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Recent Trend of Researches on Restraint Stresses and Strains

for Weld Crackingy

Kunihiko SATOH?*, Yukio UEDA** and Hiroshi KIHARA***

This paper describes the present status of researches on restraint stress and strain in relation to weld cracking, based
on the information obtained from the results of investigation so far performed mainly in Japan. Two kinds of approach
are included, which are the concept of the restraint intensity and analyses by the finite element method. The former is
rather macroscopic and is of practical usefulness to avoid weld cracking in real structures. The latter gives more precise
information about local stress and strain in weld and transient thermal stresses during welding. Future problems to be

solved are also discussed.

1. Introduction

Concerning weld cracking, there are unlimited
number of factors, both- mechanical and metallurgical,
which influence the initiation of crack. However,
the mechanism of the cracking may be simply stated
from the mechanical aspect that the weld crack initiates
when the stress and strain induced at a point reach the
critical values. Therefore, it will be easilly understood
that fundamental problems are to obtain more accurate
information concerning the criterion of weld cracking
and the stress-strain history at a point where the crack
initiation is expected.

When our attension is limited to mechanical char-
acteristic of the cracking, the stress and strain history
is most concerned in the entire course of weld thermal
cycle. To the present, it is very difficult to collect
such documents that give complete information on the
stress and strain history. One of main reasons to this
fact may be pointed out that it has been very difficult
to estimate it both experimentally and theoretically.
However, concerning the weld joints under -external
restraint, a typical example of which is bothends-
clamped joint as shown in Fig. 1, the reaction force
induced, or the intensity of restraint, well predicts the
weld crack initiation without detail knowledge on the
stress and strain history at a point where weld crack-
ing is expected. Accordingly researches in this field
have been mainly directed to evaluate the intensity of
restraint of the weld joint.

The question is naturally arised whether the con-
cept of the intensity of restraint can be applied always
to predicting the initiation of weld crack or not. In
general, thermal stresses induced during welding are

attributed to the restraint of free thermal expansion by
the surrouding continuum or structural elements. As
far as weld joint is externally restrained, the concept
could be applied. On the other hand, the problems of
cracking in weld joints free from external restraint do
not appear to belong to the same kind. In this case,
the crack initiation should be discussed by the stress
and strain in the weld, which produced by the in-
ternal restraint, that is the restraint due to the different
rate of cooling during the cooling stage of the thermal
cycle. Therefore, to the latter problem, a different ap-
proach is neccessary, that is, the evaluation of the
local stress and strain is basically required either theo-
retically or experimentally.

Based on the above discussion, it may be reduced
that the weld joint is always subjected to stress and
strain by the internal restraint and in some cases,
superposed those by the external restraint.  Although
it is fundamentally required in any cases to obtain the
local stress and strain at a point where the crack initi-
ation is expected, the concept of the intensity of (ex-
ternal) restraint well predicts the condition of the crack
initiation within the practical degree of accuracy in
simple cases, without consideration of the existence of
stress and strain by the internal restraint.

In this paper, the present status of researches on
restraint stress and strain will be described in relation
to weld cracking based on the information obtained
from the results of investigation performed mainly in
Japan, with the intention to reply the request made at
the Joint Meeting of Commissions IX and X of the
annual assembly of the IIW, held at Stokholm in 1971.
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2. Fundamental Concept of Intensity of Restraint

As mentioned in Introduction, the intensity of re-
straint of weld joint is one of measures to evaluate
susceptibility of weld cracking from mechanical aspect.
The basic concept of the intensity of restraint was
first introduced for simple butt weld joint about thirty
years ago". Recently, extensive studies were made
on the same type of weld joint. Fundamental relation
of restraint stress and deformation in weld versus the
intensity of restraint was found®, and critical intensity
of restraint for weld root cracking was obtained for
various kinds of steel?~9.

Here, the basic concept of the intensity of re-
straint will be described on a simple butt weld joint of
two bars, which is rigidly clamped at its both ends in
the entire course of welding (Fig. 1). This type of
weld cracking test is well known as RRC weld crack-
ing test (rigidly restrained cracking test).

When two bars are connected by welding without
any external restraint, thermal contraction is followed
during the process of cooling, as seen in Fig. 2. In
this case, the joint is free from restraint and no reac-
tion stress is expected. On the other hand, when the
joint is rigidly restrained, any shrinkage of the joint is
not allowed at the entire length and this induces reac-
tion stress in the joint. As the total free contraction,
S, is same under a specified welding condition regard-
less of the length of joint, the more restraint stress is
induced for the shorter length, in Fig. 2, In this case,
the reaction stress produces elongation ‘in the joint by
‘the same amount as the free contraction. These elon-
gations in the base metal and weld metal are denoted
by A and Aw respectively. They should hold the
following relation at any stage of cooling.

S=Abs+ Aw (M

When the plate thickness 4 is sufficiently large as com-
pared with the throat depth /4.,the behavior of the base
metal will be elastic even if the average reaction stress
gwin weld exceeds its yield stress oy, and the reaction
force per unit weld length P (= 0w+h») may be obtained
as illustrated in Fig. 3. The line OYW represents the
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Fig. 1. Simple butt weld joint under restraint.
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Fig. 2. Contraction and reaction force of mild steel welds.

Fig. 3. Relationship of reaction force versus deformation of base plates .

and weld metal under restraint.

relationship between P and Awand the line ON repre-
sents the relationship between P and A, . Taking S=
OA and AB//ON, one may obtain A,—=CD, A,=BC
and P=0C. The gradient of the line ON, or Eq.(2)

Eh
!

(2)

tan = K

where E is Young’s modulus of the material, indicates
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the stiffeness of the base metal against the reaction
force, and it is so called as “Intensity of Restraint”.

When the length of specimen becomes shorter,
the stiffness would be greater, and the inclination of
the line ON becomes steeper. Consequently, a greater
reaction force will be induced in the joint and a smal-
ler elongation will be observed in the base metal and a
larger elongation in the weld under the same welding
condition as before. The degree of stiffness of the
base metal, or the intensity of restraint, influences the
resulting reaction force and then, the restraint stress in
the weld.

The average restraint stress in the weld, ow is
simply calculated by

=
huw

in which Ky is the stiffness of the weld metal. The
actual length of the weld metal which produces the
elongation, Ayis usualy small compared with that of
the base metal. Accordingly, in the case where the
restraint stress is so small that the stress in the weld,
0w is Within the elastic range, the elongation, Aw. can
not be large. This implies -that the stiffness of the
weld metal is very large and Eq. (3) can be reduced in
the form,

P

Cw =T=
w

K
T+ K/Kw ) (3

(4)

This equation indicates proportionality between the in-
tensity of restraint and the restraint stress in the weld.
In the above equation, m is a numerical factor given

by
’"=hiw —a /fs_fit_“”é (5)

where

a : coefficient of thermal expansion (C™)

d; : melting temperature of weld metal ("C)

23: bevel angle of weld groove

¢ : specific heat of the material (cal/gr.*C)

H : specific deposited heat (cal/gr)

The m value is independent to the plate thickness and
weld-heat input, and usualy it takes a value between
3.8 x107%and 5.5 xX10~*for manual arc welds of steels.

As understood from Eq. (4), when the intensity of
restraint becomes large, the stress, g» may reach the
yield stress. Then, Eq. (4) is no longer effective,
since the elongation, Awbecomes large due to yielding
and the stiffness of the weld metal is no more large
enough to neglect the fraction, K/Kw» with respect to
unity in Eq. (3). Consequently, under the assumption
that the weld metal is elastic perfectly plastic the re-
straint stress in the weld, owcan not exceed the yield

(55)

stress, and the elongation .in the portion is obtained by
the following equation, derived from Eq. (3),

)

These relations are illustrated in Fig. 4. Thus, the in-
tensity of restraint is related to both restraint stress
and deformation in weld.

There has been conducted a series of experimental
studies of RRC test on various kinds of steels, such
as mild steel?, HT60¥, HT75%® HT80®, and HT100°.
Some examples of the test results on the relation of ow
versus K are shown in Fig. 5.

gy

m+K

/\w=S< 1— (6)

1.0r

mK
0y

Fig. 4. Relationship between reaction stress gyand deformation of weld
Awversus restraint intensity K.
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In a range of smaller intensity of restraint, linearity
in the relation between the intensity of restraint and re-
action stress is observed for all kinds of steel. On the
other hand, the average critical stress for the initiation
of weld cracking takes different values for different
materials and different preheating temperatures™®
The critical stress is rather lower for the steels having
higher strength, well within the elastic range. Thus,
the critical stress, in this case, can be predicted direct-
ly by the intensity of restraint, that is from Eq. (4).

So far discussed is the average stress and defor-
mation induced in the weld under restraint. The
actual stress at the point where weld crack initiates is
supposed to be higher than the average since there is
geometrical factor which produces stress and strain
concentrations. A simple method to estimate the local
stress and strain is to magnify the average ones by the
concentration factor. Experiment® by photo-elasticity
reveals that the stress concentration factor of oblique
y-groove weld ranges between 2.9 and 3.4 at the root
and 1.5 and 1.7 at the toe. Strictly speaking, the above
method may overestimate the stress and underestimate
the strain if the result of elastic stress analysis is ap-
plied. Usually, redistribution of stress is taken place
by plastic upsetting and plastic strain in the weld is
produced in the entire course of welding. This will be
delt later in Chapter 5.

3. Intensity of Restraint in Two-dimensional Stress
Field

3. 1 Slit Weld

In a slit weld, in which a slit is made in a plate
and welding is done into a part of the slit, the weld
may be a short or tack “weld, or-a continuous long
weld. For short weld, the intensity of restraint will be
rather sirh_ply calculated in a similar way to one-
dimensional analysis described in the previous chapter.
On the other hand, for continuous weld, the intensity

of restraint will be influenced by the welding sequence,

environmental conditions etc., and two-dimensional
stress analysis will be required for obtaining it. There-
fore, the problem will becoine of more complex nature.

Here, in order to understand general characteristics
of restraint in the two-dimensional stress field, the slit
weld in an infinite plate will be discussed- for two
cases, a short weld and a continuous long weld, (Fig.
6).

When a short weld is made in the slit, the final
shrinkage .and resulting stress are supposed approxi-
mately uniform in the weld, (Fig. 6 b, ¢). In this case,
the intensity of restraint is evaluated® by direct appli-
cation of the definition made in the previous chapter.
It varies along the slit according to the location of the

(56)
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Fig. 6. Analysis of degree of constraint X of a slit-type weld.

weld and it is the highest at the ends. ~ An analytical

result is shown in the following,

7 Eh 1 1

k=517 T7% ™

where

oo 82 2

o= >, [f sin §- sin nf dﬁ]
h=1 0,

x =£cos8 Xg = 5~ cosl

1 2 1 2 2 2

By the slit weld, transverse displacement occurs
over the length of slit. If an additional weld is laid,
the transverse displecement is superposed to the previ-
ous one. As a result, two short welds produce larger
displacement than single short weld"™. This implies
that the intensity of restraint is smaller in two short
welds than that in single one based on the definition.
With the same reason, it should be lower in a continu-
ous long weld.

In the following, the intensity of restraint will be
obtained for the case of a continuous weld?. In the
analysis, the materials, the base and weld metals, are
assumed elastic perfectly plastic.- The thickness of
base plate, A, is usually larger than that of weld, Auw,
and the base plate is assumed to behave elastically
under any magnitude of the reaction force, including
the case where the weld metal reaches general yielding.

Concerning mechanical conditions induced in"the
weld during .cooling, two simple conditions are con-
sidered:
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(a) The resulting reaction force is uniform along the
slit.
(b) The shrinkage of the weld is uniform along the slit.
The actual condition is supposed to exist between
the above two conditions and rather close to the latter
The analysis will be performed under this loading con-
ditions.
When a uniform dislocation is provided along the
slit, the elastic stress analysis gives a result on trans-
verse stress distribution in the weld as

ok _ mEh 1 1 ,
S0 =T, 76T T2 <.L+2x + L—2x> )

In order to cover the entire slit length by plastic region,
it should be satisfied, at least, that o,=oyat x=0.

Thus, the slit length below which plastic region covers
the entire slit length is calculated as

mEh
oy

Lz: = (9)

It is seen from Eq. (8) that the stress becomes in-
finitely large in the vicinity - of the ends of slit, at x
=:t%regardless of the slit length, and plastic upsett-
ing should occur in the weld of this portion, (Fig. 7).

The extent of the plastic portion, i, When L
= L. is calculated from Eq. (8), by putting the con-
dition that ow,=o0yat x=L —2L,

0%
Y

1.0

(a)

(b) 05

Fig. 7. Examples of distribution of reaction stress along the
weld line.

Sy
< {1+4L <Iic )+8i (Iic)2+" ] 10y

Based on the results obtained on the stress and
deformation along the slit, the intensity of restraint is
calculated for a slit weld following the difinition made
for the one-dimensional stress field.

In the case where the yielded zone covers the
entire length, that is L <L. the average value of the
intensity of restraint is

K=—27 o (1)
or K= ——fo (11-2)

Equation (11-2) is the same as the one obtained from
Eq. (7) by putting /= L.

When the yielded zone is limited only near the
ends of slit, that is L> L., K is expressed separately
for the elastic and. plastic portions as

Ke 9r 7 Le L1 I

m & L L for plastic (12)

1 L ‘ L—L .
k=% 1 c 1
m 2 L—2IL, log . for elastic  (13)
> 1
where ¢= 2 - [ apy? 4-Le g 1
n=135. NI L
61
1;=f sin @ sin n@ df
0
/2 .
= sin nf a6
sin 0
61
sift @, = é”

The intensity of restraint calculated from Egs. (11),
(12) and (13) is shown as functions of %cby the -curve
AB, BC and FG respectively in Fig. 8. When L<L.,
it decreases rapidly as the slit length increases, and it

- SroA {ABCI K-value in yielding zone

£ FG : K-value in elastic zone
x|z 4 :
> eq. (11)

g |

2 eq.(12)

£ 2 8 £

=

sl

I

@

@

0

Slit length -t
Le

Fig. 8. Restraint intensity in slit weld as a function of /L
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is the same as the one in RRC-test of the restraining
length —275 L. When L> L., although the intensity of
restraint in the elastic portion decreases and tends to
zero as the slit length increases, in the plastic portion
at the slit ends it is nearly equal to 2;,? independent to
" both the slit length and the plate thickness.

3. 2 Slit-type Weld Cracking Specimens

Various kinds of weld cracking test have been
used for investigating susceptibility of weld cracking.
Here, the discussion will be limited to so-called slit-
type weld cracking test such as Tekken- and Lehigh-
types. In order to apply the result of the weld cracking
tests to actual welding works, it will be practically im-
portant to -select a common parameter to correlate
both the test specimens and real structures. The in-
tensity of restraint is considered to predict the con-
dition of the crack initiation within the practical degree
of accuracy without paying special regard to local me-
chanical history. Thus, the intensity of restraint is re-
garded as a good measure for this purpose and many
investigators have directed their effort to evaluate the
intensity of restraint experimentally 99 and analyti-
Ca"yl())lé)ﬂ)ls) 3

In the analyses are assumed three types of loading
conditions used in calculation, which may be produced
by weld shrinkage: The shrinkage produces
(a) a uniform stress along the slit,

(b) a uniform displacement (dislocation)®, or

(c) a parabolic distribution of dislocation™.

As discussed in the previous section, plastic upsetting
is always observed at least in the vicinity of the ends
of slit. This affects the intensity of restraint. When
the slit length is smaller than a limit, that is L < L,
plastic zone is spread all over the slit length. This im-
plies that the reaction stress is almost equal to the yield
stress of the weld and the assumption (a), the shrin-
kage producing a uniform stress, will be reasonable in
evaluating the intensity of restraint. On the other
hand, in the case of long slit length, the intensity of re-
straint is rather small in most portion of the slit and
the assumption (b), imposing a uniform dislocation,
will be a good approximation.  Furthermore, elastic-
plastic analysis would provide more reliable results.
When a uniform stress is imposed along the slit, the
corresponding elastic displacement is of an elliptical
from. An elliptical distribution of dislocation is very
similar to a parabolic one. Thus, the assumption (c)
may be regarded as a similar- assumption to the as-
sumption (a).

Experimental results of restraint stress induced by
welding on slit-type specimen reveal that the value of
restraint intensity is proportional to the thickness of
specimen™, and it is well represented by a form

Vol. 1, No. 1 1972

K=K, - h (14)

In Eq. (14), K, is so-called as restraint coefficient.
Table 1 is a summary. of the values of the restraint
coefficient so far obtained for various slit-type speci-
mens as illustrated in Figs. 9 and 10. It includes the
results obtained by three kinds of methods, (a) calcu-

300 -

(a)Lehigh -type specimen

|

I 200
o
[Te] :’
l k80—

—~

b) Tekken-type specimen

Fig. 9. Weld cracking test specimens.
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computer analysis.
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Table 1. Summary of the values of restraint coefficient of slit type weld cracking specimens.

Type Size of Slit Restraint
No of Specimen Length Coeff; (Ko) Remark
Specimen mm mm kg/mm.mm
1 Tekken-Type™® 200 %150 80 113 a
(Straight Slit)
5 Tekken-Type® 200 <150 59 b
(H-Slit)
3 Rectangular Plate® 300 X200 150 28 c
(Straight Slit) .
4 ditto 300 %200 120 82 a
Straint Slit,
5 Circular Holed 12 mm o, 300 <200 138 3 c
at its ends
6 ditto 300 %200 125 49 a
7 H-Slit .5, 200 X150 80 Saw cut
with Saw Cut
x= 0 mm; 65
10 ; 58
20 ; 48 c
30 ;35
40 ; 27
8 H-Slit"™ 300 %200 120 40 a
Lehigh-Type ™ 300 <200 75
x= 40 mm; 34
50 ;54
70 ; 60
80 ; 66 b
90 ; 68
100 ;75
10 Lehigh-Type® 300 <200 125
x= 40 mm; 11
50 2 21
60 3 27
70 7 34 b
80 ; 36
. . 100 ; 44
11 Lehigh-Type ¥ 300 %200 125
- x= 60 mm; 31
100 ;48 !
12 Large H-Type Slit 500 %350 250 6 a

*

: Intensity of restraint K =K, X (plate thickness)
: Analysis by finite element method
. Experiment with a loading device

o oo

lated results by finite element method, (b) expetimental
results with a loading device and (c) estimated results
from actual restraint stress and dislocation by welding.
The values of the restraint coefficient obtained by the
method (b) almost agree with those by the method (a)

(59)

: Obtained from the test results of restraint stress and deformation induced by welding

(Fig. 11). However, difference is found in some cases
between methods (a) and (b) as seen in No.3 and No.4
in Table 1. This may be attributed to the fact that the
breadth of slit gives appreciable effect to stress and
deformation near the ends of the slit.
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Fig. 11. Restraint coefficient of Lehigh-type weld cracking specimens.

4. Intensity of Restraint in Real Structures

In real structures, there are several types of con-
nections, not only butt weld but aiso fillet weld. In
contrast with butt weld, relation between the intensity
of restraint and weld cracking is not completely clari-
fied yet in fillet weld and this problem will not be dis-
cussed in this paper.  Furthermore, there are their
combined types, such as butt weld of plates being con-
strained by stiffeners. Butt welded connections so far
dealt are constrained by simple tension. On the other
hand, the combined connection mentioned above is
constrained by the stiffeners in the perpendicular direc-
tion to the weld line (Fig. 12).

(a),(b); =1 R k2 =2
(©,d); &=2, oz =1

Fig. 12. Example of weld joint restrained by shearing force through fillet
welds.

(60)
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Shear rigidity of fillet weld which connects the
plates and stiffener is theoretically analysed. Based on
the result of analysis, the intensity of restraint of this
type of connection is calculated in the following way'.

Near the end of fillet weld line, large shearing
stress is induced under loading due to abrupt change
of stress flow and the material is easily subjected to
plastic upsetting there®. The yielding is limited just
to a small portion near the end. In the analysis, this
plastic upsetting is neglected and the material is as-
sumed to be perfectly elastic. The plate is not com-
pletely effective for shearing forces transmitted from
the stiffener along the weld line, especially for a cer-
tain distance from the intersection of the plate and
stiffener. The concept of effective width is introduced
in the analysis. The intensity of restraint of this type
is obtained by the following expression.

Ep
CEEE )
in which
u=D/E
Beq z

= (3+v){ ", (_x—AH exp <A)

Xo

J
L = —,u ! (16)
Xo (B eq * hi)
a
n=(1+2) S
__ha
ﬂ_ hl
where
E: modulus of elasticity of material
( kg/mm?)
D: displacement coefficient of fillet weld
( kg/mm.mm)
v: Poisson’s ratio
E;(—x): Logarithmic integral < =— f %_x dx>
ay. a, : numerical coefficient of effective width
with respect to welding plate and re-
straining plate (=1 or 2)
hi, h, : thickness of plate with respect to weld-

ing plate and restraining plate (mm)
Figure 13 shows the value of a;K as a function of
hi/ 4J1 which are calculated from Egs. (15) and (16).
Usually, the value of J: ranges between 1.5 and 2
when a;=1, and | and 1.5 when a;=2, and the value
of 4 is not less than the thickness #: of the welded
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Fig. 13. Intensity of restraint at the intersection of butt and fillet joints.

plate. The intensity of restraint for this type of con-
nection, therefore, will be estimated at most 1600~
2250 kg/mm.mm when a;=1 and 1000 — 1450 kg/
mm.mm when a,=2.

Equation (7) in Section 3.1 can be used to esti-
mate the intensity of restraint for tack weld of real
structures. Some calculations were made on the in-
tensity of restraint when tack weld of length / is lo-
cated at the center of slit™. The results are shown in
Fig. 14, in which K is defined as K= K/( ) From
the resuits, safe tack weld length thhout cracking,
when it is laid at the center of a slit in an infinitely
large plate, is obtained as Fig. 15.

Before the high speed electronic computer has
been advanced, it was difficult to calculate the intensity
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e

Fig. 14. Relationship between weld length to slit length ratio, R, and
nondimentional degrees of constra different cases being
studied, Koofor an infinite plate and K for finite plates.
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of restraint of weld connections appeared in real struc-
tures, even of simple specimens, except in one-
dimensional case. Therefore, actual measurement of
the restraint intensity was important and this is still
true since experiments will give the real value in any
complex structures.

Table 2 is a summary of the measured values of
restraint intensity for weld connections of real struc-
tures including ships®, bridges®*? | building frames®
and spherical containers®. Judging from the experi-
mental results, the magnitude of the restraint intensity
in real structures will be usually less than 40h except
for special cases such as slit weld and tack weld.
(Fig. 16). The result is introduced in the final report
of JSSC on the determination of preheating tempera-
ture in real steel constructions based on the Puw
conceptH?,

5. Local Stress-Strain in Weld

In the preceeding two chapters, cold weld crack-
ing was discussed for butt weld under a certain degree
of structural constraint based on the concept of the in-
tensity of restraint. The average stress and strain in
the weld is calculated from the final restrained force
which can be estimated by the intensity of restraint
and the welding condition. This concept has not been
extended to other type of weld connection than the
first pass weld of butt joint and this is not directly ap-
plicable to weld cracking of fillet weld, in multilayer
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Table 2. Summary of measured restraint intensity of weld connections in real structures

Weld Plate Restraint Restraint
Joint Thickness; Coeff; (K,) Intensity; (K) Remarks
at (#); mm Kg/mm.mm Kg/mm.mm
Ship'z‘)
Trans. 16 102 1640
Bulkhead
Longl. 13.5 93 1260 Tack Weld
Bulkhead
Side 20 44 890 =80 mm
Shell
28 25 690
Bottom 28 26 730
Shell 28 28 780
Upper 32 40 1280
Deck 32 38 1220
Ship
30 29 880
Deck 30 18 550 Continuous
é‘l’r’:jg;r 30 13 400 Long Weld
30 13 380
Bridge
16 800
Corner Weld 69 3440 Tack Weld
(Box Shape 3075 68 3420 =100 mm
Member) 40 1980
Bridge
Coner Weld .
(Box Shape 3238 1 340 Continuous
Long Weld
Member)
Diaphragm & 19-38 1 200
Web Plate
Diaphragm & 25-50 14 700
Flange Plate
Bridge
Disphragm & 40-60 45 1800 Continuous
Flange Plate Long Weld
Building Frame
Beam Column 12 4l 490 Continuous
Connection 28 39 1090 Long Weld
34 19 630

Note: The K-values of continuous long weld shows maximum value measured.

weld, etc., regardless of structural constraint.

In these cases, restraining field is produced by
uneven temperature distribution during. cooling. The
portion at lower temperature restores its strength ear-
lier than the other still at higher temperature and con-
strains free contraction of the latter portion. Conse-
quently, in place of the intensity of restraint local

(62)

stress and strain including their histories would ' be
possible to represent a more general initiation condi-
tion of weld cracking, such that weld crack initiates
when local stress and strain reach critical values. Be-
fore the finite element method has been developed, an
analysis, was limited to one-dimensional stress field”™,
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Fig. 16. Restraint intensity of weld joints in real structures.

and very special cases of two-dimension®. A general
method of thermal elastic-plastic analysis was present-
ed with consideration of temperature dependent pro-
perties based on the finite element method and the re-
sult of analysis indicates the potentiality of the
method®*. Recently, similar methods are also used™.

Concerning local stress and strain produced in the
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]
h

Weld metal Fixed
L\ A
1nw:*':\?T"J- 60~
I 1
P
w

mm , hw=5mm. lw=5mm

ANIN\\Y

\

H'=0

“H'; Rate of

Oy strain-
hardening
0 €
o E

2 2
G/ (/e

<4 20000

-1 15000

7 10000

Held 5000

} Metal
| o

800 ( °C)

weld of butt joint, a series of thermal elastic-plastic
analysis was carried out on the RRC Test specimens
of a mild steel and a high strength steel® (HT-80), as
illustrated in Fig. 1. The mechanical properties of the
weld and base metals for both cases are assumed as
shown in Fig. 17, taking account of their temperature
dependency. The analysis is performed in the entire
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Fig. 17. Mechanical properties dependent on temperature.
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course of welding, from a melting temperature, 1500°C
to room temperature, 15°C. Computed local stresses
and strains are shown on the specimens of 250 nmm
length in Fig. 18. The plastic strains are induced both
in a high temperature range and a low temperature
range. On the other hand, stresses are produced part-
ly in an intermediate temperature range and mostly in
a lower temperature range. These results are summa-
rized in Fig. 19, with respect to the intensity of re-
straint.

According to the test results, weld crack initiates
in the specimen of mild steel at a length of 250 mm
and of high strength steel at 600 mm?®. The calculated
final restraint forces are very close to the experimental
ones. In this respect, the magnitude of peak local
stress and strain would be estimated. The peak local
stress reaches the assumed ultimate strength for both
steels even through the average one is in the plastic
range in the case of mild steel and well within the
elastic range in high strength steel. Peak local strains
producedin the lower temperature range are approxi-
mately 2.0 % and 0.3 % for mild steel and high strength
steel, respectively. Both final stress and strain attained
are varying inversely with respect to their yield stress.

There are observed some differences of the be-
haviors during cooling between mild steel and high
strength steel ™ . These differences are explained
mainly by three reasons. Higher level in the yield
stress of material delays yielding of the material. In
high strength steel, A, transformation occurs at rather
lower temperature with larger magnitude of expansion
and the material restores its strength by very small
amount before reaching this transformation tempera-
ture, (Fig. 20). This reduces the final restraint force®.
Concerning weld cracking, diffusible hydrogen has an
important effect to reduce weldability. In high strength

o p
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Fig. 18. Thermal stresses and strains in the weld during cooling.
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steel, the crack initiates at rather lower stress level®”.

In relation to hot cracking, local strain at high
temperature just below solidification temperature range
is also interesting. In relating to end cracking in one-
side automatic welding seam, some studies are now
undertaken in Japan®» .

Restraint stress and strain in fillet weld are analy-
sed. Most part of the weld and heat affected zone is
subjected to high stress, above the yield stress, and
small plastic strain, less than 1.0 % at highest*.

6. Transient Stress-Strain and Deformation of a
Plate under a Moving Heat Source

In welding, molton metal is supplied continuously
into the groove along the weld line.  Thus, the base
plate is subjected to a moving heat source during the
process of welding. Accordingly, analysis of the be-
havior of plates in welding is expected to be per-
formed under the condition that the plate is subjected
to a continuous heat supply by a moving heat source.

To this problem, the elastic analysis is regarded as
the first approximation. The elastic analyses were
made both in Japan® and USSR* separately, and
provided useful information about transient stress and
strain in the plate. Recently, the analysis is being ex-
tended to the problem of transient tearing stress in
front of a moving heat source, in particular at the end
of plate®.

In order to increase reliability to the result of
analysis, the temperature dependent properties should
be taken into account. Assuming the mechanical pro-
perties of material (mild steel) as shown in Fig. 21,
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Fig. 21. Mechanical properties dependent on temperature.

a thermal elastic-plastic analysis was made on a bead-
on-plate under a moving line heat source*. The result
furnishes valuable information about transient stress
and strain induced in the weld, as examples, trans-
verse stresses are illustrated in Fig. 22 a and longitudi-
nal ones in Fig. 22 b. ‘

As seen in Fig. 22, the portion of molton metal
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Fig. 22. Transient thermal stresses and strains.
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does not take any stress, and large expansion strain
occurs in its vicinity, but stresses are very small due
to less resistance of the material at high temperature.
The temperature changes rapidly in front of the mov-
ing heat source, where thermal transverse stress is
compressive and large. Apart from the heat source,
the transverse stress decreases except the case where
the heat source is approaching the end of the plate.
Concerning longitudinal stress, large tensile stress is
produced along the moving line of the heat source in
a short time after it has passed.

When a weld is laid along the longitudinal center
line of a rectangular plate, the transient stress distri-
bution is analysed by the finite element method under
three different types of loading and supporting condi-
tions®. The first one is an analysis of the rectangular
plate under a moving heat source. The second is an
analysis of the plate which is subjected to an instan-
taneous plane heat source along the center line. The
third one is an analysis of an infinitely long plate
under an instantaneous plane heat source. The last
condition suggests that the analysis is performed only
on a narrow strip perpendicular to the center line.
After a time has passed and the peak temperature
cools down below 1000 °C, fairly similar longitudinal
and transverse stress distributions are produced in a
transverse section at the center by any of the three
types of condition.

More simplified analysis is possible to this kind of
ploblem under the following assumptions;

(a) The mechanical properties of the material are not
influenced by temperature,
(b) Transverse planes remain planes in the entire
course of loading®.
In general, the analysis furnishes rational result under
these assumptions, as far as the resulting residual
stresses are concerned. However, the following points
should be noted as for the assumptions. The assump-
tion (a) is not appropriate to such material as high
strength steels which reveal larger volume expansion
during lower temperature- range of A:r transformation.
As for the assumption (b), the analysis is not appli-
cable to a portion where temperature changes rapidly,
such as the portion around a heat source.

As an application of the theories described above,
deformation of the plates under a moving heat source
is obtained by finite element method in relation to end
cracking of one-side automatic welding beam. Ac-
cording to computer analyses of thermo-elasticity,
large tearing force and displacement are induced in the
tab plate set at the end of welding seam. (Fig. 23)%.
The tearing force induces large transverse displace-
ment in weld metal during solidificantion at a certain
distance apart from the end of the plate (Fig, 24)®.
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This will be one of the reasons for the cracking con-
cerned.

7. Discussion and Future Problems

The preceding four chapters were devoted to des-
cribe the present status of researches on restraint
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stress and strain in relation to weld cracking from the
mechanical aspect. Many information has been given
from both mechanical and metallurgical points of view.

However, there are still many problems to be
solved concerning weld cracking even from the me-
chanical aspect.

As seen so far, the intensity of restraint well pre-
dicts the possibility of weld cracking under the exter-
nal structural constraint, especially in one-dimensional
stress field. This concept is extended to two-dimen-
sional stress field and is shown to be applicable to
simple connections such as butt weld including struc-
tural elements consisting of plates and stiffeners. The
concept of the restraint intensity has been introduced
in the weldment cracking parameter B, connected with
metallurgical factors', and it becomes of practical use-
fulness to avoid weld cracking in real structures.

When a structure becomes complex, however, the
type of weld connections is complicated. The welding
sequence and relating conditions may easily influence
the degree of restraint of a joint in relation to struc-
tural constraint, and the concept may not be applica-
ble as a direct measure to the mechanical condition of
welded joint. During welding, the connection is sub-
jected to not only tension but also bending and shear,
and the restraint intensity in bending and shear should
be introduced. Moreover, the concept of intensity of
restraint is applicable only in the case where the joint
is under external constraint.

There is an important problem which has not been
studied. It is the problem about the propagation of
weld crack in the welding stress field. A weld crack
initiated may propagate through the weld metal or into
the plate under the welding stress induced by the fol-
lowing welding. This is often experienced in welding
works of real structures. It should be solved with the
aid of fracture mechanics.

There is another approach becoming possible with
the aid of an elaborated method of analysis, that is
the finite element method. It is tending to express the
initiation condition in a little more general way by local
stress and strain at a point where the initiation is ex-
pected. Although this approach has just been started,
it is expected to provide new information about local
stress and strain in welds such as multi-layer weld, fil-
let weld, etc., in connéction with weld heat input.
This is supposed to be direct and general to a certain
extent in comparison with the former, but it requires
extensive analysis and a concise expression of the ini-
tiation condition would be needed in -connection with
the diffusion of hydrogen and phase transformation in
weld during cooling.
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