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Abstract 
 
The automotive industry has traditionally used ceramic honeycomb substrates as catalyst carriers. The long-term durability of a pas-

senger car’s converter is assessed by examining the thermal stresses resulting from the temperature variations experienced under various 
driving conditions. These thermal stresses constitute the majority of the total stress that the ceramic catalyst substrate experiences while 
in service. The radial and axial temperature distributions were measured, and the thermal stress was calculated by using the thermal 
expansion coefficient according to the measured temperature. The threshold stress was determined from the fatigue constant, the required 
lifetime and the duration of the short term strength tests. The radial temperature variation was higher than the axial temperature variation, 
and the axial stress was higher than the radial stress because the thermal stress is dependent on the elastic modulus. The radial and axial 
stresses exist below the threshold thermal stress over the entire engine speed range. 
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1. Introduction 

Stringent emissions regulations, such as those for national 
low emission vehicles (NLEV), ultra low emission vehicles 
(ULEV) and super ultra low emission vehicles (SULEV), 
have led to the development of advanced ceramic substrates, 
washcoat and catalyst formations along with robust packaging 
designs and engine control systems [1, 2]. Ceramic catalyst 
substrates, which directly purify the exhaust gases, should 
keep the noxious exhaust gases below the allowable values. 
Also, the ceramic catalysts need to have a tight thermal dura-
bility in order to perform their role of purifying the exhaust 
gases at high temperatures [3-5]. Since 1990, the Korean ex-
haust emissions regulations have demanded vehicles have a 5 
year (80,000 km) durability, and in 2000 this requirement was 
raised to a 10 year (160,000 km) durability [6, 7]. In particular, 
the catalyst and electronic control units and their related parts 
must have a 7 year (120,000 km) durability. Therefore, the 
thermal durability of the catalysts is essential in order to pre-
vent their degradation and to preserve their life cycles. 

Ceramic catalyst substrates can be subject to mechanical 
stresses due to incorrect mounting, vibration stresses resulting 
from the engine and road introduced shocks and impact 
stresses as a result of stones hitting the vehicle. The thermal 

stress, in three-way catalyst substrates, contributes substan-
tially to their total stresses, and hence significantly affects the 
substrate durability. Also, the stress-induced corrosion mecha-
nisms within the substrates lead to a gradual loss of strength 
over their service lives. Therefore, the designs for the thermal 
durability of the ceramic substrates must consider both the 
cycle-dependent degradation and the stress-induced corrosion 
mechanisms. It is necessary to determine an estimate of the 
ceramic substrate’s dynamic fatigue life in order to evaluate 
their thermal fatigue and stress corrosion cracking syntheti-
cally [8]. 

Gulati et al. proposed that under a uniform temperature for 
the central region and the outer surface, radial and axial 
stresses in diesel particulate filter could be obtained by FEA. 
These stresses were not very real because the temperature 
exceeded the operating temperature of diesel engine exhaust 
pipe [9]. Cho et al. [10] presented new substrate material to 
prevent ceramic catalyst substrate from premature failure. The 
safety of Taguchi-optimized three-way catalyst was 4.7 times 
higher than that of existent three-way catalyst. FEA results of 
thermal stress in cordierite ceramic substrate showed that 
circumferential and axial stresses at high engine speed ex-
ceeded design stress. These methods can provide analytical 
solutions for ceramic catalytic substrate but not experimental 
solutions [11]. 

In this paper, the mechanical properties and the temperature 
distributions of ceramic catalyst substrates for domestic pas-
senger cars were measured. From these results, the thermal 
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durability of the ceramic catalyst substrates has been evaluated 
experimentally using a dynamic fatigue life model. 

 
2. Experimental setup and procedure 

2.1 The structure of the three-way catalytic converter 

The ceramic catalyst includes a multicellular monolith body 
with a honeycomb structure made of cordierite and a coating 
consisting of theta alumina synthesized in situ on the multicel-
lular monolith body. The in situ theta alumina is strongly 
bonded with the multicellular monolith body and comprises at 
least 50% by weight of the washcoat layer, and preferably 
greater than 90% by weight. 

Fig. 1 shows the structure of a ceramic catalyst converter in 
a gasoline engine (engine model type: NEW SIRIUS, engine 
code: G4CP) and Table 1 shows the geometric properties of a 
square cell honeycomb substrate. 

 
2.2 Temperature measurements 

Table 2 shows the specifications of the gasoline engine used 
in this study and Table 3 shows the test conditions of the en-
gine, in which the speed is controlled in the absence of both 
wind and engine torque. 

Fig. 2 shows the schematic of the test equipment used to 
make the temperature measurements. This setup consists of a 

gasoline engine, a three-way catalyst, a temperature measure-
ment system and an exhaust gas measurement system. The 
exhaust gas temperature is measured at the inlet and the outlet 
of the three-way catalyst substrates. K-type thermocouples 
were installed on the can of the three-way catalytic converter 
by using stainless steel wire with a diameter of 1 mm. We 
assumed that the exhaust gas flow is axially symmetric. The 
thermocouples are placed on the inlet and the outlet of the 
1/4 catalyst substrate model, and the durability is evaluated via 
the steady state temperatures. 

 
3. Thermal stress analysis 

Fig. 3 shows a thermal stress analysis model within the ce-
ramic substrate. Axial stress is produced when the axial tem-
perature distribution is not equal. If the axial stress exceeds the 

 
(a) Three-way catalytic converter 

 

 
(b) Ceramic substrate 

 
Fig. 1. Structure of the three-way catalytic converter. 

 

Table 1. Geometric properties of the square cell honeycomb. 
 

Item Specification 

Manufacturer Corning Inc. (USA) 

Major diameter 148.4 mm 

Minor diameter 83.7 mm 

Front length 96 mm 

Rear length 77 mm 

Cell density 62 cell/cm3 

Cell pitch 1.326 mm 

Channel width 1.085 mm 

Wall thickness 0.241 mm 

Open frontal area 75.7% 

Geometric surface area 27.4 cm2/cm3 

Hydraulic diameter 0.1105 cm 

Total pore area 17.993 m2/g 

Average pore diameter 0.0508 μm 

Porosity 36.5% 

 
 

Table 2. Specifications of the gasoline engine. 
 

Item Specification 

Engine type SOHC, 4-cylinder 

Displacement volume 1997cc 

Bore×Stroke 58 mm×88 mm 

Compression ratio 8.6 : 1 

Max. power 115 PS/5000 rpm 

Max. torque 177 Nm/45 rpm 

Firing order 1-3-4-2 

Idle engine speed 750±100 rpm 

 
 

Table 3. Test conditions for the thermal mapping of the oval converter.
 

Engine speed
(rpm) 1000 1800 2700 3600 4500 5400
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axial modulus of rupture (MOR), a ring-off crack forms 
within the catalyst substrate surface [7, 12]. This ring-off 
crack tends to propagate inward because the catalyst substrate 
undergoes a repetitive thermal cycle. Also, when the radial 
temperature distribution is not equal, a corresponding radial 
stress is produced, and if this stress exceeds the radial MOR, a 
subsequent tangential crack appears in the outer surface. This 
tangential crack propagates in the radial direction because the 
catalyst substrate undergoes a repetitive thermal cycle.  

Fig. 4 shows the orientation of the thermal stresses in the 

catalyst substrate. These thermal stresses due to the radial and 
the axial temperature variations are classified in the following 
section. Axial and tangential thermal stresses are calculated by 
simple elasticity theory and the constants or coefficients in the 
following equations are cited in the text of the Gulati paper 
[13]. We will illustrate their uses by assessing thermal stress in 
ceramic catalyst substrate. 

 
3.1 Thermal stress ( rσ ) for temperature difference in the 

radial direction 

When the radial temperature variation is present, but there is 
no axial temperature variation, the maximum thermal stresses 
in the catalyst substrate surface are as follows [13]: 
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Fig. 2. (a) Schematic of the test equipment for the temperature distribu-
tion characteristics; (b) Temperature measurement locations of three-
way catalyst substrate. 
 
 

 
 
Fig. 3. Thermal cracking patterns in the oval ceramic substrate. 
 

 
 
Fig. 4. Orientation of the thermal stresses. 
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3.2 Thermal stress ( zσ ) for temperature difference in the 
axial direction 

When an axial temperature variation is present, but there is 
no radial temperature variation, the maximum thermal stresses 
in the catalyst substrate surface are as follows [13]: 
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where / inletL LΔ is the thermal expansion value of the inlet, 

/ midbedL LΔ is the thermal expansion value at the average 
temperature between the inlet and the outlet, which can be  
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4. Test results and summary 

4.1 Effect of temperature on the mechanical properties of 
the substrate 

Gulati et al. measured the elastic modulus, the thermal ex-
pansion coefficient and MOR over a wide temperature range 
(25℃-1000℃) in both the radial and axial directions [14]. 
These data are summarized in Figs. 5, 6 and 7. The thermal 
expansion coefficient creates a state of compressive strain 
below 400℃ but transitions to a state of tensile strain above 
400℃. The elastic modulus increases with temperature, up 
until 500℃ but does not increase further as the temperature 
rises above 500℃. These results from the ceramic catalyst 
substrates indicate that the high temperature strain resistance 
is much higher than the low temperature strain resistance, and 
therefore the atomic diffusion of the substrate is stabilized, 
even as the substrate is exposed to a high temperature state. 

The MOR values increase with temperature, indicating that 
the atomic diffusion of cordierite ceramics is not activated 
within this test temperature range. This substrate has its lowest 
MOR value at 200℃ and the operational temperature of the 
three-way catalysts for passenger cars ranges from room tem-
perature up to 600℃. If this substrate is used as the three-way 
catalyst for passenger cars, then the MOR value at 200℃ 
should be set by the substrate’s design strength. 

 
4.2 Temperature distribution 

Fig. 8 shows the inlet and outlet temperatures varying with 
time in the catalyst substrate. The inlet temperature is higher 
than the outlet temperature when the engine is first switched 
on, but after a thermal steady state has been reached, the outlet 
temperature is higher than the inlet temperature. Also, when 
the engine is first in operation, the heat transfer within the 
front substrate is activated before the heat transfer within the 

rear substrate, because the engine exhaust gas flows from the 
front substrate to the rear substrate. After a time period be-
tween 87 and 847 seconds of engine operation, the rear sub-
strate temperature is higher than the front substrate tempera-
ture. This situation is continuously maintained throughout the 
steady state operation of the engine. 

Clarkson et al. [15] proposed that heat transfer occurs be-
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Fig. 5. Variation of the elastic modulus with temperature. 
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Fig. 6. Thermal expansion curves for the radial and axial directions 
during heating. 
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Fig. 7. Variation of the MOR with temperature. 
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tween the exhaust gas and the substrate before the catalyst 
activation. The inlet temperature is higher than the substrate 
outlet temperature, which results in a chemical reaction be-
tween the exhaust gas and the substrate hard to understand 
substrate inlet. Therefore, before the catalyst activation, the 
substrate inlet temperature is higher than the substrate outlet 
temperature. However, after the catalyst activation, the cata-

lyst receives the heat from both the engine exhaust gas and the 
catalyst chemical reaction heat together. The substrate outlet 
temperature is now higher than the substrate inlet temperature 
after this thermal activation. 

Fig. 9 shows the radial temperature distribution at each en-
gine speed, where the average temperature increases with the 
engine speed rate. The maximum radial temperature variation, 
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(a) 1,000 rpm 
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(b) 3,600 rpm 
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Fig. 8. Variation of the temperature with time. 
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Fig. 9. Variation of the temperature with radial distance. 
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Fig. 10. Variation of the temperature with axial distance. 
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56.8℃/m, occurs in the minor axis direction at an engine 
speed of 1,800 rpm. The temperature variation for engine 
speeds greater than 1,800 rpm is lower than the value obtained 
at 1,800 rpm. The engine does not receive any wind flow dur-
ing the tests; therefore, there is no forced convection from the 
air on the three-way catalyst. 

Fig. 10 shows the axial temperature for different engine 
speeds. The maximum axial temperature variation, 41.7℃/m, 
occurs at an engine speed of 4,500 rpm. This maximum axial 
temperature variation is lower than the maximum radial tem-
perature variation. 

 
4.3 Thermal durability 

Fig. 11 shows the schematic variation of the thermal stress 
in the peripheral region during the full load and the idle por-
tions of the engine’s operational cycle. The catalytic converter 
experiences stresses during its service, whose magnitude and 
location vary with the engine load. If the magnitudes of these 
stresses exceed the allowable thresholds, fatigue may set in 
and weaken the ceramic substrate as a result of the slow 
propagation of the surface flows. The structural ceramic parts 
will experience stress corrosion cracking, and their strength 
decreases gradually with time if they are exposed to water or 
other specific chemical substances. This concept cannot be 
explained by the existing fatigue theory, but the safety of the 
ceramic substrate is estimated by the power law model of 
fatigue [16]. This is mathematically given by 
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where thσ denotes the allowable long-term stress, MOR de-
notes the short term strength from the 4-point bending tests, 

st is the duration of the short term strength test, lt is the re-
quired lifetime and n is the fatigue constant of the cordierite 
ceramics used. 

Gulati et al. [17] proposed a fatigue constant of cordierite 

ceramics of 24, but this is the mean value from several tests. 
The fatigue constant uses the minimum value of 20.7 from 4-
point bending tests in order to secure the stability of the ce-
ramic substrate. The threshold thermal stress is determined by 
substituting the fatigue constant of 20.7 into Eq. (5). Recalling 
that the typical life warranty for the converter package in a 
passenger car is 120,000 km, and assuming an average vehicle 
speed of 80 km/h, a value is obtained for lt  of 1,500 hrs or 
5,400,000 seconds. The threshold thermal stress thσ is deter-
mined by substituting st = 30 seconds, n = 20.7 and lt = 
5,400,000 seconds into Eq. (5) and gives the following result: 

 
0.48th MORσ ≤ . (6) 

 
Thermal fatigue damage is produced in the ceramic sub-

strates if the radial and axial stresses exceed 48% of the MOR. 
The substrate skin temperature at 5,400 rpm is 710.7℃. Dur-
ing these tests, the radial and axial MOR is 1.6 MPa and 3.8 
MPa, respectively. Therefore, the radial and axial threshold 
stresses can be estimated as 48% of radial and axial MOR and 
are 0.8 MPa and 1.8 MPa, respectively. 

Fig. 12 shows the radial and axial stresses as functions of 

 
Fig. 11. Thermal fatigue and the threshold strength. 
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Fig. 12. Estimation of the thermal durability in the ceramic substrate.
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the engine speed. The threshold stresses at each engine speed 
are also shown, and the axial stress is higher than the radial 
stress. From Figs. 5, 9, 10 and 12, the thermal stress has a 
greater dependence on the direction of the elastic modulus 
than the direction of the temperature variation. However, the 
radial stress for engine speeds greater than 4,500 rpm ap-
proaches 86% of the threshold stress. If the substrate is esti-
mated by the thermal stress model in this study, then the radial 
and axial stress must be considered at the same time, because 
the radial and axial temperature distributions are not the same. 

 
5. Conclusions 

The thermal durability of the ceramic substrate for a three-
way catalytic converter has been evaluated with the dynamic 
fatigue life model. The results of this evaluation are as fol-
lows: 

(1) The radial temperature variation was higher than the ax-
ial temperature variation in the substrate. 

(2) The radial and axial threshold stresses of ceramic cata-
lyst substrate are estimated as 48% of radial and axial MOR. 

(3) The thermal stress had a higher dependence on the di-
rection of the elastic modulus than on the direction of the tem-
perature variation. The axial stress was higher than the radial 
stress. 

(4) The radial and axial stress did not exceed the threshold 
stress for all of the tested engine speeds. At speeds greater 
than 4,500 rpm, the radial stress approached 86% of the 
threshold stress. 

(5) The substrate must be estimated by the radial and axial 
stress at the same time because the radial and axial tempera-
ture distributions are not the same. 
 

Nomenclature------------------------------------------------------------------------ 

NLEV : National low emission vehicles 
ULEV : Ultra low emission vehicles 
SULEV : Super ultra low emission vehicles 
MOR : Modulus of rupture 

 
Notation 

rσ  : Radial stress 
zσ  : Axial stress 

cT  : Temperature of central zone 
oT  : Temperature of outer zone 

K  : Elastic modulus ratio 
ijν  : Poisson’s ratio 

/ inletL LΔ  : Thermal expansion value of the inlet 
/ midbedL LΔ  : Thermal expansion value at the average tem-

perature between the inlet and the outlet 
thσ  : Allowable long-term stress 

st  : Duration of the short term strength test 
lt  : Required lifetime 

n : Fatigue constant 
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