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ABSTRACT

In this report we discuss the results of the developed
theoretical and experimental methodsz of estimating the thermal
stress state of finite bhodies having single and multiple
cracks, We detect the abhove-mentioned factors effect on the
fracture Kinetics and bearing ability of thermally loaded
bodies. Using the nonstationary thermal shock methods, e.g

axisymmetric heating or cooling the side surface of
cylindrical bodies in liquid media, plasma or electron-beam
heating of a cylinder top, it is shown the fracture character
changes from appearance of some cracks resulting in a partial
loss of bearing ability to a complete body fracture. According
to the extent of the compression and tension areas in a boady
and the stress relation in these areas the relative thermal
stress resistance of elastic and brittle materials may vary
from tensile strength values to compressive strength ones. It
1% thown on the bhasgis of the linear mechanics concepts that in
the general case for estimating the Dearing strength of a
thermally loaded body it 13 necessary to take into
consideration the history of loading and fracture Kinetics in
view of the stress redistribution in the whole volume of a
finite body at the intermediate stages of cracks development
and interaction
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Brittle ceramic materials used in power engineering industry
(R.N. Katz, 1990) are, as a rule, subject to thermal effects of
different Kinds under operating conditions, Such effects can
cause these materials fracture

The feature of the stressed state conditioned by the
nonuniform  temperature distribution in a body without any
external forces is its complexity and nonuniformity {presence
of both tension and compression areas is obligatory). The
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Fig. 4. The curves of the witimate equilibrium of the edge
¢rack in the disk cooled from the =ide sartace wWith
the temperature distraibuotion along the parabola n=2
f1), n=6 {21, A:10¢ {31, the pniform tension - (4]

Fig. 2. The thermoelastic stresses on the contour of the disk
2f R-radins with the edge crack of length 1 at the
temperature distribution along the dizk radius
according to the guadric parabola (n=2}.

decreasez with an increase of the tempereiure fleld

nonuniformity [with Lhe n-vajue ineTedase . This i3 obvious

enough if one takes into account that in this case ihe teniion
aprea reducez” The increase of the finite crack length at the
comstant disk dimensions i3 connected with tne {aplRYRe

place when the material

complex increase, A it takes

atrength increasez and {for} the iracturd toughneszs decrecases

Therefore, after the critical thermal load (gg:=Jg) has Deen
reached, omly a partial fracture becomes Ppossible, When
increasing ihe thermal load Jg*dg¢, the crack 11, orows

achieved &t

quasi-statically put the disk fragmentation isn’t
tts any finite level.
When the thermal loaad exceeds the critical one, the secondary
mlicrocracks appear The location and the moment of appearance
of the secondary microcracks are deflned by rediztributlon af
the stresies caunsed by the first crack Wnen the primary crack
length 1<E, the second cpack can appear in the mo:st loaded part
of the dizk along the same diameter wilh the firat one, When
1>R, iwo zecondary cracks <an appear. They are perpendicular
to the first one at the pelat cloze to ws2 where ithe max imum
strezses eqgual to O, 4Tog {Fig. 2| remain on the disk contour.
The silaultaneonz development of two equal cracks located aloeng
the zame dlameter or four pair wiae equal cracks located along
the motually perpendicular diameters rezulls in a considerable
change of the ultimate equilibrium CUurves. That determines the
finite lenoth of the stopped cracks and the eritical leoads
fjor their subsequeént guasi-static growih [FLg. 3).

Theoaretical dependénces were conflrmed hy test results of i
dizks preliminarily uniformiy heated and thermally insulated
on their tops by coolling 1m rogm temperatuare waterbath, The
calculation of temperature fieldz and stresses was performed
taking into account the experimental 1y found dependence of
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The ultimate equilibrium curveg for the disk having
one (1), two (2) or four (3) equal edge cracks. For
) the parabolic temperature field (n:=2),

Fig. 5, The Ultimate equilibrium curves for the cylinder
having an edge crack at the joint effect of the
thermal stresses 90 and the uniform tensile (2-9) or
compressive ({1{- 15) stresses o directed along the
noermal to the sjde surface ®=0/0g; X:zev (1) only
tenslon, %=1 (2); 0,5 (3), 0. 2 (4,15), 0.1 (5,14), 0. 05
(6, 13), 0.03 (7), 0,02 (8,12), 0,01 (9.11), 0 (10) -
only the temperature field

nonstatlonary heat exXchange coefficient in water. The obtainead
€Xperimentail data on crack Propagation in the aisk without any
cuts ang with initial cracks confirmed existence of a
nonstationary Stage on the left-hand branch of ultimate
€quilibrium curve and quasi-static stage on the right-hand
branch (Fig. 1), This allows to define fracture toughness
Values equal for zrc 4+0. 2 kg/mm3/2 using one specimen many

a fO?ce method. Formation of the secondary cracks in the disks
con31derahly retards quasi-static growth of the first cracks
12R (a §haded area in Fig.1). At the thermal loads which are
3-3.5 times larger than the crack initiation load the set of
Cracks symmetric ip the disk contour are formed (Fig. 4-2),
Thglr Peénetration depth is lower than that of a single crack
(Fig. @—l) because of the unloading effect. 1¢ the first crack
formation begins at the stresses equal to tensile strength
limit 9t the complete fracture is impossible even if the
stre§ses 90 are 4-5 times larger than at.

Combineq influence on a body both thermal and force loads
chapges fracture conditions. The calculated dependence of the
gl?lmate €quilibrium of a ¢ylindric body with a crack under
J01n§ force anaq thermal effect shows that when the uniform
tensile stresses of {0y and more from the level of the maximum
therma] elastic Stresges are superimposed on each other, the
sections of the quasi-static crack growth diszappear (Fig. 5,
curves 2-gy), the crack becomesg unsztable, and the body fails
completely, When the tension level is lower, the sections of
thg equilibrium crack growth are kept only up to specific load
(Fig. 5, curves 6-9), But the superimposition of the
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F13. 4. The patterns of ZrC (1-5) and SiC. (6) d1sk fracture by
cooling of the 3ide surface at 6p=6¢ (1), 60=36g (2),
when heating the side surface 6g:6¢ (3), 60710° 64 t:
92 % (4),when local electron-beam heating w:r/R:0, 22.
90:7-2 KW/cm?, t3:0.04 s (5),10.5 kW/cm2, t-0, 01s (6).

comprezsive stregszes (F1g. 5, curves 11-15) results in a marked
decreasze of the Propagated crack length and, therefore

greater preservation of the body bearing abpility, The
theoretical estimationg are confirmed by experimental data

When the ZrC dizks are sharply heated in the melted tin, the
téensile strezses arise in the central zone and the compresgsive
itreszes appear in the zpecimen Periphery, the catastrophic
fracture with fragmentz always occurs at moderate heat flows
(Fig. 4-3). The maximum values of the tensile 2tresszes in the
d1sk center are only 2-2. 5 times: larger than the tenszile
material ztrength iimit G

When the heat flow increazes almost Iinearly with the melted
tin temperature the high compreszsive ztresses appearing in the
bériphery lavers in the firzt fractionz of a zecond at
Bio:z (aR)/A=4 and exceeding the tensile strezses by a factor of
9-12 in the ipecimen center are able to cause breaking off the
disk edgex (Fig. 4-4), The reaszon iz that thermal tressesg in
the dizk center didn't reach the tengile strength but the
compreszsive sztreszszes in the periphery exceeded the compreszgive
itrength limit,

The carried out calculationg of the streszed state (V. S.
Yegorov et al., 1972,1975) when the top of the finite cylinder
ix ‘uniformly heated show that the maximum tenszile itreszes
appear in the axial direction at 4 distance from the top
£:Z/R=1, 04 at the dimensionleszs time Fo:(aT)/Rzzo,SS (where )\
and  "a" are coefficients of thermal conductivity and thermal
diffusivity, R - cylinder radius).

Distribution of the axial ¥treszzes 0, on the radius in the
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Flg. 6. Distribution of siresses along the cylinder length for
different points on the radivs o-rsH at Fa={. 55 (a),
change of the maximum values of the streszes oy and
possihle fracture point § depending on Lime (D)

cross-38ction L:Emax ¥ near the sguare parabola. The change of
the tenzlle stresses to Lhe compreszive 13 in the polnt
p:0.72. The experimentally obtained fracture coordinates and
the initiation time of fracture confirmed the thecretical
dependences, The curved Jfracture Lrajectory { zshown schema-
tically in Fig. 6, bl 13 cansed by Lhe fleld of Lthe Ccompreszive
Ztresses in the periphery layers of the cylinder. The crack
forming in the centre of the cylinder zone (p-0} Ppropagates
catastrophically through tihe whole orlinder cross-section

overcomes the retarding influwence of the comprezsive SIresses
and forms two dJragments at ithe maximum values o0, exceeding
2-2.5 times the material tensile strength limit,

The local heating of a part of the cylinder top area by Mmeans
of an axially symmetric heat flow with an effective Dbeam
radius w causes a complicated atresa field varing according Lo
time and defining the behaviour and condlitions of fracture.
The temperature fleld in the fimite cylinder was calculated
from neat eguations wusing Laplacé and Hankel transforms

Stresa tensors conditionged by Lemperature figld were
calculated from the equilibrium and diaplacemcnt equations
converted on the basis of initial function: method o the
syztem of differential infinite order equations pronght ta  an
algebraic equations syatem after correzponding substitutions
[A. G. Lanin 1t al., 1786}

The results of their solution for specific c¥linder dimensions
H/R:=D. 2 and w/R:0. 225, obtained by an elecironic computer wilh
an error not more than 2¢ show [Fig. T thal the appedring
stress fielda (complicated and nonunitorm) L1z speciflied by
different tocalization of compreszion jA] and tension (B and
C) zones and thelr change with time. When the time i3 small
jr=0, 04 =21, the intensive two-axial compress:ve streises an
the surface layers porder (at g>0. 3} on a4 three axial tenszlon
zone with a gstress level by an  order lower than Lhe
COMpreSSLYE ALrEsses From £:0.7 the compression zone 15
observed agaln an the cylinder surface [2:=0) in  radial
direction the compressive atresse: change (at p=0-2}) in the
tenalle ones and reach a maximum at 50, %,

Fig. 7. Distribution of strezs values along the axis at g = D
{a) and on Lhe speclimen radiuz at 2:0 (B, Full lines
for the tlme ©=0.04 =, dazh lipes for t:=Q.023 2.

Juch streszs fieldz define the Lype of fracture when heating by
an electron or laser Deam The high values of the tensile
atresazes appearing for a short perioed of Time 1;P<ﬂ.1 al
[firzt-in the 2Zone {By and then in the Zone () cauze a
crater in the central part of the 2rC  and SiC carbide dizcs
apd then radial cracks. iFig. 4-5). Because of the limited
localization of the tensile stresses in Lhe zone (B) and thelr
nigh gradient both an the radins and along the thickness the
crack incipient in Lhe zone iB} propagates alongd Lthe surface
of a cone at an angle 12 the top of a sp2cimen ny-pazaing Lhe
zone (A) of Lhe maXlmom cOmpres2ive sIresies In the central
part and reaching the top surface at the point p-0. 2 where the
component O 12 a tensile one. The peak of the crater 15 formed
at a distance of £:0,3-0.5 from the cvlinder end. This
corresponds to the point of appearance of the maximum tenzile
stresses, It is typlcal that In some cases the incipient crack
iams inm the bulk of the zpecimen without reaching the suriace.
This can be ahzerved an the relativel¥ transparent
SiC-specimens: {(Fig. 3-6) (A.G. Lanin et al., 1390D}).

The analysis of the obtained results shows that the form of
the thermal stresszed state has a considerable influence on the
pltimate =tress Jlevel and the character of the prittle body
fraciure. The uzed {fracture mechanics approach to thermally
Iocaded Dodies allows 10 give A more complete and precise
dezeription of Lhe features of the crack spread in nonunlform
siress fields in comparison with Lhe exizting enerdy concept s,
attainment of the pliimate stress intensity coefficient Kjgo
12 a neceszary conditlon for- a4 crack motion initiation. For
dezcriptlon of fracture of a body having sxlended compreszion
areas it becomes nDeceszary to take ipto account the loadlng
history and Kinetics of the stress redistribution in Lhe bulk
af a finite Dbody at all intermediate stages of Lthe crack
propagation.

The main distlnction af the hody fracture when compressing
jrom the fracture at tension is that cracks in Lhe compressed
area when reaching the critical coefficlent of Alre:s
intensity K. grow quasi-atatically in the direction parallel
to the compreszlon axis when the Ioad incredzes cont inuously

The complete Dody fracture iz possible only after a certain



€Xtent of tpe crack interaction and their following
¢atastrophje growth (A.G. Lanin et al,, 1985),

It g necezzary to emphaszize that thermal shock resistance asg
well ax itrength of 3 body under force loading is not a
material conitant, It jg 3 complicated characterigztic depending
on a teszteqd body form and éxXternal action conditionsg: load type,
temperature and medium. When e3timating the iervice life of a
thermally loaded Product: reserve of ijts thermal shock
reziztance op a bearing ability loszz at thermal damage, it is
NECessary not pe mistaken to use twhen testing the specimens)
the loading methods correzponding moszt of all to the natural
3trezzed state Iike it iz done in engineering Practice for
development of force strezszed constructions,
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