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ABSTRACT

Purpose: The purpose of this paper is to determine the influence of welding on microstructure, mechanical
properties, and stress corrosion cracking resistance of dissimilar stainless steels butt welded joints.

Design/methodology/approach: Duplex 2205 and austenitic 316L steels were used. Butt joints of plates 15
mm in thickness were performed with the use of submerged arc welding (SAW) method. The heat input was in
the range of 1.15 — 3.2 kJ/mm. Various plates’ edge preparations were applied. Microstructure examinations were
carried out. Mechanical properties were evaluated in tensile tests, bending tests and Charpy-V toughness tests.
Susceptibility to stress corrosion cracking was determined with the use of slow strain rate tests (SSRT) performed
in inert (glycerin) and aggressive (boiling 35% MgCI2 solution) environments.

Findings: All tested joints showed acceptable mechanical properties. Metallographic examinations did not
indicate the excessive ferrite contents in heat affected zones (HAZ) of the welds. It was shown that area of the
lowest resistance to stress corrosion cracking is heat affected zone at duplex steel side of dissimilar joins. That
phenomenon is connected with undesirable structure of that zone consisted of greater amounts of coarse ferrite
grains and acicular austenite precipitates. High heat inputs do not deteriorate mechanical properties as well as
stress corrosion cracking resistance of welds.

Practical implications: All tested joints showed acceptable mechanical properties. Metallographic examinations
did not indicate the excessive ferrite contents in heat affected zones (HAZ) of the welds. It was shown that area of
the lowest resistance to stress corrosion cracking is heat affected zone at duplex steel side of dissimilar joins. That
phenomenon is connected with undesirable structure of that zone consisted of greater amounts of coarse ferrite
grains and acicular austenite precipitates. High heat inputs do not deteriorate mechanical properties as well as
stress corrosion cracking resistance of welds.

Originality/value: Mechanical properties and stress corrosion cracking resistance of dissimilar stainless steel
welded joints was determined. The zone of the weaker resistance to stress corrosion cracking was pointed out.
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PROPERTIES

corrosion resistance and are about twice as strong as austenitic
steels. The strength and the resistance in corrosive environments
make those steels an excellent material for oil, gas and
petrochemical industries. There is also a strong trend to use
duplex steels for pipelines and cargo holds in chemical tankers.

So far the most common stainless steel used for chemical
tankers construction has been the austenitic 316LN grade, and in

1. Introduction

The austenite — ferrite microstructure of duplex stainless
steels combine the attractive properties of austenitic and ferritic
stainless steels. The duplex grades are highly resistant to chloride
stress corrosion cracking, have excellent pitting and crevice
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lesser extent, 317LN grade. These steels have a good corrosion
resistance are easy to form and easy to weld. Utilization of duplex
stainless steels in chemical tankers has many advantages over
conventional austenitics. Duplex steels show higher pitting
corrosion resistance, and enhanced stress corrosion cracking
resistance. Due to high yield strength of duplex steels (over 450
MPa) the plate thickness of the tanks can be reduced considerably
which gives a weight saving benefits [1-3].

Since the welded joints can be a weak point of whole tank
construction much attention has been paid on the weldability
aspects of high alloyed stainless steels in the direction to extend
their use to more demanding applications.

Austenitic stainless steels weldability is well established. It is
necessary to choose consumables that can give 5 to 10 % of delta
ferrite in the welded microstructure that is essential to prevent
solidification cracking. The heat input is restricted to a maximum of
1.5 kJ/mm and the interpass temperature limited to 100°C for avoid
extensive precipitation of brittle phases in weld metal when too slow
cooling is applied. Directions for welding technologies indicate that
excessive dilution with the base metal should be avoided.

Arc welding of duplex stainless steels can give more or less
undesired structures at weld metal or at heat affected zone (HAZ).
During welding heat affected zone is brought to a temperature,
where the material is almost fully ferritic. Upon cooling a
reformation of austenite starts. The extent of ferrite to austenite
transformation depends on the steel composition and welding
conditions. Higher nickel and nitrogen contents and slower
cooling promote this transformation. When cooling is rapid, high
ferrite content can remain.

When too high heat input is applied, precipitation of
intermetallic phases can occur and phase transformation ferrite to
austenite can be suppressed [4,5]. This can significantly reduce
mechanical properties and corrosion resistance of the weld [6].
The ferrite content at the weld metal and heat affected zone
should be in the range 25-70% to give optimum mechanical
properties and corrosion resistance [7, 8].

Submerged arc welding (SAW) gives the higher productivity
and can be therefore used for prefabrication of thick plate’s tank
sections. Application of this efficient welding method for duplex
and austenitic plates is considered to be undesiredable, as the
required high heat input [7]. Other opinions say that thick plates
of stainless steels can be successfully welded with the use of
higher heat inputs [10]. So far there is not clearly established the
upper limit of heat input for duplex and austenitic stainless steels
that give joints with mechanical and corrosion properties that can
meet requirements of ship classification societies [8,11-19].

In this paper dissimilar, austenitic-duplex welds are
considered. Such welds are unavoidable in chemical tankers
production [9]. Mechanical properties, microstructure and stress
corrosion cracking resistance of the dissimilar welds obtained
through the submerged arc welding are presented.

2. Experimental

Three butt joints between plates 15 mm in thickness were
performed with the use of SAW method. Plates were made of
UR45N+ (UNS 31803) duplex stainless steel and AISI 316L
(1.4432) austenitic steel. Chemical compositions and mechanical
properties of the steel plates are presented in Tables 1 and 2,
respectively.
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Table 1.

Chemical compositions of steels used for welding trials, wt %
Material C Si Mn Cr Ni Mo
UR45N+  0.017 0.4 1.5 21.9 5.7 3.0

316L 0.019 0.38 1.7 16.0 11.0 25

ESAB

16.86 0.02 0.46 1.6 23.0 8.6 3.1
Table 2.

Mechanical properties of austenitic and duplex stainless steel
plates (producer data)

Material T.S. YPrin  Asmn  HV KV (L)
MPa MPa % min, J
UR45N+  640-840 460 25 290 90
316L 530-670 220 45 146 90
Table 3.
Welding parameters of dissimilar joints
Thickness  Preparation Number Heat input Side/pass
mm of passes kJ/mm
15 Y 4 1.15 1/1
1.15 1/2
1.50 1/3
1.44 2/1
15 2Y 2 2.16 1/1
2.37 2/1
15 1 2 2.6 1/1
32 2/1
a) 60"

G NN

15

b)

G, NN
Y NNNE

Fig. 1. Edge preparation for dissimilar welded joints; a) Y, b) 2Y,
¢) I edge preparation

Welded joints were performed using Y, 2Y and I square edge
preparations in order to obtain different dilutions between base
and welded metal (Fig. 1). Duplex stainless steel filler metal
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22Cr-9Ni-3Mo and basic non-alloyed agglomerated flux (ESAB
Flux 10.93) was used. The chemical composition of the ¢ 3,2 mm
wire is presented in Table 1.

Two or more beds were performed to fill the whole joint with
the use of heat input as indicated in Table 3. The interpass
temperature was in all cases limited to 100°C maximum. Each
weld was X-rayed and crack tested, and found to be satisfactory
with B quality class according to PN-EN 25817 standard.

3. Results and discussion

3.1. Metallographic examinations

Metallographic examinations were aimed to determine the
general microstructure of the welded metal and heat affected
zones. Microscopic observations were performed to find the
presence of secondary austenite and precipitations of any
intermetallic phases. The width of heat affected zones was
established and special attention was paid for seeking any
solidification cracking in the weld structure.

Structures of weld metal in all joints were similar. During
solidification of duplex weld metal an almost completely ferrite
structure is formed. Further cooling initiates the formation of the
austenite phase nucleating at the ferrite grain boundaries. In
examined welds a dendritic microstructure developed in fast
cooling conditions (Fig. 2). More globular structures were
observed in areas exposed for lower cooling rates and with a less
pronounced heat flow direction.

Heat affected zone microstructure could be critical for welded
joint properties [14, 15]. For examined welds the very narrow zones
of about 300-500 um were observed on the duplex steel side (Fig. 3).
The ferrite content in that zone was significantly higher in comparison
to bulk weld metal. The width of heat affected zones from 316L steel
side (Fig. 4) was extremely narrow and reach 100-150 um. The
microstructure consists of lamellar ferrite precipitates that surround
equiaxial austenite grains. There was no evidence of excessive
austenite grain growth.

The ferrite contents in the weld structure were measured along
three lines: 2 mm below root and the face of the welds and in the
centerline with the use of computer image analysis program
MultiScanBase. The results are indicated in Table 4.

Centerlines of the welds contained leaser amounts of delta
ferrite. This phenomenon is associated with slower cooling or
creation of secondary austenite during reheating by the
subsequent beds of the weld. High ferrite contents in the range of
65-72% were recorded at heat affected zones structures at the
duplex steel side of the welds. This unfavorable structure does not
deteriorate the mechanical properties of the whole joints due to
the very low dimensions (width) of this zone.

Table 4.
Ferrite content in welds

Ferrite content, mean values, %

Y joint 2Y joint I joint
Face line of the weld 55.6 41.1 454
Root line of the weld 49.0 46.8 42.7
Centerline 42.0 30.0 358
HAZ from duplex side 72.2 65.5 69.3
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duplex steel

Fig. 3. Heat affected zone microstructure. Duplex steel side. “I”
edge preparation weld, face line

austenite

Fig. 4. Heat affected zone microstructure. Austenitic steel side.
“I” edge preparation weld, face line

Hot cracks were not observed in weld metal deposits.
Liquation cracking is in most cases associated with a combination
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of high restraint and weld structure. Weld metals solidifying
partly as ferrite shows high resistance to hot cracks formation.
The combination of duplex 22Cr-9Ni-3Mo filler and basic flux
seems to be a good choice for dissimilar austenite-duplex joints.

3.2. Mechanical properties

Tensile tests were performed on flat specimens 15x18 mm in
cross section and weld joint in the center of the gauge length.
According to DNV requirements [8] the strength of dissimilar
welds is not to be below the minimum tensile strength for the weaker
steel grade. The results listed in Table 5 show that this condition was
fulfill for tested joints. All specimens broke in parent material of
austenitic steel far away from welded joints (Fig.5).
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Fig. 6. Bending test specimen. 2Y edge preparation weld

Table 7.
iabl?ls't + result Impact toughness test results
ensile test results -
- - Notch location I t Charpy-V tough t -40°
Specimen T.S [MPa] Rapture site mpact C [?Tgp(}rln\e/anotglunees;s at-40vc
(mean values) I joint 2Y joint Y joint
I joint 618 316L steel weld centerline 216 154 92
2Y joint 613 316L steel Fusion line 263 255 178
316L steel side
Y joint 619 316L steel Fusion line 184 206 114
duplex steel side
= Parent materials
316L 274
UR45N 253

Fig. 5. Tensile test specimen. Square edge preparation weld

Side bend tests were performed according to DNV
requirements over the former with the diameter three times that of
the specimen thickness (e.g. 45 mm) through the angle 120°. Root
and face bend testing were either performed under the same
conditions. Bend testing was complicated by the difference in
yield strength between two base materials, but can be passed as
shown in Table 6 and Fig. 6. No cracks were found on bended
surfaces of all tested specimens.

Performed tests show that submerged arc welding could be
successfully used for dissimilar joints of austenite and duplex
stainless steels if mechanical properties are considered.
Application of 22Cr-9Ni-3Mo filler metal provides good strength
of the joints. Bend tests and impact tests proved that welded joints
fulfill DNV requirements [8] with excess.

3.3. Stress corrosion cracking tests

The susceptibility to stress corrosion cracking was determined
in slow strain rate tests (SSRT) with the strain rate of 2.2 x 10° 5!

Table 6.
Bending test results in 35% boiling water solution of MgCl, at 125°C. The
Specimen  Bend angle/ Bending side Result supplementary tests in an inert environment (glycerin) were also
former performed. Shape and dimensions of specimens are shown in
diameter. mm Fig. 7. Tested zones of specimens contain whole welded joint e.g.
T joint . satisfactory weld metal, heat affected zones and base materials.
- Face (FBB) -
2Y joint 120°/45 and satisfactory 316L Duplex
Y joint root (RBB) satisfactory v E — :‘g — T
The impact toughness was determined using Charpy-V 52

specimens. Tests were performed at temperature -40°C. The
notches were located at the center of the welds and in the fusion
lines. Test results are indicated in Table 7. All results were fare
above these required by the rules [8].

133

Fig. 7. Specimen for stress corrosion cracking test
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Table 8.
Slow strain rate test results
Specimen Enviro-  T.S.

Elongation Red.in Fracture

nment area energy
[MPa] % % MJ/m’
316L Glycer. 484 432 81,1 174
316L MgCl, 463 28,1 26,9 99
Duplex  Glycer. 628 45,2 76,0 236
Duplex  MgCl, 520 23,0 39,2 88
Welded joints
2Y-G  Glyecer. 541 22,7 77,9 106
2Y-Mg  MgCl, 407 8,7 26,0 24
-G Glycer. 510 26,4 73,5 113
I-Mg MgCl, 461 13,2 27,8 46
Y-G Glycer. 534 26,5 78,8 114
Y-Mg MgCl, 466 13,7 25,2 49

Maximum force, elongation (E) and fracture energy (En) were
recorded during slow strain rate tests. Reduction in area (RA) in
fracture zone was also measured. Results of slow strain rate tests
for one set of specimens are shown in Table 8 and Fig.8.

a)
300
700
600 -
&‘f 500
=
4 400 S
:]f‘j
% 200 4 Duplex-MgCl, 316L-MgCl, 316L-Glye.
200 -
100
o T T T T T T T T T 1
0 005 01 015 02 025 03 035 04 045 05
Straun rel.
b)
600 -1
500 |
400
,3: Y-MgCl2 I[ - Glyt,
=
1[- MgCl
w300 - Y-Glyc.
f, 2Y- MgCl, 2Y- Glyc. Y
&
200
100
0 T T T T T 1
0 005 01 015 02 025 03
Strain rel.

Fig. 8. Stress-strain curves obtained in slow strain rate tests. a) parent
materials, b) welded joints. Tests performed in boiling 35%
MgCl, solution and glycerin
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Tests revealed that duplex and 316L steels are susceptible to
stress corrosion in magnesium chloride environment. However,
dissimilar welded joints exhibited lower susceptibility than base
materials. Macroscopic examinations of specimens with the welds
performed after SSR tests indicated various places where samples
broke. Samples tested in an inert environment broke in weaker
material — on 316L steel side. Samples tested in MgCl,
environment broke on the other side of welded joints — on duplex
steel side (Fig.9).

DUPIEX 1ot v, 316l

PEEEEER e ey g

Testin MgCl,

o o ARTEAREREREERR R AR AR AE VS

Testin glycerin

— T P

Fig. 9. Samples with welded joints after slow strain rate tests

All specimens with welded joints tested in glycerin at 125°C
shown good plasticity and their fracture surfaces were fully
ductile (Fig.10). Detailed examinations revealed that these
samples broke in parent material — 316L steel close to heat
affected zone of the weld. Samples tested in MgCl, solution broke
in brittle manner. The fracture surfaces of welded specimens
exhibit brittle or mixed, ductile-brittle shape. This alternation of
plasticity is a result of stress corrosion cracking phenomena [20].
The transgranular fracture surfaces of “I” and ‘“2Y” welded
specimens are presented in Fig.11 and 12.

Microscopic examinations of cross sections taken from
fracture areas showed that cracks propagate along coarse
structure of heat affected zone of duplex steel (Fig.13). Cracks
were initiated at the austenite-ferrite phase boundaries. The
paths of cracks propagation generally proceed along phase
boundaries or across ferrite grains. It was noticed that cracks
were frequently stopped on elongated, perpendicular austenite
grains, or pass them by.

Various edge preparations and consequently different amount
of dilution of parent and welded materials and differences in heat
inputs of the welds have no significant effect on crack behavior of
tested samples. Structures of heat affected zones of all
investigated samples were similar, regardless on heat input
applied, and contain about 70% of ferrite with austenite
precipitates. That structure occurred as the less resistant to stress

corrosion cracking at test conditions.
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Fig. 10. Fracture surface of “I” welded specimen after SSR test in
glycerin at 125°C
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Fig. 11. Fracture surface of “I” welded specimen after SSR test in
boiling MgCl, solution at 125°C

e~

BACCY Magn’
B25.0 kV 551x
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\

Fig. 12. Fracture surface of “2Y” welded specimen after SSR test
in boiling MgCl, solution at 125°C
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Weld metal

Cracks in HAZ

Cracks in duplex

/

Duplex j 12040

Fig. 13. Crack propagation paths at “I” welded specimen after
SSR test in boiling MgCl, solution at 125°C
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4. Conclusions

1. Submerged arc welding can be used successfully for welding
duplex 2205 and austenitic 316L steels when 22Cr-9Ni-3Mo
type filler metal is used.

2. All examined welded joints show acceptable mechanical pro-
perties that fulfill requirements of Ship Classification Societies.

3. Neither intermetallic particles nor excessive amounts of ferrite
were detected in weld metal and heat affected zones structures of
stainless steels dissimilar welded joints.

4. Slow strain rate tests performed in MgCl, solution environment
showed that heat affected zone on duplex stainless steel side is the
most susceptible area to stress corrosion cracking of the whole
welded joint.

5. Metallographic observations showed that corrosion cracks in
HAZ of the welds propagated mainly through ferrite phase,
passing by austenite acicular grains.

6. Applied heat inputs in the range of 1.15 — 3.2 kJ/mm and various
plate’s edge preparations had no significant effect on stress
corrosion resistance of welded joints.
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