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Abstract In this study, a new coating procedure deploying plasma spraying technique for zirconia (ZrO;)
powder on aluminum substrate has been studied. Zirconia coating was applied with/without bond layer between
the Ni—Al coating and the substrate. Ni—Al powders are mainly used as bond coat, which is also known as
composite bonding. Thermal torch and thermal shock experiments were conducted on the coated surfaces
according to ASTM C-385, and surface cracks and deformations were photographed. The experimental out-
comes showed that thicker bond coating was more resistive to thermal shock and withstands longer to thermal
torch. The phase change characterized by the SEM surface features was analyzed by XRD method.
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List of Symbols

Al Aluminum

c Critical fracture stress notation

E Elasticity modulus (MPa)

h Heat transfer coefficient (W/mK)

[ Characteristic dimension (half thickness of cover and rod diameter) (m)
k Thermal conductivity (W/m2K)

Ni-Al Nickel-Aluminum
R Thermal shock parameters
410} Zirconium

Coefficient of thermal expansion (1/°C)

B Biot’s number

€ Thermal tension

0 Heat transfer rate (W/m?)

o Tension (MPa)

AT Temperature difference (°C)

1 Introduction

Ceramic coatings on metallic materials have shown significant improvements since 1970. Some of the well-
known coating techniques are physical vapor deposition (PVD), chemical vapor deposition (CVD), sol-gel
(SG), plasma spray (PS), flame spray (FS), hot isostatic pressing (HIP) and detonation gun (DG). Ceramic
coating helps increasing the resistance of metallic materials to wear, corrosion, oxidation and heat. In thermal
barrier application coating, basic mechanical properties such as thermal expansion, thermal conductivity, cor-
rosion resistance, wear and creep are important. Anticipated parameters of the coated material are the thermal
resistance and the resistance to extreme heat. In ceramic coating using the plasma spraying technique, the
conformity of metal and ceramic becomes especially important for increasing the resistance to heat and corro-
sion. The conformity problems usually arise from bonding difficulties of ceramics on metals due to different
thermal expansion coefficients and thermal conductivities of ceramics and metals [1].

In ceramic coating, plasma spraying method provides stronger bonding when compared to flame spraying
method. In literature, it is shown that Ni—Al bonding improves bonding strength of the coating [2—4]. Moreover,
grain size, porosity, hardness, and fracture toughness parameters are studied and effects of these parameters
to wear/friction resistance of ceramics are investigated. Grain size reduction improves mechanical properties
and helps to increase wear/friction resistance [5—8]

In the 1980 s, ceramic coatings had begun to apply to adiabatic engines as thermal barriers. The size of the
motor cooling system reduced due to thermal insulation, so malfunctions of the system decreased [1].

Ke et al. [9] investigated thermal shock and conductivity of thermal barriers created by coating yttria-
stabilized zirconia (YSZ) over Ni-based super alloy with detonation gun spraying. Conductivity was between
1.0-1.4 W/mK, which was lower than electron beam (EB)-PVD, which is similar to plasma spraying. More-
over, this coating showed perfect thermal shock resistance. Tang and Schouenung [10] showed the thermal
cycle in thermal barrier coatings and then measured Young’s modulus of surface-coated YSZ material. Young’s
Modulus is 2,300 MPa before the thermal cycle and this is constant at 720 MPa up to 1,300 cycles.

Shanmugavelayutham et al. [11] stated that the plasma spraying condition and the parameters are very
important to the final properties of coating. Zirconia, alumina, and zirconia/alumina composites were coated
on stainless steel surfaces with gas tunnel type plasma spraying. The authors investigated the effects of various
alumina mixture ratios to coating properties. While porosity decreased, hardness increased as the aluminum
mixture ratio increased. When the porosity of the alumina coating is below 10 %, 1,400 HV hardness is
obtained. Zhang et al. [12] prepared double layer thermal barrier coatings with EB-PVD at 1,323 K and differ-
ent oxygen concentrations and analyzed micro structures using SEM images. Higher partial oxygen pressures
sped up oxidization of the coating bond and this caused cracks between the coating and the surface.

Coating thickness is important for coating life. The thickness of the coating plays a major role in deciding
the life of the coating as lower thickness does not provide complete protection and higher thickness causes
reduction in the coating life due to adherence problems. So, determination of the optimum coating thickness
is very important. For example, life of a super alloy is increased about 600 times with optimizing NiCoCrAl
alloy coating thickness over super alloy using conduction heat corrosion experiments [13].
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Fig. 2 Coating layer and the main layers of the surface
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Zhan et al. [14] coated two different layers on super alloy surfaces with EB-PVD technique for the thermal
barrier coating (TBC) purpose. Middle layer and top layer thicknesses were 60 and 120 pum, respectively.
Al,O3 grains were sprayed to the surface to obtain different surface roughness before ceramic deposition.

In this study, aluminum substrates are coated with zirconia using plasma spraying techniques. Coating is
applied with and without a bonding layer. Ni—Al powders are used as the bonding layer between the coating and
the substrate. In order to observe effect of coating thickness, the specimens are coated with different zirconia
coatings. Then thermal torch and thermal shock tests are applied to the specimens according to standards.

2 Plasma Spray Coating

In this technique, coating material is applied through plasma gas in powder form and sprayed on the substrate
as shown in Fig. 1. In plasma spraying technique, the plasma temperature can reach over 5,500 °C and the
impact speed of melted powder particles can reach over 240 m/s. Coating thickness is generally between 25
and 2,500 um. Inert gases such as argon, hydrogen and nitrogen are used to form plasma spray, in order to
minimize the oxidization of the coated material. However, this technique is more expensive when compared to
other coating techniques. The most important advantage of this technique is that it allows working in extreme
temperatures offering coating capability even for materials that melt only in high temperatures.

The surface of the substrate should be rough and free from oxides, oil and stains for good coating. Roughness
is obtained by spraying high pressure air with abrasive powders such as alumina or sand.

Zirconia (ZrO») is obtained by melting aluminum, zirconium and silicone oxides in a furnace at 2,000 °C.
Since it contains 50 % corundum, 32 % zirconium and 18 % glass phase, it is also called melted corundum
and sometimes strengthened alumina ceramic. Its wear, thermal resistance and impact strength are very good
and could be used up to 1,000 °C easily. Heat transfer coefficient of aluminum and zirconia are 2.04 and
2.09 W/mK, respectively. The ratio between the coefficients is almost 100 [15], therefore there is a strong
possibility of bonding problems with these two materials. A bond layer should be used as shown in Fig. 2 in
order to prevent thermal expansion mismatch and oxidising before the application of top coating.
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Heat transfer of this composite coating can be calculated using the conduction formulation as follows;

0=kA AT -0 AT
N L N INiAl 17:0,
katAr U knialAz ' kzro, A3

(1)

And because /o1 # INial # 1z:0,, AT = T1-T2 and A; = Ap = A3 = A the heat transferred through
composite surface would be:

Q ar 2)
o1 [l i lz:0,
A [kar © knial | kzo,

3 Experimental Methods and Materials

In this study, aluminum alloy substrate samples are coated with zirconia. Al;O3 grains are sprayed for rough-
ening the surface before ceramic deposition. Experiments are conducted with and without bonding material
between the substrate and coating. In our study, Ni—Al is selected as the bonding material. Ni—Al powder is
spherical and its melting point is nearly 1,650 °C.

Plasma spray coating parameters for these experiment sets are given in Table 1. The same parameters are
used for both cases.

The average size of the zirconia powder is measured with Malvern Sizer E model laser particle sizer. The
average powder size is designated as d (0.5) in Table 2 and d (0.1) and d (0.9) are sizes of zirconia powders
below 10 and 90 %, respectively. Powder size distribution is also obtained and given in Fig. 3.

Coating thickness is measured with the Elcometer 300 thickness measurement device. In order to inves-
tigate thermal barrier properties of zirconia coating, two different methods, thermal torch and thermal shock
were used.

3.1 Thermal Torch Method
The thermal torch method is applied to measure the strength of the coating layer to hot flame. Flame is applied
by means of an oxy-acetylene torch. A number 2 burner is used to provide enough punching time. Flame is

applied from a distance of 10 mm. The acetylene and oxygen pressure was kept constant at 100 and 250 kPa,
respectively, in order to provide a neutral flame. The oxy-acetylene torch flame is divided into three regions

Table 1 Plasma spray parameters

Coating material Zirconia (ZrO;)
Material to be coated Aluminum
Plasma type Ar+ Hp

Argon flow rate (I/min) 50

Hydrogen flow rate (I/min) 44

Nitrogen flow rate (1/min) -

Plasma current (A) 500

Arc voltage (V) 65

Plasma gun type METCO 3 MB
Nozzle and electrode W cathode—Cu anode
Nozzle diameter (mm) 8

Injector distance (mm) 100

Injector angle 90

Powder feeding ratio (g/min) 42
Powder-carrying gas (1/min) 8

Table 2 Powder size distribution and average powder size

Coating powder d (0.5) (um) d (0.1) (um) d (0.9) (um)
V410)) 14.63 1.25 58.35
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Fig. 4 Schematic view of the thermal torch experiment [16]

called spearhead, reaction and fan; and their temperatures are around 3,100-3,050 °C, 2,950-2,800 °C and
2,750 °C, respectively (Fig. 4).

The samples are prepared according to the ASTM standard [17] and their dimensions are 100x50x 1.5 mm.
Thermal torch experiments are applied to coated samples with/without bonding materials. Samples were not
preheated prior to experiments and they were placed directly to open flame contact.

3.2 Thermal Shock Parameters and the Experiment
3.2.1 Thermal Shock Parameters

The thermal shock takes place when thermal stress reaches critical fracture stress (AT = AT, at 0 = o).
For the simple case of a plate of material subjected to instantaneous surface temperature change, AT, under
infinite heat transfer rate, the maximum stress is defined as:

aEAT
o= 3)
I—p
For most of the ceramic materials u© = 0.2 — 0.3. Rts = AT for 0 = o, accordingly, the thermal shock
parameter Rts;

oc(l — )
R = 4
TS s “4)
In practice the heat transfer rate is not infinite and the heat transfer coefficient, (W/mzK), also controls the

thermal stress development. Equation (4) is modified to include the conditions of heat transfer and conduction
through the Biot’s number, g = %

o aEATf(B) )
l—pn
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where [ is the characteristic body dimension, k is the thermal conductivity, the maximum thermal stress:

aEAThI
o=— (6)
k(1 — )
Accordingly, under slow heat transfer conditions, the thermal shock parameter is defined rather as AT =
R’TS = kRrTs, including thermal conductivity k effect on thermal shock [18-21]:
o.(1 — wk
Rps = ————— (7
oF

3.2.2 Thermal Shock Experiments

Thermal barrier coatings subjected to high temperatures were exposed to thermal cycling. The thermal cycling
time can be shortened for applications such as engines and turbines. A thermal shock experiment has been
conducted to determine the deformation temperatures of the coatings. Thermal shock properties of the coatings
were tested according to ASTM C 385 standard. The specimens were heated to the predetermined tempera-
ture and held there until temperature distribution was uniform over the specimens. Then, the specimens were
immediately put into a water tank at room temperature to provide a thermal shock. The tests have been initiated
at 300 °C and repeated in 20 °C incremental steps until cracks on the coating were observed.

4 Experimental Results and Discussion

The thickness and morphology of zirconia-coated surface were examined by SEM analyses which were carried
out at the Chemical Engineering Laboratories of Gazi University, Ankara, Turkey. The coatings were applied
with/without bonding materials in three different thicknesses, as seen in Fig. 5. It is anticipated that the thermal
resistance of the samples increases in the presence of the bonding material and thick coating.

It is known that a uniform powder size and powder distribution can be achieved even though there are
rough and irregular surfaces. Figure 6 shows some examples of coated surfaces. The porosity of the surface
was measured according to the Archimedes principle and the porosity ratio by plasma spray is between 6 and
9 %. There is a uniform and homogeneous distribution and no deposits and no oxidation on the surface. Also
no separation was found between the layers of both main material and coated material (Fig. 5). On the other
hand, the sample with bonding material has a better bonding with the surface. The coated surface is suitable
for thermal tests (Fig. 6).

XRD analyses were performed at the Ceramic Engineering Department of Dumlupinar University of
Turkey. According to the results of the analyses, it is concluded that the coating material consists of stable
zirconia and the phase has a tetragonal structure at room temperature, as seen in Fig. 7. Tetragonal structure is
preferable due to its strong mechanical properties. As there will be cracked surfaces during the phase change
into monoclinic structure at 1,170 °C, it is concluded that the working temperature of the coated process for

X188 188nm

1aku X108 ' 188um

m' .

Fig. 5 Coating thickness determined by SEM analyses. a 163 um—without bonding material and b 195 um—with bonding
material
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Fig. 6 SEM photos of the coated surfaces. a Porous structure before the experiment. b Surface view before the experiment.
¢ Cracked surface after the experiment
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Fig. 7 XRD analyses of ZrO, coat
Table 3 The results of the thermal torch experiment
Coating materials Zirconia Zirconia-coated Zirconia Zirconia-coated Zirconia Zirconia-coated
specimen specimen specimen

Coating thickness (pm) 160 160 200 200 300 300
Time required for punching a hole (s) 38 45 47 53 51 58

zirconia is 1,040 °C. In other words, the cracks forming on the surface without bonding material is not nec-
essarily related to the structural phase change into monoclinic phase. Aluminum substrate is raised to higher
temperatures than the working temperatures.

The results of the thermal torch experiments are given in Table 3 and Fig. 8. In the thermal torch experiment,
three different samples corresponding to each coating thickness value are used. The mean of the deformation
time values is given in Table 4. The measured thickness values belong to zirconia and the bonding material;
and the total thickness values are presented both in Table 4 and Fig. 8. The evaluation of the tests is based on
the time required for punching a hole through the coated specimen.

Figure 8 shows that increasing the coating thickness improves the thermal barrier coating performance of
the specimen. The specimen coated with 300 im zirconia with bonding material had the maximum performance
(deformed at 58 s).

The application of the Ni—Al bonding between the substrate and the coating increases the deformation
time of the thermal torch experiment. However, zirconia did not bind on the aluminum substrate in the thin
coating (160 um) without bonding layer. This is due to the low bonding strength for 200 and 300 pm coating
thicknesses. An adsorption problem was not observed. Although the deformation characteristics are similar,
deformation areas are always smaller in the presence of the bonding layer. There is no peeling in the coatings.
However, cracks are observed around the punch after all tests. Minimum crack size is seen in the 300 pm
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Fig. 8 The relationship between the coating thickness and the deformation time

Table 4 Thermal shock experiment results

Coating materials Metal With bonding Coating thickness Deformation Deformation
material (pm) cycle (°C) temperature
Zirconia (ZrOy) Aluminum (sample a) Ni/Al 160 34 980
Aluminum (sample b) Ni/Al 200 36 1,020
Aluminum (sample c) Ni/Al 300 37 1,040

with bonding layer. Besides, the warping that is clearly seen in the other tests was found as the lowest in this
specimen compared to others.

In the thermal shock experiments, only specimens with Ni—Al bonding were used. Zirconia of three differ-
ent thicknesses, 160, 200 and 300 wm, were coated over the surface of the specimens. The result of the thermal
shock experiments is given in Table 4. Thermal shock cycle numbers started from 34 and continued through
37 with increasing thicknesses from 160 to 300 pm. Although bonding material (Ni—Al) is used between the
substrate and coating, the anticipated bonding strength could not be obtained for the 160 wm thickness coating
(Fig. 9a). Deformation is observed as peeling over the surface as well as cracks at the coating as shown in
the Fig. 9. Peeling was not observed in other experiments. Cracks were smaller in the 200 wm coating when
compared with the 300 pm coating. In the 300 pm thick coated specimen, thermal stress reached the critical
fracture stress (AT = AT, at 0 = o,) and cracks developed. Zirconia is known to transform from tetragonal
to the monoclinic structure around 1,170 °C. During the process, volume expands and cracks develop as a
result.

Aluminum has a low melting temperature at 660 °C [22], however, it is possible to use aluminum at around
1,000 °C with zirconia coating in this study. In the previous study, different ceramic coatings (Al,O3, CrO3,
and ZrO,) were applied to the cast iron substrate [16] and zirconia has shown the best thermal resistance
performance. In this study, aluminum with the same coating has given almost the same performance as cast
iron [16]. As a lightweight material, it is very advantageous to use aluminum especially in high temperatures.

5 Conclusions

This research study focuses on the thermal barrier performance of zirconia coating on aluminum substrate.
Zirconia coating is applied in various thicknesses and with/without bonding material. In order to measure
the thermal barrier performance, thermal torch and thermal shock experiments were applied. The thickest
coating with bonding material has given the best performance in both tests. Due to its lightweight nature,
aluminum has a wide application area. Using our coating method, aluminum might resist temperatures up
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Fig. 9 Photos after the thermal shock experiment. a Coating thickness is 160 pm. b Coating thickness is 200 um. ¢ Coating
thickness is 300 pm

to 1,000 °C. The phase of coated zirconia is tetragonal at room temperature, in other words it has a stable
structure, as confirmed by XRD analyses. The test results show that increasing the coating thickness improves
thermal resistance. Furthermore, applying a bonding layer increases the bonding strength and contributes to
the thermal resistance.

In this study, the effect of powder size and shape were not taken into consideration. Size of the zirconia
powder is important for the yield and the bonding strength of the coat. As for our future research plans, the
effect of the powder shape in terms of porosity and bonding strength of the coating will be investigated. In
this study, only Ni—Al is used as bonding material. Application of different bonding materials can increase
bonding strength and thermal barrier performance of the coating. Furthermore, the application of more than
one bonding material layer on aluminum substrate as a functionally graded material allows increased coating
performance on aluminum substrate.
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