
Austenitic Stainless Steel-Ferritic Steel 
Weld Joint Failures 

Recommendations for extending weld joint lifetime include 
using transition pieces with intermediate coefficients of 
thermal expansion between the two steels and using 

transition pieces that minimize carbon transfer 

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

ABSTRACT. The cause of failures of dis
similar-alloy (austenitic or ferritic) joints in 
superheater and reheater tubes of fossil-
fired steam plants was investigated. In the 
failures of interest, cracks form and prop
agate in the ferritic steel (usually 2 Vi Cr-1 
Mo steel) about 5 to 15 /*m from the 
fusion line. The complex microstructure 
developed at the interface between weld 
metal and 2 Vi Cr-1 Mo steel during 
welding and elevated-temperature ser
vice was examined in (1) the as-welded 
and as-welded-and-tempered conditions 
and (2) failed and unfailed joints having 
more than 100,000 h of service in a 
fossil-fired boiler. 

Metallographic observations on failed 
and unfailed joints were combined with 
literature observations to explain the 
interface microstructure and subsequent 
failure mode. On the basis of the pro
posed failure model, recommendations 
are presented for improving joint reliabil
ity. 

Introduction 

Since the 1940's, both ferritic heat-
resisting steels and austenitic stainless 
steels have been used in most commer
cial fossil-fired power plants. Primary boil
ers and heat exchangers operate at tem
peratures and environmental conditions 
that make low-alloy ferritic steels the best 
choice for the structural material. The 
chromium-molybdenum steels —espe
cially 2Vi Cr-1 Mo steel —have been 
used extensively. For the superheater, 
reheater tubes, headers, and the hot-
reheat steam pipes, however, the ele
vated temperatures usually make austen
itic stainless steels the necessary choice. 
Because of this use of two materials 
within one system, a transition joint is 
required. 

The problems inherent in such joints 

have long been recognized (Ref. 1-5). 
The utility industry has experienced a rash 
of transition-joint failures in fossil-fired 
steam plants. These failures often occur 
after 15 to 20 years of operation, well 
before the lifetime of the tubing is ex
hausted. Because of the economic conse
quences of a power plant shutdown, the 
need for an improved dissimilar alloy 
weld is obvious. 

Nearly all austenitic-ferritic, dissimilar 
alloy weld failures in service (Ref. 6) or 
test programs (Ref. 1-5) have occurred in 
the ferritic alloy. Most of the failures 
occurred with 2Vi Cr-1 Mo steel tubing 
and piping as the ferritic alloy, primarily 
because most fossil-fired power plants 
are constructed with this steel and 
because it was also used in most of the 
test programs (Ref. 1-5). Various austenit
ic stainless steels are used in power plants 
including Types 304, 316, 321 and 347. 
Because failure occurs in the ferritic steel, 
however, the austenitic stainless steels 
are not discussed here. 

The microstructure of a typical dissimi
lar alloy weld failure between 2VA Cr-1 
Mo steel and austenitic stainless steel 
steam pipe has been studied by a number 
of investigators (Ref. 1-15), and factors 
that contribute to dissimilar alloy weld 
failure have long been understood (Ref. 
1-5). Tucker and Eberle (Ref. 4) summa
rized them as: 

1. Cyclic thermal stresses. 
2. Low oxidation resistance of the 

low-alloy ferritic steel. 
3. Carbon migration. 
4. Metallurgical deterioration caused 
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by elevated temperature service. 
Although several reasons for dissimilar 

alloy weld failures have been postulated 
(Ref. 2-5), no comprehensive mechanism 
for relating microstructure to failure has 
been given. This paper presents thoughts 
on the subject that are based on our 
observations on experimental welds and 
on failed and unfailed welds taken from 
fossil-fired plants as well as on observa
tions by other investigators. 

Experimental Procedure 

Optical metallography was used as the 
primary technique in this study. Several 
failed and unfailed dissimilar-alloy weld 
joints that had been in service for as long 
as 137,000 hours (h) in fossil-fired steam 
plants were obtained. Also, several bead-
on-plate welds were made on 2Vi Cr-1 
Mo steel plate by the gas tungsten arc 
process with Type 309 stainless steel, 
ENiCrFe-2, ENiCrFe-3, and ERNiCr-3 filler 
metals. Parts of these bead-on-plate 
welds were examined in the as-welded 
condition, but others were examined 
after thermally aging or after a postweld 
heat treatment. 

Selected specimens were also studied 
in more detail with the electron micro
probe. 

Results and Discussion 

The microstructure of the dissimilar 
alloy weld is determined by phases devel
oped during welding. Various phases are 
indicated in Fig. 1 which consists of Fe-
Ni-Cr diagrams taken from the Metals 
Handbook (Ref. 16) on which regions 
representing Type 309 stainless steel and 
nickel-rich filler metals have been super
imposed. 

Recognizing the phases that can form 
when 2Vi Cr-1 Mo steel is welded with 
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different filler metals, discussion that fol
lows below centers on actual microstruc
tures that develop in dissimilar alloy welds 
during welding, when aged in the labora
tory, and during elevated temperature 
service. Finally, a failure mechanism is 
postulated on the basis of microstructural 
observations. 

Support for the proposed mechanism 
is presented from metallographic studies 
on dissimilar alloy joints that failed during 
service in fossil-fired plants. 

Experimental Observations 

To determine what phases form during 
welding, we made several bead-on-plate 
welds on annealed 2Vi Cr-1 Mo steel 
plate. Figure 2 shows the interface micro-
structure of Type 309 stainless steel weld 
metal on the 2Vi Cr-1 Mo steel plate. 
Two observations are of interest: 

1. The interface with the weld metal is 
very indistinct. 

2. The grain boundaries in the 2 Vi 
Cr-1 Mo steel away from the interface 
are parallel to the fusion line. 

The latter feature is common to all 
such fusion welds, including welds made 

on steam generator tubes, as we will 
demonstrate. On close examination of 
Fig. 2, another phase appears to be 
present in the grain boundaries —Fig. 2 
B. 

The microstructures of Fig. 2 were 
brought out with the typical etchant for 
2Vi Cr-1 Mo steel (2% nital). When the 
2Vi Cr-1 Mo steel was over-etched, 
another zone became visible between 
the weld metal and the 2Vi Cr-1 Mo 
steel (Fig. 3) and would appear to be the 
"light-etching phase" observed by Eaton 
and Giossop (Ref. 10) and Jones (Ref. 
13). 

As a result of the heavy etching, we 
found it difficult to resolve, simultaneous
ly, the light-etching region and the 2 Vi 
Cr-1 Mo steel microstructure. By focusing 
on the light-etching region, a substructure 
can be delineated —Fig. 3. Furthermore, 
at the edge of this region (away from the 
weld metal), a narrow dark area occurs 
that is somewhat different from the 
region on either side of it. This region 
could be one that contained two phases 
[7 4- ce(6)] during welding —Fig. 1. 

When a piece of the bead-on-plate 
weld was given a 5 h postweld heat-

treatment at 704°C (1299°F), the dark-
etching "lamellar phase" of Eaton and 
Giossop (Ref. 10) was observed — Fig. 4. 
All indications are that this is a precipitate 
that formed in the light-etching region of 
Fig. 3. Although difficult to resolve, at 
high magnification a small precipitate 
again appears to be present in the grain 
boundaries parallel to the fusion line (ar
rows in Fig. 4B). The microstructure 
between these grain boundaries and the 
dark-etching phase is noticeably different 
from that of the 2 Vi Cr-1 Mo steel well 
away from the fusion line. Extremely few 
precipitate particles are in the matrix 
between the grain boundaries and the 
lamellar precipitate. The dark-etching 
phase also appears when a Type 309 
stainless steel bead-on-plate weld is aged 
for 500 h at 566°C (1051 °F) (without a 
postweld heat treatment; this aging treat
ment is similar to a service exposure). 

Similar microstructures occur when 
nickel-base filler metals are used instead 
of Type 309 stainless steel filler metal. 
Figure 5A shows the interface for an 
ERNiCr-3 filler metal. After a piece of this 
weld was aged for 500 h at 566°C 
(1051°F), the dark-etching region again 
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Fig. 2 — Microstructure of region near fusion 
line of bead-on-plate weld of Type 309 stain
less steel on annealed 2'A Cr-1 Mo steel. 
Etched lightly with 2% nital 

became evident —Fig. 5B. W e made sim
ilar observat ions o n bead-on-p la te we lds 
for ENiCrFe-3 and ENiCrFe-2 o n 2Vi Cr-1 
M o steel plate. 

After p ro longed service in a fossil-fired 
boiler, the microstructure changes, but 
vestiges of the as-welded microstructure 
remain; this is s h o w n in Fig. 6 fo r a Type 
321 stainless s t e e l - 2 % Cr-1 M o steel 
joint w e l d e d w i t h ENiCrFe-1. This joint 
was in service at about 560°C (1040°F) 
fo r more than 100,000 h. Interestingly, 
the dark-etching phase has disappeared. 
The grain boundar ies parallel to the 
fusion line are still present, and they very 
definitely contain another phase. 

A l though not easily resolved, voids or 
fissures w e r e o f ten seen to be associated 
w i t h the precipitates in the parallel grain 
boundaries of welds that had been in 
service. Such fissures w e r e also observed 
by Gray et al. (Ref. 6) —Fig. 7. Because 
they w e r e not observed on the bead-
on-plate welds (as-welded or aged), they 
could wel l be creep cavities. 
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Fig. 4 — Microstructure of region near fusion 
line of bead-on-plate weld of Type 309 stain
less steel filler metal on 2'A Cr-1 Mo steel 
plate annealed 5 h at 704°C (1299"F) after 
welding. Etched with 2% nital. Arrows indicate 
precipitates in grain boundaries 

Development of Microstructure 

Ou r exper imental observat ions can be 
related to the phase relationships men
t ioned earlier. Dur ing we ld ing , ch romium 
and nickel f r o m the w e l d metal diffuse 
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Fig. 5 — Microstructure of region near fusion 
line of bead-on-plate weld of ERNiCr-3 filler 
metal on annealed 2'A Cr-1 Mo steel plate: 
A-as-welded: B-aged 500 h at 566"C 
(1051°F) 

into the 2V i Cr-1 M o steel (other ele
ments present in the w e l d metal wil l also 
diffuse into the 2 Vi Cr -1 M o steel but wi l l 
have much less ef fect because of their 
smaller concentrat ions). At the fusion line, 
a region of mel ted-but -unmixed 2 V i Cr -1 
M o steel wil l emerge, in wh i ch this d i f fu
sion can readily occur; solid state d i f fu
sion wil l also be rapid at the e levated 
temperatures deve loped dur ing weld ing. 
Because the high nickel and ch romium 
concentrat ions increase the hardenabil i ty, 
this region wil l t ransform to martensite 
dur ing cool ing. 

In addi t ion t o the di f fusion of nickel 
and ch romium f r o m the w e l d metal , car
b o n wil l diffuse t o w a r d the w e l d metal . 
Because the dr iv ing fo rce for this migra
t ion is p rov ided by the higher solubility o f 
carbon in the w e l d metal (this applies fo r 
bo th types of filler metal), the increased 
carbon content in the nickel and chromi 
um dif fusion zone wil l fur ther increase 
hardenabil i ty. 

Decarbur izat ion wil l be accompanied 
by carbide dissolution. The loss of carbon 
f r o m the 2 Vi Cr-1 M o steel in the vicinity 
of the fusion line al lows grain g r o w t h to 
occur. The grain boundar ies m o v e away 
f r o m the fusion line into the 2 Vi Cr-1 M o 
steel, giving rise to grain boundar ies that 
are parallel t o the fusion line. Grain-
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Fig. 6 — Microstructure of transition weld joint 
between 2 A Cr-1 Mo steel and Type 321 
stainless steel welded with ENiCrFe-1. Joint 
was in service in a fossil-fired plant for more 
than 100,000 h at about 560"C (1040°F) 

boundary migration is controlled by the 
rate of decarburization; the distance of 
these boundaries from the fusion line 
indicates the size of the decarburized 
region (grain-boundary migration may be 
controlled by the carbide dissolution). 

We postulate that, in accordance with 
the phase diagram (Fig. 1), the former 
weld metal will be austenitic. The diffu
sion zone (formerly base metal) that is 
high in nickel and chromium solidifies to 
and transforms to martensite on cooling. 
Because the region is higher in carbon as 
a result of diffusion from the 2Vi Cr-1 
Mo steel, the precipitate that forms in this 
region when tempered, or aged, is a 
carbide (same as the proposal by 
Wood —Ref. 11). The narrow dark 
region noted in Fig. 3 could be a region 
somewhat higher in chromium and there
fore a two-phase a(S) 4- y region during 
cooling. Farther into the HAZ of the 2Vi 
Cr-1 Mo steel, the transformation 
depends on the temperature reached 
during welding. Where temperatures 
exceed the Ac y forms; when cooled, 7 
transforms to bainite or proeutectoid fer
rite. When heated below ACf no trans
formation occurs; only tempering of the 

untransformed base metal takes place. 
The phase in the grain boundaries 

parallel to the fusion line (Fig. 6) is of 
special interest because transition joint 
failures usually occur by cracks that prop
agate along this boundary or in a region 
adjacent to it (Ref. 6, 11).* High-chromi
um 5-ferrite regions are believed to form 
in these grain boundaries during welding. 
Apblett et al. (Ref. 18) showed that 8-
ferrite can occur in 2Vi Cr-1 Mo steel 
heated to welding temperatures. They 
stated, "Apparently when the carbide 
phase (in the annealed 2 Vi Cr-1 Mo steel 
being heated during welding) dissociates, 
there exist regions of sufficiently high-
alloy content to close the gamma loop." 
They concluded that the high-alloy con
tent at the site of the original carbide 
resulted in alloy diffusion, which caused 
the size of the Herr i te regions to 
increase. They found these regions to 
occur only at grain boundaries. 

During welding, the 2 Vi Cr-1 Mo steel 
in the HAZ adjacent to the weld metal is 
austenitized. Because of the high temper
atures in this region, carbides quickly 
dissociate. Homogenization and austenite 
grain growth are rapid, giving rise to large 
austenite grains immediately adjacent to 
the weld metal. At some distance into the 
2Vi Cr-1 Mo steel, the temperature 
decreases to the point that grain growth 
slows. We believe this decrease occurs 
where the grain boundaries are aligned 
parallel to the fusion line. Under these 
conditions, once the carbides in these 
boundaries dissociate, a region rich in 
chromium and molybdenum (both ferrite 
stabilizers) is left behind. 

For whatever reason (favorable sur
face energy, etc.), a Herri te region rich in 

*As pointed out by Wood, the light- and 
dark-etching regions are interesting, but crack 
propagation is always outside that region. 

chromium and molybdenum of the type 
found by Apblett et al. (Ref. 18) could 
form within the grain boundaries and 
grow by grain-boundary diffusion. We 
would expect the regions to be especially 
chromium rich, because more than 4.5 
times as many chromium atoms as 
molybdenum atoms are present in the 
alloy. 

Because of the high-chromium concen
trations these regions have a higher car-
burization potential. While cooling from 
the welding temperature and later during 
service, these regions will carburize, thus 
forming the chromium carbides that com
monly occur in this alloy (molybdenum 
carbides are also possible). As these 
regions of high chromium carburize, they 
will grow by diffusion of chromium from 
the matrix immediately adjacent to the 
grain boundary. 

Carbides in the boundaries are larger 
than those in the matrix and are in a 
low-energy position (the grain boundary). 
Because of this, the growth of the grain 
boundary carbides should be favored 
over those in the nearby matrix. Figure 7 
shows that few precipitates occur adja
cent to the grain boundary on the side 
away from the weld metal. The large 
carbides on the other side of the bound
aries are usually in grain boundaries per
pendicular to the fusion line. The small 
ones often occur in rows parallel to the 
grain boundaries that parallel the fusion 
line; they could have formed because of 
chromium and molybdenum concentra
tion buildup in the grain boundary before 
it migrated. 

To confirm the possible validity of the 
above hypothesis, we did microprobe 
studies on the ENiCrFe-1 weld on 2Vi 
Cr-1 Mo steel and Type 321 stainless steel 
that had been in service over 100,000 h 
in a fossil-fired boiler. In one experiment, 
we annealed a piece of this joint for 1 h 
at 927°C (1701 °F) and air cooled it (a 
normalizing treatment for the 2 Vi Cr-1 

Fig. 7 —Cross section of failed transition joint that was in service for about 150,000 h(17 years) at about 560°C (1040°F). The photomicrograph shows 
that the crack propagates in grain boundaries of 2 A Cr-1 Mo steel. Source: Gray, R.J., King, J. F., Leitnaker, J. M., and Slaughter, G. M., Examination of a 
Failed Transition Weld Joint and the Associated Base Metals. ORNL-5223, 1977, Oak Ridge National Laboratory, Oak Ridge, TN 
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Mo steel). After this treatment, the light-
etching phase (which we assume is mar
tensite rich in nickel and chromium) was 
clearly visible —Fig. 8. 

With the microprobe, nickel and chro
mium profiles were determined from the 
weld metal through the light-etching 
phase into the 2Vi Cr-1 Mo steel. The 
light-etching phase definitely delineated 
the region of nickel and chromium diffu
sion—Fig. 9. Qualitative microhardness 
observations showed that the light-etch
ing region is harder than the neighboring 
regions. 

We also examined the precipitates in 
the grain boundaries parallel to the fusion 
line of the specimens shown in Fig. 6. This 
was the same ENiCrFe-1 weld that had 
been in service more than 100,000 h at 

about 560°C (1040°F) but which was not 
heat treated before examination. We 
compared the x-ray intensities for three 
precipitates with the intensities of the 
nearby matrix. As shown in Fig. 10 for 
one of these precipitates, the chromium 
composition was considerably higher 
than it was in the adjacent matrix. A slight 
increase also occurred in the molybde
num concentration. The other two pre
cipitate particles showed similar results. 
These microprobe results are in agree
ment with the proposed mechanism. 

We also had access to an induction-
pressure weld between 2Vi Cr-1 Mo 
steel and Type 321 stainless steel, which 
failed in service after about 137,000 h at 
about 560°C (1040°F). These welds are 
made by induction heating the tubes to 

temperatures near 1200°C (2192°F) and 
forcing the tubes together. 

The microstructure in this case was 
somewhat different from that observed 
for fusion welds —Fig. 11. The decarbu
rized grain-growth region was readily 
apparent. In addition to the decarburized 
region, what appeared to be a two-
phase zone occurred adjacent to the 
bond line. At high magnification the sec
ond phase appears to be similar to the 
phase in the grain boundaries parallel to 
the fusion line in the fusion welds. 

We feel that the second phase is the 
same as the phase in the parallel grain 
boundaries of the fusion welds. The high
er chromium concentration in the stain
less steel allows chromium to diffuse into 
the 2Vi Cr-1 Mo steel and gives rise to a 

Fig. 10 —X-ray intensities for precipitate and 2'A Cr-1 Mo steel matrix for the transition joint in service for more than 100,000 h at 560°C (1040°F) 
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F/g. 12 —Photomicrograph of an oxide-filled crack in failed weld joint 

\ 
i 

I 
S^ 

>*• <<<•> • " V •• , 

•ft. 

• 4 

*"» •f"* „;:;-
% £ | 77 

5 ym 

F/g. 7 ; - Microstructure of an induction-pres
sure weld between 2'A Cr-1 Mo steel and 
Type 321 stainless steel. The joint was taken 
from service after about 137,000 h at about 
560°C (1040°F). Etched with 2% nital 

5-ferrite 4- austenite region at the weld
ing temperatures. As opposed to the 
single-phase diffusion region in the fusion 
weld, this two-phase diffusion region 
results because solid state diffusion 
occurs, whereas liquid state diffusion is 
postulated for the fusion weld. Micro
probe studies verified that the second 
phase was high in chromium. 

The photomicrographs (Fig. 11) also 
show indications of precipitate particles 
in the grain boundaries of the Type 321 
stainless steel. This finding is attributed to 
carbon diffusion from the 2Vi Cr-1 Mo 
steel. The grain boundary microstructure 
of the 2Vi Cr-1 Mo steel near the inter
face of the pressure welds is also differ
ent from that of the fusion weld (no 
parallel grain boundaries) —Fig. 6. 

In summary, the important new exper
imental information presented in this sec
tion is evidence that the grain-boundary 
precipitates are chromium-rich and that 
the chromium is depleted in the vicinity 
of the grain boundaries for fusion welds 
and adjacent to the two-phase region for 

the induction-pressure welds. We have 
suggested a mechanism by which the 
high-chromium regions can occur. 

Failure Mechanism 

As discussed earlier, dissimilar-alloy 
weld joints fail by the propagation of 
cracks parallel to the fusion line, usually at 
a small distance (5 to 15 ftm) from the 
fusion line (Ref. 1, 3-6, 10-13). In the 
failure of fusion welds that we and other 
investigators (Ref. 6) have examined, it is 
found that the crack usually follows the 
grain boundaries that parallel the fusion 
line [the grain boundaries that contain the 
precipitate particles (Ref. 6)] —Fig. 7. Such 
cracks often contain oxides (Fig. 12), 
sometimes in the form of an "oxide 
finger" that reaches inward from the 
external surface. 

Based on our experimental observa
tions, we postulate a failure mechanism 
for dissimilar-alloy welds. We found that 
the high-chromium particles formed in 
the grain boundaries parallel to the fusion 
line of fusion welds deplete the chromi
um from the adjacent matrix. Because 
chromium imparts oxidation resistance to 
the 2Vi Cr-1 Mo steel, this region should 
be more susceptible to oxidation than are 
its surroundings. 

Reduced oxidation resistance leads to 
an oxide notch at the external surface — 
Fig. 13. Such a notch is present on all 
tubes that have been in elevated-temper
ature service. Without the loss of chromi
um from the matrix, however, no pro
nounced notch should form slightly away 
from the fusion line, and the oxide thick
ness at that point should be the same as it 
is on 2Vi Cr-1 Mo steel away from the 
interface, which is not the case —Fig. 
13. 

Tucker and Eberle pointed out that, 
because of the difference in oxidation 
resistance between 2Vi Cr-1 Mo steel 
and the weld metals (all of which are high 
in chromium and thus more oxidation 
resistant than is 2 Vi Cr-1 Mo steel), an 
"oxide notch" forms at the interface. We 

Fig. 13 —Example of oxide notch formed on 
outer surface of a dissimilar-alloy weld joint 

believe that, more important, the notch 
effect depends on chromium depletion in 
the matrix adjacent to the grain bound
ary. (Ref. 4) We also believe that the 
notch then leads to crack nucleation and 
propagation. 

In addition to the loss of chromium 
from the matrix, which leads to a 
decrease in oxidation resistance, the car
bon concentration is also depleted by 
diffusion to the weld metal and carbide 
formation in the high-chromium and 
molybdenum regions in the grain bound
aries. Loss of carbon is accompanied by 
loss of strength (Ref. 7). Hence, the 
region is of lower strength than is the 
surrounding material, thus favoring stress 
concentration and failure in the region. 
Although the low-strength material has 
inherently high ductility, a low-ductility 
failure results because only a very narrow 
zone is involved in the failure. 

Although this hypothesis can explain 
the observations on failure position, a 
crack nucleation mechanism is re
quired—that is, some joints have oper
ated successfully for more than 150,000 
h, whereas others have failed in less than 
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Fig. 14- The 2'A Cr-1 Mo steel fracture sur
face. Oxide forms on surface after fracture. 
Photomicrograph is near the inner surface. 
Etched with 2% nital 

20,000 h (all joints develop a notch, even 
those that do not fail). This difference 
occurs for seemingly similar joints (joints 
that were similarly prepared and were in 
service under seemingly similar plant 
conditions). Such discrepancies occur for 
similar welds, regardless of filler metal 
(austenitic stainless steel or nickel base) or 
welding process (induction-pressure weld 
or fusion weld). The question then 
becomes: Why does a crack nucleate 
below the oxide notch in some cases and 
not in others!1 

Given supposedly similar operating 
conditions (temperature, number of ther
mal cycles, and internal tube pressure), 
the only possible difference from one 
joint to another must involve stresses 
from external loading conditions (i.e., 
stresses on the tubes as a result of the 
design and construction, including weld
ing stresses but excluding stresses from 
the internal steam pressure). Such loads 
are known to be present, although their 
nature and position are not well docu
mented. 

We propose that some critical external 
stress is necessary to nucleate a crack at 
the oxide notch: if the external stress is 
large enough, it alone could nucleate the 
crack. However, the total stress from the 
external load superimposed on the cyclic 
thermal stresses (generated by differ
ences in thermal coefficients of expan
sion for the joint materials, as well as the 
internal steam pressure) more probably 
leads to crack nucleation at the notch. 
The crack is probably a fatigue crack 
nucleated by the combined external and 
cyclic stresses. The cycles are those 
engendered by startups and shutdowns 
of the power plant (several hundred 
usually occur during 100,000 h of opera
tion). The idea of a fatigue crack is further 
substantiated by the fact that thermal 
cycling is required to produce failure in 
the laboratory (Ref. 5). Under this pro
posal, only joints that are stressed by 
external loads above some critical value 
will nucleate a crack and fail. 

Once a crack is nucleated, crack 
growth will proceed from the influence 
of the external stress, from the cyclic 
thermal stresses, and possibly from the 
stresses generated by the oxide that 
forms within the crack. Because the 
region adjacent to the grain boundaries 
parallel to the fusion line has low oxida
tion resistance, a tendency for oxidation 
to continue along this boundary will exist. 
Once a crack forms ahead of the oxide 
notch, oxide should quickly fill the 
crack —Fig. 12. 

Assuming the oxide is magnetite 
(Fe3Ot,), as is normally the case for 2 Vi 
Cr-1 Mo steel, the volume ratio of the 
oxide to metal is much greater than unity. 
For iron, the ratio is 2.10 (Ref. 19). Thus, 
the oxide formed in this crack could itself 
generate stresses and hasten failure. 
These stresses, added to those imposed 
by thermal cycling and by external loads, 
would then give rise to crack propagation 
and failure. It should also be noted that 
crack propagation along the parallel grain 
boundaries will be aided by any creep 
cavities that may have formed adjacent 
to the precipitates. 

The proposed mechanism appears to 
describe fusion weld failures adequately. 
Although only a limited number of induc
tion-pressure welds were examined, we 
showed previously that the microstruc
tures of these are different from those 
for the fusion welds (there are no grain 
boundaries parallel to the fusion line). 
Nevertheless, we believe that a similar 
mechanism applies for the induction-
pressure welds. Based on studies of sev
eral failed induction-pressure welds, our 
observations further substantiate the pro
posed failure mechanism. 

In induction-pressure welds, chromium 
is removed from the 2Vi Cr-1 Mo steel 
matrix adjacent to the two-phase zone 
described — Fig. 11. On close examina
tion, an almost continuous layer of this 
phase appears to exist at the interface of 
the two-phase region and 2 Vi Cr-1 Mo 
steel. During service, this phase could 
grow by the same method as the parti
cles in the grain boundaries of the fusion 
weld. An oxide notch is always observed 
to form in this chromium-depleted 
region. 

Because of the high temperatures and 
relatively long times involved in making 
an induction-pressure weld, decarburiza
tion and grain boundary migration are 
much more extensive for these welds. 
Many of the boundaries are almost per
pendicular to the fusion line. Because of 
the high temperatures, the carbides in 
these boundaries could form by the 
mechanism postulated for those in the 
grain boundaries of the fusion welds. 
Regardless of how they form, numerous 
precipitates occur in the grain bound
aries, but very few in the matrix. Thus, 
chromium again appears to be drained 
from the matrix as shown by electron 
microprobe studies. 

We did a detailed failure analysis of an 
induction-pressure weld between Type 
347 stainless steel and 2 Vi Cr-1 Mo steel. 
This joint was from an oil-fired plant that 
had operated about 20,000 h and had 
been cycled 385 times (40 cold starts). 
The operating temperature for this unit 
ranges from 525 to 550°C (977 to 992°F). 
We also obtained an unfailed joint that 
had been in service immediately adjacent 
to the failed joint. A discussion of this 
failed joint is of interest because it failed 
in a manner that would be expected if 
our proposed mechanism (from the 
standpoint of chromium depletion) is cor
rect. 

When the failed joint was cut from the 
unit, it fell apart. From a close visual 
examination we found that most of the 
fracture surface was smooth —as if the 
tube separated at the weld interface. 
However, near the tube outside surface, 
a region occurred in which material from 
the 2Vi Cr-1 Mo steel adhered to the 
surface of the Type 347 stainless steel. 

Metallographic examination of two 
sections from the failed tube indicated 
that most of the separation occurred at 
or near the prior weld interface — Fig. 14. 
The separation at the weld interface 
occurred from the tube inner surface 
through about 85 to 90% of the wall 
thickness. For the remainder of the wall 
thickness, separation occurred along 2Vi 
Cr-1 Mo steel grain boundaries about 
one grain width into the 2 Vi Cr-1 Mo 
steel. This separation resulted in grains of 
2Vi Cr-1 Mo steel adhering to the Type 
347 stainless steel (Fig. 15) and grains 
pulling from the 2 Vi Cr-1 Mo steel (Fig. 
16). Interspersed within the grain-bound
ary separation, further regions occurred 
in which separation again occurred along 
the weld interface. 

The first metallographic examination of 
the cross section of the unfailed joint 
revealed no indication of cracks forming 
parallel to the weld interface. Features of 
interest in the unfailed joint were the 
oxide notches that appeared on the 
external surfaces at the weld interface. 
Two types were observed: a wedge-
shaped notch at the inner surface (Fig. 
17A) and a blocky notch at the outer 
surface (Fig. 17B). Similarly shaped 
notches were observed on both pieces 
of the joint that were examined. 

When etched, the interface micro-
structure of the unfailed specimen was 
similar to the uncracked regions of the 
joint discussed earlier — Fig. 11. The width 
of this zone was somewhat less than that 
of the other weld. This difference proba
bly reflects the different service time 
(20,000 vs. 137,000 h), which results in 
differing amounts of mass transfer. The 
wedge-shaped notch at the inner surface 
forms along the weld interface, as we 
would expect for this chromium-de
pleted zone. The blocky notch was 
somewhat more complicated. 

A detailed examination was made to 
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Fig. 15 - Fracture surface showing grains of 2'A Cr-1 Mo steel adhering 
to Type 347 stainless steel. Photomicrograph is near the outer surface. 
Etched with aqua regia 

Fig. 16 — Fracture near outer surface showing that 2 A Cr-1 Mo steel 
grains were removed during fracture. Etched with 2% nital 

verify that failure was not the result of a 
defective weld. Although details of that 
examination are not discussed here, we 
concluded that metallic bonding was 
achieved during welding and that failure 
was of the dissimilar-alloy type. 

After grinding and repolishing the 
unfailed specimen, we found evidence of 
crack formation. On the tube inner sur
face of both metallography specimens 
(the same two pieces of sample were 
studied), we found evidence that a crack 
was present —Fig. 18. Figure 18 shows 
the oxide wedge and a very fine "crack" 
ahead of the massive wedge. As ex
pected, the cracks run along the weld 
interface adjacent to the two-phase 
zone. It is not possible to determine 
whether or not the crack contains oxide, 
although it appears to. 

Examination of the blocky outer sur
face oxide notch also provided additional 
evidence of the failure mode (Fig. 19). 
Two cracks are evident within 2Vi Cr-1 
Mo steel grain boundaries. The crack 
adjacent to the oxide layer contains 
oxide, but we are less certain that the 
other does. These cracks come through 
2 Vi Cr-1 Mo steel and move toward the 
weld interface. 

From these observations this unfailed 
joint appears to be in the early stages of 
failure. The fracture morphology of the 
failed specimen can now be readily 
explained. Cracks are nucleated at both 
oxide notches. At the inner surface the 
crack propagates along the two-phase 
zone, as expected, because it is a chromi
um-depleted zone. However, at the out
side surface, cracks nucleate and propa
gate in grain boundaries in the 2 Vi Cr-1 
Mo steel adjacent to the bulky oxide 
notch. When the joint fails, the fracture 
surface is smooth and flat near the inner 
surface and tears grains from the 2 Vi 
Cr-1 Mo steel at the outer surface. 

We understand the reason for the 
different fracture morphology at the out
er surface when we consider the welding 
process. Induction heating is used to heat 
the tubes to temperatures as high as 
1200°C (2192°F). The outer surface 
reaches the highest temperature, proba

bly much higher than does the inner 
surface (the grain sizes attest to that). At 
temperatures near 1200°C (2192°F), 
Apblett et al. (Ref. 18) noted 5-ferrite 
formation in grain boundaries. Thus, the 
5-ferrite forms in grain boundaries near 
the outer surface, which leads to high-
chromium concentrations at these grain 
boundaries. Chromium carbides eventu
ally form, further depleting the matrix 
adjacent to the grain boundaries. Crack 
propagation occurs along these grain 
boundaries for the same reason that it 
occurs along the grain boundaries of the 
fusion weld. The blocky oxide at the 
outer surface (rather than a wedge) 
occurs because of the lower chromium 
concentration in the matrix (the chromi
um is in grain-boundary carbides), which 
is again the result of the high temperature 
reached by induction heating. 

The short service duration (20,000 h) 
before failure emphasizes the importance 
of the thermal cycles. Previous failures of 
induction-pressure welds were on joints 
that had generally operated for 100,000 h 
or more (Ref. 20). However, these joints 
had endured considerably fewer thermal 
cycles than the 385 of the current joint. 
For example, although the other induc
tion-pressure weld we examined (Fig. 11) 
was in service for over 137,000 h, it had 
endured only 220 cycles. 

These effects of thermal cycles on 
failure support the formation of a fatigue 
crack, as proposed above: nucleation 
and propagation of such cracks are 
determined by the number of cycles and 
stresses in a complicated manner. Gener
ally, for a fatigue crack to nucleate, a 
threshold stress needs to be exceeded; 
this again emphasizes the importance of 
the external stress on the process. 

Recommendations for Improved 
Transition Joints 

Assuming that the proposed failure 
mechanism is correct, we now consider 
how transition-joint lifetimes can be 
extended. Our studies indicated that, for 
fusion welds, the same basic metallurgical 
processes occur near the fusion line in 

the 2Vi Cr-1 Mo steel regardless of the 
weld filler metal used. Only the extent of 
the process (the amount of decarburiza
tion, etc.) is different. 

The studies by Tucker and Eberle (Ref. 
4) showed that the high-nickel filler met
als are superior to the austenitic stainless 
steel filler metals. This conclusion is 
accepted by most people in industry, and 
high-nickel filler metals are now used 
almost exclusively. Although the micro-
structure at the interface of the joints 
made with high-nickel filler metals is simi
lar to that of those with austenitic stain
less steel filler metals, an improvement 
results because there is a smaller differ
ence in coefficients of thermal expansion 
for the high-nickel filler metal and the 2 Vi 
Cr-1 Mo steel than there is for the stain
less steel filler metal and 2Vi Cr-1 Mo 
steel. This smaller difference gives rise to 
smaller thermal stresses. With smaller 
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Fig. 17 — Photomicrographs of oxide notches 
at the weld interface: A — wedge-shaped 
notch at the tube inner surface; B —Blocky 
notch at tube outer surface 
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Fig. 18—After repolishing there was evidence of a crack below the wedge-shaped oxide notch of the unfailed joint 

thermal stresses, larger external loads will 
be needed to nucleate a crack at the 
oxide notch. 

The most obvious solution to the dis
similar-alloy weld joint problem is the 
minimization of external loads on the 
transition joint. If the external load is 
below that required for crack nucleation, 
no failure should occur. This solution has 
been obvious to most people. Because all 
external loads cannot be eliminated, it 
may be possible to determine which 
joints in a plant carry significant external 
loads. Periodic examination of these 
joints could be planned, and emergencies 
could be avoided by replacing these 
joints when inspection indicates that 
problems exist. Knowledge of the exter
nally loaded joints could then be used to 
minimize inspection of all joints in a given 
plant. In future power plants, the design 
of the plant could provide for such a 
maintenance plan. Wherever possible, 
plant design should locate the externally 
loaded joints in areas in which they can 
be easily inspected and, when necessary, 
easily replaced. 

Another possibility is the introduction 
of a transition or spool piece between 
the ferritic steel and the austenitic stain-

less steel tubes (Ref. 21). A transition 
piece is chosen to have a coefficient of 
thermal expansion that is intermediate 
between the ferritic and austenitic steels. 
This results in a more gradual change in 
the difference in coefficients of thermal 
expansion and a consequent decrease in 
the cyclic thermal stresses. Alloy 800H 
has been proposed as a transition piece 
for Liquid-Metal Fast-Breeder Reactor 
applications (Ref. 21). The improvement 
in thermal stresses generated in such a 
trimetallic joint over the bimetallic joint 
has been demonstrated by finite-element 
analysis (Ref. 22). 

Other transition pieces considered 
include stabilized and low-carbon 2Vi 
Cr-1 Mo steels. The objective for using 
such joints was to minimize carbon trans
fer. As seen above, chromium depletion 
appears to affect adversely the operation 
of transition joints. For that reason it may 
be advisable to use a chromium-molyb
denum steel transition piece with a higher 
chromium concentration (3 to 5% Cr or 
perhaps a stabilized 3 to 5% Cr alloy). In 
addition to keeping sufficient chromium 
available and thus avoiding oxide-notch 
formation, the larger chromium concen
tration would also lower the amount of 
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Fig. 19 — Blocky-shaped oxide notch at the outer surface showing grain boundary cracks in 2'A 
Cr-1 Mo steel 

carbon transferred during welding and 
service. 

For fossil-fired plants having thousands 
of dissimilar-alloy weld joints, a transition 
piece solution might be quite expensive. 
Furthermore, such a joint replaces one 
weld by two. Because welds are critical 
areas in every structure and failure can 
occur for many reasons other than the 
one discussed here, a transition piece 
may be less than the ideal solution. How
ever, such a solution might be possible 
for the joints known to have high exter
nal loads, especially if relatively few such 
welds are present in a plant. 

Offhand, a change in welding process 
or procedure does not appear to offer 
much possibility for dissimilar-weld joint 
improvement. All the currently favored 
weld filler metals form similar microstruc
tures at the fusion line. If it were possible 
to eliminate decarburization at the inter
face, the joint could be improved. Any 
joining process for which prolonged 
heating can be avoided should be an 
improvement. Obviously, the microstruc
tures developed when induction-pres
sure welds are made (Fig. 12) indicate that 
prolonged heating is not avoided in that 
process. Although friction welding may 
be possible, this technique involves 
severe local heating, which would proba
bly transfer the failure from tens of 
micrometers from the fusion line to only 
a few micrometers away. Indeed, it might 
aggravate the problem by narrowing the 
zone for which chromium is depleted. 

Finally, if the formation of an oxide 
notch could be prevented, the life of 
transition joints should be extended. The 
most obvious way to do this would be an 
oxidation-resistant cover over the weld 
on the inner and outer surfaces of the 
tube. This obvious solution was pro
posed by Tucker and Eberle (Ref. 4). 
Indeed, they tested coatings applied by 
calorizing and chrome plating. However, 
when these joints were tested under 
cyclic conditions, the thermal expansion 
differences between the coatings and the 
other materials caused the coatings to 
crack, after which failure occurred by the 
usual manner. They did find that, "The 
weld overlay deposited with 80Ni20Cr 
withstood over 5000 h at 1100°F 
(2012°F), involving 308 temperature-
stress cycles without notch or crack for-
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mat ion at the w e l d overlay-base metal 
junct ion or at the p ro tec ted junc t ion . " 

Accord ing to the Tucker and Eberle 
criteria for a successful transit ion joint 
(Ref. 4), " . . . only those specimens c o m 
pleting the thermal-cycl ing tension tests 
for 5000 h at the test tempera tu re w i th 
ou t defect w e r e considered satisfacto
r y . " There fore , this coat ing was success
ful ; Tucker and Eberle suggested its use 
"as a m e t h o d o f emergency repai r . " 

These results make the idea of using an 
oxygen barrier t o prevent failure appear 
t o have meri t . Since 1956 there have 
been improvements in coat ing tech
niques that may of fer promise. A l though 
it was b e y o n d the scope o f this paper t o 
search for such a barrier, any exper imen
tal p rog ram designed to imp rove dissimi
lar -weld joints should include a search fo r 
suitable oxygen barriers. 

Conclusion 

W e have examined the dissimilar-alloy 
we ld failure p r o b l e m that is qui te c o m 
m o n in fossil-f ired boilers for transit ion 
joints b e t w e e n ferrit ic steels (primarily 
2 Vi Cr-1 M o steel) and austenitic stainless 
steels. Previous studies w e r e rev iewed . 
The complex microstructure that devel 
ops at a w e l d m e t a l - 2 V i Cr -1 M o steel 
interface dur ing we ld ing and e levated-
tempera ture service was examined in the 
as-welded, as-welded-and- tempered, 
and as-welded-and-aged condi t ions and 
in failed and unfai led joints that had been 
in service in fossil-fired boilers for more 
than 100,000 h. Failed induct ion-pressure 
we lds w e r e also examined. Failure gener
ally occurs in the HAZ of the ferrit ic steel 
about 5 to 15 jum f r o m the fusion line. 

O u r observat ions w e r e c o m b i n e d w i t h 
previous results t o deve lop a theory o f 
the mechanism by wh ich the interface 
microstructure fo rms dur ing weld ing, 
h o w it evolves dur ing e levated- tempera
ture service, and h o w this microstructure 
leads to failure. The chief n e w feature of 
this p roposed mechanism, the fo rmat ion 
o f a ch romium-dep le ted region, was 
demonst ra ted experimental ly. W e found 
this ch romium-dep le ted region to be 
p rone to preferent ia l oxidat ion and even
tually to lead to no tch fo rmat ion , crack 
nucleat ion, and propagat ion. 

Based o n the p roposed failure mecha
nism, several possible solutions w e r e p ro 
posed. Elimination o f external loading 
stresses is the most obv ious. Others 
include transit ion pieces (spool pieces) 
b e t w e e n the tubes to lower the thermal 
stresses and oxidation-resistant coatings 
o n the external surfaces o f the welds. 
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