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ABSTRACT
The change of microstructures and elements distribution around the carbon fusion line in carbon steel and stainless
steel welds were investigated by means of optical microcopy (OM), scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS). The chemical composition profiles of the interface lay varied continuously from the
base metal to the weld zone of 80µm width. This study showed that the microstructures and properties of this zone
depended on local composition and cooling rate. Fully Martensitic layer with 5µm of width was observed along the
fusion line. Then, a fully Austenitic zone spreads over 20µm and a two-phase γ + δ microstructure typical of a
stainless steel was documented from the fusion line to the weld metal. The hardness value of Martensitic is the
highest and recording 243 HV. The results may be used to overcome the limitations of the weld structure zone
between carbon steel and stainless steel for application in the shipbuilding industry.
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1.

INTRODUCTION

Dissimilar metal welding of carbon steel to stainless steel presents a
number of metallurgical and engineering challenges. Because of the
difference composition between the base metal and the filler, two
dissimilar metals are welded together lead to welding transition zone
where have the formation of different microstructures and properties
from the adjacent regions.
The chemical composition profiles varied continuously from the base
metal to weld metal [1,2]. Fluid motion and solute transport are the
phenomena usually mentioned to explain composition evolution in
dissimilar welds [3]. But solidification segregations have to be used to
completely describe the complex shape of the profile in the transition
layer. In addition, Martensite was reported to form at the interface [4,5].
The microstructures range normally from fully Martensite to fully
Austenite or may exhibit mixtures of Austenite, Ferrite, and Martensite [6].
The Martensitic layer width with high hardness varied significantly
because of changing the local compositional gradient and cooling rate [7].
Most of the studies have based their phase identification on dilution
calculations and the Schaeffler diagram only, while some authors have
reported Martensitic laths observed by means of Transmission Electron
Microscopy (TEM) [8]. In brief two main points should be noticed

Martensitic start temperature can be predicted by following the empirical
formula:
For the carbon steel (with no alloying elements whose content is higher
than 5%) [12,13]:
Ms (0C) = 561 – 474%C – 33%Mn – 17%Cr – 17%Ni – 21%Mo
For the stainless steel [14]:
Ms (0C) = 502 – 810%C – 13%Mn – 12%Cr – 30%Ni – 6%Mo
In addition, a cooling rate that caused of Martensitic transformation can
be determined by CCT diagram shown in Figure 1.

(i) The relation between the distribution of alloy elements in the transition
zone causes to change of microstructures and properties of weldment;
(ii) The high hardness and brittleness of the Martensitic layer along the
fusion line can reduce mechanical properties.
This paper presents an investigation of the element distribution as well as
microstructural changes in the carbon transition zone of dissimilar welds
between carbon steel and stainless steel [9,10]. Martensitic
transformation can be discussed by Martensitic start temperature, local
chemical composition gradient, rapid cooling rate [11]. In facts,

Figure 1: CCT diagram of 0.2%C [9]
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The cooling rate is below 100oC/s lead to Austenitic to Martensitic
transformation [15]. Figure 2 is the isoplethal section of the phase diagram
for the carbon steel, the composition of the base metal being identified by
an arrow. This was used to explain the microstructure evolution of fusion
zone next to the fusion line.

is 9000C, not much higher than the critical temperature A3 for the
transformation austenite process. Secondly, the cooling rate of the welding
process is very high, the time required for the austenite to remain in the
austenite state is very short, while for the heating process, the heating rate
is much lower and the retention time A3 longer [16]. Temperatures A1 and
A3 during heating are often referred to as Ac1 and Ac2. The reason that
the temperature Ac1, Ac3 when heated higher than the temperature in
equilibrium A1 and A3 because when the heating rate increases, the
critical temperature also increases.
According to the theory of dynamics, the phase transformation requires
the difference in concentration of substances and time to occur diffusion
process. Therefore, during the welding process, due to the very fast
heating rate, the phase transformation may not occur at temperatures of
A1 and A3 at higher temperatures than Ac1 and Ac3. For steel, there is a
mass of carbide-forming elements (V, W, Cr, Ti, Mo) because the diffusion
rate of these elements is lower than that of carbon, so it impedes the
diffusion of carbon. During welding process, due to the combination of
high heating speed and shortening time on Ac3, so the austenite will be
uneven. As a consequence, HAZ's microscopic rigidity changes over a fairly
wide range. In addition, the area near the grain boundary is growing
rapidly due to the high temperature and the retention time on Ac3 for
quite a long time, so the mechanical properties of this region are very low.
2. SEXPERIMENTAL SETUP
The rectangular specimens of carbon steel and 304 stainless steel with a
size of 275 x 85 x 3 mm were welded together using shielded metal arc
welding (SMAW). Filler E309L – 16 with 3.2 mm diameter was utilized.
The chemical composition of base metals and filler are shown in Table 1.
The welding parameters used in the experiment are presented in Table 2.
Besides, a thermocouple was used to measure thermal cycle at the fusion
line of weld that was used to determine the Martensitic start temperature
and cooling rate (Figure 3).

Figure 2: The microstructure of the weld
The phase diagram of Fe - C and the CCT is used in determining the phases
and changes occurring during the heating of carbon steel. However, it can
still be used in the welding process with the following points: First, the
temperature reached during welding at the zone of thermal effect (HAZ)
can reach 15000C, while the maximum temperature of the heating process

Table 1: The chemical composition
Alloys
304 stainless
steel
Carbon steel
Filler E309L 16

C (%)

Mn(%)

Si(%)

S(%)

P(%)

Cr(%)

0.09

1.54

0.49

0.005

0.005

18.3

0.18

0.62

0.02

0.04

0.05

0.02

0.03

1.34

0.71

0.005

0.003

Ni(%)
7.56
0.08

23.7

12.6

Mo(%)

V(%)

0.13

0.11

0.005

0.01
-

-

Table 2: The welding parameters of the single-pass welding
Parameters
Values

I (A)

U (V)
80

V (mm/min)
25

100

Preheat (0C)
30

Figure 3: Welding preparation
After welding, some specimens were machined and prepared for
metallographic tests. Because there was a remarkable difference in the
corrosion behavior of different zones in the welded joints, two etchants
were used to distinguish and display clearly microstructures and
characteristics in each zone:
1) 3% of HNO3 for carbon steel;

2) 5g of FeCl3 + 15cm3 of HCl and 50 cm3 of H2O, hydrochloric acid and
alcohol solution for stainless steel and weld metal.
The microstructure was observed by OMLEICA MDS4000M, and the
hardness values were measured by hardness tester ARK600. EDS line was
used to measure the concentration profiles of alloy elements across joints
by JSM-5410LV.
3. RESULTS AND DISCUSSIONS
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3.1 Elements distribution in the transition zone

three distinct zones: a flat plateau of the weld metal which remained after
solidification; then the transition zone which composition gradients take
place with 80µm width; and finally a flat part of base metal. Figure 5
indicates elements composition in the weld zone, the base metal and at the
fusion line.

In this experiment, EDS line on a transverse section of the weld was used
to indicate the distribution of elements around the carbon fusion line that
is plotted in Figure 4 for Fe, Cr, Ni, Mn. The profiles can be divided into

Figure 4: Elements distribution profiles in the transition zone
The results of the EDS analysis show that the content of Cr, Ni has shifted
from the welding zone to the base metal. This shows the diffusion of the
alloying elements from the welding zone to the base metal. In addition, the
results of the EDS point analysis showed that the increased carbon content
demonstrated the potential for carbide phase formation in the welding
zone. The appearance of carbides of Cr; Fe and complex carbides if
dispersed evenly increase the mechanical properties of the welding zone.

Spectrum 5: Analyzing the boundary between HAZ zone and the welding
zone showed that the content of Cr and Ni increases slightly compared to
base metals (%Cr = 3.8% and %Ni = 1.3%). This can be explained by the
diffusion of elements from the welding zone to the base metal boundary.
There is a mixture of elements of the two alloying elements; this leads to
an increase of the alloying elements on the boundary between the base
metal and the welding zone.

Spectrum 1: There is diffusion of carbon from the base metals to the
welding zone; Because the carbon content in the center of the welding
zone is low. However, the carbon content of up to 3% can be seen here as
the formation of carbides of Cr or complex carbides.

The high carbon content here also makes it easier to form carbide at the
grain boundary (here it is easy to form carbide of Chromium). It is the
presence of carbides that will increase the microhardness in this region.
Furthermore, with the carbide in the grain boundary, if not dispersed, it
also causes damage to the welding.

Spectrum 2: Disappearance of Cr indicates that after welding there is no
time for Cr to diffuse into the HAZ. The results of the analysis show that
only Fe and C appear so that they can form carbides of Fe 3C.

(a)

(b)

(c)
Figure 5: Elements composition, (a) Weld zone, (b) Base metal, (c) At the fusion line
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3.2 Microstructures in the transition zone
The interface between heat affected zone of carbon steel and weld metal
was distinguished clearly. However, microstructures can be observed at
the fusion boundary of the welds. Various forms of microstructures are
shown in Figure 6, including island (Figure 6b), beach (Figure 6c, e) or
peninsula (Figure 6d). The filler metal in arc welding is different in
composition from the base metal cause microstructures along the fusion
line. The microstructures found at the fusion line shows the diffusion
between the center of the weld and the base metal. This will help to ensure
the bonding between the solder and the base metal, thus increasing the
mechanical strength of the weld. The microstructures that measured from
the boundary layer toward the base metal were fully Martensitic (black
layer along the fusion line) to fully austenitic (white layer) then exhibit
mixtures of austenite and ferrite (Figure 7).

tensile test shows that HAZ of carbon steel was usually broken. Tensile
value presents in Table 5. Figure 9 and Figure 10 show the microstructure
of the fracture surface.
Table 4: Hardness values
Positions
Distance from
fusion line (µm)

Fusion line

Weld metal

Carbon steel

0

100

200

100

200

Hardness (HV)

243

173

160

146

134

Fusion
line

Carbon steel

Weld
metal

Figure 8: Microstructures of hardness test
Figure 6: (A) Microstructures at the fusion line, (B) island, (C, E) beach,
(D) peninsula

Weld metal

Table 5: Tensile values
Tensile strength (N/mm2)

Break position

442.8

Base metal

Fully γ

Martensite
γ +δ

HAZ carbon steel
Figure 9: Tensile test sample

Fusion line
Figure 7: Microstructures in the transition zone
The observation of martensitic layer along the fusion line can be explained
by the local composition and cooling rate. The rapid cooling rate was
measured base on thermal cycle (Table 3) is 1100C/s from melted
temperature to 8000C or 240C/s during (800 – 500)0C, higher than critical
value was determined from CCT diagram. Besides, the local composition
of the matrix in the martensitic layer has been reported by around 4%Cr
and 2%Ni. A fully austenitic zone spreads over 20µm, then a two-phase γ
+ δ microstructure typical of a stainless steel. The fully austenitic zone in
the weld metal can be explained by thermodynamic (Figure 2). This
suggests that the high heating rate encountered during the welding
process did not allow the nucleation of the δ–phase as equilibrium
condition; therefore only austenitic grains would be directly in contact
with the molten liquid, which makes easier their growth upon cooling.
Moreover, the local composition with low alloy elements values in this
zone can be added to explain the disappearance of δ. With optical
microcopy analysis results show that in the fusion line there is the
Martensite. This is in line with the results of the above EDS analysis
(elevated C content in the bordering area and base metals).

Fractur
e

Analysis of the test specimen showed that the destruction site of the
sample was in the HAZ. In this area, due to the stresses and grain size in
this area, it is easy to damage the sample. Therefore, a treatment regime is
needed to increase the strength of the weld in this area. These are also
issues that will be addressed in subsequent studies.

3.3 Hardness values in the transition zone
Table 4 presents hardness values in the transition zone. The highest
hardness was documented at the fusion boundary where fully martensite
layer was formed. Although martensite layer has a high hardness and
brittleness, this zone was not the weakest in the weld. The result of the

Figure 10: Tensile test sample
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4. CONCLUSIONS
In this work, the microstructures and alloy distribution of dissimilar weld
between carbon steel and stainless steel in the transition zone were
investigated. From this study, the following conclusions can be drawn:
• The elements composition profiles in the transition zone varied
continuously from the base metal to the weld metal with 80µm width. The
difference of local composition caused the change of microstructures and
properties of this zone.
• Microstructures can be observed along the fusion line with different
shapes such as island, beach or peninsula.
• Fully Martensite layer with 5µm width was formed along the fusion line.
The hardness value of this zone is highest by 243 HV. A fully austenitic
zone spreads over 20µm, then a two phases of γ + δ microstructure typical
of a stainless steel.
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