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Abstract: Yttria stabilized zirconia (YSZ) thermal barrier coatings (TBCs) systems were fabricated by plasma spray process 
on 2024 aluminium alloys (AA). Thermal fatigue behaviour of as sprayed TBCs systems at 6000C was studied. The results 
indicated that cracking was only responsible for thermal fatigue failure mode. The failures of YSZ TBCs systems on 
2024AA were observed due to the multiple cracks mode only. The results shows four types of cracks were formed in TBCs 
systems on 2024 AA, i.e., vertical cracks, horizontal crack, propagating crack, and penetrating crack. 
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I. INTRODUCTION 
 

One of the most important and widely used 
applications of thermal barrier coatings (TBCs) is to 
improve in service performance of gas turbines and 
internal combustion engine components. To achieve 
high thermal efficiency in advanced diesel engines, 
cost effective and durable insulating systems are 
required for piston, head, ports and exhaust 
manifolds. This may be achieved by application and 
development of new materials such as thick thermal 
barrier coating system to insulate these components. 
The TBC often consists of a monolithic ceramic such 
as zirconia, which thermally insulates the system 
while sustaining high temperature gradients and in 
some cases, large temperature differences. The bond 
coat is an intermetallic alloy that provides oxidation 
resistance at high temperatures and aids in the 
adhesion of the TBC to the substrate. Main aims of 
TBC application of the piston surface are to reduce 
the heat flux into the piston, to protect the piston from 
thermal stresses, corrosive attacks due to fuel 
contaminants and reducing emissions. There are 
several applications of TBC in SI engines, showing 
improved performance and emissions. In SI engines, 
the top surface near the crevice is especially chosen 
as the place of TBC deposition. Choosing this area 
also enables to decrease the risk of knocking. The 
coating thickness has an effect on the combustion 
temperature, the temperature gradient and the stress 
distribution in the coating and the interfacial stresses. 
The bond coat between the aluminum alloy and the 
ceramic coating plays an important role in reducing 
the internal stresses, which may arise between 
substrate and top coat due to thermal shock. Thermal 
shock resistance of a ceramic coating depends on the 
elastic modulus, thermal expansion coefficient and 
thermal conductivity. On the other hand, TBCs have a 
limited life due to crack nucleation and propagation  
 
 

 
in a direction parallel to the ceramic–bond coat 
interface (horizontal cracks), which leads to coating 
delamination. The other typical TBC failure occurs 
by spalling of the ceramic top coat from the bond 
coat. Among the various causes of failure of TBC, 
oxidation and thermal mismatch are identified as two 
major factors affecting the life of the coating system. 
It is observed that the coating surface temperature 
increase with increasing the thickness in a decreasing 
rate. As for bond coat surface, increasing coating 
thickness, the normal stress decreases steadily and the 
maximum shear stress rises in a decreasing rate. 
Although diesel TBCs operate at lower temperatures 
than aircraft engines, they are subjected to much 
greater compressive loads and more frequent thermal 
shock than their aircraft counterparts. In addition, 
many of these TBCs must cope with the contaminates 
found in lower-grade fuels. The difference between 
aircraft TBCs and diesel TBCs are often ignored by 
coating applicators. Thermal barrier coatings can be 
applied on gas turbines, automotive engines and 
diesel equipment. The use of TBC on diesel 
components such as valves, pistons and fire decks 
insulates the metal substrates from high-temperature 
oxidation and corrosive environments. As a thermal 
barrier, it reduces metal temperatures and thermal 
fatigue and, through radiation, converts heat into 
useful energy more efficiently. Additionally, TBC 
reduce heat transmission to the pistons that, in an 
untreated engine, is normally dissipated in the oil- 
and water-cooling systems. 

The performance of plasma sprayed based 
YSZ TBCs systems on aluminium alloys is a very 
important in the automotive industry. In the keeping 
view of application of aluminum alloys in the 
automotive industry, the durability of 2024 AA with 
TBCs systems was studied for high temperature 
applications. This article investigate the thermal 
fatigue behaviour of plasma sprayed based YSZ 
TBCs systems for 2024 aluminium alloy (AA). 
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II. EXPERIMENTAL DETAILS 
 
2.1. Materials and Procedures 

The substrate was selected as aluminium based 
2024 alloys and chemical composition of this alloy is 
given in Table1. The shape of the specimen was 
selected rectangular (25 mm ×25 mm × 6 mm) to get 
the effect of edges also. First of all, the alluminium 
alloy specimen called substrate was grit blasted by 
alumina particles with the size of 125 µm to make 
surface clean and ready for bond coat. Subsequently, 
bond coat of NiCoCrAlY was done on the substrate 
by Air Plasma Spray (APS) system. Parameters for 
bond coat are given in Table 2. After bond coat, 
another coat was applied on the surface which is 
called top coat. Top coat was done of Yttria 
Stabilized Zirconia (YSZ) by APS. Parameters of top 
coat parameter are given in Table 3. 
Table1: Chemical Composition of 2024 AA 

 
 

Table 2: Spraying Process Parameters for 
bond coat 

 
Table 3: Spraying Process Parameters for 

YSZ top coat 

 
2.2. Thermal Fatigue Test 

The thermal fatigue test was done in a 
thermal cyclic furnace. The specimens were tested at 
6000C highest temperature. Heating and cooling time 
were kept as 10 minutes. When the samples were 
cooled to the ambient temperature, they were taken 
out, dried and put into the high temperature furnace 

again, repeating the same process. More than 90% of 
the cracked regions of the surface of TBC systems 
were adapted as the criterion for the failure of the 
coating. The weight changes of the samples were 
measured to a precision of 0.5 mg by an analytical 
balance. Three number of specimens were tested and 
average was considered for analysis. 
 
III. RESULTS AND DISCUSSION 
 
3.1. Microstructure of TBC system 

Microstructure of TBCoated alluminium 
alloys after thermal cycling till failure is shown in 
Fig. 1 (a and b). The failure of TBC coated surface on 
aluminium alloys under thermal fatigue conditions 
was found be in a cracking mode, which induces from 
coated surface to substrate due to penetration 
cracking along horizontal as well as vertical 
directions. Fig. 1(a) shows the crack initiation stage 
which can’t be observed by naked eyes. But, Fig. 
1(b) is complete fractured stage of YSZ based TBCs 
systems for aluminium alloys substrate. Fig. 1(b) is 
the macro-level phenomenon. It presents the fractured 
surface morphology of TBC system, which are 
composed of the YSZ top coat, NiCoCrAlY bond 
coat deposited on aluminium alloys substrate by APS 
process. In Fig. 2., red encircled “1” represents to 
fractured top coat surface and red encircle “2” refers 
to the fractured surface of the top coat as well as bond 
coat. The micro-columnar grains encircled in Fig.2. 
was observed, which were solidified from the melted 
fraction of YSZ top coat powder.  
 
3.2. Thermal Fatigue behaviours of TBCs systems 

Square specimen were selected to consider 
the effect in practical application of thermal barrier 
coating (TBC) system, such as edges and corners in 
internal combustion (IC) engine piston. It can be seen 
from Fig. 1 (a and b) that starting failure occurred 
from the edges of the samples and then propagated to 
the surface areas. Beginning of the failure from the 
edges and corners was because of the extreme heating 
and cooling conditions and thermal stresses between 
different layers. Similar phenomenon was also 
observed by other researchers during thermal fatigue 
loading conditions [13-15]. Fig.3 refers to analysis of 
weight changes of TBCs systems during the thermal 
cyclic loading. It is observed from Fig.3 that the 
weight of TBCs samples was first increasing due to 
substrate free surface oxidation and then reduced 
suddenly after 30 cycles due to multiple cracks 
formation. After sudden weight loss in 30 cycles, a 
weight gain was observed resulting from the substrate 
and bond coat oxidation. Since gradual weight loss 
was not found, coating damage did not occur. After 
52 cycles, gradual weight loss was observed 
indicating thermal degradation of coated specimens.  
After 97 cycles, the sudden weight loss of samples 
was observed, which implied the coating damage via 
the cracking mode. 
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Fig.1. (a & b) Optical Micrograph of Fractured plasma 

sprayed TBC specimens with thickness of 250µm after TF 
testing 

 
Fig.2. FESEM micrograph of the fractured surface of as-

sprayed YSZ TBC. 

 
Fig.3. Weight Change as a function of cycle number YSZ TBCs 

during thermal fatigue testing. 
 
CONCLUSIONS 
 
Thermal fatigue behavior of plasma sprayed YSZ 
TBC system on 2024 AA was studied and major 
conclusions are as follows: 

(1) In all cases, the initial cracks were initiated at 
the edge/corner of the square specimens. 

(2) The failure of YSZ TBCs systems on 2024AA 
were observed due to the multiple cracks mode 
only. The results show four types of cracks 
formed in TBCs systems on 2024 AA, i.e., 
vertical cracks, horizontal crack, propagating 
crack, and penetrating crack [16]. In this 
article, vertical cracks and propagating cracks 
(or horizontal crack) emerged in YSZ based 
TBCs systems for 2024AA. The penetrating 
vertical cracks started penetrate from top coat 
to the substrate surface at 6000C. 
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