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Abstract

The validity of fracture toughness data from tests with V-notched bending bars depends in the notch root radius and the preBetuwevef an
behaviour. In a theoretical study it is shown how the notch radius affects the formally computed conventional toughnesses. These are computed
under the assumption that the introduced notch with a small crack at the notch root acts as a long crack of the same total size and, in a stronger
simplification, that the crack length is identical with the depth of the notch.

© 2004 Elsevier Ltd. All rights reserved.

Keywords. Crack tip toughness; Fracture toughness; Notch effectirve; Testing

1. Introduction This is necessary in all cases where the crack length at failure
cannot be identified on the fracture surface. This value may
Most investigations of fracture toughness deal with cracks be denoted here bi with
starting from narrow notches. These are introduced in test

ao
specimens by thin saw cuts or produced with the razor blade K = dbendmax+/7a0 Fbend(w) (2)
procedure as proposed by Nishida et and successfully _ _
applied by Kiible? If ag is the depth of the notch arfdthe It is clear that in the presence of a stroRgcurve be-

length of an edge crack propagating from the notch root (for haviour with an extended stable crack growth phase before
the geometric data Sd._eg ]_a, the stress intensity factor final fracture,Eq. (2)bad|y dES.Cf:IbeS the fractgre toug.hness,
commonly, but incorrectly is computed as the stress intensity even if notch effects are negligible. It is the aim of this con-

factor for a crack of total length = ag + ¢ tribution to show the influence of the notch root radius and
a R-curve on the formally computed toughnesses according to
K* = openay/ (ao + £) Fbend(W> (1) Egs. (1) and (2)

whereFpeng is the geometric function for an edge crack of

lengtha = ap+¢ in a specimen of widthW under the applied 5 Notch effect and R-curve

load, here, for instance, under bending load. The geometric

function is available from fracture mechanics handbooks. T4 examine the case of a material wikcurve, the frac-
The formally computed “apparent stress intensity fack0r"  ;re mechanics problem of a small crack in front of a finite
given byEq. (1)is the correct value only in cases where the oich has to be considered. In the special case of an edge
crack length¢ is clearly larger than the radius of the notch. .4k ahead of a slender notch WRibeing small compared

In the first crack extension phase where the crack ledgth i, the crack length and the other specimen dimensions, the
is comparable td, Eqg. (1) does not represent the correct e stress intensity factdt is given by

stress intensity factor value.

In fracture toughness tests the stress intensity factor is K h( 2243 14 3
often computed with the notch depb as the crack length. g — tanny 2. R (3)

* Tel.: +49-7247-82-2347: fax+49-7247-82-5070. This relation is shown irFig. 2 as the dashed curve. If a

E-mail address: theo.fett@imf.fzk.de (T. Fett). semi-elliptical crack is assumed (for the geometric data see
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Fig. 1. Cracks in front of a narrow notch: (a) edge crack and (b) semi-elliptical crack.

Fig. 1b), then as shown th was made, which is applicable fér« ag at least. Damani

et al>® further assumed to be proportional to the size
K =~ tanh( 2.243 ( t ) £ @) of defects at the notch root caused by notch preparation or
K* R R to the mean grain size, since grain boundaries may act as

. crack-like defects. Errors in toughness determination are un-
with avoidable, at least in the case of a significant stable crack
ey 2 4 extension before failure, as expected for materials with a

& (E) 3" 0'178<1 B exp<—1.64E)) ®) " pronouncedR-curve behaviour. In this case, the maximum
. . L . load indicated by the solid circle in the load versus displace-
In Fig. 2 this relation is shown by the solid curve. From ment curve ofFig. 2bis commonly introduced iEq. (2)

f::f guirtvefs ciFﬁ' 2? Ir:nlﬂs Clnet?”?/xsﬁf t:ta; tf]ler';;utTl stre;s although the load versus displacement plot shows a clear
ensity factor 1s significantly lower than the formally Com-— 0, ation from the initial straight line, starting at the open

puted values oK*, irrespective of the special crack shape. . |
On the other hand, it can be concluded that notch effects areCIrC © oy .
’ In a material with arR-curve effect, the externally applied

without importance for > 1.5R. For the following numer- stress intensity factdfapp and the intrinsic shielding stress

|ca|£evi'alluiantlon?ES.ir(f)Ewnl t:)ge gsi& formall mbuted intensity factor have to be superimposed in order to obtain
eplacing o g. (3) by this formally compute the total stress intensity fact®oiq)

“apparent fracture toughness” yields
Kiotal = Kappl + Ksh (8)

~ lag+ £ Fla/W) £
K\/ Ta0 —F(ao/W) tanh<2.243\/;) (6) which governs the crack tip stress fieleig. 3arepresents
these stress intensity factor contributions.

Sometimes, this relation was successfully used for a fracture Stable crack propagation occurs under the condition of
toughness evaluatict®~’ where the rough approximation  the total stress intensity factor equalling the so-called crack
tip toughnes¥g

ap+ L€ F(a/W) A £
,oa—om ~1= K~ K tanh(2.243\/;> 7) Kiotal = Ko )
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Fig. 2. (a) Ratio of true stress intensity factorand formally computed stress intensity fackdr as a function of /R, (b) stresses in a fracture toughness
test, oin = stress at the first deviation from the initial straight line of the load vs. displacementopigt,= stress at failure.
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Fig. 3. (a) Total stress intensity factor obtained by superposition of the
applied and the shielding stress intensity factors accordiriggta(8) (b)
shielding stress intensity factors accordinggq. (10) “R-curve I” and

Eq. (13) “R-curve II".

(mm)

The influence of the notch effect on tRecurve in terms
of K;ppl = f(Aa) or K;ppl = f(A¢), here denoted as the
“apparentR-curve”, can then be outlined in the following
way.

In order to study the influence of a notch on Reurve
behaviour, two different types of shielding stress intensity
factor are chosen. A “steefR-curve behaviour may be mod-

elled by
Ksh= Ksh,max[l — exp(—Av Aa)] (10)

This relation, denoted aR-curve |, interpolates one limit
case for small crack extensions

Ksh o< v/ Aa, forAa— 0 (11)
and the saturation behaviour
Ksh — Kshmax, for Aa — oo (12)

As a second possibility an initially lined-curve may be
chosen as
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denoted a&-curve Il, which interpolates a second limit case
for small crack extensions

Ksho< Aa, forAa— 0

and againksh = Kshmax for large crack extension.

The curves related to the parametersiof= 40 mt/2,

B = 15007, and Kshmax = —5MPant/? are shown in
Fig. 3h As realistic crack/specimen dimensiofig,= 4 mm
andap = 2mm were chosen for the numerical computa-
tions. The crack tip toughness was assumed tKhe=
2.4MPant/? as found iff for alumina.

The initial crack size/g can be estimated by comparing
the crack tip toughneds§p obtained from the near-tip crack
opening displacement field of a grown crack with the result
of strain-gauge-equipped notched bending Bdbepending
on the specially assumed crack type, values in the order of
£o = 2-5p.m were found for alumina.

3. Crack extension behaviour

The influence of the notch root radius on the total stress
intensity factor is shown ifrig. 4for an initial crack size of
£o = 2 pm and the two types d®-curve. Since for R-curve
I” an intersection betweekotg andK|g is obtained forR <
18m only, this critical radius denoted &; (introduced in
Fig. 4a and las the dashed curves) is a limit for reaching
stable crack extension. B > R, unstable crack extension
must occur wherKiota) = K)o is reached for the first time.
For R < R, a stable phase during crack propagation must
occur.

In the case oR-curve I, the limit radius is abouR. =
10pm. Fig. 4cshowsK;gtq for fixed R = 16 um and various
initial crack length<g.

Details of the crack extension phases are revealejirb
for a notch radius of @m and an initial crack size dfp =
2um. A crack of length¢g at a notch starts to propagate, if
the conditionKiqtg) = K)o is fulfilled for the first time. Since
Kiotal increases with increasing crack length, spontaneous

Ksh = Kshmad{l — exp(—BAa)] (13)
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Fig. 4. Influence of the notch radi® and the initial crack lengttiy on the total stress intensity factor (computed fhmax = —5 MPant/?).
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Fig. 7. Influence of initial crack lengtlip and the maximum shielding

Fig. 5. Crack development for an intermediate notch radiug of 8 um. stress intensity factor on conventionally determined fracture toughness.

crack extension must occur up to a crack lenggthat which

Kiotal = K)o is fulfilled for the second time. This condition Re VR,
is found after 3um crack extension in the case of the steep s} R-ourvell g Mrourvell
R-curve | and 20@um for R-curve Il. The unstable crack ex- Kehmax=-5MPavm fo=5um
tension phase is followed by stable crack propagation under 4of (Yum)
increasing externally applied load. At crack length the (um) At
horizontal tangent at thKqa(a)-curve becomes identical sor
with the horizontal lineKjp = constant. FoR-curve |, it -
holds ¢, ~ 200um and forR-curve Il £2 ~ 350um. From or N
Fig. 5, it can be concluded that the crack length at failure, |
£, is significantly larger than the initial crack length.
In Fig. 6the effect of the relative notch root radiRg{g on R T B ) e
the apparent fracture toughness is shokig. 6aillustrates @) lo (um) ) Kenmax  (MPavm)

the two quantitie* and K in the absence of arig-curve.

WhereaK* tends toKg for R/¢g — 0, K tends to 0. In the Fig. 8. Influence of initial crack sizé and the maximum shielding stress
presence of aR-curve behaviourFig 6b and cthe curve intensity factor on critical notch root radius (computed Rcurve 1).
for large R/¢p coincides with the curve oFig. 6adown

to a certain characteristic value 8§ ¢g, denoted aR/{o. apparent fracture toughnessincreases with an increasing
For smallerR /£, the apparent fracture toughness reaches amaximum shielding term. In the papers of Damani et%l.
saturation value. a direct correlation between the critical notch radius and the

The influences of the initial crack size and the maxi- grain size was proposed. A more indirect interrelation to the
mum shielding stress intensity factor on the apparent frac- grain size is obvious also from the computations made in
ture toughnesk and the critical notch root radiu’; are this contributionFig. 7bshows that for a fixed initial crack
represented ifFigs. 7 and 8 The characteristic notch ra-  size £g the critical notch radiufk. increases with increas-

dius increases with increasing initial crack lenggrand the ing maximum shielding stress. Since the bridging effects in
AN
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Fig. 6. Apparent toughness, computed ®e= 16 um and varyinglo.



T. Fett / Journal of the European Ceramic Society 25 (2005) 543-547 547

the crack wake, responsible for tiiecurve behaviour in  value of the plateau. If this value cannot be reached (e.g.
coarse-grained ceramics, increase with increasing grain sizefor very fine-grained materials) the experimentally obtained
a dependency between grain size and critical notch radiusapparent stress intensity factor at least gives an upper limit
has to be expected. of the true toughness.

As the main results, the following conclusions may be
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e For a large notch root radiuR > R, only spontaneous
crack extension is possible;

e For a small radiuR < R¢, crack propagation consists of
stable and unstable crack extension phases with instability

occurring after crack extension in the order of several 1. Nishida, T., Pezzotti, G., Mangialardi, T. and Paolini, A. E., Fracture
100pm; mechanics evaluation of ceramics by stable crack propagation in bend
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