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ABSTRACT

A technique has been presented which allows the use of small notched round-
bar specimens without fallgue pre-cracking for the determination of the plane strain
fracture toughness of engineering materials. The technique is based on the Jinear elastic
ftacture mechanics analysis and the principle of siress concentration factors at the
tip of the notch. The error inherent in the fracture toughness calculalions, i.e.due
to the absense of very sharp crack, can be corrected from an error correction factor
which is a function of the normalizcd notch-tip radius, r/d.

The technlque has been applied Lo two metallic aloys (bronze and steel)
and the plane strain fractuce toughness for Lhe two materlals were obLtained. Swmall
round-bar specimens having V-notches with different angles and Gp-radii have been
tested in tension. A compacison of the ¥, values calculated using the present technique
and those calculated in the literature in({fcatecl reasonable agreement with a difference
between the two values ranging from 0 Lo £5%. It is recom mended that the normalised
notch-tlp ratio, r/d, should not exceed about 0.14 Ffor this diffcrence to stay wilhin
acceplable limiks.

The present techrique may be considered celatively fast and economic and
indlcating a level of accuracy adequate for many practical purposcs.

INTRODUCTION

Testlng the fraclute toughness of metallic materials generally requires
Specimens that are relatlvely ldrge and expensive to machine. These specimens are
thern fatigue pre-cracked,{recquently employing servohydraulic machines.This pre-cracking
is, therefore, a slow and expensive exercise. Moreover, large pleces of materials needed
for making the specimens may frequently be unavallable.Such specimens are the compact
tension specimens with chevron or straight notch as was outlined in ASTH 399[1].
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Recentty, efforts have been done to overcome these shortcomlngs by perfecting,
slmple, qulck, and econamic technique to estimate the plane straln (ractuce t,oughness,kIC

The notched round bar specimens may be considered the most promlsing geomelry For thds

purpose [2]. However, fatigue precracking of such a specimen configurytion lnevitably ce-
sulls in eccentric Mgaments which, when loaded in tension,their fina) fractuce wlll he the
result of a coribination of tension and bending. The relationship used for computing

Lhe critical stress intensity factor is hased on tension ondy,Hencc its mignitude would
be crecaterdl bending is  also present. Experimental evidence of ligament eccentricivy
was obsecved by Stark et al [2]. A number of investigators have modified the compact
fracture specimens by replocing the sharp crack-starter and Fabigue precrack with
a blunt notch (3,8]. Specimens with such notches are generally used for crack injtiation
studies from the viewpoint that the blunt notch is representative of machined holes,
undercuts, notches, et¢. In machine elements. This paper presents analytical and expec-
imental results for linear elasticlty which are expected to enmhance the usefulness
of bluntly notched small round bar specimens. Stress concenltration factors are given
for @ number of varlations In geometry. These are compared wilh estimates based
on fracture mechanics, and a method is presented for correcting the lraccucracies
of the latter, so that Improved estimates may be made. Accordingly, corrected estimates
of the plane strain fracture toughness of the malerials tested are calculated.

THEORETICAL ANALYSIS

At a sharp notch in an etastic body,the maxlmum strcss may be approximated
by {516] :

0= 2K/ e (1)
where K Is the stress Intensity factor calculaled for the hypothetical case where the
notch is collapsed to form a craclk of the same major dimensjons, and r is the notch
vadius. IF an arbitracy lensile load, [, as in Fig. 1, w3s appled to the body, the resuiting
maximum principal stress at the nolch, 0, is velated to the nominal stress, 5, through
the equation :

ktzo‘/s (2)

where kL_ is the stress concentcation factor.

Equalons 1 and 2 glve the following estimate of k, (k():

ke = 2K / SR (3)
where the “bar" sign over kt distinguishes this estimate from the actual value of kt'
The stress intensity factor, K , becomes:

K = sk VT /T (1)

For a circular rod with an external circilacr and coaxfal V-notch (Fig. 1)
under tension, the exact solution, with an error oc the order of + 1 percent, is approxi-
mated by the Marris formula (7,8])

7 2 !4
Ky = (0D /5dW20(0 - /(D - 0.80) (5)
/7
where O is the tensile slress away from Cthe notch tp region; ahd the subscript "J*

of X denotes mode I fracture. The nominal stress, 5 , Ls heve dJefined based on tension
due to the appllied load P on the net sectjon of the round specimen. This glves :

S = 4p /gl &)
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Flg.1 Triaxial Stress State at the lip of 3 Circular Coaxlal Mateh.
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Combining Equations 3, 5 and 6, glves :

7 _200° fano-9 =
t T yi2 / 0 t
nd " Vp-084d Td
7 / « D -d 0.7071 / oid -1
T N y - o/d -1 (7)
el 2 D- 0.80 N /' o/d-0.8

Table 1 glves values of kt from £q. 6 (ot varlous values of t.

Table 1. Elastlc stress concentralion factors from finlte clement analysis
(kt) and estimates buysed on fracture mechanlcs (ktj’ Eq. 7, for

various biunUly netched round-bor specimens.

r,mm r/d kt kt kt/kl. C,m m c/d kt kt kt/kt
0.05 0.008 | &.31 6.313 |1 0.60 0.100 ] 2.10 1.825 1151
0.10 0.017 | 4,48 | 4.475 |1 0.65 0.108 | 2.04 1.755 1.162
0.15 0.025 3.66 3.654 | 1 0.70 0.117 | 1.97 1.6%0 1.166
0.20 0.034 3.20 3.164 | 1.011 0.75 0.125 | 1.93 1.633 1.17¢9
0.25 0.082 | 2.85 2.828 | 1.008 0.80 0.134 | 1.90 1.582 1.201
0.30 0.050 | 2.73 | 2.581 | 1.056 0.85 0.142 | 1.86 1.534 | 1.213
0.35 0.058 | 2.57 | 2.38% | 1.07¢6 0.90 0.150 | 1.85 1.490 | 1.235
0.00 0.067 | 2.42 2.278 | 1.081 0.95 0.158 | 1.82 1.450 1.255
0.45 0.075 | 2.30 | 2.108 | 1.091 1.00 0.267 | 1.80 1014 | 1.273
0.50 0.084 | 2.21 2.000 | 1.105 1.10 0.184 | 1.75 1.345 1.300
0.55 0.092 | 2.17 1.90¢ | 1.139 1.2¢ 0.200 | 1.69 1.292 | 1.310

If the kt values from finite clement analysis and theory uf elasticity (9]
is assumed to be exact, then the ratio kt/—k-t may ULe considered a measure of the

ervor Iln the estUmated value, k.. figure 2 ploits this ratio versus Lhe quantity t/d for
each geometry. The quantity ¢/d may be considered as a normalized value of the notch
radlus. from Fig. 2, the eslimate kL_ is quite accucale forthe sharpesl notch, i.e. very

small values of v/d. This estimate involves errovs For higher values of r/d. For the
bluntest notches, the error Is avound 30%. A)l of the kjk_t ralios for r/d £0.025 fall
near g single smooth curve, and those for r/d> 0.025 r4ll Sbove this curve. The curve
drawn on Fiy. 3is a rcpresentation of Lhe percentage error In calculating the stress

concenlration factor based on Tractuce mechanics, Et’ as a function of the ratio r/d.

Goth Figures 2 and 3 may be recommended, therefore, for use in making Improved
estimates of the factor K_. Such estimates ate made by first computing the factor
kt from Eqg. 7. The erroc in the estimate of kt {s then cbtained by entering the plot

on Fig. 3 with the ratio vr/d for the particutor case. The corrected valve of k may

then be calculated using one of the following relakicnships: L
- _ K.
k,, (corrected) = k. (calculated) X E-E (8)
L

ft (corrected) = l?t (caleulated) x (1+error) (%)
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The cucve tn Fiy. 2 is expected Lo apply to most specimen geometries
Jikely to be chosen. liowever, coution must be excercised if Lhe geomebry differs
by a large amount from Lhose considered. The curve of Fig.2 should not be exlrapolated
very far beyond v/d = 0.2. 1t should be noled, also, that Fig. 2 implies that no correctlon
to kt is needed Tor p/J below about 0.025. This is conmLenL with the expectation that

Eg: 1 becomes more accurate for sharper notches.
The corcected value of k. may be then substituted inte Eq. & to find an

accurate value of the stress Intenslty F‘éctor, 1 the critical value of which wlll repcesent
the material's fracture LOUghI‘IeSS,KI .This is equivalent to calculating the slress Intensity

factor,KI, from Eq. 5 and then making the necessary correction. A modiflcation to
Equation 5 may be made as follows:

APy Y12
(0D 4d V2T (D - MO - 0.80) E(c/d) (10}

where E (c/d) Is an error correction factor which is a function of the dimenslonless
notch-tip radlus, ©/d. This function Ls abtained from Fig. 2 and equals kt/kt'
CXPERINENTAL PROGCEDURE
Materials:

Two structural moalerisls have been vused in this study. They are maraying
steel and a commercial phosphor bronze. The (wo materials exhibit rather low ductillity.
Simple tension tests and bardness measurements have been performed on the Lest

materials ard the rcsults ace illustrated In Table 2.

Table 2. Mechanlcal properties of test materials

Material todulus of Yield Stress, Ultimate | % age Clong. Vickers
Elasticity , 0‘;,, Hpa Stress H. N,
E, Gpa €y, Hpa
Macaging Stecl 205 770 1030 5 360
Phos. Lbronze 115 350 435 15 137
Specimens

Small round notched bar specimens have been prepated for fracture toughness
testing. Flg. 4: ilustcates the specimen configuralion and the gyrip adaptor which makes
up for e minimum gripping distonce for the tenaide testing machlne. Various V-notch
configurations have been obLtained by varylng Lthe notch angle and root radius. The
notch angle was accurately cut at 30°, 60%, 20°. Due Lo the difficulty Jn culling o
notch with a glven fine tip radius, the notch tip rodid were measuced on the notched
specimens. The notch depth was adjusted at 2mm for oMl specimens.

Testing Procedure

Prior Lo plain strain fracture toughness testing, measuremcnts of the strength
and ductiity of the test materials have been performed. In addition, accurate measure-
ments of Che noteh lip radius were performed using a Measure-Scope-10. Fig. S illustrates
the measyclng method of the nolch tip radius. The notch contouc is tcaced point-by
-paint by measucing the X and Y coordinates of each point. A smooth curve fitting
process Is then performed. By drawing a numbec of cords and mid-point pecpendiculars,
Fig. 5, Lthe noth tip radius con be determined.
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For each of the tested matcrials, a total of (12) twelve specimens having
different nolch-tip radii ranging from 0.05mm Lo 1.10mm have been used in this study.
Each of the two sets of specimens was divided into three #4-specimens groups having
notchanglesof 30, 60 and 30 degrees.

Ploin straln fracture Loughness Lests were then performed using a hydroulic
undversal testing machlne Type WPH, VED, Werkstoff prifmaschinen, Leipzlg.
The specimens have been subjected to a gradually applied tensile load til complete
fracture was occurred.

TEST RESULTS AHD DISCUSSION

Tables 3 and & qive summaries of the test results for the two tested materials.
The results are tlustrated In Figs 6 &7 The critcal value of the stress intensity factor
was calculated from Eq. 5 which, upon substituting D = 84 mm and d = 6 mm and

/ -
0 = (4P. 111 p?), takes the form:

Kie = 13.75 pg (11)

wiere P is the fcacture load in tons.

(he gcaph of Flg. 2 was then vsed to determine thg corrected volucs of Kie 93 shown
in YTables 3 and &, .

The values of K c calculated from Eq. 9 and corrected using Flig.2 were compared
with corresponding values calculated by the exact equation used by Stark [2] which
takes the form :

up

c - 1.5
K = — n al- ; I— = “
.47 2.4

Ic 2 -
o a3 )

where 3 is the crock depth which was set equal to the notch depth in this study.
AL values of K were tabulated in Tables 3 and 4 and plotted In Figs. 6 and 7.

(12)

An examlinaton of Tables3 and 4 regacding the values of Ky, calculated from
Eqs- 17 and 12 demonstrates the existance of 3 reasonable agrecwent Lekween the
two values; with an ecror ranging from - 7.66% to +5.43% for ¢/d ratics ronging from
0.0065 to 0.137. The ercor increases to over 13% for r/d = 0.183. The voalidity of the
present analysis should, thevefore, be limited to r/d ratios below about 0.4 assuming
an eccor of gbout ¥ 5% is tolcrable. Figs. & and 7 show the dependence of the plane
strain fracture toughness, {c» on the rato r/d for the two tested meLals.

It can be generally obsecved that Ky which fs a measure of the fractuce resistance
of the malerial, has a direcL rclationship with the r/d ratio. For very shacp notches,
the calculated fracture Loughness of the materlal decreases. The calculated (racture
toughness becomes higher 3s Lhe notch-tip radivs of the test specimen increases. This
finding I35 considered reasonable since for notches «wlich are not too acule, blunt notches,
3 tvlaxlal state of stress is generated at the root of the notch. As o result of this
Lelaxial stress state, the general yteld stress of the nctched specimen becomes greater
than the uniaxial yield stress of the materla)l. The reason for this is that the stress
triaxlolity makes it duficult for the yielded zone to spread Lhrough the whole region.
The development of tenslle stresses in the other two principal directons, see Fig.
1, makes it necessary Co raise the axial stress needed Lo initiate plastic deformation.
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Table 3. Experimenta) Resullts for Specimens made of Uronze

M.39

- : ' alculated ted|Mean Value| Stapd rlerac re |% age
sospimeposer T 1] tpyioFeagiore] alnianed amectealiepn, e stapdura Feaghre, [ oo
c,mm Porkn | toughness, | toughness{ toughness, fcalcul.atejdj
@ W 10 | WPavm | MPYm | MP v '{g:\’gﬁ .
' -
o . . . 4, 4, .04 -/
o3 1819 1883 | a3 {Edy |59 8.3 [I3%
° . . . . . .96 h.63
3 30 0.34 0.057 | 1.55 21.30 22.90 26 23.06 -0.70
4 30° 1,10 0.183 | 2.04 28.05 36.50 30.3¢ +13.65
5 60° [0.05 0.008 | 1.39 19.10 19.10 2068 7.6
(3 60° 0.42 0.070 | 1.59 21.80 23.87 22.07 2.47 23-66 +v0.90
7 60° 0.45 0.075 | 1.34 18.40 20.24 19.94 +1.50
8 60° 0.50 0.083 | 1.65 22.69 25.07 24.55 ¥2.12
9 90¢ 0.05 0.008 | 1.30 17.90 17.90 19.34 ~7.40
10 20° 0.52 0.087 | 1.42 19.50 21.65 21.84 2.51 21.13 +2.46
11 90° 0.55 0.092 | 1.60 22.00 24.64 23.81 +3.49
12 20° 0.62 0.103 | 1.48 20.40 2315 22.02 +5.13
Table 4. Experimental Results for Speelmens made of Steel
Specimern [Notch Holkeh Vip| Ratio,| F racture] Calculated| Corrected [Mean Value|Staudard [Fracture % age
llo.  [Angle:) Radlus, Load, Fracture Fracture |of Fracture] DeviationJoughness Eccor
' r,mm r/d Pa 1 |foughness, |toughness, | toughness, from £q.11
@ % 10 [S1er MPYH Kpo, Pl 1y, Mp N WP VM %
! 30°  j0.06 0-010 | 3.21 44.10 44.10 47.76 -7.66
2 30° 0.24 0.040 | 3.02 41.50 02.54 2.355 11494 -5.36
3 30° 0.25 0.062 | 3.30 45.40 646.85 45.64 119,10 4,99
4 30° (040 0.067 | 3.30 45.40 49.2¢ 4910 +0.33
5 60° b.Oq 0.007 ) 3.15 43.30 43.30 h6.87 -7.62
6 60°  |0.22 0.037 | 3.05 41.90 42.95 3.37 15,38 -5.35
7 60° 0.35 0.058 | 2.95 40.60 43.85 45.31 43.90 -0.23
8 60° 0.90 0.150 | 3.10 42.60 51.12 1§.13 +10.82
- S [— 1 _
9 ’%" 0.09 0.015 | 3.10 42.60 42.60 146.13 -7.65
10 90° 0.28 [0.063 | 3.03 59.70 {42.95 3.65 05.02 -4.75
11 90°  |0.45 0.075 | 3.40 46.80 51.48 4614 50.59 +1.7¢
12 90° 0.82 0.137 | 3.03 41.70 47.54 45.09 +5.43
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On the other hand, vecy sharp notches tend to embrittle the material at the notch
tip. Tlds embrittlement wlll tend to Increase the rate of propagation of the microscopic
flaw and redyce the enecgy ceedad to cause fracture. Further examinabion of the
results in Tables 3 and 6 jingdicate that the mean values of kJ calculated uslng the
present techndque are quite rcasonable for these two quazi-briftle materials [10.11].
Figure 8 shows the dependdnce of the plane straln fracture toughness on the
notch angle. It may be obsérved that the vilues of k & Jecrease as he notch angle
Increases foc phosphor brenge. Such dependence is r\ot'I tlear for low-alloy stecl This
finding Is in agreement with the I']nd]ng of a flnite element analysis made by kuhne
et al. [12,13]. Their theoretlcal anblysls,in additlon to a recent experimental analysls
{13),concluded that the stress intendification jn front of the notch is influcnced mainly
by the notch radius and that the not¢h angle bas only a minor effect

CONCLUSIONS

1. A technique has been presdnted which allows the use of small notched round bar
specinens  without precracking for the determinaton of the plane strain fracture
toughness of metallic materfals The technique Is based on the linear elastic fracture
mechanic analysis-The error -inhgrent In Lhe resulting value of the fracture toughnes
con then be corrected depepding on the ratio of r/d, a dimensionless notch radivs.

1

2. For very shacp notches, l.e.10\§~rld &0.025, the error encuulntcred in the calculated
quantlties is about zero. As the ratio r/d is increased above 0.025,the error increases
and reaches alhout 30% for r/d {0.2.

3. Foc the same applied sktre anr nalch angle, the fracture toughness of the Lested
matecials ace found to incredse Avith the inerease b the ratio r/d.

4.  The noteh angle was I'oundll to‘ have a minor effect on the caleulated Loughness.

2

5. Cowparisoa of the kIC valpes'(calculoted in this technique and those calculated
In the lterature indicated reisonab]e agreement with a difference between the
two values ranglng from Qt05%.

It is recommended that v/¢ should not exceed about 0.1 foc this Jifference to
stay within acceptable limgs.

6. The present technlque may be cpnsidered relatively fast and economic and indicating
a level of accuracy adequate fo¥ many practical purposes.

|
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