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Austenitic stainless steel weld metals have, in general, inferior corrosion resistance compared with the base
metals. This is due to the fact that the weld metal has an inhomogeneous and dendritic microstructure with
microsegregation of major elements (i.e., Cr, Mo, and Ni) as well as minor elements (i.e., S and P) at the
8-y interface boundaries. The nonuniform alloying element concentration around ferrite particles plays a
major role in determining the electrochemical corrosion behavior of such weld metals. Although the
presence of ferrite is considered to be detrimental as far as the localized corrosion is considered, its exact
role in uniform corrosion is still not clear. The uniform corrosion behavior of an alloy is determined by the
fundamental electrochemical parameters of the major alloying elements. In this study, an attempt has been
made to correlate the microstructure and uniform corrosion behavior of type 316 stainless steel weld
metals with varying concentrations of Cr and Mo, and different ferrite contents. From the empirical
equations obtained during the analysis of the electrochemical corrosion data, an attempt has been made to
understand the role of Cr, Mo, and ferrite in altering the electrochemical corrosion parameters of the weld
metal. Based on the extensive microstructural characterization, a dissolution model for the weld metal in
the moderately oxidizing medium has been proposed.

austenitic stainless steel, delta-ferrite, electrochemi-
cal corrosion, welding
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1. Introduction

It is well known that the cycle of rapid heating and cooling
that occurs during welding affects the microstructure and sur-
face composition of welds. Consequently, the corrosion resis-
tance of autogenous welds and welds made of matching filler
metals is inferior to that of the base metal. Among the various
factors that affect corrosion behavior, the microsegregation of
alloying elements is found to be a prominent one (Ref 1). Heat
input and welding technique affect the solidification behavior
of weld metals, thereby affecting its corrosion performance
(Ref 2). The microsegregation of Cr and Mo during weld so-
lidification and cooling in type 316 and type 316L weld metals
have been extensively studied by a number of investigators
(Ref 3-7). They concluded that the microsegregation of Cr and,
particularly, Mo (Ref 4, 5) was found to be much higher at the
8-y interphase boundaries. The segregated Mo was reported to
be more detrimental to the uniform corrosion of high-alloyed
austenitic stainless steels (Ref 8). The presence of 2 to 10% of
the delta-ferrite is considered as a prerequisite to avoid solidi-
fication cracking during welding (Ref 9), but this ferrite was
attacked in certain corrosive media leading to component fail-
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ures (Ref 10, 11). It was also reported that the surface dendrites
were more prone to corrosion attack where Cr distribution at
the 8-y interphase was nonuniform (Ref 10). From these ob-
servations it can be inferred that the weld metal is the weaker
region of the weldment (Ref 12), and an assessment of its
corrosion behavior is complicated by several factors. Though
some literature on the effect of chemical composition and heat
input on localized corrosion behavior is available (Ref 13-15),
adequate information on the effect of alloying elements on
uniform corrosion behavior is not available. The role of delta-
ferrite in altering the uniform corrosion is not fully understood.
As such, the present work deals with the effect of Cr and Mo
additions on the uniform corrosion behavior of type 316 stain-
less steel weld metals in a deaerated 1 N H,SO, solution con-
taining 0.1g/LL NH,SCN.

2. Experimental Procedure

2.1 Weld Metal Preparation

To prepare weld metal samples with known and controlled
alloying element additions, a novel technique was used. This
technique was termed stationary arc tungsten inert gas
(SATIG) welding. With standardized welding conditions, tung-
sten inert gas (TIG) welding was carried out at a spot on the
workpiece by keeping the arc stationary for a fixed duration of
time, which gives the required weld metal penetration. The
chief merit of this method is the ease of the addition of alloying
elements during welding. The addition of alloying elements
like Cr, Ni, and Mo was standardized using this technique, and
it was found to be useful in achieving weld metal ferrite content
values, which were quite reproducible. In the present study, 316
stainless steel plates of known chemical composition was used

Volume 14(3) June 2005—327



for welding. A plate with dimensions of 100 x 100 x 25 mm
was used to efficiently dissipate the heat during welding. This
plate was thoroughly cleaned by wire brushing, degreased us-
ing a soap solution, and finally cleaned with acetone before
welding. A 3 mm diameter tungsten electrode was ground us-
ing a tungsten electrode grinder to produce a tip vertex angle of
45°. At this vertex angle, the weld metal penetration was found
to be maximum for a given set of welding conditions (Ref 16).
Welding conditions were standardized by preparing weld met-
als without any alloying element addition. The welding condi-
tions are given in Table 1. Ultra-high-purity argon gas was
used for shielding the weld metal from oxidation. Argon gas
was also used to flush any air present in the welding torch for
15 s prior to striking the arc. Every weld metal was prepared at
the center of the plate to ensure uniform cooling conditions.
The addition of alloying elements during welding was accom-
plished by inserting the accurately weighed chips, or wire
pieces, of ultra-high-purity Cr and Mo through a ceramic rod to
avoid any contamination. Before the addition of these ele-
ments, an arc was struck at a lower current value (~100 A) for
5 to 10 s, during which time the addition of the Cr and Mo was
completed. Immediately after this, the welding current was
raised to its standard value (~200 A) and was maintained there
for the desired duration of time. To establish the weld metal
penetration, the weld metals prepared without the addition of
alloying elements were cut vertically, ground, and macro-
etched in a solution of 10 mL. HNO; + 20 mL HCI + 30 mL
water. The weld metal diameter was approximately 15 mm
and, the penetration was 7 to 8 mm. The mean delta-ferrite
content of the weld metal [ferrite number (FN)] prepared in this
manner (without elemental addition) was found to be about
4.5 £ 0.2 FN. Five weld metal specimens of this type were
prepared. To raise the ferrite content of these weld metals,
accurately weighed high-purity Cr chips were added during
welding. Additions of 80 and 200 mg of Cr resulted in weld
metals with 6.3 + 0.3 FN and 10.6 + 0.4 FN, respectively.
Similarly, additions of high-purity Mo wire (0.5 mm diameter)
resulted in weld metals with 6.2 + 0.4 FN (50 mg Mo) and
10.6 + 0.6 (140 mg Mo), respectively.

2.2 Change in the Heat Input

To alter the heat input, a different technique was adopted.
Heat input was changed by changing the length of time that the
arc strikes the workpiece. Four weld pads from each set, which
were prepared by the technique described above, were used to
obtain weld metals with different heat inputs that had the same
chemical composition. The tungsten electrode tip was kept ex-
actly at the center of the weld metal (one with the highest heat
input). Except for the current, voltage, and arc strike time, all
of the welding conditions were the same (Table 1). Stationary
arc TIG welding (or arc striking) was carried out on these four
weld metals for 5, 10, 15, and 20 s, respectively, at 100 A. The
technique of adding the alloying elements during SATIG weld-
ing and the weld pad prepared in that way are shown in Fig. 1.
Preliminary studies to observe the weld metal penetration were
carried out as described earlier. The weld metals with different
heat inputs (i.e., different arc strike-time values) had, on aver-
age, a penetration of 2.5 mm. The weld metal diameter was
approximately 8 mm. Weld metal specimens were machined
out from the plate carefully so as to avoid any base metal
contamination (Fig. 1).
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Fig. 1 Representation of gas tungsten arc welding (GTAW) welding
by adding Cr chips (top). A 316 SS weld pad showing the location of
the weld metal and the machined weld metal (bottom)

Table 1 Welding conditions for stationary arc tungsten
inert gas welding

Welding current 200 A
Arc gap 3 mm
Argon flow rate 6 L/min
Welding voltage 20V
Welding time 75s

2.3 Calculation of the Heat Input Values

A standardized technique for the measurement of cooling
curves during welding was adopted to determine the heat input
values. Generally, the heat input (or energy input) term is appli-
cable for those welding processes in which the welding torch is in
continuous motion during welding, and heat input is given by:

Voltage (V) * Current (A) * 60
Torch speed (mm/min) * 1000

Heat input (kJ/mm) =

As in the SATIG welding technique, with the torch station-
ary, an indirect method of calculation of heat input was fol-
lowed. This method consisted of the measurement of cooling
curves during autogenous welding (i.e., with a moving torch
during welding) at known heat input values. From these mea-
surements, a standard plot of heat input versus cooling time
between two fixed temperatures was obtained, which was used
as a calibration curve. Cooling curves were measured during
SATIG welding for different arc strike times. The cooling
curves obtained from these experiments yielded cooling times,
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and from the above calibration curve, heat input values could
be obtained. Because the TIG torch was stationary, the term
equivalent heat input (EHI) was used.

2.4 Heat Input Measurement

To measure the cooling curves, a thermocouple made of
tungsten/Swt.%rhenium to tungsten/26wt.%rhenium was used.
One end of the thermocouple lead was connected to the strip
chart recorder, while the other end was kept ready for plunging
into the molten pool during welding. Autogenous welding at
100 A and 12 V, with a 3 mm arc gap was carried out on 25 mm
thick plate at torch travel speeds of 125, 100, 75, and 50 mm/
min, giving heat input values of 0.58, 0.72, 0.96, and 1.44
kJ/mm, respectively. One junction of the thermocouple was
plunged into the molten pool as soon as the TIG torch passed
by, while the strip chart recorder was maintained at the highest
chart-rolling speed, thereby recording the cooling curve of the
weld pool. In case of SATIG welding, the measurement of the
cooling curves was accomplished in a similar manner by plung-
ing the thermocouple end into the molten pool immediately
after the arc was extinguished. From the standard chart of
millivolts versus temperature for this thermocouple, cooling
curves were obtained. The chemical compositions of the weld
metals prepared at currents of 200 and 100 A with different
heat input values were assumed to be the same for a given set
of specimens. To know the chemical composition of these
weld metals, a number of weld metals prepared at a current of
200 A were drilled (up to a depth of 3 mm) to collect weld
metal chips. These were degreased and used for wet chemical
analysis.

2.5 Delta-Ferrite Measurement

The delta-ferrite measurement was carried out using a
Magne-Gage instrument, calibrated in accordance with the pro-
cedures laid out in AWS A4.2-74 (Ref 17). A total of 40
readings were taken to arrive at an average delta-ferrite value.

2.6 Microstructural Characterization

2.6.1 Chemical Etching Technique. Normally, austenitic
stainless steel weld metals are etched in Murakami’s reagent (a
boiling solution of 10 g of potassium ferricyanide (K;Fe(CN)y)
+ 10 g of potassium hydroxide [KOH]) for about 3 min, where-
in only the weld metal delta-ferrite is attacked. All of the weld
metals, which are polished to fine diamond (1 wm) finish, were
etched in this reagent, rinsed in distilled water, dried, and then
observed in an optical microscope for delta-ferrite morphology.

2.6.2 Potentiostatic Etching Technique. This technique
involved preparations of the weld metal specimen by polishing
to a fine diamond finish, cleaning any grease and oil from the
sample, and finally rinsing with double-distilled water. A so-
lution of 0.5 M H,SO, + 0.1 g/LL NH,SCN was prepared using
double-distilled water. This solution was deaerated by passing
ultra-high-purity argon gas through it for 1 h before immersion
of the specimen. Throughout the etching experiments, the so-
lution was continuously purged. After immersion, the specimen
was cathodically cleaned by impressing a potential of —800 mV
(i.e., with a saturated calomel electrode [SCE]) for 1 min. After
surface cleaning, the potential at which etching was to be car-
ried out was impressed immediately to avoid any corrosion
attack at the open circuit potential (OCP). The time of etching
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Table 2 Chemical composition of the base and weld
metals with different additions of alloying elements

Weld metal, wt.%

Without

Base Cr/Mo 80mg 200mg 50mg 140 mg
Element metal addition Cr Cr Mo Mo
C 0.041 0.039 0.036 0.04 0.039 0.041
Si 0.60 0.61 0.60 0.59 0.60 0.57
Mn 1.44 1.44 1.47 1.42 1.40 1.44
S 0.018 0.020 0.019 0.018 0.019 0.020
P 0.020 0.020 0.023 0.027 0.025 0.027
Cr 17.19 16.81 17.96 18.71 16.80 16.63
Ni 10.76 10.61 11.07 11.39 11.07 11.23
Mo 2.46 2.42 2.40 2.82 4.16 5.83

Table 3 Weld metal specimen designations at different
heat inputs

Heat input

designation WA Crl Cr2 Mol Mo2
H1 WAHI1 CrlH1 Cr2H1 MolH1 Mo2H1
H2 WAH?2 CrlH2 Cr2H2 MolH2 Mo2H2
H3 WAH3 CrlH3 Cr2H3 Mo1H3 Mo2H3
H4 WAH4 CrlH4 Cr2H4 MolH4 Mo2H4
H5 WAHS5S CrlH5 Cr2H5 MolHS5 Mo2H5

Table 4 Cr,/Ni,, ratios by using different formulas

Weld Cr4/Ni,

metal Suutala (a) DeLong (b) WRC-92 (¢)
WA 1.71 1.50 1.53

Crl 1.74 1.50 1.57
Cr2 1.79 1.58 1.61
Mol 1.83 1.58 1.61
Mo2 1.96 1.66 1.69

Cr+ 1.37Mo + 1.5Si + 2Nb + 3Ti

“Ni+031Mn+22C+ 142N +Cu’
Cr+ Mo + 1.5Si + 0.5 Nb

47 Ni+0.5Mn + 30(C +N) ’
Cr+ Mo + 0.7 Nb

~Ni+35C + 20N + 0.25Cu’

() Suutala (Ref 24): Cr,/Nig,

(b) DeLong (Ref 25): Cr,/Ni,,

(c) Kotecki and Siewert (Ref 26): Cr,/Nig,

Table 5 Delta-ferrite contents for weld metals with
different chemical compositions and heat inputs in FN

Heat

input WA Crl Cr2 Mol Mo2
H1 34+04 9.0+0.2 142+04 83+0.2 9.6+0.3
H2 4.0x0.3 9.5+0.5 10.6 0.4 6.9+0.2 9.2+0.6
H3 5.0+0.1 9.4+0.2 10.3+0.6 7.0+0.3 89+0.3
H4 6.5+0.2 8.7+0.2 9.1+£0.6 8.7+0.5 8.7+0.3
H5 42+04 6.8 +0.6 12.1+1.0 6.1 0.5 13.3+0.6

was varied at every potential step depending upon the disso-
lution current. At every etching step, optical microscopic ob-
servations were made. Thus, the etching was carried in a po-
tential range from —440 mV (SCE) until the specimen was
passivated by changing the impressed potential in 20 mV in-
crements.
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2.7 Anodic Polarization Experiments

Anodic polarization experiments were followed as per the
instructions given in the standard practice prescribed in the
ASTM G5-87 standard (Ref 18). The corrosion of stainless
steels occurs in service due to a passive-to-active transition
involving a change in the service conditions. An acidified am-
monium thiocyanate solution is found to be useful in simulat-
ing such a moderately oxidizing medium in which the active-
passive transition of the metal could be easily studied.
Ammonium thiocyanate also reduced the effect of concentra-
tion polarization and was found to be stable over the entire
potential range used in these studies (Ref 19). All the solutions

were purged with oxygen-free argon gas for 1 h before begin-
ning any experiment. All the electrode potentials were mea-
sured against an SCE. The cylindrical specimen was mounted
and polished to a fine diamond finish and then was cleaned.
The specimen was then immersed in the deaerated solution
such that the distance between the tip of the Luggin-Haber
probe and the specimen surface was about 3 to 4 mm. After
the attainment of a stable OCP, cathodic polarization was car-
ried out from the OCP to —1000 mV (SCE). Subsequently, the
specimen surface (without removing the sample from the
cell) was cleaned of any hydrogen bubbles, and a time inter-
val of 15 min was allowed for the specimen to attain its OCP
value. After this, another anodic polarization experiment

Fig. 2 Photomicrographs of weld metal WA at heat inputs (a) H1, (b) H2, (d) H3, (e) H4, and (c) HS in as-welded condition. The weld metal was
etched in Murakami’s reagent.
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Fig. 3 Photomicrographs of weld metal Crl at heat inputs (a) H1, (b) H2, (d) H3, (e) H4, and (c) H5 in as-welded condition. The weld metal was
etched in Murakami’s reagent.

was carried out from OCP to +1000 mV (SCE). Generally, all
the specimens were found to be in the transpassive region at
this potential value. Anodic and cathodic Tafel slopes, peak
and passive current density values, primary passivation poten-
tials (E,,), range of passivity, and transpassive potential values
were obtained from these studies.

2.8 Polarization Resistance Studies

The apparatus and other parts of the experimental setup for
this study were the same as described in the previous section.
The standard procedure for carrying out a potentiodynamic
polarization resistance (PR) experiment was followed as per
the practice described in ASTM G59-91 (Ref 20). The corro-
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sion current calculation employing PR data involved cathodic
and anodic Tafel slopes. Because these Tafel slopes were ob-
tained at higher overpotentials during potentiodynamic ca-
thodic and anodic polarization experiments using a scan rate of
10 mV/min, polarization experiments were also performed at
10 mV/min. The maximum potential scan range was fixed at
+30 mV from the OCP of the specimen. The electrolyte was a
deaerated solution of 0.5 M H,SO, + 0.1 g/L. NH,SCN. After
an immersion time of 1 h, the OCP was measured. The scan
was initiated from -30 mV (SCE), which was active to the
OCP and was completed at +30 mV (SCE) noble to the OCP.
The potential scan data so obtained were plotted as current
density (in microamperes per square centimeter) against AF
(i.e., the overpotential in either direction). From the slopes of
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the AE versus current density plots, the PR was obtained, which
was used to calculate the corrosion currents.

2.9 Three-Point Method Studies

All the experiments were carried out using the same experi-
mental setup and electrolytes, as well as the same procedures
used in the potentiodynamic polarization and PR studies. Be-
cause the scan rate is the most important aspect of these ex-
periments, a scan rate of 1 mV/min was used to achieve a
steady state. The specimen was polarized cathodically from the
OCP until AE equaled 30 mV (SCE), where AE = E - E_,.
Corrosion rates and Tafel slopes were calculated at every po-
tential as per the standard procedures (Ref 21, 22).

3. Results and Discussion

3.1 Heat Input Values

Generally, cooling time is calculated between 800 and
500 °C, as it predicts the heat-affected zone hardness more
accurately. However, this temperature interval is selected based
on some empirical equations and is not a standard practice (Ref
23). In these experiments, a temperature interval between 1000
and 500 °C was chosen for determining the cooling times. The
calculated cooling times for autogenous welds prepared at the
100 A current at different heat inputs were plotted to give the
“best fit” to the curve:

Heat input (kJ/mm) = 0.23 X (Cooling time, s) — 0.27

Fig. 4 Photomicrographs of weld metal Cr2 at heat inputs (a) H1, (b) H2, (d) H3, (e) H4, and (c) H5 in as-welded condition. The weld metal was
etched in Murakami’s reagent.
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Fig. 5 Photomicrographs of weld metal Mol at heat inputs of (a) H1, (b) H2, (d) H3, (e) H4, and (c) HS in as-welded condition. The weld metal

was etched in Murakami’s reagent.

Using the conditions of the SATIG welding parameters and
the same plate thickness, heat input values were calculated
using this equation. These heat input values are termed the EHI
as the TIG torch is stationary. The EHI values for 5, 10, 15, and
20 s arc strike times were calculated by using this equation, and
were found to be 0.36, 0.56, 0.85, and 1.00 kJ/mm, respec-
tively.

3.2 Chemical Composition of the Weld Metals

The chemical compositions of all of the weld metals along
with the base metal are given in Table 2. It was noted that
additions of 80 and 200 mg of pure Cr chips during welding
raised the weld metal Cr content from 16.81 wt.% (without
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addition) to 17.96 wt.% (a 1.16 wt.% increase) and 18.71 wt.%
(a 1.9 wt.% increase), respectively. Similarly, additions of 50
and 140 mg of Mo changed the initial concentration of Mo
(2.42 wt.% without any addition) to 4.16 wt.% (a 1.74 wt.%
increase) and 5.83 wt.% (a 3.41 wt.% increase), respectively.
The C, N, and Ni concentrations were unchanged as a result of
Cr and Mo additions during welding.

The specimens without any elemental addition were desig-
nated as WA. The specimens with 80 and 200 mg of Cr added
were designated as Crl and Cr2, respectively. Similarly, the
specimens with 50 and 140 mg of Mo added were designated
as Mol and Mo2, respectively. The heat input values of 0.36,
0.56, 0.85, and 1.00 kJ/mm were designated as H1, H2, H3, and
H4, respectively. The designations of all specimens with dif-
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Fig. 6 Photomicrographs of weld metal Mo2 at heat inputs (a) H1, (b) H2, (d) H3, (e) H4, and (c) HS in as-welded condition. The weld metal
was etched in Murakami’s reagent.

ferent heat inputs are given in Table 3 and are used in the
remaining sections of this article. The term Cr-added weld
metals signifies WA, Crl, and Cr2 specimens with increasing
Cr contents. Similarly, the term Mo-added weld metals signi-
fies WA, Mol, and Mo2 specimens with increasing Mo con-
tents.

3.3 Mode of Solidification and Delta-Ferrite Contents

The mode of solidification can be determined from the Cr,,
to Ni,, ratios. To ascertain the mode of solidification, the Cr,,
to Nig, ratios were determined using formulas proposed by
Suutala (Ref 24), DeLong (Ref 25), and Kotecki and Siewert

334—Volume 14(3) June 2005

(Ref 26). It should be noted that coefficients of some of the
austenitizers and ferritizers, such as C, N, Mn, Mo, and Nb,
were different in these formulas and yielded slightly different
ratios. These values have been presented in Table 4. It was
found that the ratios for all of the specimens were higher than
1.5, signifying that the primary mode of solidification in the
weld metals was ferritic. The values of the delta-ferrite con-
tents of weld metals with different heat inputs have been given
in Table 5. It was noted that the ferrite contents of the welds
prepared with the lowest heat input (highest cooling rate) were,
in general, higher compared with those of the other welds.
However, the variation of delta-ferrite values observed was less
than +2 FN.
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Cr2-H1; -420 mV(SCE)

Cr2-H1; -420 mV(SCE)

Cr1-H1; -380 mV(SCE)

Cr1-H2; -340 mV(SCE)

Cr1-H3; -360 mV(SCE)
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Fig. 7 (a-f) Photomicrographs after potentiostatic etching in deaerated 0.5 M H,SO, + 0.1 g/ NH,SCN at different active potentials. The weld

metal specimens had 16.81 to 18.71 wt.% Cr added.

3.4 Microstructural Studies

3.4.1 Chemical Etching. The microstructure of the solidi-
fied austenitic stainless steel welds was characterized accord-
ing to the morphology of the ferrite present. The development
of the final microstructure is dependent on several welding and
metallurgical conditions. Detailed information about the ferrite
morphologies, and their classifications, has been reported else-
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where (Ref 27, 28). Structures solidified as the primary ferrite
exhibit a wider range of ferrite morphologies and depend on the
ratio of Cr, to Ni., (Ref 29, 30). Figure 2(a) to (d) shows the
ferrite morphologies observed in the weld metal WA at differ-
ent heat inputs. The ferrite morphology was extremely fine at
H1, which gradually coarsened due to the increase in the heat
input. The ferrite morphology observed in these specimens
could be categorized as skeletal or vermicular ferrite (3 < FN
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Cr2-H3; -300 mV(SCE)

Cr2-H1; -280 mV(SCE)

Cr1-H1; -200 mV(SCE)

Cr2-H3; -240 mV(SCE)

Cr1-H1; -180 mV(SCE)

Fig. 7 cont. (g-1) Photomicrographs after potentiostatic etching in deaerated 0.5 M H,SO, + 0.1 g/L NH,SCN at different active potentials. The

weld metal specimens had 16.81 to 18.71 wt.% Cr added.

< 7). Photomicrographs (Fig. 2b, and d) showed that ferrite
grew in the solidification direction (SD). Also, Fig. 2(a) and (c)
showed that ferrite grew at an angle to the SD. The ferrite
morphology observed for specimens Crl in Fig. 3(a) to (d), and
for Cr2 in Fig. 4(a) to (d), was essentially skeletal with a
continuous interconnected network. The amount of ferrite in
these specimens varied from 9 to 14 FN. In Fig. 4(b) and (d),
ferrite laths were observed that were correlated with the in-
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complete transformation of ferrite to austenite. Figure 5(a) to
(d) and Fig. 6 (a) to (d) show the ferrite morphology for speci-
mens Mol and Mo2, respectively. The ferrite was observed to
be lathy with an interconnected network. Growth of Widmans-
tatten austenite can be seen in Fig. 6(d), and is attributed to the
increased cooling time with the increase in heat input that
allowed the nucleation and growth of austenite within the fer-
rite. This also indicated that the compositions in the ferrite and
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Fig. 8 Typical potentiodynamic anodic polarization curves for weld metal specimens CrlH1 and Mo2H2 in deaerated 0.5 M H,SO, + 0.1

g/L NH,SCN

Table 6 Best-fit equations for X where X = Cr + (B+Mo) + (C+FN)

Heat

input Peak C.D. Range of passivity E,, Corrosion rate

H1 X = Cr + 10.62Mo + 0.98FN X = Cr + 1.27Mo X = Cr + 1.94Mo + 0.78FN X = Cr + 2.06Mo + 1.12FN
(r = -0.97) (r = 0.87) (r = -0.93) (r = -0.90)

H2 X = Cr + 13.89Mo + 3.09FN X = Cr + 1.07Mo X = Cr + 2.71Mo + 1.04FN X = Cr + 2.96Mo + 1.05FN
(r = -1.00) (r = 0.90) (r = -0.82) (r = -1.00)

H3 X = Cr + 11.22Mo + 1.40FN X = Cr + 1.96Mo X = Cr + 1.87Mo + 0.91FN X = Cr + 2.21Mo + 0.97EN
(r = -0.98) (r = 0.88) (r = -0.94) (r = -0.74)

H4 X = Cr + 7.00Mo + 1.00FN X = Cr+ 1.12Mo X = Cr + 0.89Mo + 0.27FN X = Cr + 0.62Mo + 5.00FN
(r = 0.98) (r = 0.85) (r = -0.95) (r = -0.96)

H5 X = Cr + 11.30Mo + 0.79FN X = Cr + 1.09Mo X = Cr + 1.00Mo + 1.00FN X = Cr + 0.73Mo - 0.09FN
(r = -0.90) (r = 1.00) (r = -0.96) (r = -0.92)

austenite must be fairly uniform as extensive diffusion is in-
volved during the process of transformation.

3.4.2 Potentiostatic Etching. The weld metal chemical
composition was very similar except for the Cr contents in Crl
and Cr2, and the Mo contents in Mol and Mo2. Although the
small variations in the Cr contents (Crl and Cr2) and Mo
contents (Mol and Mo2) did not show significant differences
in their microstructural features, their overall corrosion prop-
erties might vary. Photomicrographs after the potentiostatic
etching of Crl and Cr2 specimens are shown in Fig. 7(a) to (1).
The photomicrographs in Fig. 7(a) to (d) showed corrosion
attack on delta-ferrite; however, the areas immediately envel-
oping ferrite were protected and appeared bright (Fig. 7a). Aus-
tenite was lightly attacked (Fig. 7a-d). In the potential range of
—420 to =360 mV (SCE), ferrite laths were clearly etched. As
the etching potential became more anodic, attack on the 8-y
interface boundaries was observed (Fig. 7e). Figure 7(h)
showed microstructural features wherein austenite was pre-
dominantly attacked, revealing very fine features. Etching at
—240 mV (SCE) (Fig. 7i) revealed the dissolution of the inter-
dendritic zones. This micrograph showed that there were many
similar regions that had resisted the corrosion attack, signifying
that these regions had higher Cr concentrations. It is well
known that the Cr distribution is nonuniform across the 8-y
interface boundaries. Figure 7(k) shows the delta-ferrite in the
passive condition after etching at —200 mV (SCE). It was
observed that the areas of interdendritic austenite that were
far removed from delta-ferrite showed high corrosion attack
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(Fig. 7k). These regions had the lowest Cr contents and, hence,
dissolved actively at such a noble potential (-200 mV [SCE]).
At —180 mV (SCE), the specimen passivated completely,
and the skeletal ferrite was seen on the dull background of
austenite.

3.5 Electrochemical Corrosion Behavior

Typical cathodic and anodic polarization curves of Crl at
H1 and Mo2 at H2 are shown in Fig. 8(a) and (b), respectively.
Similar polarization curves were obtained for Cr2, Mol, and
Mo2 specimens with different heat inputs. Anodic polarization
curves showed a single well-defined peak, and dissolution of
the ferrite was not observed on the anodic curve due to the
dynamic nature of the experiment and because sufficient time
was not allowed at every potential. Electrochemical param-
eters, such as critical anodic current density, range of passivity,
E,» and corrosion rate, are strongly dependent on the alloy
chemistry. In austenitic stainless steel weld metals, delta-ferrite
is dispersed in the austenitic matrix. The addition of Cr and Mo
to the weld metal enriches the delta-ferrite content of the weld
metal with these elements, simultaneously raising the level of
microsegregation of these elements at the 8-y interface bound-
aries. Therefore, the ferrite content is expected to have a strong
bearing on the electrochemical parameters. To study the role of
delta-ferrite alongside that of Cr and Mo, a different method of
data analysis was followed.
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3.6 Data Analysis

To arrive at a meaningful interpretation, a new method of
data analysis was adopted. A combined independent variable
was defined as X = Cr + (B x Mo) + (C x FN), where Cr and
Mo were the actual concentrations of Cr and Mo in a given
weld metal, FN was the ferrite content of the same weld metal,
and B and C were coefficients of Mo and ferrite. Analysis of
corrosion data with respect to this variable helps in studying the
combined effects of the alloying elements and ferrite content
on the electrochemical parameters. An iterative method was
used to arrive at the optimum values of the coefficients. Ac-
curate values of B and C were determined by assigning differ-
ent values to B (with C kept constant) and C (with B kept
constant), and, after repeated iterations, values that resulted in
the highest correlation coefficient were selected. The values of
X at every heat input that yielded the highest » value (Table 6)
were plotted against the corresponding electrochemical param-
eters (Fig. 9a-d).

It is evident (Fig. 9a) that the critical anodic current density
sharply decreased as a function of X. From the equations given
in Table 6, it was inferred that, among the major alloying
elements, Mo was found to be more effective in inhibiting the
critical anodic current density. The coefficients of Mo (Table
6) suggested that Mo had overwhelming importance in decreas-
ing the critical anodic current density compared with Cr and
ferrite. It has been reported that the addition of Mo (0 to 2
wt.%) decreased the critical anodic current density of a 12
wt.% Cr steel in sulfuric acid (Ref 31). Lizlovs (Ref 32) has
reported a decrease in the critical anodic current density by a
factor of 12 to 13 when 3 wt.% Mo was added to a 17 wt.% Cr
stainless steel. An addition of 8§ wt.% Mo was shown to pas-
sivate an 18Cr stainless steel spontaneously in 1 N sulfuric acid
(Ref 33).

The range of passivity values when plotted against X
showed (Fig. 9b) an initially slower increase followed by a
sharp rise with an increase in X. Molybdenum was slightly

Table 7 Corrosion rates by three different techniques
for weld metals at H1

Corrosion rate, pA/cm?

Weld Cathodic Tafel

metal slope extrapolation PR TPM
WA 66.29 233.43 134.49
Crl 45.75 110.91 47.49
Cr2 47.71 54.79 37.15
Mol 40.47 28.04 39.09
Mo2 15.09 35.67 35.82

Note: PR, polarization resistance; TPM, three-point method

more effective than Cr in raising the range of passivity values;
however, it seemed that ferrite did not play a significant role.
The increase in Cr is known to shift the E,,, values in the active
direction (Ref 34), but Mo was found to be more beneficial as
it not only shifts the E,, values in the active direction but
simultaneously ennobles the OCP (Ref 34), thereby shrinking
the entire active peak.

It is well known that, for a given reduction curve, the values
of the E, and the critical anodic current density determine
whether the alloy will spontaneously passivate (Ref 35). The
E,, values decreased with an increase in X (Fig. 9¢), and the
influence of Mo was much stronger than that of Cr and ferrite.
A similar effect was observed by Bond and Lizlovs (Ref 36). In
their work, the anodic polarization behavior of a 20Cr-39Ni
stainless steel with various additions of Mo (0 to 5 wt.%) was
studied in hydrochloric acid.

The corrosion rates obtained by the PR technique were
found to be slightly overestimated compared with the rates
obtained by the other two techniques (Table 7). It was reported
by Yau and Streicher (Ref 37) that the corrosion rates obtained
by the three-point method (TPM) correlated well with those
obtained by the mass-loss method, and better than the ones
obtained by the PR technique. Therefore, the corrosion rates
obtained by the TPM were used for analysis. The plot of the
corrosion rates against X showed a continuous decreasing trend
with increasing values of X (Fig. 9d). Molybdenum was found
to be doubly effective compared with Cr. Molybdenum de-
creases the corrosion rates of an alloy by stifling the anodic
dissolution of the alloy (Ref 34), a fact that was observed
where specimens containing Mo showed decreased mass loss
in the potentiostatic dissolution studies. Molybdenum, owing to
its noble OCP, is enriched at the surface, suppressing active
dissolution of the alloy further (Ref 38, 39). It must be empha-
sized that the importance of Cr is indisputable in increasing the
passivability of the alloy. This was demonstrated by Sugimoto
and Sawada (Ref 40), who reported that the decrease in critical
anodic current density values by Mo addition was gradual and
not very substantial until an adequate amount of Cr was added
to the alloy. In the active potential range, Mo inhibits the
dissolution of the alloy due to its noble OCP (Ref 41), but
beyond the E,,, Mo suffers from transpassive dissolution
(Ref 42), which is prevented by increasing Cr concentration.
From the data shown in Table 6, it is clear that delta-ferrite
plays a definite and favorable role in altering the electro-
chemical parameters of the alloy, and that it is equivalent to
that of Cr.

3.7 Effect of Heat Input

The best-fit equations obtained by plotting X against the
various electrochemical parameters are shown in Table 8. It

Table 8 Best-fit equations obtained by plotting electrochemical parameters against X

Heat

input Peak CD RP E,, Corrosion rate
HI -127(X) + 12,033 9.58(X) + 848.60 —2.24(X) - 136.16 -7.51(X) + 313.04
H2 -7(X) + 13,101 12.14(X) + 831.33 —1.66(X) — 144.66 -4.96(X) + 237.52
H3 -121(X) + 12,276 7.24(X) + 868.66 -3.86(X) — 84.93 -2.69(X) + 138.62
H4 —154(X) + 16,650 10.78(X) + 809.68 -9.69(X) + 14.22 -2.22(X) + 187.62
HS5 -115(X) + 11,525 9.19(X) + 848.60 -2.60(X) — 122.12 -26.45(X) + 535.37

Note: CD, current density; RP, range of passivity
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should be noted that within the range of heat inputs studied, the
electrochemical parameters did not show any particular trend
with heat input. To study the relation between the E,, and
corrosion rates, best-fit equations obtained for the E,, and
corrosion rates at different heat inputs (H1 to H4), were
used to calculate the E,, and corrosion rate values at fixed
values of X. Those values of X were used which resulted in E,,,
values that were actually observed experimentally and were
realistic. The linear plots (Fig. 10) of corrosion rates and
the corresponding E;, values showed decreasing slopes
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with increasing heat inputs. The best-fit equations were as
follows:

H1 — Corrosion rate = 3.35 (E,,) + 770  r=1.00
H2 — Corrosion rate =2.98 (Epp) +670 r=1.00
H3 — Corrosion rate = 0.70 (E,,,)) + 198 r=1.00
H4 — Corrosion rate = 0.23 (E,,)) + 184  r=1.00

These equations suggested that the corrosion rates were de-
pendent on the E,, values only at lower heat inputs, and with
an increase in heat input, the corrosion rates became almost
independent of the E,,,. It should also be noted that as the E,,,
values became more and more active, the corrosion rates de-
creased rapidly. This is directly related to the increased rate of
passivation discussed previously.

3.8 Model for Weld Metal Dissolution

To take into account the different microstructures observed
after potentiostatic etching, and the role of ferrite in the weld
metal corrosion, a model polarization diagram is proposed (Fig.
11a). In Fig. 11(a), schematic polarization diagrams of delta-
ferrite and austenite are shown. Possible microstructural

changes due to anodic polarization of a weld metal are dis-

Fig. 12 Optical photomicrograph of specimen WA H2 (a) matrix-
focused, showing the zones where dissolution has taken place and (b)
matrix-defocused showing the finer structure inside the zones where
the dissolution had taken place. The specimen was potentiostatically
etched with deaerated 0.5 M H,SO, + 0.1 g/L NH,SCN at —250 mV
(SCE).
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Fig. 13 (a) Photomicrograph of specimen WA H3 showing the cor-
rosion attack on ferrite particles and its surrounding regions; and (b)
photomicrograph of specimen CrlHS showing zones formed around
ferrite, which was attacked. The specimen was potentiostatically
etched with deaerated 0.5 M H,SO, + 0.1 g/L NH,SCN at =250 mV
(SCE).

cussed as a function of the applied potential. At OCP, ferrite
would be lightly attacked and austenite would remain cathodi-
cally protected. At the applied potential E,, more of the ferrite
undergoes corrosion attack, with a light attack on the austenite
initiated. At E,, increased attack (the maximum, as this is the
primary passivation potential for ferrite) on ferrite and, corre-
spondingly, more attack on austenite is expected, because aus-
tenite is the major component and is in its active dissolution
region. At E,, ferrite is already passivated and does not con-
tribute to the dissolution current density, but austenite dissolu-
tion increases further. At E,, austenite dissolves at its primary
passivation potential, and ferrite is completely passivated.

To check the validity of this model, weld metal specimens
were potentiostatically etched at —250 mV (SCE), which is
very close to the E,, for most of the specimens. Figure 12(a) is
the photomicrograph of WA H2, showing islands where selec-
tive dissolution has taken place. To identify the substructure
present in these islands, the matrix was defocused (Fig. 12b),
wherein it was clearly observed that at the center of these
islands the primary ferrite cores were attacked. This attack
subsequently spread outward. As the dissolution increased with
applied potential, the islands increased in size (area) and finally
merged into each other. Figure 13(a) shows the clear attack on
ferrite as well as on the surrounding region. Substantial attack
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on austenite was also noted as the etching was carried out close
to the E,,,. The initial attack on ferrite, and the nearby regions
rich in Cr, are attacked at very active potentials. These regions
become partially passive after dissolution. Austenite around
these passive regions with nominal Cr and Mo remain active
(E, or E,). The network of passive-active zones (Fig. 11b)
throughout the surface accelerates the attack on the austenite
matrix, and, thereby, the zonal area around ferrite increases.
Subsequently, these regions merge into each other. Figure
13(b) shows the dissolution of ferrite and the surrounding aus-
tenite, forming a zonal area. It should also be noted from Fig.
13(b) that many zones are in close contact with each other. The
austenite centers with the lowest amounts of Cr and Mo are the
last ones to be attacked, as can be seen from Fig. 7(k).

As the ferrite and the Cr-rich regions around the ferrite
dissolve, the enrichment of Mo takes place on the surface. A
number of publications have reported the prominent role
played by such an enrichment of Mo during active dissolution,
which promoted the formation of Cr-oxyhydroxide film and
inhibited further dissolution. In a way, the presence of Mo
catalyzed the formation of such a passivating film emanating
from ferrite and spreading outward into the austenite regions.
Therefore, increased amounts of Mo in the weld metals showed
a very drastic decrease in the critical anodic current density and
E,, values (Table 9).

4. Conclusions

Based on the microstructural and electrochemical studies
carried out on the weld metal specimens with different heat
inputs, the following conclusions were drawn.

* Potentiostatic etching can be effectively used to delineate
various microconstituents such as ferrite, 8-y interface
boundaries, and interdendritic regions, which were de-
pleted in Cr. These microstructural details could be further
used to explain the weld metal corrosion characteristics.

*  Electrochemical parameters were influenced by Mo more
than Cr. Mo was found to be more effective in altering
these parameters. The role of ferrite was found to be
complementary to Cr and Mo, and acted independently to
influence the electrochemical behavior of the weld metal.

*  Most of the electrochemical parameters were unaffected
by changes in the heat input. But there existed a correlation
between the corrosion rate and the E,,,. It was found that as
the E,, became more active, corrosion rates drastically
decreased. This correlation grew weaker, however, with
the increase in heat input.

e A dissolution model for the austenitic weld metal was
suggested that described the role of ferrite during dissolu-
tion. This validity of the model was confirmed with the
help of potentiostatic etching experiments at —250 mV
(SCE). According to this model, at particularly active po-
tentials, the initial dissolution of the weld metal starts at
the ferrite particles and then spreads laterally toward the
austenite centers as the potential becomes slowly nobler.
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