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1. Introduction

Ships, bridges, storage tanks, pressure vessels, pipelines, and
rocket moter casings are examples of the type of large thin-walled
structures in which brittle failures have been reported.

In general, the rotch is needed for brittle fracture initiation,
and the welded joint in welded structures, where the weld cracks or
various kinds of weld defects are frequently located, hbecomes an ori-
gin of brittle fracture initiation. The welded joint is embritted by
welding thermal cycles and high welding residual-stress is superposed
at the cross joint. In addition, such mis-fabrication as the excess
welding heat input, the angular distortion and the misalignment result
in remarkably great increase in brittle fracture initiation tempera-~
ture. Consequently, catastrophic brittle failure may initiate at

ice temperature experienced.
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where
When the design stress, o, is 1/n of yield stress for base metal at

5 =8 2T (4
i oi
Tk = absolute temperature, Soi’ ki = material constant.

room temperature, the stress is expressed by

o = [olyym_rr/0 (%)
When the design stress is 1/n of yield stress for the steel quality

concerned at fracture temperature, the stress is expressed by

o= Gy/n
6
‘ ky/Tk (6)
oy = Ooye
k. = material constant.

where Goy’ <
From Bq.(1) through Eq.(6), the brittle fracture initiation tem-

perature for a crack of 2¢ long in an infinite plate can be obtained
by the following equation:

5 S 2
2(k +k )/T_ _ 2E “oi ,n” (7)
e T @ oo 2 ¢C !

The brittle fracture initiation characteristics of base metal in
an infinite plate for mild steel, various kinds of high strength steels

(HT60, HT70, HT80, HT100) and low temperature steels (Aluminum killed

steel quenched and tempered, 2.5% Ni, 3.5% Ni, 9% Ni steels) are shown

in Fig.5.1> It is noted in the figure that the brittle fracture ini-~
tiation temperature increases with crack length, the low temperature
steels (Steels L,M,N,P) show very good guality, and HT100 (Steel H)
shows higher initiation temperature than the other kinds of steel.
Fracture toughness of ultra-high strength steel for rocket motor
casing etc. can be evaluated by using the symmetrical center cracked

3)

plate as shown in Fig.4 and the following equation can be applied:
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2 s
= — = 2a
K, = ofnq o tans Y o/ W (8)
where %= half notch length, W = width of specimen.

In general, the welded joint is more brittle than the base metal
and influenced by the welding rrocedures and the heat input. In addi-
tion, Possibility of existence of crack along the bond or in the weld
metal is high., Therefore, the brittle fracture initiation characteris-
tics of bond angd weld metal are very significant. The brittle fracture
initiation characteristics of base metal, bond and weld metal for HTS0
and HT60, which were evaluated by using the deep notch test with weld-
2d joint as shown in Fig.1(b), are shown in Figs.5 and €, respective-
ly,Z) It is noted in Fig.5 that the embrittlement of bond for some
HT80 by automatic sumberged-arc welding is serious with increased weld-
ing heat input. An increase in brittle fracture initiation tempea-
ture [PL]C -0, UY'Q-B of bond from that of base metal with heat input
for HTEO (Steels A~G), FT70 (Steel M) HT80 (Steels I-L) and HT100
(Steel M) is shown in Fig.?.z) It is noted that the welding heat in-
put control is needed not for HTGO but needed for some HT70C and HT80.
2.2 Surface notch (Notch depth)

The wide plate test specimen with a surface notch of various
depths produced by machining was pulled to fracture at various tempe-~
ratures. The correlation between the fracture stress and the ratio
of notch depth to plate thickness, tl/t, at the same temperature is
shown in Fig.8 ang expressed by the following equation:4)

7-(t./t) = const = o (9)
where 0y = fracture stress for through~thickness.

5) . S
According to Irwin,”” the fracture toughness for surface notch, hIC’

is expressed by ) PL VIII-411

B
2 1.202 . ol 10
KIC = 5T—————————— Dt-tan >t (10)

®° - o.alz(o/ay)2

where (c —t > £y ;
—-————)51n 9-de for + <0.5 (11

It has been found from the test results for various welding
Procedures that the sharp corner at the toe of reinforcement in
laterally welded joint without any surface notch has a equivalent
notch depth, t', of O.3~1.5mm.6)

3. Angular distortion

When two plates are welded not in a plane but with angular dis-
tortion due to mis—fabrication, the brittle fracture initiation tempe-
rature increases with angular distortion for HTE0 welded by submerged
arc welding with heat input of L0 ;000 Joule/cm as shown in Flg 9. 2
4, Superposition of angular distortion or misalignrent on surface notch

In case of the Superposition of angular distortion or misalignment,
stress intensity factor, KIC is expressed by the following equations:

6)8) For notch length less than 15 times plate thickness

K=K +K
P B
eK +AX ¢
= f(c/b)——o ﬂc+6£§§ ;i)YB- : -&0 fo: (12)
For very long crack
K = f(tl/t)afrtpsyBE‘Te:d”dqﬁl— (13)

For toe of reinforcement in laterally welded joint without sur-
face notch, the equivalent notch depth, tl' should be taken instead of

ty in Eq.(13).

where m =4/3(1- uz)—-— (14)

¢ = half length of surface notch, b = half width of sSpecimen,
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(o)

tl/t = ratio of notch depth to plate thickness, e = angular
distortion for span R, 4 = misalignment, = Poisson's ratio,
(7, o Nd, Ke’ are shown in Fig.10(a)-(d).

The brittle fracture initiation temperature increases by several
times lOOC, with angular distortion depending on the ratio of notch
depth to rlate thickness.

5. Welding residual stress

When the maximum tensile residual stresses in the direction of
longitudinal joint for longitudianl joint and cross joint are denoted
by 01 and %5 respectively, the ratios of Ul aad 02 to pguaranteed
yield stress,qy, for various high strength steels are presented in
Table 1.2)

When the welding residual stress is superposed on the notch, its
stress intensity factor is greater than that without residual stress
as shown in Fig.11, and the brittle fracture initiation temperature
increases by several times 10°C by superposition of residual stress.
The effect of residual stress on an increase in brittle fracture ini-
tiation temperature is found in the zone of shadow lines for ¢ = 20 or
R0 mn for the yield stresses 50, 6O, 70, 90 kg;/mm2 which represent 60-,
70-, 80-, 100 kg/mm2 high strength steels, respectively.

6. Stress~relieving heat treatment

Although the stress-relieving heat treatment results in an in-
trease in fracture stress due to the relieving of residual stress,
the steel quality is influenced by the heat treatment. Change in
brittle fracture initiation temperature of bond [Ti}c:hO caused by
stress relieving treatment with various heat inputs for ¢= ay(bond)/
2.5 is shown by arrows in Fig.13. The upward and the downward arrows

indicate respectively the increase and ‘ecrease in brittle fracture
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initiation and their magnitudes. An example of base metal is shown
only at the furthest ieft side. For all céses, except the case of HT70
at 40,000 Houle/cm, cooling was carried out in a furnace. Embrittle-
ment caused by stress-relieving heat treatment is at a maximum of 20°,
In addition, it is found that air cooling is better than furnace cool-
ing. However, it has been found for HT80 experimentally that the weld
metal deposited by sumberged arc welding is sometimes embrittled seri-~
ously by stress-relieving treatment.
Zs Prestraining

In general, the prestrain in bending of plates in fabrication of
welded structures is at a maximum of 2 to 3%. It is proved that the
effect of difference in loading such as bending and tension on the em-
brittlement of steel is negligibly small. Therefore, the deep notch
test specimens taken from prestrained plate have been tested. The cor-
relation between the prestrain and the increase in brittle fracture
initiation temperature of prestrained plate from the virgin material
for ¢ = 40 mm, ¢ = oy(base metal)/2.5 for mild steel, 60, 80 and 100
kg/mm2 high strength steels and 9% Ni steel is shown in Fig.14.9) It
is noted that the embrittlement caused by prestrain for HT60 and HT80
is relatively small. However, it has been found experimentally that
the prestrained weld metal deposited by submerged.arc welding for HTS80
results sometimes in Serious embrittlement.
8. Curvature

If the effect of curvature of curved plate in cylindrical vessels,
ripes and spherical vessels on the brittle fracture initiation charac-
teristics is found, the fracture stress for curved plate with any cur-
vature can be estimated from that for flat plate in deep notch test.
The line pipe with a through-thickness axial notch is pressurized to
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where 6, = hoop stress at fracture for through-thickness notch.
It is well-known that the difference in pressuring medium such as the
liquid and the gas results in the same fracture stress and different
brittle fracture propagating charscteristics.
9. Structural discontinuity

Yhen a notch is located in the region of stress concentration,
where the plastic strain exists locally due to stress discontinuity,
the linear fracture mechanics cannot be applied, but the COD concept
should be introduced. COD criteria in the region of plastic strain ié
proposed by Burdekin et al.lB) Recently, a series of experimental
checking of Burdekins' proposal, aad study on the brittle fracture
initiation characteristics of a three dimensional model with a notch,
which modifies a part of ship structure, are planned at a committee,
Shipbuilding Research Association of Japan. The results will be ex-
rected for their application to sh:p structures, nozzle of pressure
vessels, bridges and other structures.
10. Estimation of [Ti] and KIC from results of small size test

Although the brittle fracture initiation temperature, [Ti]c=40,
and the critical stress intensity factor, KIC’ obtained by using deep
notch test specimen can be estimated from the stress intensity factor,
K, and the stress or COD value by using various notched test specimen,
the estimation from V Charpy test data is more desirable practically.
Since the wide plate test specimen such as deep notch test specimen is
generally in full thickness, the effect of plate thickness should be
taken into account for good relationship with V Charpy test data.

For base metal, bond and weld netal, respectively, a correlation
between S50% FATT in V Charpy test, . and [Ti]c=40, gy/a in deep

S
14)

notch test is expressed numerically by the following equation:

PL VIII-411



10.

&% = 0.6879% | T1.g+7.83yT ~54(0K)
i c-eo,oy/z u 7 ) (19)

wh = yie: i
ere uy/au = Yyield ratio, t = plate thickness,
For bond on1 a ati
¥ correlation between KIC for 40 mm thick, which is ob-

tained by g i : i
Y applying Eq.(25), and v Charpy energy, VE(kgm), at the same

+ : -y
emperature in the transition region can be expressed by the following

equation:6)
Kig. 2 E
Foatl - v
35507 = 300(==) (20)
v

From [T, B {
[ ;1 by Eq.(19) or Kio by Eq.(20) and the effect of various fac-

— . Socsen e a
TS on the brittle fracture initiation characteristics, proper T
v

- rs
or VE in V Charpy test needed for safety design of weldeg structures

can be determined under given boundary conditions.
11. Arrest of Propagating brittle crack

The brittle crack propagates at high speed. It ig well known that

i
the cracl i ith
+8CX sSpeed increases with decreased temperature, increased stress

and ) . .
a decreased steel quality. It is needed for arresting a Propagating
brittle crack at high speed to reduce the crack speed down to the criti-

cal crack speed for propagation of 150~300m/sec.15) As the laboratory

¢ :
est, in general, Robertson test, double tension test and ESSO test with

temperature gradient are conducted. A linear relationship between the

logarithm of critical stress intensity factor for crack arrest, g
C»

btai ] i
obtained from Eg.(21), and a reciprocal of arresting temperature in

K= M oy (21)
£ () :,/f%tan€;, ¥ = o/b (22)

(23)
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where ¢ = arrested crack length, b = specimen width, Ko, k = material
constant.
12. Crack arrester
In the design of ship structure, the better quality steel is ar-
ranged at the gunwale and the bilge as the crack arrester so as to
arrest a propagating crack at high speed. In Fig.16, a brittle crack
initiated by means of wedge impact at V notch of wide crack arrester

specimen under uniform temperature and applied stress propagates down-

]

ward and the long brittle crack is or not arrested in the arrester
plate of Grade E steel (or normalized killed steel) depending on the
crack length, the temperature and the applied’stress.lT)

The correlation between the applied stress and the critical tem-
perature for crack propagation-arrest rlate for various crack lengths
of 500, 750 and 1,000 mm, respectively, which is the distance between
the edge of brittle crack initiation side and the welded joint with
crack arrester plate, is showﬁ in Fig.17. It will be noted in the
figure that the crack arresting characteristice of Grade £ steel as
the crack arrester for propagating long crack at the lowest service
temperature of 0°C and the level of half yield stress should be dis-
cussed. The correlation between the length of propagating brittle
crack down to the arrester rlate, c¢, and the effective crack length
for arrest,ceffect, which is determined from the requested critical
stress intensity factor for arrest expressed by K, = awceffect’ is
shown in Fig.13 and expressed by

Coffect = O+lc + 190 (mm) _ (24)
When the steel quality and the design stress are given, the proper
arrangement or the distance between Grade B steels as the crack

arrester, c, can be determined. When ¢ is given, the requested K. at
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In general, the notch ductility decreases with increased plate
thickness T ; R 5 " ’

b S« Ihe brittle fracture initiation characteristics fropy a
crack undep static tension is evaluated by the deep notch test and the
arresting characteristics is evaluated by such crack arrest test as
double tension test or LSS0 test with temperature gradient. Correla-
tions betwsen the brittle fracture initiation temperature, [T.] W0

1 c=4

0,/

ness, and the change in these temperaturess rer 1 mm thick are shown in

/2,50 Arresting temperature,[Ta]C_lo 100, 0,/2 #0d the plate thigk-
- = ] 1yl <

Fizs.19 . ~n 13)19)20) = ; . ;
“185.19 and 20. Lt is noted that the change rate is serious
L0r less thanp 3.2 mm thick and small for greatser than 35 gy thick.

In the wgg Specification for Jow temperature structural steel,
WES—116,16> the brittle fracture arresting charactepis: e~ for any

2 e i e ‘Ure arresting char eristics for any
thick plate (10~EO mm) is evaluated from the effect of plate thickness
which is based on that for 20 mm thick plate. Effect of plate thici-
e85 is foungd not in material constant, k, but ip Ky in Eq.(23),

The plate thickness coefficient fa(t) for arrest is defined as
the ratio or Ky for any thickness to Ko for 30 mm thick, Ko(jO% as
the basie value, zng ig ex<pressed by the follewing equation for plate

thickness of 10-50 mm:

" 8 any ~k/ Ty, o
Kot 1) = 2K, (30)e ™% Tk (2k)
The plate thickness coefficient for brittle fracture initiation

and arrest, £;(t) ana £.08), respectively, for plate thickness grester
than 10 my is proposed as follows:

£i0t) = 1-0.043(t-40) o) t = 10-40 mm (25)

L VITI-411

13,
£(t) = 1-E(4-30) 16) t = 10-35 m
a 20
= 0.75 t > 35 mm
= l-—l—(t-so) 19) = 35.200 mm (28)

230
14. Estimation of X, and T, fronm results of small size test

The critical stress intensity factor for arrest, Koy and the-
arresting temperature, T4, evaluated by using the wide plate test
Specimen with temperature gradient, can be estimated from such criteria
as 50% FATT in bressed notch Charpy test, ples 50% FATT in v Charpy
test. vIpgy NDT temperature in NRL drop weight test for nuclear preg-
Sure vessels,

In W”S—l}6,16) a list of requested energy transition temperature
in V Charpy test, vTrEv is presented for any given stress level and
Service temperature by combining the relationships between K., pTC in
bressed notch Charpy test, vlrs and VTFE in v Charpy test, respective-
1y

50% FATT in drop weight tear test (DWTT) applieq for evaluation
of fracture toughness of line ripes is closely related with rle and
vIrss therefore, with the brittle fracture speed and the brittle frac-

)
ture arresting characteristics.ll'
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Plate
Steel Kind of steel thickness Cc
(mm)
A Nermalized, killed 20 0.20
B HW 36 (HT 60) 20 0.17
{5 HW 30 (HT 60) 25 0.14
D | HW 63 (HT 70) 20 0.16
E HW 50 (HT 10) 25 0,15
F HW 70 (HT 80) 1 0.15
G HW SO (HT 80) 20 [US B
H HW 40 (HT 100) 25 0.15
1 HW 90 (HT 100) 13 0.15
] QT Al-killed 33 25 0.10
K QT Al-killed 37 20 o1
L QT Al-kitled 58 26 6.10
M 2.5% Ni 20 0.0y
N 3. 5% Nt 20 0.06
P o Ni 20 0.07
Q Semi-killed 2% 0.19
& HW 50 (HT 60) 25 C.15
S HW 63 (HT RD) 45 .11
T HW 70 (HT 80y 20 0.11
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I
oy a; 02
Steel ;
tee (kg/mm?) (kg/mm?) 01/0)’ (kg/mm?) 02/0)’
HT 60 50 42 0.84 83.17 1.08
HT 70 60 44 0,73
HT 80 70 45 0,64 47.5 0.69
HT 100 90 48 0.53

d Guaranteed yield point.

Kj

td

Stress Intensity Foctor K

Table 1 Maximum residual tensile stress for
longitudinal and cross joints, ¢, 0,.

Half Crack Length

w3
Fig
P1g.

11 Effect of residual
stress on K~C curve
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