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THE WELDING OF NEW SCLUTION-STRENGTHENED NICKEL-BASE ALLOYS#*

R. G. Gilliland G. M. Slaughter
Metals and Ceramics Division
Oak Ridge National Laboratory

ABSTRACT

The shielded metal-arc welding of two new solid-solution-strengthened,
nickel-base alloys, designated Inconel Alloy 625 and IN-102, has been
investigated. Welds were made in 1 1/4-in.-thick Inconel Alloy 625 and
5/8—in.-thick IN-102 plate; in addition, hot ductility studies on both
alloys were included.

The weldabilities of these alloys were considered good in that no
cracking or porosity problems were encountered. Tensile and stress-
rupture tests on welds at room temperature and at elevated temperatures
showed good correlation with published data for the base metals. Hot-
ductility experiments conducted on simulated heat-affected zone specimens
revealed that the nil-ductility temperatures for Inconel 625 and IN-102
were 2250 and 2280°F, respectively. Good recovery of propertlies upon

cooling was observed for both alloys.

INTRODUCTION

The utilization of nickel-base alloys for application in the steam
power, gas turbine, space power, and nuclear power areas has been in-
creasing for a number of years. The need for longer service at higher

temperatures and stresses has produced new alloys tailored to meet these

requirements.

¥Research sponsored by the U.S. Atomic Energy Commission under
contract with the Union Carbide Corporation.



Two new solid-solution-strengthened, nickel-base alloys, designated
Inconel Alloy 625 and IN-102 and of potential interest for several nuclear
applications, have been developed commercially. These nickel-chromium-
type alloys are strengthened in one case (Inconel Alloy 625) by columbium
and molybdenum (Ni—22 Cr—3 Fe—9 Mo—4 Cb, wt %) and the other (IN-102) by
columbium, molybdenum, and tungsten (Ni—15 Cr—7 Fe—3 Cb—3 Mo—3 W, wt %).
The thermally stable, solid-solution microstructure of these alloys pro-
vides good strength and ductility without the deleterious brittle phases
often associated with precipitation-hardened alloys.

A welding investigation on these two alloys was conducted in order
to determine theilr general suitability in applications where welds of
intermediate section thickness would be required. Typical of such appli-
cations would be vessels for containing fluids at high temperatures and

heavy-walled piping used in steam power generators.

MATERTALS

Welds were made in 1 1/4-in.-thick Tnconel Alloy 625 and 5/8-in.-
thick IN-102 alloy plate. Another heat of Inconel Alloy 625 was obtalned
as l/2—in.—diam rod for hot-ductility tests. The chemical analyses of
these materials are listed in Table 1.

A 5/32-in.-diam experimental welding electrode, designated R-102,
was used for the shielded metal-arc welding of both alloys. The core
wire of this electrode was the standard IN-102 composition and the flux
coating contained supplemental columbium for further strengthening. This
electrode was reported to produce sound, crack-free welds in IN-102 plate
and possess good operability.l The chemical analysis of weld metal

deposited with this electrode is also shown in Table 1.




Table 1. Chemical Analyses of Nickel-Base Alloy Used in This Study

Heat Analyses, wt %

Alloy Type Form

Number Ni Cr Fe Mo Cb W C Mn  Si S T Al

IN-102 015502 5/8-in. Bal 15.53 7.25 3.08 3.03 3.09 0.04 0.35 0.39 0.007 0.64 0.37
plate

Inconel 625 NX-8473 1 1/4-in. Bal 21.50 2.27 8.57 3.93 0.02 0.13 0.26 0.008 0.30 0.19
plate

Inconel 625 NX-9648A 1/2-in. Bal 21.82 1.94 8.83 3.73 0.04 0.10 0.23 0.008 0.19 0.13
rod

R-102 weld F-5756 5/32-in.- Bal 14,77 11.10 2.34 4.47 3.97 0.07 1.57 0.27 0.004 0.13 0.12
deposit diam

electrode




EXPERIMENTAL PROCEDURE

The weldability tests were conducted using highly restrained butt
joints. These Jjoints were obtained by joining the test plates to very
thick, carbon-steel strongbacks prior to the welding operation. This
method is illustrated in Fig. 1 together with the Jjoint design and welding
sequence employed.

Side-bend tests were made on the as-welded Joints by deforming them
around a 47 radius (T = thickness). Transverse specimens were taken from
the completed welds for evaluation at room temperature and at elevated
temperatures in both tensile and stress-rupture tests. The specimen
design for this transverse sample 1s shown in Fig. 2(a).

All tensile tests were performed using a 12,000-1b capacity hydraulic
testing machine at a crosshead speed of 0.05 in./min or a strain rate of
5%/min. The curves of stress vs strain were obtained using load cell-
deflectometer outputs. Tests were performed on transverse specimens from
both alloys at room temperature and at 1200°F. Sufficient time was al-
lowed for the 1200°F test specimen to reach thermal equilibrium before
loading was begun.

Creep-rupture testing was performed using transverse samples from
both alloys at temperatures of 1200 and 1500°F. These tests were run in
standard lever-arm testing machines and strain data were obtained through
dial-gage extensometers attached to the specimen shoulders.

Samples were machined from the as-received base metal for the determi-
nation of hot ductility after simulated heat-affected zone thermal cycles.
The design for this test specimen is shown in Fig. 2(p). This hot ductility

test, which was developed by Nippes and Savage,2 synthetically reproduces
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in a laboratory specimen the time-temperature treatment experienced by
any selected point in the heat-affected zone of a weld. The cold-rolled
IN-102 plate used for these experiments was glven a l-hr anneal at 1600°F,
followed by an air cool prior to testing. The Inconel Alloy 625 bar
stock was swaged to 5/16-in. diameter and given a hydrogen anneal for

30 min at 2000°F prior to testing. Comprehensive metallographic examina-
tions were performed on the as-welded joints, on tensile and stress-

rupture samples, and on thermal-cycled specimens.

RESULTS

The use of the shielded metal-arc welding process for Jjoining these
solid-solution alloys was demonstrated to be both feasible and practical.
The experimental electrode, R-102, was found to be easily operable and had
good deposition characteristics.

The side-bend tests revealed that the joints were of good quality,
and no evidence of fissuring was seen. Metallographic evaluation of cross
sections of the as-welded joints of each alloy confirmed the soundness
with no fissuring observed in the heat-affected zone or weld metal. Macro-
graphs of joint cross sections from the welds of both alloys are shown in
Fig. 3(a) and (b). Micrographs of the fusion-line area of welds in Inconel
Alloy 625 and IN-102 anneals are shown in Fig. 4(a) and (b), respectively.
No evidence of microporosity or microfissuring can be seen.

Average tensile data for Inconel 625 and IN-102 at room tempera-
ture and at 1200°F are presented in Table 2. Four speclmens were tested
at each temperature. The creep-rupture data for these two solid-solution

alloys are presented in Table 3 and Fig. 5. The results of the hot-ductility
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Table 2. Results of Room-Temperature and 1200°F Tensile Tests of

Transverse Weld Specimens in IN-102 and Inconel 625

Test Tensile Yield Reduction
Elongation
Alloy Temperature Strength Strength in Area
(%)

(°F) (psi) (psi) (%)
IN-102 Room 115,000 68,700 31.5 35.7
Inconel 625 Room 116,600 74,300 34.1 40.1
IN-102 1200 87,300 51,000 21.0 29.7
Inconel 625 1200 85,100 55,000 22.6 27.6

Note: (l) All failures occurred in Weld Metal.

(2) Four samples were tested for each case.
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Table 3. Results of Creep-Rupture Testing of Transverse Weld Specimens

in IN-102 and Inconel 625 at 1200 and 1500°F

Test Applied Time to Total Strain Minimum Strain
Alloy Temperature Stress Rupture at Rupture Rate

(°F) (psi) (hr) (%) (in./in./hr)
Inconel 625 1200 70,000 14.6 1.0 2.9 x 1074
Inconel 625 1200 60,000 135.4 0.8 1.9 x 107°
Inconel 625 1200 60,000 174.0 1.1 2.5 x 1077
IN-102 1200 60,000 179.6 4.2 2.8 x 1077
IN-102 1200 60,000 249.6 3.5 1.7 x 107°
Inconel 625 1200 55,000 615.9 0.6 5.0 x 107©
IN-102 1200 55,000  956.0 4.2 1.3 x 107°
Inconel 625 1500 10,000 91.2 7.0 2.8 x 1074

IN-102 1500 10,000 121.3 37.0 5.8 x 1074
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investigations are summarized in the curves of Figs. 6 and 7 for Inconel
Alloy 625 and IN-102, respectively.
DISCUSSION AND EVALUATION OF RESULTS

The generally good weldability exhibited by the two alloys indicates
that they should be satisfactory for applications where heavy sections are

required.

Tensile Tests

The room-temperature and 1200°F tensile tests on transverse weld
specimens indicated that both of these nickel-chromium alloys possessed
similar and excellent mechanical properties at each of the test tempera-
tures. The tensile data presented in Table 2 approximate all-weld-metal
properties, since all failures occurred in the weld-metal portion of the
specimen. All failures were observed to be intergranular with cracking

being confined to the immediate area of the failure.

Creep-Rupture Tests

Good correlation of creep-rupture data for transverse weld specimens
with published data for the base metal was observed. At 1200°F the stress-
rupture curve converges with the wrought metal data after 1000 hr; at
1500°F the curves actually cross. All failures occurred in the weld-
metal portion of the specimens except for the IN-102 test at 1500°F and
10,000 psi applied stress, which failed in the base metal. All failures
occurred in an intergranular manner.

Figure 8 shows that the creep ductility (total strain) of Inconel

Alloy 625 is consistently lower than that of IN-102, yet there is little



[
ORNL-OWG 65-7265 ¥
MATERIAL: INCONEL 625 HEAT NO. NX9648A
CONDITION: ANNEALED (%, hr, 2000°F, Hy ) ORNL CODE IN-625 -
100 100 0.5 B
80 80 04
o -

= \ .
N | TESTED ON
\ HEATING

a0 40 L ! 0.2 ,
\ N A

¢ \ 3 \ -
- 2 o 2 € o4
« \ 3 \ £ \
H Q z
a = a

(o] L o 4 J
= 100 §100 o 05
4 W J
o
= £ 2 W
o ® o
3 ® w €0 ; F o4
¢ z \\\

w

60 A 60 0.3
\ ° TESTED ON
> COOLING FROM

) A N VAN .
. . . N\
L ; \ ] .

o] [+]
600 1800 2000 2200 2400 1600 1800 2000 2200 2400 1600 1800 2000 2200 2400
TEST TEMPERATURE (°F)

Fig. 6. Results of Hot-Ductility Tests on Inconel Alloy 625. The

temperature at which negligible ductility was observed was 2250°F.




-

ORNL-DWG 65-7266R
MATERIAL: IN-402 HEAT NO. 04528
CONDITION: MILL ANNEALED (COLD ROLLED PLATE: 4hr, 4600°F, AC)  ORNL CODE IN-102
100 100 05 . 1
/l
80 = . 80 0.4
< \ AN 1
60 60 N 03
N — |
®, '\. | TESTED ON
\\ " HEATING
40 \ 40 o 0.2 L
. ..
; \ g \‘o
- 20 g 20 A € 04 >
< g \ £ \
w -
x = z
< \ I . = .
z © . 5 O E 0 J
2 100 Z 100 0.5 7
g @ S
5 & 5
2 w 8o i
3 80 w 0.4
o @
Le 2
60 AT " 60 03
4 . ’ TESTED ON
\ ! COOLING FROM
. . 2280°F
40 \ 40 0.2 .
~0
\ ) A\
»
20 | 20 - 04 s -
\
o 0 0 o0 J
1600 1800 2000 2200 2400 1600 1800 2000 2200 2400 1600 1800 2000 2200 2400

TEST TEMPERATURE (°C)

Fig. 7. Results of Hot-Ductility Tests on IN-102. The temperature

at which negligible ductility was oObserved was 2280°F.




16
»
3
5 ORNL-DWG 64-3651
DASHED CURVES - ALLOY IN-102
7 SOLID CURVES-ALLOY 625
{# -~ FAILURE)
6
5
S
= 4 760,000 psi 55,000 PSI 4
g | 4
% i //*6 ,000 psi ////
3 /———;—7 e = —
=" I S
I T
1 B
2
7
‘G0,000 psi
! 80,000 psi [% 55,000 psi
L 2
(0]
o) 100 200 300 400 500 600 700 800 900 1000
TIME (hr)

Fig. 8. Percent Strain vs Testing Time for Transverse Weld Samples

of IN-102 and Inconel Alloy 625 Tested in Creep at 1200°F in Air.




17

difference in rupture life for equivalent stress and temperature. As
shown in Table 3, the rupture ductility at 1200°F for the IN-102 alloy
varied from 3.5 to 4.2%, while the ductility of Inconel Alloy 625 was 1%

or less.

Hot Ductility Studies

Using simulated heat-affected zone speclmens, hot-ductility experi-
ments were conducted to determine the elevated-temperature nil-ductility
point for IN-102 and Inconel Alloy 625. These were found to be 2280 and
2250°F, respectively. The curves of Figs. 6 and 7 indicate that the
mechanical properties (i.e., reduction in area, ultimate tensile strength,
and total strain) are recovered reasonably well after an exposure to the

nil-ductility temperature.

Metallographic Evaluation

An extensive metallographic examination of welds in these two alloys
was conducted, both to ensure the general soundness of the welded jolnts
and to explain the observed difference in their creep-rupture ductilities.
The composite of Fig. 9 illustrates the appearance of the base metal micro-
structures for both Inconel Alloy 625 and IN-102 after creep-rupture testing
at 1200 and 1500°F.

The as-received microstructures of both alloys are relatively clean,
especially Inconel Alloy 625, with the only precipitate being the regular
shaped, agglomerated particles shown in Fig. 9. The thermal stability of
IN-102 was observed to be excellent with no apparent reactions occurring.

In the case of the Inconel Alloy 625 alloy, the microstructure was

observed to be quite unstable. Noticeable grain-boundary precipitation
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was observed in the specimens tested at 1200°F, with the amount of pre-
cipitation being proportional to the time at temperature. Using light
microscopy the agglomerated precipitate within the grains appears to be
unaffected by holding at 1200°F, but a matrix strengthening was indicated
by an increase in microhardness. Figure 9 shows that a significant micro-
structural change has occurred after testing at 1500°F. The formation

of Widmanstatten platelets is observed within the individual grains after
holding for approximately 100 hr. Further development of these platelets
has occurred after 3300 hr with a corresponding increase noted in the
microhardness. The grain boundary precipitant can be faintly seen as an
agglomerated, noncontinuous phase in the 3300-hr microstructure.

The composite of Fig. 10 illustrates the appearance of the micro-
structure of the experimental electrode R-102 after creep-rupture testing
at 1200 and 1500°F. The microstructure of the as-welded Jjoint is also
shown in this figure.

Extended periods of exposure of the weld metal at 1200°F have caused
the carbide precipitates to undergo solution and redistribution. No
apparent weld-metal strengthening occurred during this treatment as
indicated by microhardness readings. The weld-metal microstructure has
undergone considerable change after the 1500°F exposure. As was the case
with the Inconel Alloy 625 material, exposure at this temperature has
caused the formation of a Widmanstdtten platelet structure within the
matrix of the weld metal. Prolonged exposure to 1500°F causes further
development of this structure.

Evidence of the microstructural differences between IN-102 and

Tnconel Alloy 625 has also been observed and reported previously.3—5
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For example, Barker and Hischemiller observed the excellent stability of
the IN-102 alloy and reported no effect on its properties after 500 hr at
1300°F. The increase in microhardness or matrix-strengthening in Inconel
Alloy 625 has been reported to be even greater than observed in these
studies, although the loss in tensile ductility is not considered damaging.3
X-ray diffraction data developed by Comprelli and Wolff show the presence

of TiN and CbC containing some tantalum. ®

From a study of the alloy com-
position, the formation of a columbium-rich gamma prime (Ni3Cb) matrix-
precipitate is predicted.® Further studies by Comprelli and Lewis using
fluorescence analysis indicated that this precipitate may not be NisChb
but may, in fact, be NisCb with molybdenum in solution [Ni3(Cb,Mo)]
(Ref. 3). This precipitate is coherent with the face-centered cubic matrix
and would cause strengthening at 1200°F. At 1500°F the precipitate trans-
forms to the stable orthorhombic form of the gamma prime phase, appearing
as a Widmanstdtten platelet structure. The precipitation of this acicular
pattern has been shown to indicate the onset of overaging.7’8

The microstructural changes observed for the R-102 eiectrode weld
metal appear to be very similar to the behavior of Inconel 625, particularly
at 1500°F. The overaged, Widmanstatten platelet structure of the gamma
prime precipitate, shown in Fig. 10, coincides with the Inconel 625
structural changes under the same conditions. This electrode was intended
to approximately match the composition of IN-102, but the slight composi-
tional variation in columbium and iron contents seems to have caused more
microstructural instability during thermal treatments than was exhibited by
the base alloy. The microstructural change observed for the weld metal at

1200°F may result from the precipitation of the columbium-molybdenum carbide,

(cb,Mo)C.
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The micrographs of Figs. 11 and 12 illustrate the microstructures
of IN-102 and Inconel 625, respectively, after experiencing a simulated
welding thermal cycle whose peak temperature was the nil-ductility point.
The microstructure of the IN-102 alloy does not reveal any liquation after
undergoing a peak temperature of 2280°F, but grain-boundary broadening is
evident. As shown in Fig. 12, cycling to 2250°F results in a very small
amount of liquation in Inconel Alloy 625, although no apparent damage, as

revealed by the hot-ductility tests, was observed to occur.

CONCLUSIONS

The evaluation program conducted to evaluate these two solution-
strengthened nickel-base alloys indicates that their weldabilities, in
general, are quite good. The use of the shielded metal-arc welding pro-
cess for joining these alloys under high restraint was demonstrated to
be feasible.

Room-temperature and 1200°F tensile tests on transverse weld speci-
mens indicated that both of these alloys possess good mechanical properties
at each of the test temperatures. Stress-rupture tests performed at 1200
and 1500°F on similar specimens showed a good correlation with published
data for the base metal and exhibited flat, logarithmic creep-rupture
plots.

Hot-ductility experiments conducted on simulated heat-affected zone
specimens revealed that the nil-ductility temperatures for Inconel Alloy 625
and IN-102 were 2250 and 2280°F, respectively. Good recovery of mechanical

properties without any apparent grain-boundary liquation was observed after
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cycling the IN-102 specimens to the nil-ductility temperature. Similar
recovery of properties was observed for Inconel Alloy 625, although
some liquation was seen at its nil-ductility temperature.

The microstructural stability of these compositions has been investi-
gated at 1200 and 1500°F for extended periods of time. Under the test
conditions included in this study, the microstructure and mechanical prop-
erties of IN-102 appear to be more stable than for Inconel Alloy 625 or
weld metal from the R-102 electrode. This microstructure instability
probably contributes to the lower creep ductility observed for Inconel
Alloy 625 transverse weld specimens.

The good general weldability of these solid-solution strengthened
alloys and the overall mechanical properties and integrity of the welded
joints make them attractive for critical applications where high tempera-

tures and stresses are required.
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