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Metal-ceramic coatings have been widely used for industrial applications, mainly in the gas turbine and
diesel engine industries as thermal barrier coatings (TBCs). Conventional thermal barrier coatings con-
sist of a metallic bond coat and an insulating ceramic topcoat. Temperatures and temperature gradients
in the coating during plasma spraying play an important role on the final coating quality, especially the
temperature of the particles just hitting the substrate surface. In this work, metal-ceramic coatings were
applied on nickel-superalloy substrates. The temperatures of both the coating surface and substrate were
measured during spraying. The adhesion of the coatings was determined using ASTM C 633 and corre-
lated with the measured temperatures. Optical pyrometry and thermocouples were used to measure the
interfacial and substrate temperatures, respectively. Temperature was shown to have a significant influ-
ence where lower interfacial temperatures were found to result in lower adhesion values.

1. Introduction

Thermal barrier coatings (TBC) have been used to protect
metallic components, which are subject to corrosion, oxidation,
or excessive heating during service in thermal environments.
Conventional TBCs are composed of a metallic bond coat over
a metallic substrate and an insulating ceramic top coating (Ref
1). This system presents stresses, which are generated during or
after spraying and are detrimental to the quality of the coatings
(Ref 2). At the metallic bond coat/ceramic topcoat interface this
fact is aggravated due to the mismatch of the thermal expansion
coefficients of the metal and ceramic. Several studies have been
carried out in an attempt to overcome this restriction (Ref 3-7).
Functional gradient coatings (FGM) have been developed to
solve the problems associated with early spallation of plasma
sprayed TBCs and other metal-ceramic systems (Ref 8-12).
Temperatures and temperature gradients in the coatings during
plasma spraying have a strong influence on the coating quality,
especially the temperature and velocity of the particles impact-
ing the substrate surface. The temperatures are generated by the
plasma beam, which contains hot gases and molten particles.
Thermal energy from the molten or semimolten particles is in-
duced into the substrate and coating, which as a result affects the
thermophysical, chemical, and mechanical properties (Ref 13,
14). Cooling is generally applied to reduce the thermal load on
the materials. 

In this study, metallic and ceramic coatings were sprayed, us-
ing atmospheric plasma spraying (APS), on nickel-superalloy
substrates. Temperatures reached at the coating surface and sub-
strate were measured during spraying to study the influence of
temperature on the coating characteristics and adhesion proper-
ties. Coatings with a conventional metallic bond coat and with a
mixed metal-ceramic bond coat were applied for further com-
parison. The interfacial temperature measurements were per-
formed by optical pyrometry. The substrate temperature was
measured by thermocouples positioned at the back face of the
substrates. The phase content of the coatings was evaluated by
x-ray diffraction. The adhesion of the coatings was evaluated us-
ing ASTM C 633 (Ref 15).

2. Experimental Procedure

Nickel superalloy (Inconel 718) was used as the substrate mate-
rial. For the coating, a metallic Ni-Cr-Al alloy powder (–120 to +45
µm) and a ZrO2-8wt%Y2O3 (–75 to +45 µm) powder were used
(Table 1). Three types of bond coat were prepared: 100 wt% me-
tallic, 50 wt% metallic/50 wt% ceramic, and 25 wt% metallic/75
wt% ceramic. The powders of the metal-ceramic mixed bond
coats were premixed (mechanically) before feeding. Both pow-
ders were chosen for compatible particle size in order to have
powder mixture homogeneity before and during thermal spray-
ing. A “Latin square”  design (Ref 16) was applied for three lev-
els and two variability parameters: thickness and quantity of
layers, where “ layer”  refers to different metal-ceramic compo-
sition of the coating. A ceramic layer was always deposited over
the bond coat. Experiments were performed for samples with
only the bond coat layer as well as with the complete coating
(i.e., bond coat and ceramic top coat). A 7MC-II plasma spray
system was used for the spraying process equipped with a 6MP
(Metco Code No.) dual feeder and a 9MB spray gun (Metco,
Westbury, NY). Table 2 summarizes deposition parameters for
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the plasma spray protocol. The test specimens (25 mm in diame-
ter and 25 mm in thickness) were grit blasted shortly before
spraying. The tensile adhesion measurements were performed
according to ASTM C 633-79 (Ref 15). The adhesive bonding
agent used was a two-part, epoxy-based mix, which cured at
room temperature (DP-460, 3M, São Paulo, Brazil). 

Temperatures at the interfaces were measured using optical
pyrometry (Pirograf-IS-2-SP pyrometer, RenéGraf, São Paulo,
Brazil) with a temperature measuring range of 900 to 3000 °C.
Substrate temperature measurements were carried out using a
“K”  type thermocouple (0.1 mm diameter), with the thermo-
couples welded on the rear face of test specimens. The difficul-

ties in registering temperatures at the interfaces are well known,
mainly due to the dynamic nature of the coating during spraying.
Several authors have tried “online”  measurements to correlate
registered and calculated values and their influence on the coat-
ing properties (Ref 13, 17, 18, 19). The complete description of
the temperature measurement and data acquisition system used
in this experiment can be found in Ref 20.

X-ray diffraction was carried out using a Rigaku Geigerflex
diffractometer (Rigaky, Tokyo, Japan), with an Analyx type A
41L-Cu tube working at 60 kV to 20 kW. The measurement volt-
age was 30 kV, and the beam amperage was 15 mA for a 2θ scan-
ning of 10 to 90° with maximum counting of 5 kcps. The
measurements were performed for all coated samples as well as
for the as-received metal and ceramic powders.

3. Results and Discussion 

The tensile adhesion test results are listed in Tables 3 to 5 for
the different bond coat series. The fracture pattern analysis is in-
cluded in the same tables, showing the percentage of adhesive or
cohesive fracture. The analysis was done using an image analy-
sis software MOCHA (Jandel Scientific, São Paulo, Brazil). The
tensile strength of a thermal spray coating consists of the bond-
ing between the coating and the substrate (adhesive strength)
and the bonding between the particles within the coating (cohe-
sive strength). Fracture during the tensile adhesion test can oc-
cur completely at the coating/substrate interface, completely in
the coating, or in a mixed way, that is, partially in the coating and
partially at the coating/substrate interface. These fracture pat-
terns characterize adhesive fracture, cohesive fracture, or mixed
adhesive/cohesive fracture, respectively (Ref 21).

Results from the temperature measurements are listed in Ta-
bles 6 and 7, measured using a pyrometer and a thermocouple,
respectively. Some values were not registered due to the inter-
ference with the high frequency plasma equipment. The results
from Tables 6 and 7 are also presented in Fig. 1. Table 8 summa-
rizes the x-ray diffraction results of the coatings. The most in-
tense peaks from the elements or phases are first presented
followed by the less intense peaks. X-ray analysis of the as-re-
ceived powders is also included as a reference. Tetragonal non-
transformable zirconia (t′) was the predominant phase for all the
ceramic coatings, regardless of the coatings structure.

It can be observed from Fig. 1, for the group of coatings with
a 25% metallic/75% ceramic bond coat, that temperature in the

Table 1 Chemical analysis of materials

Element Composition, wt%

Inconel 718
C 0.03
Si 0.07
Cr 17.76
Mo 3.05
Ni     bal
Ti 1.07
Nb 5.12
Al 0.57
Fe 18.8

Metallic powder
Ni-Cr blend 94.00
Al 6.00

Ceramic powder
ZrO2 92.00
Y2O3 8.00

Table 2 Plasma spray parameters

Arc voltage, V 60-70
Arc current, A 500
Arc gas Argon-hydrogen
Argon flow rate, L/min 80
H2 flow rate, L/min 15
Spray distance, mm 80
Deposition rate, kg/h 1.1
Argon carrier gas flow rate, L/min 37
Transverse speed, mm/s 100

Table 3 Tensile adhesion test results for mixed 25%
metallic/75% ceramic bond coat specimens

Test Thickness, Adhesion strength,
specimen µm MPa Fracture pattern analysis   

09  70 19.5 Adhesive, 80% substrate-bond
coat interface

12 300 14.0 Adhesive, 55% substrate-bond
coat interface

16 150 31.3 Adhesive, 60% substrate-bond
coat interface

18 500 16.8 Cohesive, 55% bond coat-
ceramic coat

22 350 12.7 Cohesive, 70% bond coat
23 700 11.7 Mixed, 40% substrate bond

coat interface/40% bond coat

Table 4 Tensile adhesion test results for mixed 50%
metallic/50% ceramic bond coat specimens

Test Thickness, Adhesion strength,
specimen µm MPa Fracture pattern analysis   

01 200 20.8 Adhesive, 90% substrate-bond
coat interface

04 700  8.8 Adhesive, 60% substrate-bond
coat interface

19 100 12.5 Adhesive, 80% substrate-bond
coat interface

21 300 13.5 Cohesive, 55% ceramic coat
24 250 17.9 Adhesive, 70% substrate-bond

coat interface
25 500 19.4 Adhesive, 70% substrate-bond

coat interface
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coating formation surface tends to decrease as the coating thick-
ness increases. This can be explained by the increase in the
amount of ceramic content for a specific coating. This behavior
was also observed for temperatures measured by the thermocou-
ples (Fig. 1). The phase distribution analysis (Table 8) indicates
a higher presence of zirconia for the groups of coatings with
mixed bond coats.

Temperatures measured using thermocouples for test speci-
mens with 25 wt% metallic/75 wt% ceramic bond coat were
lower than that measured from the group with 50 wt% metal-
lic/50 wt% ceramic bond coat, regardless of the coating thick-
ness (Fig. 1). Test specimens TS 9 and TS 19, for instance, which
are representative of the two groups of mixed bond coats,
showed quite similar composition analysis for metallic and ce-
ramic phases. Adhesion values for the same specimens were
higher for the 25 wt% metallic/75 wt% ceramic group (19.5
MPa for TS 9, for example) than for the 50 wt% metallic/50 wt%
ceramic group (12.5 MPa for TS 19). It should also be noted that
both specimens presented similar fracture patterns. Higher tem-
peratures measured using the pyrometer compared to lower tem-
peratures measured using the thermocouple indicated lower
heat dissipation from the coating-substrate interface, leading to
higher interfacial temperature and hence better adhesion. The
interfacial temperature was characterized by the contact tem-
perature at the particle-substrate boundary during the impact of
the sprayed powder. This temperature markedly influenced the

adhesion of the sprayed coating to the substrate. Increasing the
contact temperature between the particles and the substrate re-
sulted in an increase in the number of contact zones due to better
spreading of the molten particles and consequently improve-
ment in the adhesion of the coating to the substrate either for
metals or ceramics (Ref 22, 23). Furthermore, some studies of
coating formation during plasma spraying of molybdenum have
concluded that with increasing the contact temperature, the
coating exhibits better lamellar structure with less interlamellar
pores and debris, resulting in better adhesion and bonding of the
splats (Ref 24).

Table 6 Temperature measurements using a pyrometer

Average Adhesion
Test Thickness, temperature, Standard strength,
specimen µm °C deviation MPa

25% metallic/75% ceramic bond coat
09  70 1484.8 128.4 19.5
10 140 1419.3 147.9 NR
11 220 1401.5 162.9 NR
12 300 1279.5 115.2 14.0
22 350 1382.2 112.2 12.7
23 700 1361.3 190.7 11.7

50% metallic/50% ceramic bond coat
19 100 1240.0 255.5 12.5
20 200 1213.5 141.8 NR
21 300 1165.3 135.9 13.5
24 250  980.6 104.4 17.9
25 500 1198.2 166.8 19.4

100% metallic bond coat
13 250 1434.3 173.6 18.2
14 500 1501.1 266.3 NR
15 700 1456.8 254.8 30.4

NR, value not registered

Table 7 Temperature measurements using thermocouple

Average Adhesion
Test Thickness, temperature, Standard strength,
specimen µm °C deviation MPa

25% metallic/75% ceramic bond coat
09  70 149.6 50.3 19.5
10 140 162.8 44.4 NR
11 220 130.0 41.7 NR
12 300 131.4 40.8 14.0
22 350 167.2 44.3 12.7
23 700 104.6 34.3 11.7

50% metallic/50% ceramic bond coat
19 100 166.8 51.4 12.5
20 200 166.8 38.5 NR
21 300 162.1 40.7 13.5
24 250 154.1 39.9 17.9
25 500 141.9 65.8 19.4

100% metallic bond coat
13 250  84.1 46.1 18.2
14 500 127.9 59.3 NR
15 700 202.2 55.3 30.4

NR, value not registered

Fig. 1 Graphic of the temperatures for the three different bond coat
series. The adhesion values from Table 6 are presented as labels over
the thermocouple lines.

Table 5 Tensile adhesion test results for 100% metallic
bond coat specimens

Test Thickness, Adhesion strength,
specimen µm MPa Fracture pattern analysis   

05 125 33.8 Adhesive, 70% substrate-bond
coat interface

08 500 16.6 Cohesive, 55% ceramic coat
13 250 18.2 Not valid, failure in the epoxy

adhesive
15 700 30.4 Cohesive, 80% bond coat-

ceramic coat
26 150 38.7 Adhesive, 60% substrate-bond

coat interface
27 300 36.1 Adhesive, 60% substrate-bond

coat interface
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The temperatures measured by the pyrometer for the group
with 100% metallic bond coat were the highest, while the tem-
peratures measured by thermocouples were the lowest, which
agrees with the previous discussion. In general, the tensile adhe-
sion test (TAT) results were higher for this group compared with
the other groups (Fig. 1). Even for TS 15, which indicated a high
temperature read by the thermocouple (202 °C), the adhesion
value was high (30.4 MPa). Lower adhesion values, such as 18.2
MPa for TS 13 in Table 5, refer to an unacceptable adhesion test
where the failure occurred at the adhesive agent, not at the coat-
ing. Figures 2 and 3 are characteristics of the thermal profile re-
corded during spraying (first pass) of the metal and
metal-ceramic bond coat series, respectively. Thermal profile
analysis of such data show that the pyrometer measures the tem-
perature at the time when the particles contact the substrate. A
better temperature stability was present for the completely me-
tallic bond coated test specimens compared to the metallic-ce-
ramic bond coat mixture test specimens. This can be correlated
with the presence of a homogeneous temperature distribution

for the metallic bond coat samples, while the temperature distri-
bution is disturbed with the inclusion of ceramic particles in the
metal-ceramic, bond-coated samples.

It should be noted that in the tensile adhesion tests, the adhe-
sion was calculated by dividing the maximum load by the tested
cross-sectional area. This means that the practical adhesion was
measured (Ref 25). According to some authors, the basic adhe-
sion or the true adhesion should be evaluated considering, in the
case of partial failure, the part of the coating that remains on the
substrate after the test, which is intact and did not detach or fail.
That remaining coating should be tested again in order to obtain
the adhesion of the complete coating (Ref 25, 26). The tem-
peratures ranked in Tables 6 and 7 are averages for the com-
plete coatings. Hence, the interfacial temperature influence
on the coating formation needs to be considered. Therefore
the intent of substrate preheating by some authors (Ref 27) is
for the same impact particles to impact under the same ther-
mal conditions during the entire time of the thermal spray
process. 

Table 8 Distribution of phases results from x-ray diffraction

Test Thickness, Elements/phases components
specimen µm → (direction of lower peak intensity) →
Metallic powder … Cr Ni Al … … … …
Ceramic powder … ZrO2(T) ZrO2(M) Y2O3 … … … …

Metal ceramic mixture 100%M-0%C
05 125 Cr Ni … … … … …
08 500 ZrO2(T) ZrO2(C) ZrO2(M) … … … …
13 250 Cr Ni … … … … …
15 700 ZrO2(T) ZrO2(C) ZrO2(M) … … … …
26 150 Cr Ni … … … … …
27 300 ZrO2(T) ZrO2(C) ZrO2(M) Y2O3 ZrO … …
Metal ceramic mixture 50%M-50%C
01 200 ZrO2(T) Cr Ni ZrO2(C) ZrO2(M) AlNi Y 2O3
04 700 ZrO2(T) ZrO2(C) ZrO2(M) … … … …
19 100 ZrO2(T) Cr NiCrO3 AlNi … … …
21 300 ZrO2(T) ZrO2(C) … … … … …
24 250 ZrO2(T) Cr ZrO2(C) Ni AlNi … …
25 500 ZrO2(T) ZrO2(C) … … … … …
Metal ceramic mixture 25%M-75%C
09  70 ZrO2(T) Al3Ni Cr Zr3O … … …
12 300 ZrO2(T) ZrO2(C) ZrO2(M) … … … …
16 150 ZrO2(T) Ni Al 2Cr ZrO2(C) Cr ZrO2(M) …
18 500 ZrO2(T) ZrO2(C) ZrO2(M) … … … …
22 350 Cr ZrO2(T) ZrO2(M) ZrO2(C) Ni Al2Cr …
23 700 ZrO2(T) ZrO2(C) … … … … …

T, tetragonal nontransformable; C, cubic; M, monoclinic

Fig. 2 First pass temperatures for test specimen with metallic 
bond coat

Fig. 3 First pass temperatures for test specimen with metal-ceramic
bond coat
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4. Conclusions

The following conclusions are based on this work:
• The 100% metal coatings present higher thermal stability at

the measured interface compared to the metal-ceramic
coatings (25 wt% metallic/75 wt% ceramic or 50 wt% me-
tallic/50 wt% ceramic), thus leading to higher adhesion val-
ues.

• Higher interfacial temperature leads to higher adhesion
strength, regardless of the metal-ceramic composition of
the coatings.

• Tetragonal nontransformable (t′) zirconia was the predomi-
nant phase for all the ceramic coatings, regardless of the
coating structure.
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