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Abstract

The retained strength and hardness @RAIT, bars quenched from 200 to 130D in air, water and silicon oil were investigated to probe
the thermal shock resistance o¢AIC, in various media. The measured retained strength displayed different trends for the samples quenched
in various media. For the samples quenched in air, the retained strength showed somewhat enhancement with increase of the temperature
difference. For the samples quenched in water, the retained strength exhibited a complex evolution and could be divided into four zones,
i.e., (i) no damage zone (20-30Q0), (ii) strength degradation zone (300-5@), (iii) stable strength zone (500-100D), and (iv) strength
enhancement zone (1000-13@). Therefore, the minimum retained strength in the third zone, which is higher than 60% of the initial
strength, provided a prediction that the strength loss by thermal shocks®ICEi should be less than 40%. SEM analysis revealed that an
oxide scale ofv-Al,O3 was formed at high temperature for which the residual stress was calculated. The strength degradation in the second
temperature zone was imputed to the weakening of grain boundaries caused by water infiltration, whereas the strength enhancements for the
air-quenched samples in the fourth zone was attributed to the formation of oxide scale and the residual compressive stresses in the oxide layer.
The damage caused by quenching in oil for this ceramic was demonstrated between that of air and water quenching. Finite element method
(FEM) was used to simulate the failure in bending, and the results indicated that the strength of the sample with an oxide scale was about
5-10% higher than that of homogeneous sample.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Thermal shock; Retained strength3AIC,; Oxidation

1. Introduction The capacity to resist rapid temperature change is an es-
sential property for ceramics used at high temperattmr¥s.

As an important layered ternary ceramic and a promis- When a component is subjected to a rapid temperature-drop,
ing candidate for high temperature applicationAIC, has transient tensile stresses are generated in the surface layer
attracted growing attentions during the past decafié.dis- due to the instantaneous temperature difference between the
plays high elastic modulus, low hardness, high fracture tough- surface layer and the inner body. The temperature differ-
ness and strength, metallic conductivity, good oxidation resis- ence corresponding to the damage initiatial;, there-
tance and machinabilif.® Moreover, Hertzian indentation  fore, has been widely used as a thermal shock resistance
tests showed that JAIC, as well as other layered ternary ce- factor®-12
ramics was typical quasi-plastic materials with high damage

) of(1—v)
tolerance and low shear resistarice. R=—"—— (1)
o
whereo; is the strengthe is the thermal expansion coef-
* Corresponding author. Tel.: +86 24 23971762; fax: +86 24 23891320. ficient, E is the elastic modulus and is Poisson’s ratio.
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only a certain time but also a certain area of the applied Table 1 _ o
stress'3 Due to the high stress gradient normal to the sur- The basic properties of JNC; tested in this work

face and the short duration of the thermal shock stress, theProperties Value
critical temperature is often higher than the estimation from pensity
Eq. (1). Kim'* and Sherman and Schlumfhave revealed Theoretical (g/cr?) 4.247
that the thermal shock resistance of a ceramic is strongly _Measured (g/cr) _ a2l
affected by factors that govern the gradient and the dura- (E:f; iftfr'gzrégggti?\j@gx_plarzs_'f)n ®) g'gg:%e
tion of the thermal stresses, such as the heat conductivity,remperature coefficient of resistivity (%) 0.0035
the geometric shape and size of the sample. Many modifi- vickers hardness (GPa) 2.7-3.2
cations in the calculation of thermal shock resistance have Young's modulus (GPa) 290
been well-establishetf!112:16 which provide more accu- ~ Compressive strength at RT (MPa) 760
rate prediction of the critical temperature for damage ini- gg%’i’;‘;ssst';':nsgt{ﬁ?atgg 1200 (MPa) 1230
tiation. Brittle-to-ductile transition temperaturec) 1050
Quenching-strength test is a common laboratory approachFracture toughness (MP&f#) 6.9-7.2

to evaluate the thermal shock resistance of cerdrhios-
cause the strength degradation reflects thermal damage of a
material. Different quenching media may lead to dissimilar the dimension of 3mnx 4 mmx 36 mm were electrical dis-
damages. Among them, water causes the most rapid coolingcharge machined from an as-prepared slab of 150 mm in
and consequently, is an appropriate choice for evaluatingdiameter and 25mm in height which allows a large num-
the thermal shock behavior of a material with high thermal ber of samples prepared from the same slab for an iden-
shock resistancE-12Air is a real medium for many practical tity of the properties. All samples were polished ultimately
applications, so quenching in air is important for simulating Py 0.5um diamond paste and chamfered on the tensile
environmental load. In general, the thermal shock damage ofsurface, and divided into 20 groups for tests at differ-
ceramics increases with increasing temperature difference,ent quenching temperatures and media. The basic phys-
and the retained strength drops abruptly at the critical ical properties of the testing material are displayed in
temperatur-18 because of the crack-sensitivity of ceram- Table 1
ics. However, for the layered JAIC, quenched in water, Thermal shock experiments were performed by quench-
an interesting phenomenon has been noticed by Tzenov andng the TBAIC, bars from various temperatures into “ZD
Barsount and Wang and Zhduespectively, i.e., the retained ~ Water, air and silicon oil, respectively, for comparing the ther-
strength increased with increasing temperature difference inmal shock damage in different media (the emphasis was put
a certain temperature range. This result is contradictory to theon the quenching in water and air, only two groups of sam-
prediction based on the conventional damage mechanics andle were quenched in oil). The samples of each group were
thermomechanics. Since previous tests were limited in sam-mounted on a rectangular refractory slab, parallel and sepa-
ple numbers and temperature range, many important issuegate each other, then the slab was placed into the furnace so
such as the critical temperature for thermal shock damage that at the testing temperature the samples can be simultane-
the mechanism of the abnormal thermal shock resistanceously fallen into a bucket full of water or oil (2@ and 201
and the effects of the quenching media are unclear to date.in volume and refreshed before each quenching test) placed
Obviously, it is significant to explore the causes for above under the furnace. The specimens were heated in air with a
questions. heating rate of 10C/min up to the testing temperature and
This work focuses on a systematic investigation of the were held for 20 min prior to the quenching. Analogically,
thermal shock behavior of JAIC, over a large temperature ~ @ir-quenching test was carried out by pouring the samples
range and of the critical temperature for strength degrada-on a porous refractory brick{60% porosity) at 20C in
tion, by quenching in water, in air and in oil, respectively. static air. All quenched samples were dried by wind blow-
The emphases are placed on three aspects: (i) difference mng without other treatments before the tests of the retained
thermal shock damage between quenching in water, air andstrength.
oil; (i) explanations for the abnormal thermal shock behavior ~ The bending strengths of quenched and unquenched
of TisAIC2: and (iii) evidences for the explanations based on Samples were measured in three-point bending with a span

SEM observation, theoretical calculation and FEM simula- of 30mm and a crosshead rate of 0.5 mm/min. The failed
tion. samples and fracture sections were examined by optical

microscope and scanning electron microscope, respectively.
Thermogravimetry examination was also carried out in a
2. Experimental temperature range of 20-300 to identify the difference
in water infiltration between the samples quenched in water
The polycrystalline HAIC» used in this work was pre- ~ and in air. Vickers hardness was measured with a load of

pared by in situ hot-pressing and solid—liquid reaction method 3N and a dwell time of 155, on the polished surface of the
as described elsewheteAbout 70 rectangular bars with ~samples.



Y.W. Bao et al. / Journal of the European Ceramic Society 25 (2005) 3367-3374 3369

w0 70F  Oinair T
1 M in water L

3 360 - 6.0 |
S 320 E 5 i’ T

320 — 5
7] S ‘m 'm | i
: " Z T B

280 40t
E 240 7 s 3 "= 50 !
% : fn air 3 b E l H
= 200 4 o 20 . . . . . .

s 20 800 900 1000 1100 1200 1300
160 . — — Quenching temperature (°C)
0 200 400 600 800 1000 1200 1400
Temperature ("C) Fig. 2. Vickers hardness as a function of quenching temperature, with 3N

load and 15 s dwell time. Each value represents an average of five measure-
Fig. 1. Retained strength of 3AIC, quenched in air and in water from ments.
various temperatures, showing slight reinforcing effect for samples quenched

in air and four different f | hed in water. . . . _
n ar and four aifierent zones for samples quenched in water more interesting that, when the quenching temperature is

higher than 1000C, the retained strength increases with

3. Results and discussion the increase of the quenching temperature. Therefore, the
minimum retained strength, which is higher than 60% of the
3.1. Retained strength and hardness initial strength, is obtained in the third temperature zone.

The abnormal evolution in the retained strength provides

F|g 1 compares the retained Strengths of the samp|esa prediction that the quantities of Strength degradation
quenched in air, water and oil from various quenching tem- caused by thermal shock should less than 40% fehlT>,
peratures. For the samples quenched in air, the measuredvhatever temperature difference is utilized.
strength slightly increases rather than decreases with in- Fig. 2 displays the measured hardness of the quenched
creasing quenching temperature, which indicates that thesamples with the increasing temperature-drop. The hardness
thermal shock by air does not yield damage iRAIC. values varying from 2.8 to 6.8 GPa show similar enhanc-
On the other hand, the residual strength of the samplesing trend for the samples quenched in water and in air, al-
quenched in water exhibits a complex evolution with the in- though the retained strengths are different. In bending tests,
crease of quenching temperature from 20 to 13D0i.e., the samples quenched in air displayed a brittle fracture mode,
steady strength> gradual degradation- stable lowretained  i.€., high strength and fast crack rate; whereas the samples
strength— increased strength. Such a varying trend of resid- quenched in water showed quasi-plastic fracture without sep-
ual strength not only confirms the abnormal strength enhance-arating into pieces after failure, i.e., relatively low-strength
ment in a temperature rantfebut provides more detailed ~and low-cracking rate due to “damp” grain boundary. The
damage evolution related to quenching temperature. Thus,terms “damp” and “dry” grain boundaries were first used
the retained strength includes approximately four zones ac-by Wiederhorn to describe grains that were covered with a
cording to the variation of the quenching temperature: (i) 9lassy phase or free of a second phase, respectively, in an-
no damage zone (20-300), (i) strength degradation zone ~ alyzing the creep resistance of ceramfizdn our present

(300-500°C), (iii) stable low-strength zone (500—100D), work, real damp grain boundaries were found from the sam-
and (iv) strength enhancement zone (1000-t&)0Based  Ples quenched in water, and it made the sample not so brit-
on these results, the thermal shock resistance #£ITi, is tle. Fig. 3 shows optical micrographs of the typical quasi-

estimated to be 300-40C, which is higher than the pre-  Pplastic fracture of a water-quenched sample in three-point
diction (~107°C) from Eq. (1), and also higher than that bPending test. Although great crack opening displacement can
of alumina R=100-250C)1415Whereas for the samples be seen in the tensile surfadéid. 3a) and in the side sur-
quenched in oil, the critical temperature for strength degra- face €ig. ), the sample is not completely fractured and
dation is much higher than that of the samples quenched inno Visible crack appears on the compressive surface of the
water. Above results indicate that the rank of the cooling rates bending beamKig. 3c). The quasi-plastic failure mode and

among the three quenching mediaVigiater> Voil > Vair. strength degradation of the samples quenched in water indi-
In water quenching tests, unlike brittle ceramics whose cates that the grain boundaries in the surface layer become
strength rapidly drops at the critical temperattitethe “damp” after quenching in water. The damp grain boundary

strength degradation of JAIC, is a gradual process in the leads to a quasi-plastic fracture involving crack deflection,
second temperature range. And the stable retained strengtfpranching and bridging (as shownfig. 4a), pulling-out of

in the third temperature zone indicates that the increase ofdrains (as shown ifig. 4b) and degradation of grain bound-
the temperature-drop does not lead to further damage. It isary strength.
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Fig. 4. Profiles of ductile fracture of the quenched sample from 1Q0@
water, showing (a) crack branch marked as A and crack bridge marked as B,
and (b) grain pull-out in the crack.

transgranular and intergranular fracture can be clearly ob-
served. The degradation of the retained strength as shown in
Fig. Ldemonstrates that there must be damage in 48 Ch
guenched in water. However, no surface cracks representing
thermal shock damage were found in the careful SEM ex-
amination. A notable evidence, showing the difference in
the damage mechanism between air-quenched and water-
guenched samples, was found from the morphologies of grain
boundaries by SEM examination, i.e., the grain boundaries
of the samples quenched in water were weaker than those
guenched in air. The weak grain boundaries can be clearly
seen fronFigs. 6 and 7which imply that the weakening of
grain boundaries leads to the quasi-plastic fracture behav-
ior and the strength degradation of the samples quenched in
water.

Fia. 3. Profiles of fract e which hed in water f The weak grain boundary in the outer layer of the
ig. 3. Profiles of fracture sample which was quenched in water from L - . )
1000°C before the three-point bending test. Crack opening viewed from: quenched samples is imputed to water infiltration at the mo

(a) the tensile surface of the sample, (b) the side view of the crack, and (c) Ment of quenching in water. Since the layered platelet grains

mm

the profile of the compressive surface. have anisotropic thermal expansion coefficient, the platelet
grains in the surface layer suddenly shrink in different levels
3.2. Influence of water infiltration along different directions when the samples drop into wa-

ter. Untight grain boundaries were yielded at that moment
SEM examinations on the fracture section of the samples and the water would penetrate inside, which is a cause for
guenched in airKig. 5a) and in waterKig. 5b) show sim- damp grain boundaries in the water-quenched samples. Fur-
ilar morphologies from which the delamination in grains, therevidence ofthe water infiltration was obtained by thermo-



Y.W. Bao et al. / Journal of the European Ceramic Society 25 (2005) 3367-3374 3371

Fig. 5. SEM fractographies of quenched sample in water (a), and in air (b)
from 1000°C, showing a combination of transgranular and intergranular

L . Fig. 7. The thickness of the oxide scales varying with temperature and the
fracture, and also delamination in grain.

morphology of the polished surface showing lax grain boundary from: (a)
1000°C to (b) 1300°C in water.

gravimetry analysis (16/18 SETARAM, France) on both sam-
ples quenched in air and in water for comparing the weight
loss during heating from 20 to 30C under identical test-
ing conditions. Weight loss in the sample quenched in water
was obviously larger than that of air-quenched sample due
to evaporation of the water in the sample. The measured dif-
ference in the weight loss between them increased with in-
creasing temperature up to 300 and became stable when
the relative weight loss was0.0018 mg/crf.

3.3. Effects of oxidation and residual stress

The fact that the surface hardness of the quenched sam-
plesincreases with the quenching temperature indicates that a
hard oxide scale is generated during the heating process of the
samples. Similar oxide thickness on the samples quenched in
air (Fig. 6a) and in waterfig. 6b) implies that the oxidationis
formed before quenching, so it is independent of the quench-
ing media. The thickness of the oxide scale growing with the
increase of temperature confirms the prediction from kinetic
study?® SEM micrographsKig. 7) show the increasing oxide
thickness with the temperature and the weak grain boundary
in the sample quenched in water. The oxide production of
Ti3AlC» is a-Al203 and the oxidation mechanism has been
described elsewhef®:?1 The oxidation results in a hard sur-
face layer ofx-Al 2,03 on the TRAIC substrate; therefore, the
hardness enhancement with the increasing quenching tem-
perature is attributed to the growth of the oxide layer. The
complex change of the retained strength with the quenching
temperature is also related to the oxide layer.

Because of the difference between the thermal expansion
Fig. 6. SEM micrographs of 3AIC, samples quenched from 1200 in coefficient of the oxide layerof =8.3x 109K~ for a-

air (a) and in water (b), after polishing off one oxide layer, showing similar Al203) and the SUbStral-te’lﬁ =9x10°° K__l for Ti.3A|C2),
oxide thickness but different grain boundary damage. the thermal stresses will be generated in the oxide scale and
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the substrate. When the thermal expansion coefficient of the 300 7
outer layer is lower than that of the substrate, compressive
stress will be yielded in the outer layer during cooling. It

is the compressive stress in the oxide layer that improves
the retained strength and damage resistance of the quenched
sample. The compressive pre-stress in the oxide layer and the
shear stress at the interface were calculated based on an un-
even strain mode#? For a rectangular sandwich bar sample
without applied stress, the residual stress distribution along
the longitudinal direction is given b? 0 1 1 L 1 1

0 0.2 0.4 0.6 0.8 l
— (n + 2()2A T}(ZAOl)Eliz)hlhzgn = Toé%n (2) Normalized distance, x/L.
L(2E1h1 + E2h2

and 257

(1 +2AT(AQ)E1Ezhy . ,1q
(r+ D@Eshs + Eoh) ) 3)

where& =x/L is a non-dimensional variable in the range of
0—1r isthe shear stress at the interfaggeis the compressive
stress in the outer laydr,is the half length of the bar sample,
h; is the thickness of the oxide layém; is the thickness of
the substrate)« is the difference in the thermal expansion
coefficients between the coating and substratés the max-
imum interfacial shear stress at the ends of the bas, a
constant depending on material properties, usually 7—10 for
ceramic laminate$? Fig. 8. (a) Calculated retained stresses in the oxide layer and the
To understand the stress distribution and stress varia-interfacial shear stresses distributing along half-length of the sam-
tion with the thickness of the oxide scale, a calculation Ple. for AT=1000°C, Aa=0.7x 10"°K™%, hy =0.01mm, hp=3mm,

of thermal stress was carried out using the following pa- L= 330 GPaE2=290GPan=8. The middle and the end of the bar cor

] _ _ 61 _ responds tx=0 andx=L, respectively. (b) Influence of the thickness of
rameters:AT=1000°C, Ax=0.7x 10"° K™, hy=3mm, the oxide scale on the maximum residual stress and maximum shear stress,

E; =330 GPa¢-Al03), E» =290 GPa (T4AIC,),n=8. The calculated by the uneven strain model for=3 mm.
calculated stress distribution along the length direction of the
bar (withh; =0.1 mm) is displayed iRig. 8a, whichindicates  flexure strength of the sample would increase with increas-
that the maximum compressive stress occurs at the middle ofing thickness of the outer layer. In both cases, therefore, the
the bar and the maximum interfacial shear stress occurs atretained strength would increase with increasing temperature
the ends of the bar. The maximum stresses varying with the because the compressive pre-stress in the oxide layer and the
thickness of the outer layer are calculated and are shown inthickness of the oxide layer increase with temperature, in the
Fig. 8, which demonstrates that the residual stress in therange of 1000—1300C. Obviously, the prerequisite for this
outer layer slightly declines but the interfacial shear stress strength enhancement is that no damage is generated in the
increases with increasing thickness rahtigh, for a fixed oxide layer. Although low thermal shock resistance was often
temperature-drop. Since the thickness of the oxide layer in- reported for ApO3,241°no crack is found on the oxide layer
creases with the quenching temperature, the residual stress iformed on T3AIC, by SEM observation. The fact that the
the oxide layer and the shear stress at interface also increasél O3 coating is not damaged up to 130D quenching is
with the temperature. The shear stresses increasing with thedue to the thickness efféét(the layer was very thin), the ex-
thickness ratio may result in debonding and flaking away of cellent thermal conductivity of both JAIC, anda-Al 03,
the oxide scales when the oxide layer is too thick. and the compressive pre-stresses in the layer. In the third
For a sample with residual stress, a common failure crite- temperature zone, the stable retained strength of the samples
rion is that fracture occurs when the sum of the applied stressquenched in water implies a balance between the strength
and the residual stress exceeds the strength of the materialdegradation and strength increase relating to different mech-
The location of the fracture initiation depends on the competi- anisms.
tion between the stress sumin the coating and in the substrate. The effects of the oxide scale on strength are also con-
Thus, the enhancement of the flexure strength resulted fromfirmed by a failure simulation in three-point bending using
the oxide layer involves two cases: (i) when fracture initi- finite element method (FEM). Stress calculation was per-
ates from the oxide layer, the strength of the coated sampleformed with 40,000 meshes in plane strain under an initial
would increase with increasing compressive pre-stress in theload (stress or displacement), and then the stress in every el-
outer layer and (ii) if fracture initiates from the substrate, the ementis examined with the modified Mohr—Coulomb failure

250
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Fig. 9. Results of FEM simulation on the failure of monolithic beam at in-

creasing three-point bending loads step by step at: (a) 50 MPa; (b) 250 MPa;

and (c) 252 MPa. The initial modulus and strength for the simulation were
280 GPa and 260 MPa, respectively.

criterion to control the failure of each element. The same cal-

3373

than the monolithic BAIC, sample because of the residual
stresses.

4.

@)

)

®3)

culation and examination are repeated after a load increment

(0.001 mm in deflection increment), step by step until frac-

ture occurs in the sample. To compare the failure stress be-

tween a monolithic beam and coated beam, identical sample
sizes and loading conditions were used to simulate the fail-

ure.Figs. 9 and 1&how respectively the failure process and

critical stress to fracture in the monolithic sample and coated
sample. It indicates that the bending strength of the sample

with a 0.01 mm thick alumina coating is about 5—-10% higher

Fig. 10. Results of FEM simulation on three-point bending failure of coated
sample with the same initial parameters ad-ig. 9 at: (a) 200 MPa; (b)

300 GPa and 280 MPa«AT=0.007.

(4)

(®)

(6)

Ac

Yo

Conclusions

Quenching in air does not result in damage in the layered
machinable THAIC, ceramic, no strength degradation
but somewhat strength enhancement is found for the air-
quenched samples up to the quenching temperature of
1300°C.

Thermal shock resistance of 3AlC, quenched in
water is 300—-400C, and the quenched samples ex-
hibit quasi-plastic fracture mode in bending tests. The
retained strength shows different variations in four
zones of quenching temperature: (i) below 300

no strength loss; (i) 300-50C, strength degrada-
tion; (iii) 500-1000°C, stable low-strength; and (iv)
1000-1300C, strength increases with increasing tem-
perature difference. This abnormal thermal shock be-
havior indicates that strength loss iAIC, caused by
thermal shock should be less than 40% in any case.

The samples quenched in silicon oil from 8@show
similar results as quenching in air, but quenching from
1200°C to oil leads to a strength degradation. Therefore,
the cooling rates for the three quenching media are ranked
as:Vwater™> Voil > Vair-

The strength degradation and quasi-plastic fracture of the
samples quenched in water is imputed to weakening of
grain boundaries caused by water infiltration. Whereas
strength enhancement of the samples quenched from the
temperatures above 1000 into water is attributed to (i)
growth of oxide scalex-Al 203) with increasing temper-
ature and (ii) the residual compressive stress in the scale,
which is irrelevant of the thermal shock.

The measured hardness of the samples quenched in water
and in air shows similar values and identical dependence
on temperature difference. The hardness increases with
increasing quenching temperature due to the formation
of harda-Al O3 layer.

The stress analysis reveals that the maximum compres-
sive stress in the oxide layer occurs at the middle of the
bar, and the maximum interfacial shear stress occurs at
the ends ofthe bar. Strength enhancement for coated sam-
ple is confirmed by FEM failure simulation when the ex-
pansion coefficient of the coating is lower than that of
the matrix.
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