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Surfacing of 3.25% Nickel Steel with 
Inconel 625 by the Gas Metal Arc 

Welding-Pulsed Arc Process 

Inconel 625 can be surfaced onto 3.25 nickel steel with 
excellent weldability, equivalent mechanical properties 

and good corrosion and fatigue resistance 

BY D. F. HASSON, C. ZANIS, L. APRIGLIANO AND C. FRASER 

ABSTRACT. The results of a metallur
gical characterization of Inconel 625 
weld metal surfaced onto 3.25% nickel 
steel using the gas metal arc welding 
process are presented. It was found 
that Inconel 625 was directly weldable 
onto 3.25 nickel steel. Tensile proper
ties were generally comparable to 
those for 3.25 nickel steel, and the 
most favorable mechanical properties 
were obtained wi th a heat input of 
1.77 MJ/m (45 kj / in.) . 

The corrosion fatigue strength of the 
surface weld metal at 10" cycles was 
found to be 10.34 MPa (15 ksi), which 
is lower than values reported for 
multiple pass Inconel 625 welds but is 
significantly higher than the corrosion 
fatigue strength of the steel. Fatigue 
crack growth rates for the surface weld 
metal were found to be higher than 
the wrought lnconel-625 base metal 
and the steel. 

The seawater corrosion resistance of 
the surface weld metal was equivalent 
to the wrought base metal at levels of 
iron up to 9%, provided the molyb
denum concentration was greater than 
8%. Stress relief heat treatment did not 
degrade corrosion or fatigue proper
ties. 

Introduction 

Many marine applications require 
both high strength and corrosion resis
tant materials for long term reliability 
and performance. Often the strength 
can best be achieved by the use of 
steels which do not possess the 
required resistance to seawater corro
sion damage. A possible materials 
solution to providing structural com
ponents which combine the attributes 
of high strength and seawater corro
sion is to weld surface the steel w i th a 
metallurgically compatible corrosion 
resistant alloy. Among the characteris
tics desirable in such a surfacing alloy 
are reasonable strength, weldabil i ty to 
the steel, resistance to general and 
localized corrosion attack and good 
corrosion fatigue properties. A candi
date material for surfacing which has 
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excellent corrosion resistance' and 
weldability2-1 is lnconel-625* (IN-625). 

There are, however, several factors 
which should be investigated prior to 
using IN-625 to surface steel. Since the 
maximum allowable iron concentra
tion is 5% for IN-625" and higher levels 
may be anticipated due to pick-up 
from the steel base metal, the effect of 
iron content on the seawater corro
sion resistance of IN-625 weld metal 
must be determined. Also, the fatigue 
crack growth resistance of the IN-625 
weld metal appears sensitive to the 
microstructure (grain size and shape).5 

Thus, the corrosion fatigue strength of 
the surfaced IN-625 weld metal should 
be established. 

The composit ion, mechanical prop
erties and corrosion resistance of the 
surfaced weld metal may be altered by 
welding heat input. It is, therefore, of 
interest to determine the l imit ing 
chemical composition (e.g., iron con
centration) of IN-625 surface weld 
metal on the basis of mechanical and 
corrosion properties wi th a view to 

*lnconel is a registered trademark of the 
International Nickel Company. 
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Table 1—Chemical Analyses of IN-625 
Filler Metal, Base Metal, and 3.25 Nickel 
Steel, wt-% 

Table 2-Welding Parameters for Surfacing of IN-625 on 3.25 Nickel Steel 

Ni 
Cr 
Mo 
Fe 
Nb & Ta 
Si 
Al 
Ti 
C 
Mn 

IN-625 
filler 
metal 

60.66 
22.18 
9.14 
3.42 
3.69 
0.24 
0.22 
0.29 
0.04 
0.01 

IN-625 
base 
metal 

62.00 
21.41 

8.64 
2.73 
4.15 
0.30 
0.24 
0.27 
0.03 
0.15 

3.25 
nickel 
steel 

3.27 
0.40 
0.43 
Bal. 

-
0.22 

-
-

0.26 
0.35 

using IN-625 for surfacing of a marine 
steel, such as 3.25 nickel steel. 

The approach for the present study 
was to vary the heat input on a partic
ular weld process and evaluate the 
resultant chemical composit ion and 
mechanical properties. The heat input 
which gave mechanical properties 
comparable or superior to the 3.25 
nickel steel was selected for the corro
sion and fatigue tests. 

Experimental Procedure 

Materials 

The surfacing material was MIL-E-
21562" 1.1 mm (0.045 in.) diameter IN-
625 filler metal. The IN-625 was 
surfaced onto 50.8 mm (2 in.) thick by 
203.2 mm (8 in.) wide by 609.6 mm (24 
in.) long plates of 3.25 nickel steel. 

A 25.4 mm (1 in.) thick hot rolled 
and annealed plate of IN-625 which 
conformed to ASTM B-4437 was used 
to establish base metal properties. The 
chemical analyses of these materials 
are given in Table 1. 

Voltage 
peak/ 

background, 
V 

33-34/26 
33-34/26 
35-38/25-28 
36-38/26-28 

Current, 
A 

200-220 
200-220 
190-210 
180-205 

Travel 
speed, 

mm/sec 
(ipm) 

6.8 (16.0) 
4.7 (11.0) 
3.6 (8.5) 
3.0 (7.0) 

Deposition 
rate, 
kg/h 
(Ib/h) 

22 (10) 
22 (10) 
24 (11) 
24 (I I) 

Heat 
input, 
MJ/m 
(kj/in.) 

0.90 (23) 
1.34 (34) 
1.77 (45) 
2.08 (53) 

Weldment Preparation 

One and two layers of IN-625 were 
weld surfaced onto the steel plates in 
the flat position by the gas metal arc 
welding-pulsed arc (GMAW-P) pro
cess. The heat inputs and welding 
parameters are presented in Table 2. 
Since the 3.25% nickel steel may 
require a postweld stress relief heat 
treatment, all surfaced plates were 
stress relief heat treated at 649 C (1200 
F) for 4 hours (h). 

Evaluation 

Weldabil i ty was established by 
means of duplicate, 180 deg 2T side 
bend tests at room temperature. Bend 
test specimens conformed to MIL-
STD-00481C and were cut normal to 
the welding direction, as shown in Fig. 
1. The one layer surfaced specimens 
included at least 3.2 mm (0.125 in.) of 
weld metal. Two layer specimens had 
at least 6.4 mm (0.250 in.) of weld 
metal. 

After bending, convex surfaces were 
visually examined for evidence of 
cracking. In addit ion, sections from all 
weldments were examined metallo-
graphically after electrochemical etch
ing in a solution of 12 ml H3PO.,, 47 ml 

H,SO, and 41 ml HNO.,. The chemical 
compositions of all weld metals were 
determined by X-ray fluorescence 
analysis. 

All-weld metal tensile specimens 
were removed from each weld, as 
shown in Fig. 1, and conformed to 
ASTM specification E8" for subsize flat 
tensile specimens. Specimens were 
tested at room temperature at a strain 
rate of 0.003 mm/mm/minu te . Four 
Rockwell-C hardness measurements 
were also performed on each weld
ment and the values were averaged. 

Upon completion of the above 
weldabil ity, chemical composit ion and 
tensile property measurements, weld
ments were prepared at a selected 
heat input for evaluation of seawater 
corrosion and corrosion-fatigue prop
erties of the surfaced IN-625 weld 
metal. As illustrated in Fig. 1, all corro
sion panels and fatigue specimens 
were removed completely from weld 
metal. For comparison in the corrosion 
tests, wrought IN-625 base metal spec
imens were also evaluated. The sea
water corrosion testing may be sum
marized as follows: 

1. General Corrosion. Two weld 
metal panels and two IN-625 base 
metal panels each 203.2 X 76.2 x 2.5 

STRESS-CORROSION 
SPECIMEN 

INCONEL 625 
WELD CLADDING 

TENSILE SPECIMEN 

CORROSION-FATIGUE 
GENERAL AND 

CREVICE-CORROSION 
SPECIMEN 

3.25 N I C K E L STEEL 

SIDE-BEND WELDABILITY SPECIMEN 

Fig. 1—Orientation of specimens removed from Inconel 625 surface welds 
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4.7 MM (3/16") DIA. SUPPORT ROD 

_TEST PANEL WITH 
12.7 MM (1/2") 
CENTER HOLE 

22 MM 

r" (7/8"i 

DELRIN WASHER 

EXTERNALLY THREADED 12.7 MM 
(1 /2" ) O.D. DELRIN SLEEVE 

Fig. 2—Multiple cre
vice corrosion test 
assembly: A (left) 
—multiple crevice 
test assembly; B 
(right) — grooved 
Delrin washer 

12.7 RADIUS 

NOTE: ALL DIMENSIONS IN MM 

THICKNESS = 2.54 mm 

Fig. 4—Single-edge notch crack growth rate specimen 

Table 3-Chemical Analyses of IN-625 Surface Weld Metal Surfaced onto 3.25 Nickel Steel 
by the GMAW-P Process 

Heat 
input, 
MJ/m 
(kj/ in.) 

0.90 (23) 
1.34 (34) 
1.77 (45) 
2.08 (53) 
0.90 (23) 
1.34 (34) 
1.77 (45) 
2.08 (53) 

IN-625 weld m 
specification 

No. of 
layers 

1 
1 
1 
1 
2 
2 
2 
2 

etal 

Ni 

58.74 
56.78 
55.30 
60.57 
61.72 
60.97 
60.77 
62.53 

Bal. 

corr 

Cr 

20.97 
20.60 
20.17 
21.25 
21.32 
21.10 
21.52 
21.50 

20/23 

Chemical 
posi t ion, wt 

Mo 

8.90 
8.87 
8.32 
9.04 
9.07 
9.11 
9.14 
9.12 

8/10 

" /o 

Fe 

8.46 
9.76 

10.85 
6.14 
5.12 
4.64 
4.00 
3.67 
5.00 
Max 

Cb 

3.62 
3.40 
3.20 
3.71 
3.56 
3.58 
3.75 
3.77 
3.15/ 
4.15 

As-deposited 
thickness, 
mm (in.) 

4.0 (5/32) 
4.4 (11/64) 
4.0 (5/32) 
4.8 (3/16) 
7.1 (9/32) 
8.0 (5/16) 
8.3 (21/64) 
8.3 (21/64) 

Fig. 3—Bent-beam-type 
specimen. (X0.165) 

stress-corrosion 

mm (8 x 3 x 0.1 in.) were exposed for 
six months in f lowing (0.6 m/s) 
seawater. 

2. Crevice Corrosion. Duplicate test 
panels of the weld metal and base 
metal were evaluated for crevice 
corrosion resistance using the mult iple 
crevice type configuration shown in 
Fig. 2. Again tests were performed in 
f lowing seawater for six months. 

3. Stress Corrosion. Duplicate bent-
beam type specimens, 304.8 x 76.2 X 
3.2 mm (12 x 3 X 0.125 in.) were used 
for stress-corrosion evaluation of the 
surfaced weld metal. 

Figure 3 shows the apparatus in 
which specimens were loaded to a 
surface stress of 379 MPa (55 ksi). 
Specimens were exposed in f lowing 
seawater for 8 months after which they 
were examined for cracks or other 
corrosion damage. 

4. Corrosion-Fatigue. Fatigue char
acterization was performed using both 
Krouse-type plate specimens to estab
lish an S-N curve and single-edge 
notched (SEN) specimens (Fig. 4) for 
fatigue crack growth rate measure
ments. Krouse-type specimens were 
tested in seawater at a cyclic frequen
cy of 23.3 Hz and a stress ratio R = — 1 . 
These specimens were tested unti l 
fracture or unti l the number of cycles 
exceeded IO.8 

The SEN specimens were used to 
measure the effect of prolonged stress 
relief t ime at 649 C (1200 F) on crack 
growth rate. The crack growth direc
t ion was parallel to the columnar 
dendrites of the weld metal. Growth 
rates were determined by measuring 
crack extension, Aa, occurring after a 
specific number of cycles, AN. All SEN 
specimens were tested in a 3.5% NaCI/ 
Fi.O solution until fracture. 

Results and Discussion 

Composition and Microstructure 

The chemical analyses of the IN-625 
surface weld metals produced at four 
heat input levels for one and two layer 
surfaces are given in Table 3. The 
specified l imiting chemical composi
tion for IN-625 weld metal" is also 
listed in Table 3. 

The chromium, molybdenum and 
columbium concentration in the sin
gle and double layer surface weld 
metal were wi th in the IN-625 weld 
metal specifications for all heat inputs. 
The maximum iron concentration of 
5%, however, was exceeded in all 
single layer surface weld metal wi th a 
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2nd LAYER IN-625 

5 I d LAYER IN-625 

i n LAYER IN-625 
INCREASING IRON CONTENT, RELATIVE 

INCREASING IRON CONTENT, RELATIVE 

Fig. 5—Microprobe traces across two-layer CMAW IN-625 surface 
weld showing relative iron levels: A (left)—scan across both 
interfaces of steel surface welds; B (right)~closeup scan of steel/ 
Inconel 625 interface 

0 . 9 0 MJ/m 
(23 k j / i n ) 

1.34 MJ/m 
(34 k j / i n ) 

1.77 MJ/m 
(45 k j / i n ) 

2 .08 MJ/m 
(53 k j / i n ) 

^HfP^imt 

F/g. 6—Structure oi CMAW Inconel 625 
surface weld (heat input-1.77 Ml/m (45 kll 
in.)): A (top)—transverse to welding direc
tion; B (bottom)—normal to A. X250 
(reduced 50% on reproduction) 

high value of 10.85% for the 1.77 k j /m 
(45 kj/ in.) heat input. 

It was noted that surface welds 
prepared wi th a heat input of 2.08 k j / 
m (53 k|/in.) had the lowest iron 
content in both single and two layer 
deposits. This fact is attributed to the 
low amperage used at this heat input, 
and particularly to the slow weld travel 
speed used to generate this heat input 
(Table 2). The slow travel speed results 
in the welding arc being more 
completely in contact wi th the molten 
weld puddle than was the case at 
higher speeds and lower heat inputs. 

At higher weld travel speeds, the arc 
contacts more base metal and higher 
levels of iron are picked up in the 
initial layer of weld deposit. The iron 
content of the second layer of surface 
weld appears to verify that the amount 
of di lut ion decreased as the welding 
travel speed was decreased and as heat 
input was increased. 

Examination of the above chemical 
composition, and "as-deposited" 
thickness data in Table 3 indicates that 

ViYJ 
H 

2 INCHES 3 4 5 

ihlilililihhhlrtrtiWl / f f f /di l i l i l i i i l 
Fig. 7—Bend test specimens from CMAW (pulsed-arc) single layer Inconel 625 overlays 

two-layer IN-625 welds can be sur
faced wi th a final thickness greater 
than 6.4 mm (VA in.) and wi th a chem
ical composit ion in the second surface 
layer which conforms to IN-625. 

Electron microprobe scans for iron 
were performed on samples which 
included the steel base metal and two 
layers of surface weld metal. The 
results of these scans are presented in 
Fig. 5. It is observed that the level of 
iron content is constant for all prac
tical purposes through the thickness of 
the first layer of the weld metal. 
However, there is a very narrow zone 
at the weld metal-steel interface in 
which a distinct gradient in iron 
content was observed. The appearance 
of this narrow zone is illustrated in 
Fig. 5B. 

As shown in Fig. 5, the transition 
from the initial layer of weld metal to 
the second layer is marked by an 
abrupt reduction in iron content. 
Again, the iron level is constant 
through the thickness of the second 
layer of weld metal. It should be noted 
that similar traverses on different 
samples from the same weldment 
revealed identical trends. There were 
differences in the level of iron content 
between beads in the weld metal, but 
the iron content was constant through 
the thickness of each bead. 

Typical microstructures of the IN-
625 surface weld metal prepared by 
the GMAW-P process are presented in 

Fig. 6. The microstructure transverse to 
the welding direction consists of 
columnar dendrites which grow nor
mal to the weld metal/base metal 
interface wi th second phase particles 
concentrated in the interdendritic 
regions. It was noted that the 
columnar dendrites were, in some 
cases, continuous through the inter
face of layers 1 and 2 of the surface 
weld metal. Thus, there appears to be a 
high degree of grain directionality in 
the surface microstructure. 

Figure 6B illustrates the surfacing 
deposit microstructure transverse to 
the columnar dendritic structure dis
cussed above and shows a fine, rather 
uniform dispersion of several phase 
particles in the weld metal structure. 
These particles may be carbides rich in 
nickel, columbium, or molybdenum, 
as suggested in the literature.' 

Examination of microstructures 
from the GMAW-P surfaced weld 
metals revealed that the dendrite arm 
spacing generally increased wi th in
creasing heat input. This resulted in a 
relatively coarse microstructure in the 
weld deposits fabricated at the highest 
heat input. It should be noted that 
metallography of the weld deposits 
and of the HAZ of the base metal did 
not show any evidence of cracking. 

Weldability Testing 

All side bend test specimens from 
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Table 4-Tensile and Hardi 

Heat input, 
MJ/m (kj/in.) 

0.90 (23) 

1.34 (34) 

1.77 (45) 

2.08 (53) 

0.90 (23) 

1.34 (34) 

1.77 (45) 

2.08 (53) 

0.90 (23) 

3.25 Nickel Steel 

less Properties 

Layers 

1 

1 

1 

1 

2 

2 

2 

2 

3 

of IN-625 C M A W (Pulsed Arc) 

Ult imate 
tensile strength, 

MPa (ksi) 

801 (116.2) 
787 (114.1) 
776 (112.6) 
790 (114.6) 
810 (117,5) 
839 (121.7) 
818 (118.6) 
834 (120.9) 
793 (115.0) 
772 (112.0) 
751 (108.9) 
806 (116.9) 
869 (126.0) 
814 (118.0) 
849 (123.2) 
873 (126.6) 
775 (112.4) 
785 (113.8) 

80 min 

Surface Weld Metal on 

0.2% 
yield strength, 

MPa (ksi) 

461 (66.9) 
462 (67.0) 
443 (64.2) 
461 (66.9) 
512 (74.3) 
516 (74.9) 
498 (72.2) 
525 (76.2) 
517 (75.0) 
532 (77.2) 
515 (74.7) 
568 (82.4) 
553 (80.2) 
535 (77.6) 
550 (79.7) 
561 (81.4) 
539 (78.2) 
536 (77.8) 

55 min 

3.25 Nickel Steel 

Elongation 
in 1 in., % 

31 
28 
29 
28 
33 
28 
28 
28 
18 
21 
25 
31 
34 
23 
31 
36 
18 
14 

22 min 

Hardness, 
R, 

17 

16 

22 

22 

18 

21 

20 

24 

16 

the GMAW surfacing deposits per
formed satisfactorily, and there was no 
evidence of cracking in the weld metal 
or HAZ as a result of application of 180 
deg bend around a 2T radius man
drel. 

Typical side bend test specimens 
from the GMAW surface weld metals 
are presented in Fig. 7. These results 
attest to the good weldabil i ty of IN-
625 to steel. Further, it should be noted 
that all surface welds were stress-relief 
heat treated prior to testing. The above 
results indicated that the 649 C (1200 
F) for 4 h stress relief heat treatment 
did not adversely affect weldabil ity. 

Tensile Properties 

The tensile properties of the IN-625 
surface weld metals prepared by the 
GMAW-P process are presented in 
Table 4, along wi th the minimum 
required tensile properties for the 3.25 
nickel steel. For the single-layer sur
face welds, all measured IN-625 tensile 
properties exceeded the tensile prop
erties specified for 3.25 nickel steel. 
The best combination of strength and 
ducti l i ty was measured on specimens 
from the single-layer surfaces prepared 
at heat inputs of 1.77 and 2.08 M| /m 
(45 and 53 kj/ in.). 

The weld metal strength properties 
measured on specimens removed from 
two layer surfaces (including layers 1 
and 2) were generally higher than the 
values measured for single layers, 
particularly wi th respect to the yield 
strength. Once again, the best combi
nation of strength and ducti l i ty was 
observed in welds fabricated at 1.77 
and 2.08 MJ/m (45 and 53 kj / in.) . It 
was noted in the tensile data for the 
two-layer specimen prepared at a heat 
input of 0.90 MJ/m (23 kj/ in.) that the 

tensile elongation values did not meet 
the minimum requirement for 3.25 
nickel steel of 22%. 

Examination of the fracture surfaces 
of these specimens revealed a number 
of lack of fusion defects which caused 
premature tensile fracture. This obser
vation suggests that the 0.90 MJ/m (23 
kj/in.) heat input is not sufficient to 
obtain the required degree of fusion 
with the initial layer of IN-625. There 
was some scatter between the ult i
mate tensile strength and elongation 
values measured on duplicate spec
imens from the 1.34 and 1.77 MJ/m (34 

Fig. 8—Typical tensile fracture surface of 
Inconel 625 surface weld metal on 3.25 
nickel steel by the GMAW (pulsed arc) 
process. A (top)- X 225; 6 (bottom)-
X2000 

and 45 kj/ in.) surface welds. 
The variation on duplicate spec

imens was probably due to observed 
scattered interdendritic microporosity 
in the specimens. As shown in the 
fractographs of Figure 8, tensile frac
tures of the specimens from the 
GMAW overlays were ducti le in nature 
and occurred along the dendrite inter
faces. 

Examination of the hardness data in 
Table 4 reveals that there was a good 
correlation between the tensile 
strength of the overlay and the Rock
well C hardness. It appears that a 
minimum average hardness of Rock
well C16 is indicative of a tensile 
strength greater than 758 MPa (110 ksi) 
in the IN-625 surface weld metal. 

Corrosion-Fatigue 

The results of high-cycle corrosion 
fatigue tests on IN-625 weld metal 
surfaced by the GMAW-P process at a 
heat input of 1.77 M| /m (45 kj/in.) are 
presented in Fig. 9, where the S-N 
curves for IN-625 mult iple pass weld
ments and for 3.25 nickel steel tested 
in seawater are also included for 
comparison."1 The test results on IN-
625 surface weld metal exhibited some 
scatter, but generally lie below the 
multipass IN-625 weld curve and 
above the steel curve. The fatigue 
strength of the IN-625 surface weld 
metal in seawater is 103 MPa (15 ksi). 
The lower fatigue strength of the 
surfaced IN-625 weld metal may be 
due in part to the directionality in the 
microstructures of the surfaced weld 
metal which was discussed above. 

Work by Long'1 indicates that the 
rate of propagation of a fatigue crack 
in the IN-625 surface weld metal is 
more rapid when the crack is moving 
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Fig. 9—High-cycle fatigue curve for Inconel 625 surface weld metal in seawater 

parallel to the dendrite axis than when 
moving normal to it. It has already 
been mentioned that the Krouse spec
imens were removed so that crack 
growth would proceed parallel to the 
axis of the long columnar dendrites of 
the surface weld. The multipass weld 
specimens, on the other hand, con
sisted of a much more randomly 
oriented microstructure. The lower 
fatigue properties of the surface weld 
metal compared to the mult iple pass 
welds, therefore, appear to result from 
the combined effect of microdefects 
normally encountered in weld metals 
and an unfavorably aligned micro-
structure. 

Another factor which must be noted 
regarding the fatigue results in Fig. 9 is 
that the Krouse specimens used herein 
expose more weld metal surface area 
to test than the transverse weld 
rotating cantilever beam (RCB) spec
imens used to develop the multipass 
weldment curve. Thus, the Krouse 
tests are considered more conservative 
and should be more representative of 
the fatigue properties of surfaced weld 
metal than the RCB data. 

The effects of macroscopic weld 
flaws, detectable by both radiographic 
and penetrant testing, were examined 
by testing specimens containing weld 
defects up to 6.4 mm (0.25 in.) long, 
oriented both parallel and normal to 
the specimen axis, at stress levels of 41 
MPa (6 ksi) and 103 MPa (15 ksi) in air 
and seawater. As indicated in Fig. 9, 
these specimens survived 10s cycles 
with no detectable increase in flaw 
size. 

The effects of prolonged stress relief 
heat treatment on fatigue crack initia
tion and propagation were also inves
tigated. Rotating cantilever-beam fat i
gue specimens were removed from IN-

625 base plate that had undergone a 
simulated stress-relief heat treatment 
of 64 h at 649 C (1200 F), and were 
tested at 276 MPa (40 ksi) and 414 MPa 
(60 ksi) in seawater. Test results were 
comparable to high-cycle fatigue data 
on annealed (982 C or 1800 F, 1 h, 
A. C.) base metal tested in air 

Fatigue-Crack Growth 

Single edge notch-type crack propa
gation specimens cut from sections of 
a single-layer surface weld were sub
jected to stress relief heat treatments 
of 649 C (1200 F) for 4 and 64 h. These 
specimens were intended to measure 
the effect, if any, of prolonged stress-
relief heat treatment on fatigue crack 
growth rates in the surface weld 
metal. 

Results of fatigue crack growth rate 
tests on the IN-625 surface weld metal 
are presented in Fig. 10. Also shown in 
Fig. 10 are results of earlier work on 
wrought IN-625 plate and 3.25 nickel 
steel.5 It is noted that the crack growth 
rates of the clad weld metal are higher 
than rates for both the wrought IN-625 
and the 3.25 nickel steel. 

The higher growth rates in the IN-
625 surface weld metals compared to 
the wrought plate are attributed 
primarily to the microstructural differ
ences between the two product forms. 
The weld metals are characterized by 
an elongated dendritic structure which 
was essentially parallel to the crack 
growth direction. In contrast, the 
wrought materials are characterized by 
an equiaxed grain structure. 

The effects of orientation and grain 
structure on crack growth rate were 
noted elsewhere.'" The differences in 
crack growth rates between the sur
face weld metals heat treated for 4 h 
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Fig. 70—Crack growth rate, da/dN, vs. stress-
intensity range, AK, for IN-625 surface weld 
metal 

and 64 h at 649 C (1200 F) are not 
considered significant. Further, the 
relative position of the curves is inter
preted to mean that prolonged stress 
relief heat treatment does not alter 
corrosion fatigue crack growth rates of 
the clad IN-625 surface weld metal. 

General Corrosion Tests 

The chemical compositions of the 
wrought IN-625 base metal and of the 
all-weld metal general corrosion test 
panels are shown in Tables 1 and 5, 
respectively. The composit ion of the 
wrought base- and weld-metal sam
ples conformed to the IN-625 base-
and weld-metal specifications. Fur
ther, the composit ion measured on 
both surfaces of the weld-metal panels 
indicated that there was no significant 
chemical variation through the spec
imen thickness. 

The general corrosion of both the 
IN-625 base metal standards and the 
surface weld metal, as determined by 
weight loss (Table 7), was virtually nil 
after 6 months in seawater. Visual 
examination did not reveal any signs of 
general corrosion. 

As the chemical composit ion of 
these panels was similar to the IN-625 

6-s I JANUARY 1978 



Table 5-Partial Chemical Analysis of IN-625 Surface Weld Metal Seawater Corrosion Specimens 

Composition, wt-% 

Specimen type 

General corro
sion 

Side of surfacing analyzed 

Free surface of weld 
Side of weld closest to base metal 

Cr 

21.63 
21.38 

M o 

9.37 
8.53 

Fe 

4.42 
4.64 

Cb 

3.62 
3.69 

Crevice corro- Free surface of weld 
sion Side of weld closest to base metal 

Stress corrosion Free surface of weld 

IN-625 Weld Metal Specification 

20.70 
20.61 

20.95 

20/23 

9.28 
9.34 

9.28 

8/10 

8.60 
9.44 

5.80 

5.00 Max 

3.51 
3.54 

3.43 

Cb and Ta 
3.15/4.15 

Table 6-Results of General and Crevice Corrosion Tests on IN-625 Surface Weld Metal 
and Base Metal 

General 
corrosion 

Crevice 
corrosion 

Specimen 
type 

Surface 
weld 

Base 
metal 

Surface 
weld 

Base 
metal 

Original 

293.05 
293.87 
270.20 

415.15 
412.36 

262.15 
246.81 

415.95 
419.80 

Weight , grams 

Final 

293.02 
293.80 
270.18 

415.12 
412.32 

261.62 
246.68 

415.92 
419.80 

Loss 

0.03 
0.07 
0.02 

0.03 
0.04 

0.53 
0.13 

0.03 
0.00 

mpy 

Nil 
Nil 
Nil 

Nil 
Nil 

0.2 
Nil 

Nil 
0.0 

Corrosion 
rate 

fiM/Year 

Nil 
0.5 
Nil 

Nil 
Nil 

3.9 
1.0 

Nil 
0.0 

base plate, the results indicate that the 
structure of the surface and weld 
metal and the stress-relief heat treat
ment did not have a detrimental effect 
on the excellent general corrosion 
resistance inherent to the IN-625 base 
metal composit ion. The results of 
corrosion tests on panels wi th higher 
iron contents are discussed in the 
fol lowing sections. 

Crevice Corrosion. The iron and 
molybdenum contents of the crevice 
corrosion panels were both approxi
mately 9% (Table 5). Visual examina
tion of two test panels revealed that, 
out of 40 potential pit sites, not one pit 
was produced. 

This result illustrates the excellent 
crevice-corrosion resistance of the sur
face weld metal. The weight loss of the 
surface weld-metal samples was negli
gible, as indicated in Table 6. The 
crevice-corrosion resistance of these 
surface weld-metal panels was equiva
lent to the base metal panels which 
had no pits and negligible weight loss. 
This was expected since the molyb
denum content, which controls cre
vice-corrosion resistance, was main
tained above 8%," even w i th a 9% iron 
content. 

The crevice-corrosion test also pro
vides an indication of the resistance of 
the surface weld metal to general 
corrosion at the 9% Fe level. Since the 
crevice-corrosion test panels showed 
no signs of crevice attack or general 

corrosion and since the weight loss 
from these panels was negligible, the 
general corrosion resistance of surface 
weld metal at the 9% Fe and 8% Mo 
levels should be excellent. 

Stress-Corrosion Cracking. After 8 
months of exposure to seawater at 90% 
of yield strength, the bent-beam spec
imens of clad-weld metal did not 
show signs of cracking or corrosion. 
These specimens had an iron level of 
5.8% and were stress relieved at 649 C 
(1200 F) for 4 and 64 h. Thus, weld clad 
IN-625 wi th this iron level and stress-
relief condit ion does not have an 
apparent stress-corrosion cracking 
problem. 

Application Considerations 

Although the results of weldabil i ty, 
mechanical property and seawater 
corrosion tests reported herein indi
cate the good compatabil ity between 
surfaced' IN-625 weld metal and the 
steel, there are certain points which 
must be assessed prior to surfacing: 

1. IN-625 is more noble than 3.25 
nickel steel, and the surfaced weld 
metal should represent an impenetra
ble barrier to prevent local ruptures in 
the IN-625 and undesirable galvanic 
corrosion. Inspection requirements 
should ensure that all acceptable flaws 
are benign and wi l l not propagate. 

2. The application of austenitic 

stainless steel hardfacing has been 
reported to result in unfavorable 
tensile residual stresses in the weld 
deposit, even after thermal stress 
relief.12 The retention of tensile resid
uals in the weld metal were attributed 
to differences in the coefficient of 
thermal expansion between the steel 
and the surfaced weld metal. Thus, 
cooling from the stress relief tempera
ture can restore tensile residuals in the 
surfaced weld metal which may be 
detrimental to fatigue performance. 
Should such a situation arise in the IN-
625/3.25 nickel steel system, consider
ation of cold rolling or peening of the 
surface steel to minimize or eliminate 
the tensile residual stresses may be 
necessary.13 

Conclusions 

1. IN-625 is satisfactorily weldable 
to 3.25 nickel steel using the GMAW-P 
process. Stress relief heat treatment at 
649 C (1200 F) did not adversely affect 
weldability. 

2. The tensile properties of IN-625 
surface weld metal are generally com
parable wi th the requirements of 3.25 
nickel steel. The most favorable me
chanical properties were obtained 
wi th a heat input of 1.77 MJ/m (45 
kj/ in.). 

3. The seawater corrosion resistance 
of IN-625 surface weld metal is equiv
alent to that of wrought base metal at 
iron contents of up to 9%, provided the 
molybdenum content is greater than 
8%. For weld metals in the above 
composition limits the crevice corro
sion resistance was excellent to good. 
No susceptibility to stress corrosion or 
general corrosion was noted. Stress 
relief heat treatment at 649 C (1200 F) 
for times up to 64 hours did not alter 
corrosion behavior of the weld metal. 

4. the seawater corrosion fatigue 
strength of clad IN-625 weld metals 
was 103 MPa (15 ksi) at 10" cycles. This 
value is lower than IN-625 mult iple 
pass weldments, but is significantly 
higher than that of 3.25 nickel steel. 

5. The fatigue crack growth rate of 
surface IN-625 weld metal is higher 
than that of the wrought base metal 
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and 3.25 nickel steel when crack 
growth proceeds in a direction parallel 
to the highly oriented dendritic struc
ture. The increased crack growth rate 
parallel to the dendrites is believed to 
contribute to the lower fatigue 
strength of the surface weld metal 
compared to mult iple pass surface 
weldments or the wrought base 
plate. 
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