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Abstract: The effects of shielding gas and post weld heat treatment on the pitting resistance, stress corrosion crack-
ing and hydrogen embrittlement of supermartensitic stainless steel deposits were studied. Two all-weld-metal test
coupons were prepared using a metal-cored wire under Ar-+5% He and Ar+18%CO, gas shielding mixtures. Solubi-
lizing and solubilizing plus double tempering heat treatments were done with the objective of achieving different mi-
crostructural results. The samples welded under Ar+5% He showed higher pitting corrosion resistance, for all post
weld heat treatments, than those welded under Ar+18% CO,. The different post weld heat treatments generated
higher susceptibility to this corrosion mechanism. None of the samples presented signs of stress corrosion cracking,
but in those subjected to the heat treatment, grain boundary selective attack was observed, on the surfaces of all the
samples studied. The samples with highest hardness were the more susceptible to hydrogen damage, thereby leading
to reduced tensile strength on this condition.
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3. Materials and Structures

ment

Supermartensitic stainless steels (SMSS) offer
good corrosion resistance in sweet and slightly acid
environments and have been developed for OCTG
(oil country tubular goods) applicationst!. Since the
middle of the 1990's, welding procedures for SMSS
are available and their utilization, almost exclusively
in the oil and gas industry, has markedly in-
creased™ . They also offer high strength and good
toughness at low temperature through the applica-
tion of post weld heat treatments™. In the last
times, the development of SMSS consumables has
been focused and several research programs are
working on to understand their behavior in different
applications™ ™.

It is known that post weld heat treatment
(PWHT) at 1000 C with double tempering elimi-
nates the ferrite, tempers martensite and maximizes
the content of retained austenite in the microstruc-
[6]

ture at room temperature The combination of
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these factors is ideal to maximize the toughness of
the weld SMSS deposits™. The mechanism through
which austenite becomes stable after a double tem-
pering can be explained by the thermal instability of
the austenite generated during the first tempe-

371 The austenite is stable at room temperature

ring"
due to two causes: the chemical composition and a
structural factor associated with a high density of
[3,7—8]

dislocations in the substructure . The phenome-
non of sensitization generates areas with the lower
chromium content, due to the precipitation of car-
bides/carbonitrides of Cr in the heat affected zone
(HAZ), particularly after the heat treatment used
to generate the tempering of martensite; these re-
gions are more susceptible to the pitting corrosion
(PCHM. Molybdenum, chromium and carbon con-
tents also affect susceptibility to this type of corro-
sion™. Furthermore, although the SMSS have good

corrosion behavior in sweet media (CO;) and slight-
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ly sour (low levels of H;S) environments, the oc-
currence of intergranular stress corrosion cracking
(IGSCC) in the HAZ of supermartensitic steel welds
under certain environmental conditions has been re-
ported™® . The initiation and propagation of this fail-
ure mechanism is usually produced by the decrease
of chromium content in the adjacency of the grain
boundary in the HAZ formed by welding™""" ',
Other researchers''? justify this behavior via a phe-
nomenon of sensitization due to the reduction of
chromium content by carbides precipitation™?.
However, other studies'’” reported that the stress
corrosion cracking begins in the areas with decreased
Cr associated with a phenomenon of oxidation during
the welding process. In this regard, aspects related
to the welding process as the type of shielding gas
used can generate variations in the chemical compo-
sition of the deposited metal'’’, which can affect its

mechanical properties'**

and its corrosion resistance.
The mentioned chemical composition variations can
be accompanied by changes in the phase’s distribu-
tion in the microstructuret,

In spite of the fact that stress corrosion crack-
ing (SCC) and hydrogen embrittlement ( HE) in
welded joints have been frequently studied, there is
not enough information about these problems in
consumable all-weld metal=®"° 1%,

The objective of this work was to evaluate the
effect of shielding gas and PWHT on the pitting cor-
rosion resistance (PCR), stress corrosion cracking
and hydrogen embrittlement in SMSS all-weld metal
(AWM) obtained using a metal cored (MC) wire for

semiautomatic welding process under gas shielding.
1 Experimental Procedure

Two AWM test coupons were welded according
to the standard ANSI/AWS A5. 22-95"), using a
$1.2 mm SMSS metal-cored wire under Ar-5% He
(H samples) and Ar-18% CO, (C samples) shiel-
ding gas mixtures, with a gas flow of 18 L./min and
stick-out of 20 mm, in the flat position, with the
similar heat input, using a semiautomatic welding
process. Preheating and interpass temperatures were
100 °C. The plates were buttered with the consuma-
ble to be tested following the mentioned stand-
ard"' . The welding parameters used, in both cases,
were voltage of 30 V, current of 300 A, welding
speed of 5.5 mm/s, and heat input of 1. 6 kJ/mm.

Both welded coupons were evaluated by radio-
graphic testing according to the standard ANSI
B31.3 : 1996, Low level of defects was found.

In transverse cross-sections of each coupon,
chemical compositions of all weld metal were deter-
mined by means of optical emission spectrometry (OES)
measurements except C, N, O and S contents which
were analyzed via LECOTM. Microstructural char-
acterization was done using both optical microscopy
(OM) scanning electron microscopy (SEM) and X-
ray diffraction (XRD). Ferrite contents were meas-
ured following the standard ASTM E562-99"7, by
quantitative metallography and austenite contents
were determined by means of the direct peak com-
parison method, based on XRD patterns-*.

The objective of these heat treatments was to
totally eliminate ferrite from the AWM (product of
the incomplete ferrite to austenite transformation)
and to maximize austenite fraction. Solubilizing tem-
peratures between 950 and 1050 °C assures the dis-
solution of ferrite and austenite phases with which a
100 % martensite microstructure can be obtained™!,
Solubilizing treatments at 1000 ‘C for 1 h, followed
by the first tempering at 650 ‘C for 15 min and the
second at 600 ‘C for 15 min, have the objective of
complete elimination of residual ferrite and obtaining
a final martensitic structure with a high content of
retained austenitet® %,

To study pitting corrosion resistance, potentio-
dynamic polarization curves were drawn with sweep
rate of 1 mV/s, and tension range from — 0.6 to
0.4 V, in a 2. 7 mol/L NaCl solution deaerated with
N, before using. The electrochemical measurements
were done using a three—electrode cell. A saturated
calomel electrode and a Pt sheet were used as the
reference and counter electrodes, respectively. The
work electrodes were made with epoxy resin and wet
grounded with 240 and 600-grit SiC, rinsed and
dried. Results were recorded with an EG&.G Prince-
ton Applied Research model 273 A potentiostat-gal-
vanostat, using flat disc samples with a surface area
of 0.7 ecm® approximately. Due to the stochastic na-

(257261 " 10 measure-

ture of the pitting corrosion tests
ments of each condition were performed and aver-
aged. After tests, the samples were analyzed by SEM.
For SCC determinations, three-point bending
tests at 100 ‘C in an aqueous solution of 2. 7 mol/L
NaCl under 1 MPa CO, were performed, following
the procedure established by the method B of the
standard NACE TM 0177-05""", changing the test
medium and the corrosive gas®®!. Longitudinal sam-
ples were extracted from the AWM. The specimens
were subjected to 90% of the yield stress. The test
duration was 720 h. The surface of the specimens for
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corrosion tests was not machined after heat treat-
ment, just polished.

To evaluate susceptibility to HE, the samples
were tensile loaded at a low velocity strain rate (0. 1
mm/min) while hydrogen was cathodic charged dur-
ing the test. The calibrated area of the test specimen
was submerged into a 0. 5 mol/L H,SO, solution at
20 °C with a constant current density of 20 mA/cm?.

2 Results

2.1
chanical properties

Chemical composition, microstructure and me-

Table 1 presents the chemical composition and
the ferrite and austenite contents of all weld met-
all®~ % With the double tempering, after solubiliz-
ing, the austenite content was increased up to the in-

Table 1 Chemical composition and ferrite and austenite contents of all weld metal (mass percent, %)

Material C Cr Ni Mo Cu O N Ferrite Austenite
Haw 0.012 12.1 6. 27 2.69 0. 49 0. 39 0. 005 10 20
H1000 0.012 12.1 6. 27 2.69 0. 49 0. 39 0. 005 0 0
H1000+650-+600 0.012 12.1 6. 27 2. 69 0.49 0. 39 0. 005 0 21
Caw 0.022 11.9 5.98 2.57 0.43 0.61 0. 026 6 18
C1000 0.022 11.9 5.98 2.57 0.43 0.61 0. 026 0 0
C1000+650-+600 0.022 11.9 5.98 2.57 0.43 0.61 0. 026 0 19

Note: Haw and Caw are as welded samples; H1000 and C1000 are those only solubilized at 1000 ‘C ; H1000+ 650+ 600 and
C1000+ 6504600 are the samples after solubilizing plus tempering at 650°C X 15 min plus tempering at 600 “C X 15 min.

itial value. The final microstructure obtained consis-
ted of tempered martensite with retained austenite
and without ferrite. The mechanism through which
austenite increased with the double tempering can be
explained by the austenite thermal instability genera-

ted by the first tempering™' ™.

2.2 Pitting resistance
In Fig. 1 (a), the pitting potential values for the

different samples are presented. It can be observed
that samples welded under Ar-+5% He showed high-

The different
PWHTs generated higher susceptibility to this cor-

er pitting corrosion resistance.
rosion mechanism for both shielding gases. Although
the differences observed in the pitting potential (E )
for the two welded samples were small, defined
tendencies were observed. The samples welded under
Ar+5% He presented the best results.

Fig. 1 (b) shows the relationship between pit-
ting potential and austenite content for the different
conditions studied in this present paper. No direct

effect of austenite content on Ep was found.
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Fig. 1 E, for different specimens studied (a) and relationship of E, to austenite content (b)

2.3 SCC tests

The results of SCC tests can be seen in Table 2.
None of the as— welded samples presented evidence
either of SCC or IGC; all the heat treated samples
showed no SCC but grain boundary attack associated
with an intergranular corrosion process.

Fig. 2 shows images of IGC for the specimens

welded with Ar+18%CO, with PWHT. This selec-
tive attack morphology was observed in all samples
with PWHT but not in AW ones. These results
show the strong effect of these heat treatments on
IGC susceptibility in this type of materials, in the
medium conditions analyzed.

To understand the reason for this type of corrosion,
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Table 2 Results of SCC, HE and mechanical property tests

Material SCC 1GC Hardness (HV) AR/ % UTS.i:/MPa ARu/% UTSu/MPa HEI/ %
Haw No No 324 32.6 1048 8.8 989 73
H1000 No Yes 318 33.1 986 9.9 945 70
H1000+650+600 No Yes 293 46.7 941 18. 8 890 60
Caw No No 348 24.8 1107 5.7 1035 77
C1000 No Yes 338 28.3 1008 8.2 971 71
C1000+6504600 No Yes 304 34.5 963 13.5 912 61

Note: IGC—Intergranular corrosion cracking; UTS—Ultimate tensile strength; AR—Area reduction; HEI-—hydrogen embrittlement

index; subscript air and H means testing in air or under hydrogen charging, respectively.

(a) C1000; (b) C1000+650+600.
Fig. 2 IGC in specimens with PWHT

mappings of chemical composition were done in the the unmachined sample C1000+ 650+ 600. A large

surface exposed to corrosive environment, in order to segregation in primary austenitic grain boundary,
demonstrate segregation of certain elements. Fig. 3 essentially of Cr, on the surface exposed to corro-
shows the mapping of chemical composition made in sion can be seen.

(b)

Fig. 3 Mapping of chemical composition in surface exposed to corrosion of unmachined sample C1000-+650-+600
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Similarly, mapping of chemical composition
was performed on the samples used for microstruc-
tural characterization, where the outer surface after
the post weld heat treatment was removed during

sample preparation. Fig.4 shows the mapping of
chemical composition performed on the sample
C1000+650+600, machined, where the phenome-
non of segregation was not observed.

(b)

Fig. 4 Mapping of chemical composition in surface of machined sample C1000+650-+600

2.4 Hydrogen embrittlement

Regarding cathode charge HE tests, the behav-
iors of both samples were similar, that is to say ten-
sile strength decreased and area reduction increased
with the different PWHTs, in both conditions of hy-
drogen load. This last property was sensibly affect-
ed, according to P B Srinivasan et al®, but it was
not possible to detect differences in elongation val-
ues through the methods here utilized. The samples
with highest hardness values were those more af-
fected in this test, consistently with what was previ-
ously mentioned™®’. From these tests, variation of
the area reduction could be quantified. The percent-

age value of ductility loss is used as the hydrogen

embrittlement index, HEI®, It is given by

HEI= (AR, —ARy) /AR, X100% (D

Table 2 presents the tensile property results in air
and under hydrogen charging. It can be observed that ul-
timate tensile strength decreased under hydrogen char-
ging. This fact shows the role played by hydrogen
not only on ductility but also on this property"*.

It is well-known that hardness is one of the var-
iables which control HE™. the higher the hard-
ness, the higher the susceptibility to this degrada-
PWHTs de-
creased the sensibility to HE because they decreased
hardness (Table 2).

Fig. 5 shows SEM images of the fracture surface

tion mechanism. In this sense, the

(a) Haw;

(b) H1000;
Fig. 5 SEM images of fracture surface of samples welded under Ar+5%He. tested under hydrogen conditions

(c) H1000+650+600.



+ 136 -

Journal of Iron and Steel Research, International

Vol. 20

of samples welded under Ar-+5% He, tested under
hydrogen conditions. The brittle layer thickness os-

cillated between 100 and 250 pm.
3 Discussion

The discussion of the chemical composition,

microstructural characterization and mechanical

properties of the samples analyzed in this study are

reported in a previous papert®.

3.1 PC resistance

Both chemical composition and microstructure
have strong influence on the PC resistance”'’. The
superficial passivity of stainless steels is associated
with the presence of a chromium oxide layer. Pitting
phenomenon is associated with the local rupture of
this passive layer and then a higher stability of this
layer will be related to a higher E,, which is strong-
ly affected by the chromium content. Mo and Cu can
also increase the PC resistance, improving the cat-
ion-selective properties of the passive film and hin-
dering the migration of aggressive anions, such as
chlorides, to the metal surface or reducing the flux

B however.,

of cation vacancies in the passive film
the exact mechanism is not clear yet. Samples wel-
ded under the Ar4+18%CQO, mixture presented low-
er Cr, Mo and Cu contents which could explain the
lower E, measured, due to a lower relative stability
of the passive film.

Several studies have demonstrated that the ki-
netic of dissolution and the repassivation are con-
trolled by Cr, Ni and Mo contents in the metal ma-

251 In this sense. the slightly higher contents of

trix
Cr, Ni and Mo obtained in H specimens could ex-
plain the somewhat better performance of these
samples.

Localized corrosion in passive metals is almost
always initiated at local inhomogeneities as inclu-
sions and precipitates or second phases, as well as in
grain boundaries, dislocations and mechanical dam-
aged places™ . In this sense, it was observed that
AW sample provided a structure less susceptible to
this type of corrosion. Considering the PWHTs, the
solubilizing and solubilizing plus double tempering
treatments generated a decrease in E, regarding the
samples just AW, probably due to the presence of a
sensitization phenomenon, which produces Cr deple-
ted zones.

For the soft — martensitic steel, it is reported
that an increase of retained austenite increases pit-
ting corrosion resistance®, The explanation for this

observation is related to the fact that this phase pro-
motes dissolution of C and N and, in this way, a-
voids precipitation of these elements with Cr and
Mo, generating a diminution of available sites for pit

(o3, reported no

nucleation Nevertheless, Kimura
effect of retained austenite on E,"*’, In this case, no
direct effect of retained austenite was found [ Fig. 1
(b)]. AW and 1000+ 650+ 600 samples presented
approximately the same austenite content and differ-
ent E, values. On the other hand, E, of samples
treated at 1000 °C, with no ferrite and no austenite,
were in between AW and 1000+650+600 samples.

930 report that the presence of fer-

Some authors
rite increases the susceptibility to pitting through
promotion of the lower chromium content zone for-
mation due to carbide precipitation. Other suscepti-
ble sites for pitting promotion are the primary aus-
tenite grain border or the tempered martensite ma-
trix, where precipitation of carbide and/or carboni-

1), In this case, a positive effect of

trides can occur
ferrite removal on E, was not observed. Taking into
account 1000 + 650 + 600 samples, for both shiel-
ding gases, where ferrite was eliminated and austen-
ite was maximized, it was observed that E, values
were lower than those of the AW specimens. These
results show that the deleterious effect of precipita-
tion could have been more significant than the bene-
ficial effect of both ferrite removal and austenite in-

crease.

3.2 SCC tests

Although SMSS present good corrosion resist-
ance behavior in sweet (CO,) or slightly sour envi-
ronments (low H,S concentrations) s the occurrence
of IGSCC in HAZ of SMSS weldments, under cer-
tain medium conditions, has been reported'®. In
this work, IGSCC was not found but the treated
samples showed 1GC.

It was reported''? that IGSCC in SMSS welds in
test conditions was similar to those used in this work.
The justification of this mechanism of corrosion is
associated to a sensitization phenomenon generated
by the decrease of Cr content due to the carbides
precipitation in primary austenite grain boundaries.
On the other hand, other authors™*" suggest that
the mechanism of sensitization is associated with
chromium oxide formation on the welding surface.

During the solubilizing heat treatment at 1000 °C,
segregation of Cr to the external Cr oxide layer and
to the grain boundaries adjacent to the mentioned
chromium oxide layer, was produced, generating an
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impoverished in chromium area adjacent to the en-
riched in chromium grain boundaries. This impover-
ished in chromium area was more sensitive to corro-
sion than the matrix. A scheme of this mechanism

can be seen in Fig. 6.

Grain
boundary/ Surface Surface X
7 , Cr oxide Z // Cr oxide
4
M Cr deplete Cr depleted
Grain  zone [nm] Y zone [nm]

boundary

Fig. 6 Scheme of Cr segregation to Cr oxide external
layer and to grain boundaries

3.3 Hydrogen embrittlement

In Fig. 7, HEI vs hardness values are shown. In
this curve, it can be seen that susceptibility of this
material was strongly dependent on hardness™.
This relationship is an interesting technological re-
sult because it makes possible to estimate the loss of
ductility under these conditions, knowing hardness

values.
80
75 F
X700
S
&2
T 65
60 y=0.306 6x-29.716
R*=0.864 7
55 L L L
280 300 320 340 360

Hardness (HV,)

Fig. 7 Relationship between HEI and hardness

Other important factor that controls HE is the
oxygen content of the welding deposit because it is
known that inclusions are nucleation sites for hydro-

5] Lower oxygen content implies lower

gen cracks
inclusion contents, which imply higher resistance to
this fail mechanism.

The differences in the retained austenite content
obtained through the PWHTSs, could affect HE be-
cause this phase is a potential tramp for hydro-
gen . C Gesnouin et al® reported that the auste-
nitic content could strongly affect this degradation
mechanism because this phase tends to decrease the
hydrogen permeation coefficient.

It is also reported™® that for this type of steels,
the generation of carbides and/or carbonitrides has a
strong influence on hydrogen diffusion: the higher
precipitate content, the lower hydrogen diffusion in
the steel.

Comparing the two samples analyzed, it was

observed that a little augmentation of C, N and O
contents, corresponding to samples welded under
CO, containing protection gas, provoked a slight in-
crease in hydrogen susceptibility. The effect of
PWHTs on hydrogen embrittlement index was re-
lated to microstructural conditions. That is to say
that after solubilizing at 1000 “C, during air cool-
ing, a completely martensitic structure with car-
bides and/or carbonitrides precipitates was achieved.
It was produced by low cooling velocity, with the
elimination of the ferrite and austenite phases found
in the AW sample. With the posterior solubilizing
plus double tempering in air cooling, a tempered
martensitic structure with both types of precipitates
and high austenite content was reached, increasing
in this way the resistance to this type of degradation.

The samples tested under hydrogen condition
showed a flat fracture surface™ (Fig. 5). Due to the
fact that hydrogen was introduced in the sample by
its surface, hydrogen concentration should be higher
on it. That could explain why the crack starts at the
surface, as is usually observed in these kinds of

tests[so

* and the final break in the center of the sam-
ple is ductile. The test rate does not give time for
the HE mechanisms to develop and, as a conse-
quence, last sector to break, breaks in a ductile

B9 The crack start was transgranular and the

mode
propagation followed different mechanisms depen-
ding on the material condition, with what in the pe-
riphery of the fracture surface, transgranular and in-

tergranular fractures were evident-"?7,

4 Conclusions

1) The increase of oxidation potential in the
shielding gas reduced resistance to PC due to the
variations of chemical composition in the all weld
metal and had no influence on the SCC, intergranu-
lar corrosion or hydrogen embrittlement behaviors.

2) The post weld heat treatments generated an
increased susceptibility to pitting corrosion for both
welded samples. The as-welded specimens provided
a less susceptible microstructure to this mechanism
of corrosion. The results obtained in this study
showed no effect of the content of austenite, since
the as-welded and 1000 + 650 + 600 treated speci-
mens showed approximately the same content of re-
tained austenite, but different E,. Furthermore,
samples heat treated at 1000 ‘C (without austenite or
ferrite) had an intermediate E, under both conditions.

3) The post weld heat treatments did not influ-
ence the SCC behaviors as it was not found in any
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sample under study. However, there was evidence
of IGC associated with segregation, essentially of
Cr, in primary austenite grain boundary generated
by surface oxidation during thermal cycling.

4) The post weld heat treatments produced var-
iation in the HEI. As hardness decreased, reduction
of area increased for all conditions under hydrogen
charging. The specimens with higher hardness val-
ues were the most susceptible to hydrogen damage.
Tensile property decreased under the hydrogen con-
dition.
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