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Microstructure Analysis of Ti–6Al–4V Alloy with TBC after Cyclic Oxidation for Aerospace 
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The application of thermal barrier coatings (TBC) on titanium alloys has been widely used in aircraft 
turbines to maintain their properties such as low density, mechanical strength, while also enabling higher 
operational temperatures and thermal efficiency. Corrosion and hot oxidation damage the TBC, which 
consist of a metallic substrate, a metallic coating (bond coat, BC), a thermally grown oxide (TGO), and 
a ceramic topcoat. This study assessed the oxidation behavior of Ti-6Al-4V with and without BC and 
TBC. Oxidation tests were conducted cyclically in air at temperatures of 500, 600, and 800 °C in an 
automatic furnace, in which each cycle consisted of 60 minutes at the target temperature followed by 
10 minutes at room temperature. After 100 thermal cycles, the samples were analyzed using scanning 
electron microscopy (SEM), optical microscopy (OM), and X-ray diffraction (XRD). With increasing 
temperature, the uncoated Ti-6Al-4V alloy showed the formation of titanium oxides on the surface 
and an approximate 20% increase in grain size. In contrast, the TBC system demonstrated greater 
durability under high temperature conditions and showed no evidence of delamination.
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1. Introduction
In the aerospace industry, surface treatments and coatings 

have long been used in various aircraft structures and 
components, which rely on these technologies to safeguard 
against a range of degradation mechanisms1. Thermal barrier 
coatings (TBC) have experienced significant advancements, 
leading to substantial improvements in turbine efficiency. 
These advancements have enabled higher operating 
temperatures, owing to the application of refractory oxide 
ceramic coatings, which protect metal turbine blades from 
thermal cycling and high heat flux2-4.

The Ti-6Al-4V alloy was initially unable to meet the 
demands of high-temperature environments due to its 
insufficient oxidation resistance. However, the incorporation 
of a TBC system onto this alloy has raised its operational 
temperature capability by more than 400 °C5. Figure 1 shows 
a TBC system, which can be considered an integrated material 
system composed of several layers: a metal substrate, a 
metallic bond coat (BC), a thermally grown oxide (TGO), 
and a ceramic topcoat (TC)6,7. TBC system performance 
depends on the combined and individual properties of its 
constituent layers. The mechanical strength of the substrate 
predominates, along with the oxidation resistance of the BC 
and the thermal cycling resistance of the TC. The TGO layer 
promotes good adhesion between the metallic and ceramic 

materials, in which chemical incompatibility and thickness 
are factors for optimal performance6,8.

The service life of a TBC system is ultimately limited by 
the integrity of its structure. TGO expansion is among the 
primary failure mechanisms, which is a significant contributing 
factor to the failure of TBC systems due to oxidation. This 
occurs because of the ionic permeability of the topcoat 
under operational conditions9,10. The TGO layer thickness 
is generally regarded as a critical factor that influences the 
lifespan of a TBC system, particularly under the influence 
of thermal cycling and thermal stresses during service9-15.

In aerospace applications, the Ti-6Al-4V alloy 
experiences the effects of mechanical stress (creep) and 
repeated thermal cycling under high temperatures16-22. The 
literature holds many study on creep in titanium alloys with 
TBC. However, the cyclic oxidation behavior of Ti-6Al-4V 
alloy has not been as extensively studied as its isothermal 
oxidation performance23-27. The cyclic oxidation resistance 
is therefore as crucial as isothermal oxidation resistance, 
as thermal shock phenomena often occur in applications. 
These phenomena can lead to cracking and fragmentation 
of oxide scales, compromising the integrity of the material 
and reducing its performance.

In this context, cyclic oxidation tests of titanium alloys with 
NiCrAlY bond coatings and TBCs deposited by air plasma spray 
(APS) are scarcely reported in the literature. The microstructural 
evolution following cyclic oxidation tests at these temperatures 
can provide important insights into the performance of the 
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TBC system, particularly regarding its effectiveness in offering 
thermal and chemical protection to the titanium alloy. A stable 
and unaltered microstructure contributes to maintaining the 
mechanical integrity required for aerospace turbine blade 
applications. This study aimed to investigate the microstructure 
of Ti alloy after cyclic oxidation tests, focusing on the behavior 
of BC and TBC layers at 500, 600, and 800 °C. The samples 
were analyzed using scanning electron microscopy (SEM), 
energy dispersive spectroscopy (EDS) elemental mapping, and 
X-ray diffraction (XRD) techniques to compare the effects of 
oxidation at each test temperature.

2. Materials and Method
The Ti-6Al-4V Grade 5 alloy samples were fabricated 

in the form of discs with a 3.17 mm in diameter and 2 mm 
thick. The thermal barrier coating (TBC) system comprised 
a bond coat (BC) of NiCrAlY (AMDRY 962) and a top coat 
(TC) of yttria-stabilized zirconia containing 8 wt% yttria 
(8YSZ – Metco 204NS-G). Both layers were deposited using 
a commercial air plasma spray (APS) process on titanium 
alloy. Figure 2 shows the surfaces of the Ti-6Al-4V alloy 
coated with the BC and TBC deposited by APS.

Cyclic oxidation tests were conducted in an automatic 
horizontal tubular furnace (FT-1200/H/OC/CLP) at temperatures 
of 500, 600, and 800 °C, with 100 cycles. Each cycle consisted 
of 60 minutes inside the furnace and 10 minutes at room 
temperature. The tested samples were examined in three 
different conditions: Ti-6Al-4V alloy without coating, with 
BC and with TBC. Table 1 shows the mean thicknesses of 
the BC and TBC layers subjected to the cyclic oxidation test.

The isothermal oxidation behavior of both uncoated 
and TBC samples was investigated by thermogravimetric 
analysis (TGA) and discontinuous oxidation tests. The 
TGA was performed at 600 °C for 7 hours in a synthetic air 
atmosphere consisting of 20% O2 and 80% N2, with a constant 
flow rate of 20 mL/min. The discontinuous oxidation test 
was conducted in a muffle furnace (EDG, W-Three) with a 
CPU-10P-LCD2 controller, and mass measurements were 
obtained using a thermobalance (Netzsch, TG 209 F12) 
for a total time of approximately 130 hours. Both methods 
provided data on mass gain as a function of time.

The metallographic preparation was conducted by precision 
cross-sectioning of the samples using a precision cut-off machine 
(Struers, Minitom). Subsequently, the specimens were ground 
with silicon carbide abrasive papers (320, 400, 600, 800, and 
1200 mesh). Final polishing was performed using 6 µm and 
3 µm diamond pastes and finished with colloidal silica. The 
microstructure was revealed using Kroll’s reagent, composed 
of 5 mL of HNO3, 3 mL of HF, and 92 mL of distilled water.

The microstructural comparison and the visual integrity 
of the coatings were characterized using scanning electron 
microscopy (SEM) (Tescan, FE SEM MIRA 3) with coupled 
energy dispersive spectroscopy (EDS) (Oxford Instruments, 
X Max M). The optical microscopy (Olympus BX53M), 
equipped with the PRECiV Pro imaging software, was 
used to perform grain size analysis in accordance with 
ASTM E112-1328. Phase analyses were performed using 
X-ray diffraction (XRD) (Rigaku, Ultima IV) with a CuKα 
radiation source (PANalytical model X’Pert PRO Multipurpose 

Figura 1. Schematic of a thermal barrier system for application on 
airplane engine blades7.

Figura 2. Surface of the samples with a diameter of 3.17 mm and a thickness of 2.00 mm were prepared for cyclic oxidation tests. A) 
Ti-6Al-4V. B) BC by APS deposition. C) TBC by APS deposition.

Table 1. Mean thicknesses of the BC and TBC samples before the cyclic oxidation test.

500 °C 600 °C 800 °C
BC 105.77 ± 28.85 184.61 ± 38.46 161.54 ± 7.70

TBC 464.29 ± 39.68 458.33 ± 25.0 479.17 ± 18.75
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Diffractometer). The data for each phase were analyzed by 
diffraction patterns (PANalytical HighScore software), and 
the results are based on the comparison of the titanium alloy 
microstructure as the oxidation test temperature increases.

3. Results and Discussion
Figure  3 shows the microstructure of the Ti-6Al-4V 

alloy subjected to cyclic oxidation testing. Note that the 

bimodal microstructure was preserved with an increase in 
the oxidation after 100 cycles oxidations by MO. A) 500 °C. 
B) 600 °C. C) 800 °C.

Figure 4 shows the microstructure of the titanium alloy 
with the BC. Notably, the coatings remained well-adhered 
to the metallic substrate, thereby preserving the bimodal 
microstructure of the titanium alloy.

Figure 5 shows the microstructure of the TBC and the 
titanium alloy in the centre of the sample. The TBC showed 

Figura 3. Microstructure of the Ti-6Al-4V after 100 cycles oxidations by MO. A) 500 °C. B) 600 °C. C) 800 °C.

Figura 4. Microstructure of the Ti-6Al-4V with BC after 100 cycles oxidations by MO. A) 500 °C. B) 600 °C. C) 800 °C.
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no signs of delamination and remained intact after 100 thermal 
cycles. A bimodal microstructure consisting of α and β phases 
was identified. Although the TBC layer remained adherent, 
regions of increased porosity were observed, likely resulting 
from thermal exposure and the stresses induced by cyclic 
loading, thus, increasing temperature lead to grain grown. 
Porosity was estimated using ImageJ software by calculating 
the area fraction corresponding to pores in the micrographs 
(Figures 5A, 5C and 5E), and the measured porosity values 

were 10.5%, 11.3%, and 13.1% for the Ti-6Al-4V, BC, and 
TBC samples, respectively.

Figure  6 shows grain size variation as a function of 
temperature. A similar grain growth trend is observed in 
all samples, but it is noteworthy that the presence of the 
coatings can slow down grain growth. The TBC application 
demonstrated superior effectiveness compared to the bond 
coat. The grain size of the Ti-6Al-4V alloy becomes coarser 
with increasing temperature, as observed (Figure 3) in the 

Figura 5. Microstructure of the Ti-6Al-4V with TBC after 100 cycles oxidations by MEV. A) 500 °C. B) Ti-6Al-4V at 500 °C. 
C) 600 °C. D) Ti-6Al-4V at 600 °C. E) 800 °C. F) Ti-6Al-4V at 600 °C.
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areas that correspond to the α-phase (lighter areas) and 
β-phase (darker areas).

Figure 7 also shows the integrity and good adhesion of 
the TBC in the EDS mapping analysis. Table 2 shows the 
weight percentages of the chemical elements identified by the 
EDS analysis, along with their respective standard deviations.

The chemical elements comprising the TBC coatings were 
identified via EDS analysis (Figure 7). The TBC integrity 
is evidenced by the homogeneous spatial distribution of the 
chemical elements within each layer, enabling the identification 
of the interfaces between them. The well-defined interfaces 
suggest good adhesion between the layers, with no signs 
of significant interdiffusion or delamination, even after the 
cyclic oxidation test.

The presence of oxygen was more prominent following 
the cyclic oxidation test at 800 °C (Figure 7 and Table 2), 
indicating oxygen ingress through the TBC pores 
(Figures  5A,  5C  and  5E), which was further enhanced 

Figura 6. The grain size (G number according to ASTM E112-132828) 
of the Ti-6Al-4V with BC and TBC after 100 cycles oxidations at 
500 °C, 600 °C and 800 °C.

Figura 7. EDS map analysis of the Ti-6Al-4V with TBC after 100 cycles oxidations. A) 500 °C. B) 600 °C. C) 800 °C.
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during thermal cycling. A similar trend was observed for 
aluminum, in which the possible diffusion and interaction 
between aluminum from the adjacent BC layer and oxygen 
caused TGO growth. Accordingly, Table 3 shows that the 
mean thicknesses of TGO after cyclic oxidation in the TBC 
samples, which prove the more pronounced TGO formation 
in the samples subjected to higher temperatures.

The oxidation phenomenon in TBCs occurs by two basic 
mechanisms. The first one occurs when oxygen ingresses 
through defects such as voids, cracks, and porosity within 
the TC, while the second is driven by oxygen diffusion 
via the inherent ionic conductivity of the yttria-stabilized 
zirconia (YSZ) TC25. Air plasma sprayed top is composed 
of overlapping splats oriented parallel to the substrate, 
which are characterized by poor inter-splat bonding, intra-
splat microcracks, and the presence of large, irregularly 
shaped pores26,27. Oxygen transport through the top coat 
leads to oxidation of the bond coat during high-temperature 
operation, which predominantly result in the formation of 
aluminum oxides11. Under the operating conditions of a TBC 
in a gas turbine, oxygen transport through the top coat by 
gas permeation is predicted to dominate over diffusion25.

The degradation of oxidation resistance in the coating in 
this mechanism is associated with the depletion of aluminum 
due to oxide spallation and interdiffusion between the BC and 
the Ni-based superalloy, forming a TGO. Oxides containing 
elements such as Co, Cr, Ni, Ta, and Ti can lead to severe 
spallation during cyclic oxidation after approximately 160 
hours at 1050 °C. Moreover, the outward diffusion of substrate 
elements, particularly titanium, accelerates the spallation of 
the oxide scale29.

The TGO layer represents the most vulnerable region of 
the TBC system. In the literature30, cyclic oxidation tests on 
TBCs (8YSZ/Gd2Zr2O7) applied to Inconel 718 by EB-PVD 
at 1100 °C for varying periods showed that TGO growth 
during thermal cycles and delamination occurred in this area. 
The thermal expansion mismatch between the layers is likely 
a primary factor contributing to delamination. The premature 
formation of cracks during thermal cycling was attributed to the 
low coefficient of thermal expansion and low fracture toughness 
of ceramics, which were identified as key factors enhancing the 
oxidation resistance of TBCs during thermal cycling.

In Ti-6Al-4V alloys with BC deposited by APS, mixed 
Al2O3/TiO2 oxide scales provide less protection than pure 
Al2O3 scales, which occurs because TiO2 grows at a faster 
rate than Al2O3 at high temperatures. The higher TiO2 grown 
rate is attributed to its characteristic channel structure, which 
facilitates oxygen transport through fast diffusion pathways31.

The investigation of internal elemental diffusion in 
titanium was conducted to minimize the possibility of loss of 
oxidation resistance. As estimated by EDS analysis (Table 2), 
the oxygen weight percentage increased with the rise in 
temperature, as diffusion is thermally activated. In addition, 
Figure 8 shows the X-ray diffraction (XRD) analysis, which 
was used to confirm the phases on the surface of the samples.

The XRD analysis enabled the identification of the crystalline 
phases on the surface of all samples. For the uncoated Ti-6Al-4V 
alloy, a variety of titanium oxides were detected on the surface 
with increasing temperature (Figure 8A) and the diffractograms 
revealed a predominant presence of the titanium (01-089-5009) 
and titanium oxides (TiO2, 01-073-1116; TiO, 00-043-1295; 
Ti3O, 01-073-1583). The phase identification was conducted 
via comparison with standard databases (ICSD Pattern), and 
the corresponding reference codes are provided.

In contrast, the samples coated with the BC and TBC 
did not show significant changes in their XRD patterns with 
increasing temperature, further confirming the protective 
role of the coatings in mitigating oxidation of the titanium 
alloy. The diffractograms revealed a predominant presence 
of the AlNi phase for the BC. In the case of the TBC, the 
dominant phases were cubic ZrO2 and ZrOYO.

The cyclic oxidation behavior of plasma surface 
chromium plating on Ti–6Al–4V was investigated in air at 
temperatures of 650 °C, 750 °C, and 850 °C. Each cycle 
consisted of one hour at the target temperature, followed 
by ten minutes of cooling down to 60 °C, and the results 
showed that the formation of Ti(Cr,Al)2 phase layers caused 
the fragmentation of the oxide scales at 750 °C and 850 °C. 
However, the cyclic oxidation resistance remained superior 
to the NiCrAlY thermal barrier coating one32.

Ti–6Al–4V alloys with different BC compositions, 
deposited via APS, underwent cyclic oxidation tests at 800 °C 
for 100 cycles. Each cycle consisted of one hour in the furnace, 
followed by ten minutes in air, and the results demonstrated 

Table 2. Weight percentage of the EDS analysis of the Ti-6Al-4V with TBC after 100 cycles oxidations.

500 °C 600 °C 800 °C
Ti 21.4 ± 0.1 30.7 ± 0.2 34.0 ± 0.2
Ni 35.3 ± 0.2 23.9 ± 0.2 21.4 ± 0.2
O 7.1 ± 0.1 13.2 ± 0.2 15.4 ± 0.2
Cr 13.8 ± 0.1 9.2 ± 0.1 12.7 ± 0.1
Al 6.6 ± 0.1 6.4 ± 0.1 7.9 ± 0.1
Zr 14.2 ± 0.2 14.1 ± 0.2 7.1 ± 0.2
V 0.7 ± 0.1 0.9 ± 0.1 1.0 ± 0.1
Y 1.0 ± 0.1 1.4 ± 0.1 0.4 ± 0.1

Table 3. Mean thicknesses of the TGO in TBC samples after the cyclic oxidation test.

500 °C 600 °C 800 °C
TGO 4.79 ± 0.68 5.61 ± 1.14 6.16 ± 2.05
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that the best oxidation resistance was achieved with NiCrAlY 
coatings, as the Ni3Al phase enhances thermal stability. This is 
attributed to the fact that the Ni3Al oxide acts more effectively 
as a barrier to oxygen diffusion as oxidation progresses31. 
Similarly, the samples with BC coatings exclusively showed 
the Ni3Al phase (Figure 8B) across all test temperatures. 
Therefore, it is hypothesized that the BC contributed to good 
oxidation resistance, not only by the formation of the Ni3Al 
phase, but also by ensuring the adhesion and integrity of the 
BC. A similar protective effect against thermal cycling was 
observed with the thermal barrier coating (TBC).

The mass gain after cyclic oxidation cycles is a challenge 
to determine due to the automation of the furnace and the 
temperature of the samples. In contrast, isothermal oxidation 
tests such as TGA allow for continuous monitoring of mass 
gain and the observation of a consistent trend over time at a 
fixed temperature. Figure 9 shows the mass gain behavior of 
the Ti-6Al-4V alloy samples and TBC samples at 600 °C.

Table 4 shows the percentage mass gain obtained from 
TGA and discontinuous oxidation tests at 600 °C.

In both analyses, the uncoated Ti-6Al-4V alloy exhibited 
the highest mass gain compared to the TBC samples. The 
presence of the TBC significantly enhanced the oxidation 
resistance of the alloy.

Figura 8. XRD analysis after 100 cycles oxidations at 500, 600 and 800 °C. A) Ti-6Al-4V. B) BC. C) TBC.

Figura 9. Thermogravimetric analysis of Ti-6Al-4V and TBC at 
600 °C33.

Table 4. Percentage mass gain obtained from thermogravimetric and discontinuous oxidation tests of Ti-6Al-4V and TBC at 600 °C33.

TGA (7h) Discontinuous oxidation test (130 h)
Ti-6Al-4V 0.23 1.05

TBC 0.12 0.18

4. Conclusion
The oxidation of 100 thermal cycles at 500, 600, and 

800 °C of the Ti-6Al-4V alloy, both with and without BC 
and TBC coatings, led to the following conclusions:

•	 The BC and TBC coatings were effective in protecting 
the titanium alloy against cyclic oxidation, as 
confirmed by microstructural analysis. The TBC 
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system showed greater durability against high-
temperature degradation, and the grain growth of 
the titanium alloy with the TBC was reduced by 
approximately 20% compared to the uncoated alloy.

•	 The BC coating exclusively showed the Ni3Al 
phase, which enhances the oxidation protection of 
the titanium alloy by forming a robust protective 
layer.

•	 The TBC microstructure showed a porosity of 
approximately 13%, remained intact and maintained 
adhesion to the Ti-6Al-4V alloy under all test 
conditions. The oxygen permeability through the 
TC may have facilitated the formation and growth 
of the TGO layer to a sufficient thickness, thereby 
contributing to the prevention of delamination 
between the layers.

•	 TGA analysis indicated the lowest mass gain in the 
TBC samples compared to the uncoated Ti-6Al-4V 
at 600 °C for seven hours, which confirms the 
protective effect of the coating.
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