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Mechanical Properties of Butt Joints in Ferritic-Austenitic

Duplex Steel

Abstract: The paper presents results of microscopic tests as well as results of tests
concerning mechanical properties of MAG (136) welded joints in duplex steel
X2CrNiMoN22-5-3 (1.4462). The research involved metallographic tests of the
base material, heat affected zone and weld metal as well as Vickers hardness tests,
static tensile tests, bend tests and the identification of a ferrite content obtained
using a ferritiscope. The results of observations involving the microstructure
of the particular zones of the welded joint as well as the quantitative analysis of
phases and the results of the tests concerning the mechanical properties of the
joints enabled the formulation of conclusions regarding the microstructure and
the mechanical properties of the test joints.
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Introduction

The second half of the 20t century saw the rap-
id development of ferritic-austenitic steels also
referred to as duplex steels because of their two-
phase structure. The popularity of these steels
results from their high corrosion resistance in
environments characterised by the presence of
chemical substances aggressively affecting the
container material. Another factor responsi-
ble for the growing popularity of duplex steels
is the decreased content of nickel, reducing
the price of duplex steels to the level compara-
ble with prices of austenitic steels [1]. Duplex
steels are used in structures and industrial sys-
tems used in aggressive corrosive environments,
e.g. in seawater desalination system elements,

machinery parts used in the pulp and paper-
making industry (e.g. rotors or shafts) charac-
terised by high resistance to corrosion fatigue.
Industrial sectors where duplex steels have
found particularly extensive applications are
the chemical and petrochemical industries. Du-
plex steels are used in the production of stor-
age tanks and pipelines transporting crude oil
and various acids [1-4] as well as when making
tanks of chemical cargo carriers used in the sea
transport of acids, crude oil refinement prod-
ucts and food industry products including an-
imals fats, vegetable oils, wine or molasses [1,
5, 6]. An indispensable process of the produc-
tion of large-sized structures made of duplex
steels is welding. The welding thermal cycle and
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precipitation processes are responsible for the
fact that the obtainment of appropriate proper-
ties of duplex steels is frequently difficult, thus
significantly affecting the properties of a fabri-
cated structure in terms of its corrosion resist-
ance and mechanical properties [1, 7].

During welding processes, the welding
thermal cycle accompanying the making of
subsequent runs triggers 6>y and y->0 trans-
formations in the weld and heat affected zone
(HAZ). The foregoing is responsible for the oc-
currence of an unfavourable phenomenon of
ferritisation in the HAZ, reducing the content
of austenite and deteriorating both the plastic
properties and the corrosion resistance of the
joint. Other unfavourable phenomena include
the grain growth and precipitation processes,
taking place both in the weld and in the HAZ,
leading to the formation of numerous interme-
tallic phases, carbides, nitrides or secondary
austenite. Because of the above-named factors,
the welding of duplex steels often requires the
observance of related recommendations con-
cerning the selection of filler metals as well as
the use of appropriate linear energy and inter-
pass temperature [7-12].

Testing methodology

Tests involved a butt joint made in one of the
Polish shipyards making ocean-going ships
transporting corrosion aggressive substanc-
es with containers made of duplex steel. The

geometric characteristic of weld groove prepa-
ration is presented in Figure 1.

Fig. 1. Geometry and dimensions of the test joint weld
groove

The MAG welded joint was made using a
flux-cored filler metal wire in the vertical up
position (PF). The shielding gas used in the pro-
cess was a mixture of Ar (80%) and CO2 (20%)
in accordance with ISO 14175-M21. The root
of the weld was formed using a ceramic back-
ing strip. The joint was made of steel X2CrNi-
MoN22-5-3 (1.4462) using the Cromacore DW
329AP flux-cored filler metal designated as ISO
17633-A: T 22 9 3 N L P M/C 1. The chemical
compositions of the steel and of the filler metal
wire (in accordance with related standards) are
presented in Table 1 and Table 2. The consist-
ence of the chemical composition of the steel
with the normalised chemical composition was
verified using a spark emission spectrometer.
The test result confirmed the appropriate con-
tents of alloying elements. The consistence of
the chemical composition of the flux-cored fill-
er metal wire with the normalised chemical
composition was ascertained on the basis of
inspection certificate 3.1.

Table 1. Chemical composition (heat analysis) of steel 1.4462 in accordance with PN-EN ISO 10088-1 (% by weight)
and selected mechanical properties in accordance with PN-EN 10088-4.

C max Si Mn P max | Smax Ni N Cr Mo Cu W
0.03 <1.00 [ £2.00 | 0.035 0.015 | 4.5-6.5 | 0.1-0.22 2213% 2.5-3.5 - -
R,,, min. R, A - Elongation at rupture min.
460 MPa 640-840 MPa 25 %

Table 2. Chemical composition of the Cromacore DW 329AP flux-cored filler metal wire in accordance with ISO 17633

(% by weight)
C max Si Mn P max S max Ni N Cr Mo Cu
0.04 <1.2 <25 0.03 0.025 7.5-10.5 | 0.08-0.2 21-24 2.5-4 <0.5
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The research-related tests included the visual
tests (VT) and the radiographic tests (RT) of
the butt joint. The above-named tests were fol-
lowed by the metallographic observations in-
volving light microscopy and mechanical tests
including Vickers hardness tests, uniaxial static
tensile tests and bend tests. The magnetic phase
content in the weld area, in the area adjacent to
the weld and in the base material outside the
effect of welding process heat was determined
using a ferritiscope.

Test results

Visual and radiographic tests

The first stage of tests involved the visual tests
(VT) of the joint, the face and root of which
are presented in Figure 2. The face and the root
were characterised by regular scaliness. The
proper shape of the root was undoubtedly en-
sured by the use of a ceramic backing strip. Nei-
ther the face side nor the root side contained
undercuts. The observation of the weld led to
the conclusion that the joint represented qual-
ity level B in accordance with PN-EN ISO 5817.

The visual tests were followed by radiograph-
ic tests aimed to detect internal welding im-
perfections (if any). The radiogram (Fig. 3)
presents a bright core with darker areas, result-
ing from difference of X-radiation absorption

Fig. 2. Welded joint: a) weld root and b) weld face
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related to the scaliness responsible for differ-
ences of excess weld metal height. The radio-
gram did not reveal the presence of any welding
imperfections.

Fig. 3. Radiogram of the test joint

Metallographic tests

Metallographic tests involving a specimen
etched in CrO; and NaOH were performed us-
ing a light microscope. The first area subjected
to microscopic observations was the base ma-
terial (MR). The photographs revealed a two-
phase microstructure composed of austenite
grains (y) located in the matrix consisting of
territe (8) (Fig. 4). The two-phase microstruc-
ture was characterised by both grain shape and
size-related heterogeneity dominated by the
banded structure, where austenite grains were
elongated in parallel to the rolling surface.

Fig. 4. Microstructure of the base material of steel
X2CrNiMoN22-5-3

Along with the decreasing distance to the
heat affected zone (HAZ), the elongated austen-
ite bands disappeared and the morphology of
the interphase boundary changed (Fig. 5). Fig-
ure 5b presents the boundary of ferrite grains.

35



http://creativecommons.org/licenses/by-nc/3.0/
http://bulletin.is.gliwice.pl/

[@)ov-ne |

Fig. 5. Microstructure of a-b) base material, c) BM/HAZ boundary area

The heat affected zone re-
vealed an increase in the
content of ferrite, which
was ascertained on the ba-
sis of the analysis of micro-
structural images subjected
to decimal-to-binary con-
version performed using the
Image] software programme
(Fig. 6). The ferrite content
in the structure of the weld-
ed steel amounted to 49%
(Fig. 5a) and grew along with
a decreasing distance to the
HAZ, reaching 62% (Fig. 5¢).

The heat affected zone
(HAZ) was a coarse-grained
area characterised by the
greater amount of ferrite if
compared with that of the base
material (Fig. 7). The weld area
revealed boundaries of crystal-
lites growing perpendicularly from the fusion
line, which was connected with the presence
of the dendritic structure characteristic of the
material in the as-cast state.

The HAZ area revealed the presence of aus-
tenite growing from grain boundaries and
located within them. In the metallograph-
ic specimen plane, austenite had the shape of
lamellas, whereas within grains it had the shape
of parallelograms (Fig. 8). The aforesaid shape
resulted from the mechanism through which
austenite was formed from ferrite, which dur-
ing cooling usually transforms in accordance
with the Kurdjumov-Sachs relationship.

BM
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HAZ

Fig. 7. Joint microstructure at the
boundary between the root run and
the second run

Fig. 6. Photographs 5a and 5c¢ subjected to decimal-to-binary conversion
aimed to identify the percentage contents of structural constituents; ferrite —

white areas, austenite — black areas

weld

Intergranular
austenite

Austenite on
grain boundary

Fig. 8. HAZ microstructure

Parallelepiped grains of austenite can be
formed as a result of the heterogenic nucleation
of austenite within grains of ferrite. Alternative-
ly, the above-named grains can be cross-cuts of
austenite lamellas growing from the bounda-
ry of grains located below the metallographic
specimen surface. At the boundary between the
root run and the second run, the HAZ width
amounted to approximately 8oo um. The con-
tent of ferrite in the HAZ structure was restrict-
ed within the range of 68% to 70%.

The HAZ in the root run area contained
fine-dispersive precipitates located in the cen-
tral part of the austenite grains as well as on the
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boundary of ferrite and inter-
granular austenite (Fig. 9a).
The HAZ did not reveal the pres-
ence of precipitates accompa-
nying the making of the last
run (Fig. gb).

Figures 10a and b present a
“tongue-like” area formed by
the “pulling” of the base ma-
terial to the weld when making
a successive run, resulting from
the application of the weave bead
technique. The weld structure
contained acicular-lamellar aus-
tenite (Fig. 10a). The bottom part
of the “tongue” contained Wid-
mastdtten-structured lamel-
las, nucleating from austenite
on the boundary of crystallite
(Fig. 10b).

The content of ferrite in the
weld structure was restricted
within the range of 25% to 35%.
The weld was characterised
by the austenitic-ferritic mi-
crostructure and a significant
austenite content (Fig. 11a,b),

[@)ev-ne |

Fine-dispersive
precipitates

Fig. 9. HAZ microstructure at the root run and at the last run

Fig. 10. Microstructure in the “tongue” area

Fig. 11. Weld microstructure

which resulted from the use
of the filler metal character-
ised by the greater content of
nickel in comparison with that
of the base material. The root
run area near the fusion line
between runs revealed slight
ferritic precipitates in austen-
ite (Fig. 11b).

Hardness measurements

Hardness HV10

Key:

Mean hardness values
along measurement
lines:

at the weld face

atthe half
of the joint thickness

at the weld root

Base material HAZ weld

The first stage of mechanical
tests involved the performance
of Vickers hardness test un-

Fig. 12. Hardness distribution in the test joint

der aload of 10 kG (HV10). The measurements obtained at the weld root and at the half of the
were performed along three measurement lines, joint thickness did not reveal any significant dif-
i.e. at the weld root, at the weld face and at the ferences. In turn, the weld face revealed an in-
half of the joint thickness. The measured values crease in hardness by 55 HV10 in comparison
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with the area located at the half of the joint thick-
ness (Fig. 12).

Uniaxial static tensile test

The specimen was then subjected to a uniaxi-
al tensile test performed perpendicularly in re-
lation to the welded joint axis. The specimen
ruptured in the base material, which enabled
the determination of both the tensile strength
and the conventional yield point (identified on
the basis of a related stress-strain curve - see

Stress o, MPa

Strain g, %

Fig. 13. Stress-strain curve of the welded joint

Fig. 14. Fracture topography

Fig. 13).

The tensile strength (Rm)
determined on data obtained
in the test amounted to 736
MPa, whereas the conven-
tional yield point (Rpo,2)
amounted to 545 MPa and
was restricted within a related
range specified in the PN-EN
ISO 10088-4 standard.

Fractographic tests per-
formed using scanning electron microsco-
py revealed the ductile nature of the fracture
(Fig. 14). During the tensile test, the specimen
necked down. The angle of the fracture plane
in relation to the specimen plane amounted to
approximately 50°, which confirmed the high
plasticity of the material (Fig. 15).
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Fig. 15. Macroscopic photographs of the specimen fracture

Side bend test

The final stage of the tests identifying the me-
chanical properties of the joint included the
performance of bend tests involving two spec-
imens. In both cases, the specimen did not re-
veal any cracks on the surface. The maximum
bend force recorded during the test amount-
ed to 5.9 kN in relation to specimen no. 1 and
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5.1 kN in relation to specimen
no. 2. The specimen after the
bend test is presented in Fig-
ure 16.

Magnetic phase
measurements

To identify the magnetic phase
content, the test joint was sub-
jected to ferritiscope-based
measurements (performed
both on the face and root side).
Figure 17 presents test results.

The obtained values were
restricted within the range of
25% to 75% (defined as prop-
er). The lower limit of the
range corresponds to appro-
priate stress corrosion resist-
ance, whereas the upper limit
corresponds to appropriate
plastic properties of the joint
[7]. As regards the magnet-
ic phase content, the tests re-
vealed a significant difference
between the weld and the remaining areas of
the joint (resulting for the application of the
filler metal characterised by a greater content
of austenite-forming elements). The difference
between the ferrite content-related test results
obtained after the analysis of microstructur-
al images and those obtained using the ferriti-
scope was the consequence of the sheet surface
roughness as well as the face and root convex-

ity [13].

Summary

The tests involved the assessment of the micro-
structure and selected mechanical properties
of the arc welded joint made of ferritic-auste-
nitic (duplex type) steel. The visual tests (VT)
revealed that the joint represented quality lev-
el B in accordance with PN-EN ISO 5817:2014.
The radiogram did not reveal the presence of
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Fig. 16. Specimen after the bend test

welding direction

Fig. 17. Magnetic phase content measurement results

welding imperfections. The results of the met-

allographic tests and of the tests concerning

selected mechanical properties justified the for-
mulation of the following conclusions:

1. The weld contained the fine-crystalline aus-
tenitic-ferritic structure characterised by the
significant content of austenite.

2. The austenite-ferrite ratio in individual zones
of the joint identified on the basis of micro-
structural photographs and measurements
performed using the ferritiscope was re-
stricted within the range regarded as prop-
er and providing appropriate properties of
the joint.

3. The narrow heat affected zone was coarse-
grained, which resulted from grain growth
and ferritisation processes, characteristic of
duplex steel welding. The detection of the
presence of fine-dispersive precipitates lo-
cated in the central ferrite grain areas as well
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as on the boundary of ferrite and intergran-
ular austenite necessitated the performance
of joint corrosion resistance tests and im-
pact strength tests.

4. The three-point bend test did not reveal
the presence of cracks on the surface of the
specimens, which indicated the high plas-
tic properties of the test joint. In the static
uniaxial tensile test, the specimen ruptured
in the base material. The ductile nature of
the fracture ascertained on the basis of the
fractographic tests indicated the appropri-
ate amount of austenite in the welded steel.
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