivity of a remelted coating is about 0.6-0.7 W/m � K. This
constitutes a very promising result, and it seems to be linked to
the existence of horizontal cracks into the in situ remelted coat-
ings, which behave as thermal resistances. These horizontal
cracks appear between the remelted layer and the as-sprayed
layer. It can be explained by the fact that, as the remelted layer is
smooth, the as-sprayed layer does not adhere very well to it.

4. Conclusion

Laser treatment is considered as a technique to densify ther-
mal spray coatings. This study consisted of remelting YPSZ
coatings, using a 3 kW, average-power, diode laser to explore
especially the possibilities of in situ treatments and to investigate
laser-processing parameter effects on the morphology of YPSZ
coatings.

In situ laser remelting has very heightened effects on YPSZ
plasma-sprayed structures. As a matter of fact, the association
of a high-power laser diode with a spray gun permitted the au-
thors to:

• modify the lamellar structure of the as-sprayed coating to a
columnar dendritic structure;

• achieve a columnar structure that presents an elastic behavior
similar to that of the bulk material of the as-sprayed coating;

• increase twofold the lifetime of TBCs during isothermal
shock tests; and

• decrease by about 20% their thermal conductivity.

Hence, in situ remelting of plasma-sprayed YPSZ TBCs en-
abled thermal conductivity as low as 0.6-0.7 W/m � K, whereas
plasma spraying permitted us to reach thermal conductivity of
about 1-1.3 W/m � K, electron beam physical vapor deposition

Fig. 15 Observed degradation mechanism during isothermal shocks:
(a) 0 cycle (as-sprayed); (b) buckling; (c) spallation

Fig. 16 Results of isothermal shocks carried out on as-sprayed and in
situ remelted samples
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(EBPVD) enabled thermal conductivity of about 1.5-1.8
W/m � K, and plasma-enhanced chemical vapor deposition
(PECVD) permitted us to reach thermal conductivity of about
1.5-2 W/m � K.[27-29]
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