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Photothermal investigation of the thermal shock behavior of alumina
ceramics for engine components
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The photothermal radiometric technique is used to measure the thermal properties of alumina
ceramic materials (96% Al2O3/3% SiO2/0.9% MgO) treated by applying high temperature and
high pressure, a process known as ASPRO conversion technology. Alumina ceramics subjected to
ASPRO treatment have shown much higher thermal shock resistance than corresponding untreated
ceramics. A theoretical model for thermal conduction in a three-layered sample, in which the
thermal resistance at grain boundaries is taken into account, is developed to interpret the
experimental data. The experimental results with both untreated and ASPRO treated ceramic
samples show that the improvement in thermal shock behavior is the result of the reduction of
thermal resistance between ceramic grain boundaries. The good agreement of the experimental
results to the three-layered theoretical model indicates that the thermal-wave behavior of these
samples is consistent with the presence of an inter-grain thermal boundary impedance which
controls the thermal shock behavior of the alumina ceramics. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1636531#
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I. INTRODUCTION

There is a growing demand for ceramic materials
serve in high temperature structural applications mainly
to their high melting point and excellent mechanical stren
at high temperature. Applications for advanced ceramic m
terials can provide significant savings, increase productiv
ease ecological problems, and expand product markets
the automotive industries, there is an increasing demand
lightweight materials with superior properties. Manufact
ing of advanced engines featuring high reliability, optimu
power, reduced emissions coupled with minimal fuel co
sumption has gradually led to the use of ceramics. Howe
applications are limited due to the catastrophic failure of
ramic materials when subjected to sudden change of t
perature~thermal shock!.1

To overcome this limitation, a material process nam
ASPRO Conversion Technology was developed at A
Spartec–AHCS, Inc. to transform highly dense bulk ceram
materials to a state with high thermal shock resistance w
out compromising the excellent mechanical strength, che
cal and wear resistance of ceramics. This transformation
be done by applying a particular combination of temperat
and pressure.2,3 For example, ASPRO treatment improve
the thermal shock resistance of alumina ceramic mate
from the critical temperature differences,DTc , of less than
300 °C to over 650 °C.2 However, the mechanism behind th
improvement of thermal shock resistance remains to be c
fied.

a!Author to whom correspondence should be addressed; electronic
bcli@mie.utoronto.ca
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In this article, we describe an application of phototh
mal diagnostics to obtain insights into the physical mec
nism~s! of the thermal shock resistance conversion of a
mina ceramics (96% Al2O3 , ;3% SiO2, and
;0.9% MgO) following ASPRO treatment. Various phot
thermal techniques have been developed and are widely
plied for thermal characterization of materials.4,5 For ceramic
materials, photothermal techniques have been used for de
and crack detection,6,7 thermal conductivity or diffusivity
measurements8–11 and mapping,12 microstructural depth
profiling,13 as well as thermal interfacial conductan
determination.14 Among these photothermal techniques las
photothermal radiometry~PTR! is an attractive candidate fo
measuring thermo-physical properties of solids.15 PTR has
been used in the past for thermal and optical character
tions of various materials including metals, semiconducto
ceramics, and biomedical materials.8,10,13,16–18A theoretical
model for thermal conduction in a three-layered sample
developed to interpret the experimental data. Thermal bou
ary resistance between ceramic grains is taken into acc
in this model. By fitting the experimental data to the theor
ical model it is found that the thermal boundary resistan
plays an important role in the improvement of thermal sho
resistance.

II. THERMAL CONDUCTION IN A THREE-LAYERED
SAMPLE

A theoretical model for a three-layered sample is used
describe thermal conduction in ceramic samples. Figur
shows the model schematically. The sample includes a
bon over layer for absorption of the laser excitation be
il:
2
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and infrared emission, a ceramic under layer with thickn
comparable to the mean size of the ceramic grains, an
semi-infinite ceramic substrate. The pump beam is tot
absorbed by the carbon layer. There exists a thermal bo
ary resistance between the ceramic under layer and the
ramic substrate. A continuously modulated laser beam i
minates the sample surface perpendicularly. Modulated
~a thermal wave! is created in the carbon layer and condu
into the ceramic layer and substrate. In the case of high
frared emission/absorption coefficient, the PTR signal is
rectly proportional to the temperature oscillation of the s
face of the carbon layer. The resulting surface tempera
rise is19

DT~z50,v!5
1

2E0

`

dddJ0~dr !$@A1~d!1B1~d!1E~d!#

3exp~ j vt !1c.c.% ~1!

with

A1~d!52~g11s1!~p21g2!E~d!/H~d!, ~2!

B1~d!52~g11s1!~p22g2!exp~22b1L1!E~d!/H~d!,
~3!

E~d!5
a~12R!P

2pK1

exp~2d2a2/4!

b1
22a2 , ~4!

where

H~d!5~11g1!@p21g2#2~12g1!@p22g2#

3exp~22b1L1!, ~5!

g15h/K1b1 , ~6!

s15a/b1 , ~7!

gi5Kib i /K1b1 ~ i 52,3!, ~8!

p25
11m2

12m2
, ~9!

m25
g22g3~12b!

g21g3~11b!
exp~22b2L2!, ~10!

b5K2b2Rth , ~11!

FIG. 1. Three-layered sample structure for the theoretical model.
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25d21 j v/Di ~ i 51, 2, 3!, ~12!

whereKi andDi ( i 51,2,3) are the thermal conductivity an
diffusivity of the carbon layer, the ceramic layer, and t
ceramic substrate, respectively;h is the heat transfer coeffi
cient of the surface.Rth is the thermal boundary resistanc
between the ceramic grain layer and the substrate.L1 andL2

are the thicknesses of the carbon layer and the ceramic la
respectively;a andR are the absorption coefficient and su
face reflectivity of the carbon layer at the excitation wav
length, respectively, andP anda are the power and radius o
the heating beam, respectively;v52p f is the angular
modulation frequency. The surface temperature rise is de
mined by the contributions of direct heating and thermal d
fusion, as well as accumulation/depletion~effective ‘‘reflec-
tion’’ ! at the interfaces and interference of the thermal wa
By measuring experimentally the amplitude and phase of
PTR signal as function of modulation frequency of the ex
tation beam, one can determine the thermal properties
different layers and the thermal impedances at interfaces

The validation of the three-layer approximation for th
grained ceramic sample depends on both the geometric s
ture ~shape, orientation, mean size and distribution, etc.! of
the grains and the size of the excitation beam. In cera
samples with grain structure, there are thermal boundarie
all directions. To minimize the effect of lateral thermal ba
riers between grains on the transverse thermal conductio
large excitation beam is preferable~compared to the latera
grain boundary-to-boundary distance! which produces a
nearly uniform illumination near beam center~where the
temperature rise is measured by an infrared detector in a
experiment! so there is essentially no thermal conducti
across lateral vertical grain boundaries. In practice, any n
vertical lateral boundaries will contribute an effective proje
tional ~horizontal! thermal impedance proportional to th
mean impedance of the thermal boundary and the cosin
its inclination angle. This contribution becomes part of t
effective forward thermal impedance measured phototh
mally in this work. The mean grain size must be compara
to the thermal diffusion length, defined asL th5AD/p f , and
this condition is expected to hold at the high-frequency e
of the measurement. The thermal boundaries close to
surface can therefore be measured.

The thermal impedance at grain boundaries is rep
sented in the three-layer model by a thermal boundary re
tance Rth . The thermal resistance produces a tempera
jump across the boundary. The thickness of the ceramic g
layer in the model represents a weighted thickness of
thermal barriers at all depths. The influence of therm
boundary resistance on the thermal conduction is accou
for by the parameterm2 @Eq. ~10!#, which decreases expo
nentially with the thicknessL2 . Therefore thermal barriers
close to the coated surface~the heat source! affect thermal
conduction more strongly along the depth direction. Therm
boundaries deep inside the sample are also accounted fo
the first boundary in the simple three-layer model, althou
their influence rapidly decreases with increasing depth.
cause the theoretical model oversimplifies the complex
ramic grained sample to a simple three-layered sample,
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value of the thermal boundary resistanceRth represents only
a phenomenological~weighted! value of thermal resistanc
of boundaries at various depths, not the real value of
thermal resistance~expected to be variable! between ceramic
grains.20 However, the value of this approach lies in that
larger value ofRth certainly indicates a~overall! stronger
thermal barrier between alumina grains.

III. THEORETICAL PREDICTIONS

In a PTR experiment, thermal infrared radiation from t
sample surface is measured. The measured radiated p
for the optically opaque geometry of Fig. 1 is given by t
first-order approximation of the Stefan–Boltzmann law a

DW~v!'4«sT0
3DT~z50,v!, ~13!

wheres is the Stefan–Boltzmann constant,« is the surface
emissivity, andT0 is the ambient temperature. Equation~13!
shows the PTR signal~the measured radiated powerDW) is
directly proportional to the surface temperature riseDT(z
50,v) caused by laser beam excitation.

The effect of thermal boundary resistance on the ther
wave transport in layered samples can be observed by
frequency dependence of the PTR signal. Figure 2 shows
effect of thermal resistance between ceramic layer and
strate on the amplitude and phase of the PTR signal a
function of the modulation frequency. The following param
eters were used in the calculations: thermal conductivity,
fusivity and thickness of carbon over layer, respectively:

FIG. 2. Theoretical amplitude and phase of the PTR signal as a functio
modulation frequency for a three-layered sample, showing the effect of
mal boundary resistance on the frequency behavior of the PTR signal.
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W/mK, 15 mm2/s,21 and 1 mm; of ceramic layer: 23.7
W/m K, 8.8 mm2/s, and 2.4mm. The heat transfer coefficien
at the surface was assumed to be 200 W/m2 K.21 The thermal
conductivity and diffusivity of the ceramic substrate were t
same as those of the ceramic layer. The radius of the ex
tion beam was 2 mm. The laser beam was assumed t
totally absorbed by the carbon layer. This was verified
perimentally by observing the complete absence of trans
ted pump-laser radiation leakage into the highly scatter
ceramic substrate. The thermal boundary resistance aff
both the amplitude and phase of the PTR signal in a w
frequency range, but most significantly when the thermal d
fusion length is comparable to the thickness of the cera
layer. Without thermal boundary resistance, the PTR am
tude decreases approximately inversely proportional to
square root of the modulation frequency~under one-
dimensional condition! and the phase decreases from abo
245° to under245°. At very low frequency, the effect o
thermal resistance is negligible. At very high frequency t
effect of thermal resistance is also diminished as the ther
wave cannot reach the thermal barrier. The thermal bound
resistance causes an increase of the amplitude in the inte
diate frequency range, an increase of phase in the lower
tion of the intermediate frequency range and a decreas
phase in the higher portion~a typical phenomenon o
thermal-wave interference!. The higher the thermal boundar
resistance, the larger the amplitude increase and the la
the phase difference due to the increased confinement o
thermal-wave energy in the thin layer above the impeda
boundary.

IV. EXPERIMENT AND MATERIALS

The experimental setup was described elsewhere.16 In
brief, a 514.5 nm wavelength continuous wave Ar1 laser
from Coherent was modulated by an external acousto-o
modulator~ISOMET 1201E-1! and then focused by a focus
ing lens onto the sample surface. The beam size was ad
able between 0.5 and 5 mm by changing the position of
focusing lens. The blackbody radiation from the optica
excited sample was collected and collimated by two off-a
paraboloidal reflectors and then focused onto a liqu
nitrogen-cooled HgCdTe~mercury–cadmium–telluride! de-
tector~EG&G Judson Model J15D12-M204-S01M!. An anti-
reflection-coated germanium window with a transmiss
bandwidth of 2–14mm was mounted in front of the detecto
to block any visible synchronous radiation from the pum
laser. The detected PTR signal was sent to a lock-in ampl
~EG&G Princeton Applied Research Model 5210! and re-
corded on a personal computer~PC!. The process of data
acquisition, storage, and frequency scanning was fully au
mated via the PC. Both amplitude and phase of the P
signal were recorded as a function of modulation freque
ranging from 10 Hz to 100 kHz.

Three ceramic samples were used in the measurem
one original ceramic sample labeled as 01 and two ASP
treated samples labeled as 1 and 2, treated under diffe
conditions 1 and 2, respectively~see below!. All samples
consisted of cylindrical sections of 4.75 mm thickness, 3

of
r-
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cm internal radius and 4.13 cm outer radius. The lateral
of all samples was 20325 mm2. The original alumina
samples used as ceramic cylinder liners were prepare
CoorsTek, Inc.~CO! and the ceramic material was marked
AD-96. The calcined alumina powder was milled and mix
with mineralizing agents to introduce grain growth inhibito
plus fluxing additives to tailor the body formulation to th
firing conditions. The alumina cylinder samples were p
pared by cold isostatic pressing of spray-dried powder un
138 MPa and then sintered at 1600 °C to the full density i
natural gas fired tunnel kiln. After firing, the liquid dye pe
etrant immersion was used to ensure that the cera
samples had been fired to full density and there was no
sidual porosity and, at the same time, to make sure th
were no cracks. The sintered ceramic cylinders were

FIG. 3. Microstructure of the untreated alumina sample.
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chined by diamond grinding to the final inside diamet
outside diameter tolerances. The chemical composition of
ceramic sample was 96% alumina,;3% silica, ;0.9%
MgO, and less significant amounts of other oxides. The
tire ceramic liners were additionally treated by the ASPR
conversion technology, introduced at ATS Spartec–AHC
Inc. for treating finished ceramic components.3 The ASPRO
process can modify ceramic properties by varying the
plied pressure and temperature. During that process cera
samples were subjected to a range of temperature and
sure treatment, with a maximum applied temperature
;1000 °C and pressure of;2.8 GPa. The maximum applie
temperatures were;1000 and 800 °C for treated samples
and 2, respectively. The resulting ceramic samples h
nearly full density with high thermal shock resistance, wh
maintaining a unique combination of desired properties, s
as high levels of toughness, hardness, chemical and w
resistances.2,22 The ceramics consisted of alumina grains e
bedded in a second~glass! phase, the main composition o
which is silica, in addition to alumina phase and min
amounts of MgO and CaO. The thickness range of the s
ond phase boundaries is estimated to be 0–3mm. In ceramic
materials, the boundaries between grains have a large, o
controlling, importance to the mechanical, thermal, and el
trical properties. The mean size of alumina grains was 6mm.
Figure 3 shows the microstructure of an untreated sam
cross section, exhibiting a relatively uniform grain shape a
size. After the ASPRO treatment, no noticeable change
the microstructure of the sample were observed. The ap
priate mean grain size justifies the validation of the thr
layered model, as discussed in Sec. II.

The mechanical and thermal properties of alumina
ramics before and after ASPRO treatment were measu
TABLE I. Properties of original and ASPRO-treated alumina ceramics~see Ref. 22! ~96% Al2O3/3%
SiO2/0.9% MgO!.

Properties Units

01
Untreated
alumina

1
ASPRO
treated
alumina

Measurement
uncertainty

Density, 20 °C g/cm3 3.712 3.716 60.1%
Elastic modulus, 20 °C GPa 320 319 60.5%

Poisson’s ratio 0.216 0.217 60.5%
Hardness GPa 12.1 12.3 63.3%

Fracture toughness MPa m 4.0 3.4 620%
Thermal shock resistance,DTc °C ,300 .650
Thermal expansion coefficient 131026/°C 63 – 5%

35– 300 °C 7.36 7.15
300– 500 °C 8.05 6.94
500– 800 °C 8.71 8.54

Thermal conductivity W/m K 64% – 5%
20 °C 23.7 21.5 61 – 2 W/m K
100 °C 18.9 17.6
200 °C 15.0 14.4
300 °C 12.5 12.2

Specific heat J/kg K 62.5%
20 °C 724.7 712.3
100 °C 871.1 868.0
200 °C 989.5 986.5
300 °C 1065 1070
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and the results are presented in Table I. There were no
nificant differences~within measurement error! between both
mechanical and thermal properties of the original a
ASPRO-treated ceramics, except for the thermal shock re
tance. The ASPRO treatment significantly improved the th
mal shock resistance of the alumina ceramics used in
work. Its value was increased from the critical temperat
differences,DTc ~between sample surface and quench
media!, of less than 300 °C to more than 650 °C, as m
sured by rapid heating using melted aluminum.3,22 Success-
ful experimental trials of the treated alumina liners in
oxygen gas flame, and manufactured internal combustion
gines and castings of molten aluminum have previously v
dated the effectiveness of the treatment in withstanding
treme thermal shock.2,22

The PTR measurements were performed on the co
surfaces of the ceramic samples with an estimated ca
coating thickness of 1mm. In all measurements, the power
the Ar ion laser was approximately 25 mW and the be
radius was approximately 2 mm.

V. EXPERIMENTAL RESULTS

All samples were measured under the same condition
room temperature. Figure 4 shows typical results of the m
surements for the untreated~01! and a treated~1! sample.
The experimental data were fitted with the theoretical mo
via a multi-parameter fitting procedure and the best-
curves are also shown in the figure. In the multi-parame
fitting procedure, the thermal properties and thickness of

FIG. 4. Measurements on untreated 01 and treated 1 samples and th
fits. The fits give thermal resistance of 6.831027 W/m2 K for the untreated
~01! sample and 2.631027 W/m2 K for the treated~1! sample.
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carbon were assumed to be known and were the sam
those used in Fig. 2. The thermal conductivity and diffusiv
of the alumina ceramic were assumed to be 23.7 W/m K
8.8 mm2/s, respectively, measured independently on the
treated sample~see Table I!. The heat transfer coefficient a
the surface was assumed to be 200 W/m2 K21 ~the fitting re-
sults were relatively insensitive to variation ofh from 0 to
2000 W/m2 K). Both amplitude and phase of the PTR sign
were used in the multi-parameter fitting and the followi
square variance was minimized via a least squares proce

var5e•
(m51

N $ ln@AT~ f m!#2 ln@AE~ f m!#%2

(m51
N $ ln@AE~ f m!#%2

1
(m51

N @FT~ f m!2FE~ f m!#2

(m51
N @FE~ f m!#

. ~14!

Here AT( f m) and FT( f m) are the theoretical amplitude an
phase of the PTR signal andAE( f m) and FE( f m) are the
experimental amplitude and phase at modulation freque
f m , respectively. The logarithm of the amplitude instead
the amplitude itself was used in the variance function
cause of the strong attenuation of amplitude with modulat
frequency~see Fig. 2!. A typical mean square variance fo
the logarithm of amplitude was between 0.0001 and 0.0
and for the phase was between 0.0008 and 0.0013, wi
total mean square variance less than 0.0015.

In the multi-parameter fitting, both the ceramic lay
thickness and the thermal boundary resistance were firs
as free parameters for both untreated and treated sample
compare directly and quantitatively the thermal boundary
sistance of the untreated and treated ceramic samples
ceramic layer thickness was then fixed to the average of
fitted thickness values for both samples. In general, the fi
thicknesses for the untreated and treated samples were
to each other. For example, the fitted thickness was 2.5mm
for the untreated sample 01 and 2.4mm for the treated
sample 1. For the treated sample 2~not shown in Fig. 4!, the
fitted thickness was also 2.4mm. With the same ceramic
layer thickness of 2.4mm, the fitted thermal boundary resis
tance was 6.831027 m2 K/W for the untreated 01 sample
After the ASPRO treatment, the thermal resistance was
duced to 2.631027 m2 K/W for both treated samples 1 an
2. Measurement results show that in all cases the tre
samples exhibited lower thermal boundary resistance t
the untreated samples, regardless of the conditions of tr
ment. Because the surface of the ceramic samples
ground during preparation, the depths of grains close to
surface varied from very thin~less than 1mm! to over the
mean size of the grains, with an average depth of roughly
mm, a half of the mean size. The fitted thickness of the
ramic layer, 2.4mm, was close to the average depth, 3.0mm,
as expected.

From Fig. 4 the agreement between experimental m
surements and theoretical predictions is good, conside
the theoretical model is oversimplified. The goodness of
is also indicated by the low mean square variance~the vari-
ance value is 0.0014 for the untreated sample 01 and 0.0
for the treated sample 1!. The phase discrepancy at the low
frequency range may possibly be caused by lateral ther

best



is
n
nd
l-
th

th
y

os
th
tit
ra
is
th
ye

in
he

et
,

e
th
he
t

he
. I

nc
n

ld
l
t

n-
ot
th

er
o

na
e

re
e

lay
ex
tiv
e

ea
ti

e
co

er

rror
ity
ting
ect
-
vely

is
er-
her-
y
sis-
TR
n a
e of
f the
ect
s

is-
mal
ing

d by
he

itions
les
al

en
di-
nce
er

in
sed
the
and
well
and
ter
The
tical
an
ock

nd
ent

the

r
the
ith-

1047J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 Li, Mandelis, and Kish
barriers. At low frequency the thermal diffusion length
comparable to the beam size. Lateral thermal conductio
not negligible and is affected by the lateral thermal bou
aries. It is well known23 that higher-dimensional therma
wave transport affects the signal phase more sensitively
the amplitude. For this reason, the theoretical amplitude
Fig. 4~a! appears to be much better fitted to the data than
phase in Fig. 4~b!. Another reason for the low-frequenc
phase mismatch may be thermal barriers present deep in
sample which were not accounted for in the model: th
would have required a multilayer model. Even though
fitted values of thermal boundary resistance do not quan
tively represent the thermal resistance at ceramic g
boundaries, these values do give a qualitative compar
between the untreated and the treated samples. A higher
mal boundary resistance value fitted with the three-la
model, in principle, indicates a higher thermal resistance
the ceramic grain boundaries. The measurement results
cate that the ASPRO treatment significantly reduced the t
mal resistance between alumina grains.

In an attempt to theoretically take into account the h
erogeneous structure of the grained ceramic sample
multilayer model19 ~up to ten layers were assumed! was tried
to approximately describe the grain boundary structure~see
Fig. 3! in the depth direction. It turned out that the thre
layer model adequately carries the major features of
multilayer model at considerable simplification, due to t
fact that thermal resistances at boundaries closer to
modulated thermal source~the coated surface! affect the
thermal wave propagation more strongly~see Sec. II!. On the
other hand, the effect of lateral grain boundaries on the t
mal conduction is negligible, as discussed in detail in Sec
due to the fact that an excitation beam the size of which
much larger than the lateral boundary-to-boundary dista
was used in the experiment and the thermal conductio
therefore essentially one dimensional~depth direction!. The
three-layer model was therefore found adequate to yie
phenomenological~effective! value of the inter-grain therma
impedance, as witnessed by the simulations and the fits to
experimental data.

It is worth noting that the PTR amplitudes for both u
treated and treated ceramic samples were close to each
at the low- and high-frequency ends. This indicates that
effective thermal conductivities of both samples are v
close, due to the fact that PTR amplitude at the low-
high-frequency end is approximately inversely proportio
to the effective thermal conductivity of the samples und
instigation. The thermal conductivity was not set as a f
parameter in the multi-parameter fitting, as we had indep
dent measurements of that parameter and the three-
model oversimplified the actual condition of the compl
grained ceramic samples. However, if the thermal conduc
ity (K) was set as a free parameter along with the thickn
and the thermal boundary resistance, the fittedK values for
the untreated and treated samples were very close to
other and lay between the independently measured effec
K value of the ceramic sample and the literatureK value of
the alumina crystal.24 Independent measurements perform
under steady state conditions showed that the thermal
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ductivity of the treated ceramic sample was slightly low
than that of the untreated sample~see Table I!. However, this
difference is not significant considering a measurement e
of 1–2 W/mK. The measured effective thermal conductiv
was close to the theoretical value of a composite consis
of 96% alumina, 3% silica, and 1% MgO, assuming perf
thermal contact at grain boundaries.25–27 These results sug
gest that thermal resistance at grain boundaries is relati
small and its effect to steady state thermal conduction
negligible, while under transient conditions such as in th
mal shock experiments these thermal barriers affect the t
mal conduction significantly. This point is well explained b
the results presented in Fig. 2. The thermal boundary re
tance significantly affects the frequency behavior of the P
signal only when the modulation frequency is higher tha
characteristic frequency which depends on the magnitud
thermal boundary resistance and the thermal properties o
material.19 Under one-dimensional heat transport, the eff
of thermal resistanceRth on the thermal conduction become
significant whenRth is comparable toL th /K, with L th the
thermal diffusion length andK the thermal conductivity of
the ceramic layer.

It should be pointed out that thermal interfacial res
tance at grain boundaries may reduce the effective ther
conductivities of the grained ceramic materials, depend
on the magnitude of the resistance.25–27 In principle the ef-
fect of the thermal boundary resistance could be estimate
directly comparing the effective thermal conductivities of t
ceramic samples before and after ASPRO treatment.28 How-
ever, independent measurement under steady state cond
on the effective thermal conductivities of ceramic samp
with and without ASPRO treatment showed that the therm
conductivity of the treated sample was close to, or ev
slightly lower than, that of the untreated sample, thus in
cating that the influence of the thermal boundary resista
on the effective thermal conductivity is negligible und
steady stateconditions. Yet its influence undertransientcon-
ditions, such as thermal-wave probing and as occurring
thermal shock experiments is significant and as discus
above. Furthermore, simulation results showed that
unique difference in the frequency behavior of untreated
ASPRO-treated samples as presented in Fig. 4, which is
above the measurement error, could not be explained
fitted by any other combination of thermal parame
changes other than the inter-grain thermal impedance.
good agreement between experimental data and theore
fits ~see Fig. 4! unambiguously proves that the presence of
inter-grain boundary impedance controls the thermal sh
behavior of the alumina ceramics, as discussed below.

VI. DISCUSSION

Thermal shock tests performed with both untreated a
treated ceramic samples showed that the ASPRO treatm
significantly improves the thermal shock resistance of
alumina ceramic material by a factor of.2.1, from the criti-
cal temperature differences (DTc) of less than 300 to ove
650 °C.22 The thermal shock resistance is a measure of
maximum temperature difference that a material can w
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stand without catastrophic failure. In a thermal shock exp
ment, a transient thermal load is applied to the sample
face by melted aluminum and a high temperature fla
heating,22,29 or transient cooling is applied by quenching
the sample is initially heated to an elevated temperatur30

which produces a large temperature gradient inside
sample and therefore a strong thermal stress. Once the
mal stress exceeds a threshold determined by the mecha
and thermal properties of the sample, catastrophic failure
curs.

The PTR measurement results presented in Sec. V i
cated that the ASPRO-treated ceramic samples had lo
thermal resistance at grain boundaries than the untre
samples. These results show that the ASPRO treatmen
duces the thermal resistance between alumina grains in
ceramic sample, and thus decreases the thermal gra
across the inter-grain region. Therefore it reduces the lo
thermal stress there, which results in an improvement of
thermal shock resistance.30

A thermal boundary resistanceRth is defined in terms of
a temperature jumpDT, that occurs across the boundary,
response to a heat fluxQ, in a direction normal to the inter
face

Rth5
DT

Q
. ~15!

Equation~15! indicates that the temperature gradient acr
the boundary is directly proportional to the thermal bound
resistance. The thermal stress caused by a temperature
dient in a material is expressed as follows:30

s5
EaTDT

~12n!
, ~16!

wheres is the thermal stress,aT is the coefficient of linear
thermal expansion,n is Poisson’s ratio, andDT is the tem-
perature gradient. Once the temperature-gradient-indu
thermal stress exceeds the tensile strength of the materia
sample will fail catastrophically. From Eqs.~15! and ~16! it
is apparent that a lower thermal resistance at the g
boundaries would result in a higher thermal shock resista

FIG. 5. Microstructure of the treated ceramic sample showing crack pa
i-
r-
e

e
er-
ical
c-

i-
er
ed
re-
he
ent
al
e

s
y
ra-

ed
the

in
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By reducing the thermal resistance at the inter-grain reg
the ASPRO treatment improves the thermal shock beha
of the ceramic sample. For grained ceramic samples inve
gated in this experiment, the thermal-shock-induced cr
paths should follow grain boundaries, since these are the
of the maximum temperature gradient. This has been c
firmed by microscopic observation of a cross section of
alumina ceramics as shown in Fig. 5. Another observat
which supports the thermal boundary resistance explana
is that the thermal shock resistance of alumina samples
comes significantly higher if the material is put under co
pression. Compression improves the thermal contact betw
alumina grains, thereby reducing the thermal boundary re
tance and resulting in a higher thermal shock resistance.
improved thermal transport properties of the ASPRO-trea
ceramic materials appear to be well suited for application
internal combustion engines. This type of alumina cylind
liner has been successfully installed and tested in differ
internal combustion engines~Fig. 6!.2,22

VII. CONCLUSIONS

The photothermal radiometric technique has been u
to measure the thermal properties of alumina ceramic m
rials treated by a specific temperature-pressure pro
~ASPRO!.2,22Alumina ceramics with ASPRO treatment hav
exhibited much higher thermal shock resistance than co
sponding untreated ceramics. The excellent agreement o
experimental results to the three-layered thermal-wave th
retical model of Sec. II indicates that the thermal behavior
these samples is consistent with the presence of an in
grain thermal boundary impedance which controls the th
mal shock behavior of the ceramics. This improvement
thermal shock behavior was found to be the result of
reduction of thermal resistance between ceramic gr
boundaries, as measured by the PTR technique, witho
concomitant change in the thermal conductivity of the ma
rial.s.

FIG. 6. Components of the internal combustion blocks with the ASPR
treated alumina ceramic liners: motorcycle engine components~left! and
overhead cam twin engine components~right!.
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