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Part I — Impact Loading 
ABSTRACT. Impact tests were con
ducted on plain and side grooved 
Charpy-sized specimens of a vana
dium grain refined mild steel (Hyplus 
29) containing either Charpy V or 0.15 
mm slit notches and with a constant 
notched cross section of 80 mm2 . 
Side grooving to a depth of 1 mm pro
duced full width cracks along the 
notch root at the point of fracture ini
tiation. With shallower side grooves 
cracks were initiated first at the cen
ter of the specimen, while deeper side 
grooves caused cracks to be initiated 
first at the edges, thus indicating that 
the stress concentration at the ends of 
the notch became more severe as the 
side groove depth increased. 

The increase in notch acuity f rom 
Charpy V to a 0.15 mm slit had no 
significant influence on either the 
ductile fracture performance or the 
f r a c t u r e a p p e a r a n c e t r a n s i t i o n 
temperature (FATT) but raised the 
temperature at which low energy frac
tures occurred by about 27 C and 
narrowed the transition temperature 
range. It also slightly reduced the 
scatter of the results. 
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Officer. Cranfield Institute of Technology, 
Cranfield, Bedford MK43, OAL, U.K. 

Paper was presented at the 56th AWS 
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Side groov ing cons iderably re
duced energy absorption and lateral 
expansion (LE) at high temperatures, 
and raised the FATT by between 22 C 
and 38 C. It substantially reduced the 
scatter of the results but broadened 
the t ransi t ion tempera ture range 
primarily by raising the temperature 
at which the drop in energy absorp
tion from the upper shelf value oc
curs. The specimen design which pro
duced the maximum rise in the FATT 
(38 C) showed 100% crystallinity at 
the nil duct i l i ty t ransi t ion (NDT) 
temperature determined by the Pellini 
drop weight test (DWT). 

Introduction 

A wide variety of fracture tough
ness tests has been developed with 
the basic aim of measur ing the 
capacity of a material to resist brittle 
fracture. These tests can be divided 
into those which measure the resis
tance to crack initiation, e.g. the COD 
test, those which measure the resis-

LIST OF SYMBOLS 

COD — crack opening displacement 
DT — dynamic tear 
D W T — drop weight test 
FATT— fracture appearance tran

sition temperature 
LE — lateral expansion 
NAT — nil-arrest temperature 
NDT — nil-ductility temperature 

tance to crack propagation, e.g. the 
Robertson test, and those which do 
not clearly distinguish between initia
tion and propagation, e.g. the Charpy 
V-notch test. 

Small specimen tests like the Char
py test are important in the assess
ment of fracture toughness for sev
eral reasons, among which is their low 
cost and simplicity of manufacture 
and testing. However, quantitative de
sign data cannot be derived from 
small specimens of less than full plate 
thickness, primarily due to the lack of 
mechanical restraint at the notch or 
crack tip which produces plane strain 
conditions in the bulk of a thick 
spec imen. Moreover, most small 
scale tests use re la t ive ly b lunt 
notches rather than fatigue cracked 
notches; this also reduces the re
straint at the base of the notch. Even 
in those tests which use fat igue 
cracks, such as the COD test, the un
certain effect of cracking on the re
maining cross sectional area avail
able for fracture as well as the lack of 
restraint places some doubt on the 
test accuracy; so that it can be argued 
that the expense of using "natural" fa
tigue cracks in small specimens is not 
justif ied. The problem then becomes 
how to use small specimens for more 
accurate assessment of f racture 
t oughness , espec ia l l y in we lded 
fabrications where a wide variety of 
metallurgical structure and tough
ness behavior is found. 

An improvement is needed which 
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will give small specimen test results 
which can be correlated more readily 
with large scale test results, thus mak
ing quality control assurance at once 
more reliable, more accurate, and 
less costly. Specimen design is one 
variable which has not been fully ex
plored. Attention to notch acuity and 
artificial restraint techniques (e.g. 
side grooving) can be used to en
courage fracture conditions in small 
specimens that approach more close
ly those experienced in full thickness 
specimens. 

There are many examples in the 
literature of the influence of notch 
acuity on fracture toughness in small 
specimens. Most of these papers deal 
with COD under slow strain rate con
ditions (Refs. 1-5) and only a few deal 
with impact loading (Refs. 5-8). Of the 
latter only two (Refs. 7 and 8) deal 
with the influence on energy absorp
tion and in both cases V-notches are 
compared with fatigue cracks. The ef
fect of increasing notch acuity on 
transition temperature varies from 
marginal (Refs. 2, 4, and 6) to an in
crease of 70 C (Ref. 1) and the 
changes are often difficult to quantify 
accurately because of the large 
amount of scatter in the experimental 
results. 

The two papers which examined 
the influence of fatigue cracks on 
energy absorption under impact load
ing (Refs. 7 and 8) showed a much 
smaller rise in transition temperature 
in the brittle region than in the ductile 
region although one might expect the 
reverse since in the ductile region 
crack tip blunting may be expected to 
reduce the effectiveness of sharp 
cracks. In neither case was the 
notched cross section after fatigue 
cracking clearly specified. Fatigue 
crack shape and depth can easily re
duce the cross section to less than 
that intended which would reduce im
pact energy levels particularly in the 
ductile region. 

In larger specimens, fatigue cracks 
are necessary for fundamental K ! c 

fracture toughness testing, and also 
for crack initiation tests used to estab
lish fundamental design data in full 
thickness specimens, but their use for 
crack propagation and quality con
trol purposes is not necessary. Pellini 
(Ref. 9) describes clearly how the 
Dynamic Tear (DT) test was de
veloped through several stages to its 
present form using a pressed knife 
edge notch which gives equivalent re
sults to a fatigue crack or a brittle 
weld crack starter. The precedent 
thus exists for avoiding the cost and 
complication of fatigue cracking in 
quality control specimens while main
taining a sufficient notch acuity to 
simulate natural cracks. 

The second factor to consider in 
specimen design, artificial restraint, 
has not received as much attention as 

notch acuity. Side groov ing is a 
recommended practice in some large 
specimen tests, but very little has 
been done to test its effectiveness on 
smaller specimens used in quality 
control work. In COD testing the lack 
of restraint in small specimens is 
causing some concern, since cracks 
in fact open at the specimen center 
before they extend to the edges, and 
the present tests define the critical 
COD only when a full width crack has 
been obtained, i.e. when maximum 
loading occurs. In impact testing lack 
of restraint in small specimens causes 
shear lips to form at much lower 
temperatures than those occurring 
with larger specimens, with conse
quent higher energy absorption and 
apparent fracture toughness. 

In a previous examination of crack
ing in the Charpy test (Ref. 10), a low 
energy blow technique, originally de
veloped by Hartbower (Ref. 11), was 
used to show that cracks initiate at the 
center of the notch root long before 
they extend to the sides of the speci
men. This indicates that the state of 
stress near the specimen edges is 
much less severe than it is at the 
specimen center and results in the 
formation of a curved crack front. This 
has been substant iated by other 
workers (Refs. 5, 12, and 13). Birk-
beck and Wraith (Refs. 5 and 12) have 
shown that a straight crack front can 
be produced by in t roduc ing side 
grooves into the specimen which in
crease the stress concentration at the 
specimen edges to levels compara
ble to the specimen center. For this 
purpose the depth of the side grooves 
is critical since the shape of the crack 
front changes from convex to straight 
to concave with increasing depth of 
side grooves. Birkbeck and Wraith 
(Ref. 12) used various depths of side 
grooving in standard 10 X 10 mm 
specimens which reduced the frac
ture area as groove depth increased 
and would probably, therefore, in
fluence the level of fracture tough
ness. However, the influence of side 
grooving on energy absorption in the 
impact test has, to the authors' knowl
edge, not been examined before. 

The major developments in frac
ture toughness testing have correctly 
been concentrated in the recent past 
on fundamental aspects of fracture in 
full thickness specimens to establish 
design criteria for large structures. 
However, after this movement away 
f rom the i nadequa te sma l l test 
specimens of the past toward fun
damentally accurate large scale tests, 
there has been little feedback to help 
redesign the small specimen tests 
which are required for quality con
trol. Experience with the large scale 
tests has shown that, for a given 
material composit ion, notch acuity 
and mechanical restraint are the two 
most important variables, and that fa

tigue cracks are necessary despite 
their cost to accurately assess frac
ture behavior in fundamental tests. 
However, during impact loading in the 
DT test no difference is observed be
tween sharp artificial notches and fa
tigue cracks, and for quality control 
work fat igue cracks may not be 
necessary. The existence of differing 
design philosophies emphasizing the 
importance of resistance to crack ini
tiation or crack propagation also in
volves tests at both high and low 
strain rates for quality control pur
poses. 

This first part of a two part paper 
examines the influence of notch acu
ity and side grooving on fracture 
t o u g h n e s s b e h a v i o r in s m a l l 
specimens using impact loading with 
an overall view of developing an at
tractive quality control test. Part II will 
describe a similar program using slow 
bend tests. 

Materials 

The material used throughout was 
38 mm thick Hyplus 29 steel plate with 
the composit ion: 0.17 C, 0.29 Si, 1.54 
Mn, 0.014 P, 0.020 S, 0.014 Al, 
0.016 N, 0.10 V, rem. Fe. 

Experimental Procedure 
Specimen Preparation 

All specimens tested in this pro
gram were machined from the mid-
thickness of the plate and notched 
perpendicular to the plate surface. 
The specimen depth (10 mm), notch 
depth (2 mm), and notched cross sec
tion (80 mm2) were kept constant 
while the notch acuity and depth of 
side grooving were var ied. Side 
grooves were machined using the 
Charpy broaching tool. Although slit 
side grooves were tried initially, their 
effectiveness was l imited by the 
physical support obtained when the 
slit closed during specimen deforma
tion and they were consequently dis
carded. Slit notches* on the top sur
face of the specimens were ma
chined using a 0.15 mm thick SiC 
wheel revolving at 20,000 rpm. 

Preliminary Tests on 
Side Grooved Specimens 

Specimens containing Charpy V-
notches and side grooves of 0, 0.5, 
1.0, 1.5 and 2.0 mm depth were given 
a series of low energy blows of ap
proximately 13.6 J (10 ft lb) capacity 
in an impact testing machine at room 
temperature using the technique de-

* Throughout this paper the term 'notch' 
refers to the main notch on the tension sur
face of the specimen while the term 'side 
groove' refers to the notches machined 
down both sides of the specimen in the 
same plane as the main notch. 
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scribed in an earlier report (Ref. 10). 
The root of the notch was examined 
under a binocular microscope after 
each blow in order to observe the 
manner in which cracking first oc
curred at the notch root. After full 
width cracks were developed the 
specimens were fractured at - 1 9 6 C 
in order to observe the shape of the 
crack front. Full blow impact tests 
were also carried out at room temper
ature on the five specimen types. 

Main Test Program 

As a result of the preliminary tests 
the six specimen types described in 
Table 1 were selected for the main 
program. They were impact tested in 
a Losenhausen machine using a full 
blow of 294 J. A minimum of five tests 
was conducted at 20 C intervals from 
20 C down to - 1 4 0 C, and addi
tionally either three or five tests were 
conducted at 60 C in order to deter
mine the transitional behavior and 
indicate the degree of scatter. Energy 
absorption, lateral expansion (LE), 
and fracture appearance were re
corded for each test. The LE re
corded for the side grooved spec
imens was measured from the sur
face of the side grooves; this ex
plains the smaller values observed in 
these specimens since some expan
sion would be accommodated within 
the side groove. 

Pellini DWT tests were conducted 
on full thickness specimens measur
ing 355 X 89 X 38 mm in accordance 
with the ASTM procedure (Ref. 14) in 
order to establish the NDT temper
ature. 

Results 
Preliminary Tests 

Table 2 summarizes the observa
tions made during the low energy 
b low tests , Fig. 1(b) shows the 
appearance of the initiating cracks as 
observed on the notch surface after 
the second low energy blow, and Fig. 
1(a) shows the shape of the crack 
front after a full energy blow at 
- 1 9 6 C following the fifth low energy 
blow, i.e. after full width cracking had 
been established at room temper
ature. Table 3 gives the results of the 
full blow tests. Figure 1 and Table 2 
clearly show that center crack initia

tion precedes full width cracking in 
the plain and 0.5 mm side grooved 
specimens while edge crack initia
tion precedes full width cracking in 
the 1.5 mm and 2 mm side grooved 
specimens. The 1 mm side grooved 
specimens show uniform full width 
cracking at the point of crack initia
tion. Figure 1(b) also demonstrates 
the effectiveness of side grooving in 
reducing through-thickness defor
mation. 

As a result of these tests it was 
decided to use the plain and the 1 mm 
and 2 mm side grooved specimens 
for the main program. The plain 
specimens provide a datum from 
which the influence of side grooving 
could be assessed. The 1 mm side 
grooved specimens were chosen be
cause they produced uniform crack
ing along the notch root, while the 2 
mm side grooved specimens were in
cluded because they had the most in
fluence on energy absorption at room 
temperature. 

Main Test Program 

The variation in energy absorp
tion, LE, and fracture appearance with 

temperature for the six specimen 
types is shown in Figs. 2-4. Although 
the steel displayed a remarkably high 
degree of scatter, especially in the 
transition region (with energy ab
sorption values varying between 50 
and 165 J at - 4 0 C for the plain 0.15 
mm slit notch specimens), the curves 
shown passed very closely through 
the mean values at each temperature 
and experimental points have been 
omitted for sake of clarity. 

The influence of notch acuity and 
side grooving on test performance 
can be quantified in two ways: firstly, 
by measuring shifts in transition tem
perature and secondly by measuring 
changes in toughness parameters at 
specific temperatures. Both methods 
are used here and we shall deal first 
with the influence of notch acuity and 
then with the influence of side groov
ing. 

Influence of Notch Acuity on Tran
sition Temperature—Figures 2 and 3 
show that increasing the notch acuity 
from a Charpy V-notch to a 0.15 mm 
slit has little influence on energy ab
sorption or LE for ductile fracture, but 
at low temperatures, when the frac-

b.) 

Table 1 

No. 
1 
2 
3 
4 
5 
6 

— Specimen Types 

Notch type 
Charpy V 
0.15 mm slit 
Charpy V 
0.15 mm slit 
Charpy V 
0.15 mm slit 

Bide groove 
depth, 

mm 
Nil 
Nil 
1.0 
1.0 
2.0 
2.0 

Spec. 
width, 

mm 
10 
10 
12 
12 
14 
14 

Side 

groove 
depth, 
mm 

Nil 

0.5 

10 
1.5 

2.0 

Fig. 1 — Influence of side grooving on (a) the shape of the crack front, and (b) the forma
tion of cracks at the surface of the notch root. All specimens contain V-notches with side 
groove depths of A = 2.0 mm, B=1.5 mm, C=1.0 mm, D=0.5 mm, and E nil 

Table 2 — Low Energy Blow Test Results 

Comment 

Center crack formed after the second blow but did not extend to the sides 
until after the fifth blow. 
Center crack formed after the second blow and extended to the sides after 
the fourth blow. 
Uniform crack formed along the entire notch root after the second blow. 
Cracks formed at both edges after the second blow and extended over the en
tire notch root after the third blow. 
Cracks formed at both edges after the second blow and extended over the en
tire notch root after the third blow. 
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ture is predominantly by cleavage, in
creasing notch acuity lowers energy 
absorption and LE and raises the 
transition temperature. In contrast the 
FATT, Fig. 4, is not significantly af
fected. However it should be pointed 
out that the fracture appearance 
curves are more difficult to define 
accurately because of the subjective 

nature of assessment and because 
crystallinity values are only signif
icantly different from 0% and 100% at 
three of the test temperatures. 

Table 4 indicates the increasing 
significance of notch acuity at low 
temperatures. The increases in transi
tion temperature in the ductile, mid-
transition, and brittle regions were 
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Fig. 2 — Variation in total energy absorption with temperature 
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Fig. 3 — Variation in total lateral expansion with temperature 
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Fig. 4 — Variation in fracture appearance with temperature 
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fairly consistent among the different 
specimen types with the exception of 
the LE transition in the 2 mm side 
grooved specimens where the 
changes were less marked. This was 
due to the fact that these specimens 
developed relatively small LEs even at 
the highest test temperatures be
cause a large proportion of the ex
pansion was accommodated within 
the side grooves. This is reflected in 
the plots of energy absorption against 
LE shown in Fig. 5. Neglecting this set, 
the average increases in transition 
temperature were +5 C, +8 C and 
+27 C for the ductile, mid-transition, 
and brittle regions respectively. On 
the basis of transition temperature, 
therefore, notch acuity is shown to be 
significant only in the brittle region 

° PLAIN CHARPY V-NOTCH 
• PLAIN 0 15mm SLIT NOTCH 
a 1mm SIDE - GROOVED. CHARPY V-NOTCH 
• Imm SIDE-GROOVED, 015mm SLIT NOTCH 
. 2mm SIDE-GROOVED.CHARPY V-NOTCH 
* 2 m m SIDE-GROOVED.Q 15mm SLIT NOTCH 

SO 60 100 120 140 
ENERGY ABSORPTION Ft"Lb 

Fig. 5 — Relationship between energy ab
sorption and lateral expansion 
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Fig. 6 — Influence of change in notch acui
ty from Charpy V to 0.15 mm slit on energy 
absorption and lateral expansion 



Table 3 — Room Temperature Impact 

Side groove Energy absorption 
depth, mm 

None 
0.5 
1.0 
1.5 
2.0 

J, (ft lb) 

165 (122) 
137 (101) 
115 ( 85) 
108 ( 80) 
102 ( 75) 

Table 4 — Influence of Notch Acuity on Energy Absorption and Lateral Expansion 
Transition Temperatures 

and this applies to both the plain and 
the side grooved specimens. One 
consequence of this is that the transi
tion temperature range is reduced by 
approximately 20 C by increasing 
notch acuity. 

Influence of Notch Acuity on 
Toughness Parameters — The sec
ond method of quantifying the influ
ence of notch acuity is to plot the de
crease in toughness parameters 
brought about by changing the notch 
from a Charpy V to a 0.15 mm slit 
against temperature. The results are 
shown in Fig. 6. It should be noted 
that the values plotted at the lowest 
temperatures are more prone to 
scatter because of the small values 
measured at these temperatures. This 
was taken into account when drawing 
the curves. When drawing the curve 
for the 2 mm side grooved spec
imens the LE values were neglected 
since they obviously do not show the 
same degree of reliability as the 
energy absorption values for reasons 
described above. 

There is close agreement between 
the energy absorption and LE values 
for the plain and the 1 mm side 
grooved specimens which would be 
expected from the near linear rela
tionship between these two param
eters shown in Fig. 5. In the plain 
specimens notch acuity f irst be
comes significant below - 4 0 C, in
creases to a maximum at - 8 0 C, and 
remains substantially constant below 
this temperature. In contrast, notch 
acuity first becomes significant below 
20 C in the side grooved specimens, 
increases to a maximum at - 8 0 to 
- 1 0 0 C, and remains fairly constant 
below this temperature. With all spec
imen types the full effectiveness of 
notch acuity at low temperatures was 
to reduce the toughness parameters 
by about 50%. 

Influence of Side Grooving on 
Transition Temperature — Figures 2 
and 3 show that s ide g roov ing 
reduces energy absorption and LE 
considerably especially at high tem
peratures, but its effectiveness de
creases with decreasing temper
ature. Moreover the temperature at 
which the values fall f rom the upper 
shelf is affected by side grooving, be
ing - 2 0 C for the plain specimens 
and 0 C for the side grooved spec
imens. However its influence on tran
sition temperature is difficult to define 

Side 
groove 
depth, 
mm 
0 
0 
1 
1 
2 
2 
Avg. 

Increases in transition temperature, C 

Toughness 
parameter 
Energy absorption 
Lateral expansion 
Energy absorption 
Lateral expansion 
Energy absorption 
Lateral expansion 

Ductile 
region 
+ 2 (136J) 

(2.0 mm) 
(95J) 
(1.2 mm) 
(95J) 
(0.6 mm) 

+ 1 
+ 10 
+ 8 
+3 
0 

Mid-transition 
region 
+ 8 (81J) 
+ 12 (1.15 mm) 
+ 7 (54J) 
+ 5 (0.8 mm) 

(54J) 
(0.35 mm) 

+ 10 
+ 2 

+ 4 

Brittle 
region 
+ 30 (20J) 
+ 19 (0.3 mm) 
+ 34 (14J) 
+ 29 (0.2 mm) 
+ 24 (14J) 
+ 14 (0.1 mm) 
+ 25 

Table 5 — Influence of Side Grooving on FATT 
Side 

groove 
Notch depth, 20% 
type mm Crystallinity 

Increases in FATT 
50% 80% 

Crystallinity Crystallinity 

Charpy V 
0.15 mm slit 
Average 
Charpy V 
0.15 mm slit 
Average 

1 
1 
1 
2 
2 
2 

+ 19 
+26 
+ 22.5 
+ 27 
+ 25 
+ 26 

+ 21 
+ 26 
+ 23.5 
+36 
+ 28 
+ 32 

+ 21 
+ 25 
+ 23 
+ 39 
+ 37 
+ 38 

80 
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40 

20 

n 
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TEMPERATURE °C 

Fig. 7 Variation in % energy absorption with temperature 

because the different shapes of tran
sition curves make comparison on a 
fixed energy absorption and LE basis 
difficult. However the fracture appear
ance curves show a distinct upward 
shift in transition temperature brought 
about by side grooving as shown in 
Table 5. 

Similar changes in FATT are shown 
by the two notch types. One mm side 
grooves produced a constant shift in 
FATT over the 20-80% crystallinity 
range of 23 C. Two mm side grooves 
produced greater increases in FATT, 
the average value being 32 C al
though the changes were somewhat 
higher in the brittle region (38 C) than 
in the ductile region (26 C). 

In order to compare the energy ab
sorption and LE transitions for the 
plain and side grooved specimens it 
was considered more appropriate to 

convert the data to values expressed 
in terms of the percentage of the up
per shelf values since this would give 
the curves a similar shape. The 
results are replotted in this form in 
Figs. 7 and 8. This confirms that side 
grooving causes a drop from upper 
shelf values at a higher temperature 
than in the plain specimens and that 
at low temperatures, below about 
- 1 0 0 C, the influence of side groov
ing is relatively small. In the range be
tween the upper and lower shelf side 
grooving raises the transition tem
p e r a t u r e a p p r e c i a b l y . S p e c i f i c 
changes are shown in Table 6. 

These results show greater in
creases in transi t ion temperature 
based on LE compared to energy ab
sorption. This inconsistency may well 
arise from the different energy ab-
sorption-LE relationships shown for 
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Fig. 8 — Variation in % lateral expansion with temperature 

Table 6 — Influence of Side Grooving on Energy Absorption and LE Transition 
Temperatures 

Side Changes in Transition Temperature, C 
groove 

Notch depth, 
type mm 

Charpy V 
0.15 mm slit 
Average 
Charpy V 
0.15 mm slit 
Average 

10 

- 4 
0 

- 2 
+ 2 
- 1 1 
- 4.5 

50 

+ 20 
+ 21 
+ 20.5 
+ 24 
+ 24 
+ 24 

90 

+ 19 
+ 31 
+ 25 
+ 27 
+ 26 
+ 26.5 

10 

+ 6 
+ 19 
+ 12.5 
+ 25 
+ 16 
+ 20.5 

50 

+34 
+ 30 
+ 32 
+49 
+ 42 
+ 45.5 

90 

+ 25 
+ 31 
+ 28 
+ 56 
+ 50 
+ 53 

each side groove type in Fig. 5. Since 
the LE in a side grooved specimen will 
be somewhat different to that in a 
plain specimen it is considered that 
more emphasis should be placed on 
the energy absorption results. Never
theless a consistent pattern is shown 
by each group, viz. much greater 
changes in transition temperature in 
the mid-transition and ductile regions 
than in the low temperature region. 
Furthermore the 2 mm side grooved 
specimens produce greater changes 
than the 1 mm side grooved spec
imens. The increases in transition 
temperature in the mid-transition and 
ductile regions compare favorably 
with the changes in FATT described 
earlier. 

Influence of Side Grooving on 
Toughness Parameters — The influ
ence of side grooving on toughness 
parameters is shown in Fig. 9 where 
the values plotted represent the de
crease in energy a b s o r p t i o n on 
changing from plain to side grooved 
specimens. LE values are not in
cluded since these are not compar
able on specimens of different side 
groove configurations. There is rea
sonably good agreement between the 
Charpy V and 0.15 mm slit-notch 
results. With both side groove depths 
the decrease in energy absorption is 
relatively constant outside the tem
perature range 0 C t o - 1 0 0 C, being 
of the order of 30%. Within this tem
perature range the effectiveness of 

the side grooving is much more pro
nounced, the maximum effect occur
ring at approximately the middle of 
this range where decreases of 50-
60% were recorded. This temper
ature interval over which side groov
ing was most effective corresponds 
roughly to the temperature interval 
over which mixed fractures were ob
served which can be seen from Fig. 4. 

Scatter of Results — As mentioned 
previously the steel used in this in
vestigation displayed a remarkably 
high degree of scatter within the tran
sition temperature although in the up
per and lower shelf regions the 
scatter was much less pronounced. 
The effect was particularly apparent 
in the plain specimens. Because of 
this it was necessary to carry out sev
eral tests at each temperature in 
order to evaluate the influence of 
notch acuity and side grooving with 
any degree of confidence. 

Tables 7 and 8 summarize the scat
ter observed with each specimen type 
over the temperature interval of max
imum scatter and include scatter 
ranges, mean values, and standard 
deviations. It is readily apparent that 
the scatter ranges and the standard 
deviations show a consistent and 
marked decrease on moving from the 
plain to the side grooved specimens. 
However this may simply be a reflec
tion of the greater energy absorption 
and LE capacity of the plain spec
imens. To check whether this was so, 
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Fig. 9 — Influence of side grooving on 
energy absorption 

scatter factors defined as Standard 
Deviation X 100/Mean Value were 
calculated and are included in the 
tables. 

A comparison of energy absorp
tion and LE as alternative methods of 
assessing fracture toughness shows 
little di f ference in scatter factors 
overall. However when the plain and 
side grooved specimens are exam
ined separately s igni f icant dif fer
ences are revealed. For the plain 
specimens a change from energy ab
sorption to LE reduces the scatter fac
tor by 23% while in the side grooved 
specimens the scatter factor in 
creases by 14%. 

The most significant effect on scat
ter is shown by side grooving which 
reduces the average scatter factor 
based on energy absorption by over 
40%. The average decrease in the 
scatter range is even more pro
nounced at over 60% but this is af
fected by the lower energy absorp
tion capacity of the side grooved 
specimens. In terms of LE the aver
age decrease In scatter factor is only 
16%. 

Increasing the notch acuity from a 
Charpy V-notch to a 0.15 mm slit re
duced the scatter factors by an aver
age of 14% which is small in com
parison with reductions due to side 
grooving. The present results show 
that the minimizing of scatter in notch 
impact tests can best be achieved by 
side grooving. A decrease of about 
60% in scatter factor was observed 
on changing from energy absorption 
in standard Charpy V-notch spec
imens to energy absorption in 0.15 
mm slit notch specimens containing 
1 mm side grooves. The corres
ponding increase in scatter range 
was about 75%. 
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Table 7 — Details of Maximum Scatter in Energy Absorption 

Notch type 

Charpy V 

Average 
0.15 mm slit 

Average 
Charpy V 

Average 
0.15 mm slit 

Average 
Charpy V 

Average 
0.15 mm slit 

Average 

Side 
groove, 

mm 

0 
0 
0 
0 
0 
0 
0 
0 

Temp., 
C 

- 4 0 
- 6 0 
- 8 0 

- 4 0 
- 6 0 
- 8 0 

- 2 0 
- 4 0 
- 6 0 

- 2 0 
- 4 0 
- 6 0 

- 2 0 
- 4 0 
- 6 0 

- 2 0 
- 4 0 
- 6 0 

No. 
tests 

11 
6 
6 

11 

Energy absorpt ion, ft lb 

Max. 

127 
87 
62 

122 
66 
22 

91 
46 
41 

70 
40 
22 

63 
43 
29 

54 
36 
20 

Min. 

47 
33 
22 

37 
22 

52 
38 
16 

46 
29 
16 

43 
31 
13 

41 
13 
12 

Range 

80 
54 
40 
58.0 
85 
44 
13 
47.3 
39 

8 
25 
24.0 
24 
11 
6 

13.7 
20 
12 
16 
16.0 
13 
23 

8 
14.7 

Mean 

87.0 
63.0 
37.3 
62.4 
88.5 
44.0 
15.2 
49.2 
69.3 
43.0 
26.4 
46.2 
61.2 
35.2 
19.0 
38.5 
51.6 
38.6 
24.0 
38.1 
48.0 
25.0 
17.2 
30.1 

S.D.'a) S.F.(b) 

23.8 
20.6 
13.4 
19.3 
20.7 
16.0 
4.2 

13.6 
15.2 

3.1 
9.1 
9.1 
9.8 
4.4 
2.0 
5.4 
6.4 
4.5 
6.0 
5.6 
4.6 
7.7 
2.8 
5.0 

27.4 
32.7 
36.3 
32.1 
23.3 
36.1 
28.2 
29.2 
22.0 

7.2 
34.5 
21.2 
16.0 
12.4 
10.5 
13.0 
12.5 
11.7 
25.1 
16.4 
9.5 

30.9 
16.2 
18.9 

(a) Standard Deviation, (b) Scatter Factor 

Table 8 — Details of Maximum Scatter in Lateral Expansion 

Notch type 

Charpy V 

Average 
0.15 mm slit 

Average 
Charpy V 

Average 
0.15 mm slit 

Average 
Charpy V 

Average 
0.15 mm slit 

Side 
yoove, 

mm 

0 
o 
0 
0 
0 
0 
0 
0 

Lateral expansion, mm 

Average 

2 
2 
2 
2 
2 
2 
2 
2 

Temp., 
C 

- 4 0 
- 6 0 
- 8 0 

- 4 0 
- 6 0 
- 8 0 

- 2 0 
- 4 0 
- 6 0 

- 2 0 
- 4 0 
- 6 0 

- 2 0 
- 4 0 
- 6 0 

- 2 0 
- 4 0 
- 6 0 

No. 
tests 

11 
6 
6 

11 
6 
6 

6 
5 
5 

5 
5 
5 

5 
5 
5 

5 
5 
5 

Max. 

2.34 
2.08 
1.37 

2.28 
1.44 
0.55 

1.48 
0.67 
0.52 

1.44 
0.68 
0.33 

0.39 
0.30 
0.18 

0.33 
0.24 
0.20 

Min. 

1.17 
0.82 
0.60 

0.94 
0.66 
0.34 

0.71 
0.49 
0.19 

0.85 
0.45 
0.14 

0.28 
0.20 
0.08 

0.27 
0.12 
0.11 

Range 

1.17 
1.26 
0.77 
1.07 
1.34 
0.78 
0.21 
0.78 
0.77 
0.18 
0.33 
0.43 
0.59 
0.23 
0.19 
0.34 
0.11 
0.10 
0.10 
0.10 
0.06 
0.12 
0.09 
0.09 

Mean 

1.79 
1.45 
0.86 
1.37 
1.78 
1.03 
0.45 
1.09 
1.07 
0.60 
0.34 
0.67 
1.13 
0.59 
0.24 
0.65 
0.33 
0.26 
0.14 
0.24 
0.31 
0.19 
0.16 
0.22 

S.D W S.F.C' 

0.34 
0.46 
0.25 
0.35 
0.32 
0.27 
0.07 
0.22 
0.29 
0.06 
0.11 
0.15 
0.21 
0.10 
0.06 
0.12 
0.04 
0.04 
0.04 
0.04 
0.02 
0.05 
0.03 
0.03 

19.1 
31.5 
29.8 
26.8 
18.0 
26.2 
16.4 
20.2 
27.5 
10.3 
33.1 
23.6 
18.7 
17.8 
25.1 
20.5 
11.3 
17.2 
25.8 
18.1 
6.6 

24.5 
20.5 
17.2 

(a) Standard Deviation, (b) Scatter Factor 

Pellini Drop Weight Tests — T h e 
NDT t e m p e r a t u r e w a s i n d e x e d us i ng 
t h e s t a n d a r d Pel l in i test , a n d w a s 
f o u n d to be - 4 0 C. 

Discussion 
T h e p r e l i m i n a r y tes ts w h i c h a i m e d 

at e s t a b l i s h i n g the m a n n e r of c r a c k 
in i t ia t ion at t h e n o t c h roo t w e r e c o n 

f i ned to t h e V - n o t c h s p e c i m e n s s i nce 
the b i n o c u l a r m i c r o s c o p e c o u l d no t 
be f o c u s s e d on t h e roo t of t h e sl i t 
no t ches . B i r k b e c k a n d W r a i t h (Ref. 5) 
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have shown, however, that the shape 
of the crack front is independent of 
notch acuity in a comparison of 
V-notches and fatigue cracked spec
imens, so it seems reasonable to 
assume that the same would apply to 
the slit notches. 

The side groove depth necessary to 
produce a plane crack front was 
found to be 1 mm which contrasts 
with 0.5 mm determined by Birkbeck 
and Wraith (Ref. 12). However, their 
side grooves were cut into standard 
10 X 10 mm specimens thus reducing 
the notched cross section. In earlier 
work, (Ref. 5), these workers used 
1 mm side grooves on 10 x 12 mm 
specimens to achieve a plane crack 
front although the side groove geom
etry was somewhat different. 

The relative insensitivity to notch 
acuity of the Charpy upper shelf 
energy contradicts results of other 
workers on different steels (Refs. 
4,5,7,8). However two of these refer
ences (4 and 5) are too critical COD 
for ductile crack initiation under slow 
strain rate conditions while in refer
ence 7 the upper shelf energy was not 
clearly established. Zeno and Low 
(Ref. 8) observed a drop of 15 to 20 ft 
lb in the upper shelf energy of two 
mild steels but these results may have 
been influenced by the fact that the 
fatigue notches were extended from 
standard 2 mm deep V-notches and 
would thus reduce the notched cross 
section. 

Additionally it has been shown that 
fatigue precracking of Charpy sized 
specimens produces a curved crack 
front (Ref. 12) and therefore the 
fatigue notch depths quoted by Zeno 
and Low (0.33 mm), whether mea
sured from the specimen edge or the 
specimen center, would not be con
stant along the width of the spec
imen. In support of the present results 
is the work of Frederick and Salkin 
(Ref. 3) who showed that notch acuity 
did not influence the upper shelf COD 
of a C-Mn steel tested in a slow bend. 
The lack of any influence of notch 
acuity on ductile fracture can be ex
plained by the high degree of plas
ticity developed at the crack tip caus
ing crack tip blunting. 

The onset of brittle fracture, on the 
other hand, would be expected to be 
influenced by notch acuity through its 
effect on stress concentration and 
plastic zone size. This would result in 
brittle fracture occurring at higher 
temperatures with increases in notch 
acuity. This was observed in the pres
ent work, the specific changes falling 
within the range quoted by other 
workers (Refs. 1-4, 7, 8). Moreover 
this increase of about 27 C in the 
transition temperature for brittle frac
ture was displayed by both the plain 
and the side grooved specimens. One 
consequence of this was that the tem
perature interval between high energy 

and low energy fractures was re
duced by increasing notch acuity, 
especially with the plain specimens. 
This obviously implies that the duc
tile-brittle transition is more clearly 
defined with the sharper notch. 

Another interesting feature of the 
present tests was the absence of any 
influence of notch acuity on the FATT. 
Radon and Turner (Ref. 6) also found 
that fatigue cracking had little influ
ence on the FATT although in their 
case fatigue cracking was combined 
with side grooving to a depth of 0.5 
mm. In the present tests, however, 
side grooving raised this transition 
temperature substantially; this will be 
discussed later. These observations 
suggest that increasing notch acuity 
mainly influences the conditions for 
crack initiation at low temperatures 
but that once the fracture gets started 
the material ahead of the crack tip is 
subjected to a fast moving natural 
crack irrespective of the initial notch 
acuity and this explains the similarity 
in FATT. 

The observation that cracks ini
tiate first at the center of plain spec
imens and become full width cracks 
only at a much later stage casts doubt 
on the suitability of COD at maximum 
load as an adequate description of 
the conditions for ductile crack initia
t ion. This point has been discussed by 
Birkbeck and Wraith (Ref. 12). This is 
due to the fact that the COD at max
imum load has been shown to coin
cide with the formation of full width 
cracks (Refs. 5 and 13). Therefore, it 
is apparent that cracks have initiated 
well before this stage. 

Additionally it has been shown (Ref. 
5) that the COD for full width cracks in 
side grooved specimens is substan
tially the same as that for center crack 
initiation in plain specimens. The 
results shown in Table 2 are in accord 
with this where it was shown that 
center crack initiation in plain spec
imens and full width cracking in side 
grooved specimens both occurred 
after the second low energy blow. 
Moreover this effect would be ex
pected to persist, a l though to a 
decreasing extent, as the temper
ature falls and the fracture changes 
from ductile to brittle. At very low tem
peratures when plane strain fracture 
occurs in both plain and side grooved 
specimens, the two specimen types 
would be expected to show the same 
behavior. This agrees with the pres
ent results, Figs. 2 and 3. where the 
influence of side grooving was shown 
to be most marked in the upper shelf 
and mid-transition regions and to be 
less effective in the lower shelf region. 

However, at the lowest temper
ature ( - 140 C) the side grooved 
specimens still exhibited lower energy 
absorption than the plain specimens, 
indicating that in the latter at least 
plane strain conditions were not at

tained. The decrease in energy ab
sorption and LE shown in Figs. 2 and 
3 is undoubtedly influenced by the 
suppression of shear lips and on this 
basis would mainly affect crack prop
agation. 

The % energy absorption and % LE 
plots shown in Figs. 7 and 8, how
ever, demonstrate clearly that side 
grooving raises the transition tem
perature except at very low temper
atures; this is substantiated by the 
FATT curves shown in Fig. 4. This 
effect of side grooving on the FATT 
would be expected because of the in
creased stress concentration at the 
notch root near the edges of the spec
imen permitting the formation of a 
running fracture at a higher temper
ature than in the plain specimens. 
Fur thermore the running f racture 
would be less inhibited by the edges 
of the specimen since the stress con
centration effect of the side grooves 
will persist down the full depth of the 
specimen. 

The NDT at - 4 0 C correlates well 
with only one parameter, the FATT. 
The specimen design using the slit 
notch and 2 mm side grooves shows 
virtually 100% crystallinity at - 4 0 C 
but the other side grooved spec
imens averaged about 80% crystal
linity while the two plain sided spec
imens were quite ductile with only 
about 30% crystallinity at this tem
perature, Fig. 4. Of the specimen 
types investigated the 2 mm side 
grooved slit notch specimen appears 
to give the best assessment of fast 
fracture properties with results s im
ilar to the Pellini DWT test, although 
the effects of steel chemistry and 
mechanical properties on this cor
relation must be assessed before any 
general validity is assumed. 

Significance of the Results 

The present tests have clearly 
shown that side grooving can create a 
constant stress concentration along 
the notch root of Charpy-sized spec
imens thus promoting a plane crack 
front. Under constant cross sectional 
area conditions, fracture parameters 
(e.g. energy absorption, % crystallin
ity) show effects similar to those to be 
expected from increasing specimen 
thickness, since the increase in width 
of the highly stressed central region of 
the specimen is a function of the in
crease in thickness. A further im
provement in f racture toughness 
assessment is accomplished by in
creasing notch acuity ( increasing 
stress concentration at the notch root) 
from a V-notch to a slit notch i.e. 
reducing the root radius from 0.25 
mm to 0.15 mm. Fatigue cracks would 
offer a further improvement in notch 
acuity but with the twin disadvan
tages of high cost and uncertain cross 
sectional area. 
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Side grooved specimens also offer 
an advantage in reducing the scatter 
normally associated with toughness 
tests and should be particularly val
uable in assessing such metallurgical 
structures as weld metals and heat-
affected zones al though work on 
other materials will be necessary to 
confirm this. 

Conclusions 

Impact tests on plain and side 
grooved specimens of Hyplus 29 steel 
containing Charpy V and 0.15 mm slit 
notches have yielded the following in
formation: 

1. An increase in notch acuity does 
not affect the conditions for ductile 
fracture or the FATT in either plain or 
side grooved specimens. 

2. An increase in notch acuity 
raises the temperature at which low 
energy absorption and LE failures oc
cur by approximately 27 C in both 
plain and side grooved specimens. In 
the lower shelf region the toughness 
parameters are reduced by about 
50%. 

3. Side grooving to a depth of 1 
mm promotes the formation of a plain 
crack front during bending of 80 mm2 

notched cross section specimens. In 
con t ras t sha l lower s ide g rooves 
cause center crack initiation to occur 
first while deeper side grooves cause 
cracking to occur first at the edges of 
the specimen. 

4. S ide g roov ing cons ide rab l y 
reduces the energy absorption and 
LE for ductile fracture but the effect 
decreases with decreasing temper
ature. The percentage decrease in 
toughness parameters is fairly con
stant at about 30% outside the tem
perature range 0 t o - 1 0 0 C. Towards 
the middle of this range the decrease 

is more pronounced at about 50 to 
60%. 

5. Side grooving to a depth of 1 
mm raises the FATT by about 23 C, 
while 2 mm side grooves raise this 
temperature by about 32 C. Similar 
changes in energy absorption and LE 
transition temperatures occur when 
the results are plotted as percent
ages of the upper shelf value. 

6. Scatter factors within the transi
tion temperature range, defined as 
Standard Deviation/Mean Value are 
reduced 14% by increasing notch 
acuity and 43% by side grooving. 
The equivalent reduction in scatter 
range (maximum value minus min
imum value) due to side grooving is 
over 60%. Scatter in the plain spec
imens is 23% less when LE is used 
instead of energy absorption but in 
the side grooved specimens energy 
absorption gives 14% less scatter 
than LE. The combined effect of in
creasing notch acuity and side groov
ing to a depth of 1 mm reduces the 
scatter factors of standard Charpy V-
notch specimens by about 60% with 
a corresponding reduction in the 
scatter range of about 75%. 
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(Part II — Slow Bend Tests — To Follow in July) 

Fatigue of Welded Steel Structures 
Prepared by W. H. Munse and Edited by LaMotte Grover 

Published in 1964 by the Welding Research Council, the "fat igue" book is still a good 
reference on the fundamental aspects of designing welded steel structures agains t cyclic 
loading. The influence of weld defects upon fatique strength is discussed at a number of 
points in this book. The question of how to evaluate such defects in general and how to avoid 
them and make corrections will natural ly occur to some readers. Accordingly, a t the sugges
tion of several interested parties, a discussion of weld defects, their causes and methods of 
correction are briefly discussed in Chapter 5. 

Following this general discussion, information and data from many laboratory tests of 
welded structural members and connections are presented along with an analysis of these 
data. These laboratory studies were carried out by numerous investigators, on a variety of 
materials, with a multi tude of different types of specimens, and using various types of 
testing machines. The effects of many variables have been studied. 

The price of this book is $9.00. Orders should be sent with payment to the Welding Re
search Council, United Engineer ing Center, 345 Eas t 47th Street, New York, N.Y. 10017. 
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