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A CO2 laser with cylindrical focal lens has been used to glaze the surface layer of plasma-sprayed ZrO2
–20wt% Y2O3/MCrAlY coatings. Both a continuous-wave laser and a pulsed laser were used in this
study. Different parameter settings for power, travel speed, and pulse frequency were used, and their ef-
fects on the melting width, melting depth, coupling efficiency, microstructure, surface roughness, and
process defects have been evaluated. Results show that the melting width of the glazed track was slightly
smaller than the diameter of the raw beam. The melting depth increased with increasing energy density
for both a continuous-wave laser and a pulsed laser. The coupling efficiency as about 40 to 65% for a con-
tinuous-wave laser, which increased with increasing laser travel speed, but decreased with an increase in
energy density. The power density has no significant effect on coupling efficiency. Defects, such as bub-
bles or depressions, occur easily with a continuous wave laser. A high-quality glazed layer is successfully
produced using a pulsed laser. The surface roughness of the plasma-sprayed ceramic coatings was sig-
nificantly improved by laser glazing. Surface roughness decreased slightly as the pulse frequency in-
creased for the glazed surface. Based on this study, proper processing parameters have been suggested.

1. Introduction

Previous research (Ref 1-4) showed that oxidation of the
bond coat as well as thermal stresses were the main factors af-
fecting the degradation of thermal barrier coatings (TBCs).
Erosion (Ref 5, 6) and corrosion (Ref 7-9) are other factors con-
tributing to TBC degradation. Presently, laser glazing is recog-
nized as a promising process to solve these problems (Ref
10-15). This concept and the desired state of TBCs are de-
scribed in Ref 16.

Several studies (Ref 10-21) have been conducted on the la-
ser glazing of TBCs. Defects, including depressions, bubbles,
and pinholes occurring in the glazed layer are the major prob-
lems found in these studies. These defects decrease the erosion
resistance of TBCs. Also, a high-temperature corrosion test by
Jasim et al. (Ref 20) showed that the depressions served as
pockets for species concentration, thus leading to some prefer-
ential corrosion. Consequently, production of a defect-free
glazed layer is desired. In an earlier study (Ref 22), the authors
reported the effects of processing variables in laser glazing
plasma-sprayed TBCs using a spherical focal lens. A region of
appropriate processing parameters had been suggested. Results
arising from earlier research on the laser glazing of plasma-
sprayed TBCs using a cylindrical focal lens are presented.

2. Experimental Procedure

The substrates, 420 stainless steel coupons in the form of
100 × 25 × 2 mm, were grit blasted with alumina powder to in-
crease the adherence between the bond coat and the substrate.
The specimens were first sprayed with Ni-22Cr-10Al-1Y bond

coating and then with a ZrO2-20wt%Y2O3 top coating in an air-
plasma spray system. The spraying parameters are the same as
those used in a previous study (Ref 16).

A CO2 laser (10.6 µm wavelength) was used in this investi-
gation. The raw beam was 16 mm in diameter. The fundamen-
tal transverse electromagnetic mode (TEM) of the laser was
TEM00+01*. The configuration of the laser system was the same
as that used in a previous study (Ref 22), but with a minor
modification—a cylindrical focal lens was used instead of a
spherical one. The focal length of the focal lens was 127 mm. A
line beam was obtained through this focal lens. The focus was
set on the sample surface. Both a continuous-wave laser and a
pulsed laser were used in this study. The pulsed model used a
gated pulse. During laser glazing, an argon gas jet (at the flow rate
of 10 L/min) was introduced to protect the lens and the melting
surface. The travel direction was perpendicular to the line beam.

The width of the line beam, or spot size (abbreviated as
2Wf), was calculated according to the previous study (Ref 23,
24). The incident power density (I0) was calculated by Eq 1:

I0 = 
P

D × 2Wf

(Eq 1)

where P is the laser power, D is the diameter of the raw beam,
and 2Wf is the spot size.

The interaction time (th) was calculated by the following
equation:

th = 
2W f

F
(Eq 2)

where F is the travel speed.
The energy density (Einput) was calculated by the following

equation:

E input = d 
P

FW
(Eq 3)
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where P is the laser power, d is the duty of the pulse, F is the
travel speed, and W is the melting width. The coupling effi-
ciency was calculated with a value of q0/I0 taken from Green-
wald et al. (Ref 25).

After laser glazing, the width of the glazed region was
measured with a micrometer. An optical microscope was used
to examine the transverse sections of the microstructure. A
scanning electron microscope (SEM) was used to study the effects
of laser parameters on the melting depth, transverse sectional
microstructure, and surface appearance. X-ray diffractometry
(XRD) was used to characterize the crystal structure of the
glazed layer. Roughness measurements on the surface were
made parallel to the melted track.

3. Results and Discussion

3.1 Continuous Wave Laser

Melting Width.  When a line beam is created using a laser
with a cylindrical focal lens, glazing occurred perpendicular to
the line beam. Theoretically, the melting width should be equal
to the diameter of the raw beam (that is, 16 mm). The melting
width of the glazed track was slightly smaller than the diameter
of the raw beam (Ref 11). The slight discrepancy, attributable
to differing energy density, is negligible and does not warrant
further elaboration.

Melting Depth and Coupling Efficiency. An acrylic resin
specimen was laser irradiated using varying laser powers.
When the power exceeded 1000 W, it created a noticeably
uneven burn pattern. Thus, in this section, discussion will
center on evaluating the melting depth and coupling effi-
ciency obtained with a maximum laser power of 1000 W.

As shown in Fig. 1, the melting depth increased with in-
creasing energy density. As the energy density reached 7.5
J/mm2, the melting depth reached approximately 170 µm.
Figure 1 also shows the relationship between coupling effi-
ciency and energy density. The coupling efficiency is ap-
proximately 30 to 65% and decreases as energy density
increases.

Figure 2 shows the relationship between coupling effi-
ciency and travel speed, with the former increasing as the latter
increases. The results of this study demonstrate that the use of
a cylindrical focal lens produced a higher coupling efficiency
than the use of a spherical focal lens (Ref 22). This is due to the
fact that the former was glazed on its focal place and thus its
power density was higher and the line beam was narrow, whereas
the latter was farther from its focal plane and thus the diameter of
the laser beam was larger. Even with a slower travel speed, the in-
teraction time would be considerably less for the former, which
would result in a decrease of plasma plumes as well as increased
coupling efficiency. The formation and effects of plasma plumes
will be discussed in detail in Section 3.2.

Process Defects. The effect of the varying parameters used
in this study are shown in Fig. 3. When a comparatively low
power is used (as indicated by the area below the dotted line in

Fig. 1 Melting depth and coupling efficiency as a function of
energy density, continuous-wave laser

Fig. 2 Relationship between coupling efficiency and travel
speed, continuous-wave laser

Fig. 3 Operational parameters for continuous-wave laser glaz-
ing obtained by a combination of laser power and travel speed
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Fig. 3), the glazed surface developed open pores, which prolif-
erate at a slow travel speed and low power level.

Figure 4(a) shows the numerous open pores spread over
the glazed surface, which was glazed using a laser power of
300 W at speeds of 300 mm/min. Figure 4(b), in addition to
illustrating the prevalence of open pores, also reveals par-
tially closed pores (arrow) with diameters of approximately

100 µm. These pores appeared on the glazed surface as it so-
lidified, occurring primarily because as the glazed surface
melted, porosities became trapped and were unable to rise due
to the lower temperature of the melting layer, which had a
higher viscosity.

The open pores described above can be markedly repressed
if the laser power is increased or if the travel speed of the test

Fig. 4 Scanning electron micrographs showing the process defects, continuous-wave laser. (a) and (b) Open pore and closed pore defects
obtained with 300 W and 300 mm/min. (a) Top view. (b) Cross-sectional view. (c) Depression defects obtained at 1000 W and 2000
mm/min, top view. (d) and (e) Surface nucleation and pinhole defects obtained at 2000 W and 4500 mm/min. (d) Top view and 
(e) cross-sectional view
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specimen is simultaneously increased. Shallow depressions
occur on a surface glazed in such a manner, as illustrated by the
typical SEM microstructures shown in Fig. 4(c). These shallow
depressions are far fewer in number than the open pores.

If a laser with an even higher power density is used (as indi-
cated by the area above the dotted line in Fig. 3), the laser-
glazed surface is marked by small open pores. The
microstructures for this phenomenon are illustrated in Fig.
4(d), and the pinhole defects are clearly visible in the cross-sec-
tional view of Fig. 4(e). The formation of pinhole defects was
the result of surface nucleation. It is thus clear that the use of
power (i.e., power density) set at excessive levels in the glazing
process also yields unsatisfactory results.

From the above discussion, it can be seen that by using a cy-
lindrical focal lens with a continuous-wave laser, it is almost
impossible to achieve a glazed surface free from defects. To
eradicate these pores, a double-pass glazing process was used
in this study, whereby a lower energy density was applied
along the same track of a freshly glazed specimen by lowering
the laser power density or increasing the travel speed. Al-
though these methods can achieve a surface that is free of open
pores of pinholes, the glazed surface experienced delamina-

tion. Figure 5(a) illustrates the delamination (arrow), and Fig.
5(b) shows delamination occurring on the glazed layer/HAZ
interface. It is thus obvious that the use of the double-pass
method also produces unacceptable results. 

3.2 Pulsed Laser

Melting Depth and Coupling Efficiency. Figure 6 shows
that the melting depth increases in proportion to the energy
density. When the energy density increased to 1.5 J/mm2, the
melting depth reached 110 µm. Comparing these results to
those in Fig. 1, it can be seen that a melting depth of approxi-
mately 100 µm does not occur until an energy density of 3.75
J/mm2 from a continuous laser beam is used. This implies that
the coupling efficiency of a pulsed laser is higher than that for

Fig. 5 Superimposed laser glazing showing delamination of
glazed layer, continuous-wave laser. (First pass: 700 W and
1000 mm/min; second pass: 500 W and 1000 mm/min). (a) Top
view. (b) Cross-sectional view

Fig. 6 Relationship between melting depth and energy density,
pulsed laser

Fig. 7 Defect-free glazing conditions obtained by a combina-
tion of laser power and travel speed, pulsed laser. A: Einput /duty
= 3.75 J/mm2. B: Einput /duty = 2 J/mm2. C: Einpu t/duty = 1
J/mm2. D: Einput /duty = 0.675 J/mm2
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a continuous beam laser. Due to the nature of a pulsed laser, the
areas melted by one pulse overlap those of subsequent pulses,
a situation that results in preheating. Therefore, use of a q0/I0
model to estimate coupling efficiency is not feasible.

Defect-Free Glazing Parameters. Figure 7 shows the de-
fect-free glazing region based on parameters of laser power and
the specimen travel speed. Spalling occurred only when the
value of Einput /duty was larger than 3.75 J/mm2. A defect-free
glazed layer was obtained when the value of Einput /duty did not
exceed 3.75 J/mm2. As shown in Fig. 7, the appropriate proc-
essing parameters of 450 to 1000 W laser power and 500 to 4000
mm/min travel speed are suggested. As indicated in Fig. 3, it is dif-
ficult to obtain a good glazed layer using such parameters for a
continuous-wave laser.

The appropriate glazing parameters for the pulse duty and
energy density show that the most suitable pulse duty is 10 to
30%, with an energy density of 0.15 to 1.6 J/mm2; delamina-
tion of the glazed layer occurs in the HAZ if energy density is
too great; rippling also occurs on the glazed surface if the pulse
duty is too high. Anthony et al. (Ref 26) noted that rippling is
often caused by surface-tension gradients resulting from tem-
perature gradients.

Figure 8 shows the scanning electron microstructures of
glazed coatings obtained with different frequencies. The size

of the segmented blocks do not undergo significant change,
even when the pulse rate is changed. The effects of such laser
glazing are shown in Fig. 8. Depressions found in Fig. 8(a)
have all disappeared, as shown in Fig 8(b) and (c). Disappear-
ance of the defects is mainly attributed to the use of the pulsed
laser and through ready occurrence of plasma plumes.

For example, the interaction time of a continuous-wave la-
ser with a power rate of 700 W and a travel speed of 1000
mm/min is calculated to be 6.4 ms. On the other hand, the puls-
ing time for each pulse is calculated as 0.75 ms if a pulsed laser
with parameters of 400 Hz and 30% duty is used. Obviously, it
is difficult to induce the occurrence of plasma plumes using
pulsed laser. Ready (Ref 27) found that when a MgO material
was irradiated by a laser beam, which induced approximately
four cycles of plume generation, decoupling, plume dissipa-
tion, and recoupling occurred during the 5-ms pulse. Although
plasma plumes that occurred in ZrO2 were different from those
in MgO, at 0.75-ms pulses, plasma plumes rarely occurred.
Previous study (Ref 28-30) showed that the existence of
plasma plumes created an impinging force that made it difficult
for bubbles to escape. The plumes also made it impossible for
the laser to penetrate and caused coupling efficiency to de-
crease, thereby making it impossible for a glazed surface to
reach higher temperatures. The temperature of the melt was

Fig. 8 Scanning electron micrographs of as-glazed top coat showing the effect of pulsed laser, 700 W and 1000 mm/min. (a) Continuous-
wave laser. (b) 20% duty, 100 Hz. (c) 30%duty, 800 Hz. (d) Cross-sectional view of (b)
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low and the viscosity was even higher. Both of these mecha-
nisms made it difficult for bubbles to escape, instead remaining
on the glazed layer. Use of a pulsed laser improved this condi-
tion and made it difficult for either bubbles or depressions to
occur.

Figure 8(b) and (c) also illustrate the ripples created by each
pulse of the laser, which may have been caused by surface-ten-
sion gradients. The roughness value (Ra) for the surface of the
as-sprayed coating was 8.7 µm. The value for the surfaces in
Fig. 8(a), (b), and (c) were 5.1, 5.2, and 3.5 µm, respectively.
When the pulse frequency was 100 to 800 Hz, surface rough-
ness decreased slightly as the pulse frequency increased. Obvi-
ously, after being laser glazed, there was a significant
improvement in roughness on the glazed surface.

Figure 8(d) shows a cross-sectional scanning electron mi-
crograph of Fig. 8(b). The microstructures of all samples
glazed using defect-free parameters are similar. Depressions
and defects are not found in the glazed layer. The findings in
this article have shown that pulse frequencies between 100 to
800 Hz can achieve a quality glazed surface.

4. Conclusions

Plasma-sprayed ZrO2–20 wt% Y2O3/MCrAlY coatings
have been glazed by the use of a CO2 laser with a cylindrical fo-
cal lens. Both continuous-wave and pulsed lasers were used in
this study. The effects of laser parameters on the melting width,
melting depth, coupling efficiency, microstructure, and proc-
ess defects were evaluated. The conclusions of this study can
be summarized as follows.

The melting width of the glazed track was slightly smaller
than the diameter of the raw beam (that is, 16 mm). The melting
depth increases with increasing energy density for both a con-
tinuous-wave laser and a pulsed laser. The coupling efficiency
is about 40 to 70% for the continuous-wave laser, which in-
creased with increasing laser travel speed, but decreased with
an increase in energy density. The power density had no sig-
nificant effect on coupling efficiency. The surface roughness
of the plasma-sprayed ceramic coating improved significantly
with laser glazing. The roughness value decreased slightly with
increasing pulse frequency. Use of a pulsed laser prevented de-
fect formation, which occurred easily with a continuous-wave
laser. The appropriate processing parameters are suggested.
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