
Effect of Notch Acuity on the Fracture 
Toughness of Three Low Alloy High 
Yield Strength Steels 

In addition to comparing notch toughness at three 
strength levels, study suggests a low cost test specimen 
for metallurgical research 

BY G. JOLLEY, I. M. KILPATRICK A N D R. M A I N 

ABSTRACT. A comparison has been 
made between the crack opening dis
placement (COD) values of fatigue 
pre-cracked and machine notched 
specimens of three naval alloy steels 
of increasing yield strength. It has 
been shown that the effects of notch 
acuity, w i th in the limits stated, are 
slight, in the three materials investi
gated, when compared w i th pub
lished data on lower strength steels. 
It has been demonstrated that the 
COD for fibrous fracture is most 
affected by change in notch acuity in 
the steel of lowest yield strength 
whi le fracture transit ion is most 
affected by notch acuity change in the 
highest yield steel. 

In t roduct ion 

Material selection, defect signif
icance and design criteria problems 
where toughness is a dominant con
sideration have been facil itated in 
recent years by the development and 
application of fracture mechanics 
techniques which attempt to charac
terize a material by the consideration 
of the stress/strain relationships 
occurring at the tip of a crack or crack
like defect. 

When fracture is preceded by 
appreciable amounts of crack tip 
plastic yielding the fracture tough
ness of the material may be assessed 
in terms of the extent of crack tip 
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deformation occurring prior to the 
onset of fracture. This is the situation 
obtaining w i th the majority of lower 
strength (say less than about 1 80 ksi) 
structural and pressure vessel steels 
when used at their operating thick
nesses and temperatures. The rele
vant parameter in this instance is 
termed the crack opening displace
ment, COD or 6 (Ref. 1). Crack tip 
yielding due to the applied loading 
causes separation of the crack faces 
without extension until such t ime as 
the critical COD is achieved, which 
depends upon test temperature, mate
rial thickness, defect acuity and 
microstructure w h e n c e f rac tu re 
occurs. 

The COD approach has been exten
sively investigated and developed in 
recent years (Ref. 2). However, it has 
the disadvantage of requiring a fa
tigue pre-cracked specimen if design 
data is required on which to base 
working stresses and inspection re
quirements (i.e., critical defect sizes). 
The production of an initial fatigue 
crack is an expensive and t ime con
suming process especially where full 
plate thickness specimens must be 
used, and in an extensive research 
program fatigue pre-cracking may 
wel l become a major consideration. If 
a research program is concerned 
more wi th an investigation of metal
lurgical variables than the acquisition 
of absolute design data then the 
necessity for fatigue precracking be
comes questionable and it may be 
justifiable to use simple notched spec
imens in such cases in view of the 
saving in t ime and expense. Never
theless it would stil l be desirable to 
have some indication of the extent of 

the effect of increased notch acuity 
on the notch toughness of a particular 
steel, especially the degree to which 
the fracture transit ion might be 
raised. 

The present work was therefore de
signed to provide a comparison be
tween COD values obtained from fa
tigue cracked (FC) and machined slit 
notched (SN) specimens in three low 
alloy Ni-Cr-Mo-(V) Naval construc
tional steels. 

Comparisons of this nature have 
been made on other types of steel by 
various workers. Frederick and Salkin 
(Ref. 3) compared COD values of fa
tigue pre-cracked and mach ine 
notched Charpy sized specimens in a 
C-Mn steel. Their results showed vir
tually identical values of upper-shelf 
COD (stable ductile tearing), for the 
two notch configurations. However, 
the fatigue pre-cracked specimens 
showed a transit ion approximately 
40 C higher than that revealed by the 
slit notched specimens. Similar work 
was carried out by Elliot and May 
(Ref. 4) on a mild steel. They found 
similar differences in COD transit ions 
between machine notched and fa
tigue pre-cracked Charpy sized spec
imens although in this case 'off load' 
COD's were measured. These work
ers also carried out a comparison of 
the two notch acuities in 214 in. 
square specimens (i.e., full plate thick
ness) taking 'on load' COD measure
ments and in this case the difference 
between the two transit ion curves 
was less marked. Birkbeck and 
Wrai th (Ref. 5) carried out COD tests 
on plain and side grooved Charpy 
sized specimens and demonstrated 
that fatigue precracking resulted in a 
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Table 1 — Chemical Composition 
Steel C Mn Si Cr Mo Al Cu Sn 

Q1(N) 
Q2(N) 
HY130 

0.16 
0.11 
0.12 

0.32 
0.28 
0.76 

0.27 
0.25 
0.25 

0.007 
0.013 
0.008 

0.007 
0.009 
0.008 

2.46 
3.12 
4.81 

1.41 
1.24 
0.51 

0.35 
0.38 
0.51 

< 0 . 0 1 
0.06 
0.06 

0.027 
0.020 
0.022 

0.08 0,006 
0.15 0.012 
0.05 < 0 . 0 0 1 

As Sb N 

0.010 0.002 0.010 
0.020 0.0038 0.009 
0.005 <0.001 0.010 

lowering of the COD for fibrous frac
tures but did not affect the COD in the 
cleavage mode. Unfortunately these 
workers did not carry out full COD 
transitions on their specimens. 

Exper imenta l Procedure 

The three steels examined in the 
present work were the Ni-Cr-Mo-(V) 
low carbon Naval constructional 
steels Q1(N), Q2(N) and HY130. The 
first two of these are U.K. steels 
whi le the third is a U.S. steel. Chem
ical compositions of the steels are 
given in Table 1 whi le Table 2 gives 
the mechanical properties. Table 3 
gives some indication of the clean
ness of the steels. The inclusion 
counts were performed on represen
tative samples using the NCRE inclu
sion count technique (Ref. 6) and a 
Quantimet image analyzing computer 
which allowed greater coverage and 
flexibility. In both cases the counts 
were obtained by examination of the 
longitudinal/short transverse plane. 
In addition to this the mean inter-
particle spacing was determined in 
the plane normal to the notch tip axis. 

The steels were tested in the 'as-
received' condition, i.e., quenched 
and tempered. Heat treatment details 
are given in Table 4 whi le the respec
tive microstructures which were 
essentially tempered martensite can 
be seen in Fig. 1. 

COD Testing Facility 

The basis of the COD test equip
ment was a 50kN/250kN " M a n d " 
servo-hydraulic test system and in 
the present series of tests position 
control was used throughout wi th a 
constant cross-head speed of 1 
m m / m i n . 

The specimens were tested in 
three point bending in the fixture illus
trated in Fig. 2. As shown, the anvil 
was anchored to the base of an insu
lated box for testing at temperatures 
below ambient. The front wal l of the 
box had been removed for the photo
graph to al low a clear view of the ap
paratus. The temperature of the spec
imens was maintained constant to 
±2 C using either solid C 0 2 / i s o p e n -
tane for temperatures to - 8 0 C or 
liquid nitrogen for temperatures be
t w e e n - 8 0 C a n d - 1 9 6 C. AChrome l -
Alumel thermocouple, spot welded 
close to the notch on the top surface 
of the specimen was used to indicate 
the temperature of the specimen 
during testing. 

Table 2 -

Steel 

Q1(N) 
Q2(N) 
HY130 

- Mechanical Properties 

0.2% YS, 
Orientat ion N/mm2 ( ts i ) 

L 
L 
L 

670 (43.4) 
781 (50.6) 
937 (60.7) 

UTS, 
N/mm2 ( ts i ) 

774(50 .1 ) 
839 (54.3) 
984(63 .7 ) 

0.2% YS/UTS, 
% 

86.6 
93.1 
95.2 

El., 
% 
22 
20 
19 

R. of A., 
% 
72 
72 
69 

Crack opening displacement was 
measured by means of a double canti
lever beam gage (Ref. 7) mounted on 
saddle type knife edges. These were 
located on the specimen using the ar
rangement illustrated in Fig. 3. 

The specimens were Charpy sized, 
i.e., 10 x 10 x 55 mm and were cut 
from plate mid-thickness positions 
parallel to the longitudinal direction. 
In the machined notched specimens 
slit notches were machined of approx
imately 0.15 mm width and a total 
depth of 3 mm. The notch in the fa
tigue pre-cracked specimens com
prised a slit notch (0.15 mm wide) of 
approximately 1.25 mm deep which 
was subsequently extended by fa
tigue to a total crack length of 3 mm. 
The fatigue cracking was carried out 
on an Amsler Vibrophore in accor
dance wi th CODA recommendations 
(Ref. 8). COD testing procedures were 
also in accordance wi th these recom
mendations. 

Results 

The results of the COD tests are 
illustrated in Figs. 4-8. A t higher tem
peratures the COD values were calcu
lated using the displacement at max
imum load whi le at lower temper
atures where failure was by fast frac
ture prior to attainment of maximum 
load the COD was calculated from the 
displacement at the onset of unstable 
fracture. Only the former values are 
included on the curves thus dist in
guishing the temperatures at wh ich 
stable fracture occurred. A study of 
Figs. 4, 5 and 6 reveals that, for each 
steel, the upper-shelf COD values for 
the SN specimens tends to be higher 
than those for the fatigue cracked 
specimens, although the difference 
decreases w i th increase in yield 
strength. Other workers have ob
served this effect in mild steel (Ref. 5). 

Figures 7 and 8 compare the three 
steels on the basis of similar notch 
acuity. These show a decrease-in the 
upper-shelf COD value w i th increase 
in yield strength. It is interesting to 
note that for both the SN and FC spec
imens the steels Q1(N) and Q2(N) 
exhibited virtually identical transi
tions whi le HY130 shows a flatter 

' v . . . . ; c ,-'•• , ' - <•-• > 
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Fig. 1 — Typical microstructures of three 
steels in the as-received condition; (a) 
Q1(N), X3384; (b) Q2(N), X5268; (c) 
HY130, X3384. (all reduced 33%) 

type of curve wi th a consequent in
crease in transit ion. 

Figure 9 gives Charpy V-notch im
pact values on the three steels. It w i l l 
be seen that the impact results ex
hibit a similar pattern for the three 
steels as the COD results displayed in 
Figs. 7 and 8. 

The fracture surfaces of the broken 
COD specimens were essentially s im-

544-s I D E C E M B E R 1 9 7 3 



Table 3 -

Steel 

Q1(N) 
Q2(N) 
HY130 

- Q T M Inclusion Counts 

no. 

>3 /u 

9.72 
12.96 
21.46 

Oxide, 
inclusions 

> 1 0 M 

0.87 
1.66 
1.90 

' m m 2 

> 2 0 M 

0.093 
0.224 
0.425 

no. 

> 3 M 

0.75 
19.90 
8.87 

Sulfide, 
inclusions' 

> 1 0 M 

0.19 
1.71 
1.64 

m m 2 

> 2 0 M 

0.057 
0.190 
0.692 

no. 

> 3 M 

10.47 
32.86 
30.33 

Total, 
inc lus ions/ 

> 1 0 M 

1.06 
3.37 
3.54 

mm2 

> 2 0 M 

0.15 
0.414 
1.117 

Avg. 
area, 

% 
0.044 
0.048 
0.050 

Mean 
particle 
spacing. 

107 
108 
123 

NCRE 
count 

0.23 
0.49 
0.80 

Table 4 — Heat Treatment and Plate Sizes 

Steel 

Q1(N) 

Q2(N) 

HY130 

Heat treatment 

930 C — water quench, 
640 C — 1Vz h, air cool 

930 C — water quench, 
845 C — water quench, 
660 C— V/z h, air cool 

Quenched and tempered — 
details not known 

Original plate dimensions, 
in. 

174x72xiy2 

294x84x1 

336 x 96 x V/z 

IP/-

. g g ,-r?f*-

* kmm 

I 

""Wt~% 

...i-Brfi^SBBSEf8*'':•... 

• ** ^L 

tf if 
Fig. 2— Three point bend rig 

Fig. 3 — Knife edge location arrangement: 
(1) clip gage, (2) saddle spacer for slit 
notched specimens, (3) saddle spacer for 
V-notched specimens, (4) specimen 10 x 
10 x 55mm, (5) 0.005 in. shim for aligning 
specimen notch with spacer notch, (6) 
saddle type knife edges with locating 
dowels 

ilar to those of the Charpy specimens 
for the same material. The higher 
temperature fractures were ductile in 
character exhibiting extensive shear 
lips indicative of conditions tending 
towards a plane stress fracture mode. 
Wi th decrease in test temperature 
the shear lip dimensions diminished 
until at around - 1 9 6 C flat fractures 
were generally observed indicating 
the expected trend towards a plane 
strain fracture mode. The low temper
ature flat fractures were more crystal
line and exhibited chevron markings 
typical of brittle failure. 

Scanning electron microscope ob
servations were carried out on both 
the Charpy and the COD specimens. 
In both cases it was found that the 
flat areas of the fracture surfaces 
were mainly of the quasi-cleavage 
type (Ref. 9) mixed w i th areas of 
fibrous fracture. It was generally ob
served that the amount of fibrous frac
ture (microvoid coalescence) de
creased w i th temperature. Figures 10 
and 11 show scanning electron 
micrographs of fracture surfaces of 
Charpy V-notch specimens from 
HY130 wh ich were typical of the 
effects of decreasing temperature on 
Charpy and COD specimens in the 
three steels. 

Figure 10 shows the fracture 
surface of a Charpy V-notched spec
imen in HY130 steel broken at - 7 0 C 
where the predominant fracture 
mode was microvoid coalescence 
mixed wi th some areas of cleavage. 

H Y I 3 Q - PLATE 5922 

OI(N) - PLATE SBSOB 

S.N = SLIT NOTCH 

F.C.= FATIGUE CRACKED 

- I 2 0 -BO 

TEMPERATURE *C 

Q2(N) - PLATE S97Q 

F.C. 

MAX. LOAD C.O.D. 

S.N=SLIT NOTCH 
F.C* FATIGUE CRACKED 

•1 
„ > MAX. LOAD CO. 

-* S.N,= SLIT NOTC NOTCH 

FC.-FATIGUE CRACKED 

TEMPERATURE *C TEMPERATURE C 

Fig. 4 — Comparison of slit notched and fa
tigue cracked COD values for Q 1(N) steel 

Fig. 5— Comparison of slit notched and fa
tigue cracked COD values for Q2(N) steel 

Fig. 6— Comparison of slit notched and fa
tigue cracked COD values forHY130 steel 
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Fig. 7 — Comparison of slit notched COD values for Q1(N), Q2(N) Fig. 8 — Comparison of fatigued cracked COD values for 01 (N), 
andHY130 steels Q2(N) andHY130 steels 
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Impact transition characteristics of01(N), Q2(N) and HY 130 steels 

f 2 0 

Figure 11 shows the same steel 
broken in Charpy impact at - 1 7 0 C 
when the major feature was quasi-
cleavage but some microvoid coales

cence can be observed indicative of 
appreciable amounts of plastic defor
mation occurring even at this low 
temperature. 

Discussion 

The COD results illustrated above 
demonstrate that, in this work, the 
effect of notch acuity on COD transi
tion temperatures was greater in the 
higher yield strength steel than in the 
other two steels. The difference be
tween fatigue cracked (FC) and slit 
notched (SN) COD transit ion temper
atures being about 25 C in HY130 
whi le a difference of about 10 C was 
noted in the other two steels. 

The effect of notch acuity on the 
upper-shelf CODs on the other hand 
was most marked in the lowest yield 
strength steel, Q1(N), where the ratio 
of crack opening displacement in 
the slit notched specimens to that 
in the fatigue cracked specimens 
( 8 SN/6 FC) is about 1.3 which falls 
to just over 1 in the FC specimens. 
The effects of notch acuity on fibrous 
fracture and brittle fai lure are sum
marized in Fig. 12. 

The three steels described in this 
paper have been developed to be 
resistant to brittle fracture whi le at 
the same time possessing high 
strength and ductility. This has been 
achieved by careful control of alloy 
content and heat treatment to pro
duce a low carbon tempered marten
site. Great emphasis has been placed 
on achieving a high degree of clean
ness so that premature ductile failure 
is not initiated at inclusions and to en
sure freedom from lamellar tearing 
when the steel is welded. There is a 
lack of published data on the effects 
of notch acuity on the fracture transi
tions of such materials. 

However, perhaps a clue to the 
effect wh ich might be anticipated can 
be gleaned from the work of Elliot and 
May (Ref. 4) who showed that the 
COD transit ion difference in 2Vt in. 
mild steel specimens was much less 
between FC and SN specimens than 
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was observed w i th Charpy sized spec
imens. As the ratio of plastic zone 
size at the crack tip to plate thickness 
decreases, the amount of through 
thickness stress relaxation decreases 
so that the effect of elastic constraint 
in a larger specimen wi l l increase the 
tendency to plane strain fracture. 

Under such conditions these workers 
showed that the fracture transit ion 
became less influenced by notch 
acuity. 

In the present work the ratio of 
plastic zone size to thickness has 
been decreased by using high yield 
strength materials rather than in-

. . : : « ! , ' ; • • - ' . • • • • • . . . - • • • 

Fig. 10 — Scanning electron micrograph Fig. 11 — Scanning electron micrograph 
from Charpy V-notch spec/men broken at from Charpy V-notch spec/men broken at 
-70 C, HY130 (reduced 51%) -170 C, HY130 (reduced 51%) 
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SN 
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I - 4 

I - 2 -

I O 

-

\ 

-\ 

\ \ 

• \ \ 

" \ \ 

" v \ 
~v-~-

\ 

1 1 

OI (N) 

Q 2 ( N ) 

HY 1 3 0 

- I 6 0 - I 2 0 - 8 0 -AO 

TEMPERATURE ° C . 
Fig. 12 — Variation of 8SN /hrc rati° with temperature, where 8SN= COD in slit notched 
specimens and SFC = COD in fatigue cracked specimens 

creasing the specimen size. The rela
tive insensitivity of these materials 
may now appear to be a logical devel
opment of Elliot and May's work; 
however the greater sensitivity of the 
strongest steel, HY130, is somewhat 
surprising in view of the foregoing 
argument and more work is in pro
gress at NCRE to clarify this problem. 

Work by Smith and Knott (Ref. 10) 
has shown that notch acuity effects 
on fibrous fracture init iation in free 
machining mild steel are related to 
the mean interinclusion spacing in 
the plane at right angles to the root of 
the notch. In a steel w i th a mean 
inter-particle spacing of 0.042 mm 
these workers showed that the COD 
for fibrous fracture init iation in a fa
tigue pre-cracked specimen was less 
than was measured for 0.15 mm slit 
notched specimens. They explained 
this result w i th the suggestion that f i 
brous fracture occurred when the 
strain at the notch root exceeded a 
critical proportion of the mean inter-
particle spacing or effective gage 
length of the inclusions. They con
cluded that for notches of width great
er than the gage length of the inclu
sions the COD for fibrous fracture in i 
t iation, 5, , was related to the notch 
width but for notches of width less 
than this value Si could be related to 
the gage length of the inclusions. 

In the present work the analysis of 
Smith and Knott would not be expect
ed to be rigorous since no allowance 
for slow crack growth prior to attain
ment of maximum load on the 
COD/load curve was made. However 
the effect of notch acuity does show 
that the COD for fibrous fracture is 
lowered when using fatigue cracked 
specimens and that in these three 
steels the effect is most marked in 
the cleanest and lowest y ie ld 
strength steel, Q1(N). It can be seen 
from Table 3 that the inter-inclusion 
spacing of all the steels is less than 
0.15 mm so that the type of notch 
acuity influence predicted by Smith 
and Knott would be expected to pre
vail wh ich agrees wi th the experi
mental f indings. However it would be 
imprudent to attempt to explain the 
greater notch acuity sensitivity of 
Q1(N) using these arguments bearing 
in mind the relatively small difference 
involved and the fact that the inter-
particle spacing is of the same order 
as the 0.15 mm notch. 

A further interesting point is the 
similarity of the Charpy results wi th 
the COD figures which suggests that 
the Charpy test provides realistic data 
as to the order of fracture toughness 
of different steels of this type al
though the test is obviously unable to 
produce quantitative design data. 

It must be emphasized that the 
major conclusion from these tests is 
the relative insensitivity of these high 
strength steels to changes in notch 

•'ty when compared w i th lower 
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yield strength steels wh ich is encour
aging as a preliminary stage in the de
velopment of a testing procedure to 
obviate fatigue precracking. It would 
be anticipated from the foregoing 
arguments that increasing the spec
imen dimensions would fur ther 
diminish these effects. Work is con
t inuing at NCRE (Ref. 11) on the 
effects of specimen dimension and 
geometry changes on the effects re
ported in this paper so that a more 
complete appraisal of the possibility 
of replacing FC specimens by SN 
specimens, in future research work 
involved w i th the effects of metallur
gical variables, can be made. 

Conclus ions 

1. The COD for fibrous fracture in 
the three steels investigated is sl ight
ly lower in fatigue pre-cracked spec
imens than in slit notched spec
imens, the effect being most manifest 
in the lowest yield strength steel, 
Q1(N). 

2. The COD transit ion temper
atures in all three steels are slightly 
lower for fatigue cracked than slit 
notched specimens. The effect is 
most manifest in the highest yield 
point steel, HY130. 

3. The trends demonstrated by 
COD work were also shown by 
Charpy V-notch impact tests. 

4. The results in this paper indicate 
that it might wel l be possible, in these 
steels, to carry out research programs 
on the effects of metallurgical vari
ables using the less expensive slit 
notched specimens, rather than fa
tigue pre-cracked specimens. 
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STRUCTURAL 

WELDING 
CODE 

Incorporates all of the welding 
requirements for the construction 
of buildings, bridges, and 
tubular structures. 

Published in September, 1972, the Structural Welding Code, AWS D1.1-72, com
bines into a single document, completely updates, and replaces the Code for Welding in 
Building Construction, AWS D1.0-69, and Specifications for Welded Highway and 
Railway Bridges, AWS D2.0-69. Also, for the first time anywhere, requirements are pre
sented for the design and fabrication of welded tubular structures. 

These are the major changes affecting the building and bridge requirements which 
have been incorporated into the Code: (1) the addition of requirements for visual inspec
tion for and repair of defects in cut edges of plates as received from the mill, (2) revision 
of weld quality and inspection requirements to remove ambiguity in previous editions 
relative to visual and nondestructive examinations, (3) increased tolerances on warp 
and tilt of girder flanges, and (4) inclusion of revisions issued in April of 1970*, including 
those to permit use of gas metal-arc (GMAW) and flux cored arc welding (FCAW) with 
prequalified procedures. Fatigue stresses for use in bridge design have been extended 
to include all steels used under the bridge portion of the Code. 

To save time in the use of the Code, there is a complete index, an appendix con
taining selected definitions from Terms and Definitions, AWS A3.0-69, plus other 
welding terms used in the Code, and an appendix for conversions to the metric (SI) sys
tem. The Code is three-hole punched to permit insertion in binders if desired and to 
provide for the inclusion of revisions as issued. Its 8V2 in. X 11 in. size is easier to read 
and use than the previous 6 in. X 9 in. editions of the Building Code and Bridge Specifi
cations. 

CONTENTS 

Section 1 — General Provisions 

Section 2 — Design of Welded 
Connections 

Section 3 — Workmanship 

Section 4 — Technique 

Section 5 — Qualification 

Section 6 — Inspection 

Section 7 — Strengthening and 
Repairing of Existing 
Structures 

Section 8 — Design of New Buildings 

Section 9 — Design of New Bridges 

Section 10 — Design of New Tubular 
Structures 

Appendix A — Plug and Slot Welds 

Appendix B — Effective Throat 
Thickness 

Appendix C — Impact Strength 
Requirements 
—Electroslag 
and Electrogas 
Welding 

Appendix D — Sample Ultrasonic 
Test Report Form 

Appendix E 

Appendix F — 

Appendix G — 

Appendix H — 

Appendix I -

Appendix J 

Sample of Welding 
Procedure Form for 
Prequalified Joints 

An Example of Weld 
Quality Requirements 
— Bridges 

- Flatness of Girder 
Webs—Buildings 

- Flatness of Girder 
Webs — Bridges 

Terms and Definitions 

. Metric Equivalents 

The price** of the Structural Welding Code is as follows: sustaining member — 
$12.00; member — $12.00; associate member — $13.60; student member — $13.60; 
bookstores, public libraries, and schools — $12.80; and non-member (of AWS) — 
$16.00. 

Send your orders for copies to the American Welding Society, 2501 N.W. 7th 
Street, Miami, FL 33125. 

'April 1970 issue of Welding Journal, pp. 263-272. 
"Prices shown include 4th class postal delivery within the United States. For other than 4th class or 

to foreign countries, postage will be charged accordingly. Add 4% sales tax for orders to be deliv
ered within the State of Florida. A handling charge will be added if payment does not accompany 
order. 
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