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Although the alloys tested displayed good corrosion resistance, 
aging induced carbide precipitation at the grain boundaries 

BY C. L. BRIANT AND E. L. HALL 

ABSTRACT. This paper reports a study of 
the corrosion resistance and microstruc
ture of the nickel-based filler metals R72, 
R127 and R135. All three of these alloys 
were very resistant to intergranular cor
rosion, even after thermal aging treat
ments at 620°C(1148°F). However, these 
aging treatments did cause precipitation 
along the grain boundaries. In Alloy R72, 
the precipitates were all chromium-rich 
M23Q. In Alloy R127, the precipitates 
were all chromium-rich M23Q and Ti(C,N). 
In Alloy R135, the precipitates were 
M23C6, NbC, MgC and a-Cr. The precip
itation of M23Q, caused depletion of chro
mium along the grain boundaries, but the 
chromium concentration in the matrix was 
high enough that even in the depleted re
gions it remained at approximately 20 wt-
%. This concentration is enough to ensure 
immunity against corrosion. 

Introduction 

One of the primary uses of stainless 
steels and Inconel alloys has been in situ
ations that require a high resistance to 
corrosion. In almost any structural appl i
cat ion, the individual piocoo of thoco alloye 
must also be welded together. Conse
quently, there is a great interest in the 
corrosion resistance of these welds. 

In thinking about the possible corrosion 
problems that could occur as a result of 
welding, it is useful to consider the two 
major components of the weld. One of 
these is the heat-affected zone. This zone 
consists of the base metal that never melts 
during welding but can experience 
changes in its microstructure due to the 
heat generated during the welding pro
cess. These changes can affect the corro
sion response of the heat-affected zone. 
The other component of the weld is the 
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fusion zone, in which the metal is melted 
and resolidified during welding. In most 
welds between stainless steels or Inconels, 
this material in the fusion zone is a filler 
metal that has a different composition 
from the base metal. It is fed into the weld 
from a consumable electrode during the 
welding process. It is the corrosion of filler 
metal that will be the concern of this pa
per. 

The filler metal that has been most of
ten used in nuclear power plants to join 
Inconel pipes to one another or to stain
less steels or low-alloy steels has been the 
nickel-based Alloy 182, which has a com
position of approximately Ni-15Cr-8Fe-
0.06C. Stress corrosion cracks have oc
curred in this material in nuclear plants, 
and, as a consequence, alternate materials 
have been sought (Refs. 1, 2). One group 
of candidate materials consists of high-
chromium, nickel-based alloys (Refs. 3-5). 
These alloys seem attractive because their 
high chromium contents should make 
them very immune to corrosion. Yet, at 
present, there has not been an extensive 
research investigation of the microstruc
ture and corrosion resistance of these 
i i l a i n ial-5. In t h o p a p e r , w c p r e s e n t t h e 

results of such a study. We will show that 
the microstructures of these materials are 
very complex but that in general their 
corrosion resistance is very good. This 
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good corrosion resistance comes about as 
a result of the high chromium contents of 
these alloys. By combining these results 
with those on other nickel-based alloys, 
we can demonstrate the importance of 
chromium and carbon contents in deter
mining their corrosion resistance. 

Experimental 

Three materials were used in this study. 
Their chemical compositions are listed in 
Table 1. Their chromium contents varied 
between approximately 28 wt-% in Alloy 
R127 to approximately 36 wt-% in Alloy 
R72. Also, Weld R135 contains signifi
cantly more Nb and Mn than the other al
loys. 

All of these materials were received in 
the form of multiple-pass welds that were 
used to join two stainless steel plates. Gas 
tungsten arc welding was used for the R72 
and R127 filler metals, and shielded metal 
arc welding was used for the R135 filler 
metal. All samples used in this study were 
cut from the central portion of the weld 
and included a number of passes in their 
cross-sections. No other types of welds 
wprp 1 iced in this sti idv We recoenize that 
welding technique could affect the micro-
structure and hence the corrosion resis
tance. However, in this work, we chose to 
use only these welds and determine the 
effects of heat treatment. 

We examined welds in three condi
tions. One was the as-welded condition. 
Another consisted of aging as-welded 
material at 620°C (1148°F) for 24 h fol
lowed by an air cool. This particular treat
ment was chosen because it is similar to 
the postweld stress relief heat treatment 
that these materials might receive in nu
clear applications. The third condition con
sisted of aging samples first at 620°C for 
24 h, air cooling, and then aging at 400°C 
(752°F) for 200 h, followed by an air cool. 
The additional heat treatment at 400°C 
was used because it is thought to simulate 
in a short time the microstructural changes 
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that could occur over many years of ser
vice near 288°C (550°F) in a boiling-water 
nuclear plant. 

W e measured the corrosion resistance 
of these alloys using a 25% nitric acid cor
rosion test. This is a standard test used to 
detect the corrosion susceptibility of nick
el-based alloys and has been shown to 
correlate with their susceptibility to stress 
corrosion cracking in deoxygenated wa
ter (Refs. 6, 7). In this test, electropolished 
samples approximately 20 mm long by 3 
mm square (0.08 in. long by 0.12 in. 
square) are placed in a boiling solution of 
25% nitric acid for 48 h. After the test, we 
measured weight loss of the samples and 
inspected them for corrosive attack. 

W e examined the microstructure of 
these samples by optical metallography 
and transmission electron microscopy. 
The electron microscopy was performed 
on an Hitachi H-600-1 instrument 
equipped with analytical capabilities for 
microchemical analysis. Thin foils were 
prepared by cutting and mechanical grind
ing followed by electropolishing in a solu
tion of 20% perchloric acid in methanol at 
- 5 5 ° C (-67°F), 30 V and 60-80 mA. De
tails of the analytical procedures are given 
in Ref. 8. The spatial resolution for the 
composition profiles was 25 nm. 

Auger electron spectroscopy was used 
to study grain boundary segregation. To 
aid in obtaining intergranular fracture in 
the high-vacuum Auger spectrometer, the 
samples were first charged with hydro
gen. The procedure for hydrogen charg
ing, sample preparation and analysis were 
identical to those given in Ref. 7. A Cam-
eca MBX microprobe was used to mea
sure macrosegregation in polished cross-
sections of the weld. 

Results 

Corrosion Tests 

We tested samples from all three mate
rials in all three conditions in the 25% boil
ing nitric acid test. None of them showed 
a measurable weight loss. 

A scanning electron microscopy exam
ination of samples of Alloys R72 and R127 
showed that there was very little attack on 
any of these samples. Figure 1 shows a 
typical example. The high-angle grain 
boundaries were slightly etched, and there 
was a very small amount of attack within 
the grains. The attack of high-angle bound
aries did not noticeably change after ag
ing, but the intragranular etching did show 
up somewhat more after aging. 

Samples of Alloy R135 experienced 
more corrosive attack, and it was greater 
on samples that had received either of the 
additional aging treatments. Figure 2A 
shows the corrosion on a sample that had 
been welded but given no further heat 
treatment. Most of the corrosion appears 
to be associated with individual particles 
within the grains. Figures 2B and 2C show 
examples of the corrosion observed on a 
sample aged at 620°C for 24 h. The grain 
boundaries are now clearly attacked in a 
much more continuous fashion. Similar at
tack was observed on samples given the 
two-step aging treatment at 620° and 
400°C. 

Two final points need to be made about 
the corrosion in samples of R135. The first 
is that across the entire sample the attack 
was inhomogeneous. It was often most 
severe at the crown of a weld pass and 
less near the base. The second point is that 
although these samples of Alloy R135 re
ceived more corrosive attack than sam
ples of the other two alloys, the amount 
was still relatively small. For example, it is 
very common for aged samples of Alloy 
600 to be completely disintegrated in this 
test, or at least to be corroded severely 
enough so that grains would be dislodged 
from the sample (Ref. 7). In these R135 
samples, the penetration was always shal
low and grains never fell out of the sam
ple surface. 

Microstructure 

We examined samples in the as-welded 
condition and after the additional aging 
treatment of 620°C for 24 h by optical 
metallography. Figure 3 shows a low-
magnification photomicrograph of one of 

Fig. 1—A scanning 
electron micrograph 
of a sample of a weld 
made from R127 that 
had been subjected 
to the boiling 25% ni
tric acid corrosion 
test. The sample had 
been given the two-
step aging treatment 
prior to testing. 

the welds. One can observe the general 
solidification structure of the weld and the 
boundaries produced by the individual 
welding beads. It is also interesting to note 
that many structural features were often 
continuous across the weld bead bound
aries. Therefore, the grains in each new 
weld bead must nucleate on previous 
grains and continue their growth. Similar 
results have been observed in welds in 
other nickel-based alloys (Ref. 9). 

Higher magnification photographs such 
as those presented in Figs. 4A and B show 
that the solidification mode was cellular 
dendritic. The high-angle grain boundaries 
outlined columnar grains. In Welds R72 
and R127, the interdendritic regions 
etched more darkly than the dendrite 
cores, as shown in Figs. 4C and D. These 
differences probably result from solute 
segregation that occurs during the solidi
fication process (Ref. 10). In contrast, in 
Weld R135 this difference in etching was 
not present, but there were many second-
phase particles in the interdendritic region, 
as shown in Figs. 5A and B. 

Two other features should be noted 
about these welds. One is that often near 
the bottom of the weld pass this staining 
by the etch was not as pronounced in 
Welds R72 and R127. This result suggests 
that the constituents that produce the 
staining are not only rejected into the cell 
boundaries, but also from the bottom of 
the weld pool into the top. The other is 
that after the aging treatment at 620°C for 
24 h, the high-angle boundaries all con
tained precipitates, as shown in Fig. 6. 

As mentioned above, the staining ob
served in the micrographs is probably a 
reflection of segregation to the cell bound
aries during solidification. In order to de-

Table 1—Chemical Compositions 

Alloy Ni 

R127 59.26 
R72 48.15 
R135 49.78 

Cr 

27.92 
36.19 
29.53 

(wt %) 

C 

0.015 
0.07 
0.046 

Fe 

10.36 
12.18 
10.73 

AL 

1.28 
1.92 
0.87 

Co 

0.05 
0.10 
0.06 

Nb 

0.20 

-
2.76 

Mo 

0.17 
0.24 
0.15 

Si 

0.31 
0.59 
0.27 

Mn 

0.44 
0.24 
5.84 

N 

0.019 
0.016 
0.037 
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Fjg. 2—Scanning electron micrographs of a welded sample made from Alloy R135 that had been corrosion tested in 25% boiling nitric acid; A — the 
sample in the as-welded condition; B and C— the sample was heat treated at 620°C prior to testing. 

termine if this interpretation is correct, we 
used the electron microprobe to take line 
scans across various regions of Weld R72. 
These results clearly showed that chro
mium was enriched near the interdendrit-
ic/intercellular regions —Fig. 7. Iron 
showed the reverse behavior. Therefore, 
it does appear that the area around the 
cell boundaries etched differently from 
the matrix because of compositional dif
ferences. 

We obtained much more information 
about the nature of the precipitates in 
these alloys by using analytical electron 
microscopy. The samples examined by 
analytical electron microscopy had all been 
given the double aging sequence of 620°C 
for 24 h followed by 400°C for 200 h. We 
chose to examine these samples because 
they should contain the highest degree of 
precipitation. We now consider the re
sults of each sample individually. 

Figure 8 shows a typical micrograph 
from the sample of R127. Precipitates, ap-

Fig.3-A 
low-magnification 

micrograph of a 
weld of Alloy R135. 

proximately 0.2-0.4 j^m in diameter, were 
found along the grain boundaries. These 
were identified as chromium-rich, M23C6 
carbides. Measurements or tne composi
tion of the grain boundary regions be
tween the particles and the matrix were 
made using x-ray spectroscopy in the an
alytical electron microscope. These values 
are given in Table 2, and a profile of chro
mium composition taken across the grain 
boundary is shown in Fig. 9A. It is clear that 
these carbides have caused chromium 
depletion and that the width of the de
pleted zone was about 0.2 ^m. 

The grain boundaries of the sample for 
R72 also contained M23C6 precipitation 
(Fig. 10A) and again these caused signifi
cant chromium depletion — Table 2 and 
Fig. 9B. The width of the depleted region 
was very similar to that observed in the 
samples of Alloy R127. However, the dif
ference in the chromium level between 
the grain boundary and matrix was greater 
in Alloy R72. M23C6 precipitates were also 

found within the matrix and appeared to 
be associated with dislocations — Figs. 10A 
and B. Some Ti (C,N) particles were also 
fUUI lU d l u i Ig Ll Itr g l ail I b u u i i i j a i ic3 a n d 

within the matrix. Examples are shown in 
Fig. 10B. One final point that should be 
noted is that the grain boundaries in this 
alloy often had undulations in them that 
had very small radii of curvature. Within 
these regions, there was often a density of 
precipitates much greater than that ob
served in the matrix —Fig. 10C. 

The sample of Alloy R135 had the most 
complex microstructure. Figure 11A 
shows a secondary electron image of the 
microstructure, and it is clear that both the 
matrix and the grain boundaries contained 
large precipitates (bright in the image). The 
large intragranular precipitates seen in this 
micrograph were all niobium-rich and are 
presumably niobium carbides. In addition, 

Table 2—Grain Boundary Compositions of 
Samples Studied (wt-%) 

Sample 

R127 

R72 

R135 

Region 

Grain boundary 

Matrix 

Grain boundary 

Matrix 

Grain boundary 

Matrix 

Cr 

17.7 
19.6 
18.4 
18.9 
18.1 
18.4 
29.5 

23.8 
22.0 
21.6 
41.0 

24.1 
25.6 
19.6 
22.1 
33.8 

Fe 

13.6 
14.0 
14.1 
14.0 
13.7 
13.5 
12.3 

11.9 
12.5 
12.1 
10.0 

11.2 
11.1 
11.9 
12.0 
10.2 

Ni 

68.7 
66.4 
67.5 
67.0 
68.2 
68.1 
58.2 

64.3 
65.5 
66.3 
59.0 

64.7 
63.3 
68.6 
65.9 
56.0 
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Fig. 7—Microprobe results obtained on a sample of a weld made from 
Alloy R72. Figures 7A and B show the profiles obtained from Cr and Fe, 
respectively. Figure 7C is a scanning electron micrograph of the region 
of material that was analyzed. The analysis was performed along a line 
between the points marked 1 and 89. The raised areas are the darkly 
etched areas shown in the optical micrographs. The 89 data points in Figs. 
7A and B can be identified by distance on the micrograph. 

Fig. 8—A transmission electron micrograph of a thin foil showing a grain 
boundary in a weld made from Alloy R127. The sample had been given 
the two-step aging treatment. 
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Fig. 9 — Composition profiles obtained in the analytical electron micro
scope across grain boundaries in welds made from A — Alloy R127 and 
B — R72. The samples had been given the two-step aging treatment. 
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Fig. 10 — Transmission electron mi
crographs taken of thin foils of welds 
made from Alloy R72. All micro
graphs show grain boundary precip
itates. In Fig. 10B, arrows denote Ti 
(C,N) particles. The sample had been 
given the two-step aging treatment. 

0.5 pm 

the matrix contained a much finer intra
granular precipitate, which is best seen in 
the TEM dark-field image shown in Fig. 
11B. The diffraction pattern from these 
precipitates showed that they were 7 " 
Ni3Nb. These precipitates were disk-
shaped, 5 nm in thickness, and 10-15 nm 
in diameter. They were coherent with the 
matrix and occurred in three habits, each 
with the disk plane parallel to one {100} 
plane in the matrix. 

Four types of particles were found 
along the grain boundaries. These include 
the following: NbC, M&C carbides that 
were rich in Ni and Nb, M23C6 precipitates 
that were rich in chromium, and a-chro-
mium. The M23C6 precipitates caused 
chromium depletion, and values of the 
grain boundary chromium concentrations 
are listed in Table 2. The complexity of the 
microstructure did not permit us to obtain 
a composition profile across a grain bound
ary. 

We used Auger electron spectroscopy 
to examine the grain boundaries for the 
presence of trace impurities. In general, 
we did not obtain large amounts of inter
granular fracture in these alloys, and those 
boundaries that did separate showed very 
small amounts of segregation. Figure 12 
shows a spectrum from Alloy R127. Phos

phorus and nitrogen are both present, but 
as can be judged from the peak heights, 
their concentrations are very small. These 
peak heights were typical of those ob
served in spectra taken from other grain 
boundaries. 

Discussion 

The first point we wish to consider in 
this discussion is the generally excellent 
corrosion resistance of these alloys. One 
of the primary causes of intergranular 
corrosion in austenitic alloys such as these 
is chromium depletion at the grain bound
aries (Ref. 8). This depletion occurs be
cause chromium-rich carbides nucleate 
and grow at the grain boundaries. As 
these carbides grow, the carbon can rap
idly diffuse from the matrix to enter the 
growing carbide. Chromium diffuses more 
slowly, and it is initially drawn from mate
rial very near the carbide. Since the car
bides are on the grain boundaries, most of 
this chromium will come from the grain 
boundary region and the boundaries will 
be depleted of chromium. This depletion 
will lower their resistance to corrosion. 

Chromium depletion obviously oc
curred in all three of these alloys (Table 2 
and Fig. 9), yet very little corrosion oc

curred. The reason for this is that the min
imum level of chromium at the grain 
boundaries was 17.7%. Previous experi
ments have shown that in the 25% nitric 
acid test, the chromium level must drop to 
below 12% for corrosion to be observed 
(Refs. 6, 7). Therefore, we conclude that 
the chromium depletion at the grain 
boundaries in these alloys was never low 
enough to cause corrosion. We also sug
gest that this lack of chromium depletion 
to very low levels is what gives these al
loys their excellent resistance to stress 
corrosion cracking (Refs. 11, 12). These 
results are in contrast to those obtained on 
Alloys 600 (Ref. 7) and 182 (Ref. 13). In 
those materials, aging treatments caused 
the grain boundary chromium level to 
drop to approximately 6 wt-%, which 
produced severe intergranular corrosion. 
However, Alloy 82, in which aging treat
ments caused chromium to be depleted 
along the grain boundaries to only 13 wt-
%, was essentially immune to corrosion in 
this test. 

We must, however, understand what 
caused the limited corrosion that did oc
cur. We observed the largest amount of 
corrosion in Alloy R135. We noted in our 
description of the microstructure that this 
alloy contained numerous intragranular 
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F/g. 11—A — Secondary electron micrograph of a thin foil ota weldmade 
from Alloy R135. The micrograph was taken in the transmission electron 
microscope. B — A transmission electron micrograph taken from a thin foil 
of the same alloy showing the y'' precipitation in the matrix. The sam
ple had been given the two-step aging treatment. 

precipitates that were not rich in chro
mium. It seems likely that these precipi
tates were attacked by the corrosive en
vironment and caused the intragranular 
corrosion. Also, the grain boundaries in 
this alloy contained many precipitates that 
were not rich in chromium and this could 
give rise to the corrosion at the grain 
boundaries. It has been noted that phos

phorus segregation to grain boundaries 
can enhance corrosion in the 25% nitric 
acid test (Ref. 7). This segregation could 
aid in the corrosion of these grain bound
aries and also cause the small degree of 
etching observed in Alloys R72 and R127. 

The final question we wish to address is 
why the chromium level at the grain 
boundaries remained as high as it did in 

these alloys, as compared with the much 
more severe depletion in Alloy 600. If we 
consider the precipitation reaction for a 
carbide, such as 23Cr + 6C -*• &23C6, 
we know that the amount of chromium in 
equilibrium with the carbide is inversely 
proportional to the activity of carbon in 
solution. If we lower this activity, we 
should lessen the amount of depletion. 

ui 
£ 
o 
> 
ui 
o 
o 
cc 
< 
UJ 
tn 
ui 
oc 

z 
ui 
£ 
Q. o 
> 
ui 
Q 
X 
o 
oc 
< 
Ul 
tn 
ui 
oc 

0 I00 200 300 400 500 600 700 800 900 IOC 
ELECTRON ENERGY (eV) 

Fig. 12—An Auger spectrum obtained from a grain boundary of a weld 
of Alloy R127. 
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Lobl, Tuma and Ciznerova (Ref. 14) have 
shown that increasing the chromium con
centration in nickel lowers the activity of 
carbon in nickel. Therefore, we conclude 
that the high chromium concentrations in 
these alloys, compared with values of 15 
to 18 wt-% in Alloys 600 and 182, lowered 
the activity of carbon so that the chro
mium concentration in equilibrium with 
the carbide was raised. Also, when a 
strong carbide-forming element such as 
niobium is present, as it is in Alloys R127 
and R135, the carbon activity should be 
even lower. 

In a previous paper (Ref. 15), we ex
pressed the importance of the carbon and 
chromium contents through an empirical 
formula. It was given by 

Creff = Crbulk - 200 Cbu]k 

where Creff is a parameter representing 
the amount of depletion that should occur 
and Crbun< and Cbu||< are the bulk concen
trations of chromium and carbon, respec
tively. Figure 13 shows this parameter 
plotted as a function of weight loss in the 
48-h boiling nitric acid test. The closed cir
cles are data points reported in Ref. 15 and 
include data for Alloy 600, Alloy 82, Alloy 
182 and model alloys with compositions 
similar to those of Alloy 690. The three X's 
represent the values for the R72, R127 and 
R135. The figure shows that once 
Creff exceeds approximately 12, little cor
rosion should be expected and that the 
results for the three alloys used in this 
study fit nicely onto the plot. 

Conclusions 

The conclusions of this study are the 
following: 

1) The high-chromium nickel-based 
weld metals R72, R127 and R135 are all 
very resistant to corrosion in the 25% ni
tric acid test. 

2) Alloy R135 shows slightly more cor
rosion than the others, and this corrosion 
can be associated with attack of chromi

um-poor second-phase particles. 
3) The microstructure of these welds is 

cellular dendritic. There is clear evidence 
of compositional changes near the cell 
boundaries in Welds R72 and R127. In 
Weld R135, these compositional differ
ences are not observed, but many intra
granular precipitates are found. 

4) Aging of all three alloys causes pre
cipitation of chromium-rich M23Q precip
itates at the grain boundaries. These cause 
chromium depletion, but the level of de
pletion is never low enough to cause cor
rosion. 

5) Aging causes precipitation of addi
tional phases in Alloys R72 and R135. In 
R72, Ti(C,N) is found; and in Alloy R135, 
NbC, M6C and a-Cr are found. 

6) Very little impurity segregation was 
observed in these alloys. 

7) The Creff parameter, proposed pre
viously to describe corrosion susceptibil
ity, would predict that these alloys would 
be immune to corrosion in the 25% nitric 
acid test. 
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