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Uhveraer = An ovigingl tesile splic HOPEINSON b mreviotsly desigied far polmers
o was wsed for canvement bigeid frociwce fels on oo cerantic meierial. The
cynrvuiond froctiee foungiiness incleling a crock fp finie rodirs correction Was
dcadzted wang the maximim circimfereintal sivess e criterie. The classical
WLETILL. stmisviced soelysis b been saccesghlly extended fo Jhese nrixed mode
it amd the pesilis showe that the prohakilisiic equivalent dysnemic freciure
sl ss o this brinle moierial is idepeidonn af crak crcatofon.

INTRODLCTION

“lanw lagh technalogy industrial apphcations are interzsred n the use of ceramics owing
L thedr high resistance to elevaned temperature 2id sorrosive environment, their [riction
ywoperties and many ather quakites. Unfortunately, the mechanical behaviour of this
matenial limits apy

lications in structural components Together wah many eftorts n the
Jevelopement of new materials investigations are oo wducted towards apprepriate desizn
methods

I'hese mathads have to include particuiar features of the mechanical behaviour such as
Jispersed ulimate properties and specially [acture touzhiness This scatter may be
attributed to high concentration i structural delerts associatad 1o a britde fracture
process. Therefore statistical analysis of fracture dam are widely used 10 classily these
materials.

In this work, an experimental wvestation of dyram: mixed mode Factare toughness is

pertarmed and values are presented in 2 WEIBULL analysis which has been modified in
wrder to laka crack angle into account
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EXPERIMENTAL INVESTIGATION

Dynamic loading of ceramic samples is provided b i i
y the use of a tensile split
HOPKINSON bar apparatus. The stress intensity factor rate achieved on this apparat?ls

depeqding on the tested material, is about 105 MPaVm . s! for ceramics. The original
experimental set-up is shown on figure 1.
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figure 1 : experimental apparatus
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its tensile stress wave is produced by the impact of a tubular projectile on an anvil
. rewed at the extremity of the incident bar. Both the incident and transmitter bars are
.ade out of a low modulus commercial aluminium alloy leading to measurable strains
sder rather small stresses by the way of semi-conductor strain gages. The detail for the
\culation of the dynamic load deflection diagram recorded from this apparatus may be

rund in reference [1]. For the calculation of the dynamic stress intensity factor of fragile

satenals such as ceramics the required measure is the specimen stress, G (1), given from

ihe tecord of the transmitted strain signal, € (t), versus time by :

(o8 (t)=%h.Eb g () 1)
S

vete Ay and  Ag are respectively the bar and specimen cross sections, and Ey the

sodulus of the bars' material (measured by the way of an ultrasonic technique and

onfirmed by strain waves speed measurements).

I he specimen dimensions and geometry are depicted on figure 2.

figure 2 : sample dimensions

Ihe cracks were machined using a thread saw with a-thread diameter of 0.1 mm. All
unples were previously glued on aluminium supports using a two components epoxy
<lue (polymerization time 48 h) and the whole fixed on the bar using a cyanoacrylatic
“lue for the AI/Al interface. This experimental protocol reduced the manipulation time
Jown to 5 min and it was verified that the additional interfaces did not disturb the
measures. ’ -
I'he specimen thickness, B=5 mm, has been chosen in order to respect plain strain
~onditions at crack tip since :
ch

Oy

B>2.5(—)? 2

with K, about 4 MPaVm and o, about 90 MPa. The different crack angles tested were
j0°, 45°, 60° and 90°. A schematic of the recorded incident, reflected and transmitted
waves is shown on figure 3.
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From I'.hls rr.-_-acrds the fracture stresses were extracted in order 1o compute the critical
stress intensity fau:mr for all conditions. Unforrunately, the fixation of the samples by the
mean of glued interfaces could not achieve the load required for fract:.-n.; at the lowest
cm:lk angle value (30%) and the reported tests only concern the highast areles. Table |
remind fracture stresses for these different angles, i

Angle [i Fracture stress  [MPa)
g0 272 321 32 315

eo® 42.5 3B8 383 377 355 355 367
45% 507 4838 454 476 401

Table 1 : Fracture stresses for different crack anales

Transmitbed wave {AMPa)

il el .

STRESS INTENSITY FACTOR COMPUTATION

For the specimen geametry depicted in Sgure 2, the mode T and mode 1 stress intensity
‘actors are given from simple trigonomerric analysis as |

: i . a . o
K, =0 Jrasan ] 2[—“;} {3a)
K, -~ @, Jra sinf.cos B Z(-) (3h)

W

where @, is the remove stress, a the crack length, W the specimen width and Z the
classical finite width correction for cemtral eracked tension plate given in refrence [2] by

BROWHN and SRAWLEY :
a 2a Ja .
(—y=177 [1-D1l(=)+[{—F ()
% ' w! et
The circumferential stress at the crack tip due ta the mode T and mede 1l stress intensty
factors with the correction far crack tip radius is
1

i
T ™ —— [:uji [ Kl cost

+1ET

b2 |

3 ; ; d g ;
-3K; amEIj+;'f-'r [h,l:clsi ¥ K;SI:IE:I] (£)

where p is the crack tip radius and 1.8 the polar coordinates. Taking p = and following
{ne maximum circurnferential stress mixed mode criterion [3], the equivalent fracture

toughness is calculated as:

1

_ [ i 2y o I 1 O, - ..L-I_n .
Bop= T W 2T = KI.,.'-'DST(C’;'h' T ! :] + E K., EL'I'ITIJ ~Beosi— | ()]

where K, and K,_ are the critical values of expressions {1a) and (3k), and 9, is the crack
initiation angle which can be calculated from
s L& = .
tanflsin— (& C.D!:._S; -1)- cns':— i4-9cosd )=0 (M

Fd

For the given values of crack orientation angle p=507 &0° and 45°, the calculated
initiation angle B, is 2qual 1o 0F, -34.02° and -48.8" respectively. For the expeniments
carried out in the present work, the value ol this angle was determined by the mean of
image analvsis and correspond quite well 1o the thearitical predictions (from 40 1o 43°
for f=457) The table IT reminds the experimental resulls in terms of the fracture stresses,

and the compured [Facture toughnesses.
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B:goo

O ch ch Kc
[MPa] MPaVm MPaVm MPaVm

272 3.4 0 3.4
32.1 4.0 0 4.0
30.2 38 0 3.8
315 39 0 3.9
B=60°
g ch K K

2c C

[MPa] MPaVm MPaVm MPavm
25 39 22 52
388 35 20 48
363 33 19 44
377 34 20 47
355 32 19 44
355 32 19 44
367 33 19 45

B=dse

S, ch ch ch
[MPa] MPaVm MPaVm MPaVvm
50.7 3.0 3.0 53
48.8 29 2.9 51
454 2.7 2.7 438
476 28 28 50

40.1 24 24 42
Table II : Equivalent stress intensity factors for different crack angles

The experimental values are in the range from 4.8 to 6.7 MPaVm. Such a scatter (about
30%)'m the fracture experiments was expected because of ﬁ very brittle fract?x:'1
behawqur associated to a high concentration in structural defects in ceramics. It is the:
convenient to present the results from a statistical point of view, and refeﬁn to the
previous works of WALLIN [4] a WEIBULL analysis was chosen. ’ ¢
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PROBABILISTIC FRACTURE MECHANICS
Introduced by WEIBULL (5] for fracture stress of brittle materials, the analysis is started
from a set of two main assumptions :

i) the material is statistically homogeneous and isotropic, i.e. the probability to find a
flaw of a given "severity" is the same everywhere in the volume.

i) initiation of a single flaw leads to the complete failure of the volume.

Then the volume may be seen as a monodimensional chain in which the fracture
probability for a particular link out of a total number of N links to fail under a given

stress level G is supposed to be f{G). Thus for the all volume of N elements the fracture
probability is :

Fy(©)=1-[1-flo)]" ®
assuming N is large, an approximate solution may be writen as :
Fy(0) =1 - exp {-Nf(0)} ©)

From the work WALLIN the number of links, N, is proportional to the fracture process
volume, V, and the failure probability takes the form :

P.=1-exp {V D(0)} (10
In the original work of WEIBULL the ®d(o) function is taken as :

D)= 0 for 0 <G,

Do) = { Z=2=}™  for g >0, (11)
G, - G,

where G, is a threshold stress under which no fracture is observed, G, a normalisation
factor with no physical significance and m; a shape parameter of the distribution related
to the scatter and commonly named the WEIBULL modulus.

It is obvious that such an expression is unable to take into account flaws in the material
or alternatively that the enventual flaws are assumed to be of the same "severity".
Avoiding this problem WALLIN improved the relation by subtituing the fracture
toughness to the ultimate strength to give :
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- AV gy
Pe=1-ep i 1 (12)

where the valume is no more apparent since i can ke shown [4] ;
P 4
V=Cle K] (13)

The exponent m., is ditferent fro since i
X it from my since it represents the scatter in K, datas and has a

thearitical value cqual 1o 4 when the numbe i
: o 4 wh he number of tests is La ich i
the case in the present study. SR B Sl e e

MIXED MODE PROBABILISTIC FRACTURE APPROACH

Fﬂ ! ¥ wivs Fae g
5 Ir)t_ﬂe !Eﬁd.m?dﬁ _tesls we have performed, an alternpt was made 1o madifv relation
in order to teke into account the flaw orientation. The modified relation is -

K. -k
TS oDy m
Po=1 Mp1K_K1}! (14)

where K_, is caleulated using relation (5] In fact, for simplicity, the K, parameter was

set to zera, and the t aini f t fistribuoti
ot e et wir remaining parameters of the WEIBULL distribution are daduced

1
Inln { } owers }
g Pf} versus Injk )

'P-:!'llf_'h frr_:-m_rml?:n:.m (14} is expectad 1o be a straigth line which slope is m, and intercept
with ordinates is the K factor. This plot is shown on fiaure 4 o
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figure 4 © determination of WELBULL parameters

The average value of K = 6 MPam is coherent wilh values found in Eterature for this
kind of materizls [6] but the madulus value of 13 & is quite high probably because of the
insufficient nuinber of experiments. Hawever it should be poined out that regardless of
the crack angles. the results are homogeneausly gigtrinuted alone the line which indicates
that the probabilist equivalent stress intensity factar is indesd independant of crack
crientation

CONCLLSIONS

A mixed mode dynamic Fracture toughness inveslization oo & ceramic matenal has been
performed and 16 specimens were successiully tested The dynamie loading conditions
have been achieved on a tensile split HOPEINSON bar apparatus which was previausly
designed for polymers testing. An expecied large scatler, nkerent to ceramic ulimatz
properties, is observed and is treated by (he way of a WETBLULL statistical analysis of
fracture, The pravious approach of WALLIN has been improved to hecome crack angle
independant
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