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The photothermal radiometric technique is used to measure the thermal properties of alumina
ceramic materials (96% AD3/3% Si0,/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 ceramic2004 American Institute of
Physics. [DOI: 10.1063/1.1636531

I. INTRODUCTION In this article, we describe an application of photother-

There is a growing demand for ceramic materials tomal diagnostics to obtain insights into the physical mecha-

serve in high temperature structural applications mainly du@'sn{s) of the thermal shock resistance conversion of alu-

o : . . mina  ceramics  (96% AD;, ~3% SiG,, and
to their high melting point and excellent mechanical strength 0 . ,
at high temperature. Applications for advanced ceramic mafhg;?nﬁl x%gzl fﬁgﬂggfg;%g,ej;mggtgr\]/jr;?gsw?ggmg i
terials can provide significant savings, increase productivity, q P y ap

ease ecological problems, and expand product markets. ﬁ),'lled for thermal characterization of materi&RFor ceramic

the automotive industries, there is an increasing demand forpaterlals, photothermal techniques have been used for defect

lightweight materials with superior properties. Manufactur-ﬁqnedaSCJfgI;e(:%?f t'gE(’j tr:ﬁ;mailnggngql;g:g;);ug{urd;rujgl%
ing of advanced engines featuring high reliability, optimum T pping, - T . P
power, reduced emissions coupled with minimal fuel con—pmf'“ng' _as4 well as thermal interfacial co_nductance
sumption has gradually led to the use of ceramics. Howeveldetermmatmﬁ. Among these photothermal techniques laser

applications are limited due to the catastrophic failure of cep hotothermal radiometr§PTR) is an attractive candidate for

ramic materials when subjected to sudden change of tengeasuring thermo-physical properties of SORIRTR has
perature(thermal shock: een used in the past for thermal and optical characteriza-

S : ions of various materials including metals, semiconductors,
To overcome this limitation, a material process nameoI 9

: H H : ,13,16-18 :
ASPRO Conversion Technology was developed at A.|.§eram|cs, and biomedical materi&i¥ A theoretical

Spartec—AHCS, Inc. to transform highly dense bulk ceramic(rjn()delI fo:jthe_rmal conﬂucnon n a thrlede-lay:_rhed salmbple '3
materials to a state with high thermal shock resistance with- evelope to interpret the expe_rlmen_ta _ata. ermafbound-
out compromising the excellent mechanical strength, chemid”Y r_es,lstance bet_w_een ceramic grains IS taken into account
cal and wear resistance of ceramics. This transformation cah this madel. By fitting the experimental data to the theoret-

be done by applying a particular combination of temperaturécal model it is found that the thermal boundary resistance

and pressuré® For example, ASPRO treatment improved plays an important role in the improvement of thermal shock

. . . ._ resistance.
the thermal shock resistance of alumina ceramic materials

from the critical temperature differencesT., of less than
300 °C to over 650 °CG.However, the mechanism behind the 1l. THERMAL CONDUCTION IN A THREE-LAYERED
improvement of thermal shock resistance remains to be clarSAMPLE

fied. A theoretical model for a three-layered sample is used to

describe thermal conduction in ceramic samples. Figure 1
aAuthor to whom correspondence should be addressed; electronic maifNoWs the model SChemat'FaHY- The sample 'n'Cluqu a car-
bcli@mie.utoronto.ca bon over layer for absorption of the laser excitation beam
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FIG. 1. Three-layered sample structure for the theoretical model.

comparable to the mean size of the ceramic grains, and
semi-infinite ceramic substrate. The pump beam is totall
absorbed by the carbon layer. There exists a thermal boun
ary resistance between the ceramic under layer and the c
ramic substrate. A continuously modulated laser beam illu
minates the sample surface perpendicularly. Modulated he
(a thermal wavgis created in the carbon layer and conducts
into the ceramic layer and substrate. In the case of high in:
frared emission/absorption coefficient, the PTR signal is di
rectly proportional to the temperature oscillation of the sur-
face of the carbon layer. The resulting surface temperature

rise is®

AT(z=0,0)= %f: 8d83o( S [ AL(8) +B1(8) +E(8)]

Xexp(jwt)+c.c} (1)
with
A1(8)=—(91F51)(P2+92) E(H/H(9), 2
B1(d)=—(g1+ Sl)(Pz—gz)eXp(—2B1L1)E(5)/H(5()é)
2,2
E(5)= a(zl;KRl )P exi};_&;/@, ()
where
H(6)=(1+9g1)[p2+02]—(1-91)[p2—02]
Xexp(—2B1L4), (5
91=h/KyB1, (6)
S1=alBq, (7)
9i=KiBilK1By (i=23), tS)
P, ©)
e e~ 2L 10
b=K2B2R, 11

Y,
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Bi=8+jwlD; (i=1,2,3, (12)
whereK; andD; (i=1,2,3) are the thermal conductivity and
diffusivity of the carbon layer, the ceramic layer, and the
ceramic substrate, respectively;is the heat transfer coeffi-
cient of the surfaceRy, is the thermal boundary resistance
between the ceramic grain layer and the substtat@andL ,
are the thicknesses of the carbon layer and the ceramic layer,
respectively;a andR are the absorption coefficient and sur-
face reflectivity of the carbon layer at the excitation wave-
length, respectively, andl anda are the power and radius of
the heating beam, respectivelyy=2=f is the angular
modulation frequency. The surface temperature rise is deter-
mined by the contributions of direct heating and thermal dif-
fusion, as well as accumulation/depletigaffective “reflec-
tion”) at the interfaces and interference of the thermal wave.
By measuring experimentally the amplitude and phase of the
%TR signal as function of modulation frequency of the exci-
tation beam, one can determine the thermal properties of
éi_ifferent layers and the thermal impedances at interfaces.
The validation of the three-layer approximation for the
Sfained ceramic sample depends on both the geometric struc-
ture (shape, orientation, mean size and distribution,) eit.
#e grains and the size of the excitation beam. In ceramic
samples with grain structure, there are thermal boundaries in
all directions. To minimize the effect of lateral thermal bar-

riers between grains on the transverse thermal conduction, a
large excitation beam is preferableompared to the lateral
grain boundary-to-boundary distancevhich produces a
nearly uniform illumination near beam centéwhere the
temperature rise is measured by an infrared detector in a PTR
experiment so there is essentially no thermal conduction
across lateral vertical grain boundaries. In practice, any non-
vertical lateral boundaries will contribute an effective projec-
tional (horizonta) thermal impedance proportional to the
mean impedance of the thermal boundary and the cosine of
its inclination angle. This contribution becomes part of the
effective forward thermal impedance measured photother-
mally in this work. The mean grain size must be comparable
to the thermal diffusion length, defined bg= D/« f, and

this condition is expected to hold at the high-frequency end
of the measurement. The thermal boundaries close to the
surface can therefore be measured.

The thermal impedance at grain boundaries is repre-
sented in the three-layer model by a thermal boundary resis-
tance Ry,. The thermal resistance produces a temperature
jump across the boundary. The thickness of the ceramic grain
layer in the model represents a weighted thickness of the
thermal barriers at all depths. The influence of thermal
boundary resistance on the thermal conduction is accounted
for by the parametep, [Eg. (10)], which decreases expo-
nentially with the thickness.,. Therefore thermal barriers
close to the coated surfacthe heat sourgeaffect thermal
conduction more strongly along the depth direction. Thermal
boundaries deep inside the sample are also accounted for by
the first boundary in the simple three-layer model, although
their influence rapidly decreases with increasing depth. Be-
cause the theoretical model oversimplifies the complex ce-
ramic grained sample to a simple three-layered sample, the
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T T ' ' T WImK, 15 mnf/s,?t and 1 um; of ceramic layer: 23.7
10° (a) _ W/mK, 8.8 mnt/s, and 2.4um. The heat transfer coefficient
< | i  atthe surface was assumed to be 200 Y\Hn?! The thermal
E conductivity and diffusivity of the ceramic substrate were the
g 10" F Beam Radius: 2 mm 3 same as those of the ceramic layer. The radius of the excita-
% E [ Thermal resistance ] tion beam was 2 mm. The laser beam was assumed to be
5 102k | Line 1:0 i totally absorbed by the carbon layer. This was verified ex-
o Line 2: 2 X 107 m*KW E perimentally by observing the complete absence of transmit-
T | Line 3: 5 X 107 m*k/wW ] ted pump-laser radiation leakage into the highly scattering
10° | L Line 4: 1 X 10° m'KW >4  ceramic substrate. The thermal boundary resistance affects

both the amplitude and phase of the PTR signal in a wide
frequency range, but most significantly when the thermal dif-
fusion length is comparable to the thickness of the ceramic
T e layer. Without thermal boundary resistance, the PTR ampli-
4 (b) - tude decreases approximately inversely proportional to the
3 ] square root of the modulation frequendynder one-
i 2 1 dimensional conditionand the phase decreases from above
—45° to under—45°. At very low frequency, the effect of
thermal resistance is negligible. At very high frequency the
effect of thermal resistance is also diminished as the thermal
wave cannot reach the thermal barrier. The thermal boundary
resistance causes an increase of the amplitude in the interme-
diate frequency range, an increase of phase in the lower por-
tion of the intermediate frequency range and a decrease of
phase in the higher portiorfa typical phenomenon of
thermal-wave interfereng€eThe higher the thermal boundary
FIG. 2. Theoretical amplitude and phase of the PTR signal as a function o'feSIStance' Fhe larger the amp“FUde Increase f’ind the larger
modulation frequency for a three-layered sample, showing the effect of thethe phase difference due to the increased confinement of the
mal boundary resistance on the frequency behavior of the PTR signal.  thermal-wave energy in the thin layer above the impedance
boundary.
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value of the thermal boundary resistariRg represents only
a phenomenologicalweighted value of thermal resistance V. EXPERIMENT AND MATERIALS
of boundaries at various depths, not the real value of the
thermal resistanceexpected to be variabldetween ceramic
grains?® However, the value of this approach lies in that a
larger value ofRy, certainly indicates goveral) stronger
thermal barrier between alumina grains.

The experimental setup was described elsewtfete.
brief, a 514.5 nm wavelength continuous wave' Aaser
from Coherent was modulated by an external acousto-optic
modulator(ISOMET 1201E-} and then focused by a focus-
ing lens onto the sample surface. The beam size was adjust-
able between 0.5 and 5 mm by changing the position of the
focusing lens. The blackbody radiation from the optically

In a PTR experiment, thermal infrared radiation from theexcited sample was collected and collimated by two off-axis
sample surface is measured. The measured radiated powgaraboloidal reflectors and then focused onto a liquid-
for the optically opaque geometry of Fig. 1 is given by thenitrogen-cooled HgCdTémercury—cadmium—telluridede-
first-order approximation of the Stefan—Boltzmann law as tector(EG&G Judson Model J15D12-M204-S0)M\n anti-

3 _ reflection-coated germanium window with a transmission

AW(0)~420ToAT(z=0.), (13 bandwidth of 2—14um was mounted in front of the detector

where o is the Stefan—Boltzmann constaatjs the surface

to block any visible synchronous radiation from the pump
emissivity, andT is the ambient temperature. Equatidr)

laser. The detected PTR signal was sent to a lock-in amplifier
shows the PTR signdthe measured radiated pow&V) is  (EG&G Princeton Applied Research Model 521&nd re-
directly proportional to the surface temperature ris€(z

corded on a personal computé?C). The process of data

=0,w) caused by laser beam excitation. acquisition, storage, and frequency scanning was fully auto-

The effect of thermal boundary resistance on the thermaiated via the PC. Both amplitude and phase of the PTR
wave transport in layered samples can be observed by thegnal were recorded as a function of modulation frequency
frequency dependence of the PTR signal. Figure 2 shows thanging from 10 Hz to 100 kHz.
effect of thermal resistance between ceramic layer and sub- Three ceramic samples were used in the measurements:
strate on the amplitude and phase of the PTR signal as @ne original ceramic sample labeled as 01 and two ASPRO
function of the modulation frequency. The following param- treated samples labeled as 1 and 2, treated under different
eters were used in the calculations: thermal conductivity, difconditions 1 and 2, respectivelgee below All samples
fusivity and thickness of carbon over layer, respectively: 54consisted of cylindrical sections of 4.75 mm thickness, 3.85

Ill. THEORETICAL PREDICTIONS
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chined by diamond grinding to the final inside diameter/
outside diameter tolerances. The chemical composition of the
ceramic sample was 96% alumina;3% silica, ~0.9%
MgO, and less significant amounts of other oxides. The en-
tire ceramic liners were additionally treated by the ASPRO
conversion technology, introduced at ATS Spartec—AHCS,
Inc. for treating finished ceramic componefffhe ASPRO
process can modify ceramic properties by varying the ap-
plied pressure and temperature. During that process ceramic
samples were subjected to a range of temperature and pres-
sure treatment, with a maximum applied temperature of
~1000 °C and pressure 6f2.8 GPa. The maximum applied
temperatures were- 1000 and 800 °C for treated samples 1
and 2, respectively. The resulting ceramic samples have
nearly full density with high thermal shock resistance, while
maintaining a unique combination of desired properties, such
as high levels of toughness, hardness, chemical and wear
resistance$?2 The ceramics consisted of alumina grains em-

cm internal radius and 4.13 cm outer radius. The lateral siz8edded in a secon@lasg phase, the main composition of

of all samples was 2025 mnf. The original alumina which is silica, in addition to alumina phase and minor
samples used as ceramic cylinder liners were prepared iamounts of MgO and CaO. The thickness range of the sec-
CoorsTek, Inc(CO) and the ceramic material was marked asond phase boundaries is estimated to be P#8 In ceramic
AD-96. The calcined alumina powder was milled and mixedmaterials, the boundaries between grains have a large, often
with mineralizing agents to introduce grain growth inhibitors controlling, importance to the mechanical, thermal, and elec-
plus fluxing additives to tailor the body formulation to the trical properties. The mean size of alumina grains was6
firing conditions. The alumina cylinder samples were pre-Figure 3 shows the microstructure of an untreated sample
pared by cold isostatic pressing of spray-dried powder undegross section, exhibiting a relatively uniform grain shape and
138 MPa and then sintered at 1600 °C to the full density in &ize. After the ASPRO treatment, no noticeable changes in
natural gas fired tunnel kiln. After firing, the liquid dye pen- the microstructure of the sample were observed. The appro-
etrant immersion was used to ensure that the ceramipriate mean grain size justifies the validation of the three-
samples had been fired to full density and there was no rdayered model, as discussed in Sec. Il.

sidual porosity and, at the same time, to make sure there The mechanical and thermal properties of alumina ce-
were no cracks. The sintered ceramic cylinders were maramics before and after ASPRO treatment were measured

FIG. 3. Microstructure of the untreated alumina sample.

TABLE |. Properties of original and ASPRO-treated alumina ceranigee Ref. 22 (96% Al,05/3%
Si0,/0.9% MgO.

1
01 ASPRO
Untreated treated Measurement
Properties Units alumina alumina uncertainty
Density, 20 °C glen? 3.712 3.716 +0.1%
Elastic modulus, 20 °C GPa 320 319 +0.5%
Poisson’s ratio 0.216 0.217 +0.5%
Hardness GPa 12.1 12.3 +3.3%
Fracture toughness MPam 4.0 34 +20%
Thermal shock resistanca,Tc °C <300 >650
Thermal expansion coefficient X110 ¢/°C +3-5%
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 +4%-5%
20°C 23.7 215 +1-2W/mK
100°C 18.9 17.6
200°C 15.0 14.4
300°C 125 12.2
Specific heat J/kg K +2.5%
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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50 pr——m—r———————————rrry carbon were assumed to be known and were the same as
(@) ] those used in Fig. 2. The thermal conductivity and diffusivity
. of the alumina ceramic were assumed to be 23.7 W/mK and
2 10;‘ 8.8 mnf/s, respectively, measured independently on the un-
g 4 Beam Radius: 2 mm ] treated sampl¢see Table)l The heat transfer cogfficient at
2 - i the surface was assumed to be 200 WK (the fitting re-
g Experimental Data sults were relatively insensitive to variation bffrom 0 to
< Lgeateg :amp'“ E 2000 W/nt K). Both amplitude and phase of the PTR signal
£ o Untreated sample 01 : were used in the multi-parameter fitting and the following
02 —Bestfit0l | L square variance was minimized via a least squares procedure
0.01 0.1 1 10 100 ae 2m=l{|n[AT(fm)]_|n[AE(fm)]}2
% - IModulatlon f:equtenf:y (kHzl) - Em . {m[ AE(fm)]}2
s . (b) S [T (fr) = PE(f)]°
— 40| B + EN [CDE(f )] (14)
8 | ] m=1 m
% 50 - Here AT(f,) and®'(f,) are the theoretical amplitude and
2 ] phase of the PTR signal am&(f,) and ®E(f,,) are the
8 60F  Thickness: 2.4 um . experimental amplitude and phase at modulation frequency
& R, _untreated 01: 6.8x10” m*K/W fm, respectively. The logarithm of the amplitude instead of
E -70F R treated 1: 2.6x107 mK/W - the amplitude itself was used in the variance function be-
th— . . . .
- cause of the strong attenuation of amplitude with modulation
-800‘01 o : m 50 frequency(see Fig. 2 A typical mean square variance for

. the logarithm of amplitude was between 0.0001 and 0.0002
Modulation Frequency (kHz) and for the phase was between 0.0008 and 0.0013, with a

FIG. 4. Measurements on untreated 01 and treated 1 samples and the bég{al mean Squajre variance |§$S than 0.0015. )
fits. The fits give thermal resistance of &80 7 W/m? K for the untreated In the multi-parameter fitting, both the ceramic layer

(01) sample and 28107 W/m?K for the treated1) sample. thickness and the thermal boundary resistance were first set
as free parameters for both untreated and treated samples. To
. .compare directly an ntitatively the thermal ndary re-
and the results are presented in Table I. There were no s@? pare directly and quantitatively the the a boundary re
o . L istance of the untreated and treated ceramic samples, the
nificant differencegwithin measurement errpbetween both ; . .
mechanical and thermal oroperties of the original an eramic layer thickness was then fixed to the average of the
brop 9 Titted thickness values for both samples. In general, the fitted

ASPRO-treated ceramics, except for the thermal shock reS i icknesses for the untreated and treated samples were close

tance. The ASPRO treatment significantly improved the ther_f0 each other. For example, the fitted thickness wasu2b

mal shock resistance of the alumina ceramics used in thlisor the untreated sample 01 and 2un for the treated

work. Its value was increased from the critical temperaturesample 1. For the treated samplé®t shown in Fig. 4 the

differences, AT, (between sample surface and quenchingﬁtted thickness was also 2.4m. With the same ceramic

medig, of less than 300°C to more than 650°C, as meay hick £ he fitted th | bound .
sured by rapid heating using melted alumintifi.Success- ayer thickness of 2.um, the fitted thermal boundary resis-
’ tance was 6.810 ' m?K/W for the untreated 01 sample.

ful experimental trials of the treated alumina liners in an agior the ASPRO treatment, the thermal resistance was re-

oxygen gas flame, and manufactured internal combustion eMiuced to 2.6 10-7 m2 K/W for both treated samples 1 and

gines and castings of molten aluminum have previously Vall'2. Measurement results show that in all cases the treated

dated the effectlveneéis of the treatment in withstanding eXéamples exhibited lower thermal boundary resistance than
treme thermal shock’ o
the untreated samples, regardless of the conditions of treat-

The PTR measurements were performed on the coated .
ment. Because the surface of the ceramic samples was

surfaces of the ceramic samples with an estimated carbon . . .
. . ground during preparation, the depths of grains close to the
coating thickness of im. In all measurements, the power of

the Ar ion laser was approximately 25 mW and the beamsurface. vari(fadhfrom Very t'hri](]|eSS than 1um) LO ?ver t?”e
radius was approximately 2 mm. mean size of the grains, with an average dgpt of roughly 3.0
pm, a half of the mean size. The fitted thickness of the ce-
V. EXPERIMENTAL RESULTS ramic layer, 2.4um, was close to the average depth, 318,
as expected.

All samples were measured under the same conditions at From Fig. 4 the agreement between experimental mea-
room temperature. Figure 4 shows typical results of the measurements and theoretical predictions is good, considering
surements for the untreatd@1) and a treated1l) sample. the theoretical model is oversimplified. The goodness of fits
The experimental data were fitted with the theoretical models also indicated by the low mean square variafibe vari-
via a multi-parameter fitting procedure and the best- fitance value is 0.0014 for the untreated sample 01 and 0.0015
curves are also shown in the figure. In the multi-parametefor the treated sample) 1The phase discrepancy at the low-
fitting procedure, the thermal properties and thickness of th&requency range may possibly be caused by lateral thermal
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barriers. At low frequency the thermal diffusion length is ductivity of the treated ceramic sample was slightly lower
comparable to the beam size. Lateral thermal conduction ithan that of the untreated sampgee Table)l. However, this
not negligible and is affected by the lateral thermal bound-difference is not significant considering a measurement error
aries. It is well knowA® that higher-dimensional thermal- of 1-2 W/mK. The measured effective thermal conductivity
wave transport affects the signal phase more sensitively thanas close to the theoretical value of a composite consisting
the amplitude. For this reason, the theoretical amplitude if 96% alumina, 3% silica, and 1% MgO, assuming perfect
Fig. 4(a) appears to be much better fitted to the data than théhermal contact at grain boundarf@s?’ These results sug-
phase in Fig. ). Another reason for the low-frequency gest that thermal resistance at grain boundaries is relatively
phase mismatch may be thermal barriers present deep in tisgnall and its effect to steady state thermal conduction is
sample which were not accounted for in the model: thosenegligible, while under transient conditions such as in ther-
would have required a multilayer model. Even though themal shock experiments these thermal barriers affect the ther-
fitted values of thermal boundary resistance do not quantitamal conduction significantly. This point is well explained by
tively represent the thermal resistance at ceramic graithe results presented in Fig. 2. The thermal boundary resis-
boundaries, these values do give a qualitative comparisot@nce significantly affects the frequency behavior of the PTR
between the untreated and the treated samples. A higher theignal only when the modulation frequency is higher than a
mal boundary resistance value fitted with the three-layegharacteristic frequency which depends on the magnitude of
model, in principle, indicates a higher thermal resistance athermal boundary resistance and the thermal properties of the
the ceramic grain boundaries. The measurement results indRaterial’® Under one-dimensional heat transport, the effect
cate that the ASPRO treatment significantly reduced the theef thermal resistancBy, on the thermal conduction becomes
mal resistance between alumina grains. significant whenRy, is comparable td-,/K, with Ly, the

In an attempt to theoretically take into account the hetthermal diffusion length an& the thermal conductivity of
erogeneous structure of the grained ceramic sample, #e ceramic layer.
multilayer mode!® (up to ten layers were assumenas tried It should be pointed out that thermal interfacial resis-
to approximately describe the grain boundary structsee  tance at grain boundaries may reduce the effective thermal
Fig. 3 in the depth direction. It turned out that the three-conductivities of the grained ceramic materials, depending
layer model adequately carries the major features of th@n the magnitude of the resistarfce?’ In principle the ef-
multilayer model at considerable simplification, due to thefect of the thermal boundary resistance could be estimated by
fact that thermal resistances at boundaries closer to th@irectly comparing the effective thermal conductivities of the
modulated thermal sourcéhe coated surfageaffect the ceramic samples before and after ASPRO treatrffifbw-
thermal wave propagation more strongége Sec. )l Onthe  €Ver, independent measurement under steady state conditions
other hand, the effect of lateral grain boundaries on the thei@n the effective thermal conductivities of ceramic samples
mal conduction is negligible, as discussed in detail in Sec. IWith and without ASPRO treatment showed that the thermal
due to the fact that an excitation beam the size of which igonductivity of the treated sample was close to, or even
much larger than the lateral boundary-to-boundary distanc@lightly lower than, that of the untreated sample, thus indi-
was used in the experiment and the thermal conduction igating that the influence of the thermal boundary resistance
therefore essentially one dimensiorteepth direction The ~ ©On the effective thermal conductivity is negligible under
three-layer model was therefore found adequate to yield §i€ady stat€onditions. Yet its influence undemnsientcon-
phenomenologicakeffective value of the inter-grain thermal ditions, such as thermal-wave probing and as occurring in

impedance, as witnessed by the simulations and the fits to tH8€mal shock experiments is significant and as discussed
experimental data. above. Furthermore, simulation results showed that the

It is worth noting that the PTR amplitudes for both un- unique difference in the frequency behgvioi of untre.ate.d and
treated and treated ceramic samples were close to each ottfepPRO-treated samples as presented in Fig. 4, which is well
at the low- and high-frequency ends. This indicates that th@20ve the measurement error, could not be explained and
effective thermal conductivities of both samples are venfitt€d by any other combination of thermal parameter
close, due to the fact that PTR amplitude at the low- c)Ix:hanges other than the mter-gra_un thermal impedance. T_he
high-frequency end is approximately inversely proportionalQOOd agre_zement bet\_/veen experimental data and theoretical
to the effective thermal conductivity of the samples underitS (S€€ Fig. 4unambiguously proves that the presence of an
instigation. The thermal conductivity was not set as a fredNt€r-grain boundary impedance controls the thermal shock
parameter in the multi-parameter fitting, as we had indepenP€havior of the alumina ceramics, as discussed below.
dent measurements of that parameter and the three-layer
moijel oversimplified the actual cor_idition of the comple_xVI_ DISCUSSION
grained ceramic samples. However, if the thermal conductiv-
ity (K) was set as a free parameter along with the thickness Thermal shock tests performed with both untreated and
and the thermal boundary resistance, the fifedalues for  treated ceramic samples showed that the ASPRO treatment
the untreated and treated samples were very close to easfkgnificantly improves the thermal shock resistance of the
other and lay between the independently measured effectiv@umina ceramic material by a factor of2.1, from the criti-

K value of the ceramic sample and the literatrealue of  cal temperature differenced\T.) of less than 300 to over
the alumina crystal* Independent measurements performed650 °C2? The thermal shock resistance is a measure of the
under steady state conditions showed that the thermal comaximum temperature difference that a material can with-
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stand without catastrophic failure. In a thermal shock experi-
ment, a transient thermal load is applied to the sample sur-
face by melted aluminum and a high temperature flame
heating?®?° or transient cooling is applied by quenching if
the sample is initially heated to an elevated temperafure,
which produces a large temperature gradient inside the
sample and therefore a strong thermal stress. Once the the
mal stress exceeds a threshold determined by the mechanica
and thermal properties of the sample, catastrophic failure oc-
curs.

The PTR measurement results presented in Sec. V indi-
cated that the ASPRO-treated ceramic samples had lowe
thermal resistance at grain boundaries than the untreated ) ) )
samples. These restis show that the ASPRO treatment %, & onbonent of he niema) combustor Hocks Wi he ASPRO-
duces the thermal resistance between alumina grains in thRerhead cam twin engine componetright).
ceramic sample, and thus decreases the thermal gradient
across the inter-grain region. Therefore it reduces the local
thermal stress there, which results in an improvement of the
thermal shock resistanc@.

A thermal boundary resistan¢g,, is defined in terms of
a temperature jum@T, that occurs across the boundary, in
response to a heat flQ, in a direction normal to the inter-

By reducing the thermal resistance at the inter-grain region,
the ASPRO treatment improves the thermal shock behavior
of the ceramic sample. For grained ceramic samples investi-
gated in this experiment, the thermal-shock-induced crack

face . i . !
paths should follow grain boundaries, since these are the loci

R _A_T (15) of the maximum temperature gradient. This has been con-
hT Q- firmed by microscopic observation of a cross section of our

. - . alumina ceramics as shown in Fig. 5. Another observation
Equation(15) indicates that the temperature gradient across , . . ;
which supports the thermal boundary resistance explanation

the boundary is directly proportional to the thermal boundaryis that the thermal shock resistance of alumina samples be-

resistance. The thermal stress caused by a temperature gra- o . ) o
T I . comes significantly higher if the material is put under com-
dient in a material is expressed as follots:

pression. Compression improves the thermal contact between
EatAT alumina grains, thereby reducing the thermal boundary resis-
- (1-v)’ (18 tance and resulting in a higher thermal shock resistance. The

. . . . improved thermal transport properties of the ASPRO-treated
whereo is the thermal stressy is the coefficient of linear

. . . , . X ceramic materials appear to be well suited for applications in
thermal expansiony is Poisson's ratio, and T is the tem-  jiemal combustion engines. This type of alumina cylinder

perature gradient. Once the temperature-gradient-inducqfe; has heen successfully installed and tested in different
thermal stress exceeds the tensile strength of the material, t'ﬂ?{ernal combustion engind§ig. 6).222

sample will fail catastrophically. From Eqg&l5) and (16) it
is apparent that a lower thermal resistance at the grain
boundaries would result in a higher thermal shock resistance.

(o

VII. CONCLUSIONS

The photothermal radiometric technique has been used
to measure the thermal properties of alumina ceramic mate-
rials treated by a specific temperature-pressure process
(ASPRO.2?2 Alumina ceramics with ASPRO treatment have
exhibited much higher thermal shock resistance than corre-
sponding untreated ceramics. The excellent agreement of the
experimental results to the three-layered thermal-wave theo-
retical model of Sec. Il indicates that the thermal behavior of
these samples is consistent with the presence of an inter-
grain thermal boundary impedance which controls the ther-
mal shock behavior of the ceramics. This improvement in
thermal shock behavior was found to be the result of the
reduction of thermal resistance between ceramic grain
10,ym200kY 162E3 1956-00 boundar'ies, as meagured by the PTR technique, without a
concomitant change in the thermal conductivity of the mate-
FIG. 5. Microstructure of the treated ceramic sample showing crack pathstial.
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