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Summary
A review is given of recent work in Japan on the relation of brittle fracture
knowledge to engineering designs especially in the field of ship structures.

Introduction

It is necessary for the prevention of welded structures from brittle
fracture to have the combinations of suitable materials, design and
fabrication. In Japan, the WES (Japan Welding Engineering Society)
Specification [1] has been applied to the weldable structural steel plates
for those steel structures in which the brittle fracture should be taken
into account. All major Japanese steel manufacturers marked the lowest
allowable service temperature to their products under the approval by

the society after completing more than 12 kinds of tests including
various large and small scale brittle fracture tests and weldability tests.

The lowest service temperature was determined from the brittle frac-
ture arresting characteristics for the specific arrested crack lengths
which were takento be average values in various specifications.

However, practically, the brittle fracture initiates at the weld defects
or cracks existed in the welded joint. Therefore, the brittle fracture
initiation characteristics of welded joint including bond and weld metal
with notches, which are influenced by the kind of steel, the welding
procedures, the welding heat input etc., is very significant.

The notches are classified as the through-thickness notch, the sur-
face notch and the internal notch,

In addition, the welding residual stress at T type- or cross-joints,
the angular distortion caused by mis-frabrication, the stress concentra-
tion due to structural discontinuity, the stress relieving heat treatment,
the pre-strain, the strain rate etc. effects on the brittle fracture initiation
characteristics.

Meanwhile, a brittle crack initiated at the welded joint propagates
either into the base metal or along the welded joint under the effects of
kind of steel, welding procedures and applied stress level.,

Arrest of a propagating brittle crack at high speed can be realized by
adopting the crack arrester.. Recently, the effectiveness of crack arrester
has been investigated systematically.

73/1



Brittle fracture strength of welded structures

In this paper, the abstract of latest works in the field above mentioned
is introduced briefly.

Brittle fracture initiation characteristics
Through-thickness notch

Base metal. Fracture initiation characteristics of steel plate with notch
can be obtained by using the deep notch test Specimens as shown in
Fig. 1 [2]. In case of a mild steel (25 mm thick), the low stress brittle
fracture occurs in the Region 1; the brittle fracture with general yielding,
Re gion II; the ductile fracture, Region III, as shown in Fig. 2. In case
of a 60 kg/mm? high strength steel (25 mm thick), Region II hardly
exists as shown in Fig. 3.

In the region of low stress brittle fracture, the brittle fracture initia-
tion is governed by the Griffith-Orowan energy equation, and the plastic
surface energy for crack initiation, S;, computed by equation (1) has a
linear relationship with the absolute temperature as shown in Fig. 4 and
€xpressed by equation (2)

Aol
2E I 2]
N . SN ey
f(y)—Jﬂy (tanT + 01 sin ﬂ'y),
y =c/b,
Si = S,; e~ i/ T, ; @

where, S,,, k; = material constant

Meanwhile, a linear relationship between the logarithm of yield stress
and a reciproca] of absolute temperature exists ag expressed by the
following equation:

k
gy =0,,e ”/TK, 3)

w here, Ooy » k, = material constant.
Now, let one take the safety factor, n, to the yield stress at the
temperature concerned, the design stress is expressed by

1
U:an. (4)

The Griffith-Orowan energy equation for the initiation of unstable
fracture for an infinite plate with a notch in length of 2¢ is expressed by
the following equation:

mo’c

E = 25;. ©)]
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By combining equations (2) to (5), one obtains

2(k; +ky)/ T,
e " ")/K=An2c

5 s (6)
E S,;
A==.200

T 0,

The correlation between the half crack length, c, and the brittle
fracture initiation temperature in absolute temperature, Tx , for an
infinite plate is expressed by equation (6) and shown in Fig. 5 for mild
steels, various high strength and low temperature structural steels
presented in Table 1 at the stress level of 0y /25 [2].

Bond and weld metal [3]. In general, the bond in welded joint is more
brittle than the base metal. Especially, it is believed that the embrittle-
ment is pronounced in the 80 kg/mm* high strength steel. Of course, the
degree of embrittlement depends on the heat input.

The brittle fracture initiation characteristics of bond and weld meta]

in Fig. 6. In this specimen, the effect of residual stress can be neglected
approximately, since the residual tensile stress. in the direction per-
pendicular to the welded joint along the joint is relatively small and
decreases by producing the notch,

For an example, the brittle fracture initiation characteristics of a
80 kg/mm* high strength steel was investigated. The fracture stresses
or the modified gross stresses at fracture of bond, weld metal for the
heat input of 13,000 (manual weld.), 35,000, 58,000 Joule/cm (Unionmelt

welding (submerged arc welding) is serious.
As an example of 60 kg/mm? high Strength steels (HT60), the correla-
tion between the brittle fracture initiation temperature and the half crack
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It is noted that the brittle fracture initiation temperature, T;, increases
with crack length. If the maximum crack length which might be over-
looked at inspection after welding is assumed to be 80 mm, the half
crack length of 40 mm is considered to be a fundamental crack length for
evaluation of brittle fracture initiation temperature of steel quality.
Consequently, the brittle fracture initiation temperature for 40 mm,
[Tieo o is very significant. The difference of brittle fracture initia-
tion temperature between bond and base metal, [T;]._,, for various
high strength steels, Steels A to M presented in Table 2, are shown in
Figs. 10 and 11. The applied stress levels are 1/25 of the yield stress
for base metal and bond at temperature concerned, respectively. It is
noted that the heat input does not give any appreciable influence on
the welding of HT60, and therefore, the heat input control is generally
not necessary. Meanwhile, the embrittlement of bond becomes more serious
when the heat input increases in automatic welding of HT70 and 11180,
although some HTS80 is slightly affected by the heat input. In case of
HT100, the heat input in manual welding does not effect on the embrittle-

ment of bond.
The effect of stress relieving heat treatment on the steel quality and

the effect of heat input on the brittle fracture initiation temperature were
investigated, too.
Surface notch and internal notch [4, 5]
In general, the weld defects or the weld cracks existed in the welded
joint are the surface notch or the internal notch. The brittle fracture
initiation characteristics for through-thickness notch mentioned above
is on the safety side from the viewpoint of service conditions.
In order to produce the internal notch with any notch depth-plate
thickness ratio, the desired lack of penetration is used as shown in
Fig. 12. In case of the surface notch, Y-type edge preparation is used
on the Section A-A.
For a mild steel, the test specimens with notch of 80 mm long and
depth-plate thickness ratio, ¢,/¢, of 0-1, 0-2, 0-3, 0-4, 0-6, 0-8, 1-0
were pulled in tension and fractured at low temperatures. The fracture
stress-temperature curves for these s pecimens are shown in Fig, 13,
The correlations between the fracture stress and t,/t at three tempera-
tures are shown in Fig, 14, In the figure, the cases of internal and surface
notches are expressed with the dotted and the solid curves, respectively.
The fracture stress for t,/t = 1-0 is that for deep notch test with through-
thickness notch. The fracture stress for t,/t= 0 is that for without notch
or equal tothe tensile strength in ductile fracture at the temperatures
concerned. The fracture stress decreases abruptly as t,/t increases
from 0 to 0-2 or 0-3, and then does notch vary as t,/t increases up to
0-6. When t,/t is greater than 0-6, the fracture stress decreases steeply
again. Consequently, the curves of brittle fracture initiation charac-
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teristics for surface or internal notches, which are found in the welded
joint in welded structure, shifts to the lower temperature side in com-
paring with that for through-thickness notch (¢,/t = 1-0).

Welding residual stress [6])

The brittle fracture initiation characteristics of welded joint above-
mentioned represents the steel quality in neglecting the weld ing residual
stress. In cases of longitudinal and cross joints with a notch as shown
in Fig. 15, the superposition of welding residual stress on the embrittled
steel quality (bond or weld metal) results in higher brittle fracture
initiation temperature.

Magnitude of tensile residual stress varies with kind of steel. The
maximum tensile residual stresses for longitudinal and cross joints
expressed as o, and o,, respectively, as shown in Fig. 15 vary with
kind of steel, and are presented in comparing with the yield stress, gy,
in Table 3. It is noted that ratios of 0,/0y and 0,/0, decrease with
strength of steel. Since the brittle fracture initiation characteristics of
base metal, bond and weld metal are evaluated previously by the deep
notch test in the form of plastic surface energy, the correlation between
the brit*le fracture initiation temperature and the half crack length can
be calculated by combining the steel quality and the strain energy re-
lease rate for an enlarging crack superposed by any welding residual
stress. An example of brittle fracture initiation temperature-half crack
length curves for base metal and bond with and without residual stresses
is shown in Fig. 16. The lowest service temperature can be safely de-
termined from the highest temperature for an expected crack length on
the brittle fracture initiation-half crack length curve with residual stress.

Structural discontinuity
There is a possibility of brittle fracture initiation at low stress levels
when a notch exists in the region of structural discontinuity.

A theory of crack opening displacement using the model of dislocations,
developed by Bilby, Cottrell, Swinden, has recently appeared before the
footlight. The theory would be applicable even for the phenomenon of the
initiation of brittle fracture initiation at considerably high stress levels
such as the general yielding condition.

Recently, the theory of crack opening displacement was extended to
the problems for arbitrarily distributed stress field and to apply success-
fully to_analysis for the longitudinally welded I-type test as shown in
Figs. 17 and 18 [9].

Angular distortion

The brittle fracture initiation characteristics above mentioned are

related tothe welded joint with no or slight angular distortion. Referring
73/5



Brittle fracture strength of welded structures

to the brittle fracture casualty of LPG tank the effect of angular distor-
tion caused by mis-fabrication on the brittle fracture initiation has been
attracting attention.

Although the bond is considerably embrittled by the submerged arc
welding with heat input of 45,000 Joule/cm for HT80 as suggested pre-
viously, the fracture stress-temperature curve shifts to the higher tem-
perature side under the influence of angular distortion as shown in Fig,
19, and the phenomenon was analysed successfully from the viewpoint
of critical strain [10, 11].

In addition, when the welding residual stress and the surface notch in
various depths superpose on the angular distortion, as one of the severest
service conditions, the fracture stress-temperature curve shifts to the
higher temperature side further.

Crack path

In cases of mild steel, a brittle crack initiated at the bond or the weld
metal curves to the base metal immediately as shown in Fig, 20 [12].
Therefore the crack arresting characteristics of bond or weld metal is
out of problem.

The crack path for a 80 kg/mm” high strength steel welded manually
or automatically is shown in Fig. 21 [3]. When the net stress on the
notched section is higher than 43 kg/mm?, a brittle crack propagates
along the bond or inthe weld metal.

Especially, a brittle crack always propagates straightly in the weld
metal even when the net stress is as low as 22 kg/mm?, in case of the
heat input of 35,000 Joule/cm by the Unionmelt welding which results in
the decreased brittle fracture strength. Main reason why the crack path
curves to the base metal might be the stress distribution which is the
Superposition of applied stress on the welding residual stress. In case
of the 80 kg/mm?, the ratio of tensile residual stress to the yield stress
is smaller than that for the mild steel. Therefore the effect of residual
stress on the crack path for the high strength steel is less than that for
the mild steel. In addition, since the brittle fracture strength of weld metal
is less than that for the base metal, a brittle crack is inclined to propa-
gate in the weld metal deposited by the submerged arc welding, the
crack speed is greater than that by the manual welding or small heat
input. When the crack speed is greater, the crack path might be less
effected by the stress field.

In case of a 60 kg/mm?® high strength steel, a brittle crack initiated
at the bond or the weld metal deposited by the manual welding with the
heat input of 15,000 Joule/cm curves to the base metal.

In case of the Unionmelt welding with the heat input of 35,000 Joule/
cm, a brittle crack initiated at the bond curves to the base metal. On

the contrary, a brittle crack initiated in the weld metal propagates
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straightly in the weld metal as well as for the 80 kg/mm? high strength
steel.

In case of a 70 kg/mm? high strength steel, a brittle crack initiated
in the weld metal propagates straightly in the weld metal as well as for
the 80 and the 60 kg/mm? high strength steel.

Of course, when the welded joint is stress relieved for any kinds of
steel, a brittle crack always propagates straightly along the bond or in
the weld metal, since the effect of welding residual stress cannot be
found.

Brittle fracture arresting characieristics

The brittle fracture amresting characteristics of steel plate can be

evaluated by using the double tension test or the ESSO test specimens

of gradient and isothermal temperature types as shown in Fig. 22 (13, 14].
A linear relationship between the stress intensity factor for crack

arrest, K, (equation 7) and the absolute temperature, T,, as shown in

Fig. 23 [15] exists and is expressed by equation (8).

K, = f(y)ov/(c),
/ @)
f )= "__2y tan %_y ’
Kc = Koc e_k"/TK s (8)

where, K., k, = material constant.
The stress-arresting temperature curve for any arrested crack length,
for example; 100 mm or 10 mm can be easily obtained.

Recently, evaluation of high quality steel as the crack arrester has
been made by using the large size crack arrester test specimens in
30 mm thick., in which the distance of running brittle crack at high speed
between the notch and the welded joint with crack arrester is 500, 750
and 1,000 mm, respectively, as shown in Figs. 24 and 25 [16]. It can be
concluded in comparison with the results in standard size ESSO test
with temperature gradient that the effective crack length for actual crack
length of greater than 200 mm is not 100 mm as adopted in the WES
specification, but should be greater than 100 mm as shown in Fig. 26.
The greater specimen of 2,400 mm square and 20 mm thick in similar
form to the specimen mentioned previously is being presently tested at
the University of Tokyo, and the results are shortly expected.

The brittle crack is arrested when the stress intens ity factor K is
equal to K, which were evaluated by the double tension test or the
ESSO test with temperature gradient as shown in Fig. 27 [16]. In cases
of the stiffener type and ditch type arresters, the theoretical and the
experimental analyses have been developed [18, 19].
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Table 3.
Maximum tensile residual stress for

various high strength steels
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Chemical compositions,® ¥,

Mechanical properties

Plate
o Kind of thick Y.p, T.S. Elong.

Steel” steel mm c Si Mn P S Cu Ni Cr Mo v B Al Nb (kg/mm?)  (kg/mm?) (%)
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teristics of base metal and welded jo
deposited by manual and automatic
weldings (c = 120mm, 80 kg/mm? high -
strength steel, Steel L).

Fig. 11. Correlation of increase in brittle
fracture initiation temperature of bond from
base metal,[AT‘}¢_m, and heat input

(o= 0y bond/2'5).

73/13

Fig. 10. Correlation of increase in brittle
fracture initiation temperature of bond from
base metal,[ AT ]c-40, and heat input

- (9= 9y base metal/2'5).



Fig. 12. Deep notch test specimens with surface

and internal notches.
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Fig. 15. Welding residual stress
distribution (a) longitudinal joint (b)
cross joint.
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Fig. 20. Crack path in welded specimen for mild steel [12].
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