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Abstract

Heat-resistant coatings prepared by two different spraying methods: atmospheric pressure plasma spraying (APS) and high-pressure plasma
spraying (HPPS), were tested using tungsten carbide indenters of different diameters, for the purpose of proposing the best suited method
of indentation testing. It was found that with the APS method, the indentation load–depth curve gave the indentation depth and the residual
depth smaller than and the yield stress greater than those with the HPPS. On the basis of fracture morphology in the cross-section, it has been
conjectured that the APS coating has greater elastic modulus than the HPPS coating, and exhibits high strength exceeding debonding force
between bond coat and top coat.
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Objective

The heat-resistant coating technology is used for the pro-
tective surface coating of the metal blades in the generator
gas turbine, which is the mainstay equipment of the ther-
mal power generation. As the fuel species shift to heavy oil
and coal in the days ahead, it is of concern that problems of
combustion residuals and utilization under corrosive atmo-
sphere may arise. The use of turbine blades with protective
coating involves debonding of coating triggered by point
load-induced fractures through bombardments with combus-
tion residuals. This may lead to substrate damages and must
be resolved immediately.

For the evaluation of mechanical properties of ceramic
protective coating for the turbine blade, a number of reports
are available in regard to damage morphology evaluation
based on the load–stress curves of coating induced by point
load impact, such as Pajares et al.[1,2], Wuttiphan et al.
[3], Swain and Meňc̄ık [4], Lee et al.[5]. These studies are
derived from the theoretical analysis works by Hertz[6],
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Timoshenko and Goodier[7], and Johnson[8]. Papers on
ceramics damage are reviewed by Lawn[9].

The present study aims at proposing an optimum method
for indentation tests to detect damages in heat-resistant coat-
ing prepared by either of two spray techniques: atmospheric
plasma spraying (APS) and high-pressure plasma spraying
(HPPS). In the experiment, specimens were prepared by cov-
ering Inconel 600 substrate with a bond coat and either of
two zirconia spray coats, and indented with spherical inden-
ters through a quasi-static method, subsequently examining
the fracture and debond behaviors of the coats.

2. Experimental methods

2.1. Sprayed specimen

The specimen consisted of a substrate of Inconel 600, a
spray coat of zirconia stabilized with 8 mass% (METECO
204NS-G) and an intermediate bond coat of NiCoCrAlY
(AMDRY-1). The substrate surface was polished with #70
alumina to make the roughness to Ra= 5�m, and cleaned
by reverse sputtering at 1073 K immediately before adding
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Nomenclature

a indent impression radius
Es Young’s modulus of substrate
Ei Young’s modulus of indenter
h indentation depth
hy impression depth
Ke composite Young’s modulus
P pressure
Pm indentation pressure
p0 contact pressure
Py yield stress
R indenter diameter
νs Young’s modulus of substrate
νi Young’s modulus of indenter

bond coat. The substrate temperature was not measured af-
ter that. The top coat was provided either by APS or by
HPPS using 200 kPa Argon to make up a zirconia coat of
200�m thickness. Spray parameters are listed inTable 1.
The construction of plasma spray system is described in the
literature[10].

2.2. Testing methods

2.2.1. Microindentation test [11]
The coated film was indented with a spherical indenter of

tungsten carbide (WC) at a specified speed (v = 1.67�m/s),
with load (P) and impression depth (h) measured after hav-
ing unloaded. With an indenting equipment consisting of
an indenter mounted on a strength testing machine (Instron
#5867) the impression depth and the load–depth curve were
recorded at the room temperature, 0.05 mm/min crosshead
speed and 1 kN load (Fig. 1). Then, the data were con-

Table 1
Plasma spraying condition

Bond coat Top coat

Atmospheric plasma spraying High-pressure plasma spraying

Materials NiCoCrAlY (AMDRY365-1) 8 mass% Y2O3 stabilized
ZrO2 (METCO204NS-G)

8 mass% Y2O3 stabilized
ZrO2 (METCO204NS-G)

Particle size 45–53�m 11–106�m 11–106�m
Substrate roughness Ra: 5�m
Coating temperature 1073 K pre-heating 1073 K pre-heating 1073 K pre-heating
Type of plasma torch Sulzer Meteco F4VB Sulzer Meteco F4VB Sulzer Meteco F4VB
Atmosphere and flow rate Ar: 50 l/min Air Ar: 50 l/min
Anode nozzle internal diameter 7 mm 7 mm 7 mm
Type of injection Internal Internal Internal
Injector internal diameter 3.0 mm 1.5 mm 1.5 mm
Pressure 10 kPa Air 200 kPa
Spray distance 300 mm 100 mm 10 mm
Gas flow Ar: 50 l/min; H2: 9 l/min Ar: 42 l/min; H2: 10 l/min Ar: 50 l/min; H2: 5 l/min;

He: 10 l/min
Powder feed 0.025 kg/min 0.0048 kg/min 0.0052 kg/min

verted into the load–stress curve by using a theoretical equa-
tion shown in the later part,Pm∝(h/R)0.5 to calculate the
yield stress. Loading and unloading were carried out at the
same speed, and the depth–unload curve was measured three
times. The maximum load was set to 1 kN. At the peak
load, the crosshead of the testing machine was reversed,
with the load retained for 1 s or so, owing to the mechanical
play.

2.2.2. Preparation of specimen
The test-piece was prepared by cutting into approximately

15 mm× 15 mm× 3 mm plate and the sprayed surface was
polished to Ra= 0.2�m with abrasive agent (Buehler, col-
loidal silica 0.06�m). The residual thickness of spray layer
was 95 and 85�m for APS and HPPS, respectively, while
the bond coat was about 115�m in thickness.

2.2.3. Indent impression observation
After the indentation test, the impression on the surface

was observed by the optical microscopy. The specimen was
cut in the vicinity of the indent impression, embedded in
epoxy resin with the sectional face upward, and polished to
the center of the impression using abrasive agent (Buehler,
colloidal silica 0.06�m), to be observed under an optical
microscope in the bright field.

2.2.4. Analysis of static indentation behavior

2.2.4.1. Load calculation [6–8]. The pressure caused by
the indentation of a blunt indenter is given by the equation:

P

πa2
=

(
3E

4πk

) ( a

R

)
= p0 (1)

which was derived from Hertz’s theory of elasticity,a3 =
4kPR/3E, wherea is the indent impression radius,R is the
indenter diameter, andk = 9/16[(1− ν2

s)+ (1− ν2
i )Es/Ei ],
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Fig. 1. An overall view of quasi-static indentation testing system.

where Es and Ei are Young’s modulus, andνs and νi
are Poisson’s ratio, of substrate and indenter, respec-
tively.

If the impression depthh is used, the relation is written
asR2 = a2 + (R − h)2, which may be approximated with
(a/R)2 = h/R, if R � h. The relationship ofp0 to (h/R)0.5

will be plotted subsequently.

2.2.4.2. Composite Young’s modulus. The composite
Young’s modulus was calculated from expressions (2) and
(3) with slope (Ke) and yielding point (yield stress:Py and
impression depth:hy), using a graph plotting indent load
on the ordinate and 3/2 power of impression depth on the
abscissa.

P = Keh
3/2 (relation of pressure to impression depth)

Ke = 4

3
(RE∗)1/2 (composite Young’s modulus) (2)

1

E∗ = (1 − ν2
s)

Es
+ (1 − ν2

i )

Ei
(3)

Pm = Py

πRh
(4)

whereEi andEs are the Young’s modulus of indenter (WC:
534 GPa) and substrate (Inconel: 200 GPa),νi and νs are
the Poisson’s ratio of indenter (WC: 0.28) and substrate
(Inconel: 0.3),Pm is the indentation pressure, andPy is the
yield stress.

3. Results and discussion

3.1. Quasi-static indentation test

3.1.1. Continued load/unload test
Indentation load–depth curves with APS and HPPS spec-

imens following an indentation are shown inFig. 2a and
b, respectively, and stress–strain curves at indentation ob-
tained by the indentation method are inFig. 3a and b. In
the former curves, it was demonstrated that the smaller the
indenter size was, the greater the impression depth became,
and the impression depth with HPPS specimen was greater
than that with APS. In case of HPPS specimens, the slope of
unloading curve was steeper, and the impression depth was
close to the residual depth. Non linearity of the stress–strain
curve with 1 mm Ø spherical indenter inFig. 2a and b
seems to be attributable to the effects of indent location on
the coat, where bond coat and top coat have uneven thick-
ness. For both APS and HPPS specimens, the results with
1 mm Ø indenter should be handled with care. In case of 2
and 4 mm Ø indenters, the increment in strain fails to con-
form to that in stress, suggesting the occurrence of plastic
deformation.

The yield stress (Py), represented by an inflection point
from the initial slope tended to decrease with the increase
in the indenter size (Fig. 3a and b). Since a similar trend
was seen in the substrate, Inconel 600, the difference may
be attributed to the elastic–plastic response of spray coat
depending upon the plastic deformation of substrate, or to
the difference in fracture morphology of coat. While HPPS
specimens shows smaller yield stress than that of APS, the
latter presented low-profile behaviors subsequently, indicat-
ing ready occurrence of fracture in spray coat.
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Fig. 2. Indent–unload curve with spherical indenter.

Fig. 3. Stress–strain curve for the indentation testing.

3.1.2. Surface observation
Results of indent impression surface observation with

APS and HPPS specimens after the indentation and unload-
ing are shown inFig. 4a and b, respectively. The APS spec-
imen presented a indent impression on the surface, while
in case of HPPS the indent impression was surrounded
with a circular depression. Combined with the post-yield

Fig. 4. Indent impression. (a) Atmospheric plasma spraying with 95�m, indenter 4 mm Ø. (b) High-pressure plasma spraying with 85�m, indenter 4 mm Ø.

behavior after the indentation, this suggests that the spray
coat is subjected to a force exceeding the yield stress of
materials in the course of indentation loading–unloading
test to cause fine cracks, which increase the apparent in-
denter radius. The results seem to be in line with the flat
post-yield behavior inFig. 3 due to decreased contact
pressure.
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Fig. 5. Cross-section of indent impression. (a) Atmospheric plasma spraying, indenter 1 mm Ø. (b) Atmospheric plasma spraying, indenter 4 mm Ø.

3.1.3. Cross-sectional observation
The results of cross-sectional observation for indent

impression with different specimens and indenter diame-
ters are shown inFigs. 5 and 6. The difference in effects
of indenter size is exaggerated depending upon the spray
method. In case of APS specimens (Fig. 5), 1 mm Ø inden-
ter caused the fracture morphology of Hertz cone crack,
rather than debonding, and when unloaded, the direction
of stress changed to induce debonding at the top coat/bond
coat interface, too[12]. In the case of 4 mm Ø indenter,
lateral crack was significant. The smaller the indenter size
was, the higher the pressure grew (Fig. 3a), causing more
pronounced plastic deformation[1,2] of substrate immedi-
ately below the indent impression. With 1 mm Ø indenter,
the plastic deformation was proportional to the damage area,
but in case of 4 mm Ø, the area of plastic deformation was
minor. Based on the morphology of fracture and debonding,
it may be conjectured that the APS gives a hard coat, pre-
senting initially elastic behavior with Hertzian cracks, which
is gradually followed by elastic–plastic response behavior.
For this reason, lateral cracks and debonding are seen at the
interface between the bond coat and the substrate which are
attributable to changes in stress field at the time of unload-
ing. That is, debonding occurred at the top coat/bond coat
interface where the bonding force was considered weakest,
as the loading released the elastic stress energy accumulated
at the bond coat and the substrate in the form of repul-

Fig. 6. Cross-section of indent impression. (a) High-pressure plasma spraying, indenter 1 mm Ø. (b) High-pressure plasma spraying, indenter 4 mm Ø.

sive force, with stress acting vertically to the bond coat
[12].

With the HPPS specimens (Fig. 6), the plastic deforma-
tion of substrate and Hertzian cone cracks behaved in simi-
lar way as in the APS specimens, for the case of 1 and 4 mm
Ø indenter. The lateral cracks within the top coat were more
prominent than the debonding at top coat/bond coat inter-
face, as seen in the APS specimen at the time of unloading.
This may be attributed to the strength of top coat materials,
inferior to the bonding strength of interface. With the 4 mm
Ø indenter, deformation of the substrate is still observed.
Hertzian cone crack was also seen and the lateral cracks are
extended to a wide area making the coat nearly drop out.

3.2. Calculation of Young’s modulus and yield stress

The relationship of indenter diameters to parameters of
mechanical property is shown inFigs. 7 and 8. Fig. 7shows
that the composite Young’s modulus (Ke in Eq. (2)) was
small with 1 mm Ø indenter, while those for 2 and 4 mm
Ø indenters were nearly identical. The Young’s modulus is
a constant specific to materials, and should not change by
indenter size. The observed variation may be ascribed to
mechanical behaviors such as plastic deformation and cracks
immediately below the indenter. These responses require
further investigation. InFig. 8, the yield stress decreases
gradually. But the spray methods provide contrasting effects:
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Fig. 7. The relation between composite Young’s modulus and indenter
diameter.

with the HPPS specimen, the yield stress is low regardless of
indenter size, close to that of substrate. This value is reflected
in the penetration depth inFig. 2and the indentation pressure
in Fig. 3, representing the crack generating behavior caused
by point load.

3.3. The relationship between P–h curve and fracture
morphology for different spray methods

With the APS specimens, the test with 1 mm Ø indenters
provided pronounced plastic deformations in the substrate
and the bond coat, and the substrate presented elastic–plastic
deformations. Hertzian cone crack, which shows elastic
response behavior at the very early stage of indent, was
observed. When 4 mm Ø indenters were used, the plastic
deformation in the substrate and the bond coat was reduced,
and the cross-section revealed debonding between top and
bond coats. In addition to debonding, a number of cracks
were recognized in parallel to the substrate, suggesting the
occurrence in the course of unloading. While the plastic de-
formation area was reduced, lateral cracks were seen at the
time of unloading. According to Ref.[4], debonding in the
course of loading can be judged on the basis of inclination
point in theP–h curve. In the present case, however, no in-

Fig. 8. The relation between yielding stress and indentation diameter.

clination point was observed clearly at the time of loading,
rather indicating the validity of inferring from the residual
depth in theP–h curve shown inFig. 2.

For HPPS specimens, plastic deformation was pro-
nounced in the substrate and the bond coat with 1 mm
Ø indenters, while the substrate presented Hertzian cone
cracks, porous zones infested with cracks, as well as lat-
eral cracks. When 4 mm Ø indenters were used, the plastic
deformation area in the substrate and the bond coat was
reduced, but the lateral cracks inferred to have occurred in
the course of unloading expanded. These fracture behavior
is thought to be related with the residual depth in theP–h
curve shown inFig. 2b becomes bigger according to the
expanding lateral cracks in the top coating.

4. Conclusion

In the present study, the indentation test using tungsten
carbide indenters of different diameters was carried out, for
the purpose of proposing an optimum method of indentation
testing, using two types of heat-resistant coating prepared
through different plasma spray methods: APS and HPPS.

The APS coat was found to present more elastic behavior
than the HPPS coat, and to be strong enough to surpass
the debonding force at top coat/bond coat interface. The
results seemed to be reflected in smaller penetration depth
and residual depth in the load–strain curves at the time of
indentation and higher yield stress.
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