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Abstract
The stainless clad steel plates (SCSPs) are used in several industrial fields such as petroleum and petrochemical industries 
due to their low cost and good corrosion resistance. In this work, the structural integrity assessment of a welded joint, 
produced by a hybrid SMAW/GTAW multi-pass welding process of SCSP, was carried out through non-destructive exami-
nations, microstructural observations and mechanical characterization tests. The non-destructive examination showed that 
the welded zone is free from any sign of defect. The welded joint filled with ER316L revealed the presence of δ-ferrite, 
which was solidified as skeletal and lathy ferrite under ferritic-austenitic (FA) solidification mode. The microstructure of 
the weld metal transition zone (WM-TZ) filled with ER309L exhibited the presence of martensitic laths as well as a cellular 
and columnar structure. It was found that the diffusion of carbon element caused the forming of a decarburized layer in the 
substrate heat-affected zone (S-HAZ) during the welding process. The observation also revealed the presence of type I and 
type II boundaries along the fusion line, which are characterized by their martensitic nature. Based on the determination 
of the WM-TZ dilution percentage, which is equal to 32%, the presence of the martensite was also confirmed by Schaeffler 
diagram. The high micro-hardness values (~ 429 HV) and the low toughness (~ 22.9J) measured respectively in vicinity of 
the WM-TZ also confirm the local hardening zone (LHZ) formed on the welded zone after bending tests.

Keywords Stainless clad steel · Multi-pass welding · Mechanical properties · Microstructure · Transition zone · Local 
hardening zone

Abbreviations
SCSP  Stainless clad steel plate
SMAW  Shielded metal arc welding
GTAW   Gas tungsten arc welding
SAW  Submerged arc welding
NDE  Non-destructive examination
WM  Weld metal
HAZ  Heat affected zone
WM-CL  Weld metal clad layer
WM-TZ  Weld metal transition zone

BM-S  Base metal substrate
WM-S  Weld metal substrate
S-HAZ  Substrate heat-affected zone
BM-CL  Base metal clad layer
LHZ  Local hardening zone
FB  Fusion Boundary

1 Introduction

Stainless clad steel plate (SCSP) is a composite structural 
bi-material made of a stainless steel as a cladding layer and 
carbon steel as a substrate. It is commonly manufactured by 
using explosion welding [1], weld overlay [2], roll bond-
ing [3] and other welding processes [4, 5]. Compared with 
pure stainless-steel plate, the SCSP not only combines the 
advantages of the two component materials, such as excel-
lent corrosion resistance, high mechanical properties and 
good environmental stability, but may also balance the cost. 
Actually, the use of the low carbon steel as a substrate can 
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reduce the amount of alloy elements like chromium (Cr) and 
nickel (Ni) by 70–80% [6]. Considering those advantages, 
the SCSP has become, in the last few years, an interesting 
alternative to ordinary pure stainless-steel plates in many 
industrial applications such as petroleum, petrochemical and 
pressure vessel industries [7–9].

Several welding processes, such as shield metal arc weld-
ing (SMAW) [10, 11], submerged arc welding (SAW) [12], 
gas tungsten arc welding (GTAW) [13, 14] and laser welding 
[15], are suitable for joining SCSP. However, the differences 
in chemical compositions and physical properties between 
the carbon steel and stainless steel make the welding of the 
SCSP relatively difficult [10]. The base material mismatch-
ing between the clad layer and the substrate may lead to 
the generation of a high discontinuous residual stress at the 
interface between them after welding process [16]. In addi-
tion, Cr and Ni alloy elements in the WM-CL can easily 
dilute and diffuse into the WM-S, leading to low contents of 
alloy elements and a low corrosion resistance of the WM-CL 
as well as a disappearance of the δ-ferrite in the vicinity of 
the WM-CL interface [17]. Meanwhile, Wang et al. [18] 
reported in their work that a decarburized layer and a car-
bon-rich layer were also found in the welding interface due 
to the easy dilution and the carbon diffusion. Furthermore, 
the excessive diffusion of alloying elements can result in 
the formation of  Cr23C6 carbides at the welding interface, 
leading to a severe inter-granular depletion (Cr-depletion) 
and inter-granular cracks [8].

In case of the SCSP, the preparation of the coupon test 
prior to welding (i.e., the groove shape) and the selection 
of the suitable welding sequences are crucial. These prep-
arations may affect the mechanical properties of the SCSP 
welded joint. Hence, in order to satisfy the requirements 
in terms of mechanical properties and to ensure a good 
welding quality, some researchers studied the influence of 
different groove shapes on the mechanical behaviour and 
microstructure of the SCSP welded joint [10–13]. While 
other researchers investigated the effect of the welding 
sequences on microstructure and mechanical properties 
of the SCSP welded joint [10–19], Li et al. [13] have stud-
ied, firstly, the weld joint performance of the L415/316L 
cladded steel pipes using four groove shapes. Then, they 
investigated its microstructures, mechanical proper-
ties and corrosion resistances. The results of this paper 
showed that the U-V shape, with an angle of 60° on the 
V-shape and with 1 mm as a blunt edge, is the most suita-
ble configuration between the studied four groove shapes. 
Dhib et al. [10] have studied the weld performance of 
the A283 Gr C/A240 TP316L SCSP using two groove 
shapes (V-shape and U-V shape). Then, they investigated 
its mechanical properties. Results showed that failure 
occurred when they performed the bending test on the 
V-shape configuration (first configuration). In addition to 

that, impact toughness of the V-shape configuration was 
found below the standard requirement (< 27 J). The same 
authors have also investigated the weld joint performance 
of the same SCSP (A283 Gr C/A240 TP 316L) using U-V 
shape and applying two different welding sequences. 
Results showed that the toughness of the second con-
figuration is below the standard requirement. Moreover, 
the highest micro-hardness values were observed on the 
WM-TZ of the second configuration. Results thereby 
show that proceeding by welding, the parent metal using 
E7018 followed by welding the transition phase using 
the ER309L and finishing by welding the clad layer 
using ER316L (third configuration) hereby improves the 
welding efficiency of the welded joint. Similar findings 
were reported by Yu et al. [19] when they investigated 
the mechanical properties of the SCSP (Q235/SUS304). 
These authors concluded that welding the clad layer with-
out using the transition phase affects not only the micro-
structure (excessive diffusion of Ni and Cr) but also the 
corrosion resistance and mechanical properties. Based on 
the above discussion, it is clearly seen that the weld joint 
microstructures and their corresponding mechanical prop-
erties are highly dependent on multi-pass welding process 
parameters and configurations. However, in addition, the 
microstructure morphology of a welded joint is highly 
affected by solidification parameters. Thus, it is useful 
to understand well the relationship that exists between 
the different weld pool solidification parameters (viz. 
growth rate R, temperature gradient G, and undercooling 
ΔT and the resulting microstructure). David et al. [20, 
21] have reported that solidification parameters G and 
R are important in combined forms G×R and G/R since 
they influence respectively the scale of the solidifica-
tion morphology and the sub-structure of the weld metal. 
Trivedi et al. [22] have reported that the solidification 
front presents a planar character along the fusion line 
since the ratio G/R is maximal and transforms to cellular 
and columnar when moving towards the weld centreline 
(i.e. G/R decreases). Bunaziv et al. [23] have explained 
that along the fusion line, where the G is largest and the R 
is smallest, the criterion for plane front stability (GL/R) > 
(ΔT0/DL), where GL is the thermal gradient in the liquid, 
 DL is the solute diffusion coefficient in the liquid and 
ΔT0 is the equilibrium solidification temperature range, 
is most easily satisfied leading to the presence of a pla-
nar structure. They have also explained that throwing the 
weld centreline, G decreases and R increases promoting 
therefore a planar instability which gives rise to a cellular 
and then columnar structure.

In harmony with the above discussed studies and based 
on the third weld configuration studied by Dhib et  al. 
[10], a new hybrid SMAW/GATAW multi-pass welding 
configuration was proposed and realized in our previous 
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work [24] to join the SCSP in order to reduce the num-
ber of passes and consequently the welding time and cost. 
The authors have focalized in the first part of their study 
the effect of the generated heat flux during the multi-pass 
welding process on the angular distortion and the longitu-
dinal shrinkage of the SCSP welded joint [24]. Preliminary 
investigation of the weld mechanical performances includ-
ing tensile and bend tests showed that the welded joint has 
higher mechanical tensile strength than the parent metal 
and that no separations, fractures or tearing appeared on 
the specimen surface after the bending test. However, the 
bend specimen showed the presence of a bulging phenom-
enon located on the welded joint bent surfaces that was 
explained by the presence of a low hardening zone (LHZ) 
with low plasticity.

Hence, our previous research [24] was limited on 
evaluating the welded joint performances using only con-
ventional tensile and bend tests, which is insufficient to 
understand the main cause leading to the LHZ apparition. 
It is useful to further investigate the structural integrity 
of the welded joint in order to (i) identify the different 
microstructures within the SCSP-welded joint produced 
by multi pass SMAW/GTAW process and (ii) understand 
the relationships that exist between the observed micro-
structure and the resulting mechanical properties of the 

welded joint in order to better understand the origin of 
the LHZ phenomenon.

2  Materials and methods

2.1  Base and fillers materials

Two plates with dimensions of 200 mm × 400 mm were 
extracted from a cladded sheet metal obtained by a hot-
roll bonding of a 12-mm low carbon steel (A 283 Gr C) 
and a 3-mm austenitic stainless steel clad layer (A 240 TP 
316L). The dimensional details of the test coupon are given 
in Fig. 1. The chemical composition and the monotonic 
mechanical properties of the SCSP base material studied in 
this work are given respectively in Tables 1 and 2.

A240 TP 316

A283 Gr C

400 
200 

400 

Fig. 1  Form and dimensions of the prepared plates and the butt-weld U-V shape for welding process

Table 1  Chemical composition 
of the SCSP and filler metals 
(wt. %)

Elements C Si Mn P S Cr Ni Mo

Base material A283 Gr C 0.167 0.172 0.479 0.019 0.022 – – –
A240 TP 316 0.017 0.514 1.124 0.038 0.002 16.654 10.109 2.092

Filler metals ER 316L 0.08 0.53 1.17 0.053 0.008 16.18 10.55 1.90
E7018 0.23 0.171 0.402 0.032 0.012 0.024 0.021 < 0.002
ER 309L 0.025 0.45 1.8 0.02 0.02 24 13 –

Table 2  Mechanical properties of the SCSP (A283 Gr C + A240 
TP316L) at room temperature

Tensile strength Rm (MPa) 438
Yield strength Re (MPa) 418
Young’s modulus E (GPa) 210
Poisson’s ratio υ 0.3
Elongation A (%) 30
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2.2  Welding procedure

In this study, the welding process was carried out using 
three filler metals E7018, ER316L and ER309L to join the 
low carbon steel (A283 Gr C), austenitic stainless steel (A 
240 TP 316L) and the transition zone, respectively. Typi-
cal chemical compositions of these filler metals are given 
in Table 1. Three passes on the carbon steel side were 
performed using the SMAW process whereas two passes 
in a transition phase and four passes on the stainless-steel 
side using both GTAW process. The used filler metal for 
each pass and its corresponding welding parameters are 
given in Table 3. For more details concerning the welding 
process, see Ref. [24].

2.3  Welded joint characterization

2.3.1  NDE

In order to confirm the welded joint integrity, several non-
destructive examination (NDE) tests were performed to 
detect the presence of somewhat surface and/or volume 
defects. Indeed, a visual examination, a dye pen exami-
nation in the stainless-steel side, a magnetic practical 

examination in the carbon steel side and a radiographic 
examination (Fig. 2) were carried out according to ASME 
code [25] (Section IX QW-302.2).

2.3.2  Micro‑ and macrostructural analyses

A specimen, with dimensions of 120 × 15 × 9.5 mm, was 
used to perform micro, macro-graphic and micro-hardness 
examinations. Both sides of the specimen were mechani-
cally polished using SiC grits papers with a grit number 
varying from 280 to 1200, followed by a final polishing 
using 6-, 3- and 1-μm diamond pastes, respectively. The 
specimen sides were differently etched. The first side was 
chemically etched, at room temperature, using iron chlo-
ride in order to reveal the macrostructure of the welded 
joint. The second one was prepared in order to examine 
the welded joint microstructure. For the second specimen 
side, the carbon steel was chemically etched using 3% of 
the nitric acid alcohol solution for 5 s while the austenitic 
stainless steel was electrolytically etched using 10% of the 
oxalic acid solution in distilled water at 6 V for 20 s. The 
microstructure of the welded joint was investigated using 
LEICA® metallographic microscope.

Table 3  Multi-pass welding 
process parameters used for 
joining the studied material

DCRP direct current reverse polarity, DCSP direct current straight polarity

Weld 
pass 
No.

Filler metal Filler 
metal Ø 
(mm)

Current and polarity Current (A) Voltage (V) Welding 
speed 
(mm/s)

Heat 
input (kJ/
mm)

1 E7018 2.5 DCRP* 85 22 1.43 1.31
2 E7018 3.2 DCRP 116 22 1.13 2.27
3 E7018 3.2 DCRP 113 24 1.86 1.46
4 ER309 L 2.4 DCSP** 133 10 1.3 1.02
5 ER309 L 2.4 DCSP 141 11 1.18 1.31
6 ER316 L 2.4 DCSP 142 11 1.1 1.42
7 ER316 L 2.4 DCSP 140 11 0.93 1.66
8 ER316 L 2.4 DCSP 130 10 1.25 1.04
9 ER316 L 2.4 DCSP 133 10 0.86 1.55

Fig. 2  Setting up the radio-
graphic test coupon; a the film 
cassette on stainless steel side 
and b the IQI, ruler and writing 
on the carbon steel side

Clad layer side 

IQI 

Writing 

Ruler 

Carbon steel side 

(a) (b) 
Film cassette 
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2.3.3  Mechanical characterization setup

In order to characterize the mechanical properties of the 
joint, several specimens were cut from the welded coupon. 
Specimens were extracted, from the test coupon using water 
jet as shown in Fig. 3 and then machined in order to obtain 
the required dimensions according to the ASME IX code 
[25]. Tensile and bend tests were carried out, at room tem-
perature, to confirm the reliability of the welded joint as 
described in ref. [24]. In addition to tensile and bend tests, 
toughness and micro-hardness experiments were deeply 
investigated in this work in order to check the integrity of 
the joint under dynamic Charpy impact test and correlates 
mechanical properties to microstructural observations. 
Indeed, toughness specimens were notched using V-Notch 
cutter Machine in the WM and the HAZ, respectively, as 
shown in Fig. 3c. Then, they were placed into a LR-cdw-60® 
low temperature–testing machine until they reached the tem-
perature of − 29 °C. This temperature was fixed since it 
is corresponds to the operating temperature of containers 
dedicated to acid conditioning. Charpy tests were performed 
using JB-W300A® impact testing machine. The absorbed 
energies were measured, and the fractured surfaces were 
investigated.

Given the expected complexity of the microstruc-
ture in the welded joint, since it presents the assembly 

of a be-material with three different filler metals, several 
micro-hardness measurements were carried out on the weld 
zone, along four different paths, as depicted in Fig. 4. The 
micro-hardness tests were conducted with Innova® testing 
machine, using Vickers indenter under a load of 0.1 kg.

3  Results and discussions

3.1  A preliminary study

The welded joint has shown a good visual appearance. 
Besides, no defects were detected after performing the 

(b) (c)

(a)

V-Notch in the MWV-Notch in the HAZ

Fig. 3  Form and dimensions (in mm) of specimens extracted from the welded plates. a Tensile test specimen. b Bend test specimen. c Impact 
test specimen

A283 Gr C

A240 TP 316

E7018

ER 309 L
ER 309 L

E7018

ER 316 L

L1

L2

L3

L4

Note: Micro-hardness measured lines

Fig. 4  Micro-hardness measurement paths on the welded specimen



 Welding in the World

1 3

dye pen and magnetic practical examinations. Regarding 
the radiographic examination, the film revealed a full weld 
penetration with a complete sidewall fusion as illustrated 
in Fig. 5. Likewise, the film revealed a welded bead free of 
any sign of defects.

The weld cross section was examined after being etched. 
Figure 6 reveals the presence of three different zones in the 
welded joint as follows: the WM-S, the WM-CL and the 
WM-TZ. In addition to that, the welded joint, shown in this 
figure, exhibits a full weld penetration with a homogene-
ous fusion weld in the carbon steel side, stainless steel side 
and in the transition side. Likewise, the examination of the 
welded joint and the extent of the HAZ revealed the exemp-
tion of any sign of discontinuities or defects, which confirms 
the obtained NDE results.

3.2  Microstructural analysis

In this contribution, a meticulous microstructural investiga-
tion of the welded joint was carried out in order to recognise 
the different phases presented in Fig. 6 as well as their inter-
faces. The microscopic observations, shown in Figs. 7, 8, 9, 
10, 11, 12, 13, 14, revealed the presence of a heterogeneous 
microstructure resulting from the generation of a chemical 
and temperature gradient during the welding process [26]. 
In this study, given the complexity of the microstructure that 
composed the welded zone, the microstructure analyses of 

the joint are performed in three levels viz: carbon steel side, 
clad stainless steel side and transition zone.

3.2.1  Carbon steel welded joint side

The microstructure evolution across the welded joint filled 
with E7018 is shown in Fig. 7. The microstructure of the 
BM-S is composed of pearlite (dark grains) and ferrite 
(bright grains) phases (Fig. 7a). In addition, Fig. 7 reveals 
that pearlitic grains become finer while going from the 
BM-S zone to the WM-S zone (Fig. 7c) passing through the 
S-HAZ zone (Fig. 7b). Similar findings were observed by 
Dhib et al. [10] when they studied the metallurgical proper-
ties of the SCSP A283 Gr C/A240 TP 316L after welding. In 
addition, Fig. 7 shows that the microstructure of the carbon 
steel welded joint side exhibits a typical and healthy struc-
ture without any sign of martensitic phase.

3.2.2  Stainless‑steel welded joint side

The microstructure of the welded joint zone filled with 
ER316L is shown in Fig.  8. The examination of the 
BM-CL reveals the presence of a largely austenitic 
(γ- white) structure with the presence of some twins 
(Fig. 8a). Not far from the BM-CL, the microstructure 
observed along the fusion line shows that the crystalliza-
tion occurred according to an epitaxial mode (Fig. 8b). 
Indeed, the solidification growth occurs by arranging 
atoms in the liquid phase on the existing BM-CL crystal-
line, thus extending it without altering the original crystal-
lographic orientation. As a result, grain boundaries from 
the BM-CL are continuous across the fusion line, form-
ing solidification grain boundaries in the WM-CL [8, 27, 
28]. Far away from the fusion line, the microstructure of 
the WM-CL (Fig. 8c) presents an austenite matrix with a 
dendritic δ-ferrite, which mainly solidified in skeletal and 
lathy morphologies. This type of microstructure depends 
on the WM-CL solidification mode. The skeletal and lathy 
morphology of the δ-ferrite theoretically depends on the 
solidification rate of the WM-CL, which is mainly con-
trolled by the diffusion of the Cr and Ni [29]. Indeed, and 

Fig. 5  Radiographic film of the 
welded joint

Ruler

Writing
IQI

Welded bead

5 mm

WM-TZ

WM-S

WM-CLBM-CL

Fig. 6  Macrographic observation of the welded joint
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20 mm

BM-S(a)WM-S(c) HAZ-S(b)

Weld joint

Fig. 7  Metallographic examination of welded joint (the carbon steel side). (a) Base Metal Substrate (b) Heat Affected Zone Substrate (c) Weld 
Metal Substrate

BM-CL

Twins

(a)
5 mm

BM-CL

BM-S

WM-CL

(b)

BM-CL

WM-CL 

Fusion line

Lathy

Skeletal

(c)

Fig. 8  Metallographic examination details of stainless-steel side. (a) Base Metal Clad Layer (b) Fusion line between Base Metal Clad Layer/
Weld Metal Clad Layer (c) Weld Metal Clad Layer
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based on Fig. 9, the solidification mode of the WM-CL 
depends on the ratio of the equivalent chrome  [Cr]eq and 
equivalent nickel  [Ni]eq, expressed as follows:

In order to calculate the percentage of  [Cr]eq and  [Ni]eq 
in WM-CL zone, a spark optical emission spectroscopy 
(OES) technique was used to determine the chemical com-
position of this zone. The found result is summarised in 
Table 4.

According to Fig.  9, the solidif ication mode of 
the WM-CL zone is a pr imary fer r itic solidif ica-
tion, with ferrite to austenite formation (FA mode). 
Chassignole [30] reported that the δ-ferrite, in the 
FA solidification mode, crystallizes at first. Then, 
the δ –> γ transformation occurs during the cool-
ing process. Since this transformation is incomplete, 

(1)[Cr]eq = %Cr + %Mo + 1.5%Si + 0.5%Nb

(2)[Ni]eq = %Ni + 30%C + 0.5%Mn

the residual δ-ferr ite remains in the WM-CL after 
solidification.

Idem with the observations shown on the carbon steel 
welded joint side, the microstructure of the stainless steel 
welded joint side reveals a healthy structure without any sign 
of martensitic phase.

3.2.3  Transition phase welded joint

In this section, the microstructure evolution of the welded 
joint zone filled with ER309L is investigated (Fig. 10). Fig-
ure 10a reveals that the S-HAZ microstructure is almost 
pearlitic with a predominant appearance of ferrite coarse 
grains located at the S-HAZ adjacent to the WM-TZ. The 
disappearance of the pearlitic grains may be ascribed to the 
carbon depletion, which occurs during the welding process. 
Li et al. [6] reported in their study that due to the element 
diffusion, a decarburized layer is formed in the S-HAZ and 
the precipitated carbon is aggregated along the fusion line. 
The appearance of the ferrite coarse grains may be attrib-
uted to the grain coarsening behaviour under the effect of 
high temperature generated during the welding process, as 
reported by An et al. [8]. In analogy with the bonding phe-
nomenon that occurs, at high temperature, between the clad 
layer and the substrate, Dhib et al. [31] reported in their 
work that carbon element can easily migrate from BM-S 
forwards BM-CL due to the high mobility of its small atomic 
radius (0.077 nm). The same authors have also reported that 
grain coarsening and decarburization have occurred at the 
BM-S near the interface due to long exposure time at high 
temperature.

The same phenomena were also observed in Fig. 10b 
while examining the WM-S/WM-TZ interface. The layer 
thickness of coarse grains located at WM-S/WM-TZ inter-
face exhibits an average value of 55 ± 7 μm, which is smaller 
than that located at the S-HAZ/WM-TZ interface (average of 
75 ± 6 μm) (Fig. 10a). The difference in the layer thickness 
values can be explained by the difference in carbon percent-
age between A283 Gr C (C (wt %) = 0.167) and E7018 (C 
(wt %) = 0.23). Indeed, during the welding, a decarburiza-
tion of the S-HAZ and the WM-S occurs until the WM-TZ 
reaches its nominal carbon content. Since E7018 has high 
carbon content, the carbon depletion in the WM-S near the 
interface will occur with a small width of the decarburized 

Fig. 9  Solidification modes of austenitic stainless steels based on dif-
ferent  Creq/Nieq values [29]

Table 4  Chemical composition 
of the WM-CL (wt. %) and 
 [Cr]eq/[Ni]eq ratio

Element C Si Mn Cr Ni Mo Nb [Cr]eq [Ni]eq [Cr]eq/[Ni]eq

WM-CL 
(analysed 
zone)

0.053 0.333 2.41 19.48 11.43 1.61 0.057 21.637 14.225 1.52

BM-S 0.167 0.172 0.479 – – – – 0.26 5.25 –
ER309L 0.025 0.45 1.8 24 13 – – 24.68 14.65 –
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layer. Figure 10a and b also reveal the presence of a dark 
layer 25 ± 3 μm wide. Due to the excessive diffusion of the 
carbon element from BM-S and WM-S zones to WM-TZ, a 
carbon-rich layer with a dark aspect called carburized layer 
is observed [8]. The comparison between thickness values 
of carburized and decarburized layers shows that the decar-
burized layer is always thicker than the carburized layer. 
This result may be attributed to the difference of diffusion 
velocities and the carbon element solubility in austenite and 
ferrite phases [8]. Actually, the carbon diffusion can be eas-
ily pronounced thanks to its small atomic radius (0.077 nm), 
which offers it great mobility. In addition, the microstruc-
ture of the WM-TZ shown in Fig. 10c revealed the presence 
of martensitic laths and cellular and columnar sub-grains 
elongated according to their local solidification direction. 
The microstructure of the WM-TZ has undergone several 
complex thermophysical phenomena, during the multi-pass 
welding process, which are related to the re-melting and 
solidification of the welded pool. The grain morphology 

transformations are due to the combined effects of both 
temperature gradients (G) and the rate of grain’s growth 
(R) generated during the solidification process. The effect 
of the temperature gradient G and the growth rate R on the 
morphology and the size of the solidified microstructure is 
represented in Fig. 11. When carrying out the subsequent 
pass with ER309L, a molten pool will be formed and then 
solidified. Since the ratio G/R is maximal at the bottom of 
the molten pool (i.e., near the fusion boundary), there will 
be few planar crystals that firstly form. With the movement 
of the solid/liquid interface towards the weld pool centreline, 
the solidified microstructure progressively changes from 
planar crystals to cellular and then to columnar due to the 
decrease of the ratio G/R. The same result was confirmed 
by Li et al. [32] when they studied the microstructure and 
mechanical property evolution of multipass laser welding. 
These authors have also reported that when the bottom of the 
molten pool is being solidified, the top of this molten pool is 
also being solidified into dendrite direction because of the 

WM-TZ

WM-TZ

Columnar dendrites

Cellular dendrites

Laths martensite

(c)

BM-S
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Fig. 10  Metallographic examination of the weld metal transition zone. (a) Weld Metal Transition Zone/ Base Metal Substrate interface (b) Weld 
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change in G direction under the effect of the natural convec-
tion. However, since the solidification rate from the bottom 
to surface is much faster than that from surface to bottom, 
the columnar d accounts for a large area in the welded bead. 
The same authors [32] have also reported that the effect of 
the multi-pass welding has not only affected the microstruc-
ture but also the mechanical properties of the welded joint. 
Rathod et al. [33] reported in their work that the cellular and 
columnar structures are characterized by their martensitic 
nature that can affect the mechanical properties of the weld.

In order to confirm the observed microstructure, it is use-
ful to predict which phase is present in the WM-TZ zone 
using Schaeffler diagram as previously explained. How-
ever, in our case study, OES analysis cannot be performed 
to determine the chemical composition the WM-TZ zone 
given its small cross-section area compared to dimensions 
of sparking area. For this, another technique was used to 
predict the presence of the martensitic structure.  [Cr]eq and 
 [Ni]eq of respectively A 283 Gr C and ER309L were cal-
culated (Table 4) and plotted on the Schaeffler diagram, as 
shown in Fig. 12. According to this diagram, the martensite-
austenite mixed zone can be formed in regions where the 
dilution ratio is between 31 and 53%. For this, the dilution 
was then calculated basing on the macro-graphic cross sec-
tion shown in Fig. 6. The dilution can be defined as the 
contribution of the BM-S into the WM-TZ (Fig. 13). The 
dilution was calculated using Eq. 3, the dilution’s value was 
found 32%, and the presence of a martensitic structure is 
confirmed (Fig. 12).

The fusion boundary (FB) in the vicinity of the carbur-
ized layer (i.e. between the WM-TZ and the BM-S) was 
evaluated. A type-II boundary running parallel to the FB 
is found in the WM-TZ, as shown in Fig. 14. This type-II 
boundary parallels the fusion boundary approximately 40 
μm away from the WM-TZ. Type II boundaries may be a 
result from a change in the primary mode of solidifica-
tion. Actually, the primary solidification occurs as a ferrite 
(bcc) in the S-HAZ and as an austenite in the WM-TZ. At 

(3)%dilution =
a + b + c

a + b + c + d
× 100

Fig. 11  Effect of temperature gradient G and growth rate R on the 
morphology and size of solidification microstructure [34]

Fig. 12  Schaeffler diagram [29]
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high temperature, the S-HAZ will undergo an allotropic 
δ-γ transformation. The fusion line becomes, therefore, 
an austenite (fcc) boundary between the S-HAZ (fcc) and 
the WM-TZ (also fcc) in the austenitic temperature range. 
Since both sides have an austenitic lattice, the austenitic 
boundary can migrate easily into the WM-TZ. This migra-
tion is principally the result of the composition gradients 
within the transition region between the S-HAZ and the 
WM-TZ. [35, 36].

Several researchers prove the formation of a martensitic 
structure in the type-II boundary. Rowe et al. [37] reported 
in their study that the intermediate composition along the 
drawn line on the Schaeffler diagram (i.e. between ER309L 
and A 283 Gr C) would develop martensitic and austenitic 
plus martensitic microstructures. Nelson et al. [38] prove 
that if the dilution is between 20 and 80%, the microstructure 
of the WM-TZ will be observed as a mostly austenitic micro-
structure with a band of martensite along the FB. Based on 
the above discussion, we can conclude that the microstruc-
ture of the type-II boundaries is a martensitic structure since 
the dilution is 32%. Furthermore, type-I boundaries, running 

roughly perpendicular to the FB between the equiaxed grains 
as a result of an epitaxial growth, have also been found [37].

3.3  Mechanical characterization

3.3.1  Micro‑hardness

The micro-hardness measurements conducted along four 
paths on the welded specimen (Fig.  4) are depicted in 
Fig. 15. The micro-hardness profile performed along L1 
direction (Fig. 15a) shows that the hardness values measured 
on the S-HAZ surface (average 208 ± 8 HV) are slightly 
higher than those measured on the WM-S (average 213 
± 5 HV) and the BM-S (average 171 ± 9 HV). The high-
est micro-hardness level measured on the S-HAZ can be 
ascribed to the perlite dissociation, which is observed in 
Fig. 7b. In contrast, the micro-hardness values measured on 
the WM-S are lower, but still higher than those measured on 
the BM-S owing to the high cooling rate and grain refine-
ment at the WM-S (Fig. 7c).

Figure 15b displays the micro-hardness profile of the 
welded joint along L2 direction. It is obvious that micro-
hardness values measured on the S-HAZ near the interface 
(average 429 ± 30 HV) are significantly higher than those 
measured on the WM-TZ (average 384 ± 14 HV) and the 
BM-S (average 171 ± 17 HV). The highest micro-hardness 
level measured on the S-HAZ can be assigned to the car-
burized layer shown in Fig. 10a along the FB. Herein, it 
is obviously clear from Figure 15b that the highest micro-
hardness values are in the vicinity of the fusion line. Indeed, 
the carbide forms in this area due to the chrome and carbon 
diffusion phenomenon at high temperature leading to the 
formation of the type I and type II boundaries as clearly seen 
in Fig. 14. However, the micro-hardness values measured on 
the WM-TZ are lower, but still higher than those measured 
on the BM-S. This can be ascribed to the presence of the 
martensite laths as already observed in Figure 10c.

Figure 15c shows the micro-hardness curve across the 
L3. The micro-hardness values measured on the WM-CL 
vary slightly (average 221 ± 19 HV) and are found to be 

Fig. 13  Schematic view show-
ing the calculation of dilution in 
a fusion weld Low Carbon Steel

Austenitic Stainless Steel

ER 309 L

E7018

a

bc

d

WM-TZBM-S

FB

Type II Boundaries

Equiaxed grains

Type I boundaries

Fig. 14  Metallographic examination of the fusion boundary in BM-S/
WM-TZ
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similar to the BM-CL. The reason of this slight variation 
can be explained by the variation of microstructures between 
BM-CL and WM-CL as shown in Figure 8b.

The micro-hardness profile along L4 direction is shown 
in Fig. 15d. It is clear that both of WM-CL and WM-S have 
shown no large variation in micro-hardness values. In con-
trast, the micro-hardness value of the WM-TZ increased sig-
nificantly and reached about 406 HV. This can be attributed 
to the presence of the martensitic phase previously observed 
in Fig. 10c as well as the presence of the carbide agglomer-
ated in the FB and observed as type I and type II boundaries 
(Fig. 14).

On the bases of the previous discussion, the hardening 
zone shown in the WM-TZ and its S-HAZ are confirmed not 
only by the presence of the martensitic phase but also by the 

carburation/decarburization phenomena, which accelerate 
the formation of the chromium carbide leading thereafter to 
a hardening at the WM-TZ/S-HAZ interface. This hardening 
zone may adversely affect the bend test and impact tough-
ness properties of the welded joint due to the inhomogeneity.

3.3.2  Tensile and bend test

The transverse tensile strength specimens have been evalu-
ated in our previous investigation [24]. The main results are 
summarized in Table 5.

It has been reported in the work of Ghorbel et al. [24] 
that one of the significant outcomes of these tensile tests 
is that the two specimens were fractured out of the welded 
joint area (i.e. failure is localized in the BM). This result 
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shows that the weld zone is more resistant than the base 
material, which complies with the ASME IX requirement. 
In addition, bending tests, applied on the four side bend 
specimens [24], indicated that no separations, fractures or 
tearing was observed on all bent surfaces which is in accord-
ance with the industrial code ASME IX [25]. However, the 
bulging phenomenon, which appeared in the weld area after 

Table 5  Monotonic tensile properties of the welded clad material at 
room temperature [24]

Tensile strength Rm (MPa) 487 ± 2.8
Yield Strength Re (%) 423 ± 2.5
Elongation A (%) 31.4 ± 1.4

Fig. 16  Measured Charpy 
V-notch energy and lateral 
expansion on a weld metal 
specimens and b heat-affected 
zone specimens
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bending, was previously explained by the potential presence 
of a LHZ with low plasticity in the WM-TZ. Based on the 
previous results, the main cause producing the LHZ in the 
WM-TZ is the presence of a martensitic structure in which 
was observed microscopically and recognized by its high 
micro-hardness values.

3.3.3  Charpy V‑notched study

Toughness tests were performed on the Charpy V-Notch 
specimens as shown in Fig. 3c. The main values of the WM 
and the HAZ toughness are plotted in Fig. 16a and b respec-
tively. It is clearly seen that the WM toughness showed the 
highest values with an average of 80.2 J. However, the aver-
age of the HAZ toughness values (22.9 J) was slightly lower 
than the standard requirement (27 J). Herein, in order to get a 
coherent understanding of the obtained values, the fractured 
surfaces of both WM and HAZ specimens were evaluated. 
Figure 17 demonstrates the fractured surfaces of the Charpy 
impact specimens. The WM (Fig. 17a) showed two types of 
fracture appearances. Dimples, micro-voids and shear lips, 
which were induced by the shearing stress in the sliding 
plane, appear on the bottom of the fractured surface, while 
mixture of fibrous and radial zone appears on the top of the 
fractured surface. A small shear lip in this region can be 
recognised. The average value of the WM lateral expansion 
observed in Fig. 16a was found about 1.32 mm. It can be 
noted that fracture occurred by a ductile mode on the bottom 
and a mixed ductile and cleavage mode on the top. These 
findings hereby confirm the amount of energy absorbed on 
the WM specimens (80.2 J).

On the other hand, the optical fracture surface of the 
HAZ (Fig. 17b) can be divided into four parts: prefabri-
cated V-Notch, fibrous region, radial region and shear lip. 
Each part is corresponding to different fracture features. The 
fracture initiated from the fibrous region adjacent to the pre-
fabricated V-Notch. The surface is featured with fibrous pat-
tern. The radial region, which located in the middle of the 
fractured surface, was featured with a brittle cleavage with 
bright and reflective facets. A small shear lip was observed 

as a final rupture induced by the shearing stress in the slid-
ing plane. The average value of the HAZ lateral expansion 
observed in Fig. 16b was found about 0.46 mm. It can be 
noted that fracture occurred by a mixture of ductile-brittle 
mode with predominated brittle fracture appearance. These 
findings hereby confirm the amount of energy absorbed 
on the HAZ specimens (22.9 J). It is reasonable to link the 
mode of the fracture toughness with the variation of micro-
structure and micro-hardness. It can be noted that the ductil-
ity in the HAZ decreases due to the coarse grains observed 
in Fig. 10, the formation of martensitic structure and the 
high micro-hardness observed in Fig. 15.

4  Conclusion

In this manuscript, the structural integrity of the studied 
SCSP welded joint, produced by a hybrid SMAW/GTAW 
multi-pass welding process, was investigated through non-
destructive examinations, microstructural observations and 
mechanical characterisation including tensile, bend, micro-
hardness and impact toughness tests. As a result of this 
study, the following conclusions can be drawn:

• The microscopic examination carried out on the welded 
joint showed a typical ferritic-pearlitic structure and 
austenitic matrix with a dendritic δ-ferrite, which solidi-
fied in skeletal and lathy morphologies, respectively in 
the carbon steel and in the stainless steel weld sides. No 
sign of martensite was found in these investigated weld 
regions.

• The microscopic examination performed on the WM-TZ 
showed the presence of martensite laths and cellular 
and columnar structure characterized by their marten-
sitic nature. It was revealed in the vicinity of the fusion 
boundary (FB) the presence of a decarburized layer gen-
erated by the carbon depletion from the substrate heat-
affected zone (S-HAZ) during the welding process and its 
agglomeration along the fusion line. Despite the selection 
of the filler metal ER309L in the studied process, to avoid 

Fig. 17  The fractured surface 
observed on the impact test 
specimen of a WM and b HAZ
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the formation of the martensite near the BM-S/WM-TZ 
interface, thanks to its Ni content that acts as a diffusion 
barrier, type I and II boundary joints, which are charac-
terized by their martensitic nature, were appeared.

• The micro-hardness tests showed that the highest micro-
hardness values were recorded in the WM-TZ and in 
vicinity of the FBs with an average of 429 ± 30 HV, 
which confirms the presence of a martensitic structure.

• Charpy impact test results showed that the average 
value of the WM and the HAZ fracture toughness was 
80.2J and 22.9J, respectively. The relatively low fracture 
energy of the HAZ was highlighted by the brittle feature 
of the fractured surface.

• In view of the reached outcomes, it can be retained 
that the main cause producing the LHZ is the mar-
tensitic structure observed in the WM-TZ along the 
fusion line. Martensitic structure can be avoided by 
adjusting the heat input parameters in such a way that 
the percentage of the dilution in the WM-TZ does not 
exceed 31% in accordance with Schaeffler diagram. 
The effect of the subsequent passes on the previous 
welded beads will be the subject of our future work.
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