Structural Stability of Super Duplex Stainless Weld Metals
and Its Dependence on Tungsten and Copper
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Three different superduplex stainless weld metals have been produced using manual metal arc weld-
ing under identical welding conditions. The concentration of the alloying elements tungsten and
copper corresponded to the concentrations in commercial superduplex stainless steels (SDSS). Aging
experiments in the temperature range 700 °C to 1110 °C showed that the formation of intermetallic
phase was enhanced in tungsten-rich weld metal and also dissolved at higher temperatures compared
with tungsten-poor and tungsten-free weld metals. It could be inferred from time-temperature-trans-
formation (TTT) and continuous-cooling-transformation (CCT) diagrams produced in the present
investigation that the critical cooling rate to avoid | wt pct of intermetallic phase was 2 times faster
for tungsten-rich weld metal. Microanalysis in combination with thermodynamic calculations showed
that tungsten was accommodated in y phase, thereby decreasing the free energy. Experimental evi-
dence supports the view that the formation of intermetallic phase is enhanced in tungsten-rich weld
metal, owing to easier nucleation of nonequilibrium y phase compared with o phase. The formation
of secondary austenite (,) during welding was modeled using the thermodynamic computer program
Thermo-Calc. Satisfactory agreement between theory and practice was obtained. Thermo-Calc was
capable of predicting observed lower concentrations of chromium and nitrogen in y, compared with
primary austenite. The volume fraction of y, was found to be significantly higher in tungsten-rich
and tungsten + copper containing weld metal. The results could be explained by a higher driving

force for precipitation of ¥, in these.

I. INTRODUCTION

DUPLEX stainless steels (DSS) constitute a group of
very attractive steels possessing a favorable combination of
mechanical strength and corrosion resistance in chloride ion
containing environments. Superduplex stainless steels
(SDSS) are characterized by an unusually high resistance
to pitting corrosion and are commonly defined as the subset
of DSS that shows a pitting resistance equivalent (PRE, =
wt pct Cr + 3.3 X wt pct Mo + 16 X wt pct N) above
40. The resistance to pitting corrosion in the base material
can be optimized by selecting a diffusion annealing tem-
perature which is such that the concentration of alloying
elements corresponds to equal pitting resistance in ferrite
and austenite. However, the situation in the weld metal is
more complex than in the base metal, since the advantages
of diffusion annealing cannot be used. The balance of al-
loying elements can be disturbed, either by the formation
of intermetallic precipitates and Cr,N or by excessive pre-
cipitation of so-called secondary austenite (7y,). Redistri-
bution of alloying elements, as a result of such
transformations, may lead to local reductions in pitting re-
sistance and associated corrosion attack, either in regions
that are depleted with respect to crucial alloying elements
or in the precipitates themselves.

In theory, pitting corrosion resistance in DSS could be
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further improved by additions of chromium, molybdenum,
and nitrogen. However, since these elements also promote
the formation of intermetallic precipitates such as ¢ phase,
x phase, and R phase and nitrides,!"! there are practical lim-
its regarding the amount of alloying additions. It has re-
cently been suggested that tungsten in superduplex stainless
steel base metal improves the resistance to pitting corrosion
but, unlike molybdenum, hinders the formation of inter-
metallic phase.” This contradicts findings by Charles,?!
who reports faster precipitation kinetics and a higher dis-
solution temperature of intermetallic phase as a result of
tungsten additions and thereby points out similarities rather
than differences between tungsten and molybdenum.

The kinetics of austenite formation is also of importance
for the following reason. The DSS are almost entirely fer-
ritic at temperatures just below solidus. However, on cool-
ing, transformation of ferrite to austenite will occur.t'*! The
austenite formed in this manner at relatively high temper-
atures is usually termed primary austenite. Additional trans-
formation of ferrite to <y, may occur after the duplex
structure has been established, e.g., during a subsequent
isothermal heat treatment or during reheating in association
with welding. There appear to be essentially two types of
v,, one occurring at the austenite/ferrite phase boundaries!*!
and one occurring in the interior of ferrite grains.'®! Which
of the two is predominant is determined by the existence
of suitable nuclei. The type of vy, found in weld metal is
essentially of the intragranular type,'! while v, at the phase
boundaries is characteristic of isothermal treatment of the
base metal.®! A likely explanation is that nucleation of v,
in the interior of grains is facilitated in the weld metal com-
pared with the base metal by the quenched-in stresses and
vacancy clusters in combination with the larger number of
inclusions that are typical of welded structures.”!
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Table L

Chemical Composition of Weld Metals Obtained from OES and Nominal Composition of SAF 2507 Plate

Si Mn Cr Ni Mo w Cu C N
SAF 2507 <0.8 <1.2 25.0 6.9 4.0 — <0.5 <0.03 0.27
SDH* 0.71 0.70 25.66 9.24 3.80 <0.003 0.09 0.034 0.26
WCuH 0.38 0.86 25.17 9.21 3.61 0.89 0.63 0.035 0.23
WH 0.66 1.31 25.49 9.50 3.12 2.14 0.10 0.043 0.25
SDN** 0.75 0.72 25.59 9.26 3.79 <0.003 0.09 0.034 0.25
WCuN 0.38 0.93 25.47 9.20 3.60 0.92 0.62 0.038 0.23
WN 0.69 1.34 25.67 9.60 3.09 234 0.09 0.046 0.24

*H denotes high heat input (1.4 kJ/mm)
**N denotes normal or low heat input (0.8 kJ/mm).

Adverse effects of intermetallic precipitatest®®! and ,[1%
on corrosion resistance have been observed and are well
known. The aim of the present work was to establish the
precipitation kinetics of these phases in relation to chemical
composition. This work is included in a larger project in
which also the corrosion and mechanical properties were
assessed.l'] Particular attention was paid to the role of el-
ements such as copper and tungsten that are used in certain
SDSS to enhance the corrosion resistance. Furthermore,
there was a desire to quantify, both experimentally and the-
oretically, the concentration in welding-induced intragran-
ular secondary austenite of chromium, molybdenum, and
nitrogen, all of which are crucial elements in preventing
pitting corrosion. Since there is no single technique that is
suitable for analyzing all these elements, a combination of
energy dispersive X-ray (EDX) analyses in the analytical
transmission electron microscope, wavelength dispersive X-
ray (WDX) analysis in the electron microprobe, and ther-
modynamic computer calculations was employed.

II. EXPERIMENTAL

A. Experimental Material

Superduplex stainless steel plates of dimensions 300 X
200 X 20 mm were welded together in a horizontal position
using three different filler metals under identical conditions
employing multipass welding of a V-joint according to ISO
2560. Manual metal arc welding was used at two different
heat inputs, viz. 0.8 kJ/mm (denoted by N) and 1.4 kJ/mm
(denoted by H). The number of beads was 14 at 1.4 kJ/mm
and 24 at 0.8 kJ/mm and air cooling between the runs guar-
anteed an interpass temperature not exceeding 100 °C.

The chemical composition of the superduplex stainless
steel plates was in accordance with the specification of
Sandvik SAF 2507, the nominal composition of which is
given in Table I. Filler metals of three types with the basic
composition 25 pct* chromium, 9 pct nickel, 3 to 4 pct

*When not specified, it is implicitly assumed in the following that all
concentrations are in weight percent.

molybdenum, and 0.25 pct nitrogen were used. Covered
electrodes of a type equivalent to Sandvik 25.10.4.LR and
Esab OK 68.53 were chosen as references (termed SD for
simplicity in the following). Of the other two filler metals,
one was alloyed with tungsten and copper (denoted by
WCu) and the other with tungsten only (denoted by W). In
the case of W-weld metal, tungsten was added via the elec-
trode coating, while in WCu-weld metal, tungsten and cop-

METALLURGICAL AND MATERIALS TRANSACTIONS A

per were added through commercially available core wire.
The welding resulted in six weld metals in total, the com-
positions of which are given in Table 1. The analysis was
performed using optical emission spectroscopy (OES) from
a 6-mm-diameter spot in the center of the weld metal in its
as-welded condition. All specimens used in the following
investigations were also taken from the central parts of the
weld metal.

Intermetallic phases were investigated only in samples
taken from weld metal obtained at the lowest heat input,
0.8 kJ/mm, with the approximate dimensions 12 X 11 X
2 mm. Isothermal heat treatment was carried out by im-
mersion in salt bath. This guaranteed efficient heat transfer
with associated rapid heating. Isothermal aging was per-
formed in the temperature range 700 °C to 1050 °C from
30 seconds up to 121.5 minutes. Each heat treatment was
followed by water quenching. An air furnace was used for
heat treatments ranging from 1050 °C to 1110 °C to assess
the exact dissolution temperature for intermetallic phase.

B. Estimation of CCT Diagrams

Time-temperature-transformation (TTT) diagrams were
determined from point counting as described subsequently.
These formed the basis for calculating continuous-cooling-
transformation (CCT) diagrams according to a procedure
described in detail by Josefsson et al.,!' whereby the cool-
ing curve was approximated by a series of small isothermal
steps. It was assumed in these calculations that the evolu-
tion of intermetallic phase could be described by an Avrami
equation of the type

v
VolT)

where V is the volume fraction of intermetallic phase, ¥,
is the corresponding equilibrium fraction at temperature 7,
b(T) and n(T) are temperature-dependent quantities, and ¢
is time. The values b(T) and n(7) are experimentally deter-
mined and optimized from the preceding Avrami equation
using isothermal data. It was also assumed, based on aging
experiments performed at 1000 °C (¢f. Table V), that the
equilibrium volume fraction of intermetallic phase was 0.25
for SD- and WCu-weld metal and 0.35 for W-weld metal.
A quench dilatometer of the type Dilatronic III was used
to simulate cooling operations, whereby the validity of the
calculated CCT diagram could be checked. Dilatometer
specimens of the size 11 X 2.5 X 2 mm from as-welded
weld metal were heated at a rate of 10 °C/s to 1100 °C for
SD and WCu material and 1150 °C for W material. After

= 1 _ e—b(T)t"(T’
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a hold time of 5 minutes in vacuum, controlled cooling to
ambient temperature was accomplished by flushing with he-
lium gas. Five different cooling rates ranging between 45
°C/min and 720 °C/min were used.

C. Microanalysis

Light optical microscopy (LOM) was made in a Reichert
Univar instrument, which was also used to estimate the vol-
ume fraction of intermetallic phase and vy, by point counting
according to ISO 9042. A grid with 20 points was used in
these measurements. As many as 50 fields were used, re-
sulting in a total number of 1000 points. The statistical
uncertainty was estimated using the procedure described in
ISO 9042. Contrast from intermetallic phase was produced
using a two-step electrolytic etching technique involving
dilute nitric acid to make phase boundaries visible followed
by saturated potassium hydroxide to enhance the contrast
from the precipitates. It was found that etching using type
Beraha etchant!*® produced as-welded microstructures with
v, in high contrast. The Beraha etchant involves 2.2 g
(NH,HF,, 0.2 g K,S,0;, 18 mL HCI, and 100 mL distilled
H,O. Etching for a time in the range 10 to 20 seconds
colors ferrite blue while austenite remains virtually unco-
lored.

An independent way of measuring the volume fraction
of austenite and ferrite was provided by the magnetic bal-
ance, which is an instrument composed of an electromag-
net, which generates an inhomogeneous electromagnetic
field of a magnitude of 987 kA/m, and a balance, which
measures the magnetic force.' The specimen weight is
typically 1 g for DSS having a percentage of ferrite ranging
between 10 and 90 pct. This force can be calibrated against
the volume fraction of magnetic phase estimated via point
counting in an LOM.

Scanning electron microscopy was performed in a
JEOL* JSEM 840 provided with a LINK AN10000 unit for

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

EDX analysis. Thin foil specimens for analytical transmis-
sion electron microscopy (ATEM) were prepared by elec-
trochemical polishing in a solution of 15 pct perchloric acid
in methanol. The foils were examined in an ATEM of type
JEOL 2000FX provided with an EDX detector of the same
type as that described earlier. Quantitative EDX analyses
of thin foils in ATEM were performed using the ratio thin
section program provided by the WDX analysis was per-
formed in an electron probe microanalyzer (EPMA) of type
Cameca Camebax SX 50. The WDX analysis in the EPMA
is a valuable complement to EDX, since higher electron
beam currents allow measurements of concentrations with
a higher accuracy. The accuracy was in the present case
typically 0.1 wt pct for the metallic elements and 0.05 wt
pct for nitrogen. Moreover, in contrast to EDX, light ele-
ments such as nitrogen can be analyzed both qualitatively
and quantitatively. A limitation in the EPMA is the spatial
resolution, which is of the order 1 wm, a figure that should
be compared with 20 nm that is a typical value of the lateral
resolution of EDX analysis in the ATEM. Since secondary
austenite grains were only a few micrometers in diameter,
there was an apparent risk of contribution to the X-ray sig-
nal from the surrounding ferrite when 7y, was analyzed by
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WDX. To improve the spatial resolution in the EPMA,
analyses were performed using the lowest possible accel-
erating voltage, viz. 10 kV. However, occasionally, chro-
mium concentrations approaching that of ferrite were
measured in v,. Such experimental values and their corre-
sponding nitrogen concentrations were omitted. This crite-
rion of validity therefore was considered to give relevant
concentrations of nitrogen in v,.

D. Thermodynamic Equilibrium Calculations

Thermo-Calc, a computer program for phase diagram
calculations developed by Sundman et al.,') was used in
simulating the process of precipitation of secondary austen-
ite in superduplex weld metals. The program calculates the
minimum Gibbs energy for the most stable set of phases
considered using functions fitted to various experimental
thermodynamic data such as activities, equilibrium tie-lines,
and solubilities. This approach provided a powerful means
of analyzing compositional data obtained from the different
types of analytic instruments used in the present work. The
formation of vy, during multipass welding is envisaged as a
decomposition of ferrite caused by reheating of underlying
weld beads resulting in v, precipitation essentially in the
grain interior. However, the model used to simulate the
phase transitions occurring during welding only relates to
the chemical composition of the phases involved and is
therefore independent of assumptions of nucleation site. It
was assumed that primary austenite and ferrite formed at
1300 °C and that a short time at 1300 °C was sufficient to
establish equilibrium. Two approaches were used to model
the formation of secondary austenite. In both cases, it was
assumed that +y, formed at 800 °C. In case 1, it is assumed
that v, attains true equilibrium with primary austenite and
ferrite. This implies that primary austenite and v, in case 1
will have identical compositions, the only difference being
the origin of formation. Case 2 considers the situation in
which v, is in equilibrium only with the surrounding ferrite
grain in which it is formed, while the composition of the
primary austenite is left unchanged. Case 2 therefore re-
quires that no exchange of alloy elements occurs between
primary austenite and ferrite. It is believed that the real
situation falls in between these extremes.

III. RESULTS
A. Microstructure

1. Unaged weld metal

Weld metal in as-welded condition was in all cases found
to be virtually devoid of intermetallic precipitates and ni-
trides. However, small intragranular precipitates of y, were
clearly visible in ferrite. It was qualitatively observed that
the volume fraction of vy, was higher in WCu- and in W-
weld metal compared with SD-weld metal irrespective of
heat input. Results from point counting in LOM are pre-
sented in Table II. It should be mentioned that the per-
centage of ferrite was defined as the complement of all
austenite. For comparison, volume percentages of ferrite
obtained using magnetic balance are quoted in parentheses.
It is clear from Table II that the magnetic balance gives
systematically higher values than point counting.

It can be concluded from Table II that there is no sig-
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Table H. Volume Percentage of Phases in As-Welded
Material Obtained by Point Counting

Ferrite Austenite Secondary Austenite
SDH 30.5(37.9)* 68.6 + 2.7 09 + 0.9
WCuH 24.3(35.0) 70.6 = 34 51 £ 1.6
WH 29.8(36.1) 66.6 + 2.9 36 £ 13
SDN 29.4(38.6) 69.7 £ 2.6 09 = 0.8
WCuN 25.9(30.9) 69.2 + 2.6 49 £ 18
WN 27.3(34.4) 68.7 = 3.7 40 = 18

*Numbers in parentheses refer to results obtained using magnetic bal-
ance.

nificant effect of heat input in the range 0.8 to 1.4 kJ/mm
on the volume fraction of 7, The SD-weld metal has a
volume fraction of v, that is about 1 pct, which is barely
measurable using point counting. This number is signifi-
cantly less than 4 to 5 pct, which is a representative number
for W- and WCu-weld metal. However, no mutual ranking
of W- and WCu-weld metal could be made, owing to sta-
tistical uncertainties.

Light optical microscopy showed that y, was inhomo-
geneously distributed both in the weld metal and within the
individual weld beads. Austenite v, was often found in up-
per parts of underlying weld beads, while areas in weld
beads immediately above were often free of y,. In W- and
WCu-weld metal, y, could sometimes be observed in the
outermost surface in top beads, while vy, in SD-weld metal
was confined to the interior.

Representative micrographs from scanning electron mi-
croscopy (SEM) of weld metal in the as-welded condition
are shown in Figures 1(a) through (c) in which v, appears
in bright contrast. Figure 2 shows a ferrite grain at higher
magnification in WH-weld metal in which a large number
of vy, grains has formed. As shown in Figure 2, a large
number of 7y, grains have sharp edges. Some of these also
have a mirror plane in the center, as pointed out in Figure
2 with an arrow. This type of vy, was found to be more
common at high heat inputs. Investigations in ATEM
showed that the mirror plane in the center of such vy, grains
was a twin boundary, the adjacent crystals being mutual
twins (Figure 3). It should be pointed out, however, that
globular y, was present in all material conditions, an ex-
ample of which is given in Figure 4. In some cases, the
density of v, was so high that a so-called basket weave
structure was formed. This structure was observed partic-
ularly in W- and WCu-weld metals in which the volume
fraction of 7, was highest. An example of a basket weave
structure observed in WN weld metal is shown in Figure
5.

2. Aged weld metal

The intermetallic phase observed by LOM was subjected
to electron diffraction analysis in ATEM. Careful analyses
showed that the intermetallic precipitates were of three
kinds, viz. o phase, y phase, and R phase. A summary of
the results obtained in the three weld metals is given in
Table III. At 700 °C/40.5 min, y phase and R phase were
observed in all weld metals while no evidence of o phase
was found. The predominant phase in SD- and W-weld
metal was R phase, while y phase predominated in WCu-
weld metal. The R phase exclusively showed the well-de-
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(b

(c)

Fig. 1-——(a) Microstructure in SDH-weld metal observed in SEM. Ferrite
regions are almost free of 7y, (b) Microstructure in WCuH-weld metal
observed in SEM. Regions of ferrite that are rich in 7, appear in bright
contrast. (¢} Microstructure in WH-weld metal observed in SEM. Regions
of ferrite that are rich in vy, appear in bright contrast.
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Fig. 2—Ferrite grain in WH-weld metal showing v, with sharp edges.
Some 7, grains have a midrib in the center (arrowed).

Fig. 3—Micrograph taken in ATEM of a 7, grain in WH-weld metal
showing a twin boundary in the center.

Fig. 4—A v, grain with a globular shape in WH-weld metal (ATEM).

fined crystallographic relation {0001)./(111), with the
ferritic matrix, as shown in Figures 6(a) and (b).

At 800 °C/13.5 min, y phase and o phase were identified
in all three weld metals, while no R phase was found. The
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Fig. 5—Secondary austenite in the form of a basket weave structure in
WN-weld metal.

Table III. Intermetallic Phases Observed at 700 °C, 800 °C,

and 900 °C
Type of 700 °C, 800 °C, 800 °C, 900 °C,
Weld Metal  40.5 Min 0.5 Min 13.5 Min 0.5 Min
SD R.x * 5% 5'¢
WCU R,X * aX a.X
W R.x mainly (5% X
X phase

Not investigated in ATEM.

o phase seemed to be the most common precipitate in W
weld metal after 13.5 minutes of aging, while y phase was
the major precipitate in SD- and WCu- weld metals. How-
ever, after only 0.5 minutes of aging at 800 °C, x phase
was predominant also in W-weld metal. An example of ¢
phase in WCu-weld metal aged at 800 °C/13.5 min is given
in Figures 7(a) and (b).

After 0.5 minutes at 900 °C as much as 2.3 pct of inter-
metallic phase was observed in W-weld metal, while 1.4
and 0.8 pct were found in WCu and SD, respectively. It
was interesting to observe that intermetallic phase in W-
weld metal was exclusively of the type y phase an example
of which is given in Figures 8(a) and (b). The diffraction
pattern in Figure 8(b) illustrates the good matching between
the host lattice and that of y phase and the fact that the
orientation relationship was always found to be
(001),//001),.

Specimens of all three weld metals containing interme-
tallic phase were subjected to long-term isothermal heat
treatment in steps of 10 °C to assess the dissolution tem-
perature of intermetallic phase. The specimens were sub-
sequently checked by LOM. It was found that the
tungsten-rich W-weld metal had a significantly higher dis-
solution temperature than the other two metals. Experimen-
tally determined values together with temperatures
estimated from Thermo-Calc are given in Table IV.

Investigations of all weld metals showed very clearly that
X phase tended to precipitate in narrow ferrite arms while
o phase precipitated essentially in the broad ferrite arms.
This tendency could be observed in SEM micrographs us-
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Fig. 6—(a) R phase formed in ferrite and at ferrite/austenite boundary in
SD-weld metal after aging at 700 °C/40.5 min (ATEM). (b) Electron
diffraction pattern from zone axis (0001) in R phase showing the
crystallographic relation (0001),//(111),,.

ing backscattered electrons, which give rise to atomic num-
ber contrast. An example is given in Figure 9 in which the
brighter contrast in molybdenum-rich y phase is evident.
Results from point counting in LOM provided the basis
for Avrami curves, TTT diagrams, and CCT diagrams for
each weld metal obtained using 0.8 kJ/mm heat input. The
time-dependent volume fraction of intermetallic phase de-
termined experimentally (Table V) provided the basis for
the Avrami curve. The Avrami curves were found to be
suitable to establish the TTT curves since they could be
used to extrapolate to shorter times, as in the case of W-
weld metal, and to interpolate between discrete experimen-
tal values. It is quite clear from the TTT diagram in Figure
10 that 1 pct intermetailic phase is formed much more
quickly in W-weld metal. The difference in this respect for
WCu- and SD-weld metals is very small, although SD-weld
metal appears to be the more stable one. From Figure 11,
showing the corresponding 5 pct curve, it can be concluded
that WCu- and SD-weld metals are more stable than W-
weld metal. This effect is particularly clear at temperatures
above 900 °C. The faster kinetics of intermetallic phase
formation in W-weld metal is also evident from the values
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Fig. 7—(a) o phase formed in WCu-weld metal after aging at 800 °C/13.5
min (ATEM). (b) Electron diffraction pattern from zone axis {001) in o
phase showing the crystallographic relation (001),//(001),.

in Table V, in particular from the values obtained at the
shortest aging time and at 1000 °C and 1050 °C. From the
resulting CCT diagram in Figure 12 calculated according
to a procedure described elsewhere,['” the cooling rates re-
quired to avoid 2 pct intermetallic phase can be estimated
in terms of cooling curves touching the nose of the CCT
curves. The upper part of the CCT curve corresponds to
the time necessary to form 1 vol pct of intermetallic phase,
while the lower part represents an additional 1 vol pet that
will form during cooling to room temperature. The cooling
rates corresponding to curves A through E are 720 °C/min,
360 °C/min, 180 °C/min, 90 °C/min, and 45 °C/min, re-
spectively. The critical cooling rate to form 2 pct interme-
tallic phase was found to be twice as fast for W-weld metal,
viz. 180 °C/min, compared with 90 °C/min that is required
for WCu- and SD-weld metals. To check the validity of the
calculated CCT diagram, controlled cooling experiments
were performed and the resulting volume fraction of inter-
metallic phase was measured using point counting. The re-
sults for SD-weld metal are presented in Figure 13, in
which it is shown that the calculated curve and the exper-
imental values show excellent agreement, provided an ad-
justment of the time parameters b(7) and n(7) is made.
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(b)

Fig. 8—(a) x phase formed in narrow ferrite regions in WCu-weld metal
after aging at 900 °C/0.5 min (ATEM). (b) Electron diffraction pattern
from zone axis (001) in y phase showing the crystallographic relation
(001),//4001),.

B. Chemical Analyses

The EDX analyses of precipitates on carbon extraction
replicas were performed. It was found that y phase was rich
in molybdenum and tungsten compared with o phase. An-
other interesting effect in W-weld metal was the higher
concentration of tungsten in y phase compared with SD-
and WCu-weld metal. The measured values are found in
Table VI.

The concentration of alloying elements in primary aus-
tenite, ferrite, and y, was measured using both EDX and
WDX. The EDX analyses in ATEM of the matrix com-
position showed that the narrow ferrite arms were enriched
with molybdenum compared with the broader arms. Quan-
titative analyses based on the average of 10 measurements
showed that the concentration of molybdenum was 5.9 =+
0.3 pctand 5.2 + 0.4 pct in SD-weld metal, 6.2 = 0.4 pct
and 4.8 + 0.2 pct in WCu-weld metal, and 5.5 = 0.4 pct
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Table IV. Dissolution Temperatures for Intermetallic Phase

cO)
SD WCu w
Experimental observations 1060 1070 1110
Thermo-Calc 870 920 970

Fig. 9—Backscattered electron micrograph from WCu-weld metal aged at
800 °C/13.5 min showing x phase in brightest contrast in narrow ferrite
arms and o phase in gray contrast in broader ferrite regions (SEM).

and 4.7 = 0.4 pct in W-weld metal. In the case of tungsten,
there was a tendency toward an enrichment in W-weld
metal with measured values of 3.2 = 0.4 pct in narrow
ferrite arms compared with 2.4 + 0.4 pct in broader ferrite
regions. A similar trend regarding tungsten could be ob-
served in WCu-weld metal. However, EDX analysis of
WCu-weld metal was not sufficiently accurate to enable a
definite conclusion for such low concentrations of tungsten.

A striking observation was also the lower chromium con-
centration in vy, compared with primary austenite. To obtain
a higher accuracy and at the same time enable quantifica-
tion of nitrogen concentration, measurements from WDX
in the EPMA were performed. The results from these are
presented together with Thermo-Calc predictions in Table
VII, in which it can be seen that ¥, is richer in nickel and
poorer in nitrogen compared with primary austenite. To fa-
cilitate a comparison between different phases and material
conditions, the measured concentrations of the most inter-
esting elements for SD-weld metal at high heat input are
illustrated in Figure 14 in the form of a histogram. The
results obtained for the other five weld metal conditions are
omitted, because they show the same tendency and there-
fore add no new information. For the sake of consistency,
all results in Figure 14 are taken from the WDX analyses
in the EPMA. A notable feature is the observed lower con-
centration of nitrogen and chromium in 7,. A correspond-
ingly higher concentration of nickel is observed in vy,. The
EDX analysis of v, with a midrib in the center of the type
that is imaged in Figure 3 showed that these were partic-
ularly poor in chromium; the concentration was found to
be 2 to 3 wt pct lower than in the primary austenite.
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Table V. Volume Fraction of Intermetallic Phase in Normal Heat Input (0.8 kJ/mm) Weld Metal Determined by Point

Counting
0.5 Min 1.5 Min 4.5 Min 13.5 Min 40.5 Min 121.5 Min

1050 °C, SD 0.1 = 0.1 02 £ 02 0.1 = 0.1 1.1 + 038 14 = 0.7 45 * 15

1050 °C, WCu 0.1 £ 0.1 04 = 04 04 + 04 1.5 £ 12 23 £ 1.0 62 1.8

1050 °C, W 1.7 £ 0.7 24 + 1.0 70 £ 1.5 114 £ 19 158 + 24 248 + 2.2

1000 °C, SD 06 = 0.4 33+ 14 48 £ 13 13.0 £ 25 189 + 2.6 220 + 2.8

1000 °C, WCu 07 =05 25 + 1.1 6.6 £ 2.0 165 + 24 21.1 + 24 225 + 25

1000 °C, W 31 £ 1.0 83 + 15 192 + 2.1 26.1 = 2.2 339 £ 23 344 + 23

950 °C, SD 04 + 04 28 £ 13 113 £ 27 19.1 + 3.1 — —

950 °C, WCu 1.5 £ 0.7 34 £ 12 125 £ 20 189 = 23 — —

950 °C, W 1.7 £ 07 46 + 12 109 = 18 122 = 1.7 — —

900 °C, SD 08 = 0.5 35+ 17 112 £ 2.7 172 = 23 — —

900 °C, WCu 14 £ 0.6 30 1.1 105 = 22 17.1 = 2.0 — —

900 °C, W 23 £ 12 34 £ 1.0 50 £ 1.1 119 = 1.6 — —

850 °C, SD 07 £ 05 22 £ 1.0 64 £ 1.8 16.8 + 23 — —

850 °C, WCu 09 x 0.6 1.8 £ 09 80 + 14 165 = 1.2 — —

850 °C, W 26 £ 038 3.7 £ 1.1 52 + 10 79 £ 13 — —

800 °C, SD 09 £ 0.6 1.2 + 0.6 20 =08 56 £ 15 123 = 1.7 —

800 °C, WCu 07 £05 1.0 = 0.6 30 £ 13 10.8 = 1.7 165 = 2.3 —

800 °C, W 20 £ 08 36 £ 1.2 48 = 1.1 70 = 1.1 10.1 = 13 —

750 °C, SD — — 07 =05 1.9 + 09 39 = 1.1 119 £ 19

750 °C, WCu — — 1.6 + 0.7 25 + 1.0 79 + 1.6 154 + 22

750 °C, W — — 3510 42 = 1.1 77 £ 14 141 = 22

700 °C, SD — — — 04 + 04 16 = 038 47 =13

700 °C, WCu — — — 1.5 £ 09 27 £ 09 48 + 1.1

700 °C, W — — — 34 = 1.1 38 £ 1.0 53+ 12
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Fig. 10—TTT diagram of all three weld metals showing C curves
representing 1 pct of intermetallic phase. C curve of W-weld metal is
displaced toward shorter times than those of WCu and SD-weld metals.

C. Equilibrium Calculations by Thermo-Calc

The temperature dependence of phases obtained by
Thermo-Calc is shown in Figure 15, from which it can be
seen that the fraction of ferrite decreases and austenite in-
creases rapidly with decreasing temperature below 1300 °C.
The diagram was calculated based on the chemical com-
position of W-weld metal, but the principal appearance is
the same for SD- and WCu-weld metal. It can also be seen
in Figure 15 that the onset of ¢ phase and Cr,N occurs in
the temperature interval 900 °C to 1000 °C. However, these
precipitates were excluded in modeling the formation of vy,,
since they were rarely observed in the nonequilibrium as-
welded condition. The formation of secondary austenite
during reheating can be understood from the fact that there
is a corresponding increase in equilibrium fraction of aus-
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Time at temperature (sec)

Fig. 11—TTT diagram of all three weld metals showing C curves
representing 5 pct of intermetallic phase. C curve of W-weld metal is
displaced toward shorter times above about 900 °C.

tenite, as can be seen in Figure 15. If it is assumed that
primary austenite and ferrite are formed at 1300 °C and
secondary austenite is formed at 800 °C under the condi-
tions described in Section II, the concentrations of elements
can be estimated from Thermo-Calc. The results obtained
for SDN-, WCuN-, and WN-weld metals are collected in
Table VII, in which WDX results are shown in parentheses.
It is assumed that the composition of primary austenite (y)
is determined at 1300 °C and that of vy, at 800 °C. It is
shown in Table VII that Thermo-Calc is capable of pre-
dicting the experimentally observed lower concentrations of
chromium and nitrogen in +y, compared with primary aus-
tenite. In the case of chromium, there is a discrepancy in
absolute values, but the correct tendency is predicted. In
the case of nitrogen, the observed values all fall in between
the values corresponding to the upper and lower bounds.
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Fig. 12—CCT curves for cooling rates in the range 720 °C/min to 45
°C/min. Cooling curve touching the nose of a CCT curve indicates that 2
vol pet of intermetallic phase will form during cooling. This critical
cooling rate was found to be 180 °C/min for W- and 90 °C/min for WCu-
and SD-weld metals.

IV. DISCUSSION
A. Intermetallic Phase

It is clear from the TTT diagrams in Figures 10 and 11
and in the CCT diagram in Figure 12 that tungsten-rich
weld metal is more prone to intermetallic phase formation.
Not only is the observed volume percentage of intermetallic
phase higher after long-term aging in tungsten-rich weld
metal, ~35 pct at 1000 °C compared with ~25 pct at 1000
°C in WCu- and SD-weld metal, but it is also evident from
the results of point counting in Table V that the kinetics is
much faster. In addition, the temperature range of stability
in tungsten-rich weld metal is extended to 1110 °C com-
pared with 1070 °C for WCu- and 1060 °C for SD-weld
metals. A closer examination of the values obtained at 0.5
minutes in Table V shows that the formation of interme-
tallic phase is significantly faster in tungsten-rich weld
metal in the entire temperature range from 700 °C to 1050
°C, but the effect is most pronounced in the upper part of
this range. These results are consistent with the observa-
tions of Charles,*! are intimately related to the presence of
tungsten, and can be rationalized as follows.

The EDX analyses of the chemical composition of the
intermetallic phases, o phase and y phase, show a strong
affinity to tungsten in addition to chromium and molybde-
num. This is interpreted as evidence that tungsten stabilizes
both o phase and y phase. This is also consistent with the
equilibrium concentrations predicted from Thermo-Calc, as
presented in Table VI. Although in the case of tungsten
these are higher than the observed nonequilibrium values,
they clearly confirm this trend. As a consequence, the driv-
ing force for intermetallic phase formation will tend to in-
crease with additions of tungsten.

An additional effect, which is quite essential to explain
the faster kinetics in tungsten-rich weld metal, is the ease
with which intermetallic phase nucleates. Because of the
tetragonal structure of o phase, there is a large mismatch
with the ferritic matrix.!'! Nucleation of ¢ phase, therefore,
is associated with large coherency strains and, therefore, is
comparatively difficult. However, nucleation of y phase is
relatively easy because of its cubic structure and a lattice
parameter that is very close to 3 times that of ferrite.!” As
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Fig. 13—Volume percentage of intermetallic phase as a function of
cooling rate in SDN. Comparison between calculated and experimentally
obtained values.

observed in this investigation as well as in a previous in-
vestigations of superduplex stainless steel base metal,!
only o phase is present after very long aging times while
X phase appears after very short aging times and subse-
quently dissolves. A similar precipitation sequence was ob-
served by Vitek and David!'® in a duplex-type 308CRE
alloy in which G phase precipitated first and later dissolved
while o phase was the only precipitate present after longer
aging times. Moreover, according to Thermo-Calc, y phase
is not thermodynamically stable for the compositional
ranges and temperature ranges discussed here. These ob-
servations support the view that y phase precipitates as a
metastable phase prior to o phase because of easier nucle-
ation. Since analyses using Thermo-Calc and EDX both
showed an enrichment of tungsten in y phase, it is sug-
gested that the faster kinetics of intermetallic precipitation
in tungsten-rich weld metal is due to a higher driving force
for the precipitation of y phase caused by the very presence
of tungsten.

It has been suggested that intermetallic phase formation
is suppressed in duplex stainless steel base metal in which
molybdenum is replaced by tungsten owing to slower dif-
fusion of tungsten.>'”) The present investigation, based on
the behavior of weld metal, has clearly shown that there is
an adverse effect of tungsten. The faster kinetics of inter-
metallic phase formation seems to be attributable to easier
nucleation rather than enhanced diffusivities. Results from
Fridberg et al.?®! lend support to this view via a review
article in which it is shown that the diffusivities of tungsten
and molybdenum in ferrite are virtually equal. These au-
thors found a diffusion coefficient of 1.0 ¢cm¥s and an ac-
tivation energy of 240 kJ/mole for both tungsten and
molybdenum. Although a weld metal is structurally more
unstable owing to ample quenched-in nuclei in combination
with chemical concentration gradients,[”) the tendency can
be expected to be qualitatively the same in the base metal.

Observation of preferential formation of y phase in nar-
row ferrite arms in combination with an enrichment of mo-
lybdenum in these is an interesting phenomenon, because
it illustrates very clearly how the formation of y phase is
promoted by the presence of molybdenum. The enrichment
of molybdenum is a result of the rejection of ferrite stabi-
lizing molybdenum from the abutting austenite. Although
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Table VI. Chemical Composition* of Precipitates after Aging 13.5 Minutes at 850 °C Obtained by EDX Analysis in ATEM
and Calculated by Thermo-Calc (in Parentheses)

Phase Weld Metal Fe Mn Cr Ni Mo W

o phase SD bal 0.7(0.0) 29.7(40.8) 5.0(6.2) 6.2(12.4) —

o phase WCu bal 1.4(0.0) 28.5(40.0) 5.6(4.4) 5.4 (8.6) 1.6 (2.3)
o phase w bal 1.3(0.0) 30.0(39.5) 4.5(54) 6.8 (8.4) 44 (8.1)
X phase SD bal 0.8(0.0) 27.4(27.8) 5.4(0.0) 11.9(21.4) —
X phase WCu bal 0.7(0.0) 26.8(26.6) 4.1(0.0) 12.0(16.6) 3.4 (7.0)
X phase w bal 1.1(0.0) 26.6(25.9) 2.9(0.0) 17.0(11.3) 12.7(19.0)

*Experimental uncertainties are typical of the EDX technique, i.e., between 0.3 (Ni) and 0.7 (Fe) wt pct for all elements.

Table VII. Concentration in Weight Percent of Alloying Elements in Austenite and Ferrite Measured by WDX (in
Parentheses) and Estimated by Thermo-Calc at 1300 °C and 800 °C (Composition Equal to Chemical Composition Obtained by
OES, Table I)

Cr Mo N Ni Cu W
v, 1300 °C SD 23.8(25.5)* 2.9(3.3) 0.50(0.43) 11.5 (9.6) — —
v, 1300 °C WCu 23.3(25.1) 2.7(3.1) 0.42(0.54) 11.5 9.7 0.91(0.68) 0.75(0.54)
v, 1300 °C w 23.6(25.9) 2.3(12.4) 0.48(0.48) 12.2(10.5) — 1.9 (1.6)
a, 1300 °C SD 26.6(26.0) 43(3.9) 0.09(0.04) 7.9 (8.5) — —
a, 1300 °C WCu 27.0(26.5) 42(4.0) 0.09(0.08) 7.6 (7.8) 0.41(0.63) 1.04(0.60)
a, 1300 °C w 26.9(26.9) 3.6(2.8) 0.10(0.13) 8.1 (9.0) — 2.6 (1.7)
Y, case 1 SD 23.6 33 0.32 10.7 — —
v,, case 1 WCu 23.1 3.1 0.30 10.8 0.76 0.75
¥,, case 1 W 233 2.6 032 11.5 — 1.9
7Y,, case 2 SD 21.7 35 0.16 12.5 — —
7Y,, case 2 WCu 214 32 0.18 113 0.71 0.69
Y,, case 2 W 21.6 2.7 0.19 12.0 — 1.7
v,, WDX* SD (24.9) 2.9 (0.21) (11.1) — —
v, WDX WCu (24.1) (2.6) 0.22) (10.69) 0.79) (0.42)
v,, WDX w (25.1) 24 (0.26) (11.0) — (1.2)

*Values in parentheses were obtained by WDX analyses in the EPMA.

a similar effect can be expected for tungsten, it was not
sufficiently pronounced to be detected by EDX analysis.

B. Secondary Austenite

Previous investigations of vy, using Thermo-Calc have
predicted lower concentrations of nitrogen and chromium
compared with primary austenite.>$! The conclusion has
been shown to be qualitatively valid for y, being formed
in a wide temperature range below 1300 °C assuming that
primary austenite forms at 1300 °C."! In the case of chro-
mium, this has been verified quantitatively using EDX anal-
yses.l>621221 However, in the case of nitrogen, there is only
qualitative information available in the literature from sec-
ondary ion mass spectrometry in support of the thermody-
namic calculations.! An important aspect of the present
investigation is that it demonstrates that low energy WDX
analysis in EPMA offers a viable technique for measuring
quantitatively also the concentration of nitrogen in vy, pro-
vided the diameter of the 7, grains exceeds 1 to 2 wm,
which corresponds to the spatial resolution of this tech-
nique. The observed concentrations of nitrogen, viz. 0.21 to
0.26 wt pct, are in good agreement with the predictions
from Thermo-Calc, which predicts nitrogen concentrations
in the range 0.16 to 0.32 wt pct depending upon the ap-
proach used to model the formation of v,.

It is important to emphasize that thermodynamic equilib-
rium will never be attained in a weld metal because of the
rapid cooling. The weld metal, therefore, is to be regarded
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as a highly metastable structure. Nevertheless, the present
investigation has shown that it is possible to model the
essential features of the weld metal in DSS by the computer
program Thermo-Calc. This has been accomplished by con-
sidering two extreme cases, an upper and a lower bound,
between which the real case is assumed to lie. The upper
bound corresponds to the unlikely event of equilibrium be-
tween v,, primary austenite, and ferrite (case 1), while the
lower bound considers the case when the composition in
primary austenite is frozen at 1300 °C and only equilibra-
tion between vy, and the ferrite occurs (case 2). It should
be mentioned that intermetallic phase (o phase) and Cr,N,
which are expected in thermal equilibrium, are omitted in
the calculations. This can be justified because these phases
were virtually absent in as-welded material in the present
investigation. The absence of intermetallic phase and Cr,N
is taken as evidence that the thermal cycles during welding
were too short for the precipitation of intermetallic phase
but involved sufficiently slow cooling rates for nitrogen to
be accommodated in solid solution in the austenite. In case,
1, a high concentration of nitrogen can be expected in v,,
since there are no restrictions regarding diffusion of alloy-
ing elements between ferrite and primary austenite. A low
concentration of nitrogen can be expected in case 2, since
nitrogen in the primary austenite is inaccessible to the ¥,.
However, in practice, it is estimated that some exchange of
alloying elements between primary austenite and ferrite oc-
curs. This is particularly the case for rapidly diffusing in-
terstitials. The experimental observation of nitrogen
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Fig. 14—Measured concentrations of Cr, Fe, Ni, and Mo in wt pct and for N in wt pct X 100 obtained in SDH-weld metal using WDX in EPMA.

concentrations well within the predicted interval 0.16 to
0.32 wt pct confirms that the modeling of y, formation used
in the present investigation is quite realistic.

In the case of chromium, Thermo-Calc predicts a con-
centration in %, that is lower than that in primary austenite.
This tendency is also observed experimentally using WDX,
although it must be pointed out that the absolute experi-
mental values are unrealistically high bearing in mind that
the average concentration of chromium should be 25 pct.
The discrepancy is most likely caused by a systematic error
associated with the WDX technique. A comparison with the
results from optical emission spectroscopy suggests that the
error is typically 2.0 wt pct. If this error is taken into ac-
count, good agreement between WDX analyses and
Thermo-Calc is obtained. This also shows that the
assumption that vy, is formed at about 800 °C is quite re-
alistic.

The observation of different tendencies to form v, in dif-
ferent weld metals produced under identical welding con-
ditions is interesting, since it shows that its formation is
highly dependent on chemical composition. A stronger ten-
dency to form ¥, in WCu- and W-weld metals is quite
evident from the microstructural investigations (Table II
and Figures 1(a) through (c)). This effect can be given a
physical interpretation following the argument of Hertzman
et al."1 The driving force for precipitation of v, is assumed
to be proportional to f,, — f.,. Where £, is the volume
fraction of v, in true thermodynamic equilibrium at 1000
°C and f,,,, is the volume fraction of v, calculated assuming
paraequilibrium conditions during cooling. Their calcula-
tions show that under these assumptions, W- and WCu-
weld metal show a stronger tendency to form v,. Although
this interpretation provides a very likely physical explana-
tion, the role of tungsten and copper in the nucleation of
v, cannot be entirely ignored. However, an estimation of
this requires analytical techniques at atomic resolution and
was beyond the scope of this investigation.

The morphology of vy, deserves some comments. Essen-
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tially, two types of morphologies of y, were observed, a
Widmannstitten type with sharp edges (Figure 3) and a
globular type (Figure 4). The Widmannstitten type includes
v, grains with a midrib. Such v, grains have also been
observed by Solomon and Devine!?®! and identified by Nils-
son et al.®® to be two austenite crystals separated by a twin
boundary. It is interesting to note that vy, with a midrib
showed even lower concentrations of chromium than other
types of v,. However, the reason for this is not clear to the
authors.

C. Effect on Properties

Results obtained by Hertzman et al.l'" on identical weld
metals show toughness and corrosion properties that are
explicable on the basis of the previously mentioned mi-
crostructural findings. These authors found a rapid embrit-
tlement of W-weld metal with aging time when testing
impact toughness at room temperature. Already after 10
seconds of aging in the temperature range 850 °C to 950
°C, critical toughness values close to the accepted limit 27
J were obtained. This is intimately related to the early for-
mation of intermetallic phase in tungsten-rich weld metal.
Corrosion properties as a function of previous aging time
at 900 °C were also determined using electrochemical test-
ing in a solution of 1 M NaCl. WCu-weld metal exhibited
significantly lower critical pitting temperatures than W- and
SD-weld metals, the difference being at least 5 °C. This
effect in part can be attributed to the large volume fraction
of y, in WCu-weld metal. A slightly lower corrosion resis-
tance was observed also in W-weld metal, particularly for
aging times beyond 30 seconds, indicating that there was
an effect of intermetallic phase also on the corrosion be-
havior. However, the fact that W-weld metal is comparable
with SD-weld metal in unaged condition despite significant
amounts of y, most likely reflects the observed beneficial
effect of tungsten in solid solution on pitting resistance.['’]

A final comment relates to the experience from welding
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Fig. 15—Diagram obtained by Thermo-Calc based on the composition of
W-weld metal showing the dependence of equilibrium volume fraction on
temperature of the phases austenite, ferrite, o phase, and Cr,N.

practice of SDSS. Although it is not possible to guarantee
a weld that is entirely free of 1,, it is important to empha-
size that no practical problems have been encountered in
SD-weld metal. This can be understood from the fact that
v, is not exposed to the surface and only confined to the
interior of reheated weld beads in combination with its low
volume fraction. However, the present investigation has
shown that the tendency to form v, is a very sensitive func-
tion of chemical composition. This is also the case with
intermetallic phases in duplex stainless steel weld metal. In
W- and WCu-weld metal, the tendency to form vy, was
found to be sufficiently strong to result in v, also in surface
regions, which implies that vy, will be exposed to the en-
vironment. This is expected to have an adverse effect on
the corrosion properties.>®! The term v, is also a sensitive
function of the welding parameters. During welding of
pipes, the formation of 7y, in duplex stainless steel weld
metal can be suppressed by using a relatively low heat input
in the second pass. By using this technique, experience has
shown that no <y, will be formed in SD-weld metal in the
surface region of the root bead. In practice, intermetallic
phase formation can also be avoided in SD-weld metal pro-
vided the welding recommendations are followed. How-
ever, it can be inferred from the present investigatiol
(Figure 12) that this is more difficult to achieve in tungsten-
rich weld metal because of the faster cooling rate required
to avoid precipitation of intermetallic phase.

V. CONCLUSIONS

1. Tungsten-rich weld metal showed faster kinetics of in-
termetallic phase formation and a higher dissolution tem-
perature of intermetallic phase compared with
tungsten-poor and tungsten-free weld metals. This suscep-
tibility to intermetallic precipitation was found to be due to
tungsten, which presumably decreases the free energy of
formation of nonequilibrium y phase.

2. Microstructural observations show that the nucleation of
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x phase is associated with small coherency strains. This
offers a likely explanation for the earlier precipitation of y
phase compared with o phase.

3. Intragranular secondary austenite in all weld metals in-
vestigated was found to be depleted in chromium and ni-
trogen relative to primary austenite. The concentration of
nitrogen was measured by WDX analysis to be in the range
0.21 to 0.26 wt pct in -y, compared with 0.48 to 0.54 wt
pct in primary austenite.

4. The formation of y, was modeled using Thermo-Calc.
The prediction of concentrations of elements in austenite,
ferrite, and secondary austenite was in good agreement with
experimentally measured values using EDX and WDX.

5. Tungsten bearing and tungsten + copper bearing weld
metals were found to be more susceptible to formation of
¥, than weld metal devoid of these elements. This resulted
in vy, in the surface regions in tungsten and tungsten +
copper weld metals, while no such effect was observed in
weld metal in the absence of tungsten and copper.
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