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Aluminium alloy pistons used in I.C. engines are exposed to high temperature and may contribute to high thermal residual
stresses on the piston crowns. The pistons operate ineffectively due to lack of appropriate coatings on pistons. The application
of Thermal Barrier Coatings (TBC) on the components of IC engine reduces the combustion chamber heat rejection
significantly. The current work is put to determine the temperature distribution of ceramic coated piston using finite element
software and reduce the effect of thermal stress. Prior to coating on piston crowns, La,0; is mixed at 10%, 20% and 30%
proportions with Mullite and plasma spray deposited on A356 aluminium alloy substrate with base coat of NiCr for
determination of best performing composition. The experimental test results from tensile test performed as per ISO — 1608
and adhesive test performed as per ASTM C633-79 confirms that 10% La,O; mixed with mullite produces improved
performance of 10% and 27% improved respectively. In addition, the temperature distribution study performed using Ansys
11 software for 10% La,O; mixed with mullite also produced 12% less thermal stresses during combustion operation in
comparison with uncoated pistons. Mullite - La,O; TBC coatings support in maintaining the combustion temperature and
supports in reduction of HC emission during operation. The reduction in thermal stresses of engine components significantly

improving the performance and its service life.
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Introduction

In any I.C. Engine, 2/3 of the energy produced in
combustion is lost due to cooling and as exhaust. TBC
coatings on high temperature exposed components like
turbine blades, piston rings, piston linings are proven to
improve the performance and reduce the losses. The
use of TBC on piston rings is proven to reduce the
thermal stresses caused due to temperature fluctuations
in operation and due to pressure of the combustion
gases. It is also proven to reduce the emission levels
after combustion [1-3]. The usage of TBC on the IC
engine components protects the inner linings of piston
and piston skirt from tribological properties and has
also been reported to reduce effect of knocking [4]. It
has been reported that there is an improvement in the
combustion temperature as high as 7% and longer
combustion time when TBC coatings are applied in IC
engine components [5].

The most promising TBC materials that are reported
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in recent years are:

a. Zirconates: Zirconates are most promisingly used
as TBC material because of the following properties
low thermal conductivity, good resistance to thermal
stresses and high thermal expansion coefficient.
The high thermal expansion coefficient causes
residual stresses in bonding region and causes
TBC delamination.

b. Yittria Stabilized Zirconia (YSZ): the following
properties high thermal expansion coefficient,
very low thermal conductivity and high thermal
stress resistance of YSZ makes it as a suitable
material for use as TBC

c. Mullite: Mullite is one of the most commonly
used ceramic materials as TBC because of its very
low density, high resistivity to corrosion and low
thermal conductance.

d. ALOs: Alumina has excellent resistance to chemical
reactions and has high hardness.

AlL,Os in comparison to YSZ has high thermal con-
ductance and low thermal expansion coefficient. Al,Os
mixed with YSZ increases its candidature as a better
performing TBC material than when used alone. When



264 B. Shreeram, M. Rajeshwaran, S.M. Jinnak®, S. Nandhakumar and T.Ch. Anil Kumar

compared to YSZ, mullite has most desirable properties
for use as TBC in automobile industry due to its very
low thermal expansion coefficient values. In addition,
Mullite has excellent resistance to oxygen and other
harmful chemicals [4].

The following factors to be considered before the

selection of a suitable TBC for IC engine application:

a. Use of a proper adhesion coat or bond coat: This
is because the wide difference in the thermal
expansion coefficient (o;) values of the base/
substrate material to the TBC material (a,) causes
delamination due to thermal stress. i.e for a top
coat of mullite as TBC with (o, = 4.5 x 10 K™)
with aluminium alloy substrate (a; = 8.2 x 107° K™)
[6]. Alternatively, a bond coat or adhesive coat is
required to enhance the adhesive strength of the
TBC coatings [7, 8].

b. Use of proper coating techniques: Currently there
are many techniques like electron beam physical
vapour deposition, plasma spraying, direct vapour
deposition, available for TBC coatings preparation.
Plasma spraying is proven to be most economical
[5].

c. Preparation of sample: the substrate material is to
be cleaned from any foreign agent presence. Also,
the substrate has to be sand blasted to a specific
roughness value for better adhesion [9].

d. Evaluation of bond/adhesion strength, microstructure
of coatings, micro hardness of coatings and corrosion
resistance properties [10].

Normally, Ai-Si alloy is used as piston material.
Inclusion of certain proportion of Mullite in Al-Si alloy
has become more common in automotive sectors. This
ceramic material which when used as insulating material
retains the in-chamber temperature and thereby increasing
the engine performance and reduces the need for
reduction in intake temperature. Plasma spraying has
been proven to be a more reliable and economical method
of creating more dense and uniform TBC coatings on
engine components for less power and time [11, 12].
Additionally, these coatings enhance the tribological
properties of the component. The simulation study of
Zircon as TBC material on piston crown has reported
to have 6% and 11% improvement in brake thermal
efficiency when compared to uncoated piston [13].

In the recent years, use of Yittia Stablised Zirconia,
Mullite and Mullite Stablised Zirconia as TBC coatings
for Al- Si alloy pistons. It has been observed that Mullite
based TBC coatings are reliable and economical. The
Mullite coatings directly on Al-Si alloy base causes
crack propagation. The vast difference in coefficient of
thermal expansion between Mullite coatings (o, = 4.5
x 107° K™') and Al alloy (a; = 8.2 x 10° K™') causes
glassy phases at joining phase which causes cracking
during thermal aging [14-19]. The use of a NiCr bond
coat (of <150 pm) between the top coat and the

Aluminum substrate reduces the crack propogation [10,
20]. It has been reported that the bond coat supports in
improving the corrosion resistance and improves
adhesion at higher operating temperatures. The bond
coat additionally reduces the thermal stress arising
between the bond caot and the substrate during operation
[3, 21-24]. It has been reported that 3A1,0;:2Sio, —
La,O; plasma sprayed, T6 treated Aluminum substrate
with NiCr bond coat exhibited 1.6 times hardened and
1.2 times adhesion strength values when compared
with ZrO, coatings [20].

Alternatively, the use of NiCr between Mullite and
Al base reduces the coating performance [7, §]. In this
research article, A356 Al alloy substrate is thermal
sprayed with MiCr intermittent coating of 150 pm
thickness and over coat of Mullite — ZrO, (MZ) / Mullite
— LayOs; (ML) of 150 pm thickness. The ML and MZ
coated substrate is tested for its tensile and adhesion
strength and compared. The best performing coatings
were selected for numerical analysis on aluminium
piston crowns using Ansys software.

Experimental Work

In this research article, double layered coatings of
NiCr intermittent bond coating of 150 um thick and
over coat of Mullite — ZrO, (MZ) and Mullite - La,Os
(ML) coatings 150 um thick on A356 aluminium alloy
treated to T6 condition using thermal plasma spraying
was produced. The Mullite — ZrO, (MZ) and Mullite -
La,O; (ML) were mixed with mullite at 10%, 20% and
30% by weight and thermal spray coated on A356
Aluminium alloy substrate. The double layered MZ /
ML substrates after coatings were subjected for tensile
strength testing using UTM of 200 KN capacity in
accordance with 1SO-527; and adhesive strength was
carried out on UTM as per ASTM C 633-01 standards.
The tensile test and adhesive test results were compared
and the best performing MZ and ML composite
coatings are selected for evaluation of residual thermal
stress using numerical method study in Ansys.

Materials and Methods

Substrate Preparation

Aluminium A356 billets are selected for substrate
preparation. The billets are melted using induction
furnace and cast in die moulds to required size. The
samples is quenched and allowed to age harden upto
T6 condition. The samples are then cut into required
shapes for adhesion a tensile study as specified in
standards. The substrate surfaces were prepared to a
roughness value of 100 um for coatings using 20 um
alumina grits, at 0.5 Kg/min, at perpendicular to surface
with an air pressure of 45 pounds per square inch at
100 mm stand-off distance [9]. The substrates were
preheated for better adhesion at 300 °C using induction
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Fig. 1. Tensile bars before coating.

Fig. 2. Tensile bars after coatings.
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Fig. 3. Schematic diagram showing bilayered coated bars.

furnace for 1 hr [25, 26]. Two types of substrates were
prepared a. 6 samples for tensile testing per ISO 1608
standard, b. 6 samples of 25.4 mm diameter and 50
mm length were prepared for adhesion test (as shown
in Figs. 1 to 3).

Coating Preparation

In this research article, industrial grade NiCr, Zirconium
oxide, Lanthanum oxide, Al and Si were used for
preparing MZ and ML coat on A356 Al alloy substrates.
The composition preparation table for over coat is
listed in Table 1. The intermittent coat for bonding is
prepared at 80% Nickel: 20% Chromium of alloy
number — 43VF with particle size of 325 um. The alloy
has excellent resistance to tribological properties —
wear and oxidation upto 1,000 °C.

Plasma Process

The plasma spray coating of NiCr intermittent bond
coat — 150 um thick and over coat of Mullite — ZrO, and
Mullite - La,O; coatings 150 um thick on A356
aluminium alloy was processed using 15kW plasma torch.
The plasma spraying parameters are listed in Table 2 [27].

Table 1. Over Coat Composition

Composite Weight distribution (in %)
MZ -1 90% of Mullite + 10% of ZrO,
MZ -2 80% of Mullite + 20% of ZrO,
MZ -3 70% of Mullite + 30% of ZrO,
ML -1 90% of Mullite + 10% of La,O;
ML -2 80% of Mullite + 20% of La,0O;
ML -3 70% of Mullite + 30% of La,O3

Table 2. Thermal Spraying Parameters

Parameter Specification
Operating power 15000 W
Carrying gas Argon and H
Carrying gas flow 20 Ipm
Exposed time 300 Sec
Stand off distance 150 mm.

Results and Discussion

Tensile Strength Test

The results of tensile test performed as per ISO —
1608 of the double layered MZ and ML coated
specimen are listed in Table 3. The tests were performed
to determine the improvement in the tensile of the MZ
and ML coated with uncoated test bars. It is commonly
reported that ceramic materials has poor tensile strength
and good compression strength. e.g. alumina has tensile
and compressive value of 1,100 MPa and 2,400 MPa
respectively. The results of MZ/ML coated specimen
confirms better in the tensile strength.

Adhesive Strength Test

The MZ and ML coatings are coated on the top
surface of cast Al bars of 25.4 mm diameter and 50
mm height. The coated surface is glued using adhesive
and cured in an oven at 170+ 6 °C for 90 min. The
cured samples were tested in UTM machine and the
results of the adhesive strength of MZ and ML double
layered coatings determined as per ASTM C633-79 are
shown in Table 4. The adhesive strength results of MZ
coatings were incremental when the % of ZrO, is increased
from 10% to 30%. The inter-granular coarsening of ZrO,
grains is decreased as the ALO; % is increased. It is
because the Al,O; content restrain and impede the
growth of ZrO, is reported to be the reason [28-30]. The
results of ML coatings were decrementing as the La,O;
is increased in weight. The formation of glassy phase at
the boundary is reported to be the reason [20, 30].

Salt Spray Test

The MZ and ML coated and uncoated specimen
samples of 1” diameter were subjected to corrosion test
as per ASTMB117 using environmental chamber (make:
ASCOTT CCT — 2000IP). The operating conditions of
the environmental chamber are temperature at 35 °C,
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Table 4. Adhesion values of MZ / ML coatings

Coatings Bond strength = L/A
MZ -1 9 MPa
MZ-2 9.5 MPa
MZ -3 9.7 MPa
ML -1 11 MPa
ML -2 9 MPa
ML -3 8.5 MPa

Sodium chloride of pH value 6.7, pressure at 15 psi,
atomizer spray at 1.5 mL/hr. The specimens were tested
continuously for 100 hrs. The samples after testing were
evaluated using optical microscope (Fig. 4). It has been
observed that due to the presence of ceramic coatings
the formation of oxides or infiltration in the specimen
were not evident [31-33].

Micro-hardness Test

The hardness values of the MZ and ML coated
specimen were evaluated as per IS 1501:13 using
Micro Vickers indenter (make: Wolpert, Germany) and
represented in Fig. 5. The average hardness values of
MZ and ML coatings with NiCr bond coat values were
observed to be at 10.7 to 12.8 GPa and 12.7 to 13.7
GPa respectively. The hardness values of ML coatings

Fig. 4. ML and MZ Test specimens after salt spray test for 100
hrs (O as MZ1, G as MZ2, C as MZ3 and N as ML1, M as ML2
and D as ML3 coatings).
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Fig. 5. Micro hardness values of MZ and ML coated test
specimens.

were 8% more than the traditional MZ coatings [34,
35]. The improvement in the hardness values is a clear
indication that the solidification and dense coating
formation [36-38].

Thermal Analysis

A model is being developed for thermal analysis in
Ansys software with intermittent NiCr and ML over
coat. The thermal analysis is carried for determining
the Heat transfer rate and followed by structural
analysis. The Aluminium alloy piston used in Kirloskar
DM10 single cylinder water-cooled four stroke direct
injection engine piston is modelled in Ansys workbench.
The ML1 coating is selected as the best performing
composite as per the results from Table 3 and 4. The
piston crown is modelled in thermal environment with
intermittent coat of NiCr (150 pm) and over coat of ML
(150 pm). The model of the piston is shown in Fig. 6.

Fig. 6. FEM model of Aluminium alloy piston.

Table 5. Thermal analysis result from Ansys software

Sample Stress Deformation

(MPa) (m)
ML1 Composite Piston 290 0.272 x 10*
Uncoated Piston 331 0.273 x 10*

EEE

Fig. 7. Thermal stress of uncoated Aluminium alloy piston.
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Fig. 8. Thermal stress analysis of ML1 coated Aluminium alloy
piston.

The heat transfer coefficient 800 x 10° and the
combustion temperature 650 °C were obtained from
literature reported [30, 39]. The temperature at piston
crown arising as a result of convective heat transfer is
around 250° C and at the piston base is lesser by 50 °C
[40-41]. The heat transfer study of double layered NiCr
intermittent coat and ML1 over coatings on Al alloy
piston are compared with uncoated pistons. The results
are shown in Table 5 and Figs. 6 to 8.

Conclusion

The numerical thermal stress analysis results of ML1
coated piston are lower than the uncoated pistons in
terms of the deformation and residual stress values.
The deformation arising due to residual stresses during
operation is lower for ML1 coatings in comparison
with uncoated pistons. The coupled analysis, confirms
that ML1 coated double layered TBC helps to increase
the operating temperature of the piston.
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