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ABSTRACT - The high strength-to- weight rafio of titanium alloys allows their use in jet engines. e o oo or 301

However, their use is restricted by susceptibility to oxidation at high temperatures. In this study, the Accepted: 16 Oct 2019

possibility of increasing the operating temperature of titanium alloys through using Yttrium

Aluminum Oxide (YAG) as a thermal barrier coating material for Ti-6Al-4V substrate is studied. The KEYWORDS

study concludes that YAG can be utilized to increase the operating temperature of Ti-6Al-4V Thermal barrier coating;

titanium alloy from around 350 °C to 800 °C due to its low thermal conductivity and phase stability Ytrium aluminum oxide;
up to its melting point. In addition, its lower oxygen diffusivity in comparison with the standard YSZ thermal shock resistance

material will provide a better protection of the titanium substrate from oxidation. In this work, coating
was created using atmospheric plasma spray. X-ray Diffraction (XRD) and Scanning Electron
Microscope (SEM) were used to examine coatings' composition and structure. The coating was
characterized by thermal shock test, Vickers hardness test and adhesion strength test. X-ray
diffraction indicated that the coating was of a partially crystalline Y3sAlsO12 composition. The coating
was porous with excellent thermal shock resistance at 800 °C, with a Vickers micro-hardness of
331.35 HV and adhesion strength of 17.6 MPa.

INTRODUCTION

High operating temperatures of heat engines increase their efficiency. The use of light engines results in lower fuel
consumption and less gas emission [1]. Titanium alloys and titanium aluminide are used as high temperature structural
materials in aerospace and automotive applications due to their high strength-to-weight ratio, their low density and high
corrosion resistance [2-6]. However, the susceptibility of titanium alloys to oxidation at high temperatures results
eventually in degradation of the alloys mechanical performance and limit their operating temperature to around 600 °C.
Therefore, several methods have been used to increase the operating temperatures of titanium alloys and protect them
from oxidation,these methods are based either on bulk modification using alloying elements or using surface modification
methods as coating.The former method may negatively affect the mechanical properties of the alloys, whereas the later
method can also be used without affecting the mechanical properties of Ti alloys, such coatings include glass coatings
and thermal barrier coatings (TBCs) [7,8]. TBCs are utilized in high temperature parts of gas turbines in order to provide
thermal protection of the substrates allowing the possibility of increasing their operating temperature and increasing their
efficiency [9, 10]. In addition, TBCs can be used to protect the substrate against hot corrosion [11] and attacks by Calcium
Magnesium Alumino Silicate (CMAS) attacks [12]. TBCs are usually multi layered structure, in which the top layer is
made of ceramic material with low thermal conductivity. Then, a metallic bond coat layer of a nickel based superalloy is
used underneath the top coat to enhance adhesion between substrate and top coat and protects the substrate from corrosion
and oxidation [13], and a thermally grown oxide layer between the top and the bond coats that forms due to the oxidation
of the bond coat [14]. Two main methods are usually used for manufacturing TBCs top coat, namely: Atmospheric Plasma
Spray (APS), and Electron Beam Physical Vapor Deposition (EB-PVD) [15].Other new methods include suspension
plasma spray [16] solution precursor plasma spray [17], plasma spray-physical vapor deposition [18] and electrophoretic
deposition [19]. Recently, advanced TBCs such as nanostructured TBCs [20] and functionally graded TBCs [21] with
enhanced performance were produced. TBC performance can also be enhanced by laser glazing [ 22]. Yttria Stabilized
Zirconia (YSZ) is the most common TBC top coat material that is composed of 6% to 8% of Y,03 added to ZrO,. The
YSZ has the advantages of low thermal conductivity of 2.1-2.2 W/m.K and high coefficient of thermal expansion of
10.5-11.5 x 109/ K as well as good chemical and structural stability.However, its application is limited to 1200 °C
because the phase transformation that happens at higher temperatures [23].The use of Yttrium Aluminum Oxide
(Y3Als012) known as YAG as a possible TBC material has attracted the interest of researchers, particularly it has
outstanding mechanical properties at high temperatures. Both theoretical and experimental studies on YAG were
conducted. Experimentally, the thermal conductivity of YAG was found to be 3.2 W/m.K at 1000 °C [24]. Even though,
this value is relatively higher than thermal conductivity of the standard YSZ, but YAG had much lower oxygen diffusivity
and superior mechanical properties at higher temperatures as compared with standard YSZ and YAG does not undergo
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phase change up to its melting temperature [24].YAG has also superior creep and corrosion resistance [25,26].YAG
performance as a TBC material can be enhanced by doping with Yb3* ions which leads to reduced thermal conductivity
and increased coefficient of thermal expansion [27,28].Therefore, several technologies were used to apply YAG coating
such as combustion spray pyrolysis [29], electrostatic spray assisted vapor deposition [33], atmospheric plasma spraying
[31,32] and solution precursor plasma spray [33].Based on our extensive literature search, the synthesis and study of
YAG-based TBC for titanium alloys was not conducted before. Hence, this work aims to create a YAG TBC over Ti-
6Al-4V alloy using the atmospheric plasma spray process. Ni5Al alloy was used as a bond coat. The performance of the
coating at high temperature was analyzed by the thermal shock resistance test while the coating’s composition and
morphology were characterized using X-ray Diffraction (XRD) and Scanning Electron Microscope (SEM), respectively.
Finally, the Vickers hardness, and adhesion strength tests were conducted to test the coating properties.

METHODS AND MATERIALS

Preparation of Coating

In this work, titanium alloy Ti-6Al-4V was selected as a substrate, Ni-5Al that is commercially known as Metco 450
NS with a size of -90+45 um as the bond coat, and yttrium aluminum oxide (YAG) Y3Als01; as the top coat. Ti-6Al-4V
sheet was brought from Titan Engineering, Singapore; the chemical composition of which is provided in Table 1.

Table 1. Chemical composition of Ti-6Al-4V substrate as provided from Titan Engineering supplier.
Element C N Fe Al \Y @) Ti
Wt.% 0.12 0.008 0.21 6.16 3.96 0.15 Balanced

YAG powder was obtained from LTS Research Laboratories Ltd, Orangeburg NY, USA with the size of -100 mesh
and irregular shapes. As provided from the supplier, the chemical composition of the YAG powder with elements having
concentration higher than 5 ppm is given in Table 2.

Table 2. Chemical composition of YAG powder showing elements having concentration >5 ppm as provided from LTS
research laboratories.

Element Al Ca O Er Fe Y Ho Si
ppm Matrix 7 Matrix 141 6.4 Matrix 9 11.7

The substrates were flat 34x28 mm rectangular pieces of 2.54 mm thickness. To prepare the samples for coating, the
sample surfaces were roughened by blasting with 20 mesh grit size Al.Os particles, and then cleaned by compressed air.
Furthermore, a multi-sample holding fixture was fabricated so that 14 samples can be spray-coated simultaneously. The
holding fixture is made of aluminum and designed to rotate about a fixed axis on the machine bed. The samples were
mounted on the fixture by using screws adjustable locating plates with the area of interest facing plasma gun.

The coating was prepared at the premises of Jordan Airmotive Company (JALCO) utilizing their atmospheric plasma
spray machine equipped with an F4AMB plasma spray torch (OerlikonMetco). The bond coat Ni-5Al was sprayed using
the standard parameters utilized by JALCO besides those provided by the coating manufacturer OerlikonMetco,
Switzerland. As for the top coat, the parameters implemented were obtained from literature [34]. The spray parameters
for both bond coat and YAG are listed in Table 3.

Table 3. Atmospheric plasma spray parameters for the Ni-5Al bond coat and YAG top coat.

Parameter Ni-5Al  Y3Als012
Primary gas flow rate ( slpm) 50 45
Secondary gas flow rate (slpm) 10 7
Current (A) 600 650
Carrier gas flow rate (slpm) 2.2 5

Spray distance (mm) 145 120

Initially, the bond coat Ni-5Al with a thickness of around 100 um was sprayed over the substrate. Then, the top coat
YAG was sprayed over the bond coat with a thickness of approximately 250 pum.

Characterization of the Coating

The XRD was conducted using RigakuUlItima IV 185 mm X-ray diffractometer using Cu K-o with 0.15418 nm. The
scanning range was in the range of 5° to 90°. The XRD was carried out after the sample was heat treated at 950 °C for
one hour in the as-sprayed condition. The coating microstructure was characterized using Quanta FEG 450 SEM equipped
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with X-ray Energy Dispersive Spectroscopy (EDX). To prepare the samples for cross-sectional characterization, they
were cut using Metkon Metacut abrasive cutter, and then coated with 8 nm layer of gold using Quorum Q 150R ES.

The thermal shock test was conducted by heating the samples to 800 °C and maintaining that for a 5-minute dwell
time followed by quenching them in deionized water at room temperature. The test was repeated for 150 cycles using
three samples. Thereafter, the cross-section of the thermally shocked samples was examined using SEM/EDX. The
Vickers hardness tester from Shanghai Jiming HVE-5A1 was used to measure the material hardness using 1 kg load and
a dwell time of 10 seconds. The adhesion strength test was conducted according to ASTM C633 using a pull of adhesion
tester by DFD instruments. The samples were cut to proper dimensions and glued to holding cylinders of the device using
F.M 1000 adhesive film. The samples were then placed in the furnace for two hours at 200 °C.

RESULTS AND DISCUSSION
X-ray Diffraction

The XRD patterns for both the as sprayed top coat and the annealed one are shown in Figure 1.
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Figure 1. XRD pattern of YAG in the as-spayed condition and after annealing.

The patterns have peaks at 26° = 18.06, 20.3, 27.22, 29.22, 32.36.08, 41.26, 46.06, 52.24,54.6,56.9, 61.26, 71.52,
87.06. The diffraction patterns of both the as-sprayed and annealed samples confirmed that the top coat is composed of
YAG only as determined by Rigaku PDXL XRD analysis software based on International Center for Diffraction Data
(ICDD) database [35], and no decomposition or formation of new materials was observed. Figure 1 also shows that the
intensities of diffraction peaks for the annealed sample were higher than those of the corresponding peaks in the as-
sprayed sample. The rapid cooling of the molten YAG droplet during the solidification caused the as-sprayed coating to
be partially amorphous. On the other hand, crystallinity was promoted by the presence of unmelted YAG powder and/or
the crystallization of YAG splats during the coatings deposition and solidification [31]. The observed non-crystallinity in
Y3Als012 TBCs is expected to reduce its thermal conductivity due to the random nature of thermal transport in disordered
amorphous structures that entails strong phonon scattering, according to minimum thermal conductivity model used to
predict the thermal conductivity of amorphous solids [32,36]. Hence, the thermal conductivity of the developed YAG
TBC is expected to be less than the experimental reported value of the dense crystalline YAG at 800 °C [24] which is
about 3.5 W/m.K or the theoretical value predicted by the minimum thermal conductivity model which is 1.59 W/m.K
[37].

Morphology of the Coating Cross-Section

Figure 2 provides a SEM image of the sample’s cross-section showing topcoat, bond coat and the substrate. It indicates
that the bond coat-substrate and top coat-bond coat interfaces were complex causing better mechanical interlocking and
strong bonding. Figure 2 suggests that interfacial cracks were non-existent. Further pores were distributed through the

top coat with few pores at the substrate bond coat interface, examples of these pores are labeled and enclosedin rectangles
in Figure 2.
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Figure 2. SEM image of the sample's cross-section showing topcoat, bond coat and the substrate.

These pores will act to reduce the thermal conductivity of TBC [38], and increase its strain tolerance leading to
increased spallation resistance [39] and thermal shock resistance [40]. Figure 3(a) indicates that the pores contain
unmelted or partially melted particles with different shapes and sizes and that the coarse pores are connected with micro
channels. Unmelted and partially melted particles are more visible at higher magnifications as can be seen in Figure 3(b).

DS
oy

Figure 3. (a) SEM image of the porosities at the YAG topcoat in the as-sprayed condition.
(b) Unmelted particles and granules inside the pores of the as-sprayed YAG top coat.

The porous structure of the coating relieved the tensile stresses that are generated during splat solidificationwhich
prevents the propagation of the cracks generated through consecutive splat layers and as a result no vertical cracks were
detected in the coating. The granular form of the voids can be explained by the partial melting of large agglomerated
particle clusters in the plasma jet during the APS process. The pores and their granular structure serve to reduce the
thermal conductivity of the coating due to the strong phonon scattering from the air entrapped in the pores and/or
boundaries of unmelted particles [36, 41-44]. Figure 4 shows the EDX spectrum for particles and granules that described
above with peaks for the YAG top coat constituent elements Y, Al and O.
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Figure 4. EDX spectrum of pores inside the YAG top coat.

Morphology of the Topcoat's Surface

SEM images of the top coat (YAG) surface show that the surface is rough and filled with cracks, pores and splats that
formed during the APS process. The developed splats have different shapes, including disk-shaped splats as those
enclosed in the circles and fragmented splats as those enclosed in rectangles in Figure 5.The shape of the as sprayed splats
depends on the nature of heat transfer between the solidifying splats and the underlying surface; intermediate cooling
causes the splats to have disk shapes while slow cooling results in fragmented splats [45]. The cracks observed can be
caused by the relaxation of the cooling stresses generated during splat solidification [23] and/or the shrinkage of the

coating’s structure accompanies the crystallization of YAG [31]. The elemental analysis of the top coat is shown in Figure
5 and it has the peaks of Y, Al and O.
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Figure 5. SEM image of splats and EDX spectrum of the as-sprayed YAG topcoat surface.
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The shape of the as sprayed splats depends on the nature of heat transfer between the solidifying splats and the
underlying surface; intermediate cooling causes the splats to have disk shapes while slow cooling results in fragmented
splats [45]. The cracks observed can be caused by the relaxation of the cooling stresses generated during splat
solidification [23] and/or the shrinkage of the coating’s structure accompanies the crystallization of YAG [31]. The
elemental analysis of the top coat is shown in Figure 5 and it has the peaks of Y, Al and O.

Thermal Shock Resistance

The surface of the coating after the thermal shock shows that the coating experienced no spallation at the center and
the delamination took place at the edges of the coating as shown in Figure 6, with a spallation area of less than 5% of the
coating, delamination at the edges of the coating can be caused by the large stresses due to edge effect and discontinuous
coating thickness [29]. Also, cracks and pores can be observed in Figure 6.

Figure 6. Macro-image of Ti-6Al-4V substrate coated with YAG after thermal shock test for 150 cycles.

The microstructure of the cross-section of the coated samples after 150 cycles of thermal shock test reveals the changes
in the microstructure that took place as a result of the test compared to the as sprayed microstructure see Figure 7. The
voids and pores in the top coat shown in the as sprayed conditions almost disappeared due to sintering effect because of
thermal exposure which increase the thermal conductivity of the coating [46, 47].Figure 7 also shows interfacial voids
between the top and bond coats. The emergence of voids at the bond coat-substrate interface can be seen as well as the
cracking at several locations in the bond coat.

HV spot| WD — 1 mm
20.00 kV| 3.0 [12.7 mm| 100 x JUST Nano Institute

Figure 7. SEM image of the cross-section of the coated Ti-6Al-4V with YAG after 150 cycles.
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The coating has both vertical cracks through the total thickness of the top coat (see the rectangles in Figure 8 and the
horizontal arrow in Figure 9) and transverse cracks (see the vertical arrow in Figure 9).

. ) pr'r'
nstitute

Figure 9. The sintering of the top coat after thermal shocking.

The vertical cracks formation can be explained the propagation of quenching-induced micro-cracks through splat
layers induced by thermal stresses that was helped by sintering and the densification of the coating. The transverse cracks
are also propagated by induced thermal stresses and negatively affect the coating's thermal shock resistance leading to
spallation. Spallation and cracks are caused by thermal stresses generated due to mismatch of thermal expansion
coefficient between the substrate and the coating layers. Sample buckling generated compressive stresses which
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contributed to spallation and voids generated especially between the substrate and the bond coat (see the arrows in Figure
8).

The effects of sintering are seen in Figures 9 and 10; Figure 9 shows that porosity was largely reduced but small voids
can be seen (enclosed in the circles) indicating incomplete sintering of the top coat and Figure 10 shows the reduction of
the thickness of the coating due to densification.

“det | "HV  |spot| WD |mag OJ 500 pm
ETD|20.00 kV| 3.0 |12.1 mm| 300 JUST Nano Institute

Figure 10. SEM image of the cross-section of the YAG showing thicknesses of the coating after thermal shock cycles.

The morphology of the YAG topcoat surface after thermal shocksis similar to that of the as-sprayed coating. The
comparison between the surface of the top coat before and after thermal shocks revealed that the cracks are wide after
thermal shocks, where narrower cracks exist at the as-sprayed condition as can be seen in Figure 11; this widening can
be attributed to the thermal stresses generated by the sudden temperature changes during the test.

Figure 10. SEM image of the surface of the YAG topcoat at 300X: a) After 150 thermal shock cycles and b) As-
sprayed coating.
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Crack measurement was conducted for YAG topcoat after the thermal shock test at 5,000 X and 80,000 X showing
micro- and nano-sized cracks are shown in Figure 12.

g

Figure 11. SEM images of the YAG topcoat's surface after the thermal shock test (a) micro-cracks and (b) nano-cracks.

The elemental analysis of the YAG topcoat after the thermal shock indicated the same elements as the as sprayed
coating as shown in Figure 13.
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Figure 12. EDX spectrum of the surface of the YAG topcoat after the thermal shock test.

Vickers Hardness Test Results

The average value of the Vickers hardness readings for nine measurements (listed in Table 4) was 331.35 H.V. with
standard deviation of 15.06. In this test, 1.0 kg load was used because of the high pores content that were observed in the
top coat, as these local variations of the microstructure affect the lower loads [48]. This porous microstructure resulted in
the reduction of the hardness as compared with the hardness of the dense bulk YAG which is 1700 HV because it reduces
the effective cross sectional of the material and its load bearing capacity[33, 49]. The hardness of the coating plays an
important role in its erosion resistance [33, 50].
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Table 4. Values of the Vickers hardness test.
Indentation number  Vickers hardness test

352.0

327.2

316.8

329.6

352.7

308.0

322.9

332.6

340.4

[N

O© 00 N O Ol W N

Adhesion Strength Test

The results of the coating adhesion strength showed that failure of the coating occurred at the bond coat-substrate
interface, as depicted in Figure 2 because of their weak mechanical bonding in comparison with the strong mechanical
bonding of the top coat-bond coat attained from high roughness of the bond coat. The tensile stress of the coating was
17.6 MPa. The value was not far from the corresponding reported value for Metco 450 NS of 20.7 MPa in its data sheet
on a low carbon steel substrate. This discrepancy may be explained by insufficient surface roughness (see Figure 2)
created by sand blasting which can reduce the mechanical bonding between the bond coat and the substrate. In addition
to the different chemical composition of the substrates which affect the bonding. However, the surface roughness has
more pronounce effect than the chemical composition on the adhesion strength.

CONCLUSIONS

Based on the findings of this work, the following conclusions can be drawn: The operating temperature of titanium
alloy Ti-6Al-4V can be increased by applying yttrium aluminum oxide thermal barrier coating using atmospheric plasma
spray from 350 °C to 800 °C.The as-sprayed coating has a porous and partially amorphous structure. This structure acts
to increase phonon scattering, which reduce thermal conductivity of the TBC.The coating has an excellent thermal shock
resistance; as no tangible spallation observed after 150 cycles. Thermal shock of the coating resulted in widened surface
cracking, the formation of vertical cross-sectional cracks and the sintering of the coating. The high porosity of the topcoat
improves its thermal shock performance, delays its complete sintering and reduces its hardness compared to the dense
YAG material.
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