
Weldability of a New Ferritic Stainless Steel 

A new steel produced by electron-beam hearth refining and containing 
2 6 % Cr, 1 % Mo with very low carbon and nitrogen is readily welded 
using the gas-shielded arc processes 

BY K. E. D O R S C H U 

ABSTRACT: A ferritic stainless steel con
taining 26% chromium, 1% molyb
denum, and ultralow carbon and nitro
gen contents has been produced by the 
electron-beam hearth refining process. 
This steel is corrosion resistant, easily 
worked, and weldable. The weldability 
of the alloy is presented in this paper. 

In thin sections, the alloy is readily 
joined using the gas tungsten-arc or gas 
metal-arc processes. The inert gases— 
argon, helium, or mixtures of the two— 
should be used with these processes. Gas 
tungsten-arc weldments exhibit excellent 
bend ductility, and fractures in weld 
metal and heat-affected zone regions are 
ductile, even in the presence of notches 
when weldments are loaded statically in 
tension or dynamically by impact. The 
properties of weldments in these sections 
are superior to those of conventional 
ferritic stainless steels. 

For welding heavier sections, the gas 
metal-arc process provides the best weld 
metal properties. The use of an argon-
1% oxygen shielding gas prevents arc 
wander and nitrogen pickup in the weld. 
With matching filler metal and selection 
of the proper conditions, moderate weld 
metal toughness, tensile ductility and ex
cellent side bend ductility can be achieved. 

Weldments in the new alloy are resist
ant to stress corrosion cracking. In addi
tion, they resist corrosion in various acids 
including acetic, formic, phosphoric, cit
ric, sulfuric-ferric sulfate, and nitric. 

Introduction 
A new combined refining process 

utilizing electron beams in a hard 
vacuum has made possible the 
economical production of ultrapure 
alloys.1'3 A new alloy produced by 
this process is called E-Brite 26-1™*, 
a ferritic stainless steel containing 
nominally 26% chromium, 1% mo
lybdenum, and ultralow nitrogen and 
carbon contents for a steel of this 
chromium level.4 

K. E. DORSCHU, formerly with Air Re
duction Co.. Inc., is now Vice President 
and General Manager, Electrotherm Corp.. 
Philadelphia, Pa. 
*A trademark ot Air Reduction Co.. Ine. 

Unlike many austenitic stainless 
steels containing nickel, the new alloy 
is resistant to chloride stress corrosion 
cracking. In addition, it is resistant to 
intergranular, crevice, and pitting cor
rosion, and to high temperature oxida
tion. The alloy's low thermal expan
sion makes it a prime candidate for 
applications involving glass-to-metal 
seals. Its oxidation resistance has 
prompted use of the new alloy for 
resistance heater sheathing. Because 
of its unique combination of proper
ties, the new alloy is gaining populari
ty for use in the chemicals, petroleum, 
power, pulp and paper, food process
ing, water treatment, and pollution-
control industries. 

Although conventional ferritic stain
less steels could provide adequate cor
rosion resistance in some of the above 
applications, their utilization has been 
limited because of difficulties in form
ing and joining. In joining conven
tional ferritic stainless steels, the 
weldments often are sensitive to 
cracking and embrittlement, particu
larly in heavier sections. These prob
lems are caused by relatively poor 
notch toughness of the alloys, exces
sive grain growth and undesirable 
reactions such as martensitic forma
tion in Type 430 ferritic stainless 
steel. Thus, more expensive, more eas
ily worked and fabricated austenitic 
stainless steels have been used in many 
applications because of the difficulties 
experienced with conventional ferritic 
stainless steels and not because of any 
superiority in corrosion resistance. 

But the new alloy is not a conven
tional ferritic stainless steel. The new 
alloy is low in carbon and nitrogen, 
and undesirable martensitic formation 
does not take place. It is a single-
phased body-centered-cubic alloy and 
cannot be hardened by heat treatment 
in the conventional sense. Because it is 
ferriti". its lower expansivity and 
higher thermal conductivity make it 

potentially more desirable from the 
standpoint of minimizing distortion 
and warping during welding. 

Because of the low levels of car
bon, nitrogen, and other residual ele
ments, the new alloy is tough and 
ductile. Typical mechanical properties 
and composition of annealed V 2 in. 
thick plate are shown in Table 1. 

The new alloy is easily cold 
worked. When significant cold reduc
tion is performed such as in rolling of 
plate or drawing of wire, ductility can 
be restored by a simple anneal at 
1600° F followed by a water quench. 
Filler metals for use with the gas 
tungsten-arc or gas metal-arc proc
esses are made from matching mate
rial—Table 2. 

Weldability of the New Alloy 
Weldability describes the ease with 

which sound weldments can be made 
and the suitability of these weldments 
for service applications. The potential 
service performance of this new ferrit
ic stainless steel was evaluated by 
determining the mechanical properties 
and corrosion resistance of weldments 
of various thicknesses. 

The ease of welding and the 
mechanical properties of thin 
weldments and those made in heavier 
sections are discussed in the following 
paragraphs. Then the corrosion resist
ance of weldments in various environ
ments is presented. 

Weldability of Thin Sections 

Most of the joining of thin sections 
is expected to involve the gas tung
sten-arc and plasma-arc processes. 
Sound, ductile, tough weldments have 
been produced in products such as 
tubing using production equipment 
with these processes. 

Argon or helium, or mixtures of the 
two, should be used with either gas 
tungsten-arc or plasma-arc processes. 
The use of hydrogen in the plasma or 
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shielding gas in the plasma-arc process 
is not advisable. Even though sound 
tubing has been made using hydrogen-
inert gas mixtures, the potential of 
hydrogen-induced delayed cracks ex
ists when hydrogen is absorbed in the 
weld pool, combined with a high stress 
state (such as a sudden water quench 
after welding). If higher welding 
speeds are desired than can be 
achieved with argon, then helium or 
argon-helium mixtures can be used to 
produce higher arc voltage gradients 
and, as a result, more power from the 
arc. Obviously, the use of higher weld
ing currents also will allow more pow
er to be delivered to the arc. 

While many combinations of gas 
tungsten-arc welding conditions could 
be used to join the new alloy, depend
ing on the material thickness and 
other factors, some conditions which 
have been used in this investigation 
are listed in Table 3. Argon was used 
as the shielding gas in all cases. 

A typical macrosection of a gas 
tungsten-arc weldment made with 
matching filler metal is shown in Fig. 
1. The filler metal, when used, had a 
composition simliar to the base metal 
—Table 2. 

Bend ductility of thin-section weld
ments was determined by conducting 
traverse guided bend tests on as-
welded specimens ranging in thick
ness from 0.06 to 0.25 in. For com
parative purposes, similar bend tests 
were run on conventional 430 and 446 
ferritic stainless steel weldments. The 
minimum radius of the plunger (in 
terms of material thickness, t) around 
which the weld area could be bent 180 
degs without fracturing, was deter
mined in each test. The results are 
listed in Table 4. 

All weldments in the new alloy 
exhibited excellent bend ductility, 
whether or not matching filler metal 
was added during welding. Weldments 
ranging in thickness from 0.06 to 

Table 2—Composition of Matching 
Filler Metal" and Typical Gas 
Tungsten-Arc Weld Metal Deposited 
in New Alloy Sheet, Wt-% 

C 
N 
O 
Cr 
Mo 
Si 
Mn 
P 
S 

;1 The f i l ler metal used as '"cold-wire" 
feed in the gas tungsten-arc process was 
0.062 in. diameter. The weld metal was 
typical of that deposited when wire was 
used. 

Table 1—Composition and Properties 
of New Alloy 

Composition, wt-% 

Filler metal 

0.0029 
0.0124 
0.0052 

26.5 
1.11 
0.35 

<0.05 
0.013 
0.007 

Weld metal 

0.0019 
0.0107 
0.0130 

26.9 
1.04 
0.23 

<0.05 
0.020 
0.013 

C —0.0018 
N —0.0099 
O —0.0088 
Cr —27.0 
Mo—1.00 

Tensile properties: 

Yield s t reng th , ksi 
U l t imate tens i le 

s t reng th , ksi 
Elongat ion in 1 in . , 
Reduct ion of area, 

Impact properties: 

Charpy V-notch 
energy absorbec 

Duct i le br i t t le 
t rans i t ion t e m 
perature 

Si —0.26 
Mn—0.01 
P —0.020 
S —0.012 
Fe —balance 

Longi
tud ina l 

49.8 

66.0 
% 37.0 
% 80.9 

Longi
tud ina l 

240 f t- lb 
at room 
tempera
ture 
Below 
- 5 0 ° F 

Trans
verse 

51.8 

67.7 
38.0 
82.6 

Trans
verse 

240 f t- lb 
at room 
tempera
ture 
Below 
0° F 

* Composition and properties of >2 in. 
thick plate. Plate was rolled from ingot 
made in 10 ton combined ref ining furnace 
and given a final anneal at 1600°F for 30 
minutes, followed by water quench. 

0.125 in. were crack-free after bend
ing around a lf-radius plunger—Figs. 2 
and 3. By contrast, conventional Type 
430 stainless steel exhibited poor duc
tility since failure occurred even when 
the weldment was bent around a 
4r-radius plunger—Fig. 2. Conven
tional 446 was more ductile than Type 
430, but still not as ductile as the new 
alloy. The bend ductility of 0.25 in. 
thick weldments also was good—Fig. 
3. 

Subsize Charpy V-notch specimens 
were tested with notches in the weld 
metal and heat-affected-zone areas to 
determine whether brittle zones ex
isted in these weldments. In the plane 
of the sheet surface, the specimens 

had the same dimensions as standard 
Charpy specimens, but they were sub-
size in that the thickness (t) of the 
specimens was nominally that of the 
sheet—Fig. 4. 

The results of the impact tests are 
shown in Table 5. During impact test
ing, lateral constraint of specimens in
creases as specimens increase in thick
ness. This can affect the transition 
temperatures and energy absorption 
values. Therefore, weld metal and 
heat-affected-zone values should be 
compared with unwelded sheet of that 
nominal thickness only, and not with 
values obtained at other thickness 
levels. 

Over a temperature range of 0-80° 
F, the weld metal and heat-affected 
zone areas were tough, exhibiting val
ues about two-thirds of unwelded 
sheet in thicknesses of 0.060-0.125 in. 
new alloy sheet. The heat-affected 
zones for welds made in 0.25 in. sheet 
were tough, and weld metal was tough 
at room temperature, but values did 
drop off at 0° F. 

By comparison, conventional Type 
430 and 446 stainless steel weldments 
made with no filler metal were less 
tough. The weld metal in 0.06 in. 
sheet in Type 430 was brittle; the 
heat-affe"ted zone was tougher than 
the weld metal. While the weld metal 
and heat-affected-zone regions of 
Type 446 welds were better than Type 
430 weldments, the 446 values still 
were less than those shown by 
weldments of equivalent thickness in 
the new ferritic stainless steel alloy. 

Tensile properties of weldments 
made in sheet were determined using 
"nnot'-hed and notched specimens— 
Figs. 5 and 6. Notched specimens 
were notched either in the weld metal 
or heat-affected zone, and a notch 
concentration factor (K,) of 5.25 was 
used. Notched to unnotched tensile 
sfrenath ratios were calculated for 
weld metals and heat-affected zones 
for weldments in various thicknesses. 

Unnotched new alloy weldment 

Table 3—Typical Gas Tungsten-Arc Welding Conditions 

Parameter 

Current, amp 
Voltage, v 
Travel speed, ipm 
Electrode diameter, in.1 

Electrode tip angle, deg 
Wire feed rate, ipm1' 
Gas flow, nozzle-cfhc 

Gas flow, backing-cfh 

0.060 

100/125 
10 
10 

He 
90 

0-7 
30 
20 

— Materia 
0.060 

200 
10 
25 

Ha 
90 

0-12 
30 
20 

1 thickness, in 
0.125 

300 
10 
10 

(blunt) 
180 

0-19 
30 
20 

0.250 

500 
10 
10 

3 16 
(blunt) 

180 
0-28 

30 
20 

a In all cases, 2% thoriated tungsten electrodes were used. 
b Where matching f i l ler metal was used, wire diameter was 0.062 in. 
c The internal diameter of the shielding nozzle was % in. Argon was used as the shielding 

and backup gases. 
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Fig. 1—Typical cross section of weld
ment in new alloy (1/8 in. thick sheet, 
hydrochloric-nitric-glycerol etch) 

specimens failed in the weld metals in 
all cases, and the fractures were duc
tile. Results of the notched tensile tests 
(Table 6) showed that the weld met
als and heat-affected zones of weld
ments in the new alloy generally ex
hibited ductile fracture behavior in 
the presence of notches. The notched 
to unnotched tensile ratio in all cases 
exceeded unity. Most fractures oc
curred in the weld metal, even when 
notched in the heat-affected zone. 

When weldments made in conven
tional Type 430 steel were tested in 
tension, the weld metal fractured in a 
brittle manner, and the notched-
unnotched tensile ratio was lower than 
for similar weldments in the new al
loy. Type 446 weldments were more 
ductile than Type 430 weldments. 
Typical fractures of new alloy, con
ventional 430 and 446 tensile speci
mens, notched in the weld zones, are 
shown in Fig. 7. m 

In summary, good mechanical 
properties can be realized in 
weldments when sheet in thicknesses 
up to 1 / 4 in. is joined by gas tungsten-
arc welding. Generally, bend ductility 
is good and the weld metal and heat-
affected-zone areas exhibit ductile ten
sile behavior in the presence of mod
erately severe notches. Notch tough
ness is adequate in both the weld 
metal and heat-affected zone regions 
although there is some dropoff in im
pact properties at lower temperatures 
in weld metals in 2 /4 in. thicknesses 
of the new alloy. 

Table 4—Bend Ductility of Gas Tungsten-Arc Weldments in New 

Material 

New alloy 
New alloy 
Conventional 430 
Conventional 446 
New alloy 
New alloy 
New alloy 
New alloy 

Thickness, 
in. 

0.060 
0.060 
0.060 
0.060 
0.125 
0.125 
0.250 
0.250 

Filler metal 
addition 

No 
Yes 
No 
No 
Yes 
No 
Yes 
No 

Alloy 

Minimum radius 
of plunger 

to pass test" 

l t 
l t 

Failed 4t 
2t 
l t 
l t 
2t 
lt 

a A s t a n d a r d g u i d e d b e n d t e s t p l u n g e r a n d d ie w e r e u s e d . In each t es t , a m i n i m u m p l u n g e r 
r a d i u s of l t w a s u s e d , a n d t h e r a d i i we re i n c r e a s e d i n i n t e r v a l s of l t un t i l a l l s p e c i m e n s we re 
b e n t a r o u n d 180 d e g w i t h o u t f r a c t u r i n g . S p e c i m e n s w e r e a b o u t y2 i n . w i d e . 

Weldability of Plate 

When joining plate in the flat posi
tion, the gas metal-arc process should 
be used. With this process, reasonable 
mechanical properties of weldments 
can be achieved along with good 
weld metal deposition rates. The con
ditions which were used and the rea
sons for their selection are described 
below. 

When ferritic or austenitic steels 
are welded with the gas metal-arc 
process using a pure inert gas for 
shielding, aspiration of air into the arc 
area is common. As a result, nitrogen 
and oxygen can be picked up in the 
weld metal. Normally, direct current, 
reverse polarity power is used and the 
work to be welded is cathodic. The 
arc is attracted to those spots, such as 
oxides, which are emissive in charac
ter. The problem is that the arc be
comes " unstable because it erratically 
"dances around" seeking these emis
sive spots. The result is an interruption 
of the lamellar flow of the inert gas, 
and air is aspirated into the apparent 
inert shield. 

On a practical basis in welding oth
er steels, the problem of "arc wander
ing" has been solved by adding an 
oxidizing gas to the inert gas. This 

prevents the arc from wandering and 
stabilizes the position of the arc. Argon 
containing 2 % oxygen is commonly 
used to weld ferritic mild and low 
alloy steels. 

In considering the welding of the 
new alloy, it was important to deter
mine the gases and gas flows which 
would ensure a stable arc to eliminate 
aspiration of air, but which would not 
degrade the weld metal properties re
sulting from oxides picked up during 
welding. 

To determine the amount of nitro
gen and oxygen which the alloy would 
pick up in the weld pool, a series of 
beads were deposited on plate in the 
welding chamber. (The welding 
chamber had to be used to control the 
atmosphere and eliminate unwanted 
aspiration of air.) Prior to each weld 
bead, the chamber was evacuated 
several times and backfilled with the 
gas under study. The gases used were: 

1. Argon containing 0.5, 1 and 2% 
oxygen. 

2. Argon containing 2.0, 4 and 8% 
nitrogen. 

3. Argon containing 2.5, 5 and 
10% air. 

These gas mixtures were selected to 
provide oxygen and nitrogen contents 

CONVENTIONAL 4 4 6 
GTA WELD 
{NO FILLER WIRE) 
1/tG fN.'SHEET 
FAILED I t RADIUS SEND 

CONVENTIONAL 4 3 0 
GTA WELD 
(NO FILLER WIRE) 
1/16 IN. SHEET 
FAILED 4 t RADIUS BENO 

E-BRITE 2 6 - 1 
GTA WgLO 

• (NO FILLER WIRE! 
1/16 IN. SHEET 
PASSED I t RADIUS BEND 

Fig. 2—Bend ductility of weld in new alloy compared 
with conventional Type 430 and 446 stainless steel weld
ments 

E-BRITE 2 6 - 1 
GTA WELD 
(NO FILLER WIRE I 
l /B IN. SHEET 
PASSED IL RADIUS 86N0 

E-BRITE 2 6 - 1 
GTA WELO 
(NO FILLER WIRE! 
1/4 IN. MATERIAL 
PASSED 2 t RADIUS BENO { 

e-eniTE 26-i 
GTA WELD 
FILLER WIRE 
1/8 IN. SHEET 
PASSED I t RADIUS BENO 

^ r 
j E - BRITE 2 6 - 1 

6TA WELD 
(FILLER WIRE) 

i 1/4 IN. MATERIAL 
PASSED It, RADIUS BENO 

E-8R)TE 26-1 
GMA WELO % 
(FILLER WIRE J ! 
1/2 IN. PLATE 
PASSED Z t RADIUS BENO 

Fig. 3—Bend ductility of weldments fabricated with various thick
nesses of new alloy 
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WELD METAL 
Table 5—Impact Behavior of New Alloy and Conventional Ferritic 
Stainless Steel Weldments" 

HEAT 
AFFECTED 

ZONE 

WELD METAL SPECIMEN 

WELD METAL 

HEAT 
AFFECTED 

ZONE 

HEAT AFFECTED ZONE SPECIMEN 

Fig. 4—Subsized weld metal and heat-
affected zone specimens (/ is approxi
mate sheet thickness; all other dimen
sions are the same as those of the 
standard Charpy V-notch specimen) 

in the approximate proportion found 
in air, and the quantities of air could 
be related to argon containing equiva
lent nitrogen or oxygen contents. 

Weld metals were analyzed for ni
trogen and oxygen. The gases ab
sorbed in the weld metals were then 
plotted as a function of the gases in 
the chamber—Fig. 8. 

These results showed that nitrogen 
absorbed from air is significantly 
greater than that picked up from an 
equivalent amount of nitrogen in an 
argon-nitrogen mixture. This probably 
occurs because oxides of nitrogen can 
be absorbed into the pool more readi
ly than nitrogen alone. Clearly, the 
aspiration of air into the arc stream 
must be avoided. The experiments de
scribed below were used to establish 
conditions under which air will not be 
aspirated into the weld pool. 

Bead-on-plate welds were made 
using a commercial welding nozzle 
having a 3 / 4 in. internal diameter. All 
weld metals were deposited outside a 
chamber. Various gas flow rates with 
argon, argon-oxygen, and argon-
carbon dioxide mixtures were used, 
and the weld metals were analyzed for 
oxygen, nitrogen and carbon. The re-

UNIFORM 
REDUCED SECTION 

-0 .500 t 0 0 2 

-WELD 

Mater ial 

New al loy 
(No f i l ler metal added) 

Convent ional Type 430 
(No f i l le r metal added) 

Convent ional Type 446 
(No f i l ler metal added) 

New al loy 
(No f i l ler meta l added) 

New al loy 
(Fil ler metal added) 

New al loy 
(Fil ler metal added) 

Sheet 
th ickness, 

in. 

0.060 

0.060 

0.060 

0.125 

0.125 

0.250 

Notch 
locat ion b 

Weld 

HAZ 

BM sheet 

Weld 

HAZ 

BM sheet 

Weld 

HAZ 

BM sheet 

Weld 

HAZ 

BM sheet 

Weld 

HAZ 

BM sheet 

Weld 

HAZ 

BM sheet 

Test 
tempera tu re , 

° F 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

80 
0 

Charpy 
V-notch 

energy ab
sorbed, f t - lb 

14 
14 
14 
14 
16 
18 
4 
2 
6 
7 

10 
10 
10 
3 
9 
8 
9 

10 
38 
43 
35 
35 
55 
55 
38 
43 
35 
35 
55 
55 
87 
3 

66 
95 

129 
>100 

See Fig. 4 for sketch of specimens. 
HAZ—heat-affected zone; BM—base metal . 

suits are plotted in Figs. 9 and 10. 
These results and other experience 

show that pure argon gas cannot be 
used for practical welding because 
erratic and unpredictable nitrogen 
pickup can result. Note, for example, 
that a pure argon shielding gas allows 
more nitrogen to be picked up in the 
weld at 30 cfh gas flow rate than does 
a shielding gas of argon containing 
2% oxygen. On the other hand, the 
pure argon allows no nitrogen to be 

picked up in the weld at a low gas 
flow rate of 15 cfh. The pattern is not 
predictable. Oxidizing gas mixtures 
must be used to prevent the arc from 
wandering. 

Of argon mixtures containing V 2 

to 2% oxygen, the 2% oxygen gives 
the greatest flow range which can be 
used without aspirating air into the 
weld—Fig. 9. However, the V 2 - l % 
oxygen range provides weld metal de
posits with good wettability and can 

(2) 1/2" DIA. HOLES 
ON CENTER LINE 

STD, CHARPY V-NOTCH 
(.010 RADIUS) TO 
.0.107+ -°°> DEPTH 

Fig. 5—Tensile specimen 

Fig. 6—Notched tensile specimen (K,=5.25). Specimen 
can be notched either in weld metal (as shown) or in heat-
affected zone 

W E L D I N G R E S E A R C H S U P P L E M E N T I 413-s 



Table 6—Tensile Properties of Gas Tungsten-Arc Weldments" 

Material 

New alloy 
(Filler metal 

added) 
New alloy 
(No filler 

metal added) 
Conventional 
Type 430 
(No filler 

metal added) 
Conventional 
Type 446 
(No filler 

metal added) 
New alloy 
(Filler metal 

added) 
New alloy 
(No filler 

metal added) 

Sheet 
thick
ness, 

in. 

0.060 

0.060 

0.060 

0.060 

0.25 

0.25 

Type of 
specimen1' 

Unnotched 
Notched-weld 
Notched-HAZ 
Unnotched 
Notched-weld 
Notched-HAZ 
Unnotched 
Notched-weld 
Notched-HAZ 

Unnotched 
Notched-weld 
Notched-HAZ 

Unnotched 
Notched-weld 
Notched-HAZ 
Unnotched 
Notched-weld 
Notched-HAZ 

Yield 
strength 

(0.2% 
offset), 

ksi 

58.3 
66.1 
67.6 
56.1 
70.5 
70.1 
51.4 
65.1 
64.4 

53.9 
69.8 
70.8 

54.3 
70.8 
70.3 
53.8 
72.8 
71.8 

Ultimate 
tensile 

strength 
(UTS), 

ksi 

69.6 
76.2 
82.1 
69.4 
79.9 
85.4 
69.9 
69.4 
80.0 

82.8 
92.2 
93.1 

68.0 
71.9 
78.4 
71.1 
82.2 
86.7 

Elongation 
in 2 in., 

% 
11.1 
3.0 
6.3 
9.7 
3.0 
6.8 

19.9 
1.9 
6.0 

20.3 
6.7 
6.5 

10.1 
4.0 
4.0 

16.0 
5.2 
9.7 

Ratio of 
notched 
UTS to 

unnotched 
UTS 

— 
1.09 
1.18 
— 

1.15 
1.23 
— 

0.99 
1.15 

— 
1.11 
1.13 

— 
1.06 
1.15 
— 

1.16 
1.22 

a See Figs. 5 a n d 6 f o r s p e c i m e n d e t a i l s . 
b H A Z — h e a t - a f f e c t e d z o n e . 

be used on a practical basis providing 
a reasonable minimum flow rate is 
used with this particular nozzle. As 
expected, the more oxygen in the 
shielding gas, the more is absorbed in 
the weld pool. Nitrogen pickup is 
avoided, however, when the flow rate 
is held at a minimum of 45 cfh. The 
gas flow will vary with the nozzle size 
and distance from the work. 

Sometimes carbon dioxide is used 
to stabilize the arc or to provide 
penetration or better wetting when 
welding steels. Tests were run using 
argon mixtures containing 1, 2 and 
5% of carbon dioxide. The results are 
shown in Fig. 10. 

The more carbon-dioxide used in 
the shielding gas, the more oxygen is 

1700 

1500 NITROGEN ABSORBED 
AIR ATMOS, 

OXYGEN 
ABSORBED / 

02 ATMOS. i i ' - * " 

2 4 6 8 
NITROGEN IN ARGON (%) 

0 5 10 

AIR IN ARGON (%) 

Fig. 8—Oxygen and nitrogen absorbed 
by weld metals in various chamber at
mospheres 

absorbed in the weld metal, as expect
ed. However, the carbon content of 
the weld pool is increased with in
creasing carbon dioxide. Thus, carbon 
dioxide is not recommended as a 
shielding gas. 

The results show that good arc 
stability can be achieved with 
V2— 1% oxygen in the argon. The 
influence of these gases on weld metal 
properties, however, is important 
since the flow rate range and gas 
selection is a compromise between arc 
stability, wettability, and weld metal 
properties. 

Four V 2 in thick weldments were 
made to determine the influence of 
the oxygen absorbed in the weld met
al on mechanical properties of the 
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weld metal. One weldment was made 
in a chamber using pure argon shield
ing gas, and three welds were made 
outside the chamber using argon gas 
mixtures containing x/2 , 1, and 2% 
oxygen. The general welding condi
tions are shown in Table 7 (0.062 in. 
diameter filler metal). The significant 
properties, ductility and toughness, 
and composition changes are plotted 
in Fig. 11. 

The best overall weld metal tough
ness values were obtained using argon 
shielding gas containing 1 % oxygen. 
The weld metal tensile ductility gener
ally decreased as oxygen was in
creased in the shielding gas. Weld 
metal toughness was highest and most 
consistent with 1 % oxygen in the 
shield. Based on these results, the 
argon shielding gas should contain 1 % 
oxygen to obtain the best compromise 
between toughness and ductility. 
Unacceptable weld metal toughness 
and tensile ductility are produced 
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when 2% oxygen is used. With 1% 
oxygen in the gas shield, the weld 
metal chromium content was 2 6 . 1 % . 
A slight loss of chromium was en
countered because of oxygen addi
tions—Fig. 11. However, this is no 
problem since the filler metal is 
sufficiently high in chromium to com
pensate for the loss. 

Following these tests, a weldment 
was made using nearly matching filler 
metal and V 2 in. thick plate. The 
orientation of the test specimens is 
shown in Fig. 12, and the mechanical 
properties of the weld metal are given' 
in Table 8. Weld metal toughness was 
about 26 ft-lb at room temperature 
and tensile elongation was 8%. Side 
bend ductility was good in that speci
mens were successfully bent around a 
plunger with a 2/ radius—Fig. 3. 

Work conducted early in the weld
ing programs involving electron-beam 
refined ferritic stainless steels indi
cated that good toughness was ex
hibited in the heat-affected zones 
when simulated heat-affected zone 
thermal cycles were imposed on 
wrought materials, and the specimens 
subsequently impact tested. In an 
effort to determine whether or not the 
heat-affected zone of the new alloy 
retained reasonable toughness in gas 
metal-arc welding, a weldment was 
made in ' / , in. plate with a configu
ration and a heat-affected zone speci
men location shown in Fig. 12. The 
notch of the standard Charpy V-notch 
specimen ran in the heat-affected 
zone, and the fractures followed the 
path of the heat-affected zone and 
fusion line area. Results are shown in 
Table 8 and compared with those 
toughness values obtained in the weld 
metal and unwelded plate. The heat-

Table 7—Typical Gas 
Welding Conditions 

Filler metal d iameter , 
i n . " 

Electrode ex tens ion, 
in. 

Weld ing cur rent , amp 
Arc length, in. 
Weld ing vol tage, v1. 

Travel speed, ipm 
Preheat and interpass 

tempera tu re , ° F 
Wire depos i t ion rate 

( ipm) 
Sh ie ld ing gas 

Nozzle I.D., in . 
Gas f low rate, c fh 

Vletal-Arc 

0.045 

0.75 
270 

MeX 
~27 

9 

80 

340 
Argon-

1 % 
oxygen 

0.75 
50 

0.062 

0.75 
335 
S<*-X7 

1 6 / 4 - 2 8 
10 

80 

210 
Argon-

1 % 
oxygen 

0.75 
50 

affected zone is tougher than weld 
metal but is not as tough as unwelded 
plate. The l/2 in. thick gas metal-arc 
weldments were not preheated and the 
weldments were allowed to cool to 
room temperature between passes. It 
is possible that highly restrained heavy 
weldments may have to be preheated 
in practice, but certainly not to the 
extent expected in welding conven
tional ferritic stainless steels. 

For welding heavier sections, certain 
limitations in weld metal properties 
should be mentioned when gas tung
sten-arc or shielded metal arc (cov
ered electrode) processes are consid
ered. 

When gas tungsten-arc weldments 
were fabricated in the new alloy using 
numerous weld metal passes, the ten
sile ductility and soundness were 
good. In fact, the ductility was superi
or to that obtained with gas metal-arc 
welding using the optimum conditions. 
The toughness, however, was not as 
good as that obtained with gas metal-
arc weld metals. In gas tungsten-arc 
weld metals, each small weld metal 
pass experiences reasonably long times 

in regions around 1100° F and below, 
and such exposure could cause a de
crease in toughness. 

Covered electrode weld metals are 
not as tough as gas metal-arc weld 
metals. These weld deposits are not as 
"clean" as those produced by the 
inert-gas processes because the carbon 
and nitrogen pickup is difficult to 
suppress without seriously hampering 
the operability of the electrodes. 

It should be pointed out that work 
is continuing to modify the filler metal 
compositions, and to study new 
techniques for producing sound weld
ments. 

Corrosion Resistance of E-Brite 
26-1 Weldments 

One of the attractive properties of 
the new alloy is the extremely high 
resistance of weldments to stress cor
rosion cracking. Using U-bend speci
mens in boiling 48% magnesium chlo
ride, the time to fracture was noted 
for annealed 304 and 316 austenitic 
stainless steels, and annealed unwelded 
as well as welded specimens of the 

> o 
or or 
UJ 0 

UJ .— 

TC
H

 
T.

 L
B

. 

O U-

z »-
1 Q 

> UJ 

R
PY

 
SO

R
B

 

< 'H i ** 

*s 
< UJ 
or < 

o 
z 
o 
o 
o 
UJ 
or 

60 

40 

20 

* 2 7 

g 2 6 
o 
or 
x 
o 

1 For f l a t - p o s i t i o n w e l d i n g t e s t s , t he 0.062 
i n . d i a m e t e r m a t c h i n g f i l l e r m e t a l c o n d i 
t i o n s we re u s e d . 

b The arc v o l t a g e w i l l v a r y d e p e n d i n g on 
w h e r e t he l e a d s a re c o n n e c t e d , t h e n a t u r e 
of t h e p l a t e s u r f a c e , t he e l e c t r o d e e x t e n 
s i o n , c u r r e n t , e t c . V a l u e s are a p p r o x i m a t e . 

OXYGEN IN ARGON SHIELDING GAS (%) 
Fig. 11—Variations in weld metal composition and properties as oxygen 
is added to argon gas in gas metal-arc welding 
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WELD METAL 

STANDARD CHARPY 
V-NOTCH SPECIMEN 

STANDARD 0.252 IN DIAM. 
TENSILE SPECIMEN 

ALL WELD METAL SPECIMEN 

1/2 IN. PLATE 

HEAT-AFFECTED-, ^ W E L D METAL 
ZONE 1 

STANDARD CHARPY 
V-NOTCH SPECIMEN 

HEAT-AFFECTED ZONE SPECIMEN ORIENTATION 
Fig. 12—Location of a l l -weld-metal and heat-affected zone specimens in 
gas metal-arc weldments 

new alloy were compared with these 
results—Table 9. The superiority of 
the new alloy is apparent. 

The new alloy is also resistant to 
various acid environments. Gas tung
sten-arc weldments were activated 
with a zinc rod at the start of the 
tests, and subjected to formic, acetic, 
citric and phosphoric acid environ
ments for seven days. All of the weld
ed and unwelded coupons (1 x 1 in. 
square) exhibited corrosion rates less 
than 0.00004 in. per month. No local
ized attack took place in the samples— 
Fig. 13. 

To determine the corrosion resist
ance of weldments in nitric acid, 
ground coupons (1 x 1 in. square) 
were subjected to boiling 65% nitric 
acid for five 48-hr periods (ASTM-
262, Huey test). The corrosion rate 
for all specimens tested in the 0.06-
0.25 in. thickness range was between 
0.00030 and 0.00035 ipm and was 
about the same as annealed, unwelded 
material. Only some light etching of 
grain boundaries of weld metal and 
heat-affected-zone areas took place. 
Figure 14 is a photograph of a typical 
Huey specimen after testing. 

In Fig. 14, the corrosion resistance 
of the new alloy also compared with 
that of conventional Type 446 in an 
environment of sulfuric-acid and fer
ric sulfate. This was previously report
ed by Hodges, Schwartz and Grego
ry.5 The weld metal separated from 
the base sheet of the Type 446, but 
the new alloy weldment was only 
etched when subjected to this environ
ment. All of these specimens were 
ground. The Type 430 weldment was 
not included in the photographs be
cause it dissolved during the test. 

In some severe environments, in
cluding boiling nitric or boiling sulfur
ic acids, some localized heat-affected 
zone attack could occur under some 
conditions. If the surface of the 
weldment picks up nitrogen, or if the 
weldments undergo long exposure in 
the 1100° F range, some localized 
attack can occur. Attack can be min
imized by a thorough cleaning of the 
weld area (grinding may become 
necessary) or an anneal after welding. 

For maximum corrosion resistance, 
the new alloy must be annealed prop
erly. The results of furnace sensitiza
tion studies are shown in Table 10. 

Table 9—Stress Corrosion Cracking Performance of New Alloy and 
Austenitic Stainless Steels 

Mater ia l 
'" ' -bend spec imens) 

1. New a l loy—annealed 
2. New al loy—welded (.107 in . th ick 

gas tungsten-arc welds) 
3. Annealed Type 304 stain less 
4. Annealed Type 316 stainless 

T ime to crack in bo i l ing 48% MgCh 

1200 hr—no crack ing, test s topped 
200 hr—no crack ing, test s topped 

2 hr—cracked 
4 hr—cracked 

Table 8—Typical Weld Metal 
Composition and Properties of 
Gas Metal-Arc Weldments" 

Composition, wt-%: 

Filler metal Weld metal 

c 
N 
O 
Cr 
Mo 
Si 
Mn 
P 
S 

0.0029 
0.0124 
0.0052 

26.5 
1.11 
0.35 

<0.05 
0.013 
0.007 

0.0021 
0.0112 
0.0655 

26.10 
1.11 
0.26 
0.02 
0.018 
0.010 

Tensile properties (all-weld-metal): 

Yield s t reng th , 0.2% of fset , ksi 58.9 
U l t imate tensi le s t rength , ksi 67.4 
Elongation in 1 in . , % 8 
Reduct ion of area % 22 

Impact properties: 

Charpy V-notch energy 
• — absorbed ( f t - lb) in — , 

Test Heat-
tempera tu re Weld af fected Base 

° F metal zone metal 

+320 
+212 
+ 80 

Bend ductility: 

Bent 180 deg 

152 
57 
26 

around 
radius in guided-side-b 

>240 
83 
30 

p lunger 
end test . 

>240 
>240 
>240 

wi th It 

:l Properties taken from ^ in. weldments 
made using parameters shown in Table 7 
for 0.062 in. diameter matching fi l ler metal. 

From this work, one can conclude 
that the best overall corrosion resist
ance is provided by an anneal at 
1400-1500° F over a range of cooling 
conditions. Cooling above 1500° F 
must be done rapidly. 

If material is to be exposed at 
1050° F, it should be annealed at 
1400° F prior to use for minimum 
attack. Prior annealing at 1600° F 
increases the attack at 1050° F. 

It must be pointed out that these 
treatments are valid for unwelded ma
terial which had been cold worked. 
The results of later tests conducted on 
weldments showed that, after welding 
annealed sheet, the best overall cor
rosion resistance of the weldments is 
provided by a postweld heat treatment 
between 1300 and 1400° F, and the 
cooling rate from the furnace is not 
critical. 

General Summary 
The new electron beam hearth 

refining process has made possible the 
economic production of a ferritic steel 
containing 26% chromium and 1% 
molybdenum. The ultralow carbon 
and nitrogen levels allow this steel to 
be easily worked, possess excellent 
corrosion resistance, and to be welda-
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Fig. 13—Appearance of gas tungsten-arc weldments in 
new alloy after seven days in various corrosive media 
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Fig. 14—Appearance of new alloy and conventional Type 446 gas 
tungsten-arc weldments after corrosion tests 

ble. 
Thin sections of the new alloy can 

be welded successfully using the gas 
tungsten-arc or plasma-arc processes. 
No preheat is required. When sheets 
in thickness up to V 4 in. are joined 
by the gas tungsten-arc process, good 
mechanical properties can be 
achieved. The bend ductility of 
weldments is good, and the weld met
al and heat-affected-zone areas exhibit 
ductile tensile behavior in the presence 
of notches. Moreover, the weld metal 
and heat-affected zones generally 
show ductile fracture behavior in 
notched impact loading at tempera
tures down to 0° F. These good 
mechanical property results can be 
achieved with or without the addition 
of matching cold wire during welding. 
In thin sections of the new alloy, 
weldment properties generally are su
perior to those obtained with com
mercial ferritic stainless steels. 

When welding thin sections, the use 
of argon or helium, or mixtures of the 
two, gives the best results. Hydrogen 
should be avoided because of the pos
sibility of weld metal cracking caused 
by the interaction of hydrogen in the 
weld metal and a high stress state. 

When sections involving plate V 2 

inch or thicker are joined, the gas 
metal-arc process should be used. To 
avoid nitrogen pickup in the weld 
pool, a mixture of argon with about 
1 % oxygen should be used as a shield
ing gas to stabilize the arc and avoid 
aspiration of air. Carbon dioxide 
should not be used since the carbon 
content of the weld metal is increased 
when this gas is mixed with argon. 
The tensile ductility and notch tough
ness of the weld metal are moderately 

good and the bend ductility is excel
lent when weldments are fabricated 
according to optimum procedures. 
The heat-affected zone in gas metal-
arc weldments is tougher than weld 
metal but not as tough as unwelded 
plate. 

Although the use of the gas tung
sten-arc process provides ductile 
weldments when small weld passes are 
deposited in heavier sections, the 
toughness is not as great as that 
achieved with the gas metal-arc proc
ess. This probably occurs because 
each weld metal pass is smaller in the 
normal gas tungsten-arc weldment 
and each pass experiences more time 
in the vicinity of 1100° F which could 

cause a reduction in toughness. 
The use of covered electrodes to 

weld the new alloy is not recommend
ed because carbon and nitrogen are 
picked up in the weld pool and the 
properties are not as good as those 
achieved with the gas-shielded arc 
processes. 

One of the significant features of 
weldments in the new alloy is corro
sion resistance. When welded, the new 
alloy did not crack when exposed 
several hundred hours in boiling mag
nesium chloride. Types 304 and 316 
stainless steels cracked in several 
hours when exposed to the same tests. 
Experiments have shown that gas 
tungsten-arc weldments are resistant 

Table 10—Effect of Anneal 
Corrosion of New Alloy 

Annealing temperature" 
(°F) 

Water quench series: 
1400 
1450 
1500 
1550 
1600 
1800 
2000 

Air cool series: 
1400 
1450 
1500 
1550 
1600 

Sensitization series:h 

1600° F/WQ + 1050° F 
1400° F/AC + 1050° F 

ing Temperature and Cool 

Boiling 
50% H2S04 

ferric-sulfate 

.00088 

.00081 

.00091 

.00103 

.00085 

.0009 

.0009 

.00084 

.00065 

.00068 

.00337 

.00202 

.032 

.002 

Corros' 

ing Rate on 

on rate (ipm) in 
Boiling 

65% 
HN03 

.00030 

.00031 

.00032 

.00032 

.00033 
— 
— 

.00030 

.00030 

.00029 

.00034 

.00031 

— 
— 

10% 
FeCI3 at room 
temperature 

.00002 

.00001 
nil 

.00001 

.00002 
— 
— 

.00016 

.00011 

.00002 

.00198 

.00128 

— 
— 

1 All specimens cold rolled 75% prior to anneal shown. 
b WQ—water-quench; AC—air-cool. 
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co various environments such as for
mic, acetic, citric and phosphoric ac
ids. Weldments in the new alloy are 
significantly more resistant to attack 
by sulfuric acid-ferric sulfate and ni
tric acid environments than are con
ventional ferritic stainless steels. 

For maximum corrosion resistance 
with the new alloy, cold worked and 
unwelded material can be annealed at 
1400-1500° F. Over this temperature 
range, the cooling from the annealing 
furnace is not as critical as at other 
temperatures. To provide maximum 
corrosion resistance after welding an
nealed sheet, an anneal of 
1300-1400° F gives good results. To 

restore ductility during cold working 
of plate, sheet, or wire, an anneal of 
1600° F followed by a water quench 
should be given. 
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"The Toughness of 21/4% and 31/2% Nickel Steels at Cryogenic Temperatures" 

by N. J. Huettich, A. W. Pense and R. D. Stout 

Interest in the use of nickel steels for low and cryogenic temperature applications 
has grown tremendously in the last decade, especially for the containment, processing 
and transporting of liquified natural gas. Nickel has long had a reputation for en
hancing both the strength and toughness of steels and its application in this field is 
recognized in ASTM specifications A203, A300 and A593, which set compositions and 
toughness performance requirements for 2',4% and 7>Vi% nickel steels. 

Previous work had shown that accelerated cooling could enhance the toughness 
of these steels. If sufficient improvement in toughness could be gained by this treat
ment so that they could be used at temperatures 25-50°F lower than their present limit, 
it would be a valuable contribution to the application of the steels. It was the purpose 
of this study, therefore, to determine what improvement in toughness properties could 
be achieved for these steels by accelerated cooling. 

As a second objective, the applications of tests other than the conventional tough
ness tests to these steels was explored. In recent years, sophisticated tests for the study 
of materials have been developed, namely, sharp crack fracture mechanics. These tests 
provide data which can be used in structural design, which is in contrast to conventional 
Charpy impact testing more commonly applied to these steels. With this in mind, the 
effect of accelerated cooling treatments on the A203 steels was studied using both the 
traditional Charpy V-notch test and static and dynamic fracture toughness tests. 

The work reported in this paper was sponsored by the Pressure Vessel Research 
Committee of the Welding Research Council. WRC Bulletin 165 is $2.50 per copy. 
Orders should be sent to the Welding Research Council, 345 E. 47th St., New York, 
N.Y. 10017. 
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