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Abstract

Failure probability of ceramic components in mwiid stress state can be predicted using the waiaxi
test results (e.g. Tension Test, 4-Point-Bendingt)Te&vhen a suitable multiaxial criterion, which
introduces the triaxiality of stress state, is knon this article, tension-torsion tests were pearied with
alumina (Alsint 99.7) specimens from a standard ufecturer under two different load cases. Next
experimental results were compared with the nuraltyiccalculated effective volume and effective
surface values according to different multiaxialuie criteria. It was concluded that the specimiiled
due to surface flaws and the normal stress criteisothe most appropriate criterion for the stréngt
prediction of alumina ceramics under multiaxiakst state. Furthermore, it was shown that the Weibu
modulus does not play a big role for the predictbstrength of alumina ceramics.

Keywords: B. Failure analysis, C. Strength, C. Mechanicabprties, D. AlO;, Multiaxial Failure

Criteria

I I ntroduction

Since the strength of advanced ceramics dependseosize of the most critical flaw which variesrfro
specimen to specimen, fracture of ceramics is &#ghilistic event as a result of randomly distrilglte
flaws in the materialln order to use ceramics as engineering matetiadsscatter of strength has to be
characterized. The most widely used expressiorthier characterization is the cumulative distribatio
function introduced by Weibdif in 1939. The fundamental assumption of the Weithabry is fveakest
link hypothesé€si.e. the specimen fails, if its weakest volume aanfails.

The design challenge for the reliable use of ceramaterials in technical applications is the corafiah

of their failure probability under prescribed boundary and loading condititha. suitable multiaxial
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failure criterion, which introduces the triaxialitf the stress field (e.g. effect of shear strésse&nown,
the failure probability of ceramic components undwitiaxial stress state can be predicted by ulieg
results of uniaxial testsUnder multiaxial stress state, cracks are subjetd Mode-l (crack opening
caused by normal stress perpendicular to the goéaoke) as well as Mode-Il (crack opening by shear
stress acting in the crack plane and perpendi¢aldis leading edge) and Mode-Ill (crack opening by
shear stress acting in the crack plane and paraitklits front) loading, depending on the positiemd
orientation of the crack plane relative to the pipal stressés Therefore the loading of a given flaw has
to be expressed in terms of a suitably definedvedgmt stress which depends on the orientatiohef t
crack plane in the local stress field.

A variety of criteria has been proposed for theindghn of equivalent stress but due to insuffidien
information about the crack extension mechanisnig étill not clear which of these criteria is thmost
appropriate one for ceramic materials. Bansal let.canducted 3-point and 4-point bending tests on
alumina (96 % AJOs) specimens with two different sizes which haveaa@rage grain size of 5 um. After
that, with four different combinations (small 3-pbivs. small 4-point, small 3-point vs. large 4+qoi
small 4-point vs. large 4-point, small 3-point \@nall 4-point) they compared the experimentally
measured mean strength ratios with the predicted tiased on effective volume and effective surface
calculations. Effective volume and effective suefa@lues were determined in the usual {fayn all
cases, the theoretically calculated mean strengjies according to ratio of effective surfaces sbwa
better agreement with experimental results. Forctme (small 4-point vs. large 4-point), they aitdi
approximately 7% deviation between the measureccalwllated results. Vardar and Finrtiested three
types of brittle materials (granodiorite, limestaared greenstone) with Brazilian test and did préeatic
based on bending test using normal stress critefibay reported that the used criterion is not eque

to be valid for materials with spherical flaws aandisotropic materials. Three-point bending tests on
extruded porcelain cylinder with radius of 5 mm ahanm were applied by Lamon and Ev&nsith
three different span lengths. They investigateddize effect for internal and surface dominatedvfla
populations with a non-coplanar energy release gaterion and showed consistent results between th
observed and expected values. They stated thantdrmal flaw population dominates at large radid a
short span lengths whereas the surface flaw papuolé#tecomes important at small radii and long span
lengths. Lamott predicted the strengths of disks loaded by unifpnessure and three-point bending
specimens of alumina from four-point bending falutata using the maximum non-coplanar energy

release rate criterion and showed a close agreeb@nteen the predicted and experimental strength
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values. The multiaxial loading fracture of .8 tubes has been examined experimentally for five
different loading conditions, uniaxial axial tensjaniaxial hoop tension, axial tension/ internadgsure,
axial compression/ internal pressure and pure dosi® Comparison with theory showed that the
normal stress criterion underestimated the experiaheesults. They stated that this underestimationy

be related to the fact that this criterion negléetgortant shear effects and they suggested a oatiin

for shear stress effects in order to provide a nam@urate description of ceramic brittle fractuoe &
wider variety of different stress state. Thiemeaieal'* compared the results of four-point bending tests
and ring-on-ring tests with aluminium nitride caeiing the maximum principal stress criterion, the
coplanar energy release rate criterion, the maxinmowp stress criterion, the minimum strain energy
density, the maximum non-coplanar energy releaseard@erion and the empirical criterion of Richard
They predicted the mean strength for ring-on-rieggt from four-point bending test data using a thsu
wall crack model and a semicircular surface crackleh Although in both cases the deviation between
predicted and experimental results were signifi¢aptto approximately 11%), they reported thattfar
empirical criterion of Richard and the criterion thle maximum non-coplanar energy release rate, the
theory and experiment agreed well. The maximum h&togss criterion provided very good agreement
between theory and experiment in case of throughavack but significant deviations occurred if the
more realistic crack model of a semicircular cragkused. Furthermore, for both crack models, the
deviation between the criteria which give the bastl worst agreement was approximately 13%.
Scheunemarii performed experiments with alumina rings subjectedinternal pressure and then
predicted numerically the strength of the ringshwilifferent sizes according to different multiaxial
criteria. He reported that the empirical critermmfrRichard withe; = 10 showed the best agreement which
means that a criteria with high shear-sensitivit} generate best results. On the other hand, llath
Igaki'® performed four-point bending of plates and congeming-ring loading of disks under hydrostatic
pressure with soda-lime glass in order to achieixial stress state and related to the experinhenta
results they concluded that the experimental resadfree with the statistical fracture theory foeash
insensitive cracks. Furthermore, Brazilian dist tess performed by Briickner-Foit et.“al” in order to
determine the failure behaviour of natural flawsitained in low- and high strength ceramics namely,
Stoneware material, Alumina, HIPSN (ABB materi#dd]PSN (ESK material), under multiaxial loading
and the results of the test series, analysed usinlgiaxial failure criteria, were compared with the
outcome of the other test series (four-point begdiest, concentric-ring test, cold-spin disc test).

According to the findings of fractographic examiaat for the alumina specimens which contain both

3



Journal of the European Ceramic Society, 30 (2010) 3339-3349
doi:10.1016/j.jeurceramsoc.2010.08.008

volume and surface flaws, the surface flaws weterdened to be critical. On the other hand, failafe
both stoneware and silicon nitride materials waggéred by volume flaws. Based on the referends tes
performed with four-point bending test or cold-spiisc test, a good agreement was only obtained if a
shear-insensitive multiaxiality criterion was used.

The opinion of the researchers here is divided shahwhile some those say shear stresses hawe to b
taken into account but others claim that shearrsisige criteria give better agreement between the
numerical and experimental results. The main prabléth the most of the reports is that mostly urahx

or biaxial tests were performed where the portibthe shear stresses was not dominant. For example
Dortmans and Witl predicted the strength for the ball-on-ring amiyson-ring biaxial tests using the
three- and four-point-bending test results of aharand reported that a combination of tests witlying
degree of stress multiaxiality is required for eatrdetermination of the most suitable multiaxailure
criteria. Moreover, in most cases the number ofghecimens was small and therefore the results were
affected by large scattering. Danzer etahowed the effect of number of specimens on thébille
parameters of a silicon nitride and concluded tbat reasonable determination of Weibull paranseter
at least 30 specimens should be tested.

In this article, tension-torsion tests were perfednwith alumina (Alsint 99.7) specimens. This tyfe
experiment was selected since it is very similatht® loading of a hydraulic piston in an axial prst
machine and provides a multiaxial stress statethim experiment a high percentage of torsion was
applied, so that the distinction between the mxillafailure criteria is expected to be more relab
Cocks and Sear®investigated the growth of grain-boundary cavitiesl cracks under multiaxial stress
states in the fine grained crystalline materiald grey expressed the need for extensive testicgnaimic
materials under multiaxial stress states. Appratély 30 specimens were tested under two different
load cases and for each case the Weibull parametensd o, were determined experimentally. In the
numerical part, the effective volumes and effectuefaces of the specimens were calculated for both
cases with a commercial finite element program ABSQand finite element postprocessor STAbly
using different multiaxial failure criteria. In tHellowing, the experimental setup will be firstioduced

and later the theoretical background of multiastatistical analysis will be explained briefly. Bily the
experimental and numerical results will be gived aompared according to different multiaxial fadur

criterion.

[ Experimental Setup
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In this part the experimental setup which was coirstd and introduced by Scheunenfanaill be

described. A picture of the experimental setugpm@sented in Fig. 1.

Fig. 1: Picture of the experimental sefd(1) plunger cylinder, (2) connecting arm, (3) péan(4) plunger cylinders, (5) torsion

load launching block, (6) restraint

The lower part of the sample (3) is mounted inré&raint (6) which is a fixed bearing as seenim F
2(a). The upper part is clamped by a torsion l@aeh¢hing block (5) which is a moveable bearing iand
able to rotate around the z-axis. The shear féyde applied with two coaxially fixed plunger cyliads

(4a, 4b) as shown in Fig. 2(b). The pressure diffee between these two plunger cylinders defines th

shear forcé=, which can be calculated &5, = (ﬂd§/4)( P, — p,) whered , is the diameter of the plunger
cylinder andp, p,are the pressures applied by the plunger cylindéhe discharge of load from

specimen to the launching block (5) was appliedugh a steel ball embedded in the launching black i
the first trials of the machine but later a ram wasd for which the contact point in the launchihgck
stays as far as possible from the middle levehso the twisting movement of the specimen goe$ién t
minimum lateral drift of the contact point. The gmmassion forcé-, is applied by a plunger cylinder (1)
and through a connecting arm (2) which transmigsftiice by a ratio of 5:1. The control system & th
total experimental setup works through PC with DB/&onverter and a software DASYLAB. The
compression force is applied by an operating presamd the shear force is applied by electrically
controlled direction valve. The plunger cylindemmnsist of a cylinder block with a straight cylindesre
and a cylinder pin (12 mm diameter) as a pistore 3éaling on the piston occurs in the gap of the bo
where the leak oil is discharged at the end oflibiee. Thereby no contact type seal is needed dgains
working pressure since the leak oil is simply praed by seal ring. With this way, it is possible to

construct friction loss plunger cylinders.
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Two types of loads are carried on the specimenieangn Fig. 2(c). A shear forcE, acts on the

specimen in they-direction by two plunger cylinders (4a, 4b) as andtion of time as
Fy(t)=(F)’,“ax/10se(3[ﬂ wheret is the time andF," is the maximum applied shear force and it is equal

to F,"® = 1 kN. A compression fordé, which is 5 times higher than shear fofge= 5 F, deforms the

specimen irg-direction by the combination of plunger cylind&) énd connecting arm (2) as a function
of time as Fz(t)=(5F)’,“ax/1OSec)[ﬂ. The compression force is not applied as a paintef but as a

pressure on the top of the specimen. The effettteo§hear force on the specimen appears as arneysio

Fy - hy and a bending momeM; = F, - h, (see Fig. 3(a)) wheig = 25.6 mm andh, = 20 mm (see Fig.
2(c)). The main aim for the application of a sh&nce in this manner, where it creates torsion and
bending moment, is to make the portion of the ¢fedcshear stress on the failure of advanced cesmi
clear. The shear force, which brings the primargitm, was applied one-sided and the loading rate w

regulated in such a manner that the specimenifailss seconds.
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Fig. 2: (a) Front view of the setup, (b) top view of g&tup, (c) side view of the setup and the appbtiedd on the specimen

Since the upper and lower parts of the specimeascanstrained, they show a rigid body motion.
Therefore the middle part (notched part) which sthgtween the upper and lower constraints will be
simulated numerically. The dimensions of the inigaged section of specimens are given in Fig. #b).
stated in the introduction, two load cases wilifgstigated. In case-1 the specimens will be destaler
both shear forc&, and compression forde, whereas in case-2 only with shear foFgeln case-1, both

F, and F, start to deform the specimen until the failure wsc As the failure occurs, the maximum

principal stress value will be calculated using theasured=, andF, values and will be recorded as the
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strength of the specimen. In case-2, the same iexpetal procedure will be applied but this time the
specimen will be loaded only with,. These experiments are carried out in dry conuftiat room

temperature.
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Fig. 3: (a) Applied loading state on the specimen, (g @mensions of the investigated alumina specimen

[l Multiaxial statistical analysis

More than 70 years ago, Weibull derived a statisttheory of brittle fracturé’. Since that time, the
Weibull distribution function has become the moglely used function in mechanical design of ceramic
components. The simplest form of the so-called \Meifunctior? is given in Eq.(1) for a uniaxial
homogeneous tensile stress state.

Py (0,V) =1-ex —\\//—O(Uioj 1)

where P \(o, V) is the failure probability of a ceramic componeiue to the volume flawsy is the
volume of the componeny/, is the unit volume containing average number @icks, s is uniaxial
applied stressm is the Weibull modulus which describes the scattethe strength andy is the
cumulative mean stress at which the failure prditqlis 63.2 % for a specimen with a volurxie= V.

In general, the stress distribution within a ce@oomponent is not constant but takes differertesit
different positions. Furthermore, in reality theieotation of the cracks in ceramic components is
randomly distributed. As a result normal and shsti@sses acting in the crack plane cause Mode-tleMo

Il and Mode-lll loading of the cracks. Thereforep@per account of the spatial variation in thesdir

triaxiality (e.g. effect of shear stresses) mustaen by using a multiaxial failure criterfofi >
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The orientation of such a crack at pgimh the global Cartesian coordinate system is gikgnthe
direction of the normal of the craden relative to three principal axes , 5, andoz which is described by

the Euler angleg, @, ¢ in Fig. 4.

ay(T)

Fig. 4: Representation of a crack in the principal stressdinate system

Since the orientation of the crack is given in & gphere, one of the angles (e@) can be eliminated
according to the relationship given belof®

cos (¢) +cos (6) + cos () =1 )
The stress tensor acting on the area of a penmedherack, whose normal is given Eyvector in Fig.

4, as a function of principal stresses can be ewitts follow” 2’

On sinz(té?)cos2 (41/) sinz(e) sin? (41/) cos? (6?) al(F)
| =| —sin(w)codw)sin(6)  sin(w)cody)sin(6) 0 a,(F) 3
! cos? (w)sin(e)cos(e) sin?(y sin(e)cos(e) —sin(e)cos((//) 03(F)

whereg, is the normal stress ang, 7, are the shear stresses in Mode-Il and Mode-lliluFadue to
cracks subjected to mixed-mode loading is commenlyressed in terms of an equivalent mode-I stress
intensity factor, .qas”:

f(Ky Ky Ky )= (K eq,0,0) 4)
Using Eg. (4), an equivalent streggcan be defined which depends on the normal arat stiesses

Foq (% Y20, 6) =1 (5)
q Y, ¢

whereY, is the geometric function for mode-l awdis the crack length. The equivalent stress is the
uniaxial tensile stress which would have the saamatjing action as an applied polyaxial stress®tate
The proper definition of the equivalent stress dugtsonly depend on the type (position, orientattrn)

of fracture causing crack but also the fracturéednn for the polyaxial stress state. Then thessi in

Eqg. (1) should be replaced by the equivalent strgsss
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PF,V(Ueq,V)=1—ex —_J'iﬂjj[aeq(xvy’zw )j sinddédy dv (6)

The equivalent stresgg, can be decomposed as

Teq(XY,240,60) =0 o(% Y,2,40,6) )
where ¢ is the reference stress (e.g. maximum principakike stress in the component) and
a(x y,zw,0) is the geometry function which characterizes thess distribution relative to the

reference stress in the component. Then the efegtlume can be calculated?By

2

Vi, =J%TM( o(% Y,24,6))" sindddy dv ®)

The final form of the failure probability functiosan be formulated as following:

o Ve Fr-eng 2o (2]

* ff ag

Pev 0 Verr JF1-exg —— (—) (9)
© Vo (90

Equation (9) introduces the size effect of the mecacomponents. For a prescribed failure probabilite
strengthss, ; andoy, for two load cases (case-1 and case-2) with éffeeblumesVeg; andVes, have a

relationship as given beldfv

1/m
g V,
( O,l] _ (Veﬁ,ZJ (10)
902 experimental eff 1

numerical

In order to calculate the failure probability ofraultiaxially stressed ceramic componesy, has to be
defined. In literature, many different proposalséaeen reported for the definition of equivalemnéss

in ceramics but a general agreement on the mosbppate has not been reached. One of the most
frequently used criteria is the principle of indegent action (PIA) where all principle stresses act
independently. In this study, STAU was used for tiadculation of effective volumes and effective
surfaces and therefore the multiaxial failure cidtewill be used which were implemented in STAU.
Since PIA criterion does not exist in STAU, thesfiprinciple stress criterion (FPS) will be usestéad
according to the fact that as Danzer etstated, for a material with a Weibull modulusnot 20, there

is only 4% deviation between PIA and FPS and tifier@nce between the equivalent stresses is often
hidden by the scatter of data. In the followings tonsidered multiaxial failure criteria in thigiele will

be introduced.

Normal Stress Criterion
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This criterion is based on the assumption thatkceatends in the plane perpendicular to the dioectif
maximum normal tensile stress at the crack-tipnaigas of initial plane of the cratk’ ** Depending on
this assumption, the equivalent stress is defised a

Oe

2= 0, (11)

Erdogan and Sifinvestigated crack extension in a large Plexig{assnmercial version Plex. Il) plates
due to its isotropic properties, ease of machirdng natural cracks in this material. These platesew
subjected to a general plane loading and thisriitevas verified theoretically and experimentadlith

cracked plates under combined tension and shear

First Principle Stress Criterion

Here it is assumed that the failure is just govedmg the maximum principal stressas given belo.
Ogq=01 (12)

Von Mises Stress Criterion

The von Mises stress criterion states that faibgeurs when the energy of distortion reaches tleegsn
needed for yield/failure. This criterion is used gty for ductile materials. The equivalent stress

according to this criterion is defined as

Oeq =% (01-02)% + (09 - 03)% + (01 - 03) (13)

The Coplanar Energy Release Rate Criterion

It is one of the most often used criteria in therdture and it assumes thét = K, and the only
criterion which take¥c into account. In this criterion, it is assumedtttf@e crack extends in the
direction of its original plane and the unstablackr propagation occurs when the energy rate reahes

critical valué® 34

2 2
Y, T Y,
aeq:Jafw.% ] i [ 19
| |

wherev is the Poisson’s rati@; is the maximum principal stres¥, Y, Y,, are the geometric functions
for Mode-I, Mode-Il and Mode-III.

The Maximum Non-Coplanar Energy Release Rate @riter

This criterion assumes that the crack extends endihection of a plane where the energy release rat

reaches its maximuth *> The definition of equivalent stress is:

10
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2 4
Y, Y,
Oeq = i/ ol +607T] [%J +1)) [Y—”J (15)
| |

The Maximum Hoop Stress Criterion

This criterion assumes that the crack grows indinection where the tangential stress componergstak

its maximum value at the crack #fpThe equivalent stress according to this criteisowritten as

2 3
Y, Y,
J8| 20, + 6‘/0,? +8r] (Y'l'J Iy (Y'l'J

Oeq = 15 (16)

2 2
Y, Y,
oZ +121] [ Y” J -0, 0% +8r} [Y”J

The Empirical Criterion of Richard

This criterion is based on fitting a large set xperimental data obtained under multiaxial loadfinghe

equivalent stress is defined as

2
1 Y,
0=l o, +JJ§ var? af[Y—'l'] a7)
where
a, = & (18)
Kic

According to experimental studies with alumth&® o, gets values between 0.5 and 1.3. Fett and ffunz
computed the mixed-mode stress intensity factarsnfinitesimally small kink cracks in front of a¢
existing crack and compared with the empirical Richcriterion. They concluded that this criterion
provides an excellent interpolation for kink craarbblems.

By using the finite element program ABAQUS and tBnelement postprocessor STAU, the effective
volumes and effective surfaces of the specimendéih load cases with above introduced mutiaxial

failure criteria will be calculated.

v Results & Discussion

Experimental Results

In this part the experimental results are presertethe experimental part of this study, 28 sperim
were tested under case-1 loading conditions (shdthr compression) and 27 specimens were tested
under case-2 loading conditions (shear without aesgion). The surfaces of the specimens were ground

and then polished. Surface roughness measuremergsparformed for two profiles as given in Fig.5.

11
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Fig. 5: Paths for the roughness measurements

The measured average roughness Ras0.54 + 0.049 um for the first profile aRd= 0.53 £ 0.046 um
for the second profile. After the experimental seshe fracture angle of the specimens was measured
order to see the difference in crack-path betwbercase-1 and case-2. In Fig. 6(a), the bottomgbaxt
broken alumina specimen is shown. The fractureegfigd measured by introduction of a fracture plane

as shown in Fig. 6(b). The fracture angle was d&texd on the specimens for both cases.

(@ (b)

(@) (b)

Fig. 6: (a) Bottom part of a broken specimen, (b) Deteatiam of the fracture angfgéwhich is the angle between the coordinate

system and the fracture plane

In Fig. 7 some examples of the broken specimenbdtr cases are shown. Since the fracture surfase w

rough, it was not possible to measure the accinatéure angle in most cases.

12



Journal of the European Ceramic Society, 30 (2010) 3339-3349
doi:10.1016/j.jeurceramsoc.2010.08.008

[ [ T—
(a) (b) (© (d)

Fig. 7: Pictures of the broken specimens for (a - b) daaed (c - d) case-2

Therefore, an interval is given for the measuredtfrre angle values. For case-1(with compressiba),
fracture angle was between 35 << 42° and for case-2 (without compression) betweth< g, < 52°.
Here it was observed that application of the cosgioa force decreases the fracture apgla order to
measure the crack-path orientation more precidelyg, specimens were broken partially under case-1
loading conditions and the crack-path was obsebyeuhfiltration of tint as given in Fig. 8. The dpgf

the crack propagation was determined as 41°.

Fig. 8: Crack propagation path

In both loading cases, the maximum shear stressgsreximum principal stresses occur at point-A

which is shown in Fig. 9.

Fig. 9: Representation of the point-A where maximum priatgiress occurs

The simple geometry makes it easy to calculatesttess tensor at point-A. The stress tensors at-goi

for both cases are given below (coordinate systegiven in Fig. 9).

0 0 O 0 0 O
0a=|0 -15 679 |MPa Oa,=|0 0 679/MPa (19)
0 679 -199 0 679 0

13
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In case-2 pure shear stresses occur at point-Ahé&umore, in case-1 the ratio of shear stresses to
compression stresses is more than 3:1. Therefoi® tdst stand is suitable in order to investighe
effect of shear stresses on failure of ceramic rizd¢ein multiaxial stress state. According to tjieen
stress tensors in Eq.(19), the maximum principegsst values are; ; = 578 MPa for case-1 and , =

679 MPa for case-2. Using the stress tensors giveliq. (19), the fracture angleé was estimated
according to the normal stress criterion as showhig. 10. For case-1 the fracture angle was catledl|

aspf; = 41° and for case-2 @& = 45°.

z zZ
A A
rmux Tmux
o O o O
< 4 1 | m;( X < 4 5 m? X
v v
() (b)

Fig. 10: Expected fracture angle arz plane using the stress tensor given in Eq. (1€)raking to normal stress criterion for (a)
case-1 (b) case-2

By relating the measured fracture angles with bmoded partially broken specimens, it can be corezddud
that the failure of ceramics under multiaxial strestate can be well described by the normal stress
criterion.

The scatter of the strength values for both caseshown within a Weibull diagram in Fig. 11. The
strength values in the Weibull diagram are the maxn principal stresses calculated related to the

fracture force.

¢ Case-2
A Case-1

]
—_

In In (1/(1 -F))

5.6 5.8 6.0 6.2 6.4 6.6
In (o)

Fig. 11: Representation of scatter of strength by Weibigtiridbution for both cases (material: AlSint 99.7)
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The Weibull parameters for case-1 and case-2 dcelated by Maximum-Likelihood methdtand the

Weibull modulusmis corrected by a bias factofn) according to Thoman et 4.
Meorr = Mb(N)

b(n) = tanh187( n- 3855] 021375 (20)

0678

wherem,,, is the corrected Weibull modulus,s the sample size. The experimentally measureithiife
parameters for case-1 and case-2 respectivelyiae below with 90 % confidence interval.

m, = 7.5[5.9, 9.7] 001 = 524 MPa [500 MPa, 548 MPa] (case-1)

m = 7.3 [5.4, 8.8] 002 = 431 MPa [409 MPa, 453 MPa] (case-2)

The left-handside of Eq. (10) is the equal to

g
[ﬁj = 1215 (21)
902 experimental

In order to determine the accuracy of the expertaleresults, the measurement uncertainties of the
experimental setup was calculated. The measurenmeetrtainties of the fracture stress are compo$ed o
the uncertainties of (a) the measuring device {adpbad on the specimen) and (b) the reprodubytiii
the mounting (load application).
(a) The load application is measured redundantti wiload cell and two pressure devices. The mihima
reproducibility of the pressure device add upA = 0.02 MPa. This failure leads to an absolute
measurement uncertainty Ab.,sc = 2,6 MPa and\c.se.1= 3.1 MPa, since the pressure affects both the
axial and the radial force.
(b) The uncertainty of load application dependshomw the specimen was mounted. Since the stress
cannot be measured within the specimen, the foligwissumptions on load application have been made:

« vertical reproducibility of load applicatiofv = + 0,5 mm

« horizontal reproducibility of load applicatiakh = £ 0,1 mm
The result of eccentric load application has beemputed by FE-methods. The relative stress
uncertainties are determined to

« vertically: AGyerticay= 0.7 %4

e horizontally: AGhorizontaily= 2.3 %3
Hence the absolute measurement uncertainties doathrage stress values add UpA®se.o= 5.6 MPa
andAc.ase.1= 18.7 MPa. The most significant uncertainty isyomked by the axial load application. The

relative measurement error for case-1 is 3.6 %fandase-2 is 1.3 %.
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Numerical Results

For the numerical calculations, the Weibull moduhili be taken asn = 7.4 for both cases. In Fig. 12,

the stress distribution obtained by FEM at the neidd the NPT specimens for both cases are disglaye

S, Max. Principal
(Ave. Cirit.: 75%)
+7.018e+02

S, Max. Principal
(Ave. Crit.: 75%)
+6.009e+02

: NVAVAAAA
439616402 126800+02 s\‘ ¢
+314496+02 +4.0960+02 \i\ VAVAN
429376402 +35126+02 NN
152256102 129276502
HaEE Hasg
+ &+ +1.75%+ A
e e HaNERRA
+ o+ +5.9008 + \
[ 15285701 15504601 ,Mggﬁﬂ

3

L

(b)

Fig. 12: Stress distribution obtained with ABAQUS for (a@se-1 and (b) case-2

The maximum principal stress is equal to 601 MRacfse-1 and 702 MPa for case-2. This difference
between the values of maximum principal stressédgn12 shows the effect of the applied compressiv
force. Furthermore the application of the compresébrce changes the stress distribution whichligsu
in different effective volume and effective surfacdues. The total volume of the middle part shawn
Fig. 12 is equal to 1067.9 nirand the total surface is equal to 913"’

The effective volume and effective surface of thecimens were calculated with STAU for different

multiaxial failure criteria and the results areggivin Table 1.

Multiaxial Failure Criterion |V, [mm’||V, [mm’]fSq, [mm’ IS, [mm’] (V0 V0 ) " | (St /Suin) (6017 62 Vexp

I |Norm. Str. Crit. 0.304 | 0.407 2.847 | 5.864 1.040 1.103 1.216

II |Max. Princ. Str. Crit. 6.869 | 8.716 1.033 1.216
I |Empr. Crit. Richard (a,= 0.5) 0.637 | 0.753 5.784 | 6.514 1.023 1.016 1.216
IV [Von Mises Str. Crit. 16.633 [15.794 0.993 1.216

V |Max. Non-copl. Ene. Rel. Rate| 9.087 | 7.186 | 41.354 | 36.411 0.969 0.983 1.216
VI |Emp. Crit. Richard (a,= 1.0) 9.892 | 7.178 | 44.701 | 31.688 0.958 0.955 1.216
VII |Copl. En. Rel. Rate 4.469 | 3.193 | 23.034 | 15.677 0.956 0.949 1.216
VIII| Max. Hoop Str. Crit. 24.619 |16.861 [104.711 | 77.487 0.950 0.960 1.216

Tablel: Comparison of numerical and experimental results

It was not possible to calculate the effective &b for the maximum principal stress criterion aod
Mises criterion with STAU. When the effective volamfor case-1 are compared, the effective volume
calculated with the maximum hoop stress criter@m@pproximately 80 times higher than the effective
volume calculated with normal stress criterion.sTimeans, a failure probability calculation using €4
with the maximum hoop stress criterion would predie failure probability 80 times higher than with

normal stress criterion. This shows the importan€eusing the most appropriate multiaxial failure
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criterion for designing ceramic components. For tieemal stress criterion, the maximum hoop stress
criterion and the maximum non-coplanar criteridig tatio of effective surfaceS§ »/ S 1)1’”1 showed

a better agreement with the experimental resudts the ratio of effective volume¥ds » / Ve, )™ while

for other criteria, the ratio of effective volumslsowed better results. Comparing the numericalltesu
with the experimental ones showed that the norimess criterion shows the best agreement. Since the
ratio of the effective surface gives better resiitsan be concluded that specimens failed duwuttace
flaws. The deviation between the experimentallasueeds, 1/, and numerically calculatedSg » /

Setr, )™ is 9.3 %. The representation of the comparisomuwherical results with the experimentally

determinedbg /oo, is given in Fig. 13.

1.4
—’T‘_. 12 \ (O.ll.l/o-(),.’)c\p
w —— e © Y T T T T T T T T —————
\'2' 1.0 &0+ ¢ 9 ¢ 0 e o e O \\
o
~ 0.8
N 90 %
2 0.6 Confidence
g Interval
=04
-
£ 0.2
N—
0.0 : . ; ; : :
£ - T £ 2o T 2 £
o o s S &% S ) o
. - =) . QY > -
] A o= - ] ! o - et N
& 2 & @ % E< &S = 2
: o - @ Z - =
g = T 2 . o T g S
s & °cE £ FE L& = =
4 « - 2 = - — o
- -
s B = £ o =
= =

Fig. 13: Comparison of the experimental and numerical resudtording to effective volume)and effective surface)
computations

The upper and lower dashed lines show the 90% dende interval. Furthermore, same numerical
calculations are performed with=5.4 andm=9.7 (which are the highest and lowest values ef%t%
confidence interval level) and the results withsth&Veibull modulus values are shown with error lrars
Fig. 14. In all cases, calculation with=5.4 showed a better agreement. It can be seeig.ii# that the
Weibull modulus does not have a big effect on thmerical prediction. By using Eq. (8), Eq.(10) dmn

written as given below:

2 Ym

1 _—
(Veﬁ,lelm _ \5;7] [(92 (% y,z,6))" singdady dv

00 (22)

2

Ii [ (g (% y,z.,6)" sin6dddy dv
VAT g o

Veff 1
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where g;(x v,z,¢/,6) and g, (X Vy,z,6) are the geometry functions for case-1 and cas&t® term

1/m in Eq. (22) minimizes the effect of the Weibulbdulus.

s 14
-~
v 1.3 A
g
Q 12 \ (O.I/.l/o-ll,.?)c\p
E I B e e A
s I [) 8 \
B [0}
iy 1.0 [ ]
& % 3 5553 3 90 %
09 | Confidence
‘E. S -‘:; E <9 -‘E *3 (*::_; Interval
e s £ ¢ 38 £ = =
Z 2 E& 3 £33 &3 2 <)
. 3] - @ -
E £ T 2 f ﬁ =, = ]
3 & sy E sg O A =
4 3 = > = i = o
e oy = =9 g <!
= E & £ o =
= = =

Fig. 14: Comparison of the experimental and numerical tegaffective volumess), effective surfaces)) for different Weibull
parameters.

V Conclusion

In this article, tension-torsion tests were perfednwith alumina specimens under two different load
cases. Fracture angles measured with the brokerinspes showed that crack propagates perpendicular
to the normal stress. Afterwards, the numericalljcalated effective volumes and effective surfaces
related to different multiaxial failure criteriarfétwo load cases were used in order to identify rtost
appropriate multiaxial failure. Comparison of theerimental and numerical results showed that nbrma
stress criterion is the most appropriate critefimnthe characterization of failure of alumina ceres
under multiaxial stress state. Since the predictiith effective surfaces provided a better agredpnien

was concluded that the specimens failed due tasarflaws.
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