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Creep Behavior of Uncoated, Bond-Coated, and Thermal Barrier coated Ti-6Al-4V
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The Ti-6Al-4V alloy is widely used in aerospace components due to its high strength-to-weight 
ratio and favorable combination of properties, including low density, mechanical strength, corrosion 
resistance, and creep resistance. However the alloy loses strength and stability above 500°C due to 
oxidation. To enhance performance and increase its lifespan or working temperature, thermal barrier 
coat (TBC) is applied. The TBC consists of a substrate, metallic bond coat (BC), thermally grown 
oxide layer (TGO), and ceramic top coat (TC). The objective of this work was to study the creep 
behaviour of Ti-6Al-4V alloy without and with BC (NiCoCrAlY) and TBC (NiCoCrAlY + ZrO2-YO1,5) 
coatings applied by plasma spraying. Creep tests were performed under constant load conditions at a 
stress of 125 MPa and temperatures of 500, 600, and 700 °C. The creep parameters were determined, 
and material characterization by optical microscopy. The results showed that the Ti-6Al-4V alloy 
with BC and TBC exhibited average increases in creep resistance of 77% and 131%, respectively, 
compared to the uncoated alloy. These coatings resulted in a reduction in the secondary creep rate 
and an enhancement in creep lifetime. Microstructural analysis revealed that the delamination of the 
layers increased with the operating temperature.
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1. Introduction
This study aims to conduct a comparative analysis of the 

creep behavior of Ti-6Al-4V alloy with the application of 
BC and TBC, applied using the plasma spraying technique. 
This research is significant due to the necessity of enhancing 
the creep properties of the alloy at elevated temperatures 
and reducing oxidation in aggressive environments, such as 
those encountered in turbine engines.

Titanium alloys are widely utilized in aerospace components 
due to their high strength-to-weight ratio. Among these, the 
Ti-6Al-4V alloy is the most commonly used in the aerospace 
industry, owing to its favorable combination of properties and 
workability. This alloy is particularly noted for its excellent 
characteristics, such as low density, as well as superior mechanical 
strength, corrosion resistance, and creep resistance1. Ti-6Al-4V 
is an α-β alloy that offers a balanced combination of strength, 
toughness, and high-temperature performance2,3. Despite its 
high melting temperature (≈ 1650 °C), Ti-6Al-4V does not 
retain satisfactory strength and stability above 500 °C due to 
oxidation, which leads to the onset of creep and consequently 
reduces the lifespan of components4.

Creep is a phenomenon in which a material undergoes 
slow and continuous plastic deformation over time. It becomes 

particularly significant when the material is subjected to 
high temperatures and stress, as is the case for components 
used in the aerospace industry. The mechanisms of creep are 
influenced by both stress and temperature, and they can be 
characterized by the stress exponent and activation energy. 
Other factors that impact the dominant creep mechanism 
include the presence of grain boundaries, voids, and interfaces. 
The primary mechanisms of creep deformation in metallic 
alloys include: a) atomic transport by diffusion, b) dislocation 
motion, and c) grain boundary sliding5-7.

The importance of studying the creep behavior of materials 
is underscored by the increasing demand for higher operating 
conditions in structural components developed for the aerospace 
and energy industries, with the aim of improving efficiency 
and extending the lifespan of costly components. Energy 
efficiency can be enhanced by operating turbine engines at 
progressively higher temperatures, thereby reducing carbon 
dioxide emissions from aircraft and stationary gas turbines 
used in power generation plants8-11.

To mitigate the creep phenomenon, it is essential to 
understand the mechanisms associated with plastic deformation 
under high temperature and stress12,13. The behavior of metal 
alloys during plastic deformation at elevated temperatures 
is complex and varies with thermomechanical processing 
parameters and operational conditions14,15. Numerous studies 
have been conducted to develop new alloys and, more notably, 
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to enhance existing commercial alloys16-26. In gas turbine engine 
applications, coatings are employed as a technique to extend 
the lifetime and increase the operating temperature of titanium 
alloys. TBCs, in particular, are applied to Ti-6Al-4V alloys 
to provide thermal and chemical protection for components 
exposed to aggressive environments at high temperatures27.

TBCs are multilayer systems composed of a metallic 
substrate, a BC layer, typically of the MCrAlY type (where 
M can be Ni, Fe, Co, or combinations thereof), applied to the 
metallic substrate. Above the BC, there is an intermediate 
layer of TGO, usually alumina, formed by the oxidation of 
the BC. The system is completed with a ceramic TC, often 
consisting of yttria-stabilized zirconia (YSZ), which provides 
the thermal barrier1,9,21,22. The formation of TBC is typically 
carried out using plasma spraying, specifically air plasma 
spraying. This technique involves the deposition of powders 
onto the substrate surface, where the powder particles are 
fed into a torch or gun and heated to near their melting point. 
The resulting droplets are then projected onto the surface 
by a gas stream. Upon impact, the droplets flatten into thin 
lamellar particles that adhere to the surface, overlap, and 
solidify, forming the protective coating23.

TBC and surface treatments have been extensively studied 
to enhance the creep lifetime of Ti-6Al-4V alloy by providing 
protection against oxidation and corrosion in components 
subjected to high temperatures10,24-43. These coatings are 
particularly crucial for components used in the hot sections of 
gas turbine engine21. Studies have demonstrated that Ti-6Al-4V 
alloy with TBCs exhibits improved mechanical resistance19,44.

A study on the effect of TBCs and the testing environment 
(air and nitrogen) on the creep behavior of equiaxial Ti-6Al-4V 
alloy, at temperatures ranging from 500 to 700 °C, found that 
the higher the temperature and the lower the applied stress, 
the greater the thermal barrier efficiency of the TBC for the 
substrate10 Researchers also investigated the effect of heat 
treatment on creep in Ti-6Al-4V alloy, and in the structure 
exhibiting the highest creep resistance (Widmanstätten), 
TBC was deposited via plasma spraying. At all temperatures 
and stresses analyzed, the Widmanstätten + TBC structure 
demonstrated lower creep rates and longer time to rupture 
compared to the Widmanstätten structure without the coating33.

Although mechanical tests indicate that the Widmanstätten 
microstructure presents the best mechanical properties, 
the titanium alloy currently used in turbine blades has an 
equiaxed microstructure. The TBC has been shown to improve 
the creep life of the Ti-6Al-4V compared to the uncoated 

alloy; however, there are few studies in the literature that 
have examined the creep behavior of titanium alloys with 
BC or TBC. Therefore, this study aims to understand the 
creep behavior of the equiaxed Ti-6Al-4V alloy with TBC 
(NiCrAlY and 8YSZ) applied by plasma spraying, as is 
done commercially.

2. Materials and Method
The Ti-6Al-4V alloy were in the form of cylindrical 

bars with a length of 1.0 m and a diameter of 12.7 mm. The 
bar was in the forged and annealed condition at 190°C for 
6 hours, followed by air cooling, resulting in an equiaxial 
microstructure. The chemical composition of the major 
elements by weight % conforms to the requirements of 
ASTM B265-1045. Chemical analysis was conducted using 
inductively coupled plasma optical emission spectroscopy 
(ICP-OES) with an ARL model 3410 instrument. The 
specimens were prepared for creep tests in accordance with 
ASTM E139-1146 as shown in Figure 1.

The coating of the specimens was performed at Rolls-Royce. 
The chemical composition of the powder used for applying 
the TC was zirconia (ZrO2) partially stabilized with 8% by 
weight of yttria (Y2O3), while the metallic powder composition 
consisted of NiCoCrAlY. The application of both the BC 
and TBC on Ti-6Al-4V alloy specimens with an equiaxial 
microstructure was carried out by Rolls-Royce in accordance 
with the company’s procedures for coating turbine blades.

The equiaxial alloy specimens for creep testing were 
prepared for BC application following these steps: Step 1. The 
surface of the specimen was blasted using 60-grit aluminum 
oxide; Step 2. Degreasing was then performed using acetone; 
Step 3. Masking was applied using high-temperature tape 
suitable for metallization; Step 4. Finally, to produce a uniform 
BC layer of 0.127 mm, NiCoCrAlY powder with a particle 
size of approximately 45 μm was applied via plasma spraying 
on the substrate (Bond Coat Amdry 995C).

The equiaxial alloy specimens for creep testing were 
prepared for TC application following the steps described 
above (steps 1 to 4). Step 5. Subsequently, the stabilized 
zirconia ceramic powder with 8% by weight of yttria, 
having a particle size range of approximately 45 μm, was 
applied via plasma spraying (top coat Metco 204B NS), 
forming a medium layer of 0.635 mm over the previously 
applied BC layer.

For both coatings, the process was carried out using a Sulzer 
Metco Type 9 MB thermal spray equipment, following the 

Figure 1. Configuration of the specimen with dimensions in mm26.



3Creep Behavior of Uncoated, Bond-Coated, and Thermal Barrier coated Ti-6Al-4V

parameters established by Rolls-Royce. The specific plasma 
spraying process conditions have not been disclosed due to 
a confidentiality agreement. Figure 2 illustrates the steps 
involved in the application of both the BC and TC layers on the 
Ti-6Al-4V alloy specimens with an equiaxial microstructure.

The creep tests were conducted in Mayes furnaces in 
accordance with the requirements of ASTM E139-1146. The 
tests were performed under constant load mode at a load of 

125 MPa and at temperatures of 500, 600, and 700 °C, across 
three different conditions: Ti-6Al-4V alloy without coating, 
Ti-6Al-4V alloy with BC (NiCoCrAlY), and Ti-6Al-4V 
alloy with TBC. The testing conditions were as follows: a) 
three tests at a stress of 125 MPa at 500 °C; b) nine tests at 
stresses ranging from 125 MPa to 319 MPa at 600 °C; c) 
three tests at a stress of 125 MPa at 700 °C. The specimens 
of the different coatings tested are shown in Figure 3.

Figure 2. Images of the coating process stages for the specimens in the creep test 26. a) Specimens after Sandblasting; b) Preparation of 
the equipment; c) Application of the BC layer; d) Specimens with the BC layer; e) Specimens prepared for TC application; f) Application 
of the TC layer; g) Specimens with the TC layer; h) Specimens covered with the TBC for the creep test.
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Antares Software was used to collect data on the elongation 
of the specimens and temperature measurements at predetermined 
time intervals. A Type Cromel-Alumel thermocouple (AWG24) 
was employed to measure the temperature. Elongation 
measurements were obtained using a linear variable differential 
transformer (LVDT), Schlumberger model D 6.50, with a 
specification of 53.18 mV/V/mm. The output signal from the 
LVDT was sent to a controller, which converted the signals 
into elongation measurements for predefined time intervals, 
subsequently feeding the data to Antares Software.

Microstructural characterization was performed using 
optical microscopes: Zeiss model Axioscope A1 BIO and Zeiss 
model Neophot 3. Sample preparation for optical microscopy 
involved cutting the specimens after the creep tests in both the 
transverse and longitudinal directions, using a precision cutter 
(Buehler, Isomet Low Speed SAW) with a diamond blade and 
cooling fluid. During the polishing stage, Struers OP-Chem 
polishing cloth was used with a polishing solution consisting 
of colloidal silica and H2O2. To reveal the microstructure, 
Kroll’s reagent was applied, with the following composition: 
5 mL HNO3, 3 mL HF, and 100 mL distilled water.

Scanning electron microscopy (SEM), using a 
TESCAN model Vega3, was employed to examine the 
main characteristics of the fracture surfaces after the creep 
tests. The microstructural analysis focused on evaluating 
the variations in microstructure and the characteristics of 
the fracture surfaces. Sample preparation for SEM involved 
cleaning the specimens using acetone PA as a cleaning solvent 
in a Cole Parmer 8890 ultrasound cleaning unit.

The power-law creep equation that describes the creep 
behavior is presented in Equation 1, where B is the structure-
dependent constant and n is the creep stress exponent47.

n
sÝ Bσ= 	 (1)

3. Results and Discussion
The chemical composition of the Ti-6Al-4V alloy 

specimens was as follows: Ti = 89.16%, Al = 6.61%, and 
V = 4.23% by weight.

The creep data and curves corresponding to the results 
of the creep tests under 125 MPa stress are presented in 
Table 1 and Figure 4, respectively. The secondary creep rate 
refers to the material’s resistance to creep, as the majority of 
the creep lifetime is observed during the secondary stage, 
where the creep rate remains nearly constant47. The results 

indicate that the equiaxial structure of the titanium alloy 
with the TBC exhibited the highest creep resistance, with the 
lowest stationary creep rate and the longest creep lifetime 
across all applied temperature conditions.

The specimens with BC and TBC demonstrated an average 
increase in creep resistance of 77% and 131%, respectively, 
at the three test temperatures, compared to the Ti-6Al-4V 
alloy without coating. The superior performance of the TBC 
structure is attributed to the thermal barrier effect of the TC 
layer, while the enhanced performance of the BC structure 
is associated with its role as a barrier against oxidation and 
the diffusion of oxygen into the alloy.

Figure 4 illustrates the effect of temperature on the TBC 
equiaxial structure. It was observed that as the temperature 
increased, there was a significant reduction in creep lifetime. 
This observation is consistent with Norton’s Law47, which 
states that the resistance to creep decreases as temperature 
increases, for the same stress conditions.

Figure 5 illustrates the comparison effect of temperature 
for specimens with (a) no coating, (b) BC, and (c) TBC 
structures. It was observed that as the temperature increased, 
there was a significant reduction in creep lifetime for all 
specimens for the same stress condition of 125 MPa. This 
observation is consistent with Norton’s Law47, which states 
that the resistance to creep decreases as temperature increases, 
for the same stress conditions.

An increase in creep resistance was observed for the 
specimens with BC and TBC as the temperature increased, 
in comparison to the specimens without coatings. The ratio 
of the rupture time for BC and TBC specimens relative to 
the specimens without coatings is presented in Table 2.

Based on the ratios presented above, it is observed that both 
coatings act as protective layers on the surface of the Ti-6Al-4V 
alloy with equiaxial microstructure. The level of protection 
increased with temperature for the same applied stress. However, 
superior performance was observed for the TBC compared to 
the BC, at all working temperatures, which confirms that the 
TC layer functions effectively as a thermal barrier.

In studies33 on creep in titanium alloys with TBC, an 
increase from 1.03 (at 500 ºC) to 2.16 (at 700 ºC) was 
observed in the ratio between the creep rupture time of the 
Ti-6Al-4V alloy with a Widmanstätten structure, both with 
and without TBC. Greater creep resistance was also observed 
in air-tested Ti-6Al-4V alloy samples with coatings, and 
the coating efficiency increased with temperature12. These 
studies demonstrate the enhanced efficiency of the TBC 
as a thermal barrier with increasing working temperature.

The creep mechanisms can be estimated by the values of 
the stress exponent and the activation energy for creep. The 
values of the stress exponent (n) and the constant (B) at a 
temperature of 600 °C can be estimated, as presented in Table 3.

The values of n found in this study range from 3.59 to 
3.88, which are consistent with those reported in the literature 
and support a dislocation creep mechanism for the equiaxial 
Ti-6Al-4V alloy8,9,48-52.

According to literature, the creep behavior of Ti-6Al-4V alloy 
in air was studied, yielding a stress exponent value of 3.4 at a 
temperature of 600 ºC, with the creep mechanism predominantly 
associated with the α phase48. The value of n equal to 4.12 is 
consistent with a dislocation creep mechanism for the equiaxed 

Figure 3. Photographs of the Ti-6Al-4V equiaxial alloy specimens 
with (a) no coating, (b) BC coating, and (c) TBC coating.
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Ti-6Al-4V alloy in air at 600 ºC49. Steady-state creep of α/β 
titanium alloys in the temperature range of 397-552 ºC under 
constant stress showed stress exponent values of n ranging from 
4 to 3450. Additionally, values of n at 600 ºC were found to be 
3.97 for the equiaxed structure and 5.23 for the Widmanstätten 
structure51. The n values of 4.25 and 5.31 for the Ti-6Al-4V 
alloy with an equiaxed structure in air and nitrogen atmospheres 
at 600 ºC were reported, respectively8. The stress exponent 
(n) values found for the various structures at a temperature of 
600 ºC were as follows: 3.73 for the bimodal structure, 3.73 for 
the martensitic structure, 4.91 for the Widmanstätten structure, 
and 5.63 for the Widmanstätten structure with TBC19.

Figure 6 presents the micrographs of the cross-section 
of the Ti-6Al-4V alloy before the creep test, with both the 

BC and TBC. The optical microscopy analyses after the 
creep test are shown in Figure 7. The objective of these 
micrographs was to evaluate the effect of temperature on 
the delamination process of the coatings. In all micrographs, 
α-phase (hexagonal close-packed - HCP) grains and dark 
regions, which define the presence of the β-phase (body-
centred cubic), are observed along the grain boundaries.

The micrographs revealed that the Ti-6Al-4V alloy specimens 
with TBC exhibited greater degradation and delamination of the 
coating from the substrate as the temperature increased under 
constant stress (125 MPa). This can be attributed to the enhanced 
oxidation rate of the material with increasing temperature.

The TBC system is considered compromised when the 
delamination of the TC layer extends over approximately 20% 

Figure 4. Ti-6Al-4V alloy creep curves with BC and TBC at 125 MPa. (a) 500 °C. (b) 600 °C. (c) 700 °C.

Table 1. Data from the creep tests at 125 MPa.

T (°C) Specimen tp (h) ὲs (1/h) tf (h) εf (mm/mm)

500

Ti-6Al-4V 16.0 0.0003 427.0 0.1918

Ti-6Al-4V BC 32.0 0.0002 665.0 0.1726

Ti-6Al-4V TBC 48.0 0.0001 804.0 0.1735

600

Ti-6Al-4V 0.67 0.0410 5.58 0.4017

Ti-6Al-4V BC 1.00 0.0222 9.50 0.3769

Ti-6Al-4V TBC 1.16 0.0118 11.20 0.3378

700

Ti-6Al-4V 0.01 15.084 0.11 0.5569

Ti-6Al-4V BC 0.02 0.8031 0.21 0.4667

Ti-6Al-4V TBC 0.02 0.5390 0.32 0.3849
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of the total surface area of the sample, as this significantly 
reduces its performance as a thermal barrier. The failure 
of the TBC system occurs due to the delamination of the 
thermally grown oxide layer on the substrate surface following 
degradation of the TC layer53.

Studies aimed at identifying the mechanisms responsible 
for the delamination of the TC layer primarily focus on 
the oxidation of the metallic BC. At the interface between 
the BC and TC layers, oxidation can promote interfacial 
separation due to the formation of a relatively thick and 
brittle TGO layer, predominantly composed of Al2O3. In TBC 
systems where the bonding and surface layers do not vary 
in composition and/or structure, the thickness of the TGO 
layer correlates well with the likelihood of delamination of 
the TC layer during thermal cycling53.

Table 3. Stress exponent n and constant B obtained at 600 ºC.

Condition B n
Equiaxial 1.19 x 10-09 3.59

Equiaxial BC 2.44 x 10-10 3.79
Equiaxial TBC 8.31 x 10-11 3.88

Figure 5. Ti-6Al-4V alloy creep curves at 125 MPa. (a) Ti-6Al-4V uncoated. (b) BC. (c) TBC.

Table 2. Relationship between the tf value of the Ti-6Al-4V alloy 
to the applied coatings.

Temperature Ratio tf BC /  
tf Ti-Al-4V

Ratio tf TBC /  
tf Ti-Al-4V

500 °C 1.56 1.88

600 °C 1.70 2.01

700 °C 2.05 3.05

Figure 6. Micrograph of the cross-sectional region of the Ti-6Al-4V alloy before the creep test. a) Ti-6Al-4V no coating. b) BC layer 
(100 μm); c) TBC layer (BC = 100 / 50 μm and TP = 500 μm).
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Figure 7. Micrograph of the cross-sectional region of the Ti-6Al-4V alloy after the creep tests at 125 MPa. (a) 500 °C. (b) 600 °C. (c) 700 °C.

Figure 8. Fractographic analyses of the Ti-6Al-4V alloy with TBC after the creep tests at 125 MPa. (a), (b) and (c) 500 °C. (d), (e) and (f) 700 °C.

The delamination process of the TBC system is closely 
related to the applied thermal cycles and working stresses, 
and is further influenced by the presence of pores and cracks 
resulting from the manufacturing process. Delamination 
of the TBC is typically initiated by the failure of the TC 
layer, which detaches from the BC layer due to the growth 
of the TGO layer. Once the TC layer detaches, the surface 
temperature of the BC layer and the substrate alloy increases 
significantly, accelerating the oxidation kinetics and leading 
to further delamination of the metal coat52.

The micrographs of the Ti-6Al-4V alloy with TBC show 
almost complete detachment of the TC layer, followed by 
significant delamination of the BC layer at 700 ºC. The 
preservation of these layers is notably improved with a reduction 
in the working temperature, as observed in the micrographs 
from the tests conducted at 500 ºC. Thus, the primary function 
of the TBC system is to provide a thermal barrier and protect 
the alloy from oxidation, thereby increasing its lifetime.

Grain size plays an important role and can affect creep 
behavior. The larger the grain size, the higher the resistance 
to creep, as the sliding mechanism at the grain boundaries 
becomes more pronounced. The grain size of the titanium 
alloy before the creep test is shown in Figure 6a, with an 
average grain size of approximately 20.60 μm. The deposition 
processing temperatures of the coatings nor the creep testing 
temperature conditions did not alter the microstructure of 
the titanium alloy, as can be observed by comparing the 
microstructure of Figures 6 and 7.

Fractographic analyses revealed the main characteristics 
of the fracture surfaces after the creep tests. The fractographic 
results aimed to evaluate the effect of temperature and coating 
type under all test conditions of temperature and stress. The 
phenomena of restriction and the development of microcavities 
were observed, with ductile fracture mechanisms prevailing 
in all cases. Figure 8 shows the fractographic analyses of the 
Ti-6Al-4V alloy with TBC after the creep tests at 125 MPa at 
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500 °C and 700 °C. The central region of the fracture surface at 
500 ºC exhibited a uniform structure with equiaxially shaped, 
shallow dimples. At 600 ºC, the central region of the fracture 
surface displayed voids and alveolar membranes, while at 
700 ºC, deeper changes were observed in the surface, attributed 
to the higher temperature, oxidation mechanisms, and surface 
area reduction due to restriction. The micro-mechanisms were 
similar across all conditions when analyzed at the point of 
fracture by scanning electron microscopy. Surface coatings 
did not alter the type of fracture observed after creep; their 
effect was limited to an increase in fracture time or creep 
lifetime for the structures with both BC and TBC.

4. Conclusion
The study of creep behaviour of Ti-6Al-4V alloy with BC 

(NiCoCrAlY) and with TBC (NiCoCrAlY + ZrO2 – 8% by weight 
of Y2O3) under a constant stress of 125 MPa at temperatures of 
500, 600, and 700 ºC led to the following conclusions:

•	 Samples of the alloy with equiaxed structure, coated 
with TBC and BC, exhibited higher creep resistance 
compared to the uncoated equiaxed alloy tested in 
air. Both TBC and BC demonstrated effectiveness 
under the tested temperature and load conditions, 
providing protection against oxidation.

•	 At temperatures of 500 and 700 ºC and a stress of 
125 MPa, the equiaxed TBC structure exhibited 
superior creep resistance, characterized by longer 
primary creep time (tp) and creep life (tf), and a 
lower steady-state creep rate (ε̇), followed by the 
performance of the equiaxed BC alloy. In these 
tests, the steady-state creep rates for the uncoated 
samples were consistently higher.

•	 The thermal barrier efficiency of both coatings 
improved with increasing temperature compared to 
the uncoated alloy. The efficiency of the TBC was 
greater than that of the BC, due to the significantly 
lower thermal conductivity of the TC layer.

•	 For all test conditions, the steady-state creep rate, 
as well as the primary, secondary, and tertiary creep 
times, could be described by Norton’s power law 
equations. The stress exponent (n) values ranged 
from 3.59 to 3.88. The indicator is in agreement with 
values reported in the literature and are consistent 
with a dislocation scaling creep mechanism for the 
equiaxial Ti-6Al-4V alloy.

•	 Fractographic analyses revealed that the predominant 
mechanism for all test conditions was characterized 
by the formation and coalescence of microcavities 
with varying shapes and sizes. These cavities were 
wavy in regions of discontinuities, such as inclusions, 
and possibly at points involving dislocation stacking, 
where localized stresses induced the formation 
of voids as a means of relieving local stress. The 
ductile fracture mechanism predominated under all 
conditions. The size and shape of the dimples or 
alveolar structures were determined by the number 
and distribution of nucleated microcavities and the 
internal stresses present in the material.

•	 The failure of the BC is associated with the oxidation 
process under high stress and temperature conditions. 

The failure of the TBC system was attributed to the 
propagation of cracks driven by the oxidation of the 
BC layer and the stresses applied during the tests.
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