
Stress Corrosion Cracking of Flux Cored Iron 
Manganese Aluminum Weld Metal 

Tests revealing that Fe-Mn-Al weld metals exposed to hydrogen sulfide 
resisted cracking may prove useful to the petroleum industry 

BY K. M . MAKHAMREH A N D D. K. A I D U N 

ABSTRACT. The stress corrosion crack
ing (SCC) of five Fe-Mn-Al weld metals 
in acidic aqueous solution saturated with 
H2S gas (NACE solution) were evaluated. 
310 and 31 6 conventional stainless steel 
weld metals were also examined. The 
constant load stress corrosion cracking 
test revealed that the Fe-Mn-Al consum
ables performed better than the 31 0 and 
316 consumables in resisting cracking 
in NACE solution. Susceptibility to 
cracking of Fe-Mn-Al weld metals was 
a function of their hardness. 

Introduction 

Hydrogen sulfide stress corrosion 
cracking (H2S-SCC) causes a large num
ber of the failures in petroleum industry 
equipment. H2S is the decomposition 
product of unstable sulfur compounds 
at varying temperatures. In oil wells, 
more H2S is present in deeper wells. En
vironments containing H2S are called 
sour environments, while sweet environ
ments are free from H2S. 

Petroleum environments in oil fields 
and refineries contain chlorides and car
bon dioxide mixed with moisture, which 
causes corrosion in the equipment. The 
presence of H2S, which promotes both 
general and localized corrosion, makes 
the environment even more detrimental. 
H2S dissociates in water to atomic hy
drogen, which diffuses inside the mate-
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rial. The hydrogen atoms from the dis
sociation and from other corrosion pro
cesses combine to form hydrogen 
molecules, which exert an internal pres
sure and cause hydrogen damage (HD) 
such as hydrogen-induced cracking 
(HIC) and/or hydrogen blistering. Hydro
gen sulfide also interacts with chloride 
ions in the environment to produce hy
drogen sulfide stress corrosion cracking 
(H2S-SCC) (Refs. 1-3). HD and H2S-SCC 
may act together to yield a mult iple 
cracking effect. 

Conventional stainless steels have 
been widely used in the oil and gas in
dustry, especially the austenitic stainless 
steels in the oil refineries. These materi
als suffer from a number of failures [i.e., 
HD/H2S-SCC) in the corresponding in
dustrial environments. One solution to 
this problem was to deploy other alloys 
to replace the stainless steels. 

The iron-aluminum-manganese sys
tem has been known since the 1930s. In 
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the past 15 years, interest in the system 
has increased as a possible replacement 
of the austenitic 300-series stainless 
steels in some applications. In order to 
assess any uti l ization of one alloy sys
tem over another, both systems must be 
tested and compared. Fe-Mn-Al has 
never been tested for HD or SCC in H2S 
environments; however, it has been 
tested in other corrosive environments. 

The first work on the stress corrosion 
cracking of the Fe-Mn-Al alloy system 
was reported by Batrakov, ef al. (Ref. 4). 
Samples subjected to pure bending at a 
stress of 0.8YS0 2 did not crack after 90 
days of exposure to salt mist and tropi
cal chambers; however, pitt ing corro
sion was observed. Fe-Mn-Al-X alloys 
exhibited a tendency for pitt ing, hence 
stress corrosion cracking was more likely 
to occur (Ref. 5). A duplex austenite-fer
rite Fe-Mn-Al alloy in 20% NaCI at 
100°C was tested under a constant load 
and slow strain-rate test to examine its 
stress corrosion cracking susceptibility 
(Ref. 6). The duplex alloy was immune 
to stress corrosion cracking under the 
constant load condition but was suscep
tible to stress corrosion cracking under 
the slow strain-rate test. Cracking mor
phologies were dependent on the ap
plied potential conditions; transgranular 
cracking through the ferrite grains was 
observed at the stabilized and at the an
odic potentials. At the cathodic poten
tial the cracking was transgranular in 
both the ferrite and austenite grains and 
was intergranular at the austenite-ferrite 
grain boundaries. The ferrite phase in 
Fe-Mn-Al duplex alloys was more sus
ceptible to stress corrosion cracking in 
4 % NaCI at room temperature (Ref. 7). 
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Table 1 — Chemical Compositions of Weld Metals (w 

Weld Metal 

I 
II 
III 
V 
VI 

Weld Metal 

310 
316 

C 

0.13 
0.22 
0.45 
0.50 
1.0 

C 

0.1 
0.1 

Si 

0.4; 

Si 

0.24 
1.07 
0.36 
0.20 
0.10 

Cr 

26.0 
0.40 19.0 

Mn 

20.97 
28.87 
22.75 
20.0 
20.0 

Ni 

21.0 
12.5 

Al 

5.60 
7.42 
7.14 
5.0 
5.0 

Mn 

1.8 
1.8 

-%)<a> 

P 

0.006 
0.011 
0.015 
0.005 
0.005 

Mo P 

0.0 0.024 
2.3 0.012 

S 

0.007 
0.013 
0.022 
0.005 
0.005 

s 
0.007 
0.013 

N 

0.020 
0.015 
0.022 
0.020 
0.020 

N 

0.045 
0.023 

Fe 

Bal. 
Bal. 
Bal. 
Bal. 
Bal. 

Fe 

Bal. 
Bal. 

(a)Reported by the manufacturer. 

Table 2 — Mechanical Properties of Weld Metals 

Weld Metal 

I 
II 
III 
V 
VI 

310 
316 

Y.S.(a'-ksi(MPa) 

61.0 ± 0.1% (421) 
81.0 ± 0.5% (559) 
70.5 ± 0.7% (486) 
74.0 ± 0.1% (510) 
76.0 ± 0.8% (524) 
69.5 ± 1.0% (479) 
64.5 ± 0.1% (445) 

(a)Yield strength at 0.2°„ offset. 
(b)Elongation in I.O n. gauge length. 

T.S.-ksi(MPa) 

98.5 ± 0.2% (679) 
113.0 ± 1.5% (779) 
107.0 ± 0.1% (738) 
109.0 ± 0.3% (752) 
113.0 ± 0.4% (779) 
85.5 ± 2.1% (590) 
96.5 ± 2.2% (667) 

El.<b>(%) 

47.0 ± 6.0% 
15.0 ± 10.5% 
50.0 ± 0.5% 
49.0 ± 2.2% 
42.0 ± 3.0% 
12.1 ± 18.7% 
32.5 ± 1.5% 

R.A.(%) 

49.0 ± 5.8% 
12.0 ± 15.5% 
49.0 ± 2.4% 
55.0 ± 7.6% 
21.0 ± 20.0% 
10.1 ± 18.8% 
13.8 ± 2.2% 

The preferential stress corrosion crack
ing of ferrite was due to the higher cor
rosion reactions resulting from the pres
ence of more ferrite than austenite. 
Cracking was transgranular in the ferrite 
regions, intergranular along the ferrite-
austenite boundaries, and perpendicu
lar to the applied stress direction. Cracks 
were blocked by the austenite phase 
when they propagated transgranularly 
in the ferrite phase. 

Two Fe-Mn-Al alloys were tested for 
hydrogen degradation (Ref. 8). A ful ly 
austenitic alloy and a 10%/90% ferrite-
to-austenite alloy showed little degra

dation when tested under uniaxial ten
sion after two hours of electrolytic hy
drogen charging prior to the tension test. 
With dynamic charging [i.e., with elec
trolytic hydrogen charging whi le load
ing), both alloys showed evidence of 
degradation; however, the austenitic 
alloy was more resistant. In this case, 
the degradation was related to ductility 
and tensile strength. In the austenitic 
alloy, the hydrogen-assisted cracking 
initiated at the surface and propagated 
along the grain boundaries with some 
grains cracked transgranularly at the sur
face. In the two-phase alloy, cracking 

Fig. 1 — Constant load SCC test setup. 

occurred along the ferrite-austenite grain 
boundaries and through the ferrite 
grains. Another study on hydrogen 
degradation of a 20%/80% ferrite/ 
austenite Fe-Mn-Al alloy concluded that 
this alloy was susceptible to hydrogen 
degradation (Ref. 9). Tensile and yield 
strengths, as well as ducti l i ty, were re
duced after the tensile testing of cathod-
ically charged samples for seven and 14 
days. The charging was performed prior 
to the tension test. The cracking mor
phology was transgranular through the 
ferrite phase and intergranular along the 
ferrite austenite grain boundaries. 

In this work, it was desired to exam
ine the possibility of utilizing Fe-Mn-Al-
X consumables to replace conventional 
stainless steel consumables in acidic 
H2S environments. This was accom
plished by evaluating the stress corro
sion cracking resistance of five Fe-Mn-
Al-X weld metals in NACE solution. The 
performance of these weld metals is 
compared with 310 and 316 conven
tional stainless steel weld metals. The 
weld metals prepared by flux cored arc 
welding are subjected to a constant load 
in a H jS /C I - acidic aqueous corrosive 
environment. 

Experimental Procedures 

Fe-Mn-Al and Fe-Cr-Ni weld metals 
were prepared using the flux cored arc 
welding process. The chemical compo
sitions of the weld metals are shown in 
Table 1. The welding procedures and 
the mechanical properties of the weld 
metals were described in an earlier work 
(Ref. 10). Table 2 summarizes some of 
the properties listed in the previous ref
erence. The rod-type test specimens had 
a 4-in. (1 01.6-mm) total length, a 0.25-
in. (6.4-mm) gauge diameter, and a 1-
in. (25.4-mm) gauge length. The speci
mens were not subjected to any heat 
treatment. Prior to the testing, each spec
imen was washed in warm water, ultra-
sonically cleaned in acetone, air dried, 
and then stored in a desiccator before 
testing. The surface finish condition was 
better than 32 j i in. (0.81 pm) for all spec
imens. 

The hydrogen sulfide stress corrosion 
cracking (H2S-SCC) tests were con
ducted in accordance with NACE Stan
dard TM-01-77 (Ref. 11). A constant-
load testing technique was adopted in 
which the weld metal specimens were 
loaded at different stress levels that var
ied from the yield strength within a given 
stress fraction. The corrosive medium 
consisted of an aqueous solution of 5 
wt-% NaCI and 0.5 wt-% acetic acid 
(NACE solution). After immersing the 
specimens in the test vessels, argon gas 
was purged into the vessel to remove the 
oxygen from the corrosive medium. Sat-
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uration wi th H2S gas started immedi
ately after the completion of argon purg
ing. Because of safety considerations 
concerning the fatal consequences of 
any leak of the toxic gas, H2S was bub
bled into the corrosive medium for 10 
min every two days, instead of the con
tinuous bubbling recommended by the 
NACE standard. 

The specimens immersed in the 
NACE corrosive medium inside a sealed 
vessel were loaded using a proof ring 
(Core Test, Inc.). The times to failure 
were recorded and saved using a com
puter. The corrosive medium pH was 
monitored during testing and varied 
from 2.5 at the beginning of the test to 
4.0 at the end of the exposure duration. 
The hydrogen sulfide stress corrosion 
cracking test setup is shown in Fig. 1. 
After testing, the specimens were taken 
out of the corrosive medium, cleaned in 
acetone and then air dried. Optical met
allography and scanning electron mi
croscopy were conducted on all weld 
metal tested specimens. 

Results 

For each weld metal, at least two 
specimens were loaded and tested at the 
same stress for every stress corrosion 
cracking data point. Weld Metal I was 
loaded at four stress intervals: 0.7YS, 
0.8YS, 0.9YS, and YS. None of the spec
imens failed after the completion of the 
30-day exposure period, so Weld Metal 
I was considered immune to stress cor
rosion cracking up to its yield stress. 
Weld Metal II was loaded at four stress 
levels: 0.5YS, 0.6YS, 0.7YS and 0.9YS. 
All specimens except the one loaded at 
0.5YS broke after 30 days of exposure, 
so Weld Metal II was considered resis
tant to stress corrosion cracking at half 
of its yield stress. Weld Metal III was 
loaded at 0.8YS, 0.85YS, 0.9YS and YS; 
after 30 days of exposure, no failure oc
curred at the 0.8YS level. Weld Metal V 
was loaded at five stress levels: 0.7YS, 
0.8YS, 0.9YS, 0.95YS and YS. This fully 
austenitic weld metal was resistant to 
stress corrosion cracking at 70% of its 
yield stress after 30 days of exposure. 
Weld Metal VI was loaded at 0.8YS and 
YS and failed at both stress levels before 
the end of the 30-day exposure period. 
The 310 and 316 austenitic stainless 
steel weld metals were loaded at 0.8YS, 
0.9YS and YS; all of the specimens 
cracked but did not totally break at any 
of the stress levels. 

The stress corrosion cracking data 
points for all weld metals are plotted in 
Fig. 2. Weld Metal I, which is repre
sented by a single data point in Fig. 2, 
is the most resistant since it has the high
est "safe" applied stress after 30 days of 
exposure. Weld Metal III has the second 

nWeld Metal I (YS=61ksi, EL=47%, FN=7.4, RB=94) 
*Weld Metal II (YS=81ksi, EL=15%, FN=52, RC=26) 
oWeld Metal III (YS=70.5ksi, EL=50%, KN = 6.2, RB = 100) 
*Weld Metal V (YS=74ksi, EL=49%, FN=0, RC=23) 
• Weld Metal VI (YS=76ksi, EL=42%, FN=0, RC=28) 
• Weld Metal 310 (YS = 68.5ksi, EL=14.5%, FN = 0, RC=25) 
•Weld Metal 316 (YS=64.5ksi, EL=32.5%, FN=0, RC=26) 
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Fig. 2 — SCC test results of both weld metal systems. 

highest resistance and Weld Metal II ex
hibits the weakest resistance among all 
the Fe-Mn-Al weld metals that were 
tested for the entire 30-day duration. The 
performance of the 31 0 and 31 6 weld 
metals is clearly inferior compared to 
Weld Metals I and III, and to some ex
tent to Weld Metal V, the fully austenitic 
Fe-Mn-Al weld metal. 

The number of cracks along the gauge 
length in the Fe-Mn-Al weld metal spec
imens increased as the ferrite number 
(FN) decreased. One or two cracks were 

observed in the Weld Metal II specimen 
gauge lengths (FN=52); three to five 
cracks were observed in the Weld Metal 
III specimen gauge lengths (FN=6.2); 
and more than 10 cracks were observed 
in the ful ly austenitic specimen (weld 
metal V and VI) gauge lengths (FN=0.0). 
Cracking in Weld Metals V and VI prop
agated through the austenitic matrix with 
secondary side cracks (branching) all 
along the main cracks (Fig. 3). Weld 
Metal II and Weld Metal III cracking oc
curred mainly in the austenitic matrix 

f l " , o 

ft Vo''t$& m 
• •:.•• .".'.V 

Fig. 3 — Photomicrograph of cracked specimens; Left — Weld Metal V; right — Weld Metal 
VI. 
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F/g. 4 — Photomicrograph of cracked specimens; A — Weld Metal II; Weld Metal III. 

with some propagation through the fer
rite areas (ferrite pools), which tended 
to change the propagation direction or 
even block the propagating cracks as 
shown in Fig. 4. An SEM photo (Fig. 5) 
of parts of the cracks shown in Fig. 4B 
shows more clearly how the ferrite pools 
tend to block and change the direction 
of a propagating crack. Another SEM 
photo (Fig. 6) of a part of a crack shown 
in Fig. 4A shows that the ferrite-phase 
pools undergo dissolution in this corro
sive environment. The cracks observed 
in the Fe-Mn-Al weld metal specimens 
were always perpendicular to the direc
tion of the applied stress. The 310 weld 
metal specimens had one or two cracks 
in the gauge length that propagated in a 
direction perpendicular to the applied 
stress. In 31 6 weld metal specimens, one 
or two cracks were also observed in the 
gauge length but the cracking propaga
tion was not perpendicular to the applied 
stress direction, as shown in Fig. 7. 

Fractography conducted on the Fe-
Mn-Al specimens revealed featureless 
fractured surfaces due to the corrosion 
products that accumulated after fracture 
— Fig. 8. The corrosion products formed 

on the fractured surfaces possessed dif
ferent shapes such as rod-shaped prod
ucts, sphere-shaped products and "fiber
l ike" corrosion products — see Fig. 9. 
EDS analysis conducted on these corro
sion products revealed that they con
tained mainly sulfur and iron, as shown 
in Fig. 10 for the fiber-like products. The 
fractured surfaces of the Fe-Mn-Al spec
imens also contained dark inclusions. 
These inclusions were analyzed by the 
EDS and found to consist of an almost 
stoichiometric iron sulfide compound 
- F i g . 11 . 

The problem of revealing the modes 
of fracture exhibited by the Fe-Mn-Al 
specimens was resolved by making use 
of the specimens that did not fail after 
the 30-day duration. This solution was 
adapted from an equivalent solution re
ported by Tumuluru (Ref. 12). The spec
imens that did not break after the 30-day 
period were subjected to tension on the 
Instron machine. The fractured surfaces 
were different from the fractures exhib
ited by the weld metals that were not 
tested in the corrosive environment, i.e., 
the specimens subjected to tension in 
air at room temperature (Ref. 1 0). The 

fractured surfaces of Weld Metals II, III, 
V and VI exhibited mixed cleavage-mi-
crovoid coalescence modes, and in 
some cases (especially in Weld Metals 
III and V) the fractures were along the 
dendrite solidification boundaries. It is 
important to note that Weld Metals III, 
V and VI exhibited a microvoid coales
cence fracture when tested in air at room 
temperature, as was reported by 
Makhamreh, etal. (Ref. 10). Weld Metal 
I specimens exhibited a microvoid coa
lescence mode similar to the fracture 
mode of the specimens tested in air at 
room temperature. 

The 31 0 and 31 6 weld metal speci
mens did not completely fail but did ex
hibit cracking. The cracks were opened 
by subjecting the cracked specimens to 
tension on the Instron machine. The frac
tured surfaces exhibited two distinct 
areas: a corroded part with a thumbnail 
shape that corresponded to the propa
gated crack, and a fresh-sheared part 
that resulted from the application of ten
sion — Fig. 12. Unlike the Fe-Mn-Al 
fractured specimens, the 310 and 31 6 
fractured surfaces did not suffer from 
heavy corrosion, and therefore the iden-

Fig. 5 — SEM fractograph of parts of the cracking in Fig. 4B. 

110^m 

Fig. 6 — SEM fractograph of parts of the cracking in Fig. 4A. 
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Fig. 7 — Photomicrograph of a cracked 316 weld metal specimen. Fig. 8 — SEM fractograph of a featureless fracture face with dark in
clusions in Weld Metal III. 

tification of the fracture modes was not 
complicated. Figure 13 shows an inter
granular fracture in a 316 weld metal 
specimen with deep secondary cracks. 
An interdendritic fracture feature at the 
dendrite solidification boundaries was 
also observed with "transgranular-like" 
deep secondary cracking — Fig. 14. In 
the fractured areas close to the surface, 
the dendrite side arms suffered from a 
severe corrosion attack that resulted in 
flat areas with extensive transgranular-
like secondary cracks, which resembled 
cracked dry clay soil (Fig. 15). As re
ported for the Fe-Mn-Al fractured speci
mens, dark inclusions were observed on 
the 310 and 31 6 specimen fractured sur
faces — Fig. 1 6. EDS analysis on these 
inclusions revealed high sulfur contents 
— Fig. 1 7. The fresh-sheared fractured 
surfaces caused by the application of 
tension to 31 0 and 31 6 cracked speci
mens exhibited a microvoid coales
cence mode with some tearing. This 
mode of fracture was similar to the mode 
exhibited by the specimens tested in air 
at room temperature (Ref. 1 0). 

Discussion 

A characteristic dark fi lm covered all 
the Fe-Mn-Al specimens that were im
mersed in the NACE solution (the cor
rosive medium). The dark fi lm was a cor
rosion product enriched with sulfur as 
verified by the EDS analyses. 

Weld Metals I and II exhibited the 
same characteristic solidification mor
phologies, as has been reported previ
ously (Ref. 10), but with a coarser mi
crostructure exhibited by Weld Metal I. 
Although the solidif ication morpholo
gies were similar, the resistance to stress 
corrosion cracking in NACE solution 
varied considerably. Weld Metal I pos
sessed the best resistance to stress cor
rosion cracking, whi le Weld Metal II 
showed the weakest stress corrosion 

Fig. 9 — SEM fracto
graph of fiber-like cor

rosion products. 

Corrosion Product 
150 sees 

1200 

Key 
Fig. 10 — Energy dispersive spectroscopy analysis of fiber-like corrosion products. 
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Fig. 11 — Energy dispersive spectroscopy analysis of the dark inclusions in Fig. 8. 

cracking resistance. This indicates that 
the solidification morphology does not 
strongly affect the resistance to stress 
corrosion cracking in NACE solution for 
the Fe-Mn-Al weld metals. 

The susceptibility of the Fe-Mn-Al 
weld metals to stress corrosion cracking 
in NACE solution can be related to the 
strength (or hardness) of these weld met
als. As shown in Fig. 2, the resistance to 
stress corrosion cracking (higher strength 
at longer times) increased as the hard
ness of the Fe-Mn-Al weld metals de
creased. This agrees well with reports in 
the literature about the dependency of 
stress corrosion cracking in H2S envi
ronments on the hardness of a given 
metal or alloy. The NACE standard MR-
01-75 classifies "safe" limits for hard
ness under which cracking is not likely 
to occur when a particular material is 
used in sour environments (Ref. 13). For 
example, the standard states that 
"austenitic stainless steels either cast or 
wrought are acceptable at a hardness of 
HRC 22 maximum in the annealed con
di t ion, provided they are free of cold 
work designed to enhance their me
chanical properties." Also, weldments 

Fig. 12 — Photomacrograph of fractured face of a 316 weld metal 
specimen. 

Fig. 13 — SEM fractograph of intergranular fracture area in a 316 
weld metal specimen. 

'.' I—V 

I'. 
llOOuml 

' '% 
. * • * * • • 

Ii 

~\ 

- > " 

!V 

M 
I 

HMlQ/nn 1 

Fig. 14 — SEM fractograph of interdendritic fracture area with trans
granular-like secondary cracking in a 316 weld metal specimen. 

Fig. 15 — SEM fractograph of fracture flat area with extensive trans
granular-like secondary cracking in a 316 weld metal specimen. 
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(BM, HAZ, WM) should have the same 
requirements as are specified for the 
base metal, so the austenitic stainless 
steel weld metals should not possess a 
hardness exceeding 22 Rc. 

Unfortunately, the Fe-Mn-Al alloy 
and weld metal systems are new and 
have no specified standards, so it is dif
ficult to determine the exact "safe" hard
ness limit under which cracking is not 
expected. In the present work, 94 R f iwas 
found to be the safe limit (i.e., the hard
ness of Weld Metal I for which no crack
ing occurred at loads up to the yield 
strength). 

Mechanisms of stress corrosion 
cracking in acidic hydrogen sulfide en
vironments were reported by several re
searchers (Refs. 1-3). Hydrogen-in
duced cracking (HIC) occurs due to hy
drogen atom diffusion and internal pres
sure caused by the hydrogen molecules 
forming inside the material. HIC usually 
causes "parallel cracking" and no exter
nal stress is required to cause cracking 
or failure. In another mechanism, the H-
atoms diffuse inside the material and 
then locate themselves in the defects, 
inclusions, precipitations, and disloca
tion sites. This mechanism causes "per
pendicular cracking" normal to the ap
plied stress direction and is known as 
hydrogen sulfide stress corrosion crack
ing (H2S-SCC). H2S-SCC is closely re
lated to hydrogen embrittlement, a com
plicated mechanism described by 
Fontana: "The exact mechanism of hy
drogen embrittlement is not as well 
known as that of hydrogen blistering," 
and "the interaction between dissolved 
hydrogen atoms and the metal is not 

Fig. 16 — SEM fracto
graph of intergranular 
fracture area with dark 
inclusions in a 316 
weld metal specimen. 

completely known (Ref. 14)." A com
bined action of both mechanisms (HIC 
and H2S-SCC) may take place, but this 
action cannot be classified as a third dis
tinct mechanism. 

The 31 0 and 31 6 weld metals did not 
suffer from any corrosion attack. Figure 
1 8 shows a cracked 31 6 specimen and 
a fractured Fe-Mn-Al specimen. The Fe-
Mn-Al specimen suffered from severe 
corrosion attack whi le the 316 speci
men was still shining with no traces of 
corrosion. Because the exposure oc
curred at room temperature, it is be
lieved that the cracking exhibited by the 
310 and 31 6 weld metals is mainly due 
to H2S-SCC and HIC resulting from the 
H-atom diffusion inside the weld met
als. This conclusion was based on re
ports in the literature about the crack
ing behavior of conventional stainless 
steels in H2S/CI~ environments. 
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Fig. 17 — Energy dispersive spectroscopy analysis of the dark inclusions in Fig. 76. 

A large number of studies was con
ducted on the susceptibility of conven
tional stainless steels to cracking in 
H2S/CI~ environments (Refs. 15-25). 
The austenitic stainless steels suffered 
from chloride stress corrosion cracking 
(anodic CI~/SCC), usually at above room 
temperature (e.g., T=70°C). Pitting and 
transgranular branched cracking due to 
CI~/SCC was reported. Some researchers 
report susceptibility of austenitic stain
less steels to H2S-SCC and others report 
resistance. Ferritic stainless steels were 
reported to be resistant to anodic 
CI"7SCC and susceptible to H2S-SCC in 
H2S/CI~ environments. The ferritic stain
less steels exhibited cracking at room 
temperature and pitting at above room 
temperatures (e.g., T=90°C). The duplex 
stainless steels were susceptible to H2S-
SCC in H2S/CI~ environments and at 
room temperature were reported to fail 
due to H2S-SCC. At elevated tempera
tures, the duplex stainless steels suffer 
from anodic CI~/SCC and exhibit trans
granular cracking in the austenite and 
ferrite phases. Cracking at the austenite 
ferrite grain boundaries was also re
ported. The martensitic stainless steels 
were reported to suffer from hydrogen 
damage or hydrogen embritt lement at 
room temperatures and even at many 
other temperatures. At high tempera
tures, anodic CI~/SCC was reported to 
occur. Precipitation-hardening stainless 
steels were susceptible to H2S-SCC. 
Their resistance is improved at higher or 
double aging temperatures. 

In the 310 specimens, perpendicular 
cracking was observed. Therefore, it is 
believed that H2S-SCC or hydrogen em
brittlement is probably the governing 
mechanism behind the cracking. This 
view is substantiated by the presence of 
fissures in the weld metal, which may 
act as trapping sites for the diffused H-
atoms and thus cause cracking. The 316 
weld metals exhibited cracks that were 
not perpendicular but were more closely 
parallel to the surface — Fig. 7. This is 
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Fig. 18 — Photomacrograph of a 316 cracked but not corroded weld 
metal specimen and a fractured-corroded Weld Metal III specimen. 
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Fig. 19 — Photomicrograph of a face section in a specimen (Weld 
Metal II) with severe corrosion at the circumference of the face. 

an indication of hydrogen-induced 
cracking, which probably was the main 
cracking mechanism in weld metal 316. 
In both weld metals, complete fracture-
did not occur due to the compliance of 
the cracked specimens. 

The cracking in the Fe-Mn-Al weld 
metals is mainly due to a corrosion/ap
plied stress mechanism. The presence 
of H2S adds to the acidity of the corro
sive environment and provides more of 
the H + ions needed for promoting the 
corrosion reactions. The only notable 
difference between the Fe-Mn-Al weld 
metals is the varied cracking behavior 
exhibited by the fully austenitic vs. the 
ferrite-containing Fe-Mn-Al specimens. 
In the ful ly austenitic Fe-Mn-Al (Weld 
Metals V and VI), the specimens suffered 
from severe corrosion reactions that ini
tiated hemispherical pits all along the 
fully austenitic specimen surfaces. These 
pits, which can be seen in Fig. 3, reach 
a certain depth and then develop into 
cracks that propagate across the gauge 
length in a direction perpendicular to 
the applied stress, until one of the prop
agating cracks reaches the other side of 
the gauge section and causes the failure 
of the specimen. This behavior — pit ini
tiation and delayed crack propagation 
— explains why the curves of Weld Met
als V and VI in Fig. 2 are narrow with 
steep tangent slopes. In the Fe-Mn-Al 
weld metals with ferrite (Weld Metals II 
and III), the ferrite/austenite combina
tion activates galvanic coupling. The fer
rite (anode) tends to protect the austen
ite (cathode), leading to the dissolution 
of the ferrite pools as was shown in Fig. 
6. The anode/cathode parts of the gal
vanic couple result in the anodic/ca-
thodic reactions that occur on the spec
imen surfaces. The surfaces are severely 
pitted, to a point where the attack be
comes a general corrosion — Fig. 19. 
The number of cracks depends on the 

ferrite content; that is, as ferrite content 
(or FN) decreases, the number of cracks 
wil l increase because more pits wi l l de
velop into cracks. If the ferrite contents 
(or FN) increases, the number of pits that 
develop into propagating cracks wi l l de
crease. In Weld Metal III, the FN was 
6.2 and three to five cracks developed. 
Weld Metal II had a FN of 52, and the 
number of developed cracks was one or 
two in most specimens. So the cracking 
behavior of the Fe-Mn-Al weld metals 
that occurred in this corrosive environ
ment (NACE solution) is mainly an an
odic stress corrosion cracking due to the 
presence of the C l - ions. The role of H2S 
was to promote or enhance the corro
sion processes by adding more H + ions 
to the corrosive medium and by increas
ing the acidity of the corrosive environ
ment. 

Conclusions 

The main findings of this work can be 
summarized as follows: 

1) Weld Metal I exhibited the best re
sistance to stress corrosion cracking in 
NACE solution due to its low hardness 
compared to the other Fe-Mn-Al weld 
metals. 

2) Fe-Mn-Al Weld Metals I, III and to 
some extent V performed better than the 
310 and 316 weld metals in terms of 
stress corrosion cracking resistance in 
NACE solution. 

3) Fe-Mn-Al weld metals suffered 
from anodic H2S/CI~ stress corrosion 
cracking, while 310 and 31 6 weld met
als suffered from H2S-SCC and HIC, re
spectively. 

4) FN and solidif ication morpholo
gies of Fe-Mn-Al weld metals did not af
fect their susceptibility to stress corro
sion cracking. However, ferrite changed 
the cracking behavior of the Fe-Mn-Al 
weld metals in NACE solution. 
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