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Abstract EN 1.4410 (UNS S32750) superduplex stain-
less steel (SDSS) with a thickness of 6.5 mm has been
welded by plasma arc welding (PAW) process with dif-
ferent heat inputs. To determine the mechanical properties,
impact toughness testing at subzero temperatures starting
from —20 °C down to —60 °C was carried out while
fractographs were examined by scanning electron micros-
copy (SEM). Microstructural examination included macro-
and microphotographs of the cross sections, ferrite content
measurements and hardness survey of the weld zones.
Interpreting all data obtained, results were compared
depending on the heat inputs of the joints while the relation
between heat input and properties was explained. Promis-
ing low temperature toughness, results were obtained while
it was concluded that the variation of the heat input influ-
enced mainly the ferrite content and hardness of the weld
zones. Results showed that PAW, which is considered
immature process in welding of SDSS, can be employed
for 1.4410 superduplex grade with controlled heat input so
the properties.

Introduction

Duplex stainless steels (DSSs), approximately with 50%
ferrite and 50% austenite at their room temperature micro-
structure, have been introduced in the 1970s; however,
they have been evolved rapidly since 1980s. Significant
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improvements both in material design and weldability have
been made leading DSS to range from the cost efficient lean
grades to the high alloyed superduplex grades for more
demanding applications. The distinction between duplex and
superduplex is not standardized. The term of superduplex
is usually associated with about 25% Cr, >3.5% Mo
and >0.2% N providing an increased pitting resistance
equivalent number (PREy) >40 [1-6]. Superduplex stainless
steels (SDSSs) belong to the duplex family and they have
increased levels of Cr, Mo and N than the standard duplex
grades, resulting with a higher strength and improved cor-
rosion resistance and resistance especially to stress corrosion
cracking in H,S containing aggressive mediums [7-9]. The
superior corrosion resistance, strength and/or combination of
both properties due to their strict composition control and
microstructural balance have provided these stainless grades
tobe used in many applications, and they are often selected to
substitute austenitic alloys where stress corrosion cracking
and pitting corrosion are of concern such as in the oil and
gas, paper and pulp, petrochemical industries and in power
generation [1-4, 9, 10].

Properties of DSSs and weld metals are dependent on
the phase balance and can be affected by secondary phases.
For the common arc welding methods, using filler metals
with increased nickel content and specified minimum heat
input is standard practice [11]. The weldability of standard
DSS grades both with conventional arc welding processes
such as shielded metal arc welding (SMAW) [12-15], gas
tungsten arc welding (GTAW) [16, 17], flux cored arc
welding (FCAW) [14], submerged arc welding (SAW) [14]
and with solid state processes such as flash butt resistance
[18] welding has been reported by various researchers.

The practical application of any steel on a larger scale is
critically dependent on its weldability for fabrication.
Productivity is always a key issue in manufacturing, and as
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the use and demand for DSSs have increased, weld pro-
ductivity has become more important. In principle
productivity can be improved by increasing weld speed or
by decreasing the number of weld beads [11]. A number of
studies on relatively novel processes of DSSs were reported
such as electron beam welding [17, 19], laser welding [20]
and hybrid process [11]. However, attention should be paid
for autogeneous processes and in particular for beam
welding processes associated with very rapid cooling,
increasing the risk of unbalanced microstructure [11].
Duplex stainless steels have good weldability similar to
austenitic grades with a comparable alloying content.
Although higher alloying content of superduplex weld
metals compared to the duplex grades provides improved
properties, it is increasingly difficult to optimize welding
thermal cycles when the alloying content is increased.
SDSS grades are more sensitive to the variations in weld
metal composition or welding parameters [5, 7]. The dif-
ficulty in welding is mainly to obtain austenite amounts
close to 50% and to avoid the formation of deleterious
intermetallic phases on cooling and reheating passes [8].
The ferrite/austenite ratio depends on the energy input in
welding, since it controls the cooling rate and ferrite/aus-
tenite transformation. Cooling time has strong effects on
the impact toughness that the ferrite content and micro-
hardness decreases with the increasing of cooling time.
Very low heat inputs lead to high ferrite contents and
intense chromium nitride precipitation while high heat
inputs and/or long exposure between 1,000 and 600 °C
tend to produce coarse-grained weld deposits or cause
precipitation of brittle phases like ¢ and y. For these rea-
sons, it is desirable to control welding parameters such that
cooling is slow enough for adequate austenite formation
but also fast enough to prevent deleterious precipitation
[4, 8,9, 11, 21, 22]. In general, depending on the thickness
and joint type, SDSSs are recommended to be welded with
heat inputs in the range of 0.5-2.0 kJ/mm [8]. Taking into
account on some difficulties about SDSS welding and
considering published research work, reported studies
concentrated on welding of these steels are found to be
relatively scarce compared to that of standard duplex
grades. Concerning SDSS, SMAW and synergic cold wire
submerged arc welding (SCW™ SAW) was studied by
Karlsson and Tolling [11] while SMAW and TIG welding

was also reported by Comer and Looney [23]. As a novel
process, friction stir welding of SDSS has been accom-
plished and reported by Sato et al. [24].

In plasma arc welding (PAW), the electric arc is gen-
erated between a non-consumable tungsten electrode and
the constrained using a copper nozzle with a small opening
at the tip. By forcing the plasma gas and arc through a
constricted orifice, the torch delivers a high concentration
of energy to a small area giving higher welding speeds and
producing welds with high penetration/width ratios, thus
limiting the heat affected zone (HAZ) dimensions. For
these reasons PAW is a useful technique for welding
austenitic steels and can be applied to SDSSs [25]. To
increase the productivity, there is an interest in applying
PAW process in recent years resulted with researches
concerning PAW of standard 1.4462 duplex grade have
been realised by Urena et al. and Sun et al. [25, 26].
However, no published study about plasma weldability or
properties of superduplex grades has been determined up to
now. Taking into account of the increasing interest in
demands of using superduplex grades and plasma welding
for industrial applications, this study is planned to focus on
PAW of SDSS plates.

In this study, low temperature toughness and micro-
structural properties of plasma arc welded 1.4410 SDSS
with different heat inputs were investigated, and differ-
ences between the results of the welds due to the heat input
range were compared while microstructure—property rela-
tion was mentioned. And the possibility of PAW process
applications which is relatively novel for SDSSs in
industrial fields still obtaining an acceptable ferrite:aus-
tenite ratio was also investigated.

Material and experimental procedure

Superduplex stainless steel conforming to grades 1.4410 and
X2CrNiMoN 25.6.3 in EN 10088 and EN 10028.7 and to
UNS S32750 in ASTM A240 with a thickness of 6.5 mm has
been used concerning present research. Chemical composi-
tion of the base metal (BM) is given in Table 1.

Plasma arc welding of 1.4410 superduplex grade was
realised in industrial conditions in keyhole mode without
filler metal and by DCEN polarity. Straight plate edges

Table 1 Chemical composition of the superduplex stainless steel base metal (data from chemical analysis by XRD and from the steel producer

[27])

Chemical composition (wt.%)*

C Si Mn P Cr Cu Ni

Mo Ti v Nb N Co

0.025 [<0.030] 030 0.86 0.037 24.33[25] 0.18

6.65 [6.5]

372 [3.6] 0.003 0.077 0.06 0.28[0.26] 0.05

* Values between square brackets are obtained from the steel producer
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perpendicular to the plate surface have been prepared while
the weld pool was protected by a high purity Ar gas. One
pass welding without preheat and with a heat input of
1.90 kJ/mm was used for the plasma arc Weld 1. Weld 2
of SDSS plates was produced with PAW with similar
conditions and with a heat input of 2.25 kJ/mm which
exceeds the upper limit of the recommended range [8, 27].

Each weld was mechanically tested using sub-sized
notch impact test samples extracted transverse to the weld
and prepared with notches positioned at the weld metal
centre (WM), HAZ and BM. Since much welding tech-
nology associated with DSSs has been generated from
offshore applications, significant emphasis is placed on the
lower temperature properties of the WM and HAZ [14]; so
impact testing was carried out at subzero temperatures such
as —20, —40 and —60 °C. Examinations of the fracto-
graphs from both welds tested at —60 °C were carried out
with a JEOL JSM 5600 SEM.

For microstructural investigations, cross sections of
plasma arc welded SDSS joints were prepared, polished
and etched electrolytically in NaOH solution. Macro- and
microphotographs were obtained by light optical micro-
scope (LOM) with 200x magnification at the BM, WM
and HAZs of each weld. Ferrite content measurements of
the welds in ferrite % were done with a Fischer Ferritscope
across the weld zones. Microhardness measurements on
each weld were carried out with a depth of 1.5 mm sub-
surface from the face and root sides and with 0.5 mm
distance between each indentation.

Results and discussion

The mean notch impact values expressed in joule are
shown in Fig. la and b, respectively, for Weld 1 and
Weld 2.

Impact toughness of DSS welds is specified at design
temperature or another specified temperature. Although the
acceptance criteria vary significantly, examples of typical
impact toughness requirements are a minimum of 34 J at
—40 °C, 35 J average and 27 J minimum at —46 °C [5].
Depending on these criteria, it can easily be said that both
joints pass the minimum requirements with much higher
values such as 106 J and 102 J for WM and 72 and 82 J for
HAZ, respectively, for Weld 1 and Weld 2 even at —60 °C.
Fractographs from both welds tested at —60 °C with the notch
position at weld metal, respectively, for Weld 1 and Weld 2,
were examined with SEM (see Fig. 2). In accordance with the
toughness test results, ductile fracture for both welds was
observed since the figure reveals some fine dimples.

The microstructural examination on the specimens of
both joints has been carried out using LOM and with 200x
magnification. The investigation of the welds has been
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Fig. 1 Notch impact toughness graphs of plasma arc welds of SDSS:
(a) Weld 1 and (b) Weld 2

performed from BM across HAZ to WM respectively. The
macro- and microstructures of the related BM and weld
zones are shown in Figs. 3 and 4, respectively, for Weld 1
and Weld 2.

The SDSS BM has shown an elongated grain structure,
typical of that of a rolled product with ferrite and austenite
duplex microstructure in accordance with the literature [1,
13]. Since the primary solidification phase is ferrite and
given the fairly rapid cooling due to the weld thermal
cycle, diffusional transformation to austenite can be sup-
pressed on cooling to room temperature providing a
predominantly ferritic structure at the fusion zone; the
microstructure of a fusion weld of the DSSs can signifi-
cantly differ from that in the BM compared to the
martensitic and austenitic types. The HAZ is heated to
temperatures close to the solidus, inducing transformation
from the original two-phase microstructure to ferrite and
this retains on cooling [28]. HAZ close to the weld metal is
heated up to temperatures at which transformation to ferrite
and even melting on the grain boundaries occur. Some
grain coarsening together with denticulate austenitic den-
drites at the grain boundaries exists in accordance with the
literature [15]. In Figs. 3 and 4, a relatively narrow HAZ
for Weld 1 and some grain growth affecting subsequent
epitaxial growth of the columnar ferrite grains inside the
fusion pool can be seen; similar to the study by Urena et al.
[25], some secondary austenite mainly at the weld metals
in the form of Widmanstatten needles growing into the
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Fig. 2 Fractographs of samples from WM tested at —60° C (a)
Weld 1 and (b) Weld 2

ferrite grains was observed similar to the literature [9, 18].
HAZ gets a little bit wider in Weld 2 than in Weld 1 due to
the heat input range (see Figs. 3 and 4); and due to the heat
input increase some grain coarsening of the ferrite grains
was also observed in the micrographs of Weld 2.

WRC-1992 diagram allows ferrite prediction based on
composition up to 100 FN [1]. Taking into account of this,
Creq and Nigq values of BM were calculated to predict the
ferrite content of the fused metal. Chromium equivalent of
approximately 28.1 and nickel equivalent of 13.2 for BM
were calculated using chemical composition data. A FN of
approximately 65 is obtained for the weld metal. Since a
rough conversation from FN to volume percent for the
duplex alloys is 70% [1], approximately 45.5% ferrite is
predicted for the related weld due to the WRC diagram.
Ferrite content data obtained with a Fischer Ferritscope on
the macrosections of the joints with the measurements
across the BM left, left part of the HAZ, weld metal, right
part of the HAZ and BM right, which are given in Table 2.
Ferrite % data also includes the values obtained from the
face, middle and root parts of the related positions.

@ Springer

Depending on the results obtained from the Ferritscope
measurements, weld metal ferrite content of approximately
48.9% and 44.4% were obtained, respectively, for Weld 1
and Weld 2. The effect of the heat input is not considered
in WRC diagram however; the measured ferrite content
values are close to the predicted ones calculated by WRC-
1992 diagram as mentioned above. For ensuring the
excellent combination of properties of DSS, it is essential
to maintain a ferrite/austenite ratio close to 50:50. How-
ever, the phase balance is upset during welding due to the
rapid cooling. This can result in weld metal ferrite contents
much in excess of 50%. In order to maintain the original
chemical and physical properties of the as-received duplex
BM, the phase balance of the weld metal and the HAZ is
critical [26]. Weld metal shall fulfil a Ferrite Number (FN)
requirement of FN = 30-70 (approximately 22-70%) in
TIG weldments. With other processes and at locations
exposed to the corrosive environment and/or possible
hydrogen cracking, ferrite content of the weld metal of
approximately 22-60% may be required [3], but usually
30-70% range is acceptable for practical applications [8,
25, 26]. In accordance with the literature, WM ferrite
content values measured between 48.9% and 44.4% for the
plasma arc Welds 1 and 2, respectively, conforms to
acceptable range for the desired requirements.

When the ferrite content data for each weld is taken into
account and if the average values of each nine measure-
ments for each position is calculated, a graph as illustrated
in Fig. 6a and b can be plotted roughly describing the
ferrite and austenite phase distribution of the weld cross
sections across the left side of the BM and HAZ, WM, right
side of the HAZ and BM.

It is clearly shown that in plasma arc welds, ferrite
content of weld metals is higher than the BM (almost 50%)
(see Fig. 5). This is because that the weld metal of DSS
solidifies primarily as delta ferrite. When it cools down, a
partial transformation to austenite initiates at the ferrite
grain boundaries and then continues intergranularly. As the
weld cools faster, less austenite will be formed in the weld
metals as compared to the BM [26].

Combining the impact toughness test results and ferrite
content data, Fig. 7a and b can be plotted to determine the
ferrite content and impact toughness relationship, respec-
tively, for Weld 1 and Weld 2. Figure 6 includes Charpy
impact testing data at subzero temperatures such as —60,
—40 and —20 °C.

According to Figs. 5 and 6, it could basically be said that
when the ferrite/austenite phase balance is protected, such as
close to 50:50%, impact toughness data of WM is improved.
When the balance changes, such as 40:60%, low tempera-
ture toughness values of WM may show some decrease.
Ferrite content depends on the chemical composition of the
weld metal and the cooling rates of the weld which are
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Fig. 3 Macro- and
microphotographs of Weld 1:
(a) macro, (b) BM, (¢c) HAZ and
(d) WM

Fig. 4 Macro- and
microphotographs of Weld 2:
(a) macro, (b) HAZ and (¢c) WM

related to the heat input during welding [25]. The heat input ~ recommended limit of 2 kJ/mm [8, 27]. It would be inter-
for the first weld was 1.90 kJ/mm while 2.25 kJ/mm was  esting to compare microstructures and properties of these
used for the second weld thereby exceeding the  two welds. During cooling, a transformation from ferrite to

@ Springer



4314 J Mater Sci (2008) 43:4309-4315

Table 2 Ferrite content analysis of the plasma arc welded joints (in () TOUGHNESS AND FERRITE CONTENT OF WELD 1
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Fig. 5 Ferrite austenite ratio of plasma arc welded joints: (a) Weld 1
and (b) Weld 2 Fig. 7 HVI graphs of (a) Weld 1 and (b) Weld 2

austenite occurs so that the elongation of cooling time leads ~ amount of heat input, more ferrite is expected when lower
to further transformation progresses such as more austenite ~ heat input is used [15]. Confirming this situation, ferrite
formation. Since the cooling time is proportional to the  content measurements of welds revealed that less ferrite is
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measured on Weld 2 with a heat input of 2.25 kJ/mm with
regard to that of Weld 1 with less heat input.

HV1 measurements carried out over the weld cross
sections are illustrated in Fig. 7a and b, for Weld 1 and
Weld 2, respectively.

For Weld 1, weld metal hardness was between 312 HV1
and 332 HV1. HAZ hardness ranged from 300 HV1 to 334
HV1 while HAZ values ranging from 330 HV1 to 357 HV1
and weld metal values between 327 HVI1 and 357 HV1
were measured for Weld 2. Relatively high HAZ hardness
data was obtained from Weld 2 which was welded with a
higher heat input than Weld 1. There is a few decrease in
the ferrite content of Weld 2 resulted with some increase in
microhardness. Taking into account of ferrite content
measurements of roughly 50 and 45%, respectively, for
Weld 1 and Weld 2, it can be concluded that increase at the
heat input leads ferrite content of weld metal to decrease
and hardness to increase. There is an increased root region
hardness for both welds (see Fig. 7), usually due to work
hardening caused by deformation induced by shrinkage
similar to that in literature [5].

Conclusions

The following conclusions have been drawn concerning the
study on PAW of 1.4410 SDSS with different heat inputs.

Defect-free joining of 6.5 mm thick 1.4410 superduplex
grade is possible by PAW without filler metal. The prom-
ising impact test results showed that both welds have
exhibited good WM and HAZ toughness properties at
subzero temperatures such as down to —60 °C, compared
to the requirements as referred in the literature. Ferrite
percentage measurements revealed that the ferrite content
varied in an acceptable range depending on the heat input
which affects mainly the microstructure such as hardness
properties. If good toughness properties are desired, then
the phase balance of the weld metal should be kept close to
50:50% ferrite austenite ratio by controlling the heat input
range carefully. Increase in the heat input led hardness at
the HAZs to increase. As the improved weldability of
SDSSs with controlled welding conditions, such as heat
input and acceptable ferrite/austenite balance, has been
demonstrated leading to higher productivity during weld-
ing, PAW which is considered as immature process for
superduplex grades, would be largely extended for indus-
trial applications in the near future.
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