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Chromium content was found to significantly affect the 
oxidation behavior in different regions of the weldment 

BY R. K. SINGH RAMAN AND J. B. G N A N A M O O R T H Y  

ABSTRACT. In the weldments of 2.25Cr- 
1 Mo and 9Cr-lMo ferritic steels, the re- 
gions with different microstructures were 
identified as weld metal, heat-affected 
zone (HAZ) and base metal. When ex- 
posed to high temperatures, the HAZ of 
2.25Cr-1 Mo steel and the weld crown re- 
gion of 9Cr-1Mo steel were found to ox- 
idize at higher rates, and develop much 
thicker scale than other regions in the 
weldments of the respective steels. 
SEM/EDS point analyses and SIMS depth 
profiles indicate that the scale over the 
regions showing inferior oxidation resis- 
tance are considerably less in free 
chromium content. The difference in the 
oxidation behavior of the different re- 
gions was found to arise from the differ- 
ence in the Cr content of the inner layer 
of the protective oxide. Possible remedial 
measures to minimize the high oxidation 
rates in certain regions of the weldments 
of the two steels are also discussed. 

Introduction 

Their adequate creep strength and 
corrosion resistance make the Cr-Mo fer- 
ritic steels a popular choice for steam 
generating systems in thermal and nu- 
clear power plants (Refs. 1,2). However, 
the performance of the welds of these 
steels is a matter of concern since most of 
the in-service failures occur in their 
weldments (Refs. 3-5). Inferior mechani- 
cal properties of welds are generally at- 
tributed to the undesirable microstruc- 
ture in certain regions of the weldments 
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(Refs. 4, 6, 7). In recent years, variations 
in the microstructures of 2.25Cr-lMo 
and 9Cr-1Mo steels have also been found 
to influence their high-temperature cor- 
rosion behavior and other associated 
properties such as cracking/spallation of 
the oxide scale (Refs. 8-13). These phe- 
nomena may also contribute to the fail- 
ures (Refs. 14-16). For example, while at- 
tempting to understand the environ- 
mental influence on creep properties, 
Jackson, et al. (Ref. 17), have observed 
higher corrosion rates and high propen- 
sity of failures in the welded structures of 
9Cr-lMo steel. In a similar study on 
2.25Cr-1Mo steel weldments, Klueh and 
King (Ref. 15) have observed faster prop- 
agation of cracks along the grain bound- 
aries in the HAZ than those in other re- 
gions of the weldments. This could be 
due possibly to the formation of Cr-rich 
secondary phases and corresponding de- 
pletion of free Cr along the grain bound- 
aries, which could result in an increase 
in oxidation in such areas that could also 
assist crack propagation. The observa- 
tions of Klueh and King (Ref. 15) and 
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those of Jackson, et al. (Ref. 17), though, 
deal mainly with the mechanical proper- 
ties of the weldments of 2.25Cr-1 Mo and 
9Cr-1Mo steels. They certainly entail de- 
tailed investigations on the oxidation be- 
havior of the microstructurally different 
regions in the weldments of the two pop- 
ular alloys. Such investigations may help 
in understanding the contribution, if any, 
of corrosion to the inferior in-service per- 
fornlance of the welds of the steels. 

The present study relates to the high- 
temperature corrosion of the weldments 
of 2.25Cr-1Mo and 9Cr-lMo steels, 
showing difference in the oxidation be- 
havior in microstructurally varying re- 
gions. The weldments used for this study 
had not experienced any postweld heat 
treatment (PWHT) that is normally given 
to the weldments. Therefore, these in- 
vestigations may be considered as a 
maiden attempt to understand the high- 
temperature corrosion behavior of the as- 
welded Cr-Mo steels, which will be fol- 
lowed by further investigations to 
compare the present results with the cor- 
rosion behavior of the postweld heat- 
treated weldments. If temperature-time 
schedules for the PWHT's for the two 
steels are not carefully chosen, it can 
cause precipitation of Cr-rich carbides in 
the HAZ, as well as the weld metal, re- 
sulting in further deterioration in the cor- 
rosion resistance of these regions. 

Experimental Procedure 

Normalized-and-tempered (N and T) 
plates, 12 mm thick (0.36 in.), of 2.25Cr- 
1Mo steel were welded together by 
shielded metal arc welding (SMAW) 
using basic covered electrodes of com- 
position similar to the plates. Similarly, 
the N and T plates of 9Cr-1Mo steel were 
also welded by the SMAW process using 
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Table 1 - -  Chemical Compositions (wt-%) 

Region in 
Steel  Weldment C Si 

2.25 Cr- Base metal 0.06 0.18 
1Mo steel Weld metal 0.05 0.40 

S P Cr Mo 

0.008 0.008 2.18 0.93 
0.020 0.012 2.30 1.10 

9Cr-1 Mo Base metal 0.10 0.497 
steel Weld metal 0.12 0.520 

Table 2 - -  Welding Conditions for 2.25 Cr-1 
Mo and 9Cr-1 Mo Steels 

Process Shielded metal arc 
Preheat 473 K 
Arc current 110--120 A 
Electrode diameter 3.15 mm 
Arc voltage 22 V 
Number of passes 8-10 
Welding speed 3.75 mm/s 

a basic covered electrode of similar com- 
position. The chemical compositions of 
the base metal and the deposited weld 
metal of the two steels are given in Table 
1. The welding conditions for the two 
steels are detailed in Table 2. 

Using a diamond-coated wafering 
saw, and by careful metallography, spec- 
imens of weld metal, HAZ and base 
metal were cut out of the weldments of 
2.25Cr-1Mo steel - -  Fig. 1A. Since the 
scaling behavior of the root (lower) re- 
gion of the weld metal was found to be 
different from that of the crown (upper) 
part of the weld (to be discussed later), 

0.004 0.03 8.4 0.96 
0.003 0.03 8.9 0.98 

specimens of both upper and lower parts 
of the welds, as well as those of the HAZ 
and the base metal, were separated out 
of the weldments of 9Cr-1Mo s t e e l -  Fig. 
lB. The HAZ being a narrow region, it 
was ascertained by repeated cycles of 
polishing, etching and microscopic ex- 
aminations that the HAZ specimens used 
for oxidation tests consisted only of the 
microstructure of the HAZ, and there 
were no contributions from the adjoining 
regions, i.e., the weld metal and the base 
metal regions. Out of the remaining por- 
tions of the weld pads of the two steels, 
2-mm-thick (0.08-in.) transverse sections 
consisting of all the three different re- 
gions of the weldments were sliced - -  
Fig. 2. The specimens of weld metal, 
HAZ and base metal (Fig. 1 ), and those of 
the transverse sections of the weldment 
(Fig. 2), were mechanically ground, pol- 
ished upto 1 pm diamond finish, cleaned 
with a detergent, and washed in acetone. 
The polished and cleaned specimens 
were oxidized in a muffle furnace in air. 
Oxidation tests were carried out for a 
maximum of 500 h, at 773 K (932°F) for 
2.25Cr-1Mo steel, and at 923 K for 9Cr- 

Fig. I "  

Schematic dia- 
gram showing 

the locations 
of different 

regions in the 
weldments and 

the cuts for sep- 
arating samples 

of these 
regions. A -- 

weldments of 
2.25Cr- I Mo 

steel; B - -  
weldments of 

9Cr- I Mo steel. 
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1Mo steel. Weight gains of the specimens 
of weld metal, HAZ and base metal were 
measured after different lengths of time 
up to 500 h. During these interruptions, 
the difference in thickness of the oxide 
scales developed over the regions with 
different microstructure in the weld- 
ments of the two steels were measured 
using a surface profilometer. Morpholog- 
ical features of the surfaces and cross- 
sections of the oxide scales developed 
over the different regions of the weld- 
ments of the two steels were observed 
using scanning electron microscopy 
(SEM), and the chemical characterization 
of the scales was done by energy disper- 
sive analyses of x-rays (EDS) and sec- 
ondary ion mass spectrometry (SIMS). 
Surface profilometric technique has been 
used to investigate the change in the sur- 
face profiles of the oxide scales formed 
over the microstructurally different, 
neighboring regions in the weldments of 
2.25Cr-1Mo and 9Cr-1Mo steels. For this 
purpose, a Sloan DEKTAK 3030 surface 
profile measuring system was employed, 
which can accurately measure vertical 
features ranging in height from 50 
angstroms to 131 pm. Measurements are 
made electromechanically by moving 
the sample beneath a diamond-tipped 
stylus coupled to a linear variable differ- 
ential transformer (LVDT). For the present 
measurements, a diamond tipped stylus 
with an impressed force of 0.1 mN was 
made to ride over the surfaces of the ox- 
idized specimens. There was a vertical 
deflection whenever the stylus encoun- 
tered an unevenness in topography, such 
as those due to difference in thicknesses 
of the oxide scales over the heat-affected 
zone and the weld metal of the steels. 

Experimental details of oxidation tests 
and postoxidation analyses can be found 
elsewhere (Ref. 14). 

Exper imental  Results 

Oxidation Behavior of Different Regions 
of Weldments of 2.25Cr-1Mo Steel 

All of the three regions of the weld- 

~ CIMEN OF WELDMENT 

_ _ _ / _ j = . ~ " " ' ~ / _  _ 

Fig. 2 -- Schematic diagram showing 
sections of weldment (consisting of weld 
metal, HAZ and base metal) cut out of a 
weld pad. 
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i 

ment, i.e., the weld metal, the heat-af- 
fected zone (HAZ) and the base metal fol- 
lowed parabolic kinetics during their ox- 
idation at 773K for 500 h - -  Fig. 3. 
However, the HAZ region oxidized at a 
much higher rate than the weld metal 
and the base metal, both of which oxi- 
dized at similar rates. As a result, at the 
end of a 500 h-test, the weight gained by 
the HAZ was more than twice the weight 
gained by the weld metal/base metal. A 
higher oxidation rate of the HAZ could 
also be corroborated by results of the sur- 
face profilometry (Figs. 4, 5), which sug- 
gested a considerable greater thickness 
of oxide scale developed over the HAZ 
compared to that over the weld metal 
and the base metal regions. Optical and 
SEM micrographs (Figs. 6, 7) also suggest 
the formation of scale of greater thickness 
and larger grain size over the HAZ than 
over other regions. Greater thickness of 
the scale over the HAZ could be further 
corroborated by the SEM micrographs of 
the cross-sections of the oxidized speci- 
mens of the weldments - -  Fig. 8. These 
micrographs suggest that after 100 h ox- 
idation thickness of the scale formed over 
the HAZ was around 9 pm greater than 
those of the scale formed over the weld 
metal and the base metal. 

Chromium content of the inner layer 
of oxide (i.e., the layer near the inner 
boundary of the oxide scale), as charac- 
terized from the EDS analyses of the 
cross-sections of the scale (Fig. 8), pro- 
vided a significant clue for the difference 
in oxidation rate of the different regions. 
Scale over the HAZ had considerably less 
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Fig. 4 - -  Surface 
profiles describ- 
ing the 
difference in 
thicknesses o f  
oxide scale over 
weld metal of  
2.25Cr- 1Mo 
steel, oxidized in 
air at 773 K. 
A - - 2  h; 
B - -  500 h. 

VI 
W 

~ 2 [ NA~:' , BASE I 100 

: ; k  , I o 

I 
HAZ . BASE 

i 

i 

i 

~. -25 

SPATIAL MOVEMENT 0F STYLUS 

Fig. 5 -  Surface 
profiles describ- 
ing the difference 
in thicknesses of  
oxide scale over 
HAZ and base 
metal o f  2.25Cr- 
I Mo steel, oxi- 
dized in air at 
773 K. A - -  2 h; 
B - -  500 h. 

Cr in the inner layer than at the similar lo- 
cation of the scale over the weld metal 
and the base metal - -  Fig. 8. The trend of 
higher Cr content in the weld metal scale 
is confirmed by the depth profiles of Fe, 
Cr and O in the scale (developed in 4 h), 
over the weld metal, the HAZ and the 
base metal - -  Fig. 9. The profiles of the 
three regions unambiguously indicate 
higher peak heights for Cr in the inner 
scale over the weld metal and the base 
metal than that in the HAZ scale. The rel- 
ative contents of Fe and Cr (Fe/Cr ratios 
at such depths) in the innermost scales, 
i.e., at a depth where Cr is highest, show 
considerably higher Cr contents in the 
inner oxide scale of the weld metal 
(Fe/Cr: 2.03) and the base metal (Fe/Cr : 
2.31) than that in the inner scale formed 
over the HAZ (Fe/Cr: 4.12). Interestingly, 
the difference in thicknesses of the oxide 
scale over the weld metal and the HAZ 
(about 1.4 pm), as seen from the depth 
profiles of oxygen for the two scales, does 
not corroborate with the results of the 
surface profiles, which had indicated a 
difference of about 1.0 p m after 4 h of ox- 
idation. This ambiguity suggests a greater 
possibility of internal oxidation in the 
HAZ. 

Oxidation Behavior of Different Regions 
of Weldments of 9Cr-lMo Steel 

The four regions of the weldment, 
namely the upper and lower welds, the 
HAZ and the base metal (Fig. 1B) oxi- 
dized at different rates when exposed for 
500 h in air at 923 K (1202°F). However, 
unlike in the case of 2.25Cr-1Mo steel 

Fig. 6 - -  Opt ical  photographs describing 
the difference in the appearance o f  the 
oxide scale over weld metal, HAZ and base 
metal o f  2.25Cr-1Mo steel, oxidized at 773 
K for 4 h. 

Fig. 7 - -  Scanning electron micrographs 
comparing oxide scale formed over: A - -  
HAZ and B - -  weld metal o f  2.25 Cr- I Mo 
steel oxidized at 773 K for 100 h. Arrow- 
head indicates the interface between the 
two regions. 
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(Fig. 3), it was the weld metal that oxi- 
dized at much higher rates than the other 
regions - -  Fig. 10. The oxidation rate de- 
creased in the order: the upper surface of 
the weld metal (i.e., the weld crown), the 
lower surface of the weld metal, the HAZ 
and the base metal. There was a marked 
difference in the thicknesses of the scales 
formed over the weld metal and the HAZ 
(0.45 [am in 4 h, and 18.5 [am in 500 h of 
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Fig. 9 - -  SIMS depth profiles of  Fe, Cr and  
0 in the oxide scale formed over differ- 
ent regions of  weldment: A - -  weld 
metal (in the inner scale where Cr peaks, 
Fe/Cr: 2.03), B - -  HAZ (in the inner scale, 
Fe/Cr: 4.12), and C - -  base metal (in the 
inner scale, Fe/Cr: 2.3 I). The depth pro- 
files were taken using Cs+ primary bom- 
bardment and collecting negative sec. 
ondary ions . . . .  

oxidation, Fig. 11). The SEM photomi- 
crograph in Fig. 12 indicates a sharp dif- 
ference in the morphologies, owing to 
the coarse- and fine-grained scale, re- 
spectively, over the upper weld metal 
and the HAZ. The oxide scale grown over 
the lower weld metal was less coarse as 
compared to that over the upper weld 
metal - -  Fig. 13; the boundary between 
the scale over the two regions was some- 
what diffuse. As indicated in Fig. 12, Cr 
content of the oxide scale over the base 
metal, the HAZ and the lower weld 
metal, as analyzed by EDS, was signifi- 
cantly higher than that of the oxide scale 
formed over the upper weld metal. A 
comparison of the SIMS depth profiles of 
Fe, Cr and O in the scale over the differ- 
ent regions (Figs. 14, 15) also suggests a 
greater thickness of the oxide scale 
formed over the upper and lower weld 
metal regions than the scale over the 
HAZ and the base metal regions. More 
importantly, a comparison of these pro- 
files indicates considerably lower peak 
heights of Cr in the inner layer of the 
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Fig. 10 - -  Weight gain vs. time plots for 
base metal, HAZ, and the upper (crown) 
and lower (root) regions separated out of 
the weldments of  9Cr-1Mo steel, and ox- 

id ized in air at 923 K for 500 h. 

scale over both the weld metal regions 
than those in the base metal and the HAZ 
scale, though the thickness of the Cr-con- 
taining inner layer was greater in the 
scale developed on the weld metal. 

D i s c u s s i o n  

Oxidation resistance of the Fe-Cr al- 
loys, including the Cr-Mo ferritic steels, is 
influenced by the chromium content of 
the inner layer of protective Fe-Cr oxide 
(Refs. 8-10, 12). Thus, the higher oxida- 
tion rate leading to formation of thicker 
oxide scales over the HAZ of the 2.25Cr- 
1Mo steel (Fig. 4) and over the weld 
metal of 9Cr-lMo steel (Fig. 11) can be 
attributed to the lower Cr content of the 
inner scale formed over this region, as 
suggested by the respective results of the 
SIMS and EDS analyses - -  Figs. 8, 9, 12, 
14, 15. Lower Cr content renders the 
scale less protective by facilitating the 
diffusion of iron and oxygen involved in 
the oxidation reaction. This allows oxi- 
dation to occur at higher rates and for- 
mation of thicker outer scale, as observed 
in the case of the HAZ of 2.25Cr-1Mo 
steel, and the weld metal region of 9Cr- 
1Mo steel. Thus, the results of the oxida- 
tion tests and the post-oxidation analyses 
of the different regions of the weldments 
of the two steels appear to be well in 
agreement. However, one needs to find 
an answer to why should there be a vari- 
ation in Cr contents in the inner layer of 
the oxides over the microstructurally dif- 
ferent regions of the weldment of the 
same steel. Here, it would be mandatory 
to recall that depletion of free Cr from the 
alloy matrix through the precipitation of 
Cr-rich phases can result in an inner scale 
with less Cr content, and this in turn can 
influence the oxidation resistance of Cr- 
Mo ferritic steels (Refs. 8-10, 12, 14, 17, 
18). Hence, what remains to be ad- 
dressed is the physiochemical aspects of 
depletion of free Cr through secondary 
precipitation in the regions of the weld- 
ments of the two steels showing different 
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oxidation rates. 
The secondary precipitates in the 

HAZ of 2.25Cr- 1 Mo steel, as reported 
by Roy and Lauritzen (Ref. 19), would be 
M7C3, M23C 6 and M6C, while Mo2C 
would be virtually absent in the HAZ. On 
the other hand, the secondary precipi- 
tates reported to form in normalized and 
tempered 2.25 Cr-lMo steel base metal 
(Ref. 20-22), would be FegC and Mo2C. 
Lundin, et al. (Ref. 4), have identified 
Fe3C and Mo2C as the only carbides that 
occur in the microstructure of the weld 
metal. Recently, TEM investigations by 
Singh Raman, et al. (Refs. 8, 23), have 
also confirmed the insignificant popula- 
tion of needle-shaped precipitates 
(Mo2C) , and occurrence of parallel- 
piped and rod-shaped precipitates 
(M7C3, M23C 6 and M6C) in the HAZ, as 
well as the occurrence of Mo2C exclu- 
sively in the weld metal and the base 
metal regions of the weldments of 
2.25Cr-1 Mo steel (without PWHT). 
Hence, Cr present in the weld metal and 
the base metal regions of the weldment 
of this steel is relatively free and available 
for formation of complex Fe-Cr oxides 
(that is protective) in the inner scale. 
Klueh and King (Ref. 15) have made a 
similar observation, while describing the 
environmental influences on the creep 
rupture behavior of the dissimilar welds 
of 2.25Cr-1Mo steel. They have also re- 
ported the formation of Fe30 4 in the 
grain boundary notches/cracks in the 
HAZ region (where the failures are 
mostly found to occur), and have attrib- 
uted the formation of this Fe-rich oxide to 
the Cr depletion along the grain bound- 
aries in the HAZ by carbide precipitation. 

There is a dearth of information on the 
types and degree of precipitation in the 
different regions of the weldments of 9Cr- 
1 Mo steel. The precipitation behavior of 
this steel austenitized at different tem- 
peratures has been investigated in detail 
by Pickering and Vassiliou (Ref. 24), and 
has been described through the isother- 
mal transformation diagrams. These dia- 
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Fig. 11 - -  Surface profiles describing the difference in thicknesses o f  oxide scale over the 
upper region o f  the weld metal and the HAZ o f  9Cr- I Mo steel, oxidized at 923 K for: A - -  
4 h; B - -  5OO h. 

grams can be very useful in understand- 
ing the free Cr contents of the different re- 
gions of the weldment. It is important to 
note that Cr-rich carbide, M23C 6 (mostly, 
as FesCr18C 6) and Cr2N are the only sec- 
ondary phases reported to form in 9Cr- 
1Mo steel (Refs. 24, 25). A certain 
amount of delta-ferrite may also be pre- 
sent in the weld metal (Refs. 26, 27). The 
presence of delta-ferrite in the mi- 
crostructure can decrease the free Cr 
content of this steel, owing to the facts 
that the presence of delta-ferrite is known 
to cause early precipitation of secondary 
phases even during rapid cooling (Refs. 
24, 25), and also because the retained 
delta-ferrite in the high-Cr steels is a Cr- 
rich phase. Hence, the observed lower Cr 
content of the inner scale, and the higher 
oxidation rate, in general, of the weld 
metal (for both crown and root regions of 
the weld metal) can be attributed to the 
delta-ferrite formation resulting in the in- 
creased propensity for precipitation of 
Cr-based secondary phases. Jackson, et 
al. (Ref. 17), have also indicated the 
higher corrosion rate of the weld metal of 
9Cr-lMo steel, and they have attributed 
this behavior to the precipitation of Cr- 
based carbides in the weld metal. How- 
ever, the lower part of the weld metal 

shows a lower oxidation rate than the 
upper region. It is understood that the 
root (lower) region of the weld metal that 
was formed from the initial passes was 
subjected to reheating during the subse- 
quent passes (in the multipass welding 
employed for the present study). This re- 
heating might have aided the redissolu- 
tion of M23C6 and Cr2N precipitates re- 
sulting in increased free Cr. However, the 
very quick rise in temperature and the 
subsequent fast cooling might have al- 
lowed neither the complete redissolution 
nor the reprecipitation of the secondary 
phases in this region. In the absence of 
delta-ferrite and little precipitation of Cr- 
based secondary phases in the HAZ and 
the base metal regions, it is possible that 
most of the chromium in these regions 
was available for formation of the pro- 
tective scale, and hence the oxidation re- 
sistance of these regions was superior to 
the upper and lower regions of the weld 
metal. 

Conclusions 

1) When oxidized at 773 K in air, the 
heat-affected zone (HAZ) of the weld- 
ment of 2.25Cr-1Mo steel oxidizes at a 
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Fig. 13 - -  Scanning electron micro- 
graphs comparing oxide scales formed 
over the upper (A) and lower (B) regions 
of  weld metal o f  9Cr- 1Mo steel oxidized 
fo r  100 h. 

much higher rate and develops a thicker 
oxide scale than the base metal and the 
weld metal. 

2) The higher oxidat ion rate of the 
HAZ of 2.25Cr- 1Mo steel and the for- 
mation of a thicker scale over it have 
been attr ibuted to the less protective 
inner oxide scale, due possibly to the 
nonavailabil i ty of free Cr from the alloy 
as a result of carbide formation in this re- 
gion. 

3) When weldment of 9Cr- lMo steel 
is oxidized at 923 K in air, the upper re- 
gion of the weld metal oxidizes at a 
higher rate, and develops a thicker oxide 
scale than the other regions of the weld- 
ment. Thickness of the scales formed 
over different regions decreases in the 

order: the upper port ion of the weld 
metal, the lower weld metal, the HAZ, 
the base metal. 

4) The higher oxidation rate and the 
thicker oxide scale formation over the 
crown (upper) weld region of 9Cr - lMo 
steel could be attributed to the least pro- 
tective inner scale of Fe-Cr oxides with 
minimum Cr content. 
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Gasket performance data and technical formulations which would permit the design of gasket systems for high- 
temperature service were studied to better understand flange behavior, gasket deformation, and leakage behavior 
under simulated elevated-temperature service conditions. This WRC Bulletin discusses the results obtained for the 
four areas covered in the study: 

• The extrapolated long-term elevated-temperature performance of compressed asbestos-reinforced sheet mate- 
rials. 

• The effect of the creep/relaxation of flexible graphite sheet marerials at elevated temperatures on the tightness 
of a joint in which the gasket deflection remains practically constant. 

• The effect of the gas medium and pressure on the tightness performance at elevated temperature of graphite- 
filled spiral-wound gaskets with and without internal rings. 

• The correlations between the weight loss of elastomeric sheet gasket materials during aging at elevated tem- 
peratures and the changes in their mechanical properties and tightness performance --leading to the proposal of 
a new aging parameter, based on weight loss correlation and successfully grouping the data obtained for different 
test times and temperatures. 
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