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Thiswork aims to investigate themicrostructure and themechanical behavior of dissimilar 13Cr Supermartensitic/
2205 Duplex stainless steel welded pipes. A wide variety of microstructures resulting from both solidification and
solid state transformation is induced by the fusion welding process across the weld joint. The tensile tests show
that the deformation process of the dissimilarweld joint ismainly controlled by the two basematerials: the duplex
steel at the beginning of the deformation and the supermartensitic one at its end. This is confirmed by the micro-
tensile tests showing the overmatching effect of the weld metal. The fatigue tests conducted on dissimilar welded
specimens led us to conclude that the weld metal is considered as a weak link of the weld joint in the high cycle
fatigue regime. This is supported by its lower fatigue limit compared to the twobasematerials that exhibit a similar
fatigue behavior.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In the last decades, welding has continuously been an important
field of interest since it is the most widely used process in assembling
structural components. With the development of more and more inno-
vative materials in several industrial domains, it is necessary to adapt
material properties with service conditions. This leads in some cases
to join materials having different alloy systems. In this context, dis-
similar welding is a promising solution. The necessity of joining dif-
ferent grades of materials takes place in several fields nowadays
such as oil and gas, petrochemistry, power plant and automobile
industries among others [1–5]. However, the main disadvantage of
dissimilar welding is the microstructural heterogeneity generated
by the weld thermal cycles that can influence significantly the glob-
al and local mechanical behavior of the weld joint. Under optimal
operating conditions, the welded components should transfer load
on both sides of the structure without being gradually or unexpect-
edly damaged. Since the mechanical properties are directly related
to the microstructure (mismatch effect), the presence of any micro-
structural heterogeneity causes local heterogeneity of the mechanical
behavior of the weld joint. In practice, dissimilar welding of materials,
such as 2205 Duplex stainless steel (DSS) and 13% Cr Supermartensitic
stainless steel (SMSS), is widely used in gas transportation. DSS and
SMSS have both high mechanical properties combined with an excel-
lent corrosion resistance and goodweldability despite their microstruc-
tures that are different from both morphology and phase constituent
aspects. DSSs are known as austenitic–ferritic steels composed of two
different phases ferrite and austenite with nearly equal proportions of
each [6,7]. The SMSS microstructures consist mainly of martensite
with a small amount of retained austenite. Ferrite phase is also fre-
quently found in supermartensitic microstructures and can affect their
mechanical behavior if it exceeds a certain proportion [8,9]. In piping in-
dustry, some DSS and SMSS components have particular geometries
such as flanges, elbows and branch tees. When these regions contain
dissimilar weld joints, the risk of crack initiation can be expected due
to localmicrostructural heterogeneity. This difference inmicrostructure
can cause the crack initiation near the fusion line, which is a factor that
can increase the local stress concentration in the adjacent heat affected
zone as reported in previous works [10]. These cracks can grow under
given service conditions causing the fracture of the welded struc-
ture [11,12].

Recently, great efforts have been devoted to study the DSS and the
SMSS weld joints separately. For the DSS welds, several research works
have been carried out to examine the effect of weld metal chemistry
and heat input [6], the corrosion behavior in aggressive environments
[13], and the effect of post-weld heat treatments on their microstructure
and mechanical behavior [14,15]. The strain heterogeneity that occurs
during loading and the contribution of austenite and ferrite phases to
the global mechanical behavior of the DSS weld joints in either static or
dynamic loadings have been well discussed in the literature [16–19].
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Table 1
Chemical composition of the DSS, SMSS and the filler metal.

Elements Cr Ni C Mn P S Cu Mo N Si Ti Nb Al W

DSS 22.4 5.9 0.021 0.48 0.022 0.0007 0.61 3.65 0.25 0.49 – – – 0.64
SMSS 13 7 0.015 1 0.02 0.005 0.25 2.5 0.01 0.05 0.15 0.05 0.055 –
Filler metal 25.1 6.7 0.02 – – – 0.5 3.5 0.3 0.4 – – – 2
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Other microstructural evolutions resulting from the solid state transfor-
mation in DSS welds such as austenite reformation in the heat affected
zone and precipitation phenomena have been well examined by several
authors [20–22]. For the SMSS as well, extensive investigations have
been conducted to examine the phase transformations that occur during
welding and post-weld heat treatment [9,23,24]. Experimental ap-
proaches have also been developed to study the welding residual stress-
es, the mechanical behavior and the hydrogen stress cracking in SMSS
weld joints [25–27]. In spite of the numerous research works that were
carried out on the microstructure and the mechanical behavior of DSS
and SMSSweld joints, information concerning the deformation behavior
of dissimilar weld joints made of these materials needs to be more de-
tailed. Therefore, this work focuses on themicrostructural heterogeneity
and its impact on the mechanical behavior across the SMSS/DSS weld
joint. Due to the complex microstructural heterogeneity, several me-
chanical tests conducted on specimen having particular geometries are
carried out in order to examine precisely the mechanical behavior of
each zone separately (base material (BM), heat affected zone (HAZ)
and the weld metal (WM)). Specimens containing the complete weld
joint have also been prepared in order to examine its global mechanical
behavior. The results are discussed in both static and cyclic loadings and
related to the microstructure of the weld joint.
2. Material and experimental methods

Thematerials considered in thiswork are 13%Cr SMSS and 2205DSS
in the form of tubes of 170 mm outer diameter and 11 mm thickness.
Multipass weld joints are elaborated using TIG welding process with
ER 2507 Superduplex stainless steel (SDSS) filler material. The chemical
compositions of the base and the filler materials are given in Table 1.
Sections transverse to the welding direction are prepared for optical
metallography and etched using Glyceregia and Beraha's reagents. Mi-
crostructural examination of theweld joint is done using aNikon optical
microscope that is also used to estimate the ferrite volume fraction after
electrolytic etchingby KOH solution. X-ray diffraction (XRD) and energy
dispersive spectrometry (EDS) are performed to identify the different
phases present in the weld joint. Microhardness profile measurements
(HV1) across the weld joint are done according to three profiles P1, P2
and P3 as illustrated in Fig. 1. For the mechanical testing, specimens
Fig. 1. Optical macrograph of the dissimilar weld joint. P1, P2 and P3 illustrate the micro-
hardness profiles.
having different geometries are machined from the welded tube as
illustrated in Fig. 2. The global tensile behavior of theweld joint is exam-
ined through subsize specimens (see Fig. 3a) that are machined accord-
ing to ASTM E8 standard [28]. Yield strength (YS), ultimate tensile
strength (UTS) and elongation (A %) of the two base materials and the
weld metal are determined from the micro-tensile specimens (see
Fig. 3b). All the tensile tests are performed at ambient temperature
with a strain rate of 0.5× 10−3 s−1. Charpy V-notch (CVN) subsize spec-
imens aremachined according to ASTMA370 standard [29]. The subsize
dimension allows the notch to be positioned entirely at the considered
zone (BM, HAZ, and WM). Fatigue tests are carried out using universal
rotating bending machine. For this purpose, two types of specimens
are prepared from the welded pipes: conical and cylindrical ones. The
conical specimens are machined according to two configurations by
alternating the two base materials with respect to the fixing side (see
Fig. 4). These specimens are used to localize the weakest region of the
weld joint. The conical part promotes a uniform stress distribution
when subjected to a nominal stress given by:

σnom ¼ 32�M=πd3 ð1Þ

where M is the bending moment and d is the specimen diameter at a
given position [30]. The fixing method of the fatigue specimens and
loadings are illustrated in Fig. 5. The cylindrical shape allows the
exposure of a given region to the maximum bending moment at
the shoulder. The fatigue tests are done under different levels of
constant amplitude loading with a stress ratio R = −1 (R is the
ratio of themaximal stress to theminimal one) and a rotating frequency
f=50 Hz. The fatigue performances of the different regions of theweld
joint have been assessed according to Eurocode3 [31], where N =
5 × 106 cycles is considered as an indication of fatigue limit and it is
assumed that no fatigue failure occurs below this value.

3. Results and discussions

3.1. Microstructural evolution across the weld joint

Fig. 1 is an opticalmacrograph that leads to distinguish easily the dif-
ferent regions of the dissimilar weld joint. The extent of the two HAZs is
clearly observed on both sides of the weld joint. Fig. 6a–b shows optical
micrographs of the DSS and the SMSS base materials at the as received
state. The DSS (Fig. 6a) has a typical banded microstructure constituted
of austenite γ (clear) and δ ferrite (dark) with approximately equal
amounts. The microstructure of the SMSS (Fig. 6b) is composed mainly
of a martensitic matrix, residual austenite and traces of ferrite. It has
been reported [32] that martensite is formed from austenite through a
displacive mechanism and is arranged in three hierarchical levels:
laths, blocks and packets. A given number of packets are delimited by
prior austenite grain boundaries as illustrated in Fig. 6b. Table 2 shows
the results of the local chemical composition analysis conducted in the
different regions of the weld joint using EDS technique. Austenite in
the DSS and in theWM is enriched in gamagenic elements whereas fer-
rite is enriched in alphagenic elements. Retained austenite in the SMSS
could not be analyzed by EDS due to its dispersion between the mar-
tensitic laths. However, its (111) and (200) peaks have been detected
by X-ray diffraction as shown in Fig. 6c. The volume fraction of retained
austenite in SMSS can, in some cases, reach 20% as reported in other
research works [9,24]. The microstructure of the weld metal (Fig. 7)



Fig. 2. Schematic illustration of the specimens machined from the welded tube:
(a) microtensile specimen, (b) subsize specimen, and (c) fatigue test specimen.

Fig. 4. Schematic illustration of (a) a conical fatigue specimen and (b) actual machined
specimen.
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consists of plates and allotriomorph Widmanstätten austenitic grains
dispersed within a ferritic matrix. The SDSS is suitable for joining DSS
with SMSS materials since it is solidified in a ferritic mode where the
crystal structure is the same as that of the SMSS. The epitaxial growth
during solidification of the WM is thus favored [11,33]. The optical mi-
crographs presented in Fig. 8a–f illustrate themicrostructural evolution
that occurs in the HAZ of the SMSS. The different microstructures ob-
tained in this region depend on the maximum peak temperature and
can be classified in two categories (see Fig. 8a):

– Those obtained at high temperature constitute the high temper-
ature heat affected zone (HTHAZ).

– Those obtained at low temperature constitute the low tempera-
ture heat affected zone (LTHAZ).

(i) The HTHAZ is composed of two subzones: the subzone 1 (that is
close to the fusion line) is characterized by a significant growth of
the martensitic laths (Fig. 8b) and is called coarse grained HAZ
(CGHAZ). In this region the martensitic grain growth is related
to the growth of prior austenite grains during the heating
thermal cycle. At room temperature, the microstructure of this
subzone consists of large untempered martensite delimited by
Fig. 3. Schematic illustration of the tensile test specimens: (a) subsize specimen and
(b) microtensile specimen.
prior austenite grain boundaries. Traces of retained austenite
may also exist in this region as reported by Wooling et al. [9].
The subzone 2, also called dual phase zone, is characterized by
the presence of ferrite at the prior austenite grain boundaries
(Fig. 8c). The volume fraction of ferrite estimated using quantita-
tive metallography technique is about 8%. Table 2, that gives the
results of EDS analysis conducted in the different phases present
in this region, shows an enhancement of alphagenic elements
within the ferrite phase. The presence of ferrite is considered as
an indication about the austenite formation mechanism that is
mainly controlled by the diffusion of substitutional elements
[9]. During cooling, a residual amount of ferrite is trapped at
the austenite grain boundaries and within its grains in the form
of filaments. These filaments are retained between the martens-
itic laths after austenite to martensite transformation. This sub-
zone may also contain retained austenite in the form of fine
particles dispersed between martensite laths. As the presence
of ferrite tends to reduce the toughness of the SMSS, high
amounts of gammagenic elements, such as nickel and manga-
nese, are introduced to promote the stability of the austenite
andminimize the amount of ferrite. Carrouge et al. [24] reported
the existence of another subzone located at the fusion linewhich
is the region that has been partially melted during welding. This
region has amartensitic structure that is not detectable by optical
microscopy because of its fineness.

(ii) The LTHAZ microstructure results from the transformation that
occurs during cooling in the completely or partially austenized
regions. As shown in Fig. 8d that corresponds to subzone 3, a
considerable grain refinement and a loss of prior austenite
grain boundaries characterize this region. This subzone contains
an untempered martensite with a possible existence of a stable
retained austenite at ambient temperature. The subzone 4
(Fig. 8e) is composed of a mixture of retained austenite and
tempered and untempered martensite which has undergone a
second quenching and that appears in a dark color in Fig. 8f.
Fig. 5. Schematic illustration of (a) a cylindrical fatigue specimen and (b) actual machined
specimen.



Fig. 6. Optical micrographs of the DSS and the SMSS base materials (a and b), (c) X-ray diffractograms showing the presence of retained austenite in the SMSS.
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Some ferrite clusters surrounded by fine martensitic grains are
observed in the microstructure of this zone. The presence of the
ferrite in this region can be explained by the high molybdenum
percentage (a good ferrite stabilizer) which is added generally
to promote the resistance against localized corrosion. The com-
plete dissolution of the ferrite phase and its absence during sub-
sequent cooling is not constantly assured.

The SMSS-HAZ subzones (particularly the tempered region) may in
some cases contain carbides, carbonitrides and nitrides as reported in
other researchworks [8,9]. Fig. 9 is an opticalmicrograph that illustrates
clearly the effect of the weld thermal cycles on themicrostructural evo-
lution in the DSS-HAZ. This zone, depending on the peak temperature
achieved, contains two main parts that are the overheated zone (close
to the fusion line) and the partially annealed zone. During heating, the
microstructure of the overheated zone is fully ferritized due to the
high temperature achieved by the weld thermal cycle. During cooling,
the austenite is formed through a solid state transformation process
Table 2
Local chemical compositions obtained by EDS analysis.

Element DSS material DSS-HAZ

Austenite Ferrite Austenite Ferrite

Fe 64.39 61.4 63.05 63.06
Ni 6.28 3.67 5.67 4.99
Cr 22.44 24.92 23.14 23.55
Mo 5.38 8.67 6.59 6.98
W 0 0 0.00 0.00
Mn 1.51 1.33 1.55 1.42
Total 100 99.99 100 100
Ratio %Cr/%Ni 3.57 6.79 4.08 4.71
and precipitates preferentially at the ferrite/ferrite boundaries and
within the ferrite grains. The ferrite/austenite ratio in this region de-
pends on the alloy chemical composition and the cooling rate. Despite
the heating effect of the thermal cycles, the partially annealed zone
keeps the microstructure banded type that exists in the base material.
3.2. Mechanical behavior

The microhardness evolution across the weld joint is presented in
Fig. 10. Apart from the peak recorded in the subzone 3 of the SMSS-
LTHAZ (with amaximal value of 325 HV), no significant variation inmi-
crohardness is observed in the rest of the weld joint. The high hardness
of the subzone 3 can be attributed to the presence of fine untempered
martensite. It has been reported [9] that the enrichment of themartens-
itic matrix in carbon and nitrogen contents may also contribute to the
hardness enhancement in this region. A little decrease in hardness is re-
corded at both sides of this subzone. This drop in hardness is related, on
the one hand, to the presence of the ferrite phase and grain coarsening
Weld metal SMSS-HTHAZ SMSS

Austenite Ferrite Martensite Ferrite Martensite

59.12 56.56 78.96 61.4 78.56
8.06 5.17 4.245 3.67 4.4

24.67 26.75 14.85 24.92 13.75
5.62 8.24 1.685 8.67 1.95
2.03 2.86 – 0.70
0.5 0.42 0.52 1.33 0.64

100 100 99.995 99.99 100
3.06 5.17 3.50 6.79 3.125



Fig. 7. Optical micrograph of the weld metal.

Fig. 8. Optical micrographs of the different subzones of the SMSS-HAZ.

Fig. 9. Optical micrograph of the DSS-HAZ.
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Fig. 10.Microhardness evolution across the weld joint.

Table 3
Mechanical properties obtained from the subsize and microtensile specimens.

DSS WM SMSS Welded
specimen

Young's modulus (GPa) 202 231 215 –
Yield strength 0.2% (MPa) 520 650 600 540
Ultimate tensile strength (MPa) 750 820 705 830
Elongation (%) 30 23 17.5 20
Yield ratios 0.69 0.85 0.79 0.65
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for subzones 1 and 2 respectively and, on the other hand, to the addi-
tional tempering that happens in subzone 4. The engineering stress
strain curve obtained from the subsize tensile specimen containing a
dissimilar weld joint is presented in black color in Fig. 11. For all con-
ducted tests, the failure occurred in the SMSS with a non-uniform
spreading of plastic deformation through the gage length. The plastic
deformation ismainly distributed between theDSS and the SMSSmate-
rials. The local tensile behavior of both BMs and theWM obtained from
micro-tensile specimens (Fig. 11) shows that the DSS is more suscepti-
ble to plastic deformation. The different tensile properties of the base
materials, the weld metal and the complete weld joint, are presented
in Table 3. Except for the SMSS, the specimen with the complete weld
joint presents the less susceptibility to plastic deformation. This can be
explained by both the high yield strength (YS) and the ultimate tensile
strength (UTS) of the HAZ. However, these two characteristics could not
be measured experimentally due to the weak extent of the HAZ that
makes the preparation of microtensile specimens difficult. Information
concerning the (YS) and the (UTS) of the HAZ, in some cases, can be
obtained from hardness measurements. The estimation of tensile prop-
erties (yield stress and ultimate tensile stress) from hardness measure-
ments has been extensively reported in the literature [34,35]. Since the
hardness level of both HAZs is higher than that of the two BMs, the
strengths corresponding to the onset of their plastic deformation may
be superior to the ones of the BMs. More detailed investigation of the
mechanical heterogeneity across the weld joint can be achieved by in-
troducing a global strength mismatch factor M. This factor is defined
as the ratio of the yield strength of the WM to that of the BM [36].
Since the weld joint contains two different base materials, theM factor
can have two values: one is relative to the DSS material M(WM/DSS) =
1.25 and the other to the SMSS material M(WM/SMSS) = 1.07 (we note
Fig. 11. Engineering stress strain curves obtained from subsize and microtensile
specimens.
thatM(WM/DSS) NM(WM/SMSS) N 1). These calculations lead us to conclude
that the superduplexfillermetal used for joining 13Cr SMSS to 2205DSS
provides a global overmatching effect. These results are in good agree-
ment with those published in previous works [11]. The local mismatch
factor (defined as the ratio of the WM yield strength to that of the
HAZ) may also have two values. It is thus expected that the weld joint
exhibit a local overmatching effect for the DSS-HAZ and a local
undermatching effect for the SMSS-HAZ. To compare the ability of
each region of theweld joint to local plastic deformation, the yield ratios
of the two BMs and the WM are calculated. The yield ratio (YR) that is
considered as a good indicator of a material's ability to plastic deforma-
tion is defined as the ratio of its yield strength to its tensile strength. The
lower the yield ratio is, the higher the ability of the material to plastic
deformation [37]. The different values of the yield ratios obtained are:
0.69, 0.85, and 0.79 corresponding to DSS, SMSS and the WM respec-
tively. We note that the WM is about 75% of ductility of the DSS and
120% of that of the SMSS. For the SMSS, the stress–strain curve attains
very quickly the maximum hardening (UTS) value and starts the neck-
ing stage before the DSS reaches 30% of its total uniform elongation. The
onset of the global yielding of the weld joint in tensile testing is con-
trolled by the DSS whereas its offset (maximum yielding) is controlled
by the SMSS. The results of the impact tests presented in Fig. 12 indicate
that theWMhas the lowest impact energy. The DSS exhibits the highest
impact energy that is attributed to the particularity of its dual phase
banded microstructure. The impact energy of the SMSS is slightly less
than the one of the DSS because of the martensitic structure, but it is
still quite high in comparison to those of the WM and the SMSS-HAZ.
The presence of retained austenite in the SMSS promotes its toughness
as reported by Carrouge et al. [24].

3.3. Fatigue behavior of the weld joint

The experimental results obtained from the fatigue tests conducted
in this work are interpreted on the basis of the stress level repartition
for both configurations presented in Figs. 4 and 5. Table 4 that gives
the results of the experimental fatigue tests conducted on the conical
specimens indicates that the fatigue limit of the weld joint is 300 MPa
corresponding to 5 × 106 cycles. For all the conducted tests, the failure
occurred in theWM (at the middle of the conical part). There is no fail-
ure that occurred in the two BMs or in the two HAZs. Fig. 13a shows the
experimental S–N curves of both BMs and the WM obtained from the
Fig. 12. Evolution of the impact energy across the weld joint.



Table 4
Fatigue test results conducted on conical specimens.

Conical
specimens

Calculated stress
(MPa)

Cycle
number

Observation

Configuration 1 275 N 5 × 106 No failure
Configuration 1 290 N 5 × 106 No failure
Configuration 1 305 2,442,303 Partial failure occurred in the WM
Configuration 2 280 N 5 × 106 No failure
Configuration 2 290 N 5 × 106 No failure
Configuration 2 300 3,286,379 Partial failure occurred in the WM
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cylindrical specimens. Examples of the failed conical and cylindrical
specimens are presented in Fig. 13b. The experimental curves are fitted
using a power law in the form of y = a ⋅ xb (where: a and b are the
fatigue parameters or Basquin coefficients). Despite some scatter of
the results namely for theWM, the shape of the curves shows a decrease
in lifetimes with increasing applied stress. For high loads corresponding
to life times below5×105 cycles, both BMs and theWMpresent a quite
similar behavior despite their microstructures that are different in mor-
phology, phase constituent and proportion. As the stress level decreases,
the fatigue limit of theWMdecreasesmore rapidly than that of the BMs
until 6 × 105 cycles (see Fig. 13a). At this stage, the fatigue limits of the
two BMs and the WM obtained from the cylindrical specimens are
around 300 MPa and 250 MPa respectively. Note that all the cylindrical
specimens tested in this work failed at the shoulders where the stress
level is maximum. For the conical specimens, all the regions of the
weld joint are subjected to the same constant bending moment (Mf)
for which a nominal stress can be considered. However, the situation
is different for the cylindrical specimens where there is no nominal
stress. The difference in fatigue limit obtained from the two geometries
can be explained by introducing the concept of the stress concentration
factor in static and dynamic loadings. Peterson [38] defined two factors:
the elastic stress concentration factor Kt and the fatigue strength reduc-
tion factor Kf. Kt is defined as the ratio of the calculated peak stress in the
presence of a stress concentrator, to the nominal stress that would be
uniformly distributed in the absence of a stress concentrator. This factor
is solely related to the geometrical and loading considerations. For
the cylindrical specimens, the Kt factor has the same value for the WM
and the two BMswhich is equal to 1.3 according to Peterson's charts [38].
The Kf factor is defined by the ratio of the fatigue limit of unnotched
specimen to the fatigue limit of a notched specimen:

K f ¼ σd unotched=σd notched: ð2Þ

Considering the conical specimens as notch free ones and the
cylindrical specimens as notched ones, thus: Kf experimental (WM) =
(300/250) = 1.2. This factor reflects the level of reduction in fatigue
Fig. 13. (a) S–N diagrams of the two base materials and the weld m
limit due to the stress concentrator and it is not considered as a correc-
tion for the actual applied stresses. The Kf factor is situated between 1
and Kt (1 b Kf b Kt). The expression that correlates between the two
factors (Kt) and (Kf) is given by Eq. (3) with introducing a notch sensi-
tivity factor (q) that varies from 0 to 1 (Kf = 1 for insensitive materials
to notch effect and Kf = Kt for fully notch sensitive materials).

q ¼ K f−1
� �

= Kt−1ð Þ ð3Þ

It has been established [38,39] that the notch sensitivity factor (q)
depends on the elastic properties of materials and the notch radius.

q ¼ 1= 1þ ap=ρ
� �� � ð4Þ

ap is a material constant given by:

ap ¼ 0:0254� 2079=σuð Þ1:8 ð5Þ

where ρ is the notch radius and σu is the ultimate tensile strength.
From Eq. (3):

K f ¼ q� Kt−1ð Þ þ 1: ð6Þ

The Kf values for the two BMs and the WM are calculated using
Eqs. (4), (5) and (6). Thus, Kf(DSS) = 1278, Kf (SMSS) = 1275 and
Kf (WM) = 1281.

Consequently the nominal fatigue limits of the DSS and SMSS can be
calculated using the experimental results and Eq. 2. Thus:

σd unotched ¼ K f � σd notched
σd unotched DSSð Þ ¼ K f DSSð Þ � σd notched DSSð Þ ¼ 383:37 MPa
σd unotched SMSSð Þ ¼ K f SMSSð Þ � σd notched SMSSð Þ ¼ 382:65 MPa
σd unotched WMð Þ ¼ K f WMð Þ � σd notched WMð Þ ¼ 320:24 MPa:

ð7Þ

According to the foregoing results, it seems that the two base mate-
rials have relatively the same level of the fatigue limit. The WM has the
lowest resistance in high cycle fatigue regime compared to the other
parts of the weld joint despite its high tensile and hardness characteris-
tics. This can be attributed to the rapid crack propagation that occurs in
this region independent of the crack initiation sensitivities. It has been
reported [40] that the local impact energy is directly related to the cor-
responding local toughness which expresses the resistance to rapid
crack propagation. Since theWM has the lowest impact energy, its sus-
ceptibility to fatigue damage can be expected. The tensile residual stress
induced by the welding process can also contribute efficiently to the
early crack nucleation in the WM as reported by Akselsen et al. [41].
Fig. 14a–c shows the surface fatigue fractures of the WM, the DSS and
the SMSS respectively. It is observed that the two BMs and the WM
present a similar failuremechanismwhen subjected to rotating bending
etal. (b) Examples of failed conical and cylindrical specimens.



Fig. 14. Scanning electron macrographs of the surface fatigue fractures of (a) the WM, (b) the DSS and (c) the SMSS.

Fig. 15. Fractographs showing the three fatigue fracture modes that occurred in the WM. (a) Magnification of the highlighted section of Fig. 13a, (b) brittle fracture mode, (c) fatigue
striations, (d) ductile fracture mode.
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fatigue. The fracture seems to initiate in the outer surfacewhere the ap-
plied stress ismaximal. Fig. 15a that is amagnification of the highlighted
section in Fig. 14a, leads us to distinguish the different modes of failure
that occur in theWM. These modes are illustrated in Fig. 15b–d obtain-
ed from a highmagnification of regions (1), (2) and (3) of Fig. 14a and b
that illustrates a transgranular brittle fracture display cleavage accom-
panied by plastic deformation; some micro-cracks are visible and indi-
cated by arrows. Fig. 15c shows fatigue striations that seem to be
uniform and mark the crack propagation direction. These striations
are concentric and they separate the ductile and brittle failure modes.
They may originate from the acceleration and the deceleration of the
crack growth process during cyclic loading. Fig. 15d leads us to distin-
guish easily the dimples and the microporosities that are signs of the
plastic deformation. In this location, the applied stress has exceeded
the material yield stress. This surface is typical for a ductile fracture.

4. Conclusion

Themicrostructural evolution and themechanical behavior of a 13Cr
SMSS/2205 DSS weld joint have been studied in both static and cyclic
loadings. Themain conclusions of this work are summarized as follows:

● Dissimilar welding of 13Cr SMSS and 2205 DSS results in a strong
microstructural heterogeneity that concerns microstructure, phase
constituent, morphology and phase-volume fractions in the heat
affected zones. While two distinguished zones constitute the DSS-
HAZ, four subzones are observed in the SMSS-HAZ.

● The tensile tests conducted on subsize specimens containing the
complete weld joint and microtensile ones machined from each
zone separately led us to conclude that the onset of the global yield-
ing of the dissimilar weld joint is controlled by the DSS whereas its
offset (maximum yielding) is controlled by the SMSS.

● While a global overmatching effect provided by the superduplex fill-
er metal is recorded, local overmatching and undermatching effects
can be expected for the DSS and SMSS HAZs respectively.

● The high cycle fatigue behavior of the weld joint is mainly controlled
by theweldmetal. This region is considered as aweak link in terms of
fatigue performance due to its lower fatigue limit (300 MPa at
5 × 106 cycles) compared to the two base materials that present a
similar fatigue behavior with a fatigue limit of 370 MPa.
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