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II technlque hilS been presented willch aJJows the use of small notched round­
bar specimens without f<Jl:lguc pre-cracking for the determ i nation of tile plane str<Jin 
fracture toughness of engin ee ring m<Jtcrlals. The techniq ue is ba sed on the Jinear elastic 
fracture mechanics analysis and the principle of stress conce ntration factors at the 
tip of the notch. The error .inherent in the fracture t oughness calculations, i.e.due 
to the absense of very sharp crack, 'Can be corrected from an error correction factor 
whleh is a function of the normalizcd notch-ti.p radills, rid. 

The technique has been applied to two me t allic aUoys (bronze and steel) 
and the plane strclin fracture toughness for the two in ilte rials I~ere obtained. Small 
round-bar specimens having V-notches wilh di fferent a ngles and ti.p-ra(Li.l have be en 
tested in ten!:olon. A comparison of the l( villues calculated usin !) the present teelmlque 
and those calculated in the literuture LnJrcatetl reuso lla ble agreemen t wi t h il difference 
between the two values ranging from 0 to±S'x. . I t is re c o mmended tha t the normalLsed 
notch-tip ratio, rid, should nol e~ceed about 0.14 for thLs difference to stay wiUun 
acceptable limits. 

The present te chnique may be considered rela tively fast and economic and 
indicuting iJ level of accuracy adequate for many prac tic ill purposes. 

INTIlO[)UCnON 
Testing the fracture touqhness of metallic materials 9cnerally requires 

~peclme?s that ate relatively Idr!)e and expensive to machine. The se specimens arc 
~hen fa tiguc pre-eracked,rr cq ue nUy employing scr vG hyciraulic machi nes. T his pre-cr a eking 
15, therefore, a slo\\' and expensive exercise. More over, large pIec es of materials need ed 
for making the specimens may frequently be una vaila bJe-Sudl sped mens a re the compact 
tension specimens wiLh chevron or straight netch as was ou tliJled in ASTH 399( 1]. 
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necc ntty, efforts have been done to overcome these shortcomJngs by perfecting , 
sim pIe, quick, and eeono m1c t echnique to cstim tile the plane str.lln fr<J c~ure toughness,K

Ic 

The notched round b<Jr spccim ens may be considered the most pro mising geometry for this 
purpose [2]. HowevN , fa.tigue prec r<tck mg of such a specimen confJgurollion inevitably re­
suLts ill eccentric llg a menlS whlch, I\'hen l oaded.in ten51on,their f.inaJ ft'olcLure Iyill be the 
result of <J cor.lbln<JLlon of t ensIon <Jnd uendlng. The rc]ol tionslup used fo[' com puting 
thc critical stress intcn5.ity factor is hased on tension onl y, Henc e Its l1la&nltlldl~ would 

be rfcatr.:r1f bending is also present. Expedmental evidence of ligam ent eccentrici\.y 
was observed by Stark e t a1 (2). II nu mber of investigators have modified the co mpact 
fracture specil11ens by re placing t he sharp c rac k-starter and fatigue pcecrack ,dtll 
a blunt notch (3,4]. Sped me ns uith such notches are generaJly used for crack Wtiation 
stuwes from the view point that the blunt notch 15 representative of machined holes, 
undercuts, notches, etc. in machine e1el1lents, This parer presents analytical and exper­
imental results for linear elasticity which are expected to enhance the usefulness 
of bluntly notched small round ba l' specimens. Stress concentration factors are given 
for a nU lll bc r of varIations in geom e try. These are compured with estimates uused 
on frilcture mechaniCS, and iI method .is presented for correcting the illilccuracies 
of the latter, so that improved estimates may be rnade. Accordingly, corrected estimates 
of the plane strain frilcture toughness of the materials tested ilee cillculilted. 

TII[OIlETICAL AHALYS!5 

At il sharp notch in .1n elastic body, the maximum strcss m<JY be <Jpproximatec 
by [5,6J 

(J" = 2 K/ ..rrrr (1) 
where K Is the stress intensity fDctor c<11cuLaled fa !' the hypolheticill c.Jse Ilhere the 
notch is collapsed to form a crack of the S<l mc m.:)jor dimenSions, and r 15 the notch 
radlus. If iJn arbitrary tensJle loau, P, as in rig. 1, \'I <1S applied to the body, the resulting 
milximum principal :;trcss at the notCh, (f, is rdated to t he no minal stress, S , through 
the equation 

(2) 

whcrc kt.is the stress concentration ( actor. 

Equations 1 and 2 give t he followjJlg estir.late of kt (k t ): 

0) 

"here the "bar" sign over k
t 

di.stin9uishes thls estlruilte from thc iJctual value of kt' 

The stress inte nsity factor, K , beco l~ es : 

-If K=Sk-''c t 2. r l 
(4) 

For a circular rod Iyi th an external circillar ilnd coaxial V-notch (Fig. 1) 
unde!: tension, thc eXilct solution, lI'ith an error or the ord~J' of = 1 percent, js ;)pp roxi~ 

m.:)te d by the 11.:1lT.is formula [7,B] 

;;2 -!.". r:: 
I<I = ( (J' 0 /4d ) y 2n(D - d)/(O - O,Bd) (5) 

, 
where cr is the tensile stress alyay from the notc h Up regIon; ahd the subsclli.pt 'J' 
of J( denotes "10Ue I fr;)cturti. T he no mi nill stres!', S , is herc uefined bllsed on tension 
due to the llpplied load P on the net section of the round speci men . This gives : 

(6) 
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Com binIng Equations 3, 5 and 6, gives: 

k _ 2 cfD2~1f (D - dl 
t - ". 

4d 0 - 0.8d 
I 

o • d ) 
o - 0.8d 

0 .7071 

'" {rid 
Ol d - 1 

(Old -0.8) 

Table 1 gives values of k
t 

f,rolll Eq. 6 ror vadous va lues of r . 

(7) 

Table 1. Elas tic stress conce ntr<.1tion fa c tors from f.inite cle ment Malysis 
(k

t
) a nd estim.Jtes b.., ~ed on frac ture rnech.Jnic.s (kt), Eq. 7, for 

various blun tly ne tched £'Ound-b,)r snecim e ns. 

- kt/kt r,m m ,," 
't 't r, III m ,'" 't ' t ',ik t 

0.05 0.008 6.)1 6.31) 1 0.60 O. )00 2.10 1.825 1.1 5 1 
0. 10 0.017 11,48 11.475 1 0.65 0.108 2. 04 1.755 1.162 
0.15 0.0 25 3.66 3.r, 54 1 0. 70 0.-117 1.')7 1.690 1.166 
0.20 0.034 3.20 3. 164 1.011 0 .75 0.12 5 1.9) 1.633 1. 179 
0.25 0 .042 2.85 2.828 lon08 0.80 0. 1)11 1.90 1.582 1.201 
0.30 0.050 2.73 2. 581 1.056 0.85 0.1112 1.86 1.534 1.213 
0.3 5 0.058 2.57 2.389 1.076 0.90 0. 150 1.85 1.490 1.235 
0. 40 0.067 2.42 2.238 1.08 1 0.95 0. 158 1.82 1.1150 1.255 
0.45 0.075 2.30 2. 106 1.091 1.00 0.167 1.80 1.'114 1.273 
0.50 0.084 2.21 2.000 1.105 1. 10 0.1 84 1. 75 1. 3118 1.300 
0.55 o.on 2.17 1.906 1.139 1.20 0.200 1.69 1.292 1.310 

If the kt values from finite cle ment <lnalyili <lntl t heory uf elasticity (9] 

is assu med to be ex act, then the ralio kt/k
t 

nlay I;e considel'ed () mColsure of the 

en-or I n the estimated va lue, k . Figure 2 plots t lUs ra tio vcrsus t he quantity rId fo r 
c <1ch geometry. lhe <luall tity rIa: may be co nsidered as a norm <lllzed v,lJue of the !lotch 
raOlus. Fr?nl Fi~. 2, the esUm ate k

t 
is quite ilccur.J t c fOrtll e sha rpes!. notch, Le. very 

smaH vulues of rIll. TMs es ti m.Jte involves e rrors ror hi]hcr values of rId. For the 
bluntest no tches,the error is a round )0:1';. AU o r the k./I<. fallos fo r r/d ~0.025 fall 
near a siJlgle s mooth curve , and t hose for rid > 0.025 r ~11 ~bo ve this curve. The curve 
drawn on F.ig. 315 a represe ntation of the percent<1gc error Ln ca1cula Ung the stress 
concentration fdcto r based on f racture nleCh,'11ics, kt' as a runction or the ratio rId . 

Oath figures 2 and 3 m.ly be reco m mended, t he re fore, fO!' usc in making .improved 
~stim,) tes of the raclor k

t
. Such estimates a~ m<1 ue by fjr st com putin~ the f{J etor 

kt from Eq. 7. The error .in the estimate of k
t 

15 thc fI obtained by enterjJlg the plot 

on Fig. 3 with the ra tio rId ror t he p.Jrticul ar case. The corrected value of k
t 

mi)y 
then be calc uJ.ated using one of t he rollowlny relationshIps: 

k 
kt (correc ted) '" kc (calculated) X J; (8) 

't 
k

t 
(corrected) '" k

t 
(calcula ted) )( {1+e rrorl (9) 
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The curve i l) Fly. 2: is expected to apply to most Sj)eclm e n geo metries 
likely to bc c hosen. Howeve r , c.;au tion must be excercised if l hc geometry differs 
by a large a mount from lJlose considered. The curve of Fig.2 should not be extrilpolated 
very far beyond rId = G.2. It shouid be noled, also . tha t Fig. 2 implies that no co rrectio n 
t o k

t 
is needed for rId below abou t 0.025. Tluo5 is consl.slent with the expectatio n t hat 

Eq l 1 becomes more <lccurate (or s il.:) rper notc hes. 

The COlTectetl va lue or k. m<1Y be then substitutetl in to EC! . If to rind un 
accurate value of the stress Intensity fa c tor, 1(1 Ule critical value of which will represent 
the material's fracture toughn ess,I<Ic. flUs is eq ui valent to calculating the stress lntensIty 

factor,K r, from Eq. 5 a nd the n making the necessary correc tion. f\ modLfic')Uon to 
Equation 5 may be mad e as follows! 

(10J 

Ilhere E (rId) .is an error correctlo'l fueto r whic h is a func tion of t he dim ensIonless 
notch-tip rc1dlus, r/tJ. Ihio5 func tion 15 obl;.:)ined fro m Fig . 2: and equals kt/ k

t
. 

( XI'(RH'ENTl\l PROCEOUHE 

H il tcriills: 

T"o structural miltedaJs have been used in th is study. The y are m<l ra ylng 
st eel and a com mercia! phosphor bronze. Thc t ,~o materials exhibit ralher 10\"1 ductilIty. 
S1mple tension tests <1n d I,aruness me.)sure mcnts have been performed on the test 
III c1 terials <lnd the results Me lllustl'<l Led 1n T ilble 2. 

Table 2. ~lech,)n1cill properties of test ma terials 

r·la teria l lIodulus of Yield Strcss, UltJmale % aUe Clang. Vickers 
El asticity , cry, Ilp a Stress , H. N. 

E, Cpa (tU, Il pa 

~1 araging Stecl 205 770 10 )0 9 360 

Phos. bron~e 115 }50 I, )5 15 137 

Sped mens 

S m.)ll rounll no tched bar speci me ns have be en prepared for frac ture toughness 
t esting. Fig. l,t :. illustrates the speci men configuration and the yd p adaptor which mil kes 
up for the mIni mum gd pping dist.Jncc for U 1C t enw.e tcsli ng m.;achine. Various V-notc h 
configurations h.)ve been olitained by va rying t hc notch a ngle and root radius. The 
nOLch a nglc IV.)S ilccuratel y cut ilt )0" , 600 , 90°. Due to the diffic ulty i n cutting a 
not c h wit h il givcn fine tip ndius, the notch tip l" ildii wcre mC,JSI.H·cd on thc notched 
specl m ens. The notd l uepth 'ras adjusted c1 t 2 m m for all speci me ns. 

T esUng r rOceuure 

Prior to pialn strain fracture tou <) hnc5!i t t:sl-jng, measure m cnts of thc strength 
;In{1 du ctility of t he test !naterL:l.lo5 have becn performed. 1n udcliUon, accuriltc measure­
ments of the notc h tip rc1diu,," 'Tere perrorm ed using a Heasure -Scope-·lQ. Fig. 5 ill.ustrates 
the me<lsurlng m ~thod of the notch tip r adius . The notch contour is t raced poin t-by 
-pO.int uy m CilSUrlng the X and Y coordinates of eac h point. A s m oo th c urve fit tJng 
process ,ls then jJerrormed. Oy drawing a number of corus and mid -PQint pc rpenulc ulars , 
Fig. 5, LI,c noth tip radi us Cc1n be deter mined. 
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For e<lc h of the tested m<ltcrials, il totill of (12) twelve specimens hi\vlng 
ilirferent no~ch·tip radii ranging from O.OSmm to 1.10mm h<:lve been used in this study. 
[olch or the t"o sets of speclmens was divided into three 4-specim ens g roups hdvhl9 
notc hanglesof )0, 60 olnd 90 degrees. 

PI,;,in strain rracture toughness tests I,ere then performed using .:I hydraulic 
unIversal tesU"o machlne Type WrH, VEOI Werkstorf prufm<J sc hinc n. Lej pl,lg. 
The specimens have been subjected to <:l gfadu<Jlly <lpplietl tensile load till conl[llete 
rracture \~as occurred. 

TEST nESULTS MID DlSCUSSION 

Tables J and i l Qlve~umlnar Jes of the w.st resul ts for the two tested materia ls. 
The results are Wvstrated In Figs 6 &- 1 Ti.e critical value of the stress intensity filctor 
was calculated rrom Eq. 5 "Mch, upon substitutlng D = 8.11 m m and d '" 6 m m and , 
0' = (4 Pc ITT 0 2), takes the form: 

(11) 

wherc p~ is the frilcture load in tons. 
The graph of rI<j. 2 w.)s then used to de ter mine thp corrected v,;, iucs of Kl c as shoun 
1n Tables } and 4. 

The values of KJc c<Jlculated from EQ. 9 <Jnd corrected using F.lg.2 were comNred 
with corresponding vDlues calcula ted by the exact equation used by Stark [~] wh.i.ch 
takes the form: 

"p~ c _ 
" ~_ n af" 

Ie 1102 
r 1.25 

,,-, 1.47 
[1-( -8- ) 2.4 

) 

(12) 

where '5" is the crack d epth which wa s set eClual to the notc h depth in this study. 
A.u villues of K1c were t<:lbulated in Tables 3 ilnd 4 anti plotted ill FIgs, 6 and 7. 

An eXo1min auon Of Tables3 .and 4 rcgariling t he v.)lues of Klc c.:ll cula ted from 
EQs. 11 and 12 demonstrilte~ the exista llcc of a reilsoJlable agrce."ent bet\feen the 
t wo values; with an error ranging from - 7.6(,% to t5. II)% for rId ratics ranging from 
0.0065 to 0.137. The e rror i.ncreases to over 13% foc rId := 0.183. The validity of the 
present ,Jnalysls should, thel'efore, be limited to rId ,'a tios below about 0.14 assuming 
.) n error of about'! S'l) is tolcrable. figs. 6 anrl 7 sllOw the dependencc of the plane 
strain fractu re toughness, K1c' on the ratio rid for t he t\~O tested mct.:JLs. 

It c.)n be generally observed that I<r ' wh.i.ch 15 a meiJsure (·f the fracture resistance 
of the maLerial, has a dIrect rcliJti6Rsltlp \'lith the rId ratio. For very sh<lrp notches, 
the cil1cul<ltcd fr<lcLure toug hness of the r.l<l ter.ial decreases . The cillcvl<l':ed r[acture 
toughness becomes h.lgher as t he notch-tip r,;,dil'S of the test specimen increascs. This 
finiling is considereu reason,Jhle since for notches 'w loic h a re not too acute, ulunt no tc hes, 
<l td<l)(la1 state of stress is 9cne rated at the root of the notch. As <l result of this 
trldxlal stress state, the generill yie ld slress of t! le nc.tched ".pecim(!n beco r.lcs greater 
lh,;,n the uniaxia l yield stress of thc mate rIal. The reason for thls Is that the stress 
triilxldlity makes it difficult for the yielded lo ne to sprea d through t he whole region. 
The development of tensile stresses in the other two principal directions, see Fig. 
1, mak,es it neCessilry to r<lIse the axIal stress needed to lniUilte plastic deformation. 
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TlJWe 3. Experi mental Results ror Specimens made or IJron ze 

SpCflmen I·b teb IOJch TI p ~"Jlo, Fracture ~alculatcd rorrected ~}.efn Value ';;~.l'dil'd ~rac~ure • ·9° 1 0. Anglc a Ius, Loa d, racture r ilcture . rilctu re eva on oug meS!' 
Error r, m m Pc' KN tou<jhness, toughness toughne5s, calculated 

0 X 10 HPa Vm r~p afi ~t rlJ V; f rom E(J.n 
~! r a Vi'ii • 

l l8: 8:19 8:8li 1:B lU? iU~ l~:~ :m 
) 3D' 0.34 0.057 1.55 21.30 22.90 26.56 4.63 

2].06 -0. 70 , )0" 1.10 0. 183 2.04 la.05 34.50 30.36 + 13.65 

, '0' 0.05 o.ooa 1.)9 19. 10 \9. 10 20.68 - 7.46 , ,0' 0.42 0.07 0 1.59 21.90 23.87 22 .07 2.47 23.66 ~0.90 

7 '0' 0.45 0.075 1.34 16.110 ZO.2'1 19.94 + 1.50 
8 '0' 0.50 0.083 1.65 22.69 25.07 24 .5 5 f2 .1 l 

, 90' 0.0 5 o.ooa 1.)0 17.90 17.90 19.34 -7.t10 
10 90' 0.52 0.08 7 1.42 19.50 Z 1.65 21.84 2.51 21.13 +2.46 
11 90' 0. 55 0.092 1.60 22.00 24.61\ 23.81 +).119 
12 ro' 0.62 0. 103 1.48 ZO.IIO 23 .15 22.02 +5. 13 

Table 4. ExperImental flesu\ts ror Sp ecimens milde of Steel 

Speelmen Notch IUote h Tip Ra tio Frc)ctur Cillculuted Correc teu Nean Value S\:il uuard rracture ~ age 
11 0. Angle , Radius, l Oiltl, Frilcture fracture or F racturl' l) evilJti or rouqhness Error 

r, I'll ", ,/0 Pc' I<N , olJyhness, toughness, toughneS$. rrO D [ Q. l1 

0 X 10 Ie. ~IP~{n Klc>~!r[ni " Ie' ~! P lm 'IPaVm • 
I ) 0" .06 0.010 ).21 44.10 44.10 7.76 - 7.66 
2 JO' ." 0 .040 }.OZ 41.S0 IIZ.511 2.555 4.94 -5.36 
) )0' .25 0.042 ).}O ~5.40 116.65 ~5.64 9.10 .(1.99 
4 )0' .40 0.067 ).30 45.110 49.26 9.10 +O.H 

, 60' .04 0.007 ) . 15 43.30 4 ) .30 6.8 7 - 7.62 , 60' 0.22 0.0)7 ).05 41.90 2.95 3.)7 5.38 · 5. 35 
) 60' 0.]5 0.058 Z.95 40.60 ).85 1J5.) 1 ).90 -0.23 
8 60' 0.90 0.1 SO ).10 4Z.60 51.12 16.1) t10.82 

9 90' .09 oms 3. 10 IIV;O 42.60 6.13 -7.65 
10 90' 0.Z6 ~.O" 3.0) 111 .70 "2.95 J.65 15.09 . 4.75 
11 90' 0.45 p.O" 3.40 116.80 5'1.48 IlG. 14 50.59 + 1.76 
12 90' 0. 82 fo ·D7 3.03 111.70 47. 51l 45.09 +5 .43 
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On Lhe other h(jnlJ, very sharp notches tend to embritUe the lIIatcrilll at the notc h 
t.lp. lltls em brittle m c nt will tend to increase the cate of propaga tion of the microscopic 
Ha w and reduce tht: energy needod to cause rracture. Further eXil l1ljll')tion of the 
results in Tables) i'IIld Ij indlc.atc that the me.) n values or k:J caJculated using the 
present technique afe quite rCilson<lblc ror these two qua u-brtlU c materials (10.11]. 
Figure 8 shows the '.uependc'nce of Uie plane strain fracture toughness on the 
notch <IngLe. It m.)y be obs~rved t hat the vawes or k1c clecrease as the notch <Ingle 
i1lcreascs for phosphor bront e. Such dependence is not""" Clear for low -alloy steel. This 
finding is in agreement with tt)e rlndlng of V fini,te element analysl5 made by k:uhne 
et a1. [12,13]. Their theoretlcal an Uysls,in a~ditlon to a recent c)<pc ri m ental analysis 
(1J],coucluded that the stress intenStncatlon 1n fron t of the notc h is in flue nced malnly 
by the notch radius and tl'lat the notcrh angle hlls only a minor effect. 

CONCLUSIONS 

1 . 

2. 

J. 

4. 

5. 

6. 

1\ techniquc hil S been presdnteli wl\lch allows the use of SlQall notched round bdr 
specincns IYithout precr<lckiilg tor the determination of t he plane strain fmcture 
toughness of metallic miJter1als.~The lcchn1cIUC 1$ based on the linear ela stic rracture 
m echanlc analysJs. T he eljTor 'in htrent In tile I'csul Ling valu e of the frac t ure toughncs 
Cill1 then be corrccted deperHling on thc rallo of rId, .J dimensionless notch radius. , 

I ' r or very sh.Jq) notche~, i.e. 0 ~r/d ~0.02S, the error e ncountcred In the calculated 
quantities is about zero. lis thcJatio rId is incrc;)sed above 0.025,the error increases 
ilnd reaches ilbout JO% for rId 10.2. 

For the same applied stre!j, a J\~ notch a ngle, the fro)cturc t oughness of t he testecl 
materials are found to inerete ~lith the increase u\ t he l-atio rId. 

The notch angl e IVas roundl to ~ havc <1 minor e ffec t on the C8iculated toughness. 

Conlparison o r the klc v4es~ca1cul,)ted in this technhwe and those calculated 
In the litc.ature indicated re<isonable <.lg.cement with a dlfference between the 
tlTO v<llues r<lnglng From OtO:!.5$. 
It is recolnnlenued that rio SI'OU1d not exceed <lbout 0.14 for tlti5 dlrrerence to 
stay within acceptable lim its. ' 

The present technique may be c nsidered .e1.Jtively fast and eco nomic and indicating 
a level of accuracy adequate for many practical purp oses. 
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