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ABSTRACT The paper presents the experimental heat affected zone (HAZ) crack tip opening
displacement (CTOD) data in terms of the size and number of local brittle zones (LBZs) hit by
fatigue pre-crack which was carried out by the Fracture Toughness of Weldments (FTW) Com-
mittee of the Japan Welding Engineering Society (JWES). The data plots of the critical CTOD
versus LBZ size lead to the observations that the so-called ‘LBZs’, which include coarse grain
HAZ (CGHAZ), subcritically reheated coarse grained HAZ (SRCG), intercritically reheated
CGHAZ {(IRCG), and tempered IRCG (TIRCG), have fracture toughness values (5.} with large
scatter, but the mean value 4, scems to be represented by a function of LBZ size. The relation
between J, and LBZ size may differ from one type of LBZ to another, but due to rather small
number of valid experimental data the above relationship was assumed same for all types of
LBZ except TIRCG which was shown to resume its toughness considerably by tempering effect,
A probabilistic model is proposed which consists of &,, the average value of 8, versus LBZ size,
the Weibull type distribution of 8, for a given _, the experimentally obtained probability of size
; of an individual LBZ and that of number of LBZs hit by a fatigue precrack of CTOD specimen,
‘ and assumes that the smallest &, out of probabilistically determined &, for individual LBZ hit by
a fatigue precrack controls the overall 8, of a HAZ CTOD specimen {weakest link concept).
Numerical simulations based on this model compared well with the experimental results. API
requirement on HAZ CTOD testing is discussed on the basis of numerical simulations. Plate
i thickness effect is predicted taking mechanical and metatturgical contributions into account,

Imtroduction

It was found in the early eighties that CTOD testing on the welded joint of the
steels used for offshore structures occasionally showed very low level of frac-
ture toughness in terms of critical CTOD. It had been well known that small
local brittle zones (LBZs) actually existed in HAZ of the conventional C—Mn
steels. But the above findings forced the fabricators and the users to have
renewed concern about material selection and welding procedure.

f Fortunately, no serious accidents of offshore structures directly caused by
LBZ have occurred yet, but there still prevails an anticipation that some
vicious combination of unfavourable conditions may lead to a catastrophic
faiture. The CTOD testing, wlich is considered to be more sensitive to LBZ
than the Charpy ‘V’ testing, is now becoming one of the routine testings
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634 DEFECT ASSESSMENT IN COMPONENTS

required by specifications and/or codes for the selection of materials and
qualification of welding procedures (1)-(3).

On the other hand, the significance of existence of LBZ has not been well
clarified yet. Some engineers claim that HAZ CTOD testing required by codes
and/or specifications (¢.g., API-RP2Z) is unnecessary and meaningless because
it leads to unrealistically stringent toughness requirement.

This paper is not intended to answer the above argument but to propose a
probabilistic model of the critical CTOD, which depends on LBZ size and
number of LBZ hit by a fatigue precrack. The experimental results of HAZ
CTOD testings (3PB test) carried out by the FTW Committee of the Japan
Welding Engineering Society were analysed using the model and compared
well with the numerical simulations. The effect of LBZ on CTOD, i.e., which of
the total size and an individual size of LBZs points to low CTOD, is discussed.
Meaning of the requirement of API-RP2Z for HAZ CTOD testing is also
discussed and a method to evaluate a conservative estimation of HAZ CTOD
is suggested. The plate thickness effect considering both mechanical constraint
and probability of existence of LBZs is also discussed.

Experiment

The base metal used for testing was 50 mm thick 500 N/mm? class high
strength steel plate normally used for offshore structures and is equivalent to
BS 4360-50E. Chemical composition and mechanical properties are shown in
Table 1. The overmatched welded joints, *X* and ‘K’, with SAW weld pass
sequence are schematically shown in Fig. 1. Every pass was layed with almost
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(a) K-weld joint

(b) X—weld joint
Fig 1 Weld pass sequence of *K* and ‘X’ weld joint
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Table 1 Chemical composition and mechkanica] properties of stee] used

Mechanical properties

Y.P.
(N/mm?)

Chemical composition (wt percent)

TS.
(N/mm?)

Thick-

Elong.

Nb (%)

Mn
1.44

Si

ness

Steel grade
BS 436050 E

28

586

0.001 0.003 0,024 518

0.003

0.08 0.34

50 mm

835
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Table 2 Welding conditions of SAW

Welding Current Voltage Speed Heat input
method (Amps) V) (cm/min) (kJjcm)
Submerged 850  31~33 26~30  56~64
arc welding

same welding conditions as shown in Table 2. The B x 2B three-point bend
specimens for CTOD testing were made. Through thickness machined notch
with fatigue pre-cracking after local precompression (platen diameter 2 2/3B,
compressive plastic strain = 0.8 ~ 1.2 percent) was made to hit the specified
LBZ in each of the specimens. An example of macro-etched photograph is
shown in Fig. 2 for a ‘K’ joint. The test temperature of —60°C was chosen
based on the results of a secries of tests to obtain the transition curve. The
temperature of —60°C is about in the middle of transition temperature zone,
The scatter of CTOD data obtained from 13 to 20 specimens tested at
—60°C for X” and ‘K’ welded joints, respectively, is shown in Fig. 3 in terms
of the Weibull plot. At this temperature all the critical CTOD values were §,
by way of BS 5762 5 notation, Both data approximately fit to the two param-
eter Weibull type distribution. The smaller scatter of ‘X joint (larger shape
parameter of Weibull distribution) could be attributable to the smaller number

Fig 2 An example of macre-etched photogragh
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Fig 3 Scatter in CTOD values of ‘K’ and ‘X’ weld joint at —60°C (Weibull plot)

of LBZ hit by a fatigue precrack in ‘X’ joints as compared to ‘K’ joints which
normally have a fairly straight weld fusion line.

Identification of microstructures in HAZ (4)

Figure 4 shows an example of the results of metallurgical microstructure iden-
tification which was made through heat fiow analysis using the Adams’ equa-
tion {5} given by

1 4.13¢ 1
==Ly o)
Gmax "7 80 (q/u) Qm - 60
where
... = maximum temperature attained

#, = initial temperature
g = heat-input per unit plate thickness |
y = a distance from weld fusion line |

0., = melting temperature
¢ == specific heat
u = welding speed
p = density
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Fig 4 An example of metallurgical microstructure identification by heat flow analysis
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Equation (1) was simplified to

1 1
— 4
6mﬁm—gﬁ y+ 8m__BO

where A is a constant. The value of A4 is determined by setting 8, = 900°C,
8. = 1550°C, T, = 200°C and y = HAZ width.

From the above heat flow analysis, eight regions subjected to different heat
cycles were identified as shown in Fig. 4. The microstructures produced by the
first and a subsequent pass (double heat cycles) are classified into four kinds of
coarse grain zone as shown schematically in Fig. 5 (6). Eventually the follow-
ing four microstructures were adopted as LBZ, ie., (1) coarse grain HAZ
heated up to above 1250°C by subsequent pass: CGHAZ, (2) subcritically
reheated CGHAZ :SRCG; (3) intercritically reheated CGHAZ:IRCG; (4) tem-
pered IRCG heated up to above 450°C. TIRCG. Ali of the above four regions
could be called grain coarsened zones and the API-RP2Z refers to them just
as ‘coarse grain zones’ and makes no discrimination between the above four
different microstructures ().

(ta)

Relation between the critical CTOD and LBZ size

Figure 6 shows the critical CTOD versus the width of LBZ which was
responsible for the crack initiation. The number of data shown are limited to
those which were clearly identified to be crack initiation sites from the obser-
vation on the photo-macrographs. As a function of width of LBZ, the experi-
mental data shows a general trend that . decreases with increase in LBZ size
but with a considerable scatter which implies that the individual data of
CTOD is resulted from a certain probabilistic process. Figure 7 shows CTOD
versus maximum LBZ size which shows again considerable scatter. Figure 8
shows CTOD versus total of the individual size of LBZ which shows more or
less similar tendency to Figs 6 and 7. It may be concluded that none of three
data presentations is evidently superior to the other two.

Probabilistic analysis and proposed modei

Figure 9 schematically illustrates a proposed probabilistic model of HAZ
CTOD which includes LBZs. It is assumed that there is a relationship between
the mean CTOD (8,) versus the individual size of LBZ(/) as shown in Fig. 9,
ie., the mean value of CTOD may be expressed by an analytical function of
LBZ size, and another assumption made is that CTOD can be approximated
by the two parameter Weibull-type distribution with constant shape param-
eter. The relation between the mean CTOD and the LBZ size is deduced from
the weakest link model assuming the CTOD distribution can be represented
by the Wetbull distribution (7} as follows.




640

DEFECT ASSESSMENT IN COMPONENTS

Aci

| N AT

Acsy

AVAN

Acs

\ /\Ac;

5

/\\ Acs
1

L0
o /
S
= L L » ot
= e el
o 1
2 -
T 2 3
gg a N |
o Q = N <
=Y A >z <3 TQ
= » s =
>5 @ 5 5 O < £ <«
T 82 s 0 ST g T
O 29 - 2 a O o O
2P o 2o = g
e g~ s e é,g
o LR, t @
33 g ° 2 5
3 Q c o .= g
LS — o L a
& I7 =
"’.

A
%

bead 3
bead 2
bead 1

Fig S Schematic illustration of microstructures generated by beat cycle by welding

mm

Critical CTOD ,

EFFECT OF LOCAL BH?TTLE ZONE 641
_ O :K-weld joint
™ @ . X-weld joint
1.0 [~ |
05}
O
Ce
0.1k
T C
n o O
0.05
B &
'S O
O
0.01}F
I | | z I
0 1 2 3 4 5

LBZ size at crack initiation point,
Fig 6 Critical CTOD versus LBZ size at crack initiation point

mim




642

mm

Critical CTOD ,

DEFECT ASSESSMENT {N COMPONENTS

O K—weld joint
= @ . X—weld joint

1.0

0.5

0.1

0.05

0.01

o
—
[
[o8 ]
N

Maximum LBZ size, mm
Fig7 Critical CTOD versus maximum LBZ size

mm

Critical CTOD,

1.0

05

e
aak

0.06

0.01

EFFECT OF LOCAL BRITTLE ZONE

643

lIiII

O K-weld joint
& . X—-weld joint

<

Total LBZ size, mm

Fig 8 Critical CTOD versus total LBZ size

15




844 DEFECT ASSESSMENT IN COMPONENTS
| a dg, LBz oI dc, Lz
< f(dc, Lez) =~ Y expi-( )
w I g B p
© o
c =
S 2
5 L
| _ a
% £ (5C’L52)€=Con3t.
28 |
T =
4= o
% —_
£ 8
B r
Q } .
T ©

CTOD distribution of LBZ

LBZ size, £ .
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Consider two LBZs with size of [; and I, (I; > 1)), and assume that the
probability of the occurrence of fracture below the value J, for LBZ with size
I, can be expressed in terms of the probability distribution function for LBZ
with size I, on the basis of the weakest link concept as

Fy0) =1 — {1 = F(8}*" 2

where

F,(8,) = probability distribution function of LBZ with size /,
F,(8.) = probability distribution function of LBZ with size /,
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Let F(3.) be the Wetbull distribution expressed by

Fi)=1— exp {—(g—)} 3

Then substituting equation (3) into equation (2), F,(8.) is expressed by

el @]

where
12 1fay
o =ay(=0) and B,=f, / (,—) (42)
H
From equation (4a}
Bl = f% 1, = constant )
Because
- 1
é. = I’ (1 + ;) (6)

Equation (5} is equivalent to

(8, 1nz)” * | = constant (7
where Sc, cgz = the mean critical CTOD as a function of LBZ size L

For HAZ CTOD specimen having varied number and size of LBZ, each
LBZ gives its own J, value, It is assumed that among various §, values corre-
sponding to individual LBZ, the smallest value controls the overall behaviour
for the specimen, i.e. experimentally obtained .. The distribution of this &, is
schematically shown on the ordinate of Fig. 9 termed as ‘Resuitant distribu-
tion of critical CTOD for weld HAZ', which happened to be approximated by
a two parameter Weibull distribution again as shown in Fig. 3, although this
distribution cannot be deduced theoretically. But apparently the data imply
that the Weibull distribution with three parameter will better fit to the experi-
mental data, which is more rational from physical viewpoint.

As mentioned above when we assume the weakest link concept taking
account of individual, maximum, and total LBZ sizes, the resultant marginal
distribution of CTOD (4,) may be represented as shown on the ordinaie of
Fig. 9. The resultant probability distribution function of the critical CTOD for
weld HAZ can be approximated by

F(d)=1—exp {—(2—)} _ )

Figures 10 and 11 show frequency distribution of the number of LBZ and
the size of LBZ hit by fatigue pre-cracking for the ‘K’ weld joint, each figure
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shows the experimentally obtained data as well as the idealised relative fre-
quency distribution used for numerical simulations, respectively. In the above
mentioned simulation model, only CGHAZ, SRCG and IRCG are considered
as LBZs, and discrimination between toughness level of these three regions
was hard to make because of small number of experimental data. Moreover
the test temperature of —60°C is the transition temperature obtained from a
series of conventional 3PB HAZ CTOD tests, and this temperature is prob-
ably so low for LBZs that toughness levels are in the lower shelf toughness
which are almost same among different LBZs. The TIRCG will be considered
later because tempering is considered to improve toughness considerably.

Numerical simulations (Monte Carfo simulation)

Figure 12 shows the Weibull plot of 12 experimental results of CTOD testing
on the ‘K’ joint comparing with 2000 numerical simulations where LBZ defined

dc 116
1 N J =1 - -
O Experiment ! F{dc)=1—-exp (0_0927) 1
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Fig 12 Comparison of Weibull plot of the critical CTOD from experiment and simulation
(LBZ = CGHAZ, SRCG, IRCG)
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as grain coarsened regions ie, CGHAZ, SRCG, and IRCG, both showing
almost the same Weibull distribution with « = 1.16 (same for both results),
and § = 0.927 mm and 0.923 mm for the experiments and the numerical simu-
lations, respectively. Anyway, the difference between the experiments and the
numerical simulations is very small, showing the proposed model represents a
good model to predict HAZ CTOD versus size of LBZs (CGHAZ, SRCG,
IRCG).

In Fig. 13 the first 200 critical CTOD data out of 2000 data generated by
Monte Carlo simulations are plotted against LBZ size defined as total of the
individual LBZ size based upon the above mentioned model, showing very
wide scatter but mean trend of decreasing CTOD as LBZ size increases.
Figure 14 shows a result but LBZ size was taken as LBZ size of crack initi-
ating point when it was clearly identified. The results of 2000 numerical simu-
lations are shown as mean value of §,(8,), and 95 percent and 90 percent lower
confidence limits (. 5, d, ) together with experimental data. Figure 15 shows
a similar result for J, versus maximum LBZ size, Figure 16 shows J_ versus
total size of LBZ. Any of the above three numerical simulations show a very
big scatter of the critical CTOD which may pose a practical difficulty to make
a conservative estimation of CTOD value from relatively small number of
specimens, Thus 95 percent and 90 percent lower confidence limits obtained
from 2000 numerical simulations may make a reference for the conservative
estimation of lower limit of weld HAZ CTOD from a small number of speci-
mens. This observation may have an association with the experimentally
known fact that the lower bound critical CTOD values seen have almost no
relationship with the LBZ size.

Unfortunately, the number of experimental results are small (83—11 data), it is
difficult to make clear evaluation of the validity of the proposed model. When
the LBZ size is small, say less than about 1.5 mm, the size of LBZ at crack
initiating point seems to determine the critical CTOD, but when the LBZ size
is relatively large, say larger than 1.5 mm, maximum LBZ size and total LBZ
larger than 5 mm seem to give good estimation of mean CTTOD. As far as
lower bound estimations {90 or 95 percent confidence limits) are concerned,
LBZ size at crack initiating point gives the lowest, and whereas maximum
LBZ size give higher estimation particularly when the LBZ size is small, say
less than 1 mm, but for total LBZ size lower confidence limits estimation may
be too conservative when total LBZ size is less than say 4 mm.

Effect of tempering

Even if the TIRCG is included in the L.BZs, a similar procedure can be
applied, but it was clarified (8) that tempering above 450°C improves the frac-
ture toughness considerably but the amount of toughness increase depends on
the chemical composition and the tempering temperature. In reference (8), the
third heating above 450°C was defined as “tempered’. It is assumed for simpli-
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city that TIRCG resumes its toughness up to 4 times of that without temper in
terms of the mean CTOD, with the value of ' unchanged.

Figure 17 shows the Weibull plots of the experimental data and those of
2000 numerical simuiations taking this time the TIRCG into the model. Both
results again fit well to the Weibull distribution and the simulations are in
good agreement with the experiments. Comparing with Fig, 12, the change in
the Weibull parameters is small. But it is more clearly implied than Fig. 12
that the Weibull distribution with three parameters should be adopted to
immprove the proposed model. Figure 18 was made to consider about API
RP2Z requirement that a specimen with a fatigue precracking sampling total
LBZs size less than 15 percent of plate thickness is invalid. Our results of
simulation show that 15 percent sampling of LBZ has probability of about 40
percent, that J, value is lower than those experimentally determined from
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valid testings. The value of § decreases only to 30 percent even if the value of
X is increased up to 20 percent. X more than say 20 percent will give diffi-
culties for making valid specimen. Hence, it could be suggested from the prac-
tical point of view that a kind of safety factor depending on the value of X
may be used.

Figure 19 shows relation between percent CG region (X) versus &, normal-
ised by 8, to compare the Fairchild’s experimental results (9) with our simula-
tion (LBZ = CGHAZ, IRCG, SRCG, TIRCG). The results of simulation gives
quite similar results to those by Fairchild and a ‘void area’ may suggest that a
specimen with percent CG region less than ~8 percent is invalid.

Effect of plate thickness

Effect of plate thickness on HAZ CTOD is twofold; one is due to triaxiality of
stress state or plane strain condition, say ‘mechanical effect’, the other is, say
‘metallurgical or statistical effect’, which comes from the fact that the thicker
the plate the probability of the number and size of LBZ hit by fatigue precrack
will increase. Both effects results in the fact that the thicker joint tends to show
lower toughness.

As for the mechanical effect, a number of theoretical and empirical expres-
sions have been proposed. The one we adopted was derived by Kawano {10).
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The mechanical plate thickness effect on CTOD is expressed by

ep (2 V' {0.79 + afor — 1.3)}¥-1/2 (0.85 - 5)/0.7”
e \W/3 ' ' 2

where

a=(1 -2, y=102(B + 52), B =10mm,(B = plate thickness {mm})
8,1 = CTOD for plane strain condition
dcg = CTOD for plate with thickness B mm

N = strain hardening exponent (£ /ey = F * (7 ,/6v)")

Regarding the metallurgical effect, the experimentally obtained frequency
distribution of the number of LBZ for ‘K’ joint HAZ hit by fatigue pre-
cracking is shown in Fig. 20 for 10, 25, and 50 mm thick plates, respectively.
The frequency distributions for 10 and 25 mm thick plates were determined
from that experimentally obtained data for 50 mm thick plate with the
assumption that the welding conditions are unchanged and thus the size and
distribution of LBZ are the same.

Figure 21 shows the Weibull plot of numerically simulated 2000 data for
HAZ CTOD of 50, 25, and 10 mm thick plates. The shape parameter is almost
the same for the varied thicknesses. For cumulative probability of 50 percent,
5. values are 0.07, 0.18, and 0.8 mm and the values for 25 and 10 mm thick
plate to that for 50 mm thick are 2.57 and 11.43, respectively, showing a quite
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significant plate thickness effect compared with fracture toughness of non-
welded plate. i only the mechanical factor is considered, the above ratios will
be 1:1.45:3.94 which reveals that in case of HAZ CTOD, plate thickness
effect is controlled primarily by the metalturgical factor.

Cenclusions

The HAZ CTOD data under the influence of the existence of small local
brittle zone (LBZ} along the pre-crack front were statistically analysed through
the numerical simulations. The proposed statistical model to analyse the effect
of the LBZ on the CTOD value is based on the weakest link model with the
assumption of Weibull distribution with two parameters for the toughness of
the LBZ as well as probabilities of the size and the number of LBZ hit by a
fatigue pre-crack front. They were determined from the heat flow analysis of
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Fig 21 Estimated effect of plate thickness on ‘K’ weld joint HAZ CTOD test in terms of Weibull
plot from 50, 25, and 10 mm thick plates

multi-pass weld for cach specimen, Following conclusions may be drawn from
the present study.

(1) A probabilistic model for the anatlysis of the effect of LBZ on the critical
CTOD of weld HAZ was proposed. The relation between the mean CTOD
and the LBZ size was deduced from the weakest link concept by assuming
the two parameter Weibull distribution for the critical CTOD of LLBZ, The
frequency distributions of the number and the size of LBZ hit by fatigue
precracking were also assumed in accordance with the empirical results.
The probabilistic distributions of the experimental CTOD values, which
could be approximated by again the two parameter Weibull distribution,
was well explained by the numerical simulations using the proposed sta-
tistical model.

(2} The Monte Carlo simulation was carried out using the proposed probabil-
istic model and compared with experimental data in terms of critical
CTOD versus LBZ size at crack initiation point, maximum LBZ size and
total LBZ size along the pre-crack front. The numerical simulations shows
the effect of LBZ size on the CTOD value, and are consistent with general
trend in the experimental results. Although it is difficult to discuss in detail
because of a large scatter and a lack of systematic experimental data, the
proposed statistical model seems to be reasonable to explain the effect of
LBZ on the CTOD of HAZ.

(3} Effect of tempering is taken into account and it was revealed the above
conclusion is also valid.
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(4) Numerical simulations have been carried out to clarify the meaning of API
recommendation on the ratio of coarse grained zone occupied along the
crack front. Present analytical results are consistent with the experimental
tendency obtained by others and show the API recommendation of 15
percent on the coarse grained zone ratio to whole length of the crack front
is not always conservative to get eventual low CTOD value.

(5) The effect of specimen thickness on the CTOD values of HAZ was also
investigated using the statistical model taking also into account of the
mechanical constraint effect. It was shown that in case of HAZ CTOD,
plate thickness effect was controlled primarily by the metallurgical effect.
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