
Elevated-Temperature Tensile Behavior 
of ERNiCr-3 Weld Meta 

Automatic CTA welding with "cold wire" filler metal addition 
results in only minor scatter for weld metal ultimate tensile strengths 

and quite constant ductility over test temperatures 
ranging from 77 to 1350° F 

BY R. L. KLUEH AND J. F. KING 

ABSTRACT. The filler metal alloy 
designated by AWS specification as 
ERNiCr-3 and commonly known as 
Inconel 82 has a nominal composit ion 
of 67% Ni-20% Cr-3% Mn-3% Fe-2.5% 
Nb and is used conventionally to join 
austenitic-ferritic dissimilar-metal 
joints. Tensile properties were deter
mined for this alloy over the range 25 
to 732°C (77 to 1350°F) at strain rates 
of 3 x 10 > and 3 X 10 " / s . 

The tensile tests at 3 x 1 0 ' / s (most 
tests were at this strain rate) on the 
four welds indicated only minor data 
scatter for the ultimate tensile strength 
wi th somewhat more scatter for the 
yield strength. For the ultimate tensile 
strength, weldment size had no effect, 
while the yield strength of the small 
weldment fell below that for the larger 
weldments. Ducti l i ty was quite con
stant over the entire test temperature 
range: the total elongation ranged 
between 30 and 40% and the reduction 
of area between 40 and 60%. The uni
form elongation decreased from about 
30% at 25°C to less than 10% at 732°C 
(1350°F). Tests at the low strain rate 
showed an increased yield strength in 
the range 450-600°C (842-1112°F) and 
increased ultimate tensile strength in 
the range 400-600°C (752-1112°F) over 
the values obtained at the high strain 
rate. The ductilities decreased over 
these same temperature ranges. 

Optical microscopy of the as-depos
ited ERNiCr-3 indicated minor defects 
widely scattered through the material. 
These were judged to be small cracks 
or voids that were along grain bound
aries and were undetectable by radio
graphy. Although all specimens ap
peared to fracture by a transgranular 
mode, scattered grain boundary cracks 

were observed in numerous fractured 
specimens. 

Introduction 

The intermediate heat exchanger of 
the Clinch River Breeder Reactor Plant 
(CRBRP) is to be constructed of an 
austenitic stainless steel and the steam 
generators from the low-alloy ferritic 
VA Cr-1 Mo steel. Thus, a welded 
transition joint between these two 
units wi l l be required. Since a number 
of joints of this type have failed in 
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Table 1-Limiting Chemical Composition 
for ERNiCr-3la 

Element 

Ni 
C 
Mn 
Fe 
S 
Si 
Cu 
Cr 
Ti 
Nb 
Co 
P 

Content, 
wt-% 

67.0 min 
0.10 max 
2.5-3.5 
3.0 max 
0.015 max 
0.50 max 

' 0.50 max 
18.0-22.0 
0.75 max 
2.0-3.0 
0.75 max 
0.03 max 

'•'Specifications: ASTM B.304 (ERNiCr-3). AWS A5.14 (ER-
NiCr-3). 

fossil-fired plants, work is presently 
under way in the development of tran
sition weld procedures for the CRBRP 
steam generator circuit. Included in 
these studies wi l l be the determination 
of the mechanical properties of filler 
metals and transverse weldments that 
are appropriate for such transition 
joints. 

To make a transition joint between 
Type 316 stainless steel and 2VA Cr-1 
Mo steel, the present procedure calls 
for the use of the filler metal desig
nated by AWS as ERNiCr-3. This is a 
nickel alloy wi th approximately 20% 
Cr, several percent of Fe, Mn, and Nb, 
and lesser amounts of several other 
elements. The chemical composit ion 
limits for the alloy are given in Table 
1. 

Because of the differences in ther
mal coefficient of expansion between 
the materials in such a joint, a transi
tion piece is being considered. Instead 
the transition between Type 316 stain
less steel and Vk Cr-1 Mo steel being 
made directly w i th weld metal depos
ited from ERNiCr-3 filler wire, an inter
mediate spool piece of alloy 800 
would be used. Regardless of whether 
such a transition piece is used or not, 
ERNiCr-3 filler metal wi l l be used (be
tween the alloy 800 and Vh Cr-1 Mo 
steel if a transition piece is used). For 
this reason, our first mechanical prop
erties studies are being made on this 
weld metal. 

Relatively few data are available for 
ERNiCr-3 weld metal. One manufac
turer' gives data over the range 25 to 
1090°C (75-2000°F) in a company bul
letin on alloy 800. Payne2 has reported 
almost identical data over the same 
temperature range. 
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Experimental 
One problem wi th testing weld met

al is the fabrication of sufficient welds 
to obtain the required number of spec
imens for the test program. Initially it 
was decided to make the ERNiCr-3 
welds between two 13 mm (17> in.) 
thick plates—one plate of alloy 800, the 
other of 21/4 Cr-1 Mo steel. A 90 deg 
included angle, V-groove joint geome
try was used. The welding was per
formed by the automatic gas tungsten 
arc process wi th "co ld-wi re" filler 
metal additions. About seven passes 
were required to complete the weld. 
The nominal welding parameters 
were: 150 A and 10 V, with a travel 
speed of about 0.9 mm/s (2.1 ipm). 

Since the number of specimens that 
could be obtained from such welds 
was quite l imited, a larger weld was 
designed to produce a large deposit of 
ERNiCr-3 filler metal. Plates of 19 mm 
(% in.) thick 2V4 Cr-1 Mo steel were 
used as base material. These were pre
pared wi th a 30 deg included angle 

V-groove joint geometry wi th a 32 mm 
(VA in.) root opening and a backing 
strip. Weld deposits were also made by 
the automatic gas tungsten arc weld
ing process wi th "cold w i re " filler met
al additions. Filling this jo int required 
40 weld passes; the welding parame
ters were the same as those used for 
the small weld. 

Before specimens were machined, 
the welds were nondestructively ex
amined by radiography. No defects 
could be detected. As a result of some 
premature creep failures early in the 
program, specimens were subsequent
ly radiographed before being tested. In 
all cases, no defects were detected 
that would have caused the weld to be 
rejected. The radiographic technique 
used could detect defects of 0.075 to 
0.13 mm (0.003-0.005 in.). 

Mechanical property test specimens 
were of a buttonhead type wi th a 3.18 
mm (0.125 in.) diameter and 28.6 mm 
(1.125 in.) long gage section. The spec
imens tested were longitudinal all-

weld-metal specimens. Tensile tests 
were made on an Instron machine 
wi th crosshead speeds of 8.5 and 0.85 
pm/s (0.02 and 0.0002 ipm). Before 
testing, all specimens were postweld 
heat treated 1 h at 732°C (1350°F). 

Results 

Tensile Studies 

Detailed tensile studies were made 
over the range 25 to 732°C (77 to 
1350°F) and a nominal strain rate of 
3 X 10"4/S (crosshead speed of 8.5 
jum/s). Only one series of tests was 
made on the specimens taken from the 
13 mm (Vi in.) thick plates (plate 1 of 
Table 2) before we decided to use 
weld metal from welds made on the 19 
mm (VA in.) thick plates so more test 
specimens could be obtained per 
weld. Specimens taken from three of 
the 19 mm (% in.) thick plates (plates 2, 
3, and 4 of Table 2) were tested over 
the entire temperature range. Speci
mens from the welds on the 13 mm (V2 

Table 2-" 

Test 

°C 

25 
25 

454 
510 
566 
621 

25 
204 
316 
454 
510 
566 
621 
677 
677 
732 

25 
204 
316 
454 
510 
566 
621 
677 
732 

25 
204 
316 
454 
510 
566 
621 
677 
732 

"ensile Properties 

temperature 

°F 

77 
77 

850 
950 

1050 
1150 

77 
400 
600 
850 
950 

1050 
1150 
1250 
1250 
1350 

77 
400 
600 
850 
950 

1050 
1150 
1250 
1350 

77 
400 
600 
850 
950 

1050 
1150 
1250 
1350 

of ERNiCr-3 Weld M e t a l " at a Stra 

Yield 

295(42.9 
311(45.2 
219(31.8 
229(33.3 
220(32.0 
203(29.5 

335(51.3 
305(44.3 
298(43.2 
282(41.0 
267(38.8 
259(37.6 
258(37.4 
256(37.1 
247(35.8 
261(37.9 

339(49.2 
292(42.4 
264(38.3 
274(39.7 
258(37.4 
240(34.8 
251(36.5 
236(34.3 
228(33.1 

351(51.0 
262(38.0 
260(37.7 
249(36.2 
243(35.3 
256(37.2 
267(38.8 
251(36.5 
262(38.0 

Strength, MPa 

Ult imate 

610(88.6) 
622(90.3) 
507(73.6) 
488(70.8) 
478(69.4) 
421(61.3) 

658(95.5) 
575(83.4) 
548(79.6) 
542(78.7) 
501(72.7) 
486(70.6) 
451(65.4) 
405(58.8) 
422(61.2) 
327(47.2) 

601 (87.3) 
557(80.8) 
524(76.0) 
490(71.1) 
477(69.2) 
451(65.4) 
444(64.4) 
413(60.0) 
335(48.6) 

618(89.7) 
557(80.9) 
535(77.6) 
515(74.7) 
493(71.6) 
465(67.5) 
449(65.2) 
422(61.2) 
338(49.0) 

n Rate"1' of 3.0 X 10 Vs 

(ksi) 

Fracture 

Plate 1 
483(70.1) 
474(68.8) 
442(64.1) 
413(59.9) 
377(54.6) 
237(34.2) 

Plate 2 
476(69.1) 
473(68.7) 
452(65.6) 
474(68.9) 
369(53.5) 
371(53.9) 
265(38.4) 
62(9.0)'" 

141(20.4) 
124(18.0) 

Plate 3 
476(69.1) 
421(61.1) 
355(51.5) 
416(60.3) 
388(56.3) 
347(50.4) 
101(14.7) 
130(18.8) 
85(12.3) 

Plate 4 
471(68.3) 
449(65.1) 
428(62.1) 
431(62.6) 
436(63.3) 
373(54.1) 
359(52.1) 
155(22.5) 

55(8.0) 

Elongation, 

Uni form 

39.1 
33.3 
41.8 
35.8 
39.2 
32.8 

30.4 
34.3 
26.4 
36.8 
33.9 
33.6 
25.8 
15.3 
19.9 
4.1 

32.8 
35.1 
33.8 
32.7 
30.1 
33.0 
31.6 
23.0 

7.7 

36.2 
40.7 
36.6 
41.6 
40.4 
33.7 
28.6 
22.2 
6.7 

% 
Total 

43.9 
37.6 
46.8 
38.9 
43.0 
38.0 

34.7 
36.7 
29.9 
40.6 
37.1 
37.6 
29.4 
19.0,c' 
28.3 
29.9 

39.3 
40.2 
38.1 
36.3 
33.2 
35.3 
36.6 
31.8 
41.7 

40.7 
44.9 
40.5 
46.6 
44.6 
37.1 
32.7 
33.6 
39.8 

Reduction 
of area, 

% 

45.8 
44.4 
47.7 
40.0 
51.6 
47.0 

44.1 
45.6 
45.5 
43.7 
40.1 
51.5 
50.4 
30.9"" 
46.9 
53.7 

43.6 
47.0 
46.9 
45.8 
39.7 
37.4 
46.7 
51.4 
68.5 

59.1 
50.5 
49.8 
50.7 
57.2 
51.6 
49.0 
55.6 
42.2 

a lA!l specimens were pos twe ld heat treated for 1 h at 732°C (1350°F). 
"'Tests were at a constant crosshead speed of 8.5 j jm/s . 
^'Failed near end of gage sect ion at po in t where extensometer was attached. 
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Fig. 1-Thc 0.2% yield strength and ultimate tensile strength as 
functions oi temperature tor ERNiCr-3 weld metal at a nominal 
strain rate of 3 X 10'/s. Four different weldments were tested: 
plate 1 was 7-pass weld made on 13 mm (4 in.) thick plates; plates 2, 
3, and 4 were 40-pass welds made on 19 mm (6 in.) thick plates. 
Also shown are curves obtained from Huntington Alloys trade 
literature 

Fig. 2—Uniform elongation, total elongation, and reduction of area 
as functions of temperature for the four weldments oi ERNiCr-3 
tested at 3 X 10"'/s 
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in.) thick plates were tested at 25, 454, 
510,566, and 621 °C (77,849,950,1051, 
and 1150°F). 

When the results from plates 1 and 
2—one 13 mm (V2 in.) and one 19 mm 
(VA in.)—are compared (Table 2 and Fig. 
1), significant differences in strength 
properties are noted—especially the 
yield strength. Our initial conclusion 
from these results was that di lut ion 
effects for the different welds signifi
cantly affected the properties. As a 
result of that conclusion, these welds 
were examined for chemical composi
tion changes; the results are discussed 
in a fol lowing section. However, this 
conclusion appears premature when 
the results from plates 3 and 4 are 
examined (Fig. 1); these two plates 
were made by the same procedure 
used to make plate 2. 

When the data from all four plates 
are compared, it appears that plate size 
has little effect on the ultimate tensile 
strength over the entire temperature 
range tested. For the yield strength, on 
the other hand, there does appear to 
be a significant difference. The yield 
strength of the smaller plate falls con
sistently below that of the welds made 
on the larger plates—Fig. 1. However, 
the ultimate tensile strengths for the 
specimens for both,thicknesses were 
not significantly different. For compar
ison, the yield strength and ultimate 
tensile strength curves for ERNiCr-3 

taken from the manufacturer's litera
ture1 is also shown in Fig. 1. According 
to data reported, the referenced mate
rial was stronger than the weld metal 
that was tested, although the general 
trends of the strength wi th tempera
ture are similar for all the materials. 

In general, the ultimate tensile 
strength data for these tests show a 
limited amount of scatter, mostly at 

600 

the lowest test temperatures. At the 
highest temperatures, the scatter is 
considerably less. The scatter for the 
0.2% yield strength is somewhat 
greater. If only the data for the welds 
on the 19 mm (% in.) thick plates are 
considered, the scatter at the highest 
test temperatures appears consider
ably less, and the decrease in scatter 
wi th increasing temperature is again 

500 

S. 400 

UJ 
CE 
H 

3O0 -

200 -

100 200 300 400 500 
TEMPERATURE C O 

600 700 800 

Fig. 3—The 0.2% yield strength and ultimate tensile strength as functions of 
temperature tor plate 3 at nominal strain rates of 3 x 10-" and 3 x 10~*/s 
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Table 3-Tensile Properties 

Test 
temperature 

°C °F 

25 75 
204 400 
316 600 
454 850 
510 950 
566 1050 
677 1250 
732 1350 

of ERNiCr-3 Plate 3 Weld Meta l * at Strain 

Yield 

323(46.9) 
256(37.2) 
269(39.1) 
274(39.7) 
329(47.8) 
341 (49.5) 
301(43.7) 
204(29.6) 

Strength, MPa (ksi) 

Ult imate 

598(86.8) 
521(75.6) 
530(76.9) 
511(74.2) 
517(75.1) 
482(70.0) 
302(43.9) 
206(29.9) 

Rate"" of 3.0 X 10 

Fracture 

508(73.8) 
400(58.1) 
425(61.7) 
331 (48.0) 
367(53.3) 
175(25.4) 

79(11.4) 

Vs 

Elongation, 

Uniform 

34.8 
34.5 
38.6 
35.3 
30.1 
18.0 
0.86 
0.38 

% 
Total 

39.4 
38.6 
41.8 
39.9 
34.9 
25.2 
33.8 
39.3 

Reduction 
of area, 

(%) 

45.5 
48.0 
50.0 
55.2 
59.8 
38.1 
41.8 
50.5 

"All specimens were postweld heat treated for 1 h at 732°C {1350°F). 
"Tests were at a constant crosshead speed of 85 nm/s. 

evident. 
The uniform elongation, total elon

gation, and reduction of area (Fig. 2) 
for all the tests show considerable 
scatter, wi th no real differences evi
dent due to the different weld sizes. 

Tests were also made at a nominal 
strain rate of 3 x lO 'Vs (crosshead 
speed of 85 nm/s) on specimens taken 
from plate 3—Table 3. When the prop
erties are compared wi th those ob
tained on the same plate at 3 X 10~Vs 
(Fig. 3), one difference is obvious: The 
low-strain-rate curves for yield 
strength and ultimate tensile strength 
as functions of temperature contain 
marked peaks, which are not as 
obvious at the higher strain rate. Below 
454°C (849°F), there is little difference 
in the strength properties due to strain 
rate. 

The uniform elongation, total elon
gation, and reduction of area also 
shows no strain-rate effects below 
454°C (849°F). Above that tempera
ture, the most dramatic effect of strain 
rate occurs in the uniform elongation, 
which drops off dramatically with 
increasing temperature; it is only 0.86% 
at 677°C (1251 °F) and 0.38% at 732°C 
(1350°F). Total elongation and reduc
tion of area differ only slightly at the 
two strain rates—Table 3. 

metal microstructure is examined met-
allographically, a typical weld metal or 
cast structure is observed—Fig. 4. 
Although very difficult to resolve, the 
matrix may contain a widely scattered 
very fine precipitate. Likewise, any 
grain boundary precipitate appears to 
be quite fine and widely distributed. In 
general, sound weld metal is observed, 
which agrees with nondestructive 
tests, in which no defects could be 
detected. 

In several of the specimens, very 

® 
2 0 0 

H-m 

small defects were observed metallo-
graphically—Fig. 5. These were scat
tered through the microstructure and 
were too small to be detected by 
radiography. Those shown in Fig. 5A 
and 5B are larger than most of those 
observed and can easily be seen as 
cracks or cavities (voids). Indeed, 
when the specimen was examined 
before etching, the nature of these 
defects could be seen. Also, Fig. 5B 
shows what appear to be some very 
small cracks or voids on grain bound-
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Microstructure 

When the etched ERNiCr-3 weld 

C* 

WmBRSSsBBBBmSBm' > ^ 
Fig. 4—Microstructure of undeformed 
ERNiCr-3 Weld Metal. Etched with 5/1 HCI-
HNO,, X100 (reduced 50% on reproduc
tion) 

v 

I00 
r1 m 

Fig. 5—Examples of cracks or voids that were formed at scattered positions in the weld metal. 
Etched with 5/1 HCI-HNO,. A and B-X100; C-X200 (A and B reduced 26%, and C reduced 
13% on reproduction). 
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aries (arrows), although it is impossi
ble to say for certain that they are not 
precipitate particles. Invariably these 
defects appear along grain boundaries, 
and since the large defects are cavities 
and very little precipitate is noted on 
grain boundaries, it was concluded 
that these small defects are cavities. 

This conclusion is enhanced by the 
small defects shown in Fig. 5C, which 
is at a higher magnification. The size of 
these defects falls between the large 
ones and the small ones, and these are 
easily seen to be cracks or cavities. 
Also, some small defects of the type 
are seen in Fig. 5B, and these now 
appear as cavities. It should be pointed 
out that these defects were isolated in 
only a very small percentage of grain 
boundaries of a given specimen. Also, 
in very rare instances, small shrinkage 
pores were observed. They were quite 
different from those discussed above 
and generally appeared in the matrix, 
not in a grain boundary. 

The first two plates tested indicated 
an effect of weldment size on tensile 
properties (the specimens from the 
welds on the 19 mm thick plates were 
stronger than those from the 13 mm 
thick plates). This wou ld seem to indi
cate a di lut ion effect. For this reason, 
the chemical compositions of the two 
welds were determined, and the welds 
examined by electron microprobe. The 
first microprobe studies were qualita
tive, designed to determine the differ
ence between the concentrations at 
the edge and center of the weld. 

Three positions of the weld cross 
section were examined: the edge near 
the 2'4 Cr-1 Mo steel, midway 
between edge and center, and at the 
center of the cross section (Fig. 6 
shows the dimensions of the cross 
sections of the two welds). For both 
specimens, there was an increased lev
el of iron in the first 20 to 50 mm (0.79 
to 1.97 i n ) ; iron was the only element 
that showed any significant variation. 
The other two positions showed very 
little difference in iron content. H o w 
ever, the relative peak height for the 
iron in these two positions was consid
erably higher for the small specimen 
than for the large one. 

Samples for chemical analysis were 
taken as shown in Fig. 6. Half a large 
specimen was sectioned into three 
pieces, whi le the entire small speci
men was cut into two pieces. The 
chemical analysis results (Fig. 6) cor
respond to the qualitative microprobe 
results in that iron is the only element 
that varies significantly across the 
cross section; also, it is the only ele
ment that deviates from the specifica
tions for this alloy—Fig. 6. The small 
weld did not allow for a determination 
of the variability w i th weld position. 
Here the iron content was 10 wt-% 
throughout the sample. 

ORNL-DWG 7 7 - 2 9 9 5 

13 m m 

CHEMICAL COMPOSITION, wt % 

SPECIMEN 

A 1 
B, 
A 2 

B2 

c2 

Cr 

18 

18 

18 

17 

18 

SPECIFICATION 

min 

max 

18.0 

22.0 

Fe 

10 

10 

4.1 

1.9 

1.7 

3.0 

Mn 

2.7 

2.7 

2.9 

3.0 

2.9 

2.5 

3.5 

Nb 

1.7 

1.9 

2.8 

2.4 

2.2 

2.0 

3.0 

Ti 

0.3 

0.3 

0.3 

0.3 

0.3 

0.75 

Balance is Ni 

Fig. 6—Cross-sectional dimensions for the small and large welds and the chemical 
compositions determined in various parts of the welds 

The chemical specifications for 
ERNiCr-3 weld rods allows a 3% maxi
mum for iron. Thus, there appears to 
be a significant di lut ion throughout 
the cross section during welding. On 
the other hand, results for the large 
weldment indicate that the di lut ion is 
restricted to the vicinity of the fusion 
line. 

To determine the concentration gra
dient profile for iron in the large spec
imen, half of the specimen was probed 
with a static spot X-ray step scan every 
1.25 mm from the edge to the speci
men center—Fig. 7. The elevation of 
the scan was in the upper half of the 
cross section. Standardized on the 
concentration of 1.7 wt-% Fe at the 
specimen center as determined b y " 
chemical analysis, the concentration 
dropped rather quickly in the first 1.25 

mm (0.05 in.) from 8% at the specimen 
edge to about 2%, after which it 
remained constant out to about 7.5 
mm (0.3 in.). At that position, the 
concentration dropped to 1.7%, the 
standardized composit ion. This latter 
drop appeared to coincide wi th the 
change from one weld pass to anoth
er. 

When inspected visually, the de
formed specimens displayed evidence 
of anisotropic deformit ion. The speci
men surfaces were fibrous or rumpled 
parallel to the specimen axis. In many 
cases the specimens also had a "knob
by" appearance—that is, usually one or 
more points on the specimen gage 
section, in addition to the region that 
necked to failure, appeared to be in 
the process of neck formation. All 
specimens necked, but most deformed 
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Fig. 7—Iron concentration profile from the edge to the center of a large weld 

118-sl APRIL 1980 



Fig. 8—Example of cracks on a specimen 
tested at 677°C (1251°F) and 3 x 10~*/s. 
The specimen failed prematurely. A-as-
polished, B-etched with 5/1 HO-HNO,, 
X100 (reduced 20% on reproduction) 

to an elliptical rather than circular 
cross section. The failures of the spec
imens tested at 3 X 10-Vs up to 510°C 
(950°F) appeared to be of a shear type. 
At the higher temperatures, a cup-
cone fracture occurred. All the failures 
at the low-strain rate (3 X 1'0~"/s) were 
the shear type. The fracture surfaces of 
the low-strain-rate tests at 566 and 
677°C (1051 and 1251 °F) appeared to 
contain two differently colored re
gions—one darker than the other—an 
indication that the specimens may 
have partially fractured and oxidized 
before the fracture was complete. 

Selected fractured specimens were 
sectioned and examined metallo-
graphically. All the failures appeared 
to be transgranular and were 
accompanied by considerable distor
tion of the grains near the fracture. 
However, on numerous specimens, 
isolated cracks appeared in the gage 
section —Figs. 8 to 10. Invariably, when 
examined on etched specimens, these 
cracks were found in grain boundaries. 

The photomicrographs in Fig. 8 are 
from a specimen that failed near the 
end of the gage section where the 
extensometer was attached (it had a 
reduced ultimate tensile strength and 
ducti l i ty). This specimen had consider
ably more cracks than any of the oth
ers; indeed the appearance of the frac
ture surface indicates that the failure 
had considerable intergranular charac
ter. 

Although the number of cracks and 
mode of failure for this specimen are 
atypical, the photomicrographs display 
the type of cracks that were observed 
in much smaller number on other 
specimens. On other specimens (Figs. 
9 .and 10), not as many instances of 
grain boundary separation were noted. 
Except in the specimen that failed at 
the end of the gage section, the num
ber of grain boundary cracks per 
specimen were few and scattered 
through the cross section and did not 
appear to affect the fracture. The num
ber of cracks per specimen appeared 
to increase wi th increasing tempera
ture and decreasing strain rate. 

The anisotropic deformation that 
caused the "knobby" deformation was 
a result of the weld metal microstruc
ture—Fig. 11. Figure 11A shows that the 
" k n o b " in this case occurred near the 
intersection of several grains. In Fig. 
11B the anisotropic deformation was 
the result of grain boundary cracks in 
material adjacent to the external sur
face. 

Discussion 

Although the analytical chemistry 
and microprobe results indicate a sig
nificantly greater di lut ion of the weld 
metal by iron in the welds made on the 
13 mm (V2 in), thick plate than the 19 
mm (VA in.) thick plate, the only effect 
on tensile properties appears to be on 
the yield strength at elevated tempera
tures. Thus, the decisive difference in 
Fig. 1 is not the difference between the 
weld metal from the different geome
tries, but the difference between the 
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Fig. 10~Example of grain boundary cracks 
in specimen tested at 677°C (1251°F) and 
3 x 10-'/s. Etched with 5/1 HNO, X200 
(reduced 50%, on reproduction) 

Fig. 9—Example of cracks on specimen 
tested at 732°C (1350°F) and 3 X 70"Vs. 
A-as-polished; B-etched with 5/1 HO-
HNO,. A-X50 (reduced 41% on reproduc
tion); B—X200 (reduced 34% on reproduc
tion) 

strength of the weld metal from this 
study and commercial literature or 
Payne's data.1 -

Since the commercial manufacturer 
made its welds on alloy plates with 
chemical composition similar to the 
ERNiCr-3 weld metal,3 the di lut ion of 
their welds was probably considerably 
less than that obtained in the present 
study (no information was available on 
how Payne's welds were made). As 
seen above, however, di lut ion pro
duces a quite minor effect on the 
ultimate tensile strength. The commer
cial manufacturer and Payne- give no 
information on postweld heat treat
ment, indicating that their properties 
are for as-deposited ERNiCr-3 weld 
metal. Presumably, this latter effect is 
the major cause of the strength differ
ences. Furthermore, Payne- states that, 
"D i lu t ion of nickel welding products 
with copper wi l l reduce the mechan
ical properties, but iron and chromium 
di lut ion wil l increase them." Our 
results give no indication of a strength 
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increase. 
As stated previously under "Re

sults," the incidence of grain boundary 
cracking increased slightly with in
creasing temperature and decreasing 
strain rate. However, wi th the excep
tion of the specimen that failed near 
the end of the gage section, these 
cracks were relatively few and isolated 
throughout the cross section. In other 
words, we noted no specific indication 
of a change in fracture mode from 
transgranular to intergranular. 

Although no direct correlation is 
possible, the observations of isolated 
grain boundary "defects" in the as-
welded material coupled with the 
observations of grain boundary cracks 
in the failed tensile specimens are 
probably related. This conclusion is 
buttressed by the observation that 
often when several grain boundary 
cracks were observed on a metallo
graphic surface, they were confined to 
one region of the specimen, usually a 
single pass. A similar observation was 
made on the grain boundary defects in 
as-welded material. Further study is 
required before the nature of these 
defects can be identif ied. Undoubted
ly, these "bu i l t - i n " defects could affect 
the strength—especially at elevated 
temperatures and in low-strain-rate 
deformation processes. 

The effect of strain rate on the ten
sile properties has been discussed in 
another publication.' We have attri
buted the effect to short-range order 
formation in the alloy. This conclusion 
was based on work of other investiga
tors, primarily on nickel-chromium 
alloys. 

Conclusion 

Tensile properties were determined 
for ERNiCr-3 weld metal over the 
range 25 to 732°C (77 to 1350°F) at 
strain rates of 3 x 10- ' and 3 x 10G /s . 
Tests were made on four gas tungsten 
arc weldments: three 40-pass welds 
with a 32 mm (1.26 in.) root opening 
and one seven-pass weld wi th 90 deg 
included angle V-groove joint. The fo l 
lowing results and conclusions were 
obtained. 

1. Optical microscopy showed scat
tered grain boundary defects through 
the microstructure of the weld metal. 
These defects appeared to be small 
cracks or voids that could not be 
detected by radiography, even when 
3.18 mm (Va in.) diameter rods were 
inspected. 
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Fig. 11—Photomicrographs that demonstrate the reasons for knobby deformation. Knob 
forms (A) adjacent to position where grain boundaries meet external surface and (B) 
adjacent to grain boundary cracks near surface. Etched with 5/1 HNO,. X100 (reduced 26% 
on reproduction) 

2. The two different weld sizes were 
examined for base metal di lut ion 
effects. The only di lut ion noted was 
for iron. Much more di lut ion was pre
sent in the small weld. 

3. At the higher strain rate 
(3 x 10-4/.s), where most of the tests 
were made, the effect of weldment 
size had no noticeable effect on the 
ultimate tensile strength and ductil ity. 
However, the yield strength of the 
specimens from the small weldment 
fell consistently below those for the 
large weldment. 

4. For temperatures below 454°C 
(849°F), the properties measured for 
the lower strain-rate tests (3 x 10"s/s) 
were similar to those at the higher 
strain rate. At temperatures above 
454°C (849°F), both the yield strength 
and the ultimate tensile strength rela
tionship wi th temperature had peaks, 
where the strength at the low strain 
rate exceeded that at the high strain 
rate. The effect has been attributed to 
short-range order. 

5. All tensile specimens failed by a 
transgranular mode. However, scat
tered grain boundary separations were 
observed on numerous specimens. 
Although no direct evidence was 
found to relate these cracks wi th the 
grain boundary defects observed on 

the untested specimens, we suspect 
that the two are related. 

Acknowledgments 

Several people aided in completing 
this work: J. L. Griffith and L. T. Ratcliff 
conducted the tests; C. W. Houck car
ried out the metallography; G. M. 
Goodwin, R. K. Wil l iams, G. M. 
Slaughter, and C R. Brinkman re
viewed the manuscript; Sigfred Peter
son edited the manuscript; and Felicia 
Foust prepared the final version. 

The research described in this paper 
was sponsored by the Office of Reac
tor Technology, U. S. Department of 
Energy, under contract W-7405-eng-26 
with the Union Carbide Corporation. 

Reierences 

1. Huntington Alloys, Incoloy Alloys, 
International Nickel Company, Inc., Hunt
ington, West Virginia (1973). 

2. B. E., Payne, "Nickel-Base Welding 
Consumables for Dissimilar Metal Welding 
Applications," Met. Constr. Br. Weld. /., 1 
(12s) pp. 79-87 (1969). 

3. S., Keiser, Huntington Alloys, private 
communications. 

4. R. L, Klueh and |. F., King, "Short-
Range Order Effects on the Tensile Behav
ior of a Nickel-Base Alloy," Met. Trans., 10A 
(10); pp. 1543-1548 (1979). 

120-sl APRIL 1980 


