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The relations between the applied load at fracture, the
critical fracture stress, the proof stress and the plastic
stress-concentration factor in high-strength steels
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Summary _
This paper discusses the values and importance in the fracture at notches of high-

strength steels, of the plastic stress concentration factor, R = (9ym,x /0y), where
9, max 1S the highest tensile stress in the volume beneath the notch and oy is the
plain tensile proof stress. It is assumed, following a number of authors, that frac-
ture occurs when % 1max '€aches a critical value op

If R is put equal to a linear function of (9nb /0y), where o, is the maximum
fibre stress at the root of the notch, ignoring the elastic stress concentration, and
op is put equal to a linear function of Oy, it is shown that g, , 0y at fracture,
will, if fracture occurs before general yield, decrease with increase in oy unless
<d°F/d°Y) > about 0'3 to 0'8. Such an increase in fracture stress is unlikely and
thus the model is consistent with the decrease in notch toughness often found
with increase in proof stress. The critical value of (d"F/d"l') depends on R and
therefore the determinations of R by other authors are discussed and it is decided
that if the von Mises yield criterion holds a probable value of R up to general yield
is given by
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Introduction

Another paper discusses [1] the effect on the breaking load of the size and
tensile proof stress of notched bend test pieces geometrically similar to a
Charpy V-notch test piece (Fig. 1) and broken in three point bending before
general yield i.e. before plastic deformation spreads across the testpiece.
It was shown (Figs. 2 and 3) that the breaking loads in notch bend of the
secondary-hardening steels reported upon in the paper, decreased with in-
crease in tensile proof stress when this was greater than about 120 kgf/mm<.
This negative correlation existed whether the proof stress was varied by
altering the tempering temperature or the temperature of test. (Some further
details of the tests shown in Figs. 2 and 3 are given in an Appendix).

It will be assumed in this paper that fracture initiates when a critical
tensile stress, O , is reached at a point in the volume beneath the notch
[2-10]. This concept gives rise to a number of difficulties, in particular,
it does not explain the decrease in nominal breaking stress, 0,4, (defined
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and metallurgically
is taken as that calculated by
when properties of the real material are con-

paper [11].

However, leaving the difficulties on one side, usefyl deductions can be
before general yield, using the concept of a critical frac-
ture Stress, Op, and these follow.

The effect of strain hardening prior to general yielding is ignored in
this paper since the strains involved are sma] [1] and the maximum stress
occurs at the boundary between the areas of elastic and plastjc strain [6].
Thus Mmeasurements made on mild steel can be applicable to alloy steels
provided that both materials are isotopic and the Size of the grains is a
small fraction of the notch root radijus.

General relations between Inbss Op, 0y and R

In a paper by Rendall and Earley [1], it is shown that the decrease in
nominal breaking Stress, net stress at fracture in notched
in proof stregg can be explained
R:(am,ux/al,) and (g,, /oy) given by curve

tions between OF) Oy, Opps
First, since the relation between 9 and oy. is unknown it can be taken
for simplicity ag linear as jp Fig. 5.

Similarly the relation between R and o,, /oy can be taken ag linear but,

root equals Oy-.
Charpy test piece is according to Leven and
(the inverse of which is 0-288),
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. 2 =
If conditions at fracture, where Onb = Onps , the nominal breakmg str:s
quations [1] and (2] can be substitute

nto equation [3] giving:

kit ksoy 1-k {o"b‘ - 0'288} (4)
oy 3 oy

re-arrangement gives:

i ives
Differentiating with respect to k, taking oy, k, and k, as constant, gi

dopp,
dk,

(5)

1
k,

i ith i i is is to be ex-
Since k, is positive, Onps InCreases with increase in k,. This is
* 3

i d
pected since any increase in the fracture stress should increase the loa

i ili t.
bearing ability of a notched componen ' -
Differentiating equation (4) with respect to oy (ky, k, k, being taken

constant) gives

Donse_ ki ng ®
doy, k,
therefore o,,, will only increase with increase of Oyp-
(7N

if k, + 0288 k,> 1
If the von Mises yield criterion and plane-strain conditions are assumed
to hold, equation (3) and (7) are replaced by

Re112=k%, {ﬂ = o~323} ®)

oy

ky+0:323k,> 1 9

Now, it is shown later, Fig. 4, that a range of values of k, between
about 06 and 2-5 will encompass the whole series of celculated Yaluesb_
of R plotted against Ons /0y —the larger values of k, being ratherkxvmpx(')c.)6
able. Thus, unless k, is greater than 0'3 for ky=2'5and 08 for 3 = A
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It is usefyl to consider Some estimates of th
Onp /oY that are available for Charpy V-

but these curves have been recalculated by making k = (U’Y/\/3), where &

on was made in order that a direct
Comparison could be obtained with the calculated curves of Allen, Earley
» curve d. The solid part of curve ¢
Allen et al [2] by relaxing the elastic stress fields of
Hendrickson, Wood and Clark [6] to allow for plastic deformation, In the

at R = 1-93 ang (Unb/o'y) =090,
the curve wag continued to the point R = 1-93, (Ony /oy) = 1-95 i.e. the

using the Tresca Criterion. In fact, since the calculation was based on
the von Mises Criterion it should, if based
calculation, finish at R _ 2:23 for (Ons /oy) =
joined to the calculated curve by a dotted Straight line in Fig. 4.

The Wilshaw and Pratt [8-10] results yse
calculated between 9ns /0y from 0-90 to 1'95 and the line between this
pPoint and the limiting point of elastijc failure js interpolated.

In Fig. 4, the point of elastic failure is plotted at R — 112

;

S

S —
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i igs. 2
\pplication of the calculated R values to the results plotted in Fig
M‘l(’ ‘ use the curves in Fig. 4 to calculate op. The valur:s Ziﬁpaﬁzn
I\if ::lr::ulated either from the individiial resiilts iiveen :;/tioin(la) ane
arley [1] or from the least squares lines given by (Lmens. o and
"' in the appendix for the 10 and 25 mm .square spe s rdddornll
(ﬂl‘) . th these. The closed points in Figs. 7 and 8 .represe  vaue
e 1 leste' uations (1la) and (2a), the open points represen ot
S C:t? Reeidall and Earley [1], which for various reasonsThe
steels t.eslte th 3:1 those used to calculate equations (la) and .(2a)‘.1. il
il e ha e been calculated using curves b and d of Fig.. H t\II
‘_"‘lues o avd c were not used since curve a differs only sligh fy
:»“’m cu:://:Sbaa:x; curve c is incomplete in that it is only estimated for
rom cu
Values’l?fbg"::;‘x’: ?rl:)cr’nvi‘iog.g-7 that, using curve b of Fig. 4, it;el.ltthlt;(c):urve
= it “;It deb Wilshaw and Pratt (8], when oy is less tha;nt: (lurve ) e
ot i aze h ‘ lue of oy is always 2:36 0p. The slope ot the o
t(hgf/:mv’altu:sv:alculateg from the least square; lin:il(ig.i.g;l;i;grrespec-
i i i o 387 an
Bt cnd B a¥dll2sltmir:) :)(; ::l::t:et,f:lr:tt itmpossible that op woul;i beh:avi
‘tiv‘:}?’ ai::n:]::l b?lt 'it is r’ather unlikely. The scatteii of the gy values
culate , ivi is gi in Table 1. -
S el thedindw;f;:sl ::SFt‘Sigl.SSE;‘:?v::l from the least s:quart?s lin::
The Calcuiiatef F(ijpV 4 shows with increase in oy, first a slight‘risbztzzer
— Cur‘;? thoscatgt.er of op values is given in Table 1. ’i'here 1sd ©
- fél ’ b f een op calculated from the least squ.ares. hnes;:us iptv an
Conelatlonfe wthe init‘lividual points in Fig. 8 than‘m Fig. 7 us 3t
Calcumtzdth;otmthe relations between R and o, /0y is mobre likely
?:p::-g::ted by curves such as d in Fig. 4, than by a or b.

Calculations of R using least squares _regressior; ltl.ne::hip between R and
There is a further method of investigating the relation
e

; i de:
. The following assumptions are ma 1 con-
O'EP)/;I;:\t’I;he von Mises Yield Criterion holds and that plane strain
i

itions exist. _ i slasee
(ii) ?}liat at intersection of the extrapolated least squares line
ii

2
otirepiadrie e e UIY . 2?72287551/;7m.m2 all along the least
i t at the value o . .
(D e o llsi::rilrsit:r;g. 2. If these assumptions are _put into equa:ii;):z o
?;;:;35(8) we get the values for the parameters in these equa

= 0-452.
k, = 2278 kgf/mm? k, =0 and k, = 0-45
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. The line for R based on &, = 0-452 js plotted as line e in Fig. 4. This
line lies below all the other calculated values of R in Fig. 4 which fact

Suggests that the hypothesis of a value of op independent of oy is in-
correct.

Estimation of or based on estimate of R by Knott [5]
If Knott’s curve for the value of R against Onp/0y is approximated by the
Straight line s in Fig. 4 then this line represents a value of k, = 0.76.

two lines of Table 2 can be calculated. If the Tresca yield criterion is
considered to hald then a line similar to s but passing through the co-
ordinates in Fig. 4 of (R=1-0, a,m'/a}, = 0-288) and (R = 2:04, Onp/ Op.
=195)is appropriate. The values of k,, k,, k, calculated using this line
also appear in Table 2.

The curves of Op against gy, calculated from these values of k, and k,
are given in Fig. 9. The differences in k, and oy, are probably significant
but not the differences in k, and the slopes of the curves in Fig, 9,

Conclusions

reduction in nominal breaking stress in notched bend with increase
ile proof Stress found in these tests can be explained by the con-
cept of a critical local maximum stress, op, reached beneath the notch and
resulting from plastic stress concentration due to triaxial Stressing. It can
be shown that unless dog/doy > 0-3 to 0-8 the nominal bending stress att
fracture will decrease with increase in oy.

2. It can further be shown that the most probable value of dop/doy is, in

1. The
in tens

3. Of the various curves of plastic stress concentration factor, R against

Ons /0y for Charpy V-notch Specimens discussed in this paper, that proposed

by Knott [5], derived using data obtained by Wilshaw and Pratt [8,10],
appear to be the most likely if the von Mises yield criterion is considered
to apply to the data given in this paper.

The work described above has been carried out as part of the General
Research Programme of the National Physical Laboratory and this paper

putations.
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Appendix

Details of tests plotted in Figs. 2 and 3

More complete details of the tests are given in an earlier paper [1], but
the following is a brief outline. Composition wt%.

Steel C Si Mn Ni Mo |4

% 0-30 075 154 - 2:07 051
2 046 0 76 151 - 2012 048
3 031 0-03 054 2:60 2:02 051

The steels were laboratory made and after rolling were given the follow-
ing heat treatment:

Steel

1 Oil quenched from 1050°. Tempered at 400°, 500°, 600°C
2 Oil quenched from 1050°. Tempered at 400°, 500°, 600°C
3 Oil quenched from 1050°. Tempered at 500°, 600°, 690°C.
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The steels were secondary hardening and were tempered at the peak
hardness and at two other temperatures. They were machined into the
25 mm square test pieces shown in Fig. 1 and broken at a slow rate of
strain in a three-point bending jig at three temperatures —196°C, —78°C
and 20°C, twenty-seven tests in all. The 10 mm square test pieces (Fig.
1) and nommal tensile test pieces were machined from the broken halves
and tested at the same three temperatures. It was decided for the reasons
given by Rendall and Earley [1] to analyse the results on the basis of the
0-5% tensile proof stress, though, in fact, the analysis would not have
differed significantly if the 0-1% proof stress or the tensile strength had
been used.

When the results were plotted in Figs. 2 and 3 it was seen that the
nominal breaking stresses, calculated from the formula in Fig. 1, seemed
to depend on the 0'5% proof stress, independently of whether the proof
stress was varied by altering the tempering temperature or the temperature
of test and in the paper the results are analysed on this basis.

The least squares regression lines calculated from the results in Figs.
2 and 3 are:

10 mm square test pieces 0,y = 634-5-2-340 oy kgf/mm?, equation (la)

25 mm square test pieces ons, = 556°1—2153 oy kgf/mm?, equation (2a)
where oy is taken as the 0-5% proof stress.

The average difference between the Onps for the two sizes of test piece
is 43-8 kgf/mm?.

Table 1

Highest and lowest values of op calculated using the points in Fig. 2
curves b and d of Fig. 4

F kgf/mm?
Size of Curve in Based on highest lowest
test piece Fig. 14 calculations by value value range
25 mm b Wilshaw & Pratt 8 422 295 127
square
Wi d Knott 5 339 238 101
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Table 2
Values of k,, k, and k, from values of R
estimated from curve s of Fig. 4

Test-piece

size Yield k,
(square) criterion kgf/ mm? k, ks,
10 mm von Mises 481'5 -0 90 076
25 mm von Mises 421-8 -0 76 076
10 mm Tresca 3954 -0 64 062
25 mm Tresca 3469 —-0-52 062
tont/in2
80 100 120 140 160
Ne/7 \ T T
\o \
250 A -{160
//\ N ’
o & 3 140
€ \ \\ ‘]
S / 2 x standard
Centre of root o,
/ol notch 3200 —// \\ e\ee Y deviation
o w Calculated ° \ —120
- 2 general \ o \
(=) Id Ii
v Z vertical to plane a yieid: line \ \
of paper b4 \ \ — 100“
T PO % 150} \ o \ 2
b4 -
l R £ =2 x standard—\ \ H
/ . g deviation \d v 80 =
B4 e \ \
D - —
3 i g 100 \ 60
=, I 2 \
B =breadth -
T rea _ G \\ | P
B D v d L R 50— _ —~ " Least squares )
1O mm 1Omm 8mm 40mm O-25mm L —\’ line 420
25-4mm 25:4mm 20-3mm 101:6mm O-635mm Elastic failure line
Dimensions of notched-bend test pieces. (von Mises yield criterion)
Onp = nominal bending stress i 1 |
100 20 250

=wx3 L 150 o]
BT O'5% proof stress kgf/mm2
Fig. 1. Fig. 2. Nominal breaking stress plotted
against 0'5% proof stress, 25 mm test

pieces.
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tont/in2

80 100 120 140 160

Least ) e /£

squares \
li?\e A L4 4\. 200
300 o\ / \ Eiwurve a
. ilsh
Calculated \ 2x standard —180 +0 Tet.:lm!:::') P
& general ,6 deviation
= yield line L (varve b )
£ ilshaw and Pratt
5250~ / \ e e\e 160
_‘: y \ \ Curve s(this paper)
P / 2:0 Curve ¢
03 p \ \\ —140% (AHen,Eurley,Rendull)
@ ‘ >
& L = Curve d (Knott
g2oo / \ 4 O§ R ( ¥
g ¢ A\ 2 | Curve e(this paper)
g \
@ ®
S —2 x standard 10 l
:; devnotncn—/\ —100 |
2 150 ‘\General yield line
g (Alexander and
2 " : Komoloy)
|
100 e
60 [¢] . 5
100 50 200 250 é,,? 20
O'5% proof stress kgf/mmz a

Fig. 3. Nominal breaking stress plotted
against 0°5% proof stress, 10 mm test
pieces,

~90°<© <90°

—\

= Op =k, +k,0 Oy —>
(k2= tan@)
Fig. 5.

Fig. 4. Plastic stress concentration factor
R (von Mises Criterion) plotted against
Onb/UY-

1 J
O o-288 10 20 Jo —»

Onb
R-1=ky <W —0-288),k3 =tan@
RELATIONSHIPS BETWEEN UF AND ov AND R AND %.Dh_

Fig. 6. Relationships between op and oy,
and R and "nh/"’Y'
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OO

e/
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/’.. >

30

Calculated from
least square lines

K] (1Omm test pieces)
* = ~

Fig. 7. Values of op
(individual points

for 25 mm square
test pieces) calcu-
late d from least
squares regression
lines (using calcu-
lation of Wilshaw and
Pratt) plotted against
0-5% proof stress oy.

Calculated from
least square lines

© (25mm test pieces)
e %5 030%C Mo-v
a 0-46% C Mo -V °
O-30%¢C Ni—Mo-V
[} 016%C Mo-v [}
O-30%C Ni-Mo-V o
(Coarse grained)
1 L
120 160 200
Oy kgf/mm2
400
-~ Calculated from
least squares line
(1Omm test pieces)
Fig. 8. Values of o
(individual points for 300 &
25 mm square test "
pieces) calculated from £
least squares regression &
lines using lines (calcu- o
lated by Knott from Wil- o
shaw) plotted against
Calculated from
0°5% proof stress Oy least squares line
o] (25mm test pieces)
200 o0 B
aQ
I | | S
120 160 200
Oy kgt/mm2
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tont/in2
10 120 140
360 BIO IO T T
X = Fracture of
general yield —220
340 }— © = Fracture of
first yield
25mm square
(von Mises)
320— ¢
10 mm square — 200 Fig. 9. op Calculated
(von Mises) from ki, k, and k, of
300— Table 3 plotted
f‘é against Oy
10mm square =X
—180 ¢
s80)— (Tresca) §
260 —
—160
240—
25mm square
(Tresca)
220 | | | I I L 140
120 140 160 180 200 220 240

O-59, proof stress kgf/mm2
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