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Part II — Slow Bend 

ABSTRACT. Slow bend tests were 
carried out on plain and side grooved 
Charpy-sized specimens of Hyplus 29 
steel containing either Charpy V or 
0.15 mm slit notches and with a con
stant notched cross section of 80 
mm2 . Increasing notch acuity had little 
influence on the lateral expansion 
(LE) for complete ductile fracture or 
on the fracture appearance transition 
temperature (FATT), but reduced the 
critical crack opening displacement 
(COD) and the critical LE for ductile 
crack initiation by about 10%, lowered 
the critical COD and LE in the brittle 
region by about 30%, and raised the 
COD and LE transition temperatures 
in the brittle region by about 20 C. 

Side grooving considerably re
duced the LE for complete failure and 
the LE and COD for crack initiation in 
the ductile region, but the effect de
creased with decreasing temperature. 
Side grooving did not significantly in
fluence either the FATT or the LE 
transi t ion temperatures when the 
latter were plotted as percentages of 
the upper shelf value. 

A technique for separating the in
itiation and propagation stages of 

(Part 1 of this article appeared in the June 
Research Supplement starting on page 
169-s). 

fracture is described based upon 
measurements of LE made at the 
point of crack initiation and again 
after complete failure. In all specimen 
types the separation of the initiation 
and propagation stages of fracture 
occurred at the same temperature. 
This characteristic transition tem
perature, named the nil-arrest tem
perature (NAT), was compared with 
the n i l -duc t i l i t y t rans i t i on t e m 
perature (NDT) determined f rom 
Pellini drop weight tests on full thick
ness material. 

The results are compared with 
those obtained in an earlier program 
using impact loading and the prac
tical implications of the results are 
discussed. 

Introduction 

In Part I (Ref. 1) it was shown that 
for impact loading an increase in 
notch acuity from a Charpy V to a 0.15 
mm slit had no significant influence 
on the ductile fracture behavior or the 
fracture appearance transition tem
perature (FATT) of Hyplus 29 steel. In 
the brittle region, however, transition 
temperatures were raised by an av
erage of 27 C and toughness param
eters were reduced by up to 50%. 
Side grooving to depths of 1 mm and 
2 mm considerably reduced energy 
absorption and lateral expansion (LE) 
in the ductile region but the effect de
c r e a s e d w i th d e c r e a s i n g t e m 
perature Side grooving raised the 

FATT by 23-32 C, depending on the 
depth of side groove, and raised the 
energy absorption and LE transition 
temperatures by a similar amount 
when the values were plotted as per
centages of the upper shelf . A 
specimen design incorporating a slit 
notch and 2 mm side grooves pro
duced a 100% crystalline fracture at 
the NDT of the steel used. 

This paper presents the results of 
tests on the same six specimen types 
used in Part I but using a slow strain 
rate. 

Material 

The material and specimen prep-
eration was the. same as that de
scribed in Part I (Ref. 1). 

Procedure 

The specimens were tested in an 
Instron machine using three point 
bending over a span of 40 mm at a 
cross head speed of 2 X 10~2 mm/s 
(5 x 10 - 2 in./min). Temperatures 
were monitored by Chromel-Alumel 
thermocouples capacitor discharge 
welded close to the top surface of 
the specimen. Temperatures down to 
- 1 0 0 C were obtained by immersing 
the specimen in a mixture of Methanol 
and liquid nitrogen, and the recorded 
temperatures were accurate to within 
2 C. For lower temperatures the 
s p e c i m e n w a s s u r r o u n d e d by 
nitrogen vapor and the recorded tem
peratures were accurate to within 5 C. 
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Fig. 1 — Variation in total lateral expansion for failure with temperature 
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Fig. 3 — Variation in critical crack opening displacement for 
crack initiation with temperature 

Fig. 2 — Variation in critical lateral expansion for crack initia
tion with temperature 

Fig. 4 — Variation in fracture appearance with temperature 

Crack o p e n i n g d i s p l a c e m e n t 
(COD) was monitored during each 
test using a double cantilever beam 
made by fitting extension arms to a 12 
mm (0.5 in.) Instron extensometer 
which was positioned between knife 
edges screwed onto the top surface of 
the specimen. The calibration range 
of this clip gage, however, precluded 
the measurement of the very large 
opening displacements obtained in 
the upper shelf region, although it was 
perfectly satisfactory at lower tem
peratures. The following technique 
was adopted, therefore, to measure 
these high values of COD and also to 
measure LE values at the onset of 
crack initiation and again after com
plete failure. 

Prior to test the distance between 
the knife edges and the width of the 
specimen opposite the notch was 
measured using a traveling micro
scope. The specimen was then cooled 
to the desired test temperature and 
continuously loaded until a maximum 
load behavior was indicated by the 
first slight drop in load. The specimen 
was then unloaded and the distance 
between the knife edges and the 
width of the specimen measured to 
yield values for COD and LE at the 
onset of crack initiation. The spec
imen was then recooled to the test 
temperature and loaded until com
plete failure occurred. The LE was 

again measured to yield values for 
complete failure equivalent to those 
measured in the impact tests. 

In a number of tests it was possible 
to measure the critical COD for crack 
initiation by both methods, i.e., from 
the cl ip gage reading ( "on - load" 
value) and from the traveling micro
scope measurements ( "o f f - load" 
value). The "o f f - l oad " values av
eraged 5% less than the "on- load" 
values, which is not considered to be 
significant. Wherever possible the 
"on- load" values are used. 

For temperatures at wh ich the 
specimens fractured under a rising 
load, the cl ip gage was able to 
monitor the COD up to the point of 
fracture. In such cases complete frac
ture occurred as soon as the crack in
itiated. 

Full transitional behavior was de
termined for each of the six specimen 
types by testing a minimum of 36 
specimens over the temperature 
range 20 C to - 1 9 6 C. 

Results 

The variation in LE for complete 
failure, the LE and COD for crack in
itiation, and fracture appearance with 
temperature are shown in Figs. 1-4. 
The experimental points fell close to 
the curves but have been omitted for 
sake of clarity. As in the previous re
port the influence of the variables 

notch acuity and side grooving have 
been quantified by measuring shifts in 
t r a n s i t i o n t e m p e r a t u r e and by 
measuring changes in the various 
toughness parameters at fixed tem
peratures. In addit ion, the influence of 
strain rate is quantified in a similar 
manner by comparing the present re
sults with the impact test results. 

Influence of Notch Acuity 
on Transition Temperature 

Figure 1 shows that increasing the 
notch acuity from a Charpy V-notch to 
a 0.15 mm slit has little influence on 
the LE for complete fracture in the 
duc t i l e reg ion , but at low t e m 
peratures there is a decrease in LE 
a n d an i n c r e a s e in t r a n s i t i o n 
temperature. Specific changes are 
shown in Table 1, which also in
cludes average values from the im
pact tests. There is very close agree
ment between the changes in the LE 
and COD transi t ion temperatures 
which results from the near linear 
re la t i onsh ip between these two 
parameters shown in Fig. 5. The in
creases in transition temperature are 
slightly less than shown by the im
pact tests but in both cases the only 
significant effect occurs in the brittle 
region, where the average increase in 
slow bend ( + 20 C) is slightly less than 
that shown by the impact tests 
(+27 C). Notch acuity has no signif-

W E L D I N G R E S E A R C H S U P P L E M E N T ! 227-8 



Table 1 — Influence of Notch Acuity on Lateral Expansion and 
Crack Opening Displacement 

Increase in transition temperature deg C 
Side 

groove 
depth, Toughness Ductile Mid-transi- Brittle 

mm parameter region tion region region 

0 Lateral expansion 
0 Crack opening 

displacement 
1 Lateral expansion 
1 Crack opening 

displacement 
2 Lateral expansion 
2 Crack opening 

displacement 
Average (Slow bend) 
Average (Impact) 

+ 1 (1.8mm) 
— 

+ 12(1.1 mm) 
— 

0 (0.4 mm) 
— 

+ 4 
+4 

- 1 

+ 6 

+ 6 
+ 6 

+2 
+1 

(1.15mm) 
(0.80 mm) 

(0.80 mm) 
(0.60 mm) 

(0.25 mm) 
(0.50 mm) 

+ 3 
+8 

+ 18 
+ 17 

+21 
+ 23 

+ 18 
+21 

(0.30 mm) 
(0.30 mm) 

(0.20 mm) 
(0.20 mm) 

(0.10mm) 
(0.10 mm) 

+ 20 
+ 27 

Fig. 5 — Relationship between crack open
ing displacement and lateral expansion 
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Fig. 6 — Influence ot change in notch acui
ty from Charpy V to 0.15 mm slit on the 
lateral expansion for failure 

icant influence on the FATT, Fig. 4; 
this is in accord with the impact test 
results. 
Influence of Notch Acuity 
on Toughness Parameters 

The influence of notch acuity on the 
LE for complete failure is shown in 
Fig. 6, wh ich also inc ludes the 
average changes observed in the im
pact tests. Although the general pat
tern shown by the slow bend and im
pact tests is similar, it is readily ap
parent that notch acuity becomes 
effective at a lower temperature in 
slow bend than in impact and that the 
decrease in LE observed at low tem
peratures is less marked in the slow 
bend tests. This is in accord with the 
smaller changes in transition tem
perature described in the previous 
section. With the plain specimens, 
notch acuity first becomes significant 
below - 8 0 C and gives a maximum 
decrease in LE of 30 to 35% at tem
peratures below - 1 4 0 C. With the 
1 mm side grooved specimens notch 
acuity first becomes significant below 
—40 C and gives a maximum de-
crase of about 30% at - 1 0 0 C. Below 
- 1 0 0 C the effectiveness of notch 
acuity appears to decrease, although 
this is probably due to small inaccu
racies in LE at these temperatures 
which can cause large errors in the 
plotted parameter. This may also ac
count for the fact that with the 2 mm 
side grooved specimens notch acuity 
apparently first becomes significant 
below —80 C and gives a maximum 
decrease of about 30% at temper
atures below - 1 0 0 C, since the two 
points at - 6 0 and - 8 0 C are of 
dubious accuracy. 

Notch acuity has a similar effect on 
the COD for crack initiation as shown 
in Fig. 7, although in this case there is 
a decrease of about 10% in the 
upper shelf values which is consis
tent with the results of other workers 
(Refs. 3 and 4). 

Influence of Side Grooving 
on Transition Temperature 

Figures 1-3 show that, as in the im
pact results, side groov ing con
siderably reduces the toughness 
p a r a m e t e r s e s p e c i a l l y at h igh 
temperatures and the effect de 
c r e a s e s w i t h d e c r e a s i n g t e m 
perature. However, unlike the impact 
tests where side grooving influenced 
the temperature at which the values 
fell f rom the upper shelf, in the slow 
bend tests all the specimen types fell 
from the upper shelf at about the 
same temperature. Side grooving 
also had no significant influence on 
the FATT in slow bend , Fig. 4, 
whereas the impact tests showed an 
increase of 23 C to 32 C due to side 
grooving. In addit ion, when the LE re
sults are plotted as percentages of the 
upper shelf value little significant 
change in transition temperature is 
displayed by the 2 mm side grooved 
specimens, as shown in Fig. 8, al
though there is a slight increase for 
the 1 mm side grooved specimens. 

Influence of Side Grooving 
on Toughness Parameters 

The influence of side grooving on 
COD for crack initiation is shown in 
Fig. 9. Corresponding changes in en
ergy absorption in the impact tests 
are included for comparison. Again a 
similar pattern is shown by the slow 
bend and impact tests, although the 
changes are less marked in slow 
bend. With both side groove depths 
the critical COD is reduced by a rela
tively constant amount outside the 
temperature range - 8 0 to - 1 6 0 C. 
Within this transition range the 
reduction in COD is more marked, by 
an additional 15%. 

Influence of Strain Rate 
on Transition Temperature 

The influence of increasing the 
strain rate from static to impact can 
be assessed by comparing the pres
ent results with those obtained in the 
impact tests. Comparison will be 
based on LE and fracture appear
ance since these methods of assess
ment were common to both. 

The increases in the FATT brought 
about by increasing the strain rate 
from static to impact are shown in 
Table 2. With the plain specimens the 
average increase was quite small, 
about 8 C, while the 1 mm and 2 mm 
side grooved specimens showed 
much more substantial increases of 
33 and 39 C respectively. 

The influence of strain rate on the 
LE transition temperatures is shown 
in Table 3. More significant changes 
are shown compared with fracture 
appearance but again the changes 
shown by the plain specimens 
(average +24 C) is less than either the 
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1 mm side grooved (average +40 C) 
or the 2 mm side grooved (average 
+45 C) specimens. 

Influence of Strain Rate on 
Toughness Parameters 

The effect of increasing the strain 
rate from static to impact on the LE for 
complete failure is shown in Fig. 10. 
Some increase in LE is indicated at 
high temperatures but th is is an 
anomalous effect due to the fact that 
in the slow bend tests the central 
loading point lost contact with the 
specimen after appreciable bending 
had occurred and thus the LE was not 
fully developed. In the impact tests, 
however, the machine pendu lum 
bedded itself into the specimen and 
consequently the LE was fully de
veloped. 

With the plain specimens strain 
rate becomes effective below about 
— 20 C and becomes fully effective 
below about - 1 2 0 C when the de
crease in toughness is about 60%. 
With the side grooved specimens 
strain rate becomes effective at a 
somewhat higher temperature, about 
20 C, and reaches a maximum below 
about - 6 0 C when the decrease in 
toughness is again about 60%. 

Discussion 

Notch acuity has been shown to in
fluence the slow bend and impact 
tests in a similar manner, the only 
significant effect occurring at low 
temperatures when cleavage is the 
predominant mode of failure. The ef
fect is less marked in slow bend 
where the average shift in transition 
temperature of 20 C contrasted with 
27 C in i m p a c t w h i l e t h e c o r 
responding changes in toughness 
parameters at low temperatures were 
30-35% in slow bend and 45-60% in 
impact. 

Similar changes were recorded in 
both the plain and side grooved 
specimens at each strain rate. The 
greater effectiveness of notch acuity 
in the impact tests suggests that the 
increased restraint associated with an 
increase in notch acuity is more read
ily maintained under high strain rate 
conditions due to the increase in yield 
stress under dynamic loading which 
promotes cleavage fracture. The only 
measurable effect of notch acuity in 
the ductile region was a 10% reduc
tion in the upper shelf values of COD 
and LE for crack initiation associated 
with an increase in notch acuity in the 
slow bend tests. The condit ions for 
crack initiation were not determined 
in the impact tests so it is not possible 
to say whether this effect would also 
be observed under impact loading. 

Most published works on the in
fluence of notch acuity on toughness 
(Refs. 3-8) have dealt with slow bend 

tests in a range of steels f rom C-Mn to 
low alloy quenched and tempered 
steels and have compared machined 
slits, similar to those used in the pres
ent work, with fatigue notches. In
creases in t ransi t ion temperature 
varied from marginal (Ref. 8) to 70 C 
(Ref. 6), although in most cases ac
curate predictions could not be made 
because of the large degree of scat
ter which characterized most of these 
tests. However a rise of 20-30 C in 
transition temperature is a reason
able average value and compares 
favorably with the changes observed 
in the present tests. This suggests 
that changing the notch acuity from a 
Charpy V-notch to a fatigue crack will 
raise the transition temperature by 
about 40-50 C. Other workers (Refs. 
3-4) have reported a 10-20% drop in 
the upper shelf COD for ducti le crack 
initiation when slit notches were re
placed by fatigue notches, which sug
gests that a drop of 20-30% would be 
associated with the replacement of 
Charpy V-notches by fatigue notches. 

Side groov ing cons iderably re
duced the toughness parameters in 
the upper shelf region in both slow 
bend and impact tests but became 
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Fig. 7 — Influence of change in notch acui
ty from Charpy V to 0.15 mm slit on critical 
lateral expansion and crack opening dis
placement for crack initiation 
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Fig. 8 — Variation in % lateral expansion with temperature 

Table 2 — Influence of Increasing Strain Rate from Slow Bend to Impact 
on Fracture Appearance Transition Temperatures 

Increase in fracture appearance 
transition, deg C 

Specimen type 

Plain Charpy V-notch 
Plain 0.15 mm slit notch 
Plain — average 

1 mm side grooved Charpy V-notch 
1 mm side grooved 0.15 mm slit notch 
1 mm side grooved — average 

2 mm side grooved Charpy V-notch 
2 mm side grooved 0.15 mm slit notch 
2 mm side grooved — average 

20% 
crystal-

Unity 

+ 8 
+ 16 
+ 12 

+47 
+40 
+ 43.5 

+41 
+34 
+ 37.5 

50% 
crystal-

Unity 

+ 6 
+ 9 
+7.5 

+ 38 
+30 
+ 34 

+42 
+46 
+44 

80% 
crystal-

linity 

0 
+ 7 
+3.5 

+ 22 
+23 
+ 22.5 

+33 
+ 39 
+36 
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less effective with decreasing temper
ature. At both strain rates, however, 
the percentage reduction in tough
ness parameters was most pro
nounced in the mid-transit ion region 
and once again the changes were 
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Fig. 9 — Influence of side grooving on 
critical crack opening displacement 

more marked in the impact tests 
(60%) than in the slow bend tests (40-
60%). One difference between the 
slow bend and impact tests was in the 
influence of side grooving on the 
FATT. In the impact tests this transi
tion was raised by 23-32 C by side 
grooving while in the slow bend tests 
side grooving had no influence. With 
regard to crack propagation, an im
portant distinction between the tests 
is that w i th impac t load ing the 
specimen is subject to an applied 
load after the crack initiates since the 
pendulum continues to supply energy 
to the specimen. If the initial speed of 
crack advance is greater than the 
cross head speed used in the slow 
bend tests, unloading will take place 
and, if the crack is not self propagat
ing, arrest will occur. In the case of the 
impact tests on the plain specimens 
the propagation of the crack is in
hibited by the low stressed regions at 
the specimen sides. Side grooving 
eliminates these low stressed regions 
and thereby ensures easier propaga
tion. In the slow bend tests unloading 
occurs in both the plain and side 
g rooved spec imens and conse 
quently both types show similar FATT. 

Although side grooving was shown 
to reduce scatter substantially in the 
impact tests, no f irm conclusions 
could be drawn from the slow bend 

tests since not enough tests were 
conducted at each individual temper
ature. The general impression was 
that neither notch acuity nor side 
grooving had any marked influence 
on scatter in the slow bend tests. 

A valid comparison of the influence 
of strain rate on toughness behavior is 
limited to the LE and fracture appear
ance parameters, since these were 
the only measurements common to 
both the slow bend and the impact 
tests. High strain rate raises the t ran
sition temperatures of side grooved 
s p e c i m e n s m o r e t h a n p l a i n 
specimens and it has a greater effect 
on the LE transition than on the FATT. 
With the plain specimens the aver
age rise in the FATT was 8 C com
pared with 24 C for the LE transition, 
while in the side grooved specimens 
the rise in FATT of 33-38 C con
trasted with a rise of 40-45 C in the 
LE transition. The greater rise in the 
LE transition temperature is prob
ably due to the fact that it is strongly 
controlled by the conditions for crack 
initiation up to which point the rele
vant strain rates will be the applied 
ones. Once the crack initiates it will be 
subject to an enhanced strain rate 
which will be more marked in the slow 
bend tests. Consequently the differ
ence in effective strain rates between 
the impact and slow bend tests will 

Table 3 — Influence of Increasing Strain Rate from Slow Bend to Impact on Lateral Expansion Transition Temperatures 

Specimen type 

Increases in lateral expansion transition, deg C 
Ductile Mid-transition Brittle 
region region region 

Plain Charpy V-notch 
Plain 0.15 mm slit notch 
Plain — average 

+21 (1.8mm) 
+ 21 (1.8 mm) 

+ 21 

+ 7 (1.15 mm) 
+ 20 (1.15mm) 

+ 13.5 

+ 37 (0.3 mm) 
+ 38 (0.3 mm) 

+ 37.5 

1 mm side grooved, Chapry V-notch 
1 mm side grooved, 0.15 mm slit notch 
1 mm side grooved — average 

+ 49 (1.2 mm) 
+31 (1.2 mm) 

+40 

+43 (0.8 mm) 
+ 35 (0.8 mm) 

+ 39 

+ 36 (0.2 mm) 
+43 (0.2 mm) 

+ 39.5 

2 mm side grooved, Charpy V-notch 
2 mm side grooved, 0.15 mm slit notch 
2 mm side grooved — average 

+ 42 (0.45 mm) 
+ 37 (0.45 mm) 

+ 39.5 

+ 50 (0.35 mm) 
+55 (0.35 mm) 

+ 52.5 

+45(0.1 mm) 
+ 40 (0.1 mm) 

+42.5 

Table 4 — Data from Slow Bend and Impact Tests Used in Calculating Dynamic Crack Opening Displacement 

Specimen type Slow bend tests Impact tests 

Notch 
type 

V 
slit 
V 

slit 
V 

slit 

Side 
groove 

none 
none 
1 mm 
1 mm 
2 mm 
2 mm 

NAT 
temp. 

C 

- 8 0 
- 8 3 
- 8 2 
- 8 1 
- 8 0 
- 8 1 

% Xal 
at 

NAT 

85 
85 
90 
91 
94 
90 

COD at 
NAT, 
mm 

0.92 
0.79 
0.59 
0.57 
0.51 
0.50 

Esti
mated 
NAT, 

C 

- 8 2 
- 7 8 
- 7 7 
- 6 0 
- 5 6 
- 3 8 

Energy 
at 

NAT, 
ft lb 

34 
"7 
20 
"9 
26 
27 

LE at 
NAT, 
mm 

0.81 
0.50 
0.28 
0.26 
0.17 
0.21 

Esti
mated 

COD at 
NAT 

0.77 
0.47 
0.33 
0.30 
0.33 
0.40 

Conver
sion 

factor, 
c 

0.023 
0.028 
0.0165 
0.016 
0.013 
0.015 



diminish, resulting in less effect on the 
propagat ion character ist ics which 
largely control the FATT. 

In the side grooved specimens the 
greater rise in transition temperature 
with increasing strain rate is possibly 
due to the fact that the distinction be
tween crack propagation in the im
pact tests and crack propagation in 
the slow bend tests is more easily ob
served when the low stressed regions 
at the sides of the specimen are 
eliminated by side grooving. 

In the slow bend tests the measure
ment of LE at the point of crack initia
tion and again after complete frac
tu re enab les the in i t ia t ion and 
propagation characteristics of the 
steel to be assessed from a single 
test. Examples of the type of transi
tion curve established for specimen 
types 1 and 6 are shown in Fig. 11. A 
characteristic transition temperature 
can be defined as the temperature at 
which the initiation and propagation 
curves separate. For convenience this 
will be described as the nil-arrest 
temperature , NAT. All spec imens 
tested below the NAT fractured under 
a rising load and complete fracture 
occurred as soon as the crack in
itiated. Above the NAT the load-
d isp lacement d iagram showed a 
maximum load behavior indicative of 
a non-self-propagating crack. The in
creasing values of LE for failure ob
served above the NAT reflects an in
creasing resistance to crack propaga
tion, while the resistance to crack in
itiation does not increase to any great 
extent. It was observed that the NAT 
was the same for each of the six 
specimen types and was therefore not 
influenced by either notch acuity or 
side grooving but the toughness 
parameters (COD & LE) at the NAT 
were strongly influenced by these 
geometric factors. 

The NAT observed in the slow bend 
tests is somewhat analogous to the 
ni l -duct i l i ty t ransi t ion temperature 
(NDT) obtained in the Pellini drop 
weight and explosion bulge tests. The 
measured value of the NDT was 
- 4 0 C which compares with the NAT 
in the slow bend tests of about 
- 8 0 C. The difference of 40 C be
tween these two transition temper
atures is similar to the difference in 
the LE transition temperatures be
tween the slow bend and impact tests 
on the side grooved specimens. More 
work on other steels of di f ferent 
chemistry and mechanical properties 
is necessary to determine whether 
these relationships have any general 
significance. 

The almost linear relationship be
tween energy absorption and LE in 
the impact tests (Ref. 1, Fig. 4) and 
between COD and LE in the slow bend 
tests, Fig. 5, suggests that a similar 
relationship exists between energy 

Fig. 10 — Influence of increasing strain 
rate from static to impact on the lateral ex
pansion tor failure 
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Fig. 11 — Variation in lateral expansion with temperature for specimen types 1 and 6; (a) 
lateral expansion for complete failure in specimen type 1; (b) lateral expansion for crack in
itiation in specimen type 1; (c) lateral expansion for complete failure in specimen type 6; (d) 
lateral expansion for crack initiation in specimen type 6 

absorption and COD which could be 
utilized to measure dynamic COD 
values. The departure f rom linearity 
between energy absorption and LE in 
the impact tests at energy absorption 

values above about 85 J (60 ft lb) is 
relatively unimportant to the present 
discussion since the main region of 
interest is the low energy absorption 
range. 
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However, an important distinction 
has to be made between critical COD 
and energy absorption, since the 
former describes events occurring up 
to the onset of crack initiation while 
the latter describes events occurring 
up to the point of complete fracture. 
Figure 11 indicates that below the 
NAT temperature in the slow bend 
tests there is no resistance to crack 
propagation, so the solution to the 
problem becomes one of defining at 
which point on the impact transition 
curves the res is tance to c rack 
propagation also falls to zero. Once 
this is established the energy absorp
t ion values recorded below this 
temperature will be direct ly con 
vertible into dynamic COD values for 
crack initiation. An indication of the 
temperature range over which this is 
possible can be suggested based on 
the following assumption. 

In the slow bend tests the NAT 
temperature corresponded closely to 
the 85% crystallinity FATT for the 
plain specimens and the 90% crystal
linity FATT for the side grooved 
specimens as shown in Table 4. This 
seems reasonable since the ap
proach to zero crack propagation 
resistance will be associated with the 
attainment of predominantly cleav
age fracture. Applying these relation
ships to the impact test results one 
can deduce the temperature at which 
the resistance to crack propagation 
falls to zero. These temperatures are 
included in Table 4 together with the 
energy absorption and LE values at 
this temperature. The dynamic COD 
values, obtained by conversion using 
the relationships shown in Fig. 5, are 
also included in the table. The conver
sion factors shown in the last column 
of the table can be used to calculate 
dynamic COD values on the basis of 
the following equation: 

d = c E, where 

d = dynamic COD in mm 
E = energy absorption in ft lb 
c = conversion factor (constant) 

The equation is only applicable up to 
the energy absorption values shown 
in the table and, of course, is only 
applicable to the steel used in this in
vestigation. 

Some support for the validity of the 
values deduced in Table 4 can be de
rived by noting that the LE at the NAT 
in the slow bend tests closely ap
proaches the upper shelf values for 
crack initiation, and that previous 
tests on a different steel (QT35) using 
a low energy blow technique (Ref. 9) 
indicated an upper shelf LE for crack 
initiation of 0.80 to 0.90 mm which 
compares favorably with the LE at the 
NAT of 0.81 mm quoted above for the 
same spec imen g e o m e t r y (p la in 
Charpy V-notch) tested in impact. 

The foregoing discussion ind i 
cates that fracture toughness values 
measured in the COD test are basical
ly similar to those measured in the 
lower portion of the Charpy transition 
curve when identical specimens are 
used. The apparently large amount of 
scatter frequently associated with 
COD tests is therefore partly caused 
by the fact that these tests are simply 
an expanded version of the lower 
shelf region of a Charpy curve. 

Conclusions 
Slow bend tests on plain and side 

grooved specimens of Hyplus 29 steel 
containing Charpy V-notch and 0.15 
mm slit notches have yielded the 
following information: 

1. An increase in notch acuity does 
not affect the toughness parameters 
for complete ductile fracture or the 
FATT in either plain or side grooved 
specimens. However, it causes a drop 
of about 10% in the upper shelf COD 
and LE for crack initiation. 

2. An increase in notch acuity 
raises the COD and LE transition 
temperatures in the brittle region by 
approximately 20 C (36 F) and re
duces the low temperature tough
ness parameters by about 30% in 
b o t h p l a i n a n d s i d e g r o o v e d 
specimens. 

3. Side grooving considerably re
duces COD and LE for crack initiation 
and LE for complete fracture in the 
duct i le region but the effect de
creases with decreasing temper
ature. The percentage decrease in 
COD for crack initiation is fairly con
stant at 30-40% outside the temper
a t u r e r a n g e - 8 0 C to - 1 8 0 C 
( -112 F to - 2 9 2 F) but rises to 40-
60% within this range. 

4. Side grooving does not in
fluence the FATT or the LE transition 
when the latter is plotted as percent
ages of the upper shelf value. 

5. An extension of the conven
tional COD test beyond the point of 
crack initiation enables the resis
tance of a material to both crack in
itiation and crack propagation to be 
assessed from a single test. 

The following conclusions concern
ing the influence of strain rate on frac
ture toughness were derived from a 
comparison of the present results 
with those obtained in the impact 
tests (Ref. 1): 

1. A change from slow bend to im
pact loading raises the transition 
temperature of the side grooved 
spec imens more than the p la in 
specimens. In all specimen types the 
LE transition temperature is raised 
more than the FATT. 

2. At low temperatures the tough
ness parameters in impact are ap
proximately 60% less in slow bend for 
all specimen types. 

Practical Implications 

The majority of fabrications which 
require quality control tests for frac
ture toughness are made from rela
tively low strength steels (e.g. the Hy
plus 29 used in this work) which show 
significant fracture ductility in normal 
thicknesses. The aim of this program 
has been to develop a low cost small 
specimen test which is more reliable 
and realistic than present impact 
(Charpy) and slow bend (COD) tests. 
Although the results are confined to 
one steel composit ion and one thick
ness, the trends observed should be 
of general significance, and specific 
assessment of the effects of varying 
chemistry, strength and thickness 
should appreciably widen the range 
of application. 

The spec imen design changes 
assessed have eliminated the plane 
stress/plane strain fracture mixture 
usually observed in small specimens 
by a combination of high notch acuity 
and side grooving. Notch acuity has 
been shown to significantly affect "low 
temperature" fracture behavior, while 
side grooving has a more marked ef
fect on "high temperature" fracture 
behavior. The combined result is a 
dec rease in f r ac tu re t oughness 
p a r a m e t e r s at all t e m p e r a t u r e s , 
similar to the effects of increasing 
thickness and/or strength and also a 
very significant drop in the scatter 
caused by mixed mode fracture in the 
transition region. 

Both these effects are significant 
for the test reliability and the accur
acy of toughness parameters mea
sured from specimens at less than full 
plate thickness. 

In a welding situation, the specimen 
design changes have advantages for 
both heat-affected zone and weld 
metal assessment. Heat-affected 
zones vary in structure and strength 
over the width of the zone, and these 
variations cause testing problems as 
important as the changes in fracture 
toughness. For instance, changes in 
strength cause deformation strain to 
be transferred to weaker, often more 
ductile regions which may not have 
the lowest fracture toughness. Side 
grooving (more than notch acuity) 
assists in maintaining a fracture path, 
rather than allowing the fracture to 
follow the region of highest strain. 
Whether this is important for the over-
all we lded jo in t p e r f o r m a n c e is 
another question, but at least in
vestigators will be able to unambigu
ously assess one structure at a t ime 
for its fracture properties, as long as a 
reasonably straight HAZ line can be 
produced. 

In weld metals, where test scatter is 
very common, the suppression of 
mixed mode fracture will reduce scat
ter to some extent, but the structural 
variations due to solidification effects 
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and multipass welding techniques will 
still be present and lead to some scat
ter in the results. Full th ickness 
specimens are therefore necessary 
for procedural tests to assess the be
havior of the complete joint (Ref. 9), 
but small scale tests should be ade
quate for subsequent quality control. 

Multipass welds also suffer from a 
degradation in fracture toughness in 
the center region, especially in root 
runs (Ref. 10), but the significance of 
this on overall joint performance is 
not clear at present. Specimen de
sign changes can minimize the dis
parity in values between central and 
surface specimens, but further full 
thickness testing will be necessary to 
determine which region dominates 
the f racture behavior. Such var i 
ations in toughness across the thick
ness are not restricted to multipass 
welds, since one of the authors has 
observed indentical behavior in single 
pass electroslag welds in mild and low 
alloy steels (Ref. 11). 

In the impact tests, the results indi
cated that the No. 6 specimen design, 
with a slit notch and 2 mm side 
grooves, was probably the best de
sign since it alone produced virtually 
100% cleavage fracture (based on the 
FATT curve) at the NDT. This implies 
that the specimen simulates the full 
thickness fracture behavior of the 38 
mm plate used, although the limit of 
the simulation is not known until 
thicker plate can be tested. It is also 
possible that thinner plates will be 
better assessed with shallower side 
grooves, but this also needs further 
tests on plates of between 19 to 
38 mm. 

In the slow bend tests, the choice of 
"best" specimen is more difficult. The 
experimental change in notch acuity 
had a fairly consistent effect on frac
ture behavior, but side grooving made 

a great difference in critical COD 
values compared to plain specimens, 
although all side groove depths were 
fairly closely grouped. The 1 m m side 
groove depth was shown to produce 
full width crack initiation, which is 
theoretically ideal. But the further 
reduction in COD values with the 
2 mm side groove again raises the 
possibility that side groove depth may 
have to be a function of the full thick
ness to be simulated (or the degree of 
structural restraint required) with the 
2 mm depth being used for greater 
thickness (high restraint conditions). 

T h e a u t h o r s f e e l t h a t t h e 
emergence of the NAT as an ap
parent material property is impor
tant, since it may well be the testing 
equivalent of the NDT for slow bend 
conditions. Any specimen configura
tion may be used to determine it, and 
a plain sided specimen is probably 
best since measuring the LE is much 
easier with such specimens. 

The parameter to be measured as 
an arbiter of fracture toughness is 
also of importance. The established 
methods of a given Charpy energy or 
c r a c k d i s p l a c e m e n t at a g i ven 
temperature are not reliable enough, 
even with the improvement in scatter 
reduction achieved on this program. It 
is more important to know where on 
the f racture toughness t ransi t ion 
curve the values are located, rather 
than their magnitude as such. This 
work indicates that the Pellini ap
proach to crack propagation condi
t ions, i.e., designing to a given 
temperature interval above the NDT. 
may also be applied to crack initiation 
conditions by designing to a temper
ature interval above the NAT to en
sure that initiating cracks will not 
propagate. 
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Correction 
The paper, "Investigation of Alloy 600 

Welding Parameters ," appearing on 
pages 113-s to 122-s of the April issue, 
should be revised to include the follow
ing alterations: 
1. Page 115-s, Table 2: Current shown 
as 215 A should be 115 A. 
2. Page 116-s, Table 4: Data for the 91 A 
current with the 90 mils arc gap for the 
T-4 reading should be 265 F instead of 
500 F and the 91 A current with the 120 
mils arc gap for the T-3 reading should 
be 500 F instead of 265 F. 
3. Page 119-s, Fig. 13: The da ta on the 
graph should show 72 Btu /min instead 
of 56 Btu /min and 36 B tu /min instead 
of 28 Btu/min . 
4. Page 120-s, Moving Arc: The first 
paragraph should read "Two moving 
arc calculations with an assumed heat 
input of 72 B t u / m i n and 36 Btu / 
min . . ." instead of "56 B tu /min and 
28 Btu /min . . ." 

Authors — 
Abstracts for papers to be presented at 

the 57th Annual Meeting are due August 15, 
1975 (see Form, page 395, May issue) — for 
Brazing and Soldering papers, deadline is 
September 15, 1975 (see Form, page 213, 
March issue). 

Author's application forms may also be 
obtained by contacting T. P. Schoonmaker 
(general welding) or T. J. Olivera (brazing 
and soldering) at AWS, 2501 N.W. 7th St., 
Miami, Fla. 33125 — (305) 642-7090. 
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1. 'The Submerged Arc Weld in HSLA Line Pipe — A State-of-the-Art Review" 
by P. A. Tichauer 

The submerged arc weld in HSLA line pipe is examined by briefly reviewing the 
metallurgy of high-strength low-alloy steels and then considering how the welding process 
affects this metallurgy. Particular emphasis is given to the influence of thermo-mechanical 
processing and to the role of micro-alloy additions as they relate to strength, grain size and 
toughness. The metallurgy of the weld is contrasted to that of the base plate, and some 
recent investigations are reviewed. The influence of consumable selection is considered, and 
some recommendations for further study are made. 

2. "Experience in the Development and Welding of Large-Diameter Pipes" 
by M. Civallero, C. Parrini and G. Salmoni 

The production of X70 pipes up to 30 mm wall thickness with high base-material 
toughness has become necessary and possible today. In the choice of the most suitable type 
of steel, the mill and field weldability problems have been considered, as well as the weld-
joint toughness requirements. 

Of the experimental solutions, the best appears to be a control-rolled dispersoid steel, 
with extra-fine structure (mostly acicular type) with reduced pearlite and controlled inclu
sions. This steel, welded with the normal double-pass submerged arc techniques, allows one 
to achieve good toughness in the heat-affected zone, and to improve weldability compared to 
conventional steels. By further improving the type of flux on the basis of the theories devel
oped, and by widening the knowledge of the effects of chemical composition (correlation be
tween chemical composition, liquid-and-solid, austenite-to-ferrite transformation and final 
structures), it is believed possible to improve the low-temperature toughness up to the 10 
kg/cm2 level at temperatures down to -40 C, in wall thicknesses up to 30 mm. 

3. "New Development in Weldability and Welding Technique for Arctic-Grade Line 
Pipe" 
by E. Miyoshi, Y. Ito, H. Iwanaga and T. Yamura 

In this study, low-temperature burst tests were performed on 48-in. diameter x 1-in. thick 
x 8-ft long line-pipe specimens of a 1% Ni steel recently developed and produced by 
controlled rolling. Notches twice the size of the largest allowable defect in API Std. 1104 
were incorporated in the longitudinal weld seam. Test data were assessed by a COD 
approach. Two heat inputs were used in welding the specimens. A special GMA welding tech
nique was developed for the lower heat input. It was found that the lower heat input was the 
best method of improving the fracture toughness of the weld. 

4. "Technology of Wires and Electrodes for Welding High-Strength Pipe" 
by J. Grosse-Wordemann 

During the past few years, developments have led to steel grades with improved mechan
ical properties and reduced carbon content, compared to the previously known carbon-
manganese grades. The new steels have improved weldability and API grades X60, X65 and 
X70 are already in use. The development of X80 is close to completion. This paper reviews 
the latest technology in developing suitable filler metals for welding these high-strength line-
pipe steels. 

5. "Preliminary Evaluation of Laser Welding of X-80 Arctic Pipeline Steel" 
by E. M. Breinan and C. M. Banas 

Single- and dual-pass laser welds were made in an alloy steel currently being evaluated 
for potential Arctic gas pipeline applications. The laser welds exhibited excellent overall 
mechanical properties and a Charpy shelf energy greater than 264 ft-lb, which is 
substantially above that of the base material. Dual-pass welds exhibited a ductile-to-brittle 
transition temperature below -60 F. Increased shelf energy was attributed to a reduction in 
the visible inclusion content of the fusion zone while transition temperature was shown to be 
strongly dependent upon fusion-zone grain size. 

Paper (1) was prepared for the Subcommittee on Line-Pipe Steels of the Weldability 
(Metallurgical) Committee of the Welding Research Council. The other four papers were 
presented at a session sponsored by this subcommittee during the 1974 AWS Annual 
Meeting. 

The price of WRC Bulletin 201 is $8.00 per copy. Orders should be sent with payment to 
the Welding Research Council, 345 East 47th St., New York, N.Y. 10017. 
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