
Electroslag Welding of 
High Nickel Alloys 

Welded joints made with matching and special filler 
metals are compared with base metals as to mechan
ical properties and corrosion resistance 

BY N. KENYON, G. A. REDFERN AND R. R. RICHARDSON 

Introduction 
Electroslag melting techniques are 

finding increasing application for the 
refining of stainless steels and nickel 
base alloys (Ref. 1). Electroslag 
methods have occasionally been used 
for welding such alloys but develop
ment in this area has been much 
slower. This is despite the fact that the 
electroslag welding process can often 
show great economic and technical 
advantages over other joining meth
ods. The advantages are obvious 
when very thick sections are being 
welded but it has been suggested that 
cost savings begin to be realized 
when plate thickness exceeds 3/e in. 
(Ref. 2). Moreove r , edge p r e p 
arat ion requi rements are not too 
stringent, little excess filler metal is 
used, flux consumption is low, long 
lengths can be welded and deposi
tion rates can exceed those of any 
other welding process. The major 
metallurgical advantage is the refining 
of the weld metal, and clean, dense 
deposits are a characteristic feature 
of the process. 

The aim of the present work was to 
determine the feasibility of electro
slag welding two high nickel alloys 
and to measure the properties of the 
weldments. The alloys chosen, In
conel* alloy 600 and Incoloy* alloy 
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800 are widely used in a variety of 
applications. Moreover it seems par
ticularly appropriate to examine the 
electroslag welding of these now be
cause of recent interest in using them 
in heavier sections such as for heavy 
wall pressure vessels. 

Experimental Procedure 

Materials 

Welds were made in 1 in. thick 
Inconel alloy 600 plates and in 1 in. 
and 41/2 in. thick Incoloy alloy 800 
plates. All plates were in the hot rolled 
and annealed condition. Both match
ing composi t ion and commerc ia l 
nickel base filler metals were used. 
Experimental quantities of the match
ing composit ion electrodes (Vs in. 
diam) were drawn in the laboratory. 
The commercial wire (Inconel Filler 
Metal 82) was purchased at Vs in. 
d iam. The composi t ions of base 
plates and filler metals are given in 
Table 1, 

The flux used was 80%CaF2 + 
20%CaO. It was baked at 600 F for 
2 h immediately before use. 

TACK WELDS 

« U-STRAP SUPPORT 

Welding Procedure 

A general view of the plate setup 
arrangement is shown in Fig. 1. To 
start the weld, an arc was struck on a 
ball of steel wool embedded in flux at 
the bottom of the weld gap. Once 

(A) POSITION OF SPECIMENS IN WELD SLICE 

(B) ORIENTATION AFTER BENDING Q « L D » 

"ROOT" BEND 

Fig. 2 — Manner of sectioning for bend 
specimens 

Fig. 3 — Longitudinal section (top to bot
tom) through a vertical electroslag weld 
made in 4'A in. Incoloy alloy 800 with In
conel filler metal 82 
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Fig. 4 — Rockwell ' 6 ' hardness traverse across (a) weld made with matching composition filler wire, (b) weld made with Inconel filler 
metal 82 

Table 1 — Compositions of Base Metals and Filler Metals 

Alloy 

Base metals 

Ni Fe 
Chemical composit ion — weight % 

Cr C Mn Si 

(a) Composition includes 2.55 Cb 
(b| ND - not determined. 

AI Ti 

Incoloy 800. 1 in. 
Incoloy 800. 4 " 2 in. 
Inconel 600. 1 in. 

Filler metals 
Incoloy 800 

(matching wire) 
Inconel 600 

(matching wire) 
Inconel 82<a) 

33.2 
32.3 
76.1 

31.4 

76.3 
73.3 

44.0 
45.1 

7.7 

45.0 

7.5 
0.2 

20.0 
20.3 
15.5 

21.1 

15.5 
20.2 

0.04 
0.07 
0.09 

0.08 

0.07 
0.02 

0.78 
0.90 
0.18 

0.84 

0.20 
3.09 

0.24 
0.40 
0.22 

0.32 

0.24 
0.20 

.001 

— 
.002 

— 

.001 

.002 

0.44 
0.50 
ND ( b ) 

0.40 

ND 
0.03 

0.44 
0.40 
ND 

0.39 

ND 
0.33 

welding was under way, more flux was 
added to maintain a slag depth of '2 
to % in. Slag depth and weld pene
tration were measured continually by 
probing with lengths of appropriate 
f i l ler meta l wi re . D i rec t cu r ren t 
reverse polarity (DCRP) was used for 
all the welds. Though the opt imum 
current mode is still a matter of some 
controversy, DCRP has been found to 
give the most satisfactory results in 
our work. The starting conditions 
were 40 V, 200 A; these were 
changed to 30 V and 600 A once 
welding was under way. The vertical 
rise rate was % ipm. The volts, amps 
and travel speed were held constant 
once a steady wire melt rate was es
tablished and the temperature of the 
copper shoes was also controlled. 

For the 4V4 in. thick welds the wire 
feed mechanism was oscillated, but 
oscillation was not necessary when 
the 1 in. plates were welded. Full 
details of the welding procedures are 
given in Table 2. 

Inspection and Testing of Weldments 

All the welds were x-rayed. Slices 
cut from them were also polished and 
etched, and examined macroscop-
ically for defects. Further tests includ
ed chemical analyses of the deposits, 
hardness traverses, tensile tests from 

room temperature to 1600 F. bend 
tests in the as-welded and heat treat
ed condi t ions, impact toughness 
tests, stress rupture tests, and tests to 
determine corrosion and stress cor
rosion resistance. 

The way the bend specimens were 
cut from the welds is shown in Fig, 2. 

Results and Discussion 

Welding 

No difficulties were encountered in 
making the welds. Good electroslag 
welding conditions were easily estab
lished and maintained during the 
welding operation. Radiographically 
sound welds were made and exam
ination of polished sections revealed 
no defects. The appearance of a 
longitudinal section (top to bottom) of 
a portion of a 4 ' 2 in. thick weld is 
shown in Fig. 3. It is particularly sig
nificant that sound joints were pro
duced with filler metal having the 
same composit ion as the base metal, 
becauseit is known that these are not 
ideal for welding with other pro
cesses (Ref. 3). It was because of this 
that special filler metal wires, such as 
the Inconel Filler Metal 82 which was 
also used in this work, were devel
oped (Ref. 4). 

Table 2 — Details of Welding 

Procedures 

1 in. thick welds 
Starting conditions 

50 g 80CaF2-20CaO 
wool 
Current 
Voltage 

Welding conditions 
Current 
Voltage 
Wire Feed 

Vertical Rise 

4' 2 in. thick welds 
Starting conditions 

250 g 80CaF2-20CaO 
steel wool 
Current 
Voltage 

Welding conditions 
Current 
Voltage 
Oscillation time 
Oscillation dist. 
Wire Feed 

Vertical Rise 

lux and steel 

200A 
40V 

500A 
30V 

Approx. 
100 ipm 
(Vi diam wire) 
% ipm 

flux and 

200A 
60 V 

600A 
35V 

3 s 
3 ' 2 in. 

180 ipm (Vi in. 
diam) 

: % ipm 

Chemical Analysis of Weldments 

The composit ions of the deposits of 
1 in. thick welds made in alloy 800 and 
alloy 600 base plate with both match-
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Table 4 — Impact Toughness (CVN) of the Welds 

Weld 

1 in. Incoloy 800 with 
matching wire 

1 in. Inconel 600 with 
matching wire 

4VZ in. Incoloy 800 with 
matching wire 

4'/2 in. Incoloy 800 with 
Inconel filler 
metal 82 

Specimen location 

Weld metal 
Weld metal 

Heat-affected zone 
Heat-affected zone 

Weld metal 
Weld metal 

Heat-affected zone 
Heat-affected zone 

Weld metal 
Heat-affected zone 
Heat-affected zone 

Weld metal 
Heat-affected zone 

Test temp. 
F 

R.T. 
R.T. 
R.T. 
R.T. 
R.T. 
R.T. 
R.T. 
R.T. 
R.T. 
R.T. 

- 3 2 0 
- 3 2 0 
- 3 2 0 

CVN 
ft-lb 

140 
132 
176 
170 
240 
240 
194 
177 
225 
225 
219 
183 
184 

R.T. = r o o m tempera tu re 

Table 5 — Tensile Properties of Annealed Base Metals 

Plate 

1 in. Inconel alloy 600 

1 in. Incoloy alloy 800 

4V2 in. Incoloy alloy 800 

Test Temp., 
F 

R.T. 
1200 
1400 
1600 
R.T. 
1200 
1400 
1600 
R.T. 
1200 
1400 

0.2% Y.S.. 
ksi 

40.5 
28.2 
25.8 
14.8 
43.0 
30.6 
25.5 
16.0 
42.7 
29.0 
22.6 

U.T.S., 
ksi 

102.8 
63.1 
34.8 
21.7 
84.8 
54.0 
35.7 
21.4 
86.8 
54.0 
32.1 

Elong., 

% 
39 
56 
89 
96 
43.0 
50.0 
74.0 
82.0 
44 
56 
84 

R.A.. 

% 
61 
55 
64 
73 
67.0 
63.0 
69.0 
85.0 

— 
— 
— 

room tempera tu re 

ing composit ion and Inconel Filler 
Metal 82 are shown in Table 3. The 
weld composit ions were quite uni
form from top to bottom and reactive 
elements such as aluminum and t i tan
ium were transferred. Where the base 
metal and filler metal composit ions 
were very different, examination of 
the deposit chemistry revealed that 
dilution rates in these 1 in. thick 
welds were of the order of 25%. 

Hardness Traverses 

Hardness traverses were taken 
across both 4"2 in. thick alloy 800 
electroslag welds. The joint made with 
matching filler was noticeably softer 
in the weld zone (Rb 58-59) than the 
base metal which had a hardness of 
Rb 65. Highest hardness recorded in 
the heat-affected zone was about 
Rb 75. The weld zone in the Inconel 
Filler Metal 82 joint was sl ightly 
harder (Rb 69-70) than the base 
metal (Rb 65). Heat-affected zone 
peak hardness was Rb 71-72. The 
hardnesses of all the zones are shown 
in Fig. 4. 

Bend Tests 

Specimens for bend tests that were 
taken from the 1 in. thick welds were 
V2 in. square in cross section and 
were bent through 160 deg over a 1/2 

in. diam former. Specimens were 
tested as-welded and after a heat 
treatment of 1300 F/20 h/AC. All the 
specimens were crack-free after test
ing with the exception of one heat 
treated specimen from the weld made 
in alloy 600 plate with matching com
position filler metal. This sample had 
one small crack, less than 1/32 in. 
long. 

Bend specimens from the 4V4 in. 
thick welds were tested in the as-
welded condition and were crack-free 
after bend ing t h rough 160 deg . 
Again, both "side" and "face" bends 
were made. The appearance of some 
of the bend specimens is shown in 
Fig. 5. 

Impact Toughness Tests 

Charpy impact toughness tests 
were run on samples from 1 in. thick 
welds made with matching composi
tion electrodes (alloy 800 and alloy 
600) and also on samples from both 
4V2 in. thick welds. Tests were made 
at room temperature and at - 3 2 0 F. 
In all cases, the toughness was very 
high with all the values easily ex
ceeding 100 ft-lb (Table 4). 

Tensile Tests 

The tensile strengths of the four 
welds made in 1 in. thick plate are 
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Table 6 — Tensile 

Weld 

Incoloy 800 with 
matching wire 

Incoloy 800 with 
Inconel filler 
metal 82 

Inconel 600 with 
matching wire 

Inconel 600 with 
Inconel filler 
metal 82 

Properties of 1 in. Thick Welds ("> 

Test Temo., 
F 

R.T. 
1200 
1400 
1600 
R.T. 
R.T O) 
1200 
1400 
1600 
R.T. 
1200 
1400 
1600 
R.T. 
R.T. o : 
1200 
1400 
1600 

0.2% Y.S., 
ksi 

22.8 
14.3 
13.6 
12.4 
31.5 
32.3 
19.6 
19.0 
16.1 
25.6 
17.3 
19.4 
14.6 
30.9 
33.7 
19.5 
19.1 
17.7 

U.T.S., 
ksi 

64.5 
45.9 
33.6 
17.7 
82.9 
81.8 
48.7 
39.9 
22.1 
70.4 
44.9 
37.7 
18.8 
82.8 
85.1 
53.7 
40.5 
24.6 

Elong., 

% 
41.0 
39.0 
50.0 
61.0 
56.0 
47.0 
44.0 
49.0 
58.0 
54.0 
32.0 
33.0 
49.0 
53.0 
30.0 
43.0 
36.0 
57.0 

R.A., 

% 
65.0 
65.0 
42.0 
71.0 
55.0 
55.0 
46.0 
64.5 
72.0 
72.0 
41.0 
44.5 
73.0 
54.5 
39.5 
40.0 
65.0 
85.5 

(a) Specimen gage length consisted entirely of weld metal. In other tests, center of gage length was positioned on the fu
sion line. Very similar tensile properties were measured with failure occurring in either weld or heat-affected zone. 

(b) These specimens were tested after a post-weld treatment at 1300 F for 20 hours, air cool. All other specimens were 
tested in the as-welded condition. 
R.T. = room temperature 

Table 7 — Tensile Properties of 4% in. Thick Welds 

Weld 

Incoloy 800, with 
matching wire 

Incoloy 800, with 
Inconel filler 
metal 82 

Test temp., 
F 

R.T. 
1200 
1400 
R.T. 
1200 
1400 

0.2% Y.S. 
ksi 

22.3 
11.6 
11.5 
26.7 
15.5 
15.8 

U.T.S 
ksi 

54.4 
39.0 
28.0 
73.0 
47.5 
34.9 

ong.. 

% 
52 
44 
48 
60 
54 
59 

R.A 

% 
63 
68 
73 
66 
55 
76 

R.T. = room temperature 

shown in Figs. 6 and 7, and are com
pared with values for the base metal 
from room temperature to 1600 F. At 
the lower temperatures the base 
plates are noticeably stronger than 
the welds, but at higher temper
atures, welds and plates have similar 
tensile strengths. In all cases, the 
welds made with Inconel Filler Metal 
82 were stronger than those made 
with matching compos i t ion fi l ler 
wires. This same relationship was 
seen in tests on the welds made in 
41/2 in. thick Incoloy alloy 800. From 
these tests, it was also noticeable that 
the strengths of the 4 V* in. thick joints 
were lower than those in the 1 in. 
thick welds. Details of the tests are 
given in Tables 5 to 7. 

Stress Rupture Testing 

Stress rupture tests were made on 
the 41/2 in. thick welds at 1000, 1200 
and 1400 F, as shown in Table 8. To 
some degree the stress rupture 
strengths followed the same pattern 
as the tensile strengths. The weld 
made with matching composit ion filler 
metal was weaker than the base metal 
at 1200 F, but at 1400 F the weld 
strength approached that of the plate 

(Fig. 8). The strength of the Inconel 
Filler Metal 82 weld, even at 1200 F, 
was close to that of the plate and at 
1400 F it exceeded it (Fig. 9). 

The fact that joint efficiency in
creased with test temperature sug
gests that the very coarse grain size of 
the weld deposits played an impor
tant role in determining weld strength. 
The coarse grain size of the deposits 
also manifested itself as an "orange 
peel" surface in tensile and bend 
specimens (Fig. 5). 

Ductility as measured by percent 
elongation and reduction of area was 
unusually high (Ref. 5). In the 1200 to 
1400 F range, rupture elongations of 
50 to 60% were measured (Table 5). 

Corrosion and Stress Corrosion Tests 

Samples from the welds made in 
4V2 in. thick alloy 800 were exposed in 
Huey and ferric sulfate/sulfuric acid 
tests to determine their corrosion 
resistance. Intergranular attack oc
curred in the heat-af fected zone 
farthest f rom the weld, with lesser at
tack in the coarse grained heat-affect
ed zone. The weld metal made with 
the matching composit ion electrode 
showed very little corrosion and, in 

Fig. 5 — U-bend specimens from the 
welds. Note coarse grained weld zone 

— — — INCONEL FILLER METAL 82 DEPOSIT 
— MATCHING COMPOSITION DEPOSIT 

Fig. 6 — Tensile properties of electroslag 
— weld deposits in Inconel alloy 600 and of 
annealed alloy 600 

• 0.2 rs 

• UTS 

— BASE PLATE 

INCONEL FILLER METAL 82 

— - • — MATCHING COMPOSITION FILLER 

Fig. 7 — Tensile properties of electroslag 
— weld deposits in Incoloy alloy 800 and of 
annealed alloy 800 
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ALLOY 800 PLATE 

/ AT 1200°F 

ALLOY 800 PLATE 

AT 1400°F 

ALLOY 800 PLATE 

/ AT 1200°F 

ALLOY 800 PLATE 

AT 1400°F 

RUPTURE LIFE (HOURS) 

Fig. 8 — The stress rupture strengths of welds made in 41A in. 
thick Incoloy alloy 800 plate with matching composition filler wire. 
The dots are the results of tests on welds at 1200 F and 1400 F. 
The solid lines represent base plate values included for com
parison 

RUPTURE LIFE (HOURS) 

Fig. 9 — The stress rupture strengths of welds made in 4V: in. 
thick Incoloy alloy 800 plate with Inconel filler metal 82. The dots 
(•) are the results of tests on welds at 1200 F and 1400 F. The 
solid lines represent base plate values included for comparison 

both tests, the Inconel Filler Metal 82 
showed no attack. In this regard, 
there was a difference in corrosion re
sponse between the stabilized Inconel 
Filler Metal 82 and the matching com
position filler wire. 

The intergranular corrosion in the 
heat-affected zone was probably ex
aggerated by the relatively small size 
of the plates (approximately 12 in. 
long X 4 in. wide). This may have re
sulted in an inadequate heat sink so 
that regions adjacent to the weld 
were heated to intermediate temper
atures for relatively long times. It 
is expected that the susceptibility 
to corrosion would be decreased if 
the cooling rates were faster. 

In stress corrosion tests, U-bends 
from both alloy 800 welds were ex
posed over 3%NaCI at 90 C for 90 
days. No cracking occurred in these 
specimens, although a control sample 
of 304 stainless steel failed after 11 
days. 

Conclusions 

1. Sound electroslag welds were 
made without difficulty in 1 in. alloy 
600, 1 in. alloy 800 and 41/2 in. alloy 
800 with both matching composit ion 
electrodes and Inconel Filler Metal 82. 
It is significant that this was possible 
for matching filler metal because 
these are often not suitable for use 
with other welding processes. 

2. The electroslag weld deposits 
had quite uniform analyses from top 
to bottom and very low sulfur levels. 

3. The strengths of weld deposits 
were lower than those of annealed 
base metal at room temperature but 
came close to or exceeded them at 
elevated temperature. One in. thick 
welds were stronger than 4V4 in. thick 
welds. 

4. The welds had excellent room 
temperature ductility in both the as-
welded condition and after a treat
ment of 1300 F/20 h/AC. 

Table 8 — Stress Rupture Properties of 41/2 in. Thick Electroslag 
Welds in Incoloy Alloy 800 

Weld 

Incoloy 800 with 
matching wire 

Incoloy 800 with 
Inconel filler 
metal 82 

Test 
temp., 

F 

1000 
1000 
1000 
1200 
1200 
1200 
1200 
1200 
1400 
1400 
1400 
1400 
1400 

1000 
1000 
1000 
1200 
1200 
1200 
1200 
1200 
1200 
1400 
1400 
1400 
1400 

Stress, 
ksi 

35 
40 
45 
30 
30 
25 
25 
22.5 
15 
15 
15 
10 
10 

40 
45 
50 
30 
30 
25 
25 
22.5 
22.5 
15 
15 
10 
10 

Life, 
h 

291 
97 
52 
21 
21 
45 
68 
127 
7 
8 
9 
81 
108 

1000 
989 
175 
61 
33 
105 
228 
609 
479 
16 
28 
109 
168 

Elong. 
1 in., % 

32 
40 
45 
38 
29 
28 
31 
28 
49 
88 
62 
53 
47 

52 
54 
70 
54 
43 
41 
70 
60 
64 
77 

R.A 
% 
44 
52 
55 
44 
32 
22 
46 
48 
72 
85 
68 
82 
57 

66 
64 
66 
60 
64 
47 
87 
77 
83 
79 

5. Stress rupture ductilities in the 
1000 to 1400 F range were unusually 
h igh (app rox ima te l y 50% e l o n 
gation). 

6. In the as-welded condit ion parts 
of the heat-affected zone in the 4V2 in. 
alloy 800 welds were susceptible to 
intergranular attack. This condit ion 
was probably exaggerated by the 
relatively small size of the plates 
which resulted in an inadequate heat 
sink. Little or no attack occurred in 
the weld metals. 
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Five AWS Books 
On Topics of Interest 

C5.1-73, Recommended Practices for Plasma-Arc Welding and 
C5.2-73, Recommended Practices for Plasma-Arc Cutting examine 
the how-to-do aspects of these processes. The characteristics of the 
processes are discussed, the various components of the equipment are de
scribed and data for guiding prospective users in the setting up and use 
of the equipment are presented. 

C5.3-74, Air Carbon-Arc Gouging and Cutting describes the air 
carbon-arc cutting process and supplies detailed information on equip
ment, base metals, areas of application, and safety precautions. In addi
tion, it offers helpful suggestions on techniques for gouging, severing, 
beveling, and washing off excess metal. A special "trouble shooting" 
section, providing solutions to various problems, is also included. 

C5.4-74, Recommended Prac t ices for Stud Welding is intended 
to serve as a basic guide for those interested in attaching fasteners by 
arc, capacitor-discharge, or drawn-arc stud welding. Included in the 
publication are stud and equipment descriptions, suggested qualification 
procedures and inspection methods, and recommended practices for 
welding. Following these suggested measures will permit the efficient use 
of studs in applications involving aircraft and aerospace fabrication, 
appliances, automotive vehicle manufacturing, boilers, bridge and 
building construction, equipment manufacturing, hardware, metal 
furniture, railroads, and shipbuilding. 

Although compiled primarily for those concerned with titanium 
piping and tubing, the up-to-date information contained in D10.6-73, 
Gas Tungsten-Arc Welding of Titanium Piping and Tubing, will be 
of interest to anyone who welds titanium. Topics covered include: filler 
metal, joint preparation, procedures and technique, and weld quality 
tests. 

Prices* 

C5.1-73, Recommended Practices for Plasma-Arc Welding $4.00 
C5.2-73, Recommended Practices for Plasma-Arc Cutting $2.00 
C5.3-74, Air Carbon-Arc Gouging and Cutting $3.00 
C5.4-74, Recommended Practices for Stud Welding $3.00 

D10.6-73, Gas Tungsten-Arc Welding of Titanium Piping & Tubing $2.00 

*Discounts: 25% to A and B members; 20% to bookstores, public 
libraries and schools; 15% to C and D members. Add 4% sales tax in 
Florida. 

Send your orders for copies to the American Welding Society, 2501 
N. W. 7th Street, Miami, Florida 33125. 

240-s i J U L Y 1 9 7 5 


