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with Lower Strength Weld Metal 

Tests demonstrate the applicability of undermatching 
welded joints in heavy plates of HT 80 steel from the 
standpoint of joint performance and ease of welding 

BY K. SATOH AND M. TOYODA 

ABSTRACT. Since the undermatch
ing electrode which deposits weld 
metal of an appreciably lower yield 
and/or tensile strength than the base 
metal has been found effective for 
preventing weld cracking of low alloy 
high strength steels, a demand for us
ing it has been increasing recently in 
fabricating welded structures of heavy 
plates. Investigation has been car
ried out on the mechanical behavior 
of the undermatching welded joint of 
HT 80 structural steels. 

The present paper includes both 
fundamental and joint performance 
studies. The fundamental study is 
made theore t i ca l l y and e x p e r i 
mentally by using an idealized model 
joint including a "soft" interlayer. The 
joint strength is found to be in
creased toward the ultimate tensile 
strength of the base metal used as the 
interlayer decreases in thickness. 
Plate width also affects joint strength 
up to a certain value. Joint perfor
mance of HT 80 steel plates with un
dermatching weld metal is studied by 
static tension test, brittle fracture in
itiation test and fatigue test. A reason
able tensile strength level for the un
dermatching weld metal is found to be 
not less than 90% of the base metal 
strength. Burst tests of HT 80 steel 
pipe specimens inc luding under-
ma tch ing we lded j o in t s d e m o n -
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strate that its fracture strength is as 
high as the tensile strength of the 
base metal. 

Introduction 

It has been said from the stand
point of joint efficiency of weld con
nections that the strength of weld 
metal should not be lower than that of 
base metal. The strength of weld 
metal, however, changes with weld
ing procedure details such as type of 
filler metal, number of passes, weld
ing position, weld heat input, etc. In 
particular, in welding heavy plates of 
low alloy, high strength structural 
steels, the strength of weld metal ex
ceeds sometimes by far the nominal 
value of the electrode used because 
of its hardenability. 

For e x a m p l e , i t is o f t e n e x 
perienced in the welded joint of HT 80 
steel plate, of nominal tensile strength 
of 80 kg/mm 2 , that tensile strength 
obtained by coupon test of the filler 
metal exceeds 90 kg /mm 2 under low 
heat input and that weld cracks occur 
under high restraint. Therefore, in 
welding heavy plates of HT 80 steel, 
determination of welding conditions is 
of importance for preventing weld 
cracking. Some experiments reveal 
(Ref. 1) that the use of electrodes hav
ing a nominal strength level lower 
than that of base metal is one effec
tive way for preventing weld cracks. 
Such use would lead to easier weld
ing of heavy plate construction, such 
as over-sea bridges and offshore 
structures. In this sense, a demand 
for using electrodes of lower nominal 
strength level is increasing. 

( I ) : Soft interlayer 

(II) : Base metal 

Hj^ 

<= jm a)s 
i k\N 

(II) 

(i) round bar 
(n) [I) 

Wo tS 
(II) \ — 

m 
(ii) plate 

Fig. 1 — Round and flat bar models used in 
analytical study 

The purpose of the present paper is 
to investigate the mechanical be
havior of "undermatch ing welded 
joints," or welded joints in which 
strength of filler metal is appreciably 
lower than the base metal, and to find 
reasonable strength levels of the filler 
metal from the standpoint of both 
workmanship and joint performance. 

Fundamental study using an ideal
ized model joint was first undertaken 
at the authors' laboratory in Osaka 
University. For the past three years, 
the SJ-Committee of the Japan Weld
ing Engineering Society, of which one 
of the authors is chairman, has col
lected more practical data on me
chanical behavior of the under-
matching welded joints of HT 80 
structural steel plates. 
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Fundamentals 

Theory 

The undermatching welded joint is 
idealized as a bar model consisting of 
a soft interlayer (I) and base metals (II) 
having higher strength, as shown in 
Fig. 1. When tensile load is applied on 
the model joint, initial yield starts at 
the soft interlayer. The plastic de
formation or the necking in the inter
layer will be constrained by the base 
metals having higher strength. Thus, 
a multiaxial state of stress will result in 
the interlayer and the joint strength 
will be increased from the strength of 

the material (I). Plastic analysis for 
this state was made by assuming the 
material (II) a rigid body (Refs. 2,3). 

According to the analysis for a 
round bar model joint of a given value 
of H0 /D0(=X), the relationship of nom
inal axial stress az vs. engineering 
strain f z in the section of the neck is 
represented as: 

,\e\ = o-(ez) X (1 + Y) (1) 

in which rr{ez) is nominal stress-strain 
relation of the material (I) under s im
ple tension and Y is. a numerical value 
obtained from Eq. (2) for a given 
value of X and £z: 

Table 1 — Series of Model Joint Specimen in Fundamental Study 

Series 

I 

D 

0 

IV 

Soft 
interlayer 

Base metal 

Soft 
interlayer 
Basemefal 

Soft 
interlayer 

[Base metal 
Soft 
interlayer 
Base metal 

Material 

0.107.C steel 

0.357.C steel 

0.107.C steel 

0 35%C steel 

0107. C steel 

0.357oC steel 

AWS E 7016 

H T 8 0 

Tensile properties 

T.S. 

V /mm/ 

47.8 

108.7 

476 

83.3 

49.0 

73.5 

58.3 

84.1 

Y S . 

\ Vmny 

32 6 

9 6 8 

326 

64.1 

376 

52.4 

488 

7 8 0 

n 

0 17 

0.07 

0.17 

007 

0.18 

0.14 

0.17 

0.09 

K 

227 

1 74 

1.50 

1.44 

Welding 

method 

Flash butt 

welding 

Narrow gap shield 
metal arc welding 

NOTE. T.S.; Tensile strength , VS.; Yield strength 
n ; Strain hardening exponent , /^ = QjJ / r j 1 

X = ( 1 / 3 ) | ( 1 - f ) [ ( f / 2 Y ) - 1 + e ] [ " 2 

\2e +e 2 - 4 ( 1 - c ) Y | 

(1 +ez )-"2 (2) 

Ultimate tensile strength <ruof the 
model joint can be calculated as the nz 

value when d<r-> /de2 becomes zero. 
According to Eqs. (1), (2), the az value 
depends upon the value of H0/D0 ( = 
X) or relative thickness of the soft in
terlayer, and it is increased with de
crease of the X value. The same anal
ysis (Ref. 4) as the above for a wide 
plate model joint (W0 >t0) in Fig. 1 
leads to the conclusion that the joint 
strength depends upon the relative 
thickness H0/t0 (= X t ) . 

Experiment (Reft. 2-5) 

Four series of the model joint 
specimen including a soft interlayer 
were prepared for fundamental study. 
In Series I, II, III, the specimens were 
made by flash welding round bars of a 
low carbon steel and a medium car
bon steel. Applying a selected condi
tion of postweld heat treatment in 
each series, tensile and yield strength 
of base metal and soft interlayer 
varied in a wide range, as shown in 
Table 1. In addition to this, an under-
matching welded joint was made in 
Series IV by metal-arc narrow gap 
welding an HT 80 structural steel 25 
mm thick with an electrode of 50 
k g / m m 2 nominal tensi le st rength 
level. Figure 2 shows the design of the 
round bar and f lat bar tens ion 
specimens which were machined 
after welding. 

( I ) ( I ) <D) 

Series 

I , 01 

» 

D. 
(mm) 

1 0 

3 
6 

1 0 
1 5 

H . 
(mm) 

0 - 2 5 - 1 9 . 0 

0 30 - 4 34 
0 24 - 9 39 
0 6 0 - 13 9 
1 O t - 15 2 

L. 
(mm) 

9 0 

27 
5 i 
90 

135 

X 

003 - 1.90 

0.10 - 1.43 
0.21 - 1.56 
0 0 6 - 139 
0 0 7 - 1.01 

Remarks 
(tvpe) 

DA 
BB 
I C 

I D 

(a) round bar 

(n) (I) («) 

V 
T~ 

u 
L' 

Series 

IV 

t . 
(mm) 

20 

1 5 

H. 
(mm) 

7 

7 

W. 
(mm) 

20 - 1 2 0 

1 5 - 100 

(mm) 

200 

200 

Xt 

0 33 

0 4 7 

Remarks 

IVS-A 

IVS-B 

(b) rectangular bar 

Fig. 2 — Specimen design In fundamental study 
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v : type A (3mm) 

A : typeB(6mm) 

o : typeCflOnrm) 

a : typeD(15mm) 

(diameter) 

3 20 

-120 

-80 

©,©: C1).(2) I Curves calculated from the 
authors' theoretical equations 

@_(4) I Curves calculated from the 
Bakshi's theoretical equalions 

_i-

100 

60 

4 0 

-20 

0A Q8 
Relative thickness 

1.2 1.6 

Fig. 3 — Effect of relative thickness of soft interlayer on the ulti
mate tensile strength of round bar specimen (Series II) 



Ultimate tensile strength 
of base metal 

Calculated curve 
by eqs.(1),(2) 

Fig. 5 — Determination of X® value 

0.4 0.8 1.2 
Relative thickness , X 

Fig. 4 — Ultimate tensile strength, nu n'u, as a function of relative thick
ness. X. (Series I. II. Ill) 

Results of Round Bar Tests 

As mentioned, the ultimate tensile 
strength nu of the round bar joint 
specimen depends upon its relative 
thickness X. Therefore, the test re
sults of the cru value were plotted for 
the X value of each specimen. 

Figure 3 shows the test results of 
Series II in which specimen diameter 
ranges between 3 mm and 15 mm. 
The ultimate tensile strength is rep
resented as a function of the relative 
thickness regardless of the specimen 
diameter, and it approaches the ult i
mate tensile strength of the base 
metal rr^when the X value decreases. 
The curve 1 in Fig. 3 is calculated 
f rom Eqs. (1), (2) and the curves 3, 4 
are obtained from the conventional 
formula given by Bakshi under more 
simple assumptions (Refs. 6,7). The 
expe r imen ta l va lues can be es
timated from the calculated curve 1 
when the X value exceeds nearly 0.4. 

Figure 4 shows the test results of 
Series I, II, III in which tensile strength 
of the soft interlayer o-J, is about 47 
kg /mm 2 and those of the base metal 
r»B differ from each other. The ex
per imental values of the tensi le 
strength diverge from the curve 1 
calculated from Eqs. (1), (2) as the X 
value decreases, and because of dif
f e r e n c e in the u l t i m a t e t e n s i l e 
strength of the base metal in each 
series, different values of the joint 
strength are obtained, even though 

A; X? = 0.33 
o; X°t=0.A7 

CU 08 1.2 0 0.2 0.4 0.6 0.8 1.0 

Relative thickness Xt W w 

( a ) ( b ) 

Fig. 6 — Effect of width of specimen on ultimate tensile strength, rr (Series IV) 

the tensile strength of the soft inter
layer is the same in each series. 

As illustrated in Fig. 5, let the X 
value at which the tensile strength 
calculated f rom Eqs. (1), (2) be
comes n® be denoted by Xeq. When 
the X value is smaller than 2X^q , the 
Xeqvalue as given by Eq. (3) should be 
used in Eq. (2) in place of X; 

X e q = 0.5 X + X% (3) 

Using the Xeq value, the tensile 
strength aucan be calculated as the 
curves I, II, III in Fig. 4. 

Results of Flat 
Bar Tests 

The test results of tensile strength 
rruobtained in Series IV, in which the 
specimens consist of several com
binations of width W0 and plate thick-
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ness t0 under a constant thickness of 
u n d e r m a t c h i n g f i l ler me ta l , are 
plotted in Fig. 6(b) as a function of 
t0/W0. The dotted curves 1, 2 in Fig. 
6(a) represent the relationship of 
rruvs. X calculated for W0 = t0 and 
W 0 > t 0 , H0 respect ively. They are 
modif ied as the solid curvesT, 2! by 
using the Xeq value given by Eq. (3). It 
has been found that the ultimate ten
sile strength of the square bar model 
joint specimens is nearly equal to the 
round bar test results when X, = X 
(Refs. 3,4). Therefore the curves 1,1' 
can be calculated from Eqs. (1), (2), 
and the curves 2, 2' are obtained in a 
manner analogous to the above, un
der the condit ion of plane strain along 
the cross section of weld. 

It is known from Fig. 6(a) that the ul
timate tensile strength aa increases 
f rom the curve 1' in the square bar to 
the curve 2' in the infinitely wide plate 
with increase of the plate width. The 
ratio of the au value when W0>t0. H0 to 
that when W0 = t0 is given by 

(fu) W.»to 

k)w.= u 
= 0.8 ( K - 1 ) X , + 1.0, 

for Xt ,> (Xt) D 

or (0 .1 /X t )+ 1.1, forXt<(Xt)D 

in which K = ffu/p-u , and 
( X l ) D = 1 + . 1 - 3 2 ( K - 1 ) 

16 ( K - 1 ) 

(4) 

(5) 

For example, the au value increases 
with decrease of t0/W0 f rom the point 
A' to B' when Xt = 0.33 and from the 
point C to D' when Xt = 0.47. The cor
responding curves of rru vs. t0/Wo are 
represented by solid curves in Fig. 
6(b), which agree with the experi
mental results. 

The experimental results in Fig. 
6(b) suggest that the tensile strength 
becomes almost the same as that of 
an infinitely wide plate when the plate 
width W0 becomes larger than a cer
tain finite value W inf depending upon 
the relative thickness Xt. Several re
sults obtained by the tension test of 

the undermatching welded joint are 
shown in Fig. 7, from which the Wmi 
value may be roughly estimated by 
the line 3 or W|rif ~ 5t0 when X, < 1. 

Performance of Undermatching 
Welded Joint 

General 

The fundamental study suggests 
that the ultimate tensile strength of 
the undermatching welded joint may 
become as high as the base metal if 
the average width in the cross sec
tion of weld metal is appreciably small 
compared to the plate thickness. In 
order to find out whether the under-
matching electrode is applicable in 
practical welding of heavy plates of 
high strength steels or not. the SJ-
committee of JWES has conducted a 
joint performance study for the past 
three years. 

In the jo in t per fo rmance study 
three kinds of tests were undertaken, 
i.e.. static tension test, brittle fracture 
test and fatigue test. The materials 
used were HT 80 structural steels of 
12 mm, 25 mm and 70 mm thickness 
for the base metal and electrodes of 
47 kg /mm 2 through 80 kg /mm 2 nom
inal tensile strength level for filler 
metal. The 12 mm thick plate was 
used only for the fatigue test because 
of the capacity of testing apparatus 
available. 

Tension Test and 
Results (Ref. 8) 

The undermatching welded joints 
were made from a HT 80 steel plate 
70 mm thick by shielded metal-arc 
welding. The electrodes selected are 
of E11016 type and of undermatch
ing E9016 and E7016 type. Welding 
was done under 150 to 250 C pre
heating and interpass temperature to 
avoid weld cracking. No harmful weld 
defects were found by nondestruc
tive testing after welding. Design of 
the specimen is illustrated in Fig. 8, in 
which two types of specimens are 

shown, i.e.. square bar (type M) and 
wide plate (type L). Differing from the 
model joint specimen in the previous 
paragraph, the shape of the weld 
metal in cross section is oblique (V 
groove) to the plate surfaces. There
fore, the average value of the relative 
thickness (Xt)av, was calculated from 
a macro-etched photograph of each 
weld by the formula given in Fig. 8. 
Table 2 shows the coupon test re
sults of the base metal and weld 
metal. 

The tension test results are sum
marized in Fig. 9(a) and (b). In type M 
(square bar) specimens, the joint 
strength tru does not reach the tensile 
strength of the base metal used nor 
the value of 80 kg /mm 2 (minimum re
quired tensile strength of HT 80 steel 
plate). In type L (wide plate) spe
cimens, however, the nu value is in
creased as estimated by Eq. (4), and it 
becomes as high as the tensi le 
strength of the base metal even when 
the u n d e r m a t c h i n g e lec t rode of 
E9016 type is used. 

In all of the type L specimens, frac
ture occurred nearly along the weld 
fusion line accompanied by appreci
able lateral contraction in the plate 
width direction. In some of the frac
ture surfaces of the specimens made 
with E11016 and E9016 type elec
trodes there was observed a brittle 
f r a c t u r e a p p e a r a n c e , of w h i c h 
crystallinity is less than 20 percent. 
However, in the specimens using 
E7016 type electrode, it exceeds 80 
percent. Thus, the joint ductility be
comes considerably small when using 
E7016 type undermatching electrode 
as shown in Fig. 9(b). 

F i g u r e 10 s h o w s the t e n s i l e 
strength ratio to the base metal of un
dermatching welded joint versus un
dermatching weld metal. In the figure, 
open and black circles are test re
sults shown in Fig. 9(a) and the curves 
represent the results calculated by 
the method described in the previous 
paragraph. The average relative 

10.0-

0 : Author's experiment 
A : Yoshinaga et.al. 

Hisamitsu et al 

r L » 
<X,)„=(H.Wt. 

0.5 1.0 
Relative th ickness Xt 

Fig. 7 — The ratio Winl/t0as a function of X , 
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W. 
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L. 

4 0 0 
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t . 

7 0 

7 0 

W 

8 0 0 

1 4 0 

R 

2 0 0 

2 0 0 

Fig. 8 — Specimen design in static tension test 



thickness, (Xt)av, illustrated in Fig. 8 
was between 0.2 and 0.3 in each 
specimen, and the calculation was 
made as (Xt)av = 0.25. The joint 
strength could be well estimated by 
the calculation. In type L specimen, it 
reaches the tensile strength of the 
base metal <7Jj w hen the tensile 
strength of the weld metal is higher 
than nearly 90% of the base metal. It 
will be concluded from the results that 
the u n d e r m a t c h i n g w e l d e d jo in t 
showing a strength ratio, Sr (Fig. 10), 
higher than 0.9, represents the same 
behavior as the usual overmatching 
welded joint f rom the standpoint of 
both joint strength and ductility (Ref. 
9). 

Brittle Fracture Test and 
Results (Refs. 10,11) 

Two series oftestswere conducted 
for investigating the behavior of brit
tle fracture initiation of the under-
matching welded joint. Deep notched 
specimens as shown in Fig. 11 were 
made from the submerged arc weld
ed joint of an HT 80 steel plate 25 mm 
thick. Nominal tensile strength (NTS) 
level of the electrodes used was 80 
kg /mm 2 and 50 kg/mm 2 . Weld rein
forcement was machined off the deep 
notches 120 mm long were saw cut 
f rom both sides of the Bl type spec
imen and 140 mm long at the center 
of the Bll type specimen. Testing tem
peratures were selected between 0 C 

and - 2 0 0 C. The Bl type deep notch 
test of the HT 80 steel plate was also 
done as a reference test. Mechanical 
properties of the base metal and the 
filler metals are shown in Table 3. 

Figures 12 and 13 show the rela
tionships between fracture stress at 
the net section of each specimen and 
testing temperature in Bl type and Bll 
type tests respectively. The rrycurves 
show the temperature dependence of 
0.2% proof stress of each material. 

In the Bl-type test, the fracture 
stress curves of the welded joint move 
to the higher temperature side as 
compared to the base metal. Among 
the three kinds of filler metal se
lected, the welded joints using elec-

Table 2 — Coupon Test Results of Base Metal and Weld 
Metal in Static Tension Test 

Table 3 — Mechanical Properties of Base Metal and Filler Metal in Brit
tle Fracture Test 

Base metal 

Steel 

HT80 l O ) 

Plate 
thickness 

(mm) 
70 

T S 
(kg/mm*) 

82 1 

V S 
(kg/mm1) 

75 4 

Elongation 

254 

Reduction 
in area,0/ \ 

69 2 

(JIS No 4) 

Weld metal 

Specimen 
No 

G ) - 6 U 

(£ 6X 
CD' 5U 
© 5X 

C D - 8 

Electrode 

E 9 0 1 6 

E 9 0 1 6 

E 7016 

E 7 0 1 6 

E11016 

Groove 

U 

X 

u 

x 

T S 
(kg/mro1) 

67 8 

651 

5 9 6 

54 0 

88 3 

Y 5 
(kg /mm* 

514 

47 8 

ilongaton 

('/.) 
(2 4 5) 

(25 0) 

837 | 

Reduction 
in area(«/o) 

67 5 

70 6 

7 5 2 

798 

7 1 0 

(o) Chemical composition C 0 10*/. . Si 0 31°/.. MnO 84° ' . , 
P0 001*/ . ,S0hO9 •;. . Ni 1 08° / . . ( i 0 5 3*/. , Mi tkov. 

Series 

B 1 

B n 

Mat 

(Weld meta l ) 

Base metal (HTs6? 

Weld 

m e t a l 

NTS 80 

NTS : 60 

NTS 50 

Base metal (HT80) 

Weld 

metal 

NTS : 80 

NTS : 50 

Mechanical propert ies 

T S 
(kg/mrr?) 

82 1 

8 1 3 

70 8 

6 U 

82 6 

80.5 

63s . 

Y S 
(kg/mnr?) 

75 3 

59 0 

56 3 

4 9 U 

76 8 

66 0 

50 0 

vTs 
CC ) 

-88 

- s . 3 

- 75 

- 53 

-78 

62 

- 2 0 

thickness 

(mm) 

25 

25 

vTs Fracture transition temperature in V-Charpy test 

(a); Chemical composition : C 0 U •/. , Si 0 23°/.. Mn 0 90 "/. 
P 0 012°/., S0008*/. , Mo 0A4°/. , Cr 0 73"/. , V 0 03°/. 

E100-

2 

to 801" 

.c 

£ 60+-

I A0 

°v 

60 
err: 
80 

ksi 
100 

—I 
120 

Electrode 
(E7016HE9016G) (E11016G) 

LHT50-|HT60J. HT80 

*& 

y^ Sfr-

D 

O 

E 

© 

1 

Groove 

U 
X 

U 
X 

W. 

70 
70 
500 
500 

mm 

A0 60 80 
Strength of weld metal , du , kg/mm2 

(a ) Joint strength 

Fig. 9 — Static tension test results 
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c 

CL 
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en 
c 
o 

LU 

• 

• 

T 

Wo 

500 

70 

Groove 

U 

X 

U 
X 

XW.=500) 

Base metal 
HT80/ 
X °(W.=70) 

Elec t rode 

•HT5(HHT60r-

W.=500mm 

W.=70mm 

0 A0 iio" 60 80 1( 
Strength of weld metal ((XT, kg/rnrn1 

( b) Elongation in percent in 
A00 mm gage length 
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trodes of 60 kg /mm 2 NTS level seem 
to have rather higher strength, but the 
others have almost the same fracture 
strength in each temperature tested 
despite the considerable difference in 
yield and tensile strength of their filler 
metals. The reason will be due to the 
difference in fracture toughness of 
each material. As shown in Table 3, 
fracture transition temperature vTs 
obtained from V-notch Charpy test is 
lowest for the f i l ler metal of 60 
kg /mm 2 NTS level and is highest for 
the filler metal of 80 kg /mm 2 NTS 
level. It will be recognized that the 
stress at the initiation of brittle frac
ture is influenced by both strength 
and fracture toughness of the mate
r ials near the no tch ; the lower 
strength will decrease the fracture 

stress at the temperature tested and 
the higher fracture toughness will 
move the fracture intiation temper
ature at the stress level tested to the 
lower temperature side. 

In the Bll-type test, two steps of 
fracture were observed in the higher 
temperature range tested; complete 
fracture of the specimen was accom
panied by primary fracture of con
siderably shorter crack length at a 
lower stress level. This will be due to 
residual stresses from welding. Be
cause of much higher vTs values in 
the filler metal of 80 kg /mm 2 NTS 
level as shown in Table 3, the primary 
fracture stress is lower in this welded 
joint than in the undermatching weld
ed joint. 

It will be unders tood from the 

above test results that higher frac
ture toughness or lower transition 
temperature should be required for 
the undermatching filler metal than 
for the overmatching filler metal f rom 
the standpoint of brittle fracture initia
tion. Fracture mechanics approach 
will give quantitatively the fracture 
toughness required in the under-
matching welded joint for obtaining 
the same fracture initiation temper
ature T| as in the overmatching 
welded joint, at which the fracture 
stress of the notched plate becomes 
equal to half of the yield stress of the 
base metal at room temperature. This 
paper uses the criterion that brittle 
fracture should initiate when the size 
of tensile yield zonep formed ahead 
of a pre-existing crack attains a crit-

kf 
\ t o 0.9f 

0.8 

t ypeL , 
calculated 
- curve type M, calculated 

curve 

o : type M 
((X t)«r 0.2-0.3) 

type L 

calculated curves . (XtL=0.25 

0.5 0.6 07 0.8 0.9 1.0 
5r(=a:/duB) 

Fig. 10 — Tensile strength ratio of undermatching welded joint 
vs. undermatching weld metal 
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Fig. 11 — Brittle fracture test specimens 
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ical value/3c. Applying the criterion and 
using the temperature dependency of 
the pc value as a function of the V-
Charpy fracture transition temper
ature vTs obtained by Koshiga et al 
(Ref. 12), the difference AvTs of the 
vTs value between overmatching filler 
metal and undermatching filler metal 
requi red for obta in ing the same 
values of T| in the notched wide 
welded plate is given by (Refs. 9,13): 

A T , = 80ln(Sr)Y 

[1 - 6 5 ( 1 / T , 1/273)] (6) 

in which (Sr)y is the yield stress ratio 
of undermatching filler metal vs. over
matching filler metal and T, is in 
deg K. It is seen from Eq. (6) that 
when (Sr)Y = 0.8 and T, = about 
- 5 0 C to - 1 5 0 C, the required AvTs 
value is about 15 C to 20 C, or the vTs 
value required in the undermatching 
filler metal is 15 C to 20 C less than 
that of the overmatching filler metal. 

Fatigue Test and Results 

Fatigue strength of the under-
matching welded joints under pulsat
ing load was investigated by using 
groove weld specimens of a HT 80 
steel plate 12 mm thick. Shielded 

(a) Type 
250* 

FT w-60"-y 

Groove 
r-iooH 

— 550 

(b) Type FL 

Fig. 14 — Fatigue test specimen design 

C i r c u m f e r e n t i a l bu t t w e l d e d j o i n t 
[ w e l d e c T j o i n t s A , 

fjas rnejaj_arc_wejdjnc^ 

Nominal tensile strength 
level of electrode 

metal-arc welding was done with 
E11016 and E7016 type electrode un
der 150 C preheating and interpass 
t e m p e r a t u r e s . Two t ypes of the 
specimen, as shown in Fig. 14, were 
machined for applying the pulsating 
load transverse and parallel to the 
weld. The weld reinforcement was not 
removed. Table 4 shows the mechan
ical properties of the base metal and 
weld metals used. 

The fatigue test was done under 
pulsating load between nearly zero 
m i n i m u m s t r e s s a n d m a x i m u m 
st resses of 35 k g / m m 2 and 55 
kg/mm 2 . The test results are summar
ized in Table 5. In the FT-type speci
mens, in which tensile stresses are 
applied transverse to the weld, fa
tigue cracking occurs at the toe of the 
reinforcement and propagates in the 
thickness direction. Therefore, ap
preciable difference in the number of 
cycles to fracture does not appear be
tween o v e r m a t c h i n g and under -
matching welded joints. In the FL-type 
specimens, in which tensile stresses 
are applied parallel to the weld, on the 
other hand, fatigue life of the over
matching welded joint is rather longer 
than the undermatching welded joint 
because fatigue crack initiation starts 
on the surface of weld metal. How
ever, the difference may be very 
small, particularly at the lower max
imum stress level. 

Further Study 

Since the fundamental study and 
the performance study have made it 
clear that the undermatching elec
trode may be applicable to practical 
weld ing of heavy plates of high 
strength steels, the SJ-Committee 

B ) 

® 
60 kg/mm2 

® 
80kg/mm2 

ints C ) 
Longitudinal butt welded joint 

(welded jof 
Submerged arc welding 

NTS of electrode 80 kg/mm2 

(actual tensile strength = 77 kg/mmO 

Base m e t a l H T 8 0 CT^ = 8 9 k g / m m 2 

has attempted further study to gather 
and summar ize exper imenta l and 
practical data in structural welded 
joints. 

One of the examples of experi
mental study on structural welded 
joint performance is a burst test of 
welded pipes of HT 80 steel plate. 
The test was carried out as cooper
ative study of Osaka University, Sakai 
Iron Works and Nippon Kokan. 

The test specimen consisted of 
welded pipes 4100 mm, long, 950 mm 
diam, made from HT 80 steel plate 
12 mm thick, as shown in Fig. 15. The 
axia l j o in ts were made by sub 
merged arc welding with electrodes of 
80 kg /mm 2 nominal tensile strength 
(NTS) level. However, a mis-selected 
welding procedure resulted in the ulti
mate tensile strength of its filler metal 
to be only about 77 kg/mm 2 , or 12 
kg /mm 2 less than the base metal. The 
circumferential joints were made by 
gas metal-arc welding with elec
trodes of 60 k g / m m 2 and /o r 80 
kg /mm 2 NTS level in each weld, for 
which ultimate tensile strength by 
coupon test was 77 kg /mm 2 and 82 
kg /mm 2 respectively. 

The burst test was carried out by 
applying hydraulic internal pressure. 
At 235 kg/cm 2 internal pressure, frac
ture started at a location in the base 
plate just outside of the heat-affected 
zone of an axial weld, about 700 mm 
from the end of the specimen, and ran 
nearly parallel to the axial weld (See 
Fig. 16). The circumferential stress 
calculated f rom 235 kg /cm 2 internal 
pressure at fracture is 90 kg /mm 2 

which agrees well with the ultimate 
tensile strength 89 kg /mm 2 of the 
base plate used. In this case, the un
dermatching filler metal apparently 
did not have any harmful influence on 
the fracture. 

In addition to the experimental 
studies, some examples of the under-
matching welded joints in actual weld-

Circumferential joint 
NTS level 

of electrode kg/mm2 

Fracture started at 
ation of base 
outside of HAZ 

Frcture pressure = 235 kg/cm2 

(Circumferential fracture stress =90 kg/mm2) 

Fig. 75 — Specimen design for burst test Fig. 16 — Fracture specimen by burst test 
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Table 4 — Mechanical Properties of the Materials used for 
Fatigue Test 

Table 5 — Fatigue Test Results 

Mater ia l 

Base metal HT80 t a ) 

Electrode 

Tensile strength 
(kg / mm2) 

8A 

E 11016 j 8 6 

E 7016 | 55 

Yield s t reng th 
( k q / mm2) 

7 9 

7 4 

-
(a):Chemical composition C 0 10°/., Mn 079°/„ , Si 0 26°/. 

P 0.00'."/. , S 0 007 % , N i 0 83 7. , Cr 0 52 "/. 
Mo 0 34%, 

Maximum stress 
appl ied 

(kg / mm2) 

3 5 

5 5 

E l e c t r o d e 

used 

E 11016- G 

E 7 0 1 6 

E 1101 6 - G 

E 70 1 6 

No of cyc le 

Type FT 
( x 1 0 A ) 

1 5 2 
13 2 

1 3 8 
1 A 1 
3 72 
) 38 
3 17 
8 65 
6 63 

a t f r a c t u r e 

Type FL 
(x ]&') 

2 0 8 

2 3.1 
1 6 2 
2 2 3 

2 62 
2 45 

U 63 
5 3A 

Structure 

Penstock 

Bridge 

Pressure 

vessel 

Kind of 
welded joint 

Circumferential 

butt welding 

Branch 

Arch girder 

Box girder 

Tower 

B u t t welding 

Detail of welded joints 

E11016-G 

Gauging 

Flange E7016 

| 80 ' 

^ y ^ f t Fillet weld 
HT75 
A-A section ^ . £ 7 0 1 6 

/ ] 
b<-3rd layer 

Cornered weld 

r » i £j ,7-

• 6 4 -

Fi l let weld 
of r ib 

Used 
material 

(thickness) 

HT-80 

(32mm1 

HT-80 
HT-75 

( 3 2 -
80mm) 

Groove weld „ , „ g ^ , ^ 

| ^V^E70JV-^f 

HT-80 
HT-70 

(32-
64mm) 

Fil let weld 

E9016 A C I bead 

Gauging E g 0 1 6 

HT-80 

(25-mm) 

Welding method 
and 

electrode 

Shieldmetal-arc 
welding 

Weld metal 

AWS E 9016-G 

AWSE11016-G 

Remarks 

1973 -
1975 

Pumped 
strage 
power 
stat ion 

Shield metal-arc 

welding 

Weld metal 

AWS E 7016 

AWSE11016-G 

Gas metal 

arc welding 
Of 

submerged arc 

welding 

Weld metal 

for HT60 

1972 

Power 
stat ion 

Shield metal - arc 
welding 

for HT60 

19 74 

bridge 

( in Osaka 

Shield metal-arc 
welding 

Weld metal 
AWSE9016-G 
AWSE11016-G 

Fig. 17 — Some examples of the undermatching welded joints In actual welded structures 

ed structures have been collected. 
They are summarized in Fig. 17. At 
present in Japan, undermatch ing 
electrodes are often used for several 
layers at the root and/or finishing 
layers on the surface of multipass 
groove welds and fillet welds in order 
to make it easy to prevent weld crack
ing. 

Summary 

1. Mechanical properties under 
static tension of the idealized model 
joint including a soft interlayer are in
fluenced by the value of relative thick

ness of the interlayer. As the relative 
thickness decreases, the joint tensile 
strength increases from the tensile 
strength of the soft interlayer to the 
base metal s t r eng th . The jo in t 
strength is also changed with the 
plate width of the model joint; it is in
creased with increase in the width un
til the width becomes larger than 
about five times the plate thickness. 
Ultimate tensile strength of the model 
joint can be well estimated by formula 
i nc lud ing var iab les such as the 
relative thickness and the strength 
ratio of soft interlayer vs. base metal. 

2. The results obtained from the 
fundamental study mentioned above 
can be also applied to the under-
matching welded joint of heavy plates 
of HT 80 structural steel. In a suffi
ciently wide welded joint, the joint 
strength equal to the tensile strength 
of base plate could be guaranteed 
when tensile strength of the under-
matching filler metal is not less than 
90 percent of the base plate strength. 
In this case, joint ductility is also as 
high as the overmatching welded joint 
of the E11016 type electrode. 

3. Initiation of brittle fracture at low 
stress level is influenced by both yield 
strength and fracture toughness of 
the undermatching filler metal. The 
lower yield strength reduces the 
stress leading to fracture in a notched 
wide welded joint at a given testing 
temperature and the higher fracture 
toughness lowers the fracture initia
tion temperature at a given stress 
level. As the result, if the fracture 
toughness of the undermatching filler 
metal is h igher than the over 
ma tch ing f i l ler me ta l , the same 
temperature T, as the overmatching 
welded joint (at which brittle fracture 
of a notched wide welded joint in i 
tiates under the stress level of half the 
yield strength of base metal at room 
temperature), can be obtained even in 
the undermatching welded joint. Yield 
strength of the undermatching filler 
metal being selected as 80 percent of 
the overmatching filler metal, this is 
realized when the Charpy-V fracture 
transition temperature vTs of the un
dermatching filler metals is about 
15 C to 20 C lower than vTs of the 
overmatching filler metal. 

4. Fatigue life under pulsating load 
applied across the weld is not chang
ed appreciably between the under-
matching and overmatching welded 
joint of HT 80 steel plate, because the 
fatigue crack starting at a toe of the 
reinforcement runs through the heat 
affected zone. When a pulsating load 
is applied parallel to the weld, fatigue 
life of the undermatching welded joint 
is rather small as compared to the 
overmatching welded joint. 

5. A pipe specimen of HT 80 steel 
plate welded with the undermatching 
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electrode produced the same burst 
stress as the tensile strength of the 
base plate under hydraulic internal 
pressure. At present in Japan, an un
dermatching electrode is often used 
for one or more passes in multipass 
groove and fillet welds in HT 80 steel 
structures. 

Acknowledgments 

Part of the experiments presented here 
were conducted under the financial sup
port from the Iron and Steel Technical 
Committee of the Japan Welding Engi
neering Society. The experiments and dis
cussions have been made mainly at the 
SJ-Committee of the JWES. The authors 
would like to thank Professor H. Kihara, 
President of the JWES, for his help and 
support to this study. The authors also 
acknowledge the technical cooperation 
from, and many helpful discussions with, 
each member of the SJ-Committee. 

References 

1. Oba, H., Terai, K. and Susei, S.. 
"Weld Cracking of Steel Structures during 
Fabrication and under Service Condit ion," 

Proc. of 1st Int. Symposium Japan Weld
ing Society, 1971, Tokyo. 

2. Satoh, K., Doi. T. and Toyoda, M., 
"Size Effects on Static Tensile Properties 
of Welded Joints Including Soft Inter
layer," Jl. of Japan Welding Society, 37, 
(11). 1968. 1214 to 1226 (in Japanese). 

3. Satoh, K. and Toyoda, M., "Effect of 
Mechanical Heterogeneity on the Static 
Tensile Strength of Welded Joints," Jl. of 
Japan Welding Society, 40, (9), 1971, 885 
to 900 (in Japanese). 

4. Satoh, K. and Toyoda, M., "Static 
Strength of Welded Plates Including Soft 
Interlayer under Tension across a Weld 
Line," Trans. Japan Welding Society, 1, 
(2), 1970, 146 to 153. 

5. Satoh, K. and Toyoda, M., "Static 
Tensile Properties of Welded Joints In
cluding Soft Interlayer," Trans. Japan 
Welding Society. 1, (1), 1970, 1 to 6. 

6. Bakshi, O. A. and Shron, R. Z., "The 
Static Tensile Strength of Welded Joints 
with a Soft Interlayer,' Svar. Proiz., (5), 
1962. 6 to 10. 

7. Bakshi, O. A. and Shron, R. Z., "The 
Problem of Gauging the Strength of Weld
ed Joints in which There Is a Soft Inter
layer," Svar. Proiz., (9), 1962, 11 to 14. 

8. Satoh, K. and Toyoda, M., "Tensile 
Behaviors and Strength of Soft Welded 
Joints," Jl. Soc. Nav. Archil Japan, 132, 
1972, 381 to 393 (in Japanese). 

9. Satoh, K. and Toyoda, M., "Static 
Tensile and Brittle Fracture Strengths of 
Soft Welded Joints," Trans. JWRI, 2, (1), 
1973, 73 to 80. 

10. Satoh, K., Toyoda, M. et al., "Effect 
of Plastic Constraint on Brittle Fracture 
Initiation of Soft Welded Joints," Jl. Soc. 
Nav. Archit. Japan, 132, 1972, 371 to 380 
(in Japanese). 

11. Satoh, K., Toyoda, M. and Ar imochi , 
K., "Effect of Mechanical Heterogeneity on 
Brittle Fracture Initiation," Jl. Soc. Nav. 
Archit. Japan. 134, 1973, 425 and 433 (in 
Japanese). 

12. Koshiga, F., "A Proposed Mechan
ism of Brittle Fracture Initiation Influenced 
by Overstressing Technique in Terms of 
Dugdale Model . " Jl. Soc. Nav. Archit. 
Japan. 127. 1970, (in Japanese). 

13. S a t o h . K. a n d T o y o d a , M . , 
"Matching between Base Metal and Weld 
Metal on Viewpoint of Reliability of Welded 
Joints on Static Tensile Strength," Jl. of 
Japan Welding Society, 43, (3), 1974, 290 
to 295 (in Japanese). 

WRC Bulletin 203 
February 1975 

"Niobium and Vanadium-Containing Steels for Pressure Vessel Service" 
by J. N. Cordea, Armco Steel Corp. 

The effects of niobium (Nb) and vanadium (V) additions on the properties of plain 
carbon (C) steel have been well known for some years now. Recently, through refinements 
and processing technology, very effective use has been made of relatively small amounts of 
Nb or V (up to 0.2 wt-%) to significantly increase yield strength and improve notch tough
ness. These improvements have resulted through optimization of Nb and V carbonitride pre
cipitation hardening, ferrite grain size refinement, and a reduction in C content. The latter 
item also significantly improves weldability. 

Nearly all of the industrialized countries of the world have taken advantage of the econ
omy of producing higher strength steels with a minimum of extra alloying cost. This is espe
cially true for structural applications where weight saving is so important. Many countries 
have also made effective use of these steels for pressure vessel applications. Although the 
United States is very active in high-pressure line-pipe development, very little activity has 
been directed toward using Nb and V steels for pressure vessels and other containers. The 
principal reason is that allowable-stress calculation as specified by the American Society of 
Mechanical Engineers (ASME) Boiler and Pressure Vessel Code is usually governed by ten
sile strength. While yield strength is increased significantly by Nb and V additions, there is 
a relatively small effect on tensile strength. Consequently, no direct advantage can be 
gained in pressure vessel design by an increase in yield strength. 

It is the purpose of this report to summarize the state of the art of Nb- and V-containing 
C-Mn steels for pressure vessel applications and to identify areas needing further research. 
Specifically, this report covers low-alloy steels with an upper yield-strength range of about 
75 ksi (53 kg/mm2). A brief summary of the pressure vessel codes around the world is present
ed in order to provide a basis for important material properties in the design of pressure 
vessels. Available steels, their mechanical properties and the technology for producing them 
are covered in detail. Although a few structural grades and pipeline steels from the United 
States are discussed, the main emphasis is directed toward foreign steels produced for pres
sure vessel applications. Where appropriate, comparisons are made to similar composition 
structural grades produced in the United States. Weldability and other important properties 
necessary for satisfactory fabrication and service are evaluated. This work was initiated and 
sponsored by the Pressure Vessel Research Committee of the Welding Research Council, 
Fabrication Division, Subcommittee on Thermal and Mechanical Effects. 

The price of WRC Bulletin 203 is $6.50 per copy. Orders should be sent with payment to 
the Welding Research Council, United Engineering Center, 345 East 47th Street, New York, 
N.Y. 10017. 
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WRC Bulletin 201 December 1974 
1. "The Submerged Arc Weld In HSLA Line Pipe — A State-of-the-Art Review" 
by P. A. Tichauer 

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

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

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

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

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

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

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

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

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

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

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

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