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The presented study involved mathematical modelling of single pass TIG welding of duplex stainless steel S32205. The tem-
perature fields, the fusion zone and HAZ dimension, the cooling rate fields, residual stresses taking into account kinetics of
dissolution of austenite during heating and kinetics of precipitation of austenite during cooling were obtained. The comparative
analysis of residual stresses with/without phase transformations showed the difference of residual stresses distribution due to
different amounts of austenite and ferrite and due to volumetric changes during phase transformations. 24 Ref, 1 Tabl., 9 Fig.
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Introduction

Duplex stainless steels (DSSs) contain approx-
imately equal amounts of austenite (y) and ferrite
(a), which offer many advantages over other single
phased stainless steels. DSSs have higher strength
than austenitic steels, higher impact value and high-
er resistance against hydrogen embrittlement than fer-
ritic steels. DSSs with optimum volume fractions of
ferrite and austenite also possess a higher resistance
against general corrosion, intergranular, pitting, crev-
ice corrosion and stress-corrosion cracking. The ap-
plication of DSSs covers a broad range of industries
such as the oil and gas, petrochemical, chemical in-
dustries, energy industry, marine structures, as well
as general structures such as architecture, building,
construction and mechanical engineering. For most
of these applications, the combination of strength and
corrosion resistance is a particularly important con-
sideration for the design, manufacturing and struc-
ture maintenance. Many of these applications involve
welding of similar or dissimilar grades of DSSs with
different types of welding [1-5] including tungsten
inert gas (TIG) welding.

When welding duplex steels, a general require-
ment during welding of DSSs is limitation of the
welding heat input. The upper temperature limit of
heat input is limited by the formation of intermetal-
lic phases, and the lower — by an acceptable ratio of
austenite and ferrite. It is recommended to adhere to a
heat input of 0.5...2.5 kJ/mm for steels containing 2
2 % chromium and 0.2...1.5 kJ/mm for super duplex
steels with 25 % chromium [1, 2]. One major focus
for welding process design is to retain the good com-
bination of properties, which is sensitive to the chem-
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ical composition and microstructure of the fusion and
heat affected zones (HAZ). Particular features gov-
erning the structural integrity are the volume fractions
of the ferrite and austenite phases, the phase transfor-
mation over critical temperature-composition ranges
(Fig. 1) and residual stresses.

Many recent work have reported on the phase vol-
umes changes in welding DSSs, but systematic works
on the effect of microstructural phase transformations
on residual stresses are still limited [8—12]. Residu-
al stresses in welding are an important factor influ-
encing both the mechanical strength and the corrosion
resistance of DSSs, such an issue needs to be ad-
dressed with good accuracy taking into account phase
transformations.
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Fig. 1. Phase diagram of the triple system Fe—Cr—Ni at 70 % Fe
[1,6,7]
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Chemical composition for 2205 grade stainless steel [4]

Grade C Mn Si Cr

Mo Ni N P S

2205 (S32205) <0.03 <20 | <1.0 22.0...23.0

3.0...35 4.5.6.5 0.14...0.20 <0,03 <0,02

This work presents a comparative analysis of the
distribution of residual stresses after welding of DSS
taking into account microstructural transformations.
The main mathematical models, numerical proce-
dures and typical results are introduced. The work is
applied in analyzing TIG welding of standard duplex
steel S32205, the data includes temperature fields,
characteristic cooling rates and microstructure com-
position. The residual stresses distribution with/with-
out phase transformations is presented and discussed.

Modelling approaches of the temperature fields
and phase transformations

In this work, the TIG welding process of stand-
ard duplex stainless steel S32205 (Table) taking into
account microstructural transformations was simulat-
ed and temperature fields, characteristic cooling rates,
microstructure composition and residual stresses
were obtained. The analysis is focused on single pass
TIG welding process without preheating: | = 120 A,
U =10V, welding speed 1.5 mm/s. The heat input
was H = 600 J/mm, which is in the recommended
range of 512 < H <2520 J/mm for welding of duplex
steels [2].

The chemical composition of standard duplex
steel S32205 is listed in Table. Thermo-physical
properties of base material were adapted from litera-
ture data [12, 13]. The latent heat of fusion is 300 J/g.

Simulation has been carried out using finite ele-
ment calculation model (ABAQUS) on a plate of
thickness 3mm with dimension 100x100 mm. As a
heat source model, Goldak’s double ellipsoid heat
source model [14] was used. The heat distribution in
a solid is described by the differential heat equation,
which in the general case for the Cartesian coordinate
system (X, Y, z) has the form:

Nl g[laTJ 6£x6_Tj 8(XO_TJ 0. ()
P ox) oyl oy) a\ @

OX
where Cp — volumetric heat capacity of the material;
A — thermal conductivity; g — power distribution of a
volumetric heat source.

Goldak’s heat source model is built from two el-
lipsoids described with equations [14] for front part
model g, and rear part of model q_:

633f.Q x>y 72

s (6 y,2)=— =L Cfnff Xp(3C 5+ y—+7)) @)
631 fQ . y? 7’

qr(xa y,Z) ab rT[\/E ( 3(a_+ b2 +C'r_2)) (3)

The heat input rate Q = V7 is defined by welding
operational parameters current (I), voltage (V) and
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thermal efficiency (n), respectively. The factors f. and
f denote the fraction of the heat deposited in the front
and rear quadrant respectively, which must satisfy the
condition f +f = 2. The a, b, b_and c are source con-
stant parameters that define the size and shape of the
ellipses, therefore the heat source distribution.

The cooling boundary conditions between the
plate and surrounding environment by convection are
calculated by the equation:

oT

12 =N =Ty), (4)

where T, (20 °C) is the room temperature and %
(20W m2 K™") is the natural convective heat coefficient
assumed.

Based on the solution of the heat equation by the
finite element method, temperature fields of the cal-
culation scheme were obtained. Calculation results of
temperature fields for TIG welding process of DSS
2205 are given in Fig. 2 and Fig. 3. The width of fu-
sion zone (T__ > 1450 °C) is 2.6 mm (at the bottom
of the weld)-4.7 mm (at the top of the weld). Since
the ferritic-austenitic transformation in duplex steels
takes place in the temperature range from 1200 to
800 °C, the zone with the maximum heating temper-
ature above 1200 °C was taken as the heat affected
zone (HAZ). It's depth in the base material is up to
1.3...2.15 mm (Fig. 2).
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Fig. 2. Dimension of the fusion zone and HAZ, mm
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Fig. 3. Characteristic thermal cycles in weld zone and HAZ
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An important characteristic during welding du-
plex steels is the cooling rate in the temperature range
1200...800 °C [15—17]. Since cooling is fast by the
single pass welding, the obtained time At , . “of the
calculation model is equal 10-14s (Fig. 3), the cool-
ing rate w, ... is from 28 to 40 °C/s. Comparison of
cooling curve with TTT- and CCT-curve [18] shows,
that due to fast speed cooling after welding (the cool-
ing speed w, .. = 28...40 °C/s >> 0.23 °C/s) the
o-phase (sigma phase) will not form. Sigma phase
precipitation is possible during aging at high temper-
atures or in multi-pass welding [19, 20] due to low
cooling rates.

The kinetics of the microstructure phase transfor-
mation during welding the DSS on the basis of liter-
ature data [17, 21] was modelled. Weldments of DSS
with a Cr, /Ni_ ratio above 1.95 (for steel S32205
Cr, /Nieq = %.5) can be treated as a single-phase ferrite
[22q] when solidifying. The dissolution and precipita-
tion kinetics of austenite in duplex stainless steels is
followed by the Austin-Rickett type equation [17, 21]:

Yy n
=y~ k) 5)
where Y is the fraction transformed, £ is the kinetics
constant, t is the time and n is the time exponent.

The temperature dependency of dissolution rate

k(T) of austenite phase in DSSs is as follows [21]:

— for HAZ of standard DSSs
4
k(T)=exp —m+25.6 (6)
(T +273)
— for weld metal of standard DSSs
4
k(T)=exp _382:10° +37.4 | (7)
(T +273)

Temperature dependency of equilibrium austenite
phase fraction of standard DSS Feq(T) and precipita-
tion parameters N, k(T) were obtained from work [21]
(Fig. 4).

Since heating during the welding thermal cycle
occurs without aging and cooling continuously with a
variable cooling rate, the Austin-Rickett equation was
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Fig. 4. The precipitation kinetics constant &(T) [21]
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accepted as modified equation taking into account the
features of the welding thermal cycle. For this, the
heating and cooling curve was divided into steps and
the fraction of austenite was determined by the ex-
pression below [17]:

y n
——=|k(T
n Feamy-y L]

Wj)-yj =(k(T)+ k() +...

et K(T))" AL {Atik(z)}

i=1

‘Temperature

i=1

R 1+[Atik(ﬂ)}

i=1

i
[At"Zk(Ti)“ -Feq(Ti)} )

Time

The results of the microstructure composition
and kinetics of phase transformation in the HAZ and
weld metal shown in Fig. 5 were obtained using Aus-
tin-Rickett equation (8) and precipitation parameters
k(T), n from work [21].

On the basis of equation (8) high content of aus-
tenite in weld metal and low content of austenite in
HAZ was obtained. According to Fig. 5 the phase
composition in weld metal are 65 % austenite and
35 % ferrite, in the HAZ are 28 % austenite and 72 %
ferrite. These data of microstructure composition
(Fig. 5) were used for the determining of the distri-
bution of residual stresses after welding of DSS 2205.

Modelling of residual stresses, results and analysis

Phase transformations in steels can occur with sig-
nificant volumetric changes, which mainly effects on
the kinetics of the distribution of residual welding
stresses and strains [23, 24].

The temperature and phase volume data presented
in the previous section provided a framework to com-
paratively study the residual stresses with/without tak-
ing into account of the microstructural transformations,
typical results are shown in Fig. 6, 7. Fig. 6 is a plot of
residual stress without taking into account of the phase
changes, while Fig. 7 is result incorporated the micro-
structural transformations in the model. A significant
difference could be observed in the distribution pattern
and magnitudes of the residual stresses.

Fig. 8 compares the profiles of residual stresses
along cross-section 1 (transversely to the weld) for
model without phase transformations and model taking
into account of phase transformations. It clearly shows
that residual stresses distribution from these two ap-
proaches is different for both the longitudinal and the
transverse stresses, with the latter exhibit more signifi-
cant differences. With a lower austenite content/higher
ferrite content in the heat affected zone, a decrease in
tensile longitudinal residual stresses is observed.

Fig. 9 compares the distributions of simulated resid-
ual stresses along cross-section 2 (through thickness of
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Fig. 5. Kinetics of phase transformation during cooling of welding thermal cycle: a — point in the HAZ; b — point in the weld metal
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Fig. 6. Residual stresses after welding and cooling without taking into account microstructural transformations: @ — longitudinal stress-
es, MPa; b — transverse stresses, MPa
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Fig. 7. Residual stresses after welding and cooling taking into account the kinetics of austenitic transformation: a — longitudinal stress-
es, MPa; b — transverse stresses, MPa
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Fig. 8. Residual stresses distribution through cross-section 1: @ — longitudinal stresses; b — transverse stresses
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Fig. 9. Residual stresses distribution through cross-section 2: a — longitudinal stresses; b — transverse stresses

the weld) for model without phase transformations and
model taking into account phase transformations. The
longitudinal stresses from both modelling approaches
show a gradual reducing trend with the distance (from
root to top of the weld) before the difference becoming
less significant. In the transverse stress data, the trend in
the residual stresses is different between these two mod-
elling approaches. The stresses level gradually decreases
from root to top of the weld for the model without con-
sidering the phase transformation, while the data from
the model considering the phase transformations show
an increase in the stress first followed by a decrease
trend at the top of the weld.

Compared to the results without phase transforma-
tions, the difference in the magnitudes of the residual
stresses is up to 50...100 MPa in cross-section 1 and
up to 90...185 MPa in cross-section 2. In future works,
systematic data with different welding conditions of
samples with different dimensions/constraints will be
further developed, the effect of the residual stresses on
the strength, toughness and corrosion will be studied.

Conclusions

1. In the present study TIG single-pass welding
process of duplex stainless steel S32205 taking into
account of microstructural transformations was sim-
ulated. The obtained cooling rate in the temperature
range 1200...800 °C (time At,,5,,) 1S €qual 10-14s.

2. Using calculating method on the basis of the
Austin-Rickett equation, the predicted data of ob-
tained austenite content 65 % — in the weld and 28 %
—in the HAZ.

3. The microstructural transformations showed an
influence on the distribution of residual stresses after
welding of DSS. In comparison with residual stresses
without phase transformations, a higher value of lon-
gitudinal residual stresses was obtained in the weld
with high amount of austenite. In the case of a lower
austenite content (in the HAZ) accounting of phase
transformations leads to a decrease in the tensile lon-
gitudinal residual stresses value and an increase of
transverse tensile residual stresses value.
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[IpencrapieHe TOCTiHKESHHS BKIIIOYAI0 MaTeMaTHIHE MOACITIOBAHHS OHOIPOoXinHOTO TIG-3BaproBaHHA TyTUIEKCHOI HEP)KaBikOUO1
crani S32205. OTprMaHO TeMIIepaTypHi OIS, PO3Mip 30HM IUIaBIECHHS Ta 30HA TEPMIYHOTO BILTUBY, ITOJIS IIBHAKOCTEH OXOJIOKEHHSI,
3AJIHIIIKOBI HAMPYXKEHHS 3 yPpaxXyBaHHIM KIHETUKH TIEPETBOPEHHS ayCTEHITY Tijl Yac HarpiBaHHs Ta OXoJomkeHHs. [[opiBHSIbHNMIA aHaTTi3
3aIIMIIKOBUX HAIIPYKEHB 3 YPaxXyBaHHsM Ta 0e3 ypaxyBaHHs (ha30BHX IIEPETBOPEHB TIOKA3aB PI3HUIIFO PO3IOILTIB 3aJIMIIKOBIX HAIIPY-
JKEHb BHACITIZIOK PI3HOTO BMICTY (a3 ayCTeHITy Ta (epuTy Ta 00 €MHUX e(eKTiB ITi/1 yac eperBopens. bidmiorp. 24, Tabmn. 1, puc. 9.
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