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Microstructure of austenitic stainless steel weld metals is complicated by the presence

of delta-ferrite and microsegregated regions rich in chromium and molybdenum, as well
as other minor alloying elements such as sulphur and phosphorus at the §/y interphase
boundaries. Detailed microstructural studies are required in order to establish correlation
between various metallurgical as well as electrochemical corrosion properties with the
weld metal microstructure. The conventional chemical etching technique was found to

be inadequate in revealing different microconstituents. A powerful potentiostatic etching
technique was used to reveal not only ferrite but also different microconstituents that had
different specific electrochemical potentials at which they dissolved. This paper describes
the weld metal microstructure developed by the addition of molybdenum (4.16-5.83 wt%) to
type 316 stainless steel weld metals during Tungsten Inert Gas (T1G) welding with different

heat inputs. © 7998 Chapman & Hall

1. Introduction
Austenitic stainless steel weld metals of 300 series
generally contain 2%-10% delta-ferrite in order to
avoid the problem of solidification cracking [1]. The
amount and morphology of the delta-ferrite is a sensi-
tive function of the weld chemistry (Cr.o/Ni,,) ratio. It
is well known that the cycle of rapid heating and
cooling that occurs during the welding process affects
the microstructure and surface composition of welds.
Heat input and welding technique affect the solidifi-
cation behaviour of weld metals. The microsegre-
gation of chromium and molybdenum during weld
solidification and cooling in type 316 and type 316L
weld metal has been extensively studied by a number
of workers [2—6]. They concluded that microsegrega-
tion of chromium and particularly that of molyb-
denum [3,4] was found to be much higher at the /vy
interphase boundaries. The segregated molybdenum
was reported to be more detrimental for uniform cor-
rosion of high-alloyed austenitic stainless steels [7].
Hence a careful metallographic examination of welds
not only reveals how perfect are the weld joints and
the effects of welding parameters on the joints, but
it also helps in establishing the structure—property
correlation [8].

Microstructural studies of these weld metals
by conventional chemical etching do not provide
adequate information of the microstructural complex-
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ities. Potentiostatic etching (electrochemical dissolu-
tion at constant applied potential) was found to be
very useful in this context. This technique can be
effectively used to locate various microstructural
regions in the weld metal that differ in chemical com-
position as well as electrochemical properties. Various
phases, segregated regions and microconstituents of
the weld metal become electrochemically activated (or
attack is initiated) at different electrochemical poten-
tials, depending upon their chemical composition.
Because the electrode reactions take a finite time to
establish a steady state, during anodic polarization
such a steady state is never obtained and their behav-
iour is partially or totally masked. Also, the over-
whelming activity of the major phase (or matrix)
decides the overall shape of the dynamic polarization
curve. In an alloy containing two or more phases, each
phase has a certain characteristic polarization curve
and by comparing these, it is possible to choose a po-
tential at which a particular phase is preferentially
etched, keeping the other phases in the passive condi-
tion [9]. Potentiostatic etching at different potentials
then becomes a useful tool in finding out those regions
that cannot be detected by means of ordinary chem-
ical etching and which are masked during anodic
polarization. Cihal and Prazak [10] studied the elec-
trochemical aspects of different stainless steels, the
chemical compositions of which matched those of
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delta-ferrite, austenite and sigma in 5% H,SO, con-
taining 0.1 gl ~* NH,SCN. They established polariza-
tion diagrams of these alloys and presented potential
values in the active as well as transpassive regions to
be used for potentiostatic etching in this medium.
True electrochemical behaviour of ferrite and sigma
would be dependent on the actual weld chemistry as
well as on the ferrite morphology, and alloys of similar
compositions might not represent their behaviour. But
such studies were not carried out on the austenitic
stainless steel weld metals. The investigations by
Gooch et al. [9] on type 304 and type 316 weldments,
prepared with different welding techniques having dif-
ferent chemical compositions and ferrite contents,
concentrated largely on determination of potentio-
static polarization curves of these weldments in 20%
H,SO, containing 0.1 gl~! NH,SCN. They quanti-
fied the dissolution of the weldments at different
potentials and tried to find out the exact or static
electrochemical potentials of different parameters
such as active peak and passivation potential, etc.
They dealt more with the potentiostatic etching as-
pects of the weldment as a whole. Also, in a recent
work, Marshall and Gooch [11] have made use of
static and dynamic values of passivation potentials
and have tried to correlate the arithmetic difference
between these two with the segregation factors for
chromium, molybdenum and nitrogen for various aus-
tenitic stainless steels with a wide range of chromium,
nickel and molybdenum concentrations.

It has been documented that ferrite is attacked at an
active potential compared to austenite [12]. But in
a dynamic polarization curve of a weld metal, the
dissolution of ferrite is not clearly indicated. The
microstructural details punctuated between austenite
peak and delta-ferrite peak potentials have not been
explored. These facts suggested that the static dissolu-
tion behaviour of weld metal is not sufficiently known.
Weld metal corrosion of different microconstituents
and phases could be well appreciated by studying the
fundamental anodic polarization curves obtained in
IN H,SO, medium for pure chromium metal [13],
that of alloys with various amounts of chromium
additions [14] (at fixed nickel concentrations) and of
alloys where molybdenum is added to nickel-based
alloys [15]. In the present investigations, the micro-
structural features of weld metals prepared by adding
molybdenum have been studied by employing the
potentiostatic etching technique. Extensive optical
microscopic observations that were carried out are
discussed.

2. Experimental procedure

2.1. Weld metal preparation

To prepare weld metal samples with known and
controlled additions of alloying elements, a novel
technique was employed. This technique is known as
“Stationary Arc TIG Welding” (SATIG). Under
standardized welding conditions, TIG welding was
carried out at a spot on the work-piece by keeping the
arc stationary for a fixed time duration, which could
give required weld penetration. In the present work,
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TABLE I Welding conditions for stationary arc TIG welding

Welding current 200 A
Arc gap 3 mm
Argon flow rate 61min~!
Welding voltage 20V
Welding time 75s

316 stainless steel plate of known chemical composi-
tion was used for welding. A plate of 100 mm X
100 mm x 25 mm size was used in order to dissipate
the heat during welding. Welding conditions (Table I)
were standardized by preparing weld metals without
any alloying element addition. Ultra high purity argon
gas was used for shielding the weld puddle from oxida-
tion. Addition of alloying elements during welding
was accomplished by inserting the accurately weighed
wire pieces (of ultra high purity) of molybdenum by
a ceramic rod to avoid any contamination. Melting
the plate for 75s resulted in the weld metal with
15 mm diameter and 7-8 mm penetration. Four weld
pads each with 50 mg and 140 mg molybdenum addi-
tions were prepared under these conditions.

2.2. Change in the heat input

In order to alter the heat input, a different technique
was adopted. Heat input could be changed by chang-
ing the arc strike time. Four weld pads from each set
prepared by the technique given above were used to
obtain weld metals with different heat inputs but hav-
ing the same chemical composition. The tungsten elec-
trode tip was kept exactly at the centre of the weld
(with 75 s melting time). Except for current, voltage
and arc strike time, all the welding conditions were the
same as given in Table 1. A stationary TIG arc was
struck on these four welds for 5, 10, 15 and 20 s (at
100 A), respectively. The technique for the addition of
alloying elements during stationary arc TIG welding
and the weld pad thus prepared, are shown in Fig. 1.
Weld metals were carefully machined from the plate to
avoid any base metal contamination.

2.3. Heat input measurement and
calculation

A standardized technique of measurement of the cool-
ing curves during welding was adopted to determine
the heat input values. As in the stationary arc TIG
welding technique, where the torch is stationary, an
indirect method of calculation of heat input was
followed. This method consisted of measurement of
cooling curves during autogenous welding (moving
torch) at known heat input values. From these
measurements, a standard plot of heat input values
versus cooling time between two fixed temperatures
was prepared, which was used as a calibration curve.
Cooling curves were measured during stationary arc
TIG welding for different arc strike times. The cooling
curves obtained from these experiments would yield
cooling times and from the above calibration curve,
one could obtain heat input values. In order to
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Figure 1 (a) Representation of the stationary arc TIG (SATIG)
welding by adding molybdenum wire. (b) A 316 SS weld pad
showing the location of the weld metals and the machined weld
metal.

measure the cooling curves, a thermocouple made of
tungsten—5% rhenium/tungsten—26% rhenium was
employed. One end of the leads of the thermocouple
was connected to the strip chart recorder while the
other end was kept ready for plunging into the molten
pool during welding. Autogenous welding (100 A,
12V, 3 mm arc gap) was carried out on 25 mm thick
plate at heat input values of 0.58, 0.72, 0.96 and
1.44 kJ mm !, respectively by varying the torch travel
speed. During autogenous welding the thermocouple
end was plunged into the weld pool as soon as the
torch passed by for measurement of cooling curves. In
the case of stationary arc TIG welding, the measure-
ment of the cooling curves was accomplished in a
similar manner by plunging the thermocouple end
into the molten pool immediately after the arc was
extinguished.

In order to determine the chemical composition of
these welds, a number of welds with 75 s melting time
were prepared and drilled (up to a depth of 3 mm only)
to collect weld chips. These were degreased and then
subsequently used for wet chemical analysis.

2.4. Delta-ferrite measurement

Delta-ferrite measurement was carried out on the
polished weld metals (~ 1 pm finish) by a Magne-
gage. For a weld with the highest welding time of
75 s, because the weld metal area was large, a total of
40 readings was taken, but in the case of weld metals
with different heat input values, where the specimen
area was small (~ 0.3 cm?), a total of 25 readings was
taken, in order to arrive at an average delta-ferrite
value.

2.5. Microstructural characterization

2.5.1. Chemical etching technique

Normally austenitic stainless steel weld metals are
etched in Murakami reagent (boiling solution of 10 g
of potassium ferricyanide + 10 g potassium hydro-
xide) for about 3 min, wherein only weld metal delta-
ferrite is attacked. All the welds polished up to fine
diamond (~ 1 um finish) were etched in this reagent,
rinsed in distilled water, dried and then observed
under an optical microscope to study delta-ferrite
morphology.

2.5.2. Potentiostatic etching technique

This technique involved preparations of the weld
metal specimen by polishing up to fine diamond
finish, cleaning free from any grease and oil, and
finally rinsing with doubly distilled water. A solution
of 0.5m H,SO, + 0.1 g1~ NH,SCN was prepared
in double distilled water. This solution was deaerated
by passing ultra-high purity argon gas through it
for 1h before the immersion of the specimen.
Throughout etching experiments, the solution was
continuously purged. After immersion the specimen
was cathodically cleaned by impressing a potential of
— 800 mV(SCE) for 1 min. After surface cleaning, the
potential at which etching was to be carried out was
impressed immediately, in order to avoid any cor-
rosion attack at open circuit potential (OCP). In order
to obtain accurate OCP values an initial impressed
potential of — 440 mV (SCE) was selected. Time of the
etching varied at every potential step, depending upon
the dissolution current. Subsequent to etching the
specimen was removed, rinsed in distilled water and
dried. At every etching step, careful optical micro-
scopic observations were made to ascertain which
phases or microconstituents were attacked. The im-
pressed potential was changed in the noble direction
in steps of 20 mV until the specimen passivated. All
the potentiostatic etching experiments were carried
out using a Wenking STP 84 potentiostat.

3. Results and discussion

Chemical compositions of all the weld metals with and
without the addition of molybdenum are given in
Table II. Chemical compositions of the weld with 75 s
melting time and those prepared at different heat

TABLE II Chemical composition of the weld metals (wt%)

Element Weld metal type
Without any Mol Mo2
addition
Carbon 0.039 0.039 0.041
Silicon 0.61 0.60 0.57
Manganese 1.44 1.40 1.44
Sulphur 0.020 0.019 0.020
Phosphorus 0.020 0.025 0.027
Chromium 16.81 16.80 16.63
Nickel 10.61 11.07 11.23
Molybdenum 242 4.16 5.83
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Figure 2 Heat input versus cooling time plot for autogenous TIG
welding on 25 mm plate.

inputs were assumed to be the same for a given set
of specimens. Chemical composition of the weld
metal without any elemental addition has been given
for reference. By addition of 50 mg and 140 mg
molybdenum, the initial concentration of molyb-
denum (2.42 wt% without any elemental addition)
has been changed to 4.16 wt% (1.74 wt% increase)
and 5.83 wt% (3.41 wt% increase), respectively. The
carbon, nitrogen and nickel levels were found to be
unchanged by the addition of molybdenum during
welding. The weld metal specimens with 50 and
140 mg Mo additions are designated Mol and Mo2,
respectively.

3.1. Heat input values

In our experiments, the temperature interval from
1000 °=500 °C was chosen to determine the cooling
times. The calculated cooling times for autogenous
welds at different heat inputs when plotted (Fig. 2)
gave a best fit line with an equation as

Heat input (kJmm~') = 0.23 (Cooling time, s)
— 027 (1)

Under the conditions of the same stationary arc TIG
welding parameters and the same plate thickness, heat
input values can be calculated from Equation 1. The
equivalent heat input values for 5, 10, 15, 20 s arc
strike times were calculated by using Equation 1 and
were found to be 0.36, 0.56, 0.85 and 1.00 kJmm ™!,
respectively. These can be termed the equivalent heat
input (EHI) because the TIG arc was stationary.

3.2. Microstructural studies

3.2.1. Chemical etching

The mode of solidification is dependent on the Cr,/
Nig, ratio. Many workers have presented different
formulae to calculate this ratio. The Cr,,/Ni, ratios
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TABLE III Cr,/Nig ratios by using different formulae

Weld metal type Suuatala’s DeLong’s WRC-92
Creq/Nigq Creq/Nigq Creq/Nigq
(a) (b) (©
Without any addition 1.71 1.50 1.53
Mol 1.83 1.58 1.61
Mo2 1.96 1.66 1.69

Cr + 1.37Mo + 1.5Si + 2Nb + 3Ti
Ni + 0.31 Mn + 22C + 142N + Cu
Cr + Mo + 1.5Si + 0.5Nb
Ni + 0.5Mn + 30(C + N)

Cr + Mo + 0.7Nb
Ni+35C + 20N + 0.25Cu

Note: Nitrogen concentration was assumed to be 0.03 wt% in the
above specimens.

(a) Suutala’s Crgq/Nieq =

(b) DeLong’s Cr/Niq =

(c) WRC-1992 Crg/Nigy =

calculated by using different formulae have been pre-
sented in Table III. The mode of solidification was
found to be primary ferritic as all the specimens had
Cr,q/Ni,, ratios higher than 1.5 [16]. The microstruc-
ture of solidified austenitic stainless steel welds is
characterized according to the morphology of the
ferrite present. Development of final microstructure
is dependent on several welding and metallurgical
conditions. The complexity of many of these micro-
structures has led to considerable confusion in the
interpretation of the weld microstructure evolution.
Recently, different ferrite morphologies have been
classified properly by David [17] and have been
discussed by Brooks and Thompson [18] in detail.
Essentially, skeletal ferrite morphology was observed
for Mol weld metals prepared at lower heat inputs
with increased interconnectivity (Fig. 3a). Subse-
quently, the skeletal morphology changed to a lathy
one with equispaced ferrite particles (Fig. 3b). Pre-
dominantly lathy ferrite was observed in Mo2 weld
metals (Fig. 4a, b). Widmanstatten austenite was noted
in one of the specimens (Fig. 4c).

3.2.2. Delta-ferrite content

The ferrite contents of the weld metals are presented in
Table I'V. It was observed that the ferrite contents of
the welds with lower heat input values generally
varied in a range marked by the ferrite content of the
highest heat input weld metal + 2 Ferrite Number
(FN, a unit of delta-ferrite). This variation in ferrite
content is not considered significant.

3.2.3. Potentiostatic etching

In the present study, the weld metal specimens Mol
and Mo2 showed actual weld metal molybdenum con-
centrations of 4.16 wt% and 5.83 wt %, respectively.
But during potentiostatic etching experiments the
slight difference in molybdenum level did not show
a significant difference in microstructural character-
istics of these specimens. Fig. 5a—1 are micrographs
obtained during weld metal etching at different poten-
tials starting from OCP and moving in the noble



Figure 3 Microstructure of Mol weld metals in the as-welded con-
dition showing (a) interconnectivity of the ferrite, (b) lathy ferrite.
Etched in Murakami’s reagent.

direction, until the specimen was passivated. Attack
on delta-ferrite commenced from — 440 mV(SCE)
and lasted until — 340 mV(SCE), but attack on differ-
ent microconstituents was observed at different poten-
tials (Fig. Sa—g). The ferrite which was enriched in
chromium was attacked at very active potentials
[9,10]. Essentially, it was the chromium enrichment in
ferrite that led to such an attack which took place just
after the OCP was crossed. It is well documented that
increase in ferrite content also shifts the weld metal
OCEP in the active direction [9]. These specimens had
ferrite contents as high as 8—10 FN. Fig. 5a shows the
clear attack on the ferrite network as well as black
zones spread over several places which were also at-
tacked. These were the zones where chromium and, to
a certain extent, molybdenum would have segregated
during weld solidification, as this weld was prepared
at the lowest heat input (0.36 kJ mm™!) having the
highest cooling rate. These black zones appeared due
to the redistribution of solute elements during solidifi-
cation. This kind of redistribution on a finer scale than
that of the dendrite arm spacing, is called microsegre-
gation. Microsegregation across the dendrite has been
extensively studied by Lippold and Savage [19] on
type 304 GTA welds. Their investigation implied that
there were two transients of concentrations of solutes;
one in the beginning and one at the far end, and the
concentration profile at the centre connecting these
two transients was uniform. This explanation was not
accepted, as several factors including the solid-state
diffusion of alloying elements were ignored. Brooks
and Baskes [20] also addressed the topic of microseg-

Figure 4 Microstructure of Mo2 weld metals in the as-welded con-
dition showing (a, b) lathy ferrite, and (c) Widmanstitten austenite.
Etched in Murakami’s reagent.

TABLE 1V Delta-ferrite contents of weld metals with different
heat inputs (FN)

Heat input Without any Mol Mo2

(kJ mm™1) addition

0.36 34+04 83+02 9.6 +£03
0.56 40+03 6.6 +02 9.2+ 0.6
0.85 50+0.1 70403 89+03
1.00 6.5+02 8.7+05 87+03
Weld with 75 s 42 +04 6.1 +05 10.3 £ 0.6

meltig time

regation and concluded that there was a monotonic
increase in the composition profile across the dendrite
for some binary alloys, the view which received wide
acceptance. Essentially, these black zones could be
attributed to the areas where delta-ferrite existed as
soon as the weld pool solidified. During subsequent
cooling, the majority of these areas were transformed
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Figure 5 Photomicrographs after potentiostatic etching in 0.5M H,SO, + 0.1 gl~!' NH,SCN at different active potentials. Weld
metal specimens with 4.16-5.83 wt% Mo. (a) Mo2, 0.36 kIimm ™!, — 440 mV(SCE); (b) Mo2, 0.85kIJmm ™!, — 420 mV(SCE); (c) Mo2,
0.85kIJmm ™!, — 420 mV(SCE); (d) Mo1,0.36 kJmm !, — 400 mV(SCE); (¢) Mo1, 0.56 kJmm ', — 380 mV(SCE); (f) Mo2, 1.00 kJ mm " !,
—360mV(SCE); (g) Mol, 0.85kJmm~!, —340mV(SCE); (h) Mol, 1.00kJmm~!, —320mV(SCE); (i) Mo2, 0.36kJmm™*,
—300mV(SCE); (j) Mo2, 085kJmm~!, —260mV(SCE); (k) Mo2, 1.00kJmm~™', —240mV(SCE);, (I) Mol, 0.36kJmm™*,
— 220 mV(SCE).
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Figure 5 (continued).

to austenite by a solid-state diffusion mechanism.
But as the cooling rate in these low heat input
(0.36 kImm ') specimens was the highest, complete
homogenization of the chromium did not take place,
leaving these zones rich in chromium. Such a type of
attack was observed even in Fig. 5c around ferrite. On
careful observation of this micrograph it was found
that there were many bright spots inside the primary
ferrite core which were obviously passivated. This was
due to the fact that at these spots the local chromium
concentration was much higher than the average
chromium concentration of the core; therefore, they
were passivated at this potential. This can be well
appreciated from Fig. 6 where the anodic polarization
diagram of pure chromium in 1N H,SO, is presented.
It was observed that the attack on austenite was
negligible from — 440 to — 400 mV (SCE). Attack on
segregated zones could be observed up to — 400 mV
(SCE) wherein a major fraction of the ferrite was
almost passivated (Fig. 5d). A significant attack on the
austenite was observed from Fig. Se-1. Fig. Se showed
a very light attack on the austenite/ferrite boundaries
and more attack on the austenite.

Gill and Gnanamoorthy [21] have presented the
chemical analysis of delta-ferrite which was electro-
chemically extracted from type 316 weld metal in
which molybdenum is present to the extent of 6.15
wt%. The base metal they used contained 2.00 wt %
molybdenum, suggesting a three-fold enrichment of
molybdenum in the ferrite. From the weld metal
chemical analyses we know that the molybdenum
contents are 4.16-5.83 wt%. Therefore, one can as-
sume almost 10—-15 wt% molybdenum in the weld
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Figure 6 Anodic polarization diagrams of pure chromium, nickel
and iron in 1 N H,SO, [13].

metal ferrite under investigation. The electrochemical
dissolution behaviour of molybdenum in the alloy
form was extensively studied by Greene [15] in sul-
phuric and hydrochloric acids. The anodic polariza-
tion curves of nickel with 5 and 10 wt % molybdenum
and Hastealloy F (22.34 wt % Cr, 7.07 wt % Mo) in IN
H,SO,4 medium are presented in Figs 7 and 8. From
these curves one can note that molybdenum, when
alloyed, has a very strong bearing on the electrochemi-
cal behaviour of an alloy, and is found to affect the
shape and position of the active peaks in the polariza-
tion curves. The dissolution of delta-ferrite observed
at very active potentials was due to chromium-en-
riched regions, wherein molybdenum-enriched areas
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Figure 7 Anodic polarization diagrams of nickel-base alloys con-
taining different quantities of molybdenum in 1 N H,SO, [15]: (O)
Ni-5Mo, (@) Ni-10 Mo.
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Figure 8 Anodic polarization diagrams of Hastelloy F in sulphuric
acid medium [15]: (O) 1 NH,SO,, (®) 5 NH,SO,, (V) 10 N H,SO,.

had remained cathodically protected and hence in-
active. At and above — 360 mV(SCE) the molyb-
denum-rich zones of ferrite begin to be corroded.
Micrographs in Fig. 5f, g and k show these features
clearly. The microstructure presented in Fig. 5k,
although appearing to be some ferrite, cannot be
grouped in any of the accepted standard ferrite
morphologies. Gill and Gnanamoorthy [21] have pre-
sented the anodic polarization curve of the electro-
chemically extracted and compacted ferrite, albeit in
slightly concentrated sulphuric acid and ammonium
thiocyanate (Fig. 9). This curve showed two anodic
peaks, the smaller one being located at 0.0 mV(SCE).
Depending on the electrochemical medium of study
and the chemical composition of the ferrite, the peak
positions are expected to change. Essentially one can
conclude that the attack on delta-ferrite which took
place again from — 360 to — 240 mV(SCE) was due
to the enrichment of molybdenum present. Corrosion
attack was also observed at 8/y boundaries as can be
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Figure 9 Anodic polarization diagrams of pure delta-ferrite and
austenite in 3.6 N H,SO,4 + 0.1 N NH4SCN medium [21]: (——)
austenite, (——-) d-ferrite, (—-—) o-phase, (—°—) M,3C, carbide.

seen from the micrographs (Fig. Sh—j). A careful obser-
vation of these micrographs revealed that it was the
d/y boundary which was heavily attacked and the
ferrite had the skeletal (Fig. 5b) and lathy (Fig. 51, j)
morphology, the primary cores being extremely fine.
Therefore, the attack on the 6/y boundaries leading
to deep grooving on either side of the fine ferrite
appeared as though ferrite itself was attacked. In these
micrographs, attack on the austenite was also signifi-
cant, as could be seen from the grey background.
Dissolution of the specimen at — 220 mV(SCE)
showed a peculiar microstructure presenting a vermi-
cular ferrite-like structure dispersed over the entire
matrix. It is known that at these potential delta-
ferrites would be totally passive and cannot be ob-
served. Careful observation revealed that ferrite was
passivated and was in the background, and etched
regions were not ferrite particles. In order to prove
this, the specimen was indented at a few places by
using a hardness measuring equipment and photo-
graphed. Subsequently, it was etched in Murakami
reagent which is a specific etchant for ferrite. Fig. 10a
showed skeletal ferrite-like microstructure with inden-
tation marks and Fig. 10b the same area after etching
the specimen in Murakami reagent whereby ferrite
was selectively etched and revealed. The comparison
of these micrographs showed that what appeared to be
ferrite was actually interdendritic zones which were
the last ones to be attacked before the specimen pas-
sivated. During solidification, the ferrite formers con-
centrate in primary ferrite, and austenite formers like
nickel are rejected into the liquid. Simultaneous im-
pingement of such liquid with less chromium and
nominal or greater amounts of nickel, resulted in what
is called interdendritic regions. This effect could be
clearly demonstrated by Fig. 10c which showed the
boundary between the lower heat input weld and the
weld with 75 s melting time. Because the weld with
75 s melting time had very coarse ferrite, it had larger
interdendritic zones which were found to be heavily
attacked during potentiostatic etching. Another



Figure 10 Weld metal specimen: Mo, 0.36 kJ mm . (a) Potentios-
tatically etched at — 220 mV(SCE), (b) followed by etching in
Murakami’s reagent. (c) The boundary between 0.36 kJ mm ™!
weld metal and weld metal with 75 s melting time.

feature of these micrographs was the areas of ferrite
which were immune to attack, while interdendritic
regions located at the centre of the ferrite network
were attacked. The regions immune to attack at this
potential were attacked heavily at very active poten-
tials (— 440 to —400 mV(SCE)) owing to the very
high chromium concentration in these regions. The
selective attack on these interdendritic regions at such
noble potentials could be explained by using other
polarization diagrams [14] wherein each diagram
corresponds to a different chromium concentration at
constant nickel concentration (Fig. 11). It is clear from
Fig. 11 that as the chromium concentration decreased
from 19.2 wt% to 3.54 wt %, the active peak current
density increased by many orders of magnitude, cor-
respondingly reducing the range of passivity. This led
to an increase in the prepassivation or Flade poten-
tials to a more noble value. In fact, the alloy with
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Figure 11 Anodic polarization diagrams of alloys of iron with fixed
nickel (~ 9 wt%) and various chromium contents [14].

3.54 wt% chromium could hardly be passivated.
Therefore, etching at — 220 mV (SCE), revealed those
areas in the austenite matrix which were depleted in
chromium and molybdenum during solidification and
subsequent cooling. This effect is termed coring, and is
generally higher in molybdenum-containing welds
[22]. The reduction of chromium at the austenite
cell centres has been studied by Brooks et al. [23]
on the number of 304L autogenous welds wherein
they studied the chromium and nickel concentration
profiles across the 6/y/d dendrites by scanning trans-
mission electron microscopy (STEM). Etching at
— 200 mV(SCE) passivated these specimens.

4. Conclusions

From the above investigations on the molybdenum-
containing type 316 stainless steel weld metals (molyb-
denum content increased from 2.42 wt % to 4.16 and
5.83 wt %, respectively, in two separate groups of weld
metals), the following conclusions were drawn.

1. When chemically etched, the weld metals re-
vealed typical delta-ferrite morphology which could
be grouped into the standard ferrite morphologies. No
other phase or microconstituents was revealed by this
etching technique.

2. Delta-ferrite was attacked at very active poten-
tials (—440 to —340mV(SCE)) along with the
segregated regions around ferrite which were rich
in chromium. In the potential range of — 440 to

— 400 mV(SCE), attack on austenite was negligible.
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3. Corrosion attack on ferrite in the potential range
of —360 to — 240 mV(SCE) was attributed to the
molybdenum rich areas of ferrite. This was correlated
with the typical active dissolution behaviour of
molybdenum which, when alloyed with other ele-
ments, exhibits its strong influence on the overall
dissolution of the alloy.

4. Weld metal dissolution at — 220 mV(SCE) was
characterized by a microstructure which though ap-
pearing like ferrite was actually found to be due to the
dissolution of the interdendritic regions of the weld
metals which were depleted in chromium.
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