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Effect of environmental factors on thermal shock
behaviour of polycrystalline alumina ceramics
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The effect of the environmental factors on thermal shock behaviour of polycrystalline
alumina ceramics was studied by quenching the alumina specimens into various
quenching media. The environment factors of quenching media were controlled by
changing the temperature of water and changing the concentration of the propylene
glycol/water solution. The convection heat transfer coefficient and thermal stress increased
as the temperature of cooling water increased and decreased as the concentration of the
propylene glycol in water increased. The critical thermal stress which makes the cracks
grow catastrophically was found to be generated by the critical cooling rate, and the critical
cooling rate of alumina ceramics was found to be a certain value (550 °C/s) and same for all
cooling liquids. Therefore, cooling rate was found to be the most influential of the
environmental factors in thermal shock. © 7999 Kluwer Academic Publishers

1. Introduction In this study, the effects of environmental factors on
The investigation of the thermal shock for ceramicsthermal shock test of ceramics were investigated by di-
so far has been carried out mainly to find the strengthiect measurement of cooling temperature variation of
degradation and crack growth mechanism [1, 2]. TherAl,O3 specimens during thermal quenching using var-
mal shock behavior is affected by many environmentious cooling liquids. Temperature variation of the spec-
factors on thermal shock. Therefore, the study aboutmen surface indicates the variation of the environmen-
the effect of environmental factors on thermal shocktal factors which the specimen suffers during thermal
behaviour is needed. shock test. The temperature variation of the specimen
Thermal shock is caused by the thermal stress, whickurface is related to the heat transfer coefficient, which
is generated by the temperature gradient between th&gain is related to the cooling rate of the specimen. The
surface and the inside of a solid specimen immersedooling rate is considered definitely to determine the
in the quenching media [3]. However, the most impor-critical thermal stress, which leads to the failure of the
tant environmental factor which affects significantly on solid specimens.
temperature gradient in the solid specimen during ther-
mal shock is considered to be the cooling rate of the
specimen. The cooling rate of the specimen is also af2. Experimental
fected by many factors of the cooling process including2.1. Quenching media
the temperature of the cooling liquid, the concentrationTo study the effect of the environmental factors on ther-
ofthe components inthe cooling liquid solution, the rel-mal shock, the temperature of distilled water and the
ative velocity of the motion of the specimen in the fluid, concentration of propylene glycol/water solution were
the roughness of the surface of the specimen, etc. [4)aried. The temperature of distilled water was varied
These factors of the cooling process are considered toy the water bath. Fig. 1 is the well-known boiling
determine the heat transfer rate between the solid sucurve [10], showing a schematic view of the convec-
face and the cooling liquid. tion heat transfer coefficient variation according to the
Heat transfer between the solid surface and the fluidemperature difference of the heated solid specimen and
mainly takes place by convection mechanism andthe cooling water when the specimen was immersed in
hence, the heat transfer coefficient is very importantwvater. Regions I, Il, 11l classify the regimes of boil-
in thermal shock tests [5]. Heat transfer coefficient deing phenomena of water. The variation of the convec-
pends on the environmental factors of the quenchingion heat transfer coefficient of water according to the
media, the geometry of the solid specimen, the phystemperature of water, as shown in Fig. 1, will be con-
ical properties of the fluid, temperature and pressuresidered to explain the thermal shock behaviour of the
etc. The studies about the effect of the environmentaglumina ceramics in this study. Hence, the tempera-
factors on thermal shock are not so many and the data gare of the cooling water was controlled over the tem-
far obtained are not sufficient for explaining the thermalperature range; 4, 20, 40, 60, 80 and 100during
shock phenomena of ceramics [6-9]. guenching.
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Figure 1 Schematic representation of the heat transfer coefficient vari 2.3. Measurement of the COO”ng rate
ation of water as a function of temperature difference. The temperature Change ofthe specimen surface durmg
gquenching was measured by a K-type thermocouple of

0.3 mm diameter. The thermocouple was attached to

Propylene glycol is completely miscible with water the specimen surface and was fixed with a strong inor-
over whole range of compositions and their mixtureganic adhesive (Aron Ceramic D-5, Toagosei, Japan).
is used as the antifreezing solution. The thermal conThe inorganic adhesive was optimally used to minimize
ductivity of propylene glycol (200 W/nrC at 25°C)  the possible error during measurement. The figure of the
is much lower than that of water (600 W/iC at temperature measurement is illustrated in Fig. 2. The
25°C) [11]. The convection heat transfer coefficient of thermocouple, which was attached to the specimen, was
propylene glycol is considered to be much lower thanconnected to a computer system equipped with a data
that of pure water, so that the convection heat transfeacquisition system using an A/D converter (DT2835,
coefficient of propylene glycol/water solution is consid- Data Translation, USA) and the transient temperature
ered to be lower than that of pure water but higher tharwas recorded into the computer storage. The sampling
that of propylene glycol. The concentration of propy- rate of data recording was 2000 Hz and the measuring
lene glycol in water used for thermal shock test wasperiod was 10 s.
varied over the range; 0, 25, 50 and 75 vol %.

3. Results and discussion
2.2. Thermal shock test 3.1. The effect of cooling rate in water
Thermal shock test was carried out in various quenchThe measured surface temperature of the specimen
ing media; distilled water and various concentrationswhich was heated to 22 in the furnace and quenched
of propylene glycol in water. Polycrystalline alumina into distilled water of 20C (thermal shock temperature
rectangular bar specimens ok#4 x 35 mmwere used difference AT was 200°C) is illustrated in Fig. 3a.
in thermal shock tests. The material properties of alu-To eliminate the signal noise, digital filter processing
mina ceramics were measured and given in Table |. Thevas carried out. After digital filtering, clear tempera-
thermal shock test system was customized, which wasiire change data could be obtained. Fig. 3b represents
controlled by a computer to move the specimen betweethe temperature change plot against time after data fil-
the hot zone of the furnace and the cooling bath. Heatingering. The surface temperature of the specimen rapidly
and cooling temperature deviation of the thermal shocldecreased immediately after immersed into the cooling
test system was withit=3°C. The alumina specimen water. However, the surface temperature of the speci-
was heated to the desired temperature for 15 min imen was decreased smoothly after 2 s.
the furnace and was quenched into the cooling liquid Fig. 4 shows the surface temperature variations of the
for 30 s in the bath. After quenching, the specimensspecimens which were heated to various high temper-
were dried and the retained strength was measured atures and quenched into the temperature of the cool-
a universal testing machine (H10K-C, Hounsfield Testing water 20°C. The profiles of all surface temperature
variations were analogous to each other. Therefore, itis
very difficult to identify the characteristic difference of

TABLE | Properties of 4O specimens the cooling behaviour of the specimens from the pro-
Density (g/cn) 38953 fles of temperature variations.

Mean strength (MP&) 44854 The cooling rates of the specimen surface for each
Mean grain size/(m)° 2.35 guenching condition could be obtained by differenti-
Fracture toughness (MPa~/2)¢ 4.8439  ation of the temperature variations with time. Fig. 5
aThree-point bending strength. shows b(_)th the surface temperature a_md _coollng rate of
bMean grain size. the specimen surface during quenching into the water
°SENB method. of temperature 20C against the cooling time when the
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Figure 5 Cooling rate and surface temperature variation as a function
of time, whenAT was 200°C and water temperature was 20.

temperature differencAT was 200C. The cooling
rate increased rapidly and reached the maximum cool-
ing rate in 2.218 s for the cooling water of 20 as can
be seenin Fig. 5. The maximum cooling rate was mea-
sured as 420.91C/sforAT = 200°C. The cooling rate
of the specimen surface decreased after the maximum
point because the heat transfer decreased as the surface
temperature of the specimen decreased.

The maximum cooling rates for all temperatures of

Figure 3 Temperature variation of the specimen surface as a functiothe cooling water and all thermal shock temperature

of time, whenAT was 200°C and the water temperature was°Z0)

(a) before filtering (b) after filtering.
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differences are given in Fig. 6. For each temperature of
the cooling water, the maximum cooling rate increased
as the thermal shock temperature difference increased.
In Fig. 7, the maximum cooling rates are represented
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Figure 4 Temperature variation of the specimen surface as a function of
time for various temperature differences, when water temperature wagigure 6 Maximum cooling rate as a function of temperature difference

20°C.

for various water temepratures.
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640 the nucleated boiling in region Il and finally the heat
[ transfer decreased remarkably by the film boiling as

620 I shown in region Il of Fig. 1. Therefore, the convection
i heat transfer coefficientss, hog, hag and heg for the
600 [ temperatures of the cooling water 4, 20, 40 and®0

respectively, can be expressed as Equation 2.
580 -

[ / hs < hao < hago < hgo (2
560

Thermal stress of the plate specimen which is cooled

Mor at a constant cooling rate can be calculated by Equa-

Maximum Cooling Rate (°C/s)

tion 3 [13],

520 [

[ Ea ¢y3 .
500 [ = - —— (surface of the specimen) (3

_ =T 3 pecimen) (3)
480 _ . where,yn is the geometrical factow, the thermal dif-
ol fusivity and¢ the cooling rate of the specimen. Equa-

0 20 40 60 80 100 tion 3 can not be applied to the whole range of ther-

mal shock temperature difference because Equation 3
represents the thermal stress resulting from a constant
Figure 7 Maximum cooling rate as a function of water temperature at cooling rate. Howeve_r’ the goolmg rate Is _assumEd to
the fixed thermal shock temperature difference 250 be constant for the differential element of timtediir-
ing which the differentiation of the temperature change
with time dT (t)/dt is applied to Equation 1. Hence, a
as a function of the temperature of the cooling watefrelationship between the therma.l stress and the cooling
for the same thermal shock temperature difference of2t€ can be expressed as Equation 4.
250°C. FromFig. 7, it can clearly be understood that the
maximum cooling rate increases as the temperature of o X d_T (4)
the cooling water increases over the temperature range dt
4-60°C, however, it decreases again over the temper
ture range 60—-10CC.
According to the lumped system analysis [12] the
cooling rate of the specimen is proportional to the con-

Water Temperature (°C)

6\:umped system analysis gives Equation 5 from Equa-
tions 1 and 4.

vection heat transfer coefficient as given in Equation 1, o och ®)
daT () It can be, therefore, understood that both the thermal
g=hAT—T()] = pCpV—— (1)  stressesy, 020, 040 andogp, and the maximum cool-

dt ing ratesga, ¢20, a0 andpgp for the temperatures of

cooling water 4, 20, 40 and 6C, respectively, can be
expressed as Equations 6 and 7, respectively, for the
same critical temperature difference because the ther-
mal stress is proportional to the convection heat trans-
fer coefficient, which is also proportional to the cooling
rate of the specimen, as represented in Equation 3.

where,q is the heat transfer rath,the convection heat
transfer rateA the surface area of the solid bodythe
uniform temperature of the fluid;, (t) the temperature
of the surface of the solid body after tirhs, p the den-
sity of the solid,C, the specific heat of the solid body
andV the volume of the solid.

Therefore, it can be said that the maximum cool-
ing rate shown in Fig. 7 is proportional to the convec-
tion heat transfer coefficient. The fact that the maxi- P4 < P20 < Pao < P @
mum cooling rate increased over 4<@Dand decreased
again over 60-100C of the cooling water as shown
in Fig. 7 can be explained by the characteristic be-
haviour of the convection heat transfer coefficient 0f3.2. Effect of cooling rate in propylene
water, as shown in Fig. 1. Up to 6@, it is considered glycol/water solutions
that the specimen was cooled by natural-convection a§he quenching media of propylene glycol/water sys-
illustrated in region | of Fig. 1 due to the fact that tem were prepared by mixing propylene glycol by 25,
the heat transferred to the water from the specime®0 and 75 vol % into water. The surface temperature
was not enough to boil the water. Hence, the convecehanges of the specimens during cooling in the bath
tion heat transfer coefficient increased linearly with in-of 25 vol % propylene glycol/water solution are plot-
creasing temperature of water in this region. Howeverted in Fig. 8 as a function of time for various thermal
when the temperature of water increased abovd%0 shock temperature differences between the temperature
the water surrounding the specimen formed bubblesfthe heated specimen surface and@®f the cooling
of vapour and the heat transfer mechanism changed ®olution. The cooling tendency of the heated specimen

04 < 020 < 040 < 060 (6)
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Figure 8 Temperature variation of the specimen surface as a function

Time (s)

pure water of the same temperature@)as shown in
Fig. 9.

Assuming that the convection heat transfer coeffi-
cient between the specimen and the cooling liquid is
proportional to the cooling rate of the specimen surface
as given in Equation 1, the convection heat transfer co-
efficientshpg, hp2s, hpso andhpzs for 0, 25, 50 and 75
vol % propylene glycol/water solutions, respectively,
are considered to have a relationship as Equation 8.

hpo > hp2s > hpso > hp7s (8)

In similar to Equations 6 and 7 for the cooling water, the
thermal stressesyo, op2s, opso andop7s, and the max-
imum cooling ratesppo, Pp2s, Ppso andegyzs for 0, 25,

50 and 75 vol % of propylene glycol/water solutions,
respectively, can be expressed as Equations 9 and 10,
respectively, for the same thermal shock temperature
difference because the thermal stress is proportional to
the convection heat transfer coefficient, which is also
proportional to the cooling rate of the specimen.

0p0 > Op25 > Ops0 > Op75 9

of time for various temperature differences, when 25 vol % propylene
glycol aqueous solution was used as a cooling liquid.

Ppo > Pp25 > Pps0 > Pp75 (10)

surface inthe propylene glycol/water solution, showning 3 The effect of cooling rate on the

Fig. 8, is analogous to that in the water, shown in Fig. 4.

critical thermal stress

The cooling rate of the specimen surface for eacRyhen the three-point bending strength of the alumina

guenching condition of the propylene glycol/water so-
lution was obtained by differentiation of the tempera-

specimens was measured after subjected to the thermal
shock test by quenching into the cooling water, it was

ture variation curves of all specimens with time likewise o ,nd that the critical temperature differencadc’s

for the cooling water. Hence, the maximum coolingyere 275 250 225 225 250 and 2&Dfor 4. 20. 40
rates during quenching into the propylene egcoI/water6o, 80 and 100C of the cooling water, respectively, as

solution of the temperature 2C are represented in
Fig. 9 as a function of thermal shock temperature differ-
ence. The maximum cooling rate for zero vol % propy-

shown in Fig. 10.
The critical temperature differenc&Tc decreased
as the temperature of the cooling water increased from

lene glycol/water solution corresponds to that for the
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340 a stress higher than the critical thermal stress [14]. The
strength of a ceramic body degrades abruptly and frac-
tures by crack growth caused by the critical thermal
stress during thermal shock process likewise the me-
chanical stress by the mechanical loading. Both the tem-
perature difference and the cooling rate generally cause
the thermal stress [15]. Therefore, the temperature dif-
300 | ference and the maximum cooling rate which gener-
ate the critical thermal stress and, hence, bring about
the abrupt strength degradation are the critical tempera-
ture difference and the critical (maximum) cooling rate,
respectively.

The maximum cooling rates for the various tempera-
tures of the cooling water are represented in Fig. 12 as a
260 F function of the quenching temperature difference. The
critical thermal shock temperature differences are rep-
resented as circled data points for the respective tem-
perature differences in Fig. 12. It can be understood
from Fig. 12 that all critical thermal shock tempera-

] . ture differences are above and very close to a certain
Concentration of Propylene Glycol (vol%) value of the cooling rate 55@/s. The maximum cool-

ing rates for the respective concentrations of propylene
glycol in water are represented in Fig. 13 as a function
of the quenching temperature difference. The critical
thermal shock temperature differences are represented
as circled data points for the respective temperature
differences in Fig. 13. It can also be understood from
Fig. 13 thatall critical thermal shock temperature differ-

320

280

Critical Temperature Difference AT_ (°C)

240 L
0 20 40 60 80

Figure 11 Critical temperature difference as a function of the concen-
tration of propylene glycol agueous solution.

4°C up to 60°C and increased again above°&@as
shown in Fig. 10. This phenomenon is in good agree-

ment with the tendency observed for the maximum
cooling rate as shown in Fig. 7. When Fig. 7 is com-€nces are above and very close to the same value of the

pared with Fig. 10 it can be understood that the higheFo.Q"ng rate 550C/s as that for th_e cooling water. The
the maximum cooling rate is, the lower the critical tem-c.mIcal cooling rates of the specimen surfaqe are con-
perature difference is. If a specimen is subjected to th idered to be above the value 580 for all different

higher maximum cooling rate, it will suffer the ther- ermal shock conditions. This means that the cooling
mal stress more severely and will need the less critic jates of all specimens that make the cracks grow catas-
temperature difference for failure. This means that th rophically should be higher than the critical cooling
maximum cooling rate determines the critical temper- a;tel 55.0(:/3 for _aII thermal shock tests in this study
ature difference of thermal shock. of alumina ceramics.

The increase of the critical temperature difference
above 60C as shown in Fig. 10 for water quenching
is due to the decrease of the maximum cooling rate of

800

the specimen above 6C, as can be seen in Fig. 7,
because the maximum cooling rate is limited and de 1 |—%— 4cC
creases by the remarkable film boiling on the surface o --o-- 20°C -
the specimen at temperatures aboveé®@s discussed 707 | e 4ooc
in Section 3.1. .
The critical temperature difference for the propy- TTOTTe0C
lene glycol/water solution increased linearly from 250 @ ., | " 80°C
to 325°C over the concentration range 0—75 vol % of & —v—100°C e

propylene glycol/water solution of 2@, as shown in 2
Fig. 11. The fact that the critical temperature differencec
for propylene glycol/water solution increased as the @ 5907
concentration of propylene glycol in water increased g

is due to the fact that the heat transfer coefficient of the© Critical cooling rate

solution as well as the cooling rate linearly decrease: 4004 o 550°C/s
with increasing the concentration of propylene glycol
In water. ] Q. Critical temperature difference

300 T T T T T T
175 200 225 250 275 300

3.4. The critical temperature difference and
the critical cooling rate

A ceramic bOdy IS SUSCthIb|e to Cata?“_'ophlc' failurerigure 12 Maximum cooling rate as afunction oftemperature difference

because of its general brittleness when it is subjected tor various water temperatures.

Temperature Difference AT (°C)
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(1) The maximum cooling rate increased as the ther-

—8— pure water mal shock temperature difference increased for each
7004 | " ~25% soultion temperature of the cooling water. For the same thermal

~4-750% solution A shock temperature difference, the maximum cooling

_ v 75% solution s / rate increased as the temperature of the cooling water

increased over the temperature range 4£&Mut the
reverse for the higher temperature range 60-=due
to the remarkable film boiling.

The convection heat transfer coefficierts, hyg,
h4o and hgg for the temperatures of the cooling wa-
ter 4, 20, 40 and 6QTC, respectively, can be expressed
as:hy < hog < hag < hgo. The thermal stresses, oo,

040 andogp, and the maximum cooling rates, ¢2o,
¢a0 and ¢go for the temperatures of cooling water
4, 20, 40 and 60C, respectively, can be expressed;

600

500

Maximum Cooling Rate{°C/S)

L
/ ¥ Critical cooling rate

." 550°C/s 04 < 020<040<060 and¢4 < (20 < Pa0 < P60, for the
o O : Critical temperature difference same thermal shock temperature difference because the
400 — T T T T T T thermal stress is proportional to the convection heat
200 225 280 275 300 325 350 transfer coefficient, which is also proportional to the
Quenching Temperature(°C) cooling rate of the specimen.

(2) The convection heat transfer coefficiefis,
Figure 13 Maximum cooling rate as a function of temperature difference hp25; hp50 andhp75 for 0, 25, 50 and 75 vol % propylene
for various concentrations of propylene glycol aqueous solution. egcoI/water solutions, respectively, were found to have
the relationshiphpo > hpos > hpso > hp7s. The thermal
The strength degradation of a solid specimen iSI€SS€8p0, Op25, Opso@ndopzs, and the maximum cool-
only dependent upon the thermal stress if there is nd'9 rat()es¢p°’ ¢p25, dpso and gp7s for 0, 25, 50 and
other thermal deformation except thermal expansio _5 vol % of propylene glycol/water solutions, respec-
and contraction during the thermal shock process. SinciVelY: canbe expressedfa@o ; Op25> JPEF? > 097|5an ‘
the thermal stress works just like the mechanical stres§P0 ~ $p25> Ppso > ¢7s, for the same thermal shoc
the thermal stress which makes the cracks grow by crittemperature difference as the same reason with the pure
ical thermal shock temperature difference should be th&o0ling water. . .
same with the stress: of Equation 11 [16] The critical temperature difference increased almost
' linearly as the concentration of the propylene glycol
in water increased, probably because the heat transfer

Kic = Yocv/'C (11)  coefficient linearly decreases with increasing the con-
. . ) ) centration of propylene glycol in water.
where,Kc is the critical stress intensity facto, the (3) The critical thermal stress which makes the cracks

shape factor of the crack, the crack lengthyc the crit- o4y catastrophically is generated by the critical cool-
ical thermal stress which makes the cracks grow cataspg rate. The critical cooling rate of alumina ceramics
trophically. The critical thermal stress which makes the,,as found to be 550C/s in this study.

cracks grow catastrophically is generated by the criti-

cal cooling rate. The cooling rate which generates the o the results obtained in this study, it can be said
critical thermal stress is defined as the critical coolinginat the critical thermal shock temperature difference
rate..The critical cooling_ rate_z of alumina ceramics isiS dependent on the cooling rate. However, the cool-
considered to be 55@/s in this study. _ing rates for all critical thermal shock temperature dif-
From the results obtained in this study, it can be saiqgrences approached the critical cooling rate, which is
that the critical thermal shock temperature differencensigered to be most influential of the environmental

is dependent on the cooling rate. However, the coolingactors in the thermal shock behaviour of the alumina
rates for all critical thermal shock temperature differ- .oramics.

ences in this study approached the critical cooling rate,
which is considered to be most influential of the en-

vironmental factors on the thermal shock behaviour of
the ceramic bodies. Acknowledgement
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