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even with significant increases in vanadium 
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ABSTRACT. An extensive program of 
work to determine the HAZ toughness of 
line pipe and structural steels, containing 
up to 0.20% vanadium, with nitrogen in 
the range 0.005 to 0.018%, and niobium 
additions up to 0.05%, has been carried 
out using two-pass welds at 4.9 kJ/mm 
and multipass welds at 2 and 5 kJ/mm in 
both the as-welded and postweld heat 
treatment conditions. Using Charpy, 
CTOD, hardness measurement and met- 
allographic examination, it has been 
demonstrated that in the as-welded con- 
dition substantial levels of vanadium can 
be tolerated with no adverse effect on 
HAZ toughness. 

Introduction 

Although both vanadium and nio- 
bium are used as microalloying elements 
in the production of line-pipe steels, nio- 
bium is perhaps the more common mi- 
croalloying element found in structural 
and pressure vessel steels. Partly this 
arises because some manufacturing 
specifications (Refs. 1,2) apply quite low 
maximum limits to the vanadium con- 
tent. It would seem that the origin of 
these low maximum contents stems from 
experience of the behavior of older 
higher carbon, high-nitrogen steels atyp- 
ical of modern day concentrations of 
these elements. Since there is an extreme 
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lack of relevant data on the influence of 
vanadium on HAZ toughness in modern 
lower carbon, lower nitrogen steels, a 
program of work has been carried out at 
TWl on the HAZ properties of welds in 
current vanadium-containing steels. This 
paper presents and summarizes the con- 
siderable body of data that has been ob- 
tained from two-pass welds representa- 
tive of pipe production and from 
multipass welds representative of struc- 
tural and pressure vessel welding. 

Experimental Procedure 

Materials 

All the steels studied were produced 
as small scale (50 kg) laboratory heats 
and rolled to approximately 25-mm (1 
in.) plate. Although most of the study was 
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carried out on steels with 0.12% carbon, 
some two-pass welds were made on 
higher (0.22%) carbon steels and some 
two and multipass welds were made on 
lower (-0.07%) carbon steels to help 
study the influence of this element. They 
were supplied in the hot rolled condition, 
which was considered acceptable since 
the base plate microstructure does not 
exert a significant influence on the high- 
temperature HAZ microstructure. The 
compositions of these steels are given in 
Table 1 for two-pass pipe welds and in 
Tables 2 and 3 for the multipass weld 
studies. In general, it was seen that close 
control of composition was maintained 
with the exception of intended variations 
in microalloy element content. In order 
to use a compositional characterizing pa- 
rameter, the carbon equivalent (CE) was 
calculated from the IIW formula but 
without the vanadium (i e., V) term, i.e., 

CE =C+ Mn + Ni + Cu + Cr + Mo 
6 15 5 

as it was intended to study the individual 
effect of this element. The impurity and 
residual alloying element levels were in 
the range: 0.009-0.014%S, 0.006- 
0.010%P, 0.02-0.04% N i, 0.01 - 
0.02%Cr, <0.01%Mo, 0.01-0.03%Cu, 
<0.001%Ti and <0.0003%B. 

Welding 

Two-Pass Welds 

Plates were given a double-V edge 
preparation as shown in Fig. 1A and sub- 
merged arc welded with tandem wire 
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Table 1 - -  Compositions and Properties of Two-Pass Pipe Welds (4.9 kJ/mm) 

C Si Mn V Nb AI N O CEV 

0.07 0.31 1.57 -- -- 0.020 0.0088 0.004 0.337 AW 
(O.O119) PWHT 

0.07 0.31 1.48 0.05 -- 0,024 0.0087 0.006 0.322 AW 
(0.03) (0.0147) PWHT 

0.07 0.40 1.58 0.05 -- 0.029 0.0113 0.006 0.339 AW 
(0.03) (O.O158) PWHT 

0.06 0.41 1.49 0.05 -- 0,038 0.0177 0.006 0.314 AW 
(0.03) (0.0158) PWHT 

Hardness (HvlO) ITT °C 

HAZ WM 
(max) (max) 27J 40J 

179 206 -47 -30 
164 187 -75 -65 
192 217 -24 -12 
202 240 -32 -24 
199 227 -36 -15 
206 239 -66 -51 
190 215 -32 -13 
202 238 -47 -25 

CTOD 

Temp 
for Fracture 

0.25ram mm at Initiation 
°C -10°C Site 

- 8  0.05 GCHAZ 

-55 0.71 GCHAZ 
-30 0.70 GCHAZ 

0.07 0.32 1.51 O.10 -- 0 .025  O.0081 0.007 0.330 AW 202 
(0.07) (0.0168) PWHT 212 

225 -47 -34 -15 
276 -42 -29 

0.53 GCHAZ 

0.06 0.33 1.56 0.16 -- 0 .025  0.0083 0.007 0,326 AW 213 
(0.10) (0.0083) PWHT 235 

0.07 0.40 1.59 0.16 -- 0 .031  0.0122 0.006 0.343 AW 222 
(0.11) (0.0161) PWHT 232 

220 -31 -16 
228 -70 -42 
232 -27 - 8  
252 -27 - 8  

+5 0.04 GCHAZ 

0.06 O.31 1.56 0.19 -- 0.038 0.0079 0.006 0.328 AW 227 
(0.12) (0.0085) PWHT 233 

242 -53 -34 -15 
256 -46 -22 +15 

0.40 GCHAZ 
0.01 GCHAZ 

0.07 0.31 1.54 0.O5 0.030 0.026 0.0083 0.007 0.335 AW 198 
(0,03) (0.018) (0.0144) PWHT 212 

0.07 0.31 1.61 0.16 0,032 0.026 0.0099 0,006 0.346 AW 215 
(0.10) (O.018) (0.O135) PWHT 254 

0.04 0.31 1.51 0.10 0.048 0.019 0.0086 0.007 0.292 AW 210 

219 -39 -20 -45 
240 -26 - 8  
228 -35 -12 -20 
258 - 8  +17 

-45 -30 -15 

0.40 GCHAZ 

0.30 GCHAZ 

0.45 GCHAZ 

0.11 0.40 1.60 -- 0.026 0.053 0.008 0.006 0,388 AW 216 228 -15 +4 +20 
PWHT 219 224 -40 -22 

0.12 0.30 1.54 0 . 0 5  0.030 0.042 0.0087 0.005 0.384 AW 212 228 -37 -14 
(0.03) (0.017) (0.0133) PWHT 235 258 -23 0 

0.12 0.31 1.59 0.15 0.030 0.042 0.0091 0.006 0.394 AW 228 238 --27 +5 
(0.09) (0.010) (0.0089) PWHT 266 264 +6 +56 

0.054 GCHAZ 

0.23 0.37 1.47 -- -- 0.036 0.0081 0.005 0,484 AW 229 
(O.0081) PWHT 182 

0.23 0.30 1.60 0.05 -- 0 .041  0.0084 0.005 0.504 AW 227 
(0.03) (0.0083) PWHT 237 

0.22 0.29 1.64 0.10 -- 0 .037  0.0087 0.008 0,502 AW 260 
(0.06) (0.0095) PWHT 251 

0.22 0.28 1.57 O.15 -- 0.036 0.0085 0.005 O.491 AW 264 
(0.10) (0.0103) PWHT 274 

0.22 0.30 1.61 0.20 -- 0.044 0.0082 0.005 0.498 AW 266 
(0.12) (0.0081) PWHT 268 

Figures in brackets refer to weld metal. 

233 -21 +11 
213 -42 -27 
243 +6 +37 
247 -29 - I  
252 -34 +4 
252 -34 +4 
247 -13 +27 
268 +13 +52 
252 -10 +23 
254 +4 +47 

-20 O.12/1.35 GCHAZ 

welding using a 1.5 Mn-0.5 Mo wire in 
conjunction wi th a basic flux. The first 
pass was made at an arc energy of 4.0 
kJ/mm (100 kJ/in.) and the second with an 
arc energy of 4.9 kJ/mm (125 kJ/in.), the 
latter giving a cool ing t ime of about 55 s 
between 800 ° and 500°C (1472 °, 932°F). 
Details are given in Fig. 1 B. Charpy tran- 
sition curves were produced using spec- 
imens taken from the position shown in 
Fig. 1C, from the second side weld with 
the notch located so that it crossed the fu- 
sion boundary at its mid width.  Thus, 
both weld metal, HAZ and some base 
metal were sampled. For CTOD testing, 
surface notched specimens, wi th an a/w 
ratio of 0.3 and with the notch tip located 
in the grain-coarsened HAZ of the sec- 
ond side weld were taken as shown in 

Fig. 1C, and tested to produce transition 
curves. 

In addit ion to producing data in the 
as-welded condit ion, tests were also car- 
ried out on welds given a postweld heat 
t reatment (PWHT) of 1 h at 600°C 
(1112°F). Whi le  such a heat treatment 
would  not usually be given to pipe welds 
in practice, it was carried out as part of a 
general study of the influence of vana- 
dium on HAZ toughness. 

Multipass Welds 

A single-bevel jo int  preparation wi th 
a straight side was used for these welds, 
and the material to be tested was on the 
vertical face of the weld a l lowing Charpy 
and CTOD specimens to sample only the 

HAZ close to the we ld  interface. The 
weld bead positioning was control led to 
ensure a realistic proport ion of grain- 
coarsened HAZ remained in the com- 
pleted weld.  Welding was by submerged 
arc using a basic flux and a 1.5%Mn wire 
at a heat input of 2 kJ/mm (50 kJ/in.). De- 
tails are shown in Fig. 2. This heat input 
produces an 800°-500°C cool ing t ime of 
approximately 12 s, which is comparable 
to that of - 1 6  s produced at 3 kJ/mm (75 
kJ/in.) on 50-mm (2-in.) material. Charpy 
tests were conducted on specimens wi th 
a notch located as shown in Fig. 2 and 
tested to generate a transition curve. Full- 
plate-thickness, square-section CTOD 
specimens notched through the thick- 
ness at the weld interface were also car- 
ried out so as to produce transition curve 
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Table 2 - -  Compositions and Properlies of Multipass Welds (2kJ/mm) 

C Si Mn V Nb AI N O CE 
0.07 0.38 1.63 -- -- 0.031 0.0046 0.004 0.351 AW 

PWHT 
0.07 0.30 1.58 0.05 -- 0.032 0.0060 0.006 0.342 AW 

PWHT 
0.07 0.26 1.53 0.10 -- 0.037 0.0068 0.005 0.333 AW 

PWHT 
0.08 0.25 1.54 0.11 -- 0.026 0.0065 0.005 0.345 AW 

PWHT 
0.07 0.24 1.48 0.10 -- 0.034 0.0171 0.005 0.322 AW 

PWHT 
0.08 0.32 1.60 0.10 -- 0.025 0.0166 0.007 0.357 AW 

PWHT 
0.07 0.46 1.70 0.15 -- 0.034 0.0051 0.005 0.363 AW 

PWHT 
0.04 0.29 1.51 0.11 0.048 0.018 0.0078 0.008 0.293 AW 

Hardness, (Hv5) 
(max) 
212 
192 
206 
223 
227 
225 
234 
265 
252 
238 
262 
267 
260 
262 
247* 

ITT,°C 

27 J 40 J 
--45 --30 
--95 --80 
-65  -50  
--80 --65 
--70 --70 
--60 --43 
--70 --70 
-60  -43  
-80  --50 
-85  -46  
-80  --50 
-85  --46 
-85  -75  
-4O -3O 
-70  -67  

CTOD 

Temp for 
0.25 mm mm at Fracture 

°C -10  °C Initiation Site 

-89  0.45 SCGC/ICGCHAZ 
-70  0.55 SCGCHAZ 

-21 0.45 GC/SCGCHAZ 
-40  0.45 GC/SCGCHAZ 

-70  1.1 SCGCHAZ 

0.13 0.35 1.68 -- -- 0.026 0.0077 0.007 0.414 AW 254 -30  
PWHT 223 -60  

0.12 0.28 1.57 0.05 -- 0.035 0.0068 0.005 0.391 AW 257 -55  
PWHT 246 -60  

0.12 0.38 1.66 0.10 -- 0.038 0.0075 0.005 0.404 AW 265 -65  
PWHT 265 -50  

0.13 0.34 1.60 0.10 -- 0.029 0.0170 0.006 0.407 AW 286 -80  
PWHT 289 -50  

0.12 0.34 1.63 0.16 -- 0.035 0.0072 0.005 0.401 AW 289 -70  
PWHT 296 -50  

-13  -15  0.35 GCHAZ 
-41 -68  0.70 GCHAZ 
--35 
--35 
--43 --10 0.27 ICGCHAZ 
-30  -52  0.72 GC/GRHAZ 
-49  -23  0.33 GC/ICGCHAZ 
-27  -45  0.57 ICGCHAZ 
-47  - 2  0.044 GC/ICGCHAZ 
-29  -38  0.75 ICGCHAZ 

0.13 0.34 1.54 -- 0.028 0.019 0.0065 0.004 0.395 AW 257 --63 
PWHT 229 -49  

0.12 0.34 1.56 0.07 0.029 0.021 0.0067 0.005 0.386 AW 252 -60  
PWHT 239 -50  

-43  - 5  0.20 SCGC/ICGCHAZ 
-40  -43  0.40 SCGC/ICGCHAZ 
-33 +8 0.17 GC/ICGCHAZ 
- 3  -52  0.58 GC/ICGCHAZ 

behavior. For all steels, welds were tested 
in the as-welded cond i t ion ,  w h i l e  se- 
lected welds were add i t iona l ly  studied 
after PWHT of 1 h at 600°C. 

Certain steels were also welded at a 
higher heat input of 5 kJ/mm. This was 
done in conjunct ion wi th a plate of 50- 
mm section thickness, giving a ts/s of 27 
s. Since the experimental  steel was on ly  
able to be obtained in 25-ram thickness, 
this was achieved by making a "sand- 
w ich"  panel by bol t ing the 25-mm ex- 
perimental steel to a carbon-manganese 
steel of 25-mm thickness, after machin- 
ing the two butt ing faces to produce a 
close fit. Detai ls are shown in Fig. 3. 
Toughness testing was done in a similar 

manner to that of the 2 kJ/mm welds, tak- 
ing samples from the experimental  steel 
part of the weld.  

It should be noted that, for all the weld  
procedures examined,  in both two-pass 
and multipass welds, the interpretation of 
Charpy impact results was based on an 
average transit ion curve. In the case of 
the CTOD data, the lower  bound was 
taken. In both cases about 10 specimens 
were used to produce a transit ion curve. 

Metallographic Examination 
and Hardness Testing 

In addi t ion to the toughness testing, 
transverse meta l lographic  sections were 

Table 3 - -  Composition and Properties of Steels Used for Multipass Welds (5 kJ/mm) 

C Si Mn V Nb AI N O CEV 
0.12 0.31 1.59 0.10 -- 0.028 0.0065 0.004 0.41 AW 
0.12 0.34 1 .47  0.10 -- 0.025 0.0062 0.006 0.39 PWHT 
0.11 0.28 1 .52  0.10 -- 0.025 0.0155 0.005 0.368 AW 

PWHT 
0.12 0.33 1.54 -- 0.028 0.028 0.0062 0.004 0.382 AW 

PWHT 
0.12 0.24 1.57 0.07 0.025 0.035 0.0088 0.005 0.386 AW 

PWHT 

Hardness, 
(Hvl0) 
(max) 
235 
225 
247 

222 
224 
247 
249 

taken from welds to examine the HAZ 
microstructure and to measure the hard- 
ness using a Vickers method.  The in- 
dentat ion load on the two-pass and on 
the 5 kJ/mm multipass welds was 10 kg. 
For the 2 kJ/mm mult ipass welds  the 
load was 5 kg, except where noted. For 
the two-pass and mult ipass welds the 
HAZ indents were made wi th in  one in- 
dent from the we ld  interface, and for the 
two-pass welds the we ld  metal indents 
were made 5 mm from the we ld  inter- 
face. 

Metal lographic examinat ion was also 
carried out  on the CTOD specimens after 
testing to examine the region sampled by 
the fatigue crack and, in those specimens 

ITT °C CTOD 

Temp mm Fracture 
for at Initiation 

27 J 40 J 0.25 mm - 1 0 ° C  Site 
- 3 9  - 2 4  - 5 4  0.46 SCGC/ICGCHAZ 
- 5 0  - 3 9  - 1 5  0.30 SCGC/ICGCHAZ 
-16  4 8 0.12 SCGC/ICGCHAZ 

-15  -14  -49  0.38 SCGC/ICGCHAZ 
-45  -30  -41 0.34 SCGCHAZ 
-35  0 - 5  0.07 SCGC/ICGCHAZ 
-30  - 8  -60  0.31 SCGC/ICGCHAZ 
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I .m 
A 

Wire: 
Flux: 

Arc condition 
1 st Pass: 
lead arc 
trail arc 
travel speed 
arc energy 

2nd Pass: 
lead arc 
trail arc 
travel speed 
arc energy 

Restraint: 

1.5%MN, 0.5% Mo, 4 mm diameter 
highly basic (dried for 2 hrs at 450°C) 

650A, 30V, DC 
840A, 40V, AC 
800 mm/min 
4.0 KJ/mm 

950A, 30V, DC 
840A, 40V, AC 
760 mm/min 
4.9 kJ/mm 

Strong backs 

2 S m  

1 
2 m  

! 

1 l $.6n~n 6n~n 

C 

Fig. 1 - -  A - -Jo in t  preparation for two-pass SAW welds (5 kJ/mm) ; 
B - -  welding procedure; C - -  position of  notches in Charpy and 
CTOD specimens. 

~A?. { 

~ i  |2 mm 
C ha;~Ycetest ~ ,'notch 

I I 

BEAD DEPOSITION 

25 mm 

Welding preparation: 

Consumables: 

Single bevel with backing bar 
Included angle - 10 ° 
Root gap - 10 mm 

Flux - semi basic 
Wire - 3.2 mm dia. 1.5% Mn 

Welding conditions: 
Current - 700A 
Voltage - 30V, DC + 
travel speed - 630 mm/min 
Arc energy - 2 KJ/mm = 3 KJ/mm at 50 mm thickness 

Restraint: Strong backs 

Fig. 2 - -  Schematic showing position of  Charpy notch. Weld proce- 
dure for multipass SAW welds (2 kJ/mm). 

showing brittle fracture, to determine the 
fracture initiation point. 

Results and Discussion 
Two-Pass Welds (~te/5 -55 s) 

The results of the Charpy testing are 
given in Table 1 in terms of 27- and 40-J 
transition temperatures. A multiple linear 
regression analysis was carried out re- 
gressing the 40-J transition temperature 
against the IIW carbon equivalent, vana- 
dium, niobium and nitrogen. As previ- 
ously mentioned, the vanadium term in 
the IIWCE formula was omitted to enable 
the individual effect of vanadium to be 
determined. Similar regression analyses 
were carried out for weld metal and HAZ 
hardness. The resulting vectors are given 
in Table 4. 

From this table it can be seen that in- 
creasing the CE of the two-pass welds in- 
creased the 40-J transition temperature 
and the maximum hardness of the two- 
pass welds in both the as-welded and 
postweld heat treated conditions. For ex- 
ample, in the case of the toughness of 
two- pass welds at 4.9 kJ/mm, an increase 

in CE of 1.0 would be predicted to in- 
crease the 40-J transition temperature by 
265°C (477°F), or a 0.1 increase in CE 
would give rise to an increase of 26.5C ° 
(47.7°F) - -  Fig. 4A. Using the appropri- 
ate vectors for CE, above, the transition 
temperatures and hardnesses of the vari- 
ous steels were corrected to constant CE. 
In the case of l ine pipe, this constant 
value was chosen to be 0.34, as this was 
considered to be a typical value for many 
line-pipe steels. In these steels where, for 
example, the CE was less than the ap- 
propriate chosen constant value, correc- 
t ion by the vector quanti ty would  in- 
crease both the transition temperature 
and hardness, whi le in those steels where 
the CE was higher than the chosen con- 
stant value both the transition tempera- 
ture and hardness would  decrease on 
correction. Using such a technique en- 
abled the effect of microalloying in steels 
of different carbon content to be directly 
compared. 

It can be seen from Fig. 4B that there 
was no significant effect of plate vana- 
dium content of up to 0.20% on the HAZ 
40-J transition temperature. This is in 
contrast to the trend of hardness in both 

the weld metal and HAZ which showed 
a significant increase - -  Table 1 and fig. 
5A. Usually an increase in hardness, if 
this is not accompanied by an increase in 
microstructural refinement, wi l l  result in 
a deterioration of toughness. It was found 
that the addition of vanadium produced 
a beneficial change in the grain-coars- 
ened HAZ microstructure. This arose 
from the tendency to promote intragran- 
ular decomposi t ion of the austenite, 
thereby reducing the effective grain size 
of the overall transformed product. This 
is shown in Fig. 6. It is considered that 
this beneficial microstructural effect bal- 
anced any deleterious decrease in tough- 
ness that may have accompanied the ob- 
served increase in hardness. 

Increasing the nitrogen content of, or 
adding 0.03% niobium to, the 0.05 and 
0.10% vanadium steels had little or no ef- 
fect on the HAZ 40-J transition tempera- 
ture within the range of results obtained in 
Fig. 4B. Indeed, it can be seen from Table 
1 that reducing the carbon from 0.07 to 
0.04% ensured that the HAZ toughness 
was maintained when the combined V + 
Nb content was raised to 0.15%. 

Turning to the effect of PWHT on the 
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Welding process: 

Welding preparation: 

Consumables: 

Submerged Arc (single wire) 

Single bevel with backing bar 
Included angle 15 ° 
Root gap 11 mm 

Oerlikon SD3, 3.2 mm diameter 
Oerlikon OP121TT 

Welding conditions: 
Current 680 - 700A 
Voltage 30V, DC + 
travel speed 250 mm/min 
Arc energy 5 kJ/mm 
Preheat Temperature 100°C 
Interpass Temperature 100 - 150°C 

Restraint: Strong backs 

Fig. 3 - -  A - -  Schematic showing the welding arrangement o f  the 
sandwich panel;  B - -  weld procedure for multipass SAW weld (5 
kJ/mm). 

40 

0 

-20  

.-40 

2;) 

o 

~o 

-4O 

.-eO 

I 
o.s 

I I 
0,4 O.S 

CEV 

A 

F ~ Nb or V+Nblt~ls 
Vmnla 

Vhlgh N ~ 

I I 
o.1 02 

v+ Nb(wt%) 

B 

Fig. 4 - -  The effects of: A - -  CE; B - -  microal loy ing at constant CE 
(0.34) on the 40-J H A Z  ITT, in two-pass p ipe welds at 5 kJ/mm and 
in the as-welded condit ion. 

Charpy toughness, this is indicated in 
Table 4 and Fig. 7. Again, the expected 
adverse effect of increasing carbon and 
CE is apparent, the vector being slightly 
larger than for the as-welded condition. 
The data also show that the vectors for V, 
Nb and nitrogen are all significantly pos- 
itive, being greatest for nitrogen. How- 
ever, it can also be seen that for vana- 
dium levels of less than about 0.010% 
the 40-J transition temperature is im- 
proved by PWHT. The changes in tough- 
ness on PWHT broadly followed the 
trends in the change in hardness after 
PHWT, where Fig. 5B and Table 1 show 
that there was an increase in HAZ and 
weld metal hardness of the microalloyed 
steels following PWHT. 

The results of the fracture toughness 
testing of the HAZ are presented in Table 
1 in terms of the temperature for a CTOD 
of 0.25 mm and the CTOD at -10°C 
(14°F). It can be seen from Fig. 8 that 
compared to the base C-Mn steel, an ini- 
tial vanadium addition of 0.05% pro- 
duces a substantial improvement in frac- 
ture toughness. Although this 
improvement is less at higher levels of 

Table 4 - -  Vectors Obtained from Multiple Regression Analysis 

40J ITT 

Procedure Condition CE Vanadium Niobium Nitrogen 

2kJ/mm AW +225.1 --212.2 +20.2 +490.0 
Multipass PWHT +324.9 +235.7 +953.6 -44.3 
5kJ/mm AW +264.8 +5.0 +79.4 + 1810.1 
Two Pass PWHT +317.1 +292.2 +1244.1 +2978.2 

Maximum HAZ Hardness 

Procedure Condition CE Vanadium Niobium Nitrogen 

2kJ/mm AW +535.1 +259.0 +613.2 +2252.6 
Multipass PWHT +467.1 +442.0 +88.7 + 1628.3 
5kJ/mm AW +265.3 + 190.4 + 150.3 -- 156.0 
Two Pass PWHT +205.9 +341.9 +833.8 + 1405.9 

Maximum Weld Metal Hardness 

Procedure Condition CE Vanadium Niobium Nitrogen 

5kJ/mm AW +225.4 + 166.9 +6.9 + 171.6 
Two Pass PWHT +259.5 +385.2 +738.1 +3944.0 
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Fig. 5 - -  The effect of  microalloying at constant CE (0.34) on the 
maximum HAZ hardness in two-pass welds at 5 k]/mm. A - - A s -  
welded; B - -  after 1 h at 600°C. 
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Fig. 7 - -  The effect of  microalloying on the 40-J HAZ ITT at 
constant CE (0.34), in two-pass pipe welds at 5 kJ/mm after 1 
h at 600°C. 
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Fig. 6 - -  The effect o f  vanadium 
on the microstructure in the 
HAZ of  two-pass welds (5 
kJ/mm) on 0.07% carbon steels. 
A - -  0% vanadium steel; 
B - -  O. 10% vanadium steel; 
C -  O. 19% vanadium steel. 

Fig. 8 - -  The effect of  microalloying on the temperature for 
0.25-mm CTOD in low-carbon (<0.07%) l ine pipe steels 
welded at 5 kJ/mm, using two passes in the as-welded condi- 
tion. 
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welded; B - -  after 1 h at 600°C. 
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Fig. 10 - -  The effect o f  microalloying at constant CE (0.38) on 
the maximum HAZ hardness in multipass welds at 2 kJ/mm. A 
- -  As-welded; B - -  after 1 h at 600°C. 

vanadium, even at the highest level of 
vanadium studied (0.20%), the tough- 
ness was at least as good as that of the 
base C-Mn steel. The addition of 0.03% 
niobium at 0.07% carbon, and 0.05% 
niobium at 0.04% carbon to steels con- 
taining 0.10% vanadium had no signifi- 
cant effect on the as-welded fracture 
toughness behavior. Following PWHT for 
the two steels in which this was studied, 
0.05% and 0.20% vanadium, the trend 
was for the toughness to decrease - -  
Table 1. The changes in fracture tough- 
ness are believed to arise from the net ef- 
fect of the observed beneficial change in 
transformed microstructure and the ten- 
dency for hardness to rise with increas- 
ing microalloy content and fol lowing 
PWHT. 

Multipass Welds 

25-mm-Thick, 2-kJ/mm Arc Energy 
(Ats/5 -12  s) 

The results of the Charpy testing are 
given in Table 2. Regression analyses 
were conducted in an analogous manner 
to that described for the two-pass weld 
and the resultant vectors given in Table 4. 
As for the two-pass welds, in order to plot 
the effect of the microalloying elements, 

as in Fig. 9B, the vector for CE established 
in Table 4 was used to correct the transi- 
tion temperature of each steel to a com- 
mon carbon equivalent, in this case of 
0.38, this value being considered typical 
of many structural steels. Again, this al- 
lowed all the steels of differing carbon 
and manganese contents to be com- 
pared. Table 4 shows that reducing CE 
improves HAZ toughness, while Fig. 9A 
shows a beneficial effect of increasing 
vanadium content in the as-welded con- 
dition. Although not shown in Fig. 9, it 
can be seen from Table 2 that the benefi- 
cial effect of vanadium is greatest in the 
lower carbon steels studied and that im- 
provement was still occurring at the high- 
est level (0.15%) studied. This trend was 
not significantly altered by the addition 
of nitrogen to the 0.1% vanadium steels. 
The addition of 0.03% niobium to a 
0.07% vanadium steel produced no sig- 
nificant effect on 40-J HAZ transition 
temperature in the 0.12% carbon mater- 
ial. Further, the addition of 0.05% nio- 
bium to the 0.04%C, 0.10%V steel still 
allowed excellent levels of HAZ tough- 
ness to be obtained. 

In the PWHT condition (Fig. 9B), the 
effect of CE seemed more pronounced, as 
in the two-pass welds, and the trend with 
vanadium was the reverse of that in the 

as-welded condition, the level of tough- 
ness decreasing with increasing vana- 
dium content. However, PWHT resulted 
in an improvement in joint toughness for 
steels containing up to about 0.1% vana- 
dium at 0.38 CE. Moreover, even at the 
highest vanadium level examined 
(0.15%), the 40-J transition temperature 
was reasonable at about -30°C (-22°F) 
after PWHT. Little or no effect of nitrogen 
was observed, somewhat in contrast to 
the two-pass results. In the case of the 
steels containing 0.07% vanadium + 
0.03% niobium, the 40-J transition tem- 
perature after PWHT was some 20 ° to 
30°C (36°-54°F) higher than those of the 
equivalent steel. 

Figure 10A and B shows the trend of 
HAZ hardness with vanadium content; 
that in both as-welded and PWHT con- 
ditions increasing vanadium content in- 
creased the HAZ hardness. However, 
even at 0.16%V the hardness after PWHT 
was only 285 HV5. For lower levels of 
vanadium, (<0.1%) particularly in the 
0.12% carbon materials, PWHT resulted 
in a net reduction in HAZ hardness. 

The influence of vanadium content on 
the fracture toughness of the as-welded 
grain-coarsened HAZ is shown in Fig. 
11A where it can be seen that increasing 
vanadium up to 0.15% gave rise to a 
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Fig. 11 - -  The effect o f  microalloying on the temperature for 
0.25 mm CTOD in multipass welds at 2 kJ/mm. A - -  As- 
welded; B - -  after 1 h at 600°C. 
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small reduction in the fracture toughness. 
The level of fracture toughness in the 
vanadium-containing steels was similar 
to, but marginally better than, that in a 
comparative niobium microalloyed ma- 
terial. The addition of 0.03% niobium to 
a 0.07% vanadium steel produced a 
lower level of toughness than in a straight 
vanadium steel. It was found that de- 
creasing the carbon con~ent from 0.12 to 
0.07% in the 0.10% vanadium steel pro- 
duced a marked improvement in as- 
welded toughness. A similar level of 
toughness was observed in the case of the 
0.04%C, 0.1%V, 0.05%Nb steel. 

The application of PWHT to the 
0.12% carbon vanadium-containing 
steels produced a substantial improve- 
ment in fracture toughness (Fig. 11 B), and 
this was also true of the application of 
PWHT to niobium and niobium-vana- 
dium materials. For the low-carbon 0.1% 
vanadium steel, PWHT resulted in little 
or no change in fracture toughness, 
which was already at a very acceptable 
level. Increasing the nitrogen content to 
0.017% had little effect on the tough ness, 
in both the as-welded and PWHT condi- 
tions for the 0.12% carbon-0.1% vana- 
dium steel. However, for the lower car- 
bon steel, the higher nitrogen content 

resulted in lower fracture toughness in 
both the as-welded and PWHT condi- 
tions, although PWHT did result in an 
improvement in the temperature for 
0.25-mm CTOD of -20°C, giving a tran- 
sition temperature o f -  40°C (-40°F). 

As was observed in the two-pass 
welds, the addition of vanadium pro- 
duced some modifications to the grain- 
coarsened HAZ microstructure. Possibly 
the most important of these was the ten- 
dency to promote intragranular decom- 
position of the austenite, reducing the ex- 
tent and particularly the size of the 
colonies of ferrite with aligned second 
phase. This microstructural change is 
considered to be beneficial for improving 
cleavage resistance. As was noted earlier, 
increasing vanadium also gave rise to an 
increase in hardness and in terms of the 
measured fracture toughness, these two 
features are in opposition to each other. 

5 0 - m m  Th ick ,  5 - k J / m m  A r c  Energy 
(At8/5 ~ 27  s) 

The HAZ toughness data and hard- 
ness measurements for these welds are 
presented in Table 3. The effect of in- 
creasing heat input on the Charpy be- 
havior ofthe HAZ is shown in Fig. 12. For 

all the steels investigated, this shows the 
traditional effect in that increasing heat 
input gives rise to a fall in Charpy tough- 
ness. 

Considering the change in toughness 
following PWHT and how this is influ- 
enced by heat input, it can be seen that 
for all the steels studied, a higher heat 
input gave rise to small improvements in 
the 40-J transition temperature. This is in 
contrast to the general trend at low heat 
inputs of a tendency for postweld heat 
treatment to raise the 40-J HAZ transition 
temperature at the level of vanadium 
under consideration (i.e., 0.07% and 
0.10%). This trend may be associated 
with a greater likelihood for some pre- 
cipitation hardening to occur during the 
longer cooling times of the higher heat 
input process, thereby reducing the po- 
tential for precipitation hardening during 
PWHT and the often associated deterio- 
ration in toughness. Figure 13 shows that 
the general level of hardness of the higher 
heat input welds is lower than that of the 
low heat input welds, as would be ex- 
pected, although for the combined mi- 
croalloyed material the hardness is the 
same at both heat inputs. This is likely to 
arise from the greater precipitation hard- 
ening produced by the combined mi- 
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croalloy content. However, it should be 
noted that at the higher heat input the 
slower cooling will also produce a softer 
and coarser transformed microstructure, 
and the final HAZ hardness is a balance 
of the degree of tempering and any pre- 
cipitation hardening occurring. 

Turning now to the fracture toughness 
data (Fig. 14), the trends with heat input 
depend on the steel type. In the as- 
welded condition, the best fracture 
toughness was achieved by both the 
0.1% vanadium steel, and the 0.03% 
niobium material. In contrast, the vana- 
dium-nitrogen material produced a 
poorer fracture toughness at the higher 
heat input. The reason for these different 
trends is believed to be associated with 
the influence of the different composi- 
tions on the development of the mi- 
crostructure in the intercritically re- 
heated grain-coarsened HAZ. Other 
work (Ref. 7) has shown that when the 
decomposition of the carbon-enriched 
austenite formed during intercritical re- 
heating tends toward ferrite and carbide, 
rather than martensite-austenite (MA), 
the toughness improves, other factors re- 
maining constant. In general, the slower 
cooling associated with a higher heat 
input will tend to favor the formation of 

ferrite-carbide rather than MA, depend- 
ing upon the precise overall composition 
and hence hardenability of the carbon- 
enriched austenite. The microstructure 
examination indicated that in the nio- 
bium and vanadium steels, at higher heat 
input, there was less MA constituent and 
more ferrite-carbide. However, in the 
vanadium-nitrogen material, more MA 
was observed at the higher heat input, 
presumably as a result of nitrogen en- 
hancing the steel hardenability. 

Considering the fracture toughness 
behavior following PWHT, Fig. 14B 
shows that again the trend is very depen- 
dent on the material type. For both the 
0.03% niobium and 0.10% vanadium 
steels, PWHT produced a small reduc- 
tion in toughness, while for the com- 
bined microalloyed material, the post- 
weld heat treatment exhibited a marked 
improvement in toughness. Previous 
work has shown that when the as-welded 
fracture initiation is predominantly from 
the ICGC HAZ, which contains MA, 
PWHT usually produces a significant im- 
provement arising from the tempering of 
the MA regions. This is probably the prin- 
cipal contributing factor to the improve- 
ment in toughness of the niobium-vana- 
dium material. In contrast, both the 

0.03% niobium and 0.10%-V steels, 
which may have contained a smaller pro- 
portion of MA in the ICGC HAZ, were 
observed to show a deterioration in 
toughness, presumably because the po- 
tential for improvement from the temper- 
ing of MA was significantly less. The de- 
crease in toughness was small in the 
niobium steel but larger in the vanadium 
steel. Nevertheless, the temperature for 
0.25-mm CTOD of -15°C (5%) for the 
vanadium steel is quite satisfactory for 
most applications. 

Prac t ica l  I m p l i c a t i o n s  

The results presented in the previous 
sections demonstrate that, particularly in 
the as-welded condition, the presence of 
significant levels of vanadium does not 
have adverse effects on the HAZ tough- 
ness. Indeed, under many circumstances 
it is shown that significant improvement 
in HAZ toughness can arise. Similar find- 
ings have been reported recently in sev- 
eral different studies including both ex- 
perimental and commercial steels (Ref. 
3-6). 

Specifically, for two-pass welds, it was 
found that there was no effect on the 40- 
J transition temperature of adding up to 
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0.2% vanadium and that the best fracture 
toughness in the grain-coarsened HAZ 
was at 0.05% vanadium, while at 0.20% 
vanadium, the fracture toughness was 
still similar to that of the base carbon 
manganese steel, despite in all cases in- 
creases in HAZ and weld metal hardness. 
In multipass welds there was a continu- 
ous improvement in the as-welded 40-J 
transition temperature for additions of up 
to 0.16% vanadium (the highest studied), 
with only a very small fall in fracture 
toughness up to this level of vanadium, 
despite significant rises in HAZ hardness. 
For both the two-pass and multipass weld 
studies, it was found that the tolerance of 
the vanadium steels to niobium additions 
in terms of an adverse effect on the HAZ 
toughness was improved by lowering the 
carbon content, such that at 0.04% car- 
bon there was no deterioration when 
0.05% niobium was added to a 0.10% 
vanadium steel. 

In the present work it has been found 
that alloying with vanadium can produce 
a beneficial change in the transformed 
microstructure of the grain-coarsened 
HAZ. This change has a notable ten- 
dency to promote intragranular decom- 
position of the austenite, which resulted 
in an effectively smaller grain or colony 
size of the ferrite with aligned second 
phase, or bainitic products typically 
found in C-Mn steels. This tendency for a 
finer grained transformed microstructure 
in the grain-coarsened HAZ region is be- 
lieved to be beneficial for cleavage resis- 
tance and to be the principal factor con- 
tributing to the observed toughness 
behavior. 

The situation is a little different when 
PWHT is considered since this can some- 
times produce a net increase in hardness 
with some associated fall in toughness. 
Nevertheless, at low-carbon levels 
(0.07%) alloying with up to 0.1%V pro- 
duces no loss in toughness in multipass 
welds at 2 kJ/mm. When fracture tough- 
ness data are considered, it was found 
that in 0.12% C steels PWHT produced 
significant improvement in toughness, 
even at the 0.15% vanadium level. In 
structural steel applications, there is a 
significant move to try and reduce costs 
by avoiding PWHT whenever it is possi- 
ble to demonstrate adequate as-welded 
toughness for this to be so. The beneficial 
effects of vanadium demonstrated in this 
study, particularly in the as-welded con- 
dition, are of obvious considerable sig- 
nificance in respect of this trend. 

Overall, the data reviewed show a 
substantially different picture to that 

often portrayed in the past concerning 
the adverse effect of vanadium on HAZ 
toughness. They show that under many 
circumstances there are significant ad- 
vantages to be gained in respect of HAZ 
toughness by alloying with vanadium, 
particularly in the as-welded condition. 
The data indicate considerable scope for 
development of V-containing Iow-C-Mn 
steels having good levels of HAZ tough- 
ness. 

Conclusions 

1. For welds typical in line pipe, no 
deleterious effect of up to 0.20% vana- 
dium was found on the as-welded HAZ 
toughness. The addition of 0.03% nio- 
bium to vanadium-containing materials 
also had little or no effect on the HAZ 
toughness. 

2. In multipass butt joint welds at an 
arc energy of 2 kJ/mm, the addition of up 
to 0.15% vanadium significantly im- 
proved the as-welded HAZ Charpy notch 
toughness and produced only a small de- 
crease in the HAZ fracture toughness, de- 
spite significant increases in HAZ hard- 
ness. The addition of 0.03% niobium 
resulted in a decrease in HAZ toughness, 
which was more marked for fracture 
toughness than for the 40-J Charpy tran- 
sition temperature. 

3. For the multipass butt joint welds 
made at 2 kJ/mm and given a postweld 
heat treatment of 1 h at 600°C, the HAZ 
fracture toughness of 0.12% carbon 
steels significantly improved, while the 
40-J Charpy transition temperature im- 
proved for vanadium contents of up to 
0.1% at 0.38 CE. 

4. Reducing the carbon content of 
vanadium-containing steels resulted in 
an increase in the ability of the steel for 
both two-pass and multipass welds to tol- 
erate vanadium plus niobium additions 
of up to 0.15% in a 0.04% carbon steel. 

5. In high heat input (5 kJ/mm) multi- 
pass welds, the as-welded HAZ tough- 
ness of vanadium (0.1%) and niobium 
(0.03%) steels were similar, while vana- 
dium plus niobium and vanadium plus 
higher nitrogen steels tended to give a 
lower level of HAZ toughness. In the case 
of the vanadium plus niobium steel, this 
lower level of fracture toughness was re- 
covered by PWHT. For the niobium and 
the vanadium steel, decreases in tough- 
ness (small in the former, larger in the lat- 
ter) were seen after PWHT. Nevertheless, 
the fracture toughness of the vanadium 
steel was still quite satisfactory (0.25 mm 
at -15°C). The effect of PWHT on the 

vanadium nitrogen steel was not exam- 
ined. 

6. Microstructural examination of the 
grain-coarsened HAZ showed that the 
addition of vanadium promoted intra- 
granular decomposition from austenite, 
producing a consequent reduction in 
bainitic colony size, thereby providing a 
beneficial microstructural change. This is 
believed to be the principal cause of the 
general trend found for vanadium to ei- 
ther have no adverse effect or, on some 
occasions, a beneficial effect on HAZ 
toughness. 

7. With the trend in structural steel 
welding to eliminate the need for PWHT 
by demonstrating adequate as-welded 
toughness, the present results indicate 
that the ability of vanadium-containing 
steels to produce good levels of HAZ 
toughness, particularly in the as-welded 
condition, make them particularly suit- 
able candidates for this approach. 
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