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While there have been numerous research papers in recent years describing the theoretical benefits obtained
from the use of ceramic components in reciprocating engines, the amount of literature that describes
practical results is very limited. Although successes have been reported and ceramic components are now in
service in production engines, mainly for reduced in-cylinder heat rejection, many researchers have
experienced failures or a drop in engine performance. This article presents the work completed on a low
heat rejection engine. Extensive experiments were conducted on a three-cylinder S| Daihatsu engine with
piston crowns coated with a layer of ceramic, which consisted of yttria-stabilized zirconia (YSZ). Measurement
and comparison of engine performance, in particular fuel consumption, were made before and after the
application of YSZ coatings deposited onto the piston crowns. The details of the cylinder pressures during
the combustion process were also investigated.

Keywords automotive tests, low heat rejection, partially stabilired ~Créase in mechanical and thermal stresses. In particular, for the
Zr0,, thermal barrier coatings, thermal engine tests, latter, durability concerns for the materials and components in
ZrO,-8%Y0;, the engine cylinders, which include piston, rings, liner, and

cylinder head, limit the allowable in-cylinder temperatures. The
. application of thin TBCs to the surfaces of these components en-
1. Introduction hances high-temperature durability by reducing the heat transfer
and lowering temperatures of the underlying miétal.
Thermal barrier coatings (TBCs) were used to simulate adiabatic  In this article, the main emphasis is placed on investigating the
engines with the intention not only for reduced in-cylinder heat effect of a TBC on the engine fuel consumption with the support
rejection and thermal fatigue protection of underlying metallic of detailed sampling of in-cylinder pressure. The optimization of
surfaces, but also for possible reduction of engine emisiiins.  the engine cycle and the exhaust waste heat recovery due to a pos-
The application of TBCs reduces the heat transfer to the enginesible increase in exhaust gas availability were not investigated in
cooling jacket through the combustion chamber surfaces (whichthis study. Emission measurements of unburned hydrocarbons
include the cylinder head, liner, and piston crown) and piston and carbon monoxide were also conducted in this study. The re-
rings. The insulation of the combustion chamber with this coat- sult of the latter is not included in this article because the differ-
ing, which is mainly ceramic based, influences the combustionence before and after the application of a TBC is trivial, which is
process and hence the performance and exhaust emissions chaiiso within the resolution of the emission analyzer.
acteristics of the enginé&s!® The former is easily understood
from the first law of thermodynamics, although the reduced in-
cylinder heat rejection may not favorably convert into a useful 2. Zirconia Ceramics and TBCs
mechanical work but rather as an increased waste heat in the en-

gine exhaust. The latter is extremely complicated because the inzjrconia ceramics have attracted much attention since their dis-
creased air (or fuel-air mixture) temperature, due to the TBC covery, and the materials, which are very strong and tough at room
(before the onset of combustion), could alter the ignition char- temperature, can be made by control of the phases. Understanding
acteristic of the fuel-air mixture and its subsequent reaction of the phase transitions is crucial to appreciate the properties of
meChanism, which are direCt'y related to the exhaust emiSSiOﬂ&irconia ceramics. Zirconium dioxide (Zmas a monoclinic
characteristics. Moreover, the thermophysical properties of thecrystallographic structure at ambient temperatures. Upon raising
coated ceramic and its surface roughness and porous charactethe temperature, the oxide undergoes the phase transitions from
istic, either the pore size or porosity, have a direct influence onmonoclinic to tetragonal with a transitional temperature of
unburned or partially burned hydrocarbons through the surface1170°C. From tetragonal to cubic, the transition temperature is
quenching effect and their residence in the p&té3. 2370°C. At 2680°C and above, the material melts. The transfor-
The desire to increase thermal efficiency or reduce fuel con-mation from tetragonal to monoclinic phase with decreasing tem-
sumption of engines makes it tempting to adopt higher com- perature at approximately 1170 is quite disruptive and renders
pression ratios, in particular for diesel engines, and reducedpyre ZrQ unusable as a high-temperature structural ceramic. This
in-cylinder heat rejection. Both of these factors lead to an in- disruption is caused by a 6.5% of volume expansion upon trans-
formation from tetragonal to monoclinic phase, a change which
S.H. ChanandK.A. Khor, School of Mechanical and Production ~could cause structural failure of any ceramic coating.
Engineering, Nanyang Technological University, Singapore 63 9798, The ZrQ forms solid solutions with aliovalent oxides includ-
Singapore. Contact e-mail: mkakhor@ntu.edu.sg. ing CaO, MgO, and YO; and the rare earth oxides. This can be
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achieved by intimate mixing of the powders, in this case the ZrO the thermal loading of the others due to the increase in gas tem-
and Y,Os; pressing to form a solid body; and sintering at a tem- perature. Extension of surface coating to other parts of the engine
perature sufficiently high to promote the interdiffusion of the components is under exploration.

cations. These solid solutions behave differently from purg ZrO

because the high-temperature phases, tetragonal and cubic, tend .

to stabilize at temperatures lower than 1170 and 2870e- 3. Experimental Setup

spectively. Hence, doping of the previously mentioned aliovalent

oxides serves as the stabilizing agent for the zirconia. In fact, with A fully instrumented Sl Daihatsu (Daihatsu, Japan) engine was
the addition of a sufficient fraction of stabilizer, the cubic phase mounted on a computer-controlled engine dynamometer. Table 1
could be stabilized at ambient temperatures. The addition of 9%tabulates the specifications of the engine, while Fig. 1 shows the
mole fraction of yttria (YO3) or more to Zr@will result in fully schematic of the overall arrangement of the engine test bed.
stabilized zirconia (FSZ), which has the cubic structure atalltem-  To appreciate the effect of a TBC on engine performance, in
peratures from ambient upward. Addition of 6% mole fraction of particular fuel consumption, obtaining engine indicator diagrams
Y,0; or less generates partially stabilized zirconia (PSZ), which is necessary. A 10-mm water-cooled piezoeletric pressure trans-
consists of the cubic matrix with dispersed tetragonal or mono-ducer was used to measure the dynamic cylinder pressure. Unfor-
clinic precipitates, or both, depending on the temperature history.tunately, the compact cylinder head design of the production
The selection of FSZ or PSZ for a TBC is important. When a

crack forms i_n the coated material,_ the high stress c_oncentrat_ionl-ame 1 Specifications of the engine

at the crack tip transforms the precipitates near the tip to the high

volume monoclinic phase due to the pressure dependence of theype Gasoline, four cycle
tetragonal-monoclinic transformation. The increase in volume . . . Lo

. . . . ylinder number and Three cylinder in-line,
associated with this transformation reduces the stress at the crackangement mounted transversely
tip and hence results in high strength and toughness. In this projcylinder liner type Integral with cylinder block
ect, PSZ is adopted because of the previously mentioned advantotal displacement, cin 993
tage. The 8vol.%Y0,, which is equivalent to 4.53%M fraction, CB:grrﬁ;rsetsrgilf)? gg(‘) 76‘97g
was adde_d to the ZgGn thls_, study. Before applying the T_BC Intake and exhaust layout Cross-flow
onto the piston crowns, a thickness of fi@®of a new setof pis-  gngine dimensions
ton crowns was machined off. A bond coat of 160 and a (length by width by height), mm 566530 % 636
yttria stabilized zirconia (YSZ) coat of 45n were then applied ~ Engine weight, kg 92
onto the piston crown by plasma spraying using a robot arm. The\Umber of piston rings Cog‘iﬁ’rrienss"i” fing, 2
application of a TBC is only restricted to the piston crowns in this y/a\e clearance [Hot], mm mtafé’ 0.2
context because the surface constitutes a major part of the com- Exhaust, 0.2
bustion chamber surfaces exposed to high-temperature gase&arburetor Type, two barrel
The authors posit that when thermal insulation is applied only to Throttle valve diameter, mm, 28, 32

. . . ; Venturi diameter, mm, 18, 25
a certain part of the combustion chamber, it would surely increase entur diameter, mm

.
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Fig. 1 Schematic of engine test bed arrangement
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engine does not allow the transducer of this size to be directlyhence, the pressure increase, can be explained by the kinetic the-
mounted on it because no fill space is available for such installa-ory. However, the increase in peak cylinder pressure is not just due
tion. To fix the transducer, an adapter mounting was fabricated. Tao postignition low heat rejection; the better insulation actually al-
draw the pressurized gas out of the combustion chamber, a 2-mntered the ignition characteristics, which had a great impact on the
through-hole was drilled into the third cylinder at the rear of the combustion process and increased peak cylinder pressure.
cylinder head (Fig. 2), the only place suitable for the mounting of  Figure 4 compares the results obtained from both the baseline
the adapter and bypassing of the water jacket of the cylinder headand TBC piston tests. In general, the TBC piston tests showed
In addition to pressure measurement, a. crank shaft encodelower exhaust gas temperatures, which, combined with the re-
was used to trigger the acquisition of the pressure signal and alssults shown in Fig. 3, positively indicated that the performance
to provide crank positional information. The shaft encoder pos- of the engine would be improved. The increased peak cylinder
sessed a resolution of 0drank angle{CA); however, the data  pressure and reduced exhaust gas temperature in the TBC piston
acquisition was set at a sampling rate of°CA. tests would mean that the net work output of the engine im-
In this experiment, a nondispersive infrared (NDIR) ana- proved, which has been confirmed by good expansion of gases
lyzer and flame ionization detector (FID) measured concentra-in the cylinder before the exhaust valves open.
tions of carbon monoxide and unburned hydrocarbons (UHCs), Figure 5 shows the comparison of uHC concentrations be-
respectively. tween the baseline and TBC piston tests. For all cases, the uHC
The TBC was examined with scanning electron miscroscopy concentrations were higher in the TBC piston tests. The authors
(SEM) after the tests had been conducted, and the chemical comsuspected that the increase in uHC concentrations in the engine
position was analyzed with an energy dispersive x-ray (EDX) tailpipe was likely due to the higher surface roughness and
unit. Microhardness measurements were also taken on the polporosity of the ceramic coated piston crowns, which may have
ished cross section and surface. contributed to the porous quenching of the hydrocarbon fuel dur-
ing the combustion. Though it is just a small amount in parts per
) ) million level, the physical characteristics of the material used
4. Results and Discussion have yet to be optimized for practical application.
In the emission measurements, the tailpipe uHC and CO con-
Two sets of experiments were conducted and were named asentrations were conducted. It was discovered that the CO did
baseline tests and TBC piston tests, respectively, which coverediot vary much in either the baseline or TBC test. The variations
a wide range of engine operating spectra. In each set of tests, reatvere more or less within the resolution of the NDIR analyzer,
ings of engine speed, load torque, engine power, fuel consumptionywhich wast0.1 vol.% concentration, whereas the resolution of
exhaust gas temperature, gas emission concentrations, peak cylithe FID used was 1 ppm.
der pressure, and so on, were taken for engine speeds from 1000 to Figure 6 compares the brake specific fuel consumption be-
4000 rpm with an increment of 1000 rpm at 5, 25, 50, 75, and 90%tween the baseline and TBC piston tests. Results show that, in
relative to the maximum brake load of the baseline engine. Togeneral, the fuel consumption was lower in the TBC piston
avoid the engine variability due to cyclic dispersion of firing, tests for the same operating condition, with an improvement of
200 readings at a sampling rate of 1 Hz were taken, after the engingp to 6% at lower engine power. The self-optimized cycle ef-
had fully warmed k,up, for each operating condition, and the av- ficiency due to the altered ignition characteristics in the TBC
erage value was used. Figures 3 to 6 show the results collectivelypiston engine outnumbered the slightly reduced combustion ef-
Figure 3 shows the comparison of peak cylinder pressures beficiency with an overall improvement in thermal efficiency as
tween the baseline and TBC piston tests. The peak cylinder presa whole.
sure was obtained from the sampling of cycle cylinder pressure, Figure 7 presents the pressure distribution in the engine cylin-
which was the ensemble average peak value of 500 cycles takefer, typically at 4,000 rpm varying load conditions, fref80 to
consecutively at a sampling rate of 8€CA. Results show thatthe ~ 180°CA, which covers the compression, ignition, combustion,
peak values were significantly increased in the TBC piston testsand expansion of the charge. Analysis of the data point revealed
due to the low heat rejection at the cylinder walls. The increase inthat the ignition point of all TBC piston tests was slightly ad-
the temperature of the trapped gases in the combustion chambevanced relative to the baseline engine tests. The improved ig-
which caused the mean square velocity of the molecules andnitability of the fuel-air mixture with reduced ignition delay
caused more heat to be released before the top dead center of the
cylinders. The combined effect of the continuing compression
process and the increased heat release under improved thermal
insulation of the piston crowns raised the maximum pressure. As
the ignition advanced, there was an increase in thermal efficiency

H‘; ) due to the increase in the effective expansion stoke that produced
the positive work.
Cylinder Mounting Figure 8 shows the SEM view of a polished cross section of
iston adapter the TBC layer after the tests. An oxide layer was observed be-
Cylinder tween the YSZ topcoat an_d nickel-alloy bond coat. This was
wall found to be essentially a mixture of,@k and ZrQ with small
amounts of NiO and @D; as well, which indicates that oxida-
Fig. 2 External mounting of pressure transducer tion of aluminum, nickel, and chromium occurred during the
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tests. The overall microhardness value of the YSZ top layer ob-  this could be due to the porous quenching effect of the rough

tained was 41 26 HV. This value is typical of most as-sprayed TBC piston crowns, where oxidation of hydrocarbons was
TBC layers, indicating that the microhardness values of YSZ unable to be achieved by the combustion air.
were not affected by the test conditions. «  Sampling of cylinder pressures in the cylinders showed that

the ignition point of the TBC piston engine advanced slightly
relative to the baseline engine, indicating the improvement

5. Conclusions in ignitability and heat release before the top dead center,
which caused the peak cylinder pressure to raise.
The following conclusions can be drawn. *  While there was no apparent drop in microhardness, a layer

of mixed oxide formed between the YSZ top coat and nickel
alloy bond coat, indicating that oxidation of the aluminum
in the bond coat occurred during the engine tests.

 The TBC, using YSZ, applied to the combustion chamber
of the internal combustion engine showed some improve-
ment in fuel economy with a maximum of up to 6% at low
engine power.

«  The peak cylinder pressures were increased by a magnitud&eferences
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