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Tungsten argon arc welding (TIG), cold metal transfer (CMT) welding and flash butt welding (FBW) are
used to join M390 and 304. The mechanical properties of M390 and 304 welded joints with different
welding methods were compared by tensile and microhardness experiments. The microstructure evolution
and phase changes of TIG, CMTand FBW welded joints were compared and analyzed by scanning electron
microscope (SEM) and x-ray diffraction. The grain size of weld metal (WM) and M390 heat-affected zone
of three types of welded joints were measured by Image J software. Corrosion resistance of three types of
weld joints was characterized by electrochemical corrosion tests, and the microstructure of post-corrosion
test specimens was characterized by SEM and EDS. The results show that three types of welded joints
without cracks and voids can be obtained between dissimilar metals M390 and 304. The microstructure of
TIG weld metal is composed of martensite and the carbides M7C3 and M23C6 due to higher heat input
during TIG welding processes. Because extensive C, Cr and Ni element diffusion occurs during FBW
welding due to low heat input, the microstructure of the weld metal is composed of martensite and austenite
matrix and carbides of M7C3 and M23C6. The filling of nickel-based alloys during CMT welding processes
make the microstructure include austenite and (Al, Ni, Ti) carbide. The tensile strength and elongation of
CMT welded joint can reach 501 MPa and 21.8%, the corrosion current density is 4 mA cm22, and the
corrosion voltage is 2 21 mV, which is the best mechanical properties among the three types of welded
joints. The welded joints with the three welding methods are all fractured at WM position.
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1. Introduction

A high carbon, high-chromium martensitic stainless steel
M390 prepared by hot isostatic pressing (HIP) and subsequent
heat treatment has advantages of high hardness, high strength,
excellent corrosion resistance and good wear resistance. It is
mainly used in advanced knife materials, mold steel, aerospace
and other fields. In most cases, M390 needs to be joined with
other structural parts to prepare a complex structure. Therefore,
it is necessary to investigate the weldability of M390. 304
austenitic stainless steel is the most widely used stainless steel
in industrial production and daily life. The welding of M390
and 304 becomes the most important problem to be solved
M390 application in various fields. For the welding of high

carbon martensitic stainless steel, martensitic microstructure
with coarse grains and hydrogen-induced cracks are easily
produced at the weld metal and the side of the high carbon
martensitic heat-affected zone (Ref 1). 304 shows good
corrosion resistance and weldability when welding with other
dissimilar metals (Ref 2-6). Therefore, it is difficult to join
M390 and 304 because of hard and brittle martensitic
microstructure in M390 heat-affected zone and weld metal.
Many scholars use a variety of fusion welding methods, such as
laser welding, TIG welding, arc welding and other methods to
welding martensitic stainless steel and austenitic stainless steel
(Ref 7-11). TIG welding and more advanced A-TIG and K-TIG
are widely used in the joining of thin plate joints (Ref 12, 13).
CMT welded M390 and 304 stainless steel joints are widely
used in the production of advanced tools (Ref 14). The results
show that for welded joint obtained by traditional fusion
welding method, due to excessive heat input martensitic
microstructure with coarse grains appears on the side of the
martensitic heat-affected zone and weld metal. Some scholars
join martensitic stainless steel and austenitic stainless steel by
solid-state welding, such as resistance butt welding, flash butt
welding and friction welding (Ref 1, 15-18). The results show
that fine equiaxed grains can mainly be formed in the heat-
affected zone on the martensite side, which is smaller than that
of traditional fusion welding, so the mechanical properties are
improved.

The predecessors employed nickel-based alloys as filler wire
to prevent carbon components from diffusing into the weld
metal (Ref 19-21). Sirohi et al. (Ref 22) successfully joined P91
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and 304 by nickel-based 625 alloy wire and found that nickel-
based 625 alloy has a strong inhibitory effect on carbon
migration in P91/304 welded joints. Pratishtha et al. (Ref 23)
joined dissimilar metals between martensitic and austenitic
steels by filled nickel-based welding wire ErNiCrMo-3 and
unfilled welding wire. A large amount of hard and brittle
martensitic microstructure is formed in weld metal for the joint
without filler wire, which leads to lower tensile strength and
impact toughness. The addition of ErNiCrMo-3 nickel-based
welding wire changes the ratio of Cr and Ni elements in weld
metal, and the microstructure in weld metal from hard and
brittle martensite to austenite. Anup et al. (Ref 24) welded P91
and 316L with nickel-based 800 and nickel-based 600 as filler
wire. The addition of various nickel-based wires affects the
various microstructure of weld metal and the various mechan-
ical properties of the welded joint. Therefore, filled nickel-
based alloys not only improved the toughness of the welded
joint and suppressed the diffusion of carbon elements.

In welded joints, the relationship between microstructure
changes and mechanical properties has also been studied by
predecessors. Sabzi et al. (Ref 25, 26) studied the effect of
pulsed current on dissimilar welded joint of AISI 316L-AISI
310S stainless steels. Pulsed mode changed the morphology of
the grains from the elongated columnar to coaxial one and
substantially reduced the grain size to improve the hardness and
fracture toughness of the joint. The same phenomenon was also
observed in the joints of 316L after electromagnetic stirring and
pulse current, which also improved the mechanical properties
of the joints (Ref 27, 28). In terms of microstructure, Mousavi
Anijdan et al. (Ref 29) obtained high strength and hardness
martensite in dissimilar joint of dual phase steel DP600 and
AISI 304 stainless steel by changing the process parameters and
optimized the shear tensile strength.

Considering above, by comparing mechanical properties,
corrosion resistance and microstructure characteristics of M390
and 304 welded joints with traditional fusion welding (TIG),
improved gas shielded welding (CMT) and Flash butt welding
(FBW), appropriate welding method and welding process are
recommended.

2. Experimental Procedure

2.1 Materials

M390 powder metallurgy high-carbon martensitic stainless
steel was prepared by Advanced Technology & Materials
Limited Company. Commercial 304 austenitic stainless steel
was used in this paper. The chemical composition of 304
stainless steel follows the standard ASTM A313/A313M-2018.
Table 1 shows corresponding chemical composition of M390
and 304. Table 2 shows physical properties of M390 and 304.

Large differences appear in C and Ni elements content, physical
properties (such as thermal expansion coefficient) and mechan-
ical properties (such as strength, hardness and elongation).

2.2 Welding process

(1) Tungsten argon arc welding (TIG) processM390 and
304 steels are joined without wire filler by an automatic
TIG welding machine with argon gas as a shielding gas
and gas flow rate of 15 L/min. Before welding, oxide
film on the specimen�s surface was removed and cleaned
with acetone. The welding diagram is shown in
Fig. 1(a), and the optimized TIG welding process
parameters are shown in Table 3.

(2) Cold metal transition welding (CMT) processM390 and
304 steels were butt welded by cold metal transfer weld-
ing (CMT) machine with argon gas as shielding gas and
gas flow rate of 15L/min. In order to inhibit the diffu-
sion of C and Cr elements and improve the toughness
of weld metal, ERNi-1 welding wire is selected as the
filler metal in CMT welding. The wire extension of
2mm was set. The angle of the groove between two
plates is set as 60�. The torch is inclined at 45�. Before
welding, the oxide film of two plates was treated and
cleaned with acetone. The welding schematic diagram is
shown in Fig. 1(b). The optimized CMT welding pro-
cess parameters are shown in Table 3.

(3) Flash butt welding (FBW) welding processThe two butt
welding surfaces of M390 and 304 steels were treated
and polished before welding to keep them smooth and
flat. CO2, CO and metal vapors released at the butt
welding surface during flash butt welding form a self-
protection effect at the butt welding position. No exter-
nal gas protection is required during welding processes.
After welding, the extruded residue at the weld metal
needs to be cleaned. The welding schematic diagram is
shown in Fig. 1(c), and the optimized flash butt welding
process parameters are shown in Table 4.

2.3 Microscopic Analysis

The metallurgical specimens were cut and prepared from
three types of welded joints to compare the difference of
microstructure using SEM and EDS. Before SEM and EDS
experiments, the metallurgical specimens of the three types of
welded joints needed to be polished, cleaned with acetone and
then etched by a mixed solution of FeCl3 and hydrochloric acid
(FeCl3/HCl/H2O = 1:3:3). The grain size of weld metal and
M390 heat-affected zone in three welded joints was measured
by Image J.

Table 1 Chemical composition of M390 and 304 steels (in wt.%)

Steels C Cr Mn + Mo + Si + V Ni W Al Ti Cu + P + S Fe

M390 1.97 19.7 5.9 … 0.63 … … … BAL
304 0.07 19 3 11 … … … … BAL
ERNi-1 0.03 … 0.77 94.421 … 1.17 2.74 0.119 0.75
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Table 2 Mechanical properties and physical properties of M390 and 304 steels

Material rb (MPa) d (%) Hardness (HV) q (kg/dm2) a (1026*K21)

M390 ‡ 900 5.54 300-400 7.53 10.4
304 ‡ 520 18 180-200 7.93 17.2
rb tensile strength, d elongation, q density, a linear expansion coefficient.

Fig. 1 Schematic diagram of CMT, TIG and FBW (a) TIG, (b) CMT, (c) FBW

Table 3 Optimized TIG welding parameters

Welding methods Welding speed, mm/s Wire feeding speed, m/min Welding current, A Welding voltage, V

TIG 2.3 … 120 16
CMT 4.5 9 110 18.1
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2.4 Characterization of Tensile Strength and Hardness

Tensile specimens were prepared from three types of weld
joints with optimized welding parameters. Three tensile
specimens are prepared for each welded joint. Before tensile
test, all the outer surfaces of tensile specimen are smoothly
polished by sandpaper to avoid defects because higher stress
concentration produced at the surface defects affects tensile
performance. Tensile strength was measured by IN-
STRON8801. Microhardness was measured from M390 base
metal through weld metal to 304 base metal by Wilson VH1102
hardness tester.

2.5 Measurement of the Corrosion Resistance

Corrosion resistance test is based on ISO 17475:2005.
Corrosion resistance of three welded joints was revealed by
electrochemical experiments. The size of prepared specimen
was 10 mm 9 10 mm 9 3 mm. After polishing, it was cor-
roded with 3.5% NaCl solution. Corrosion current and
corrosion voltage were tested by VersaSTAT 3F electrochem-
ical workstation, and polarization curve was obtained. The
microstructure of the three welded joints after corrosion was
observed by SEM and EDS.

3. Results

3.1 Weld Appearance of TIG, CMT and FBW Welded Joints

The weld appearance was evaluated according to ISO
15614-1 standard. Figure 2 shows the weld appearance of TIG,
CMT and FBW weld joints. The weld metal with a beautiful
appearance and without defects such as cracks and holes can be
obtained. In Fig. 2(e), the local straight FBW weld metal is
partially extruded to the specimens� surface. Figure 3 shows the
cross-sectional morphology of the M390/304 welded joints.
Three types of welded joints are all composed of M390 base
metal (M390BM), M390 fine grain heat-affected zone
(FGHAZ), M390 coarse grain heat-affected zone (CGHAZ),
weld metal (WM), 304 heat-affected zone (304HAZ), 304 base
metal (304BM).

3.2 Comparison of Microstructure in TIG, CMT and FBW
Welded Joints

Figure 4 compares the microstructure of M390 base metal
and M390 heat-affected zone in three types of welded joints.
The results show that long-strip carbides are distributed on the
grain boundaries of TIG and CMT-CGHAZ, while block
carbides are distributed on the grain boundaries of FBW-
CGHAZ. Different heat inputs are obtained in three welded
joints due to different welding methods and different corre-
sponding welding parameters. Figure 5 presents the microstruc-
ture of three welded metals. From Fig. 5, the morphologies of
three types of weld metals are quite different. In Fig. 5(a), TIG

WM is composed of martensite matrix with long columnar
crystals and a large number of carbide particles distributed on
the grain boundaries. In Fig. 5(b), CMT WM is composed of
austenite matrix with coarse grain size and carbides, most
carbides exist in irregular morphology, and a small amount of
carbides are distributed on the grain boundaries. In Fig. 5(c),
FBW WM is also composed of equiaxed grain martensite
matrix and a small amount of carbides distributed on the grain
boundaries. Table 5 shows corresponding point scanning results
in Fig. 4(f) and 5(b). The results of point 1 and point 2 in
Table 5 can further confirm that carbides on M390 side are (Cr,
V) carbides. However, the results of point 3 and 4 in Table 5
show that carbides in CMT WM are (Al, Ni, Ti) carbides,
which is further proved in Fig. 6(b). Al and Ti elements of (Al,
Ni, Ti) carbides in CMT WM come from the filler wire (ERNi-
1), as shown in Table 1. The carbide development patterns in
M390 base metal, FGHAZ and CGHAZ are all the same in the
three welded joints. The carbide morphology changes from
granular to elongated shape from M390 base metal to coarse-
grained zone. The various heat inputs were used for three
welding procedures, which induces the difference of austeni-
tization in the heat-affected zone during the welding process
and the difference of carbide precipitation after cooling. The
heat input of the TIG welded joint is undoubtedly the largest,
resulting in the presence of long-striped carbides in the coarse-
grained zone. However, the heat input of the FBW welded joint
is the lowest, which induces the formation of granular carbides
in the coarse-grained zone.

Figure 6 shows XRD analysis results of different regions for
three types of welded joints. Different regions include M390
BM, M390 FGHAZ, M390 CGHAZ, 304 HAZ and 304 BM.
However, the phase composition of WM in three types of
welded joints has significant changes. M390 BM is composed
of martensite, a small amount of retained austenite, M23C6 and
M7C3. M390 FGHAZ and M390 CGHAZ are composed of
martensite, M23C6 and M7C3. Proportion of M23C6 and M7C3

in two regions is changed. 304 HAZ is composed of martensite,
austenite, M23C6 and M7C3. 304 BM is composed of austenite
and M23C6. The five phases in XRD analysis are austenite,
martensite, M23C6, M7C3 and Al0.5CNi3Ti0.5, and their card
numbers are 04-002-3692, 04-002-1061, 00-035-0783, 00-036-
1482 and 00-019-0035, respectively. The microstructure of TIG
weld metal is composed of martensite and the carbides M7C3

and M23C6 due to the large heat input during TIG welding. Low
heat input and extensive C, Cr and Ni element diffusion occur
during FBW welding, which induces the microstructure of the
weld metal matrix is martensite and austenite except for
carbides of M7C3 and M23C6. The filling of nickel-based alloys
during CMT welding makes the appearance of austenite and
(Al, Ni, Ti) carbide.

Figure 7 shows statistical results about grain size of M390
HAZ and WM for three welded joints. In Fig. 7(a), TIG-
FGHAZ has the largest grain size. In Fig. 7(b), TIG-CGHAZ
has the largest grain size. In Fig. 7(c), CMT WM has the largest
grain size. The average grain size of TIG-CGHAZ, FGHAZ,

Table 4 Optimized FBW welding parameters

Flash current, A Flash time, s Upsetting current, A Upsetting time, s Tempering current, A Tempering time, s

732 133 530 25 554 0
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WM is 11.6, 8.25, 17.96 lm. The average grain sizes of CMT-
CGHAZ, FGHAZ, WM are 5.32, 3.22, 24.78 lm. The average
grain sizes of FBW-CGHAZ, FGHAZ and WM are 5.02, 3.17
and 7.81 lm, respectively. There are more grain boundaries
when grain size decreases. At the grain boundary, the crystal
arrangement is very irregular, and the crystal planes connected
to one another, enhancing the bonding force between metals.

In conclusion, through analysis of microscopic morphol-
ogy, phase composition, carbide distribution and grain size
statistics in TIG, CMT and FBW welded joints, CMT and
FBW welding methods have their own advantages. Because
nickel-based wire is filled in CMT, austenitic phase is formed
in CMT WM, resulting in higher toughness. FBW WM and
heat-affected zone have finer grain size due to low heat input
for FBW.

3.3 Hardness Analysis of TIG, CMT and FBW Weld Joints

Generally, distribution of hardness in the weld metal
depends on mismatch rate between weld metal and base metal
(Ref 30). When filler wire with a higher mismatch rate is used
in weld metal, hardness of the weld metal is higher than that of
base metal (Ref 31-33). On the contrary, when filler wire with
lower mismatch ratio is used in the weld metal, the hardness of
the weld metal is lower than that of base metal. Figure 8 shows
the hardness distribution of three types of weld joints. In
Fig. 8(a), the hardness of M390 HAZ, WM and 304 HAZ in
TIG welded joint has little change. In Fig. 8(b), for CMT
welded joint, the hardness gradually increases from M390 BM
to M390 CGHAZ, but a large hardness difference is appeared
between M390 CGHAZ and WM. The hardness has a tendency

Fig. 2 Weld appearance of M390/304 welded joints (a) TIG-front side, (b) TIG-back side, (c) CMT-front side, (d) CMT-back side, (e) FBW-
front side, (f) FBW-back side

Fig. 3 Cross section of M390/304 welded joints (a) TIG, (b) CMT, (c) FBW
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to increase firstly and then decrease at 304 HAZ. In Fig. 8(c),
the hardness gradually increases from M390 BM to M390
CGHAZ. From M390 CGHAZ, WM, 304 HAZ to 304 BM, the
hardness shows a decreasing trend.

3.4 Comparison of Tensile Properties and Fracture Analysis
of TIG, CMT and FBW Welded Joints

Tensile results of TIG, CMT and FBW welded joints are
shown in Fig. 9, and the yield strength, tensile strength and

Fig. 4 Microstructure of M390 base metal and M390 heat-affected zone for three welded joints (a) M390BM, (b) TIG-CGHAZ, (c) CMT-
CGHAZ, (d) FBW-CGHAZ, (e) TIG-FGHAZ, (f) CMT-FGHAZ, (g) FBW-FGHAZ

Fig. 5 Microstructure of the weld metal (a) TIG, (b) CMT, (c) FBW

Table 5 Point scanning analysis of the welded joints in
Fig. 5e and 6b (in at.%)

Points Fe C Cr V Mo Ni Ti Al

1 21.1 44 29.2 5.3 0.3 … … …
2 19.6 44.4 30 5.7 0.3 … … …
3 … 31.8 … … … 28.4 39.6 0.2
4 … 52.6 … … … 47.1 0.2 0.1
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elongation of the three welded joints are measured. Since TIG,
CMT and FBW welded joints have no obvious yield platform,
the stress r0.2 is used as the yield strength. As shown in the
figure, the yield strength of TIG, CMT and FBW welded joints
is 257, 223 and 328 MPa, respectively, indicating that the CMT
welded joint has the lowest yield strength and the FBW welded
joint has the highest yield strength. The tensile strength of CMT
welded joint reaches 501 MPa. Tensile strength of CMTwelded
joint reaches 57 and 62% that of M390 BM and 304 BM,
respectively. CMT welded joint can reach the highest elonga-
tion of 21.8%, which is 360% of M390 BM elongation and
34% of 304 BM elongation. It shows that the elongation of the
CMTwelded joint is already higher than that of M390 BM. The
tensile strength and elongation of TIG welded joint only reach
266 MPa and 0.045%, respectively. Tensile strength of TIG
welded joint only reaches 30 and 33% that of M390 BM and
304 BM, respectively. So, the mechanical properties of TIG

welded joint are very poor. The tensile strength of FBW welded
joint can reach 480 MPa. Tensile strength of FBW welded joint
reaches 54 and 59% that of M390 BM and 304 BM,
respectively. Its elongation is similar to that of M390 BM.
Combined in Fig. 10, among the three types of welded joints,
the tensile strength and elongation of CMT are best, but the
yield strength is the lowest, followed by the better mechanical
properties of FBW.

Figure 10 shows fracture surfaces of TIG, CMT, FBW
welded joints. Cleavage fracture dominates fracture surfaces of
TIG, and brittle fracture dominates fracture surfaces of FBW
welded joints. The occurrence of brittle fracture is related to the
material itself, which may be caused by the presence of
carbides or other impurities. Plastic deformation is rarely
produced during fracture (Ref 34, 35). Ductile fracture
dominates fracture surface of CMT. As a soft phase, the
fracture mechanism of austenite is generally the nucleation,

Fig. 6 XRD results of M390/304 welded joints and base metals (a) TIG, (b) CMT, (c) FBW

Fig. 7 Grain sizes of M390/304 welded joints (a) FGHAZ, (b) CGHAZ, (c) WM

Fig. 8 Hardness distribution of M390/304 welded joints (a) TIG, (b) CMT, (c) FBW
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growth and coalescence of pores, that is, cone and cup fracture
(Ref 36, 37). It means that fracture surfaces of three welded
joints have greatly changed due to the using of various welding
methods and various welding materials. Various welding
methods and various welding materials cause differences in
microstructure of the WM, which is the main reason for the
formation of different fracture features.

Figure 11 shows microstructures at the fracture locations of
TIG, CMT and FBW welded joints. TIG joint is fractured at the
weld metal which the grains exhibit a dendritic morphology in
Fig. 11(a). CMT joint is fractured at the nickel weld metal with

the irregular morphology grains, which is consistent with
Fig. 11(b). FBW joint is also fractured at the weld metal with a
regular equiaxed grain morphology, which are the same as WM
morphology in Fig. 11(c).

3.5 Corrosion Resistance of TIG, CMT and FBW Weld Joints

Dynamic electrode potential curves of TIG, CMT and FBW
welded joints in the same concentration of NaCl solution are
shown in Fig. 12. The corrosion potential of TIG, CMT and
FBW welded joints reaches � 45, � 21 and � 48 mV,

Fig. 9 Tensile properties of M390/304 welded joints and base metals (a) engineering stress–engineering strain curves, (b) tensile strength and
elongation

Fig. 10 Tensile fracture surfaces of M390/304 welded joints (a) TIG, (b) CMT, (c) FBW

Fig. 11 Fracture position of M390/304 welded joints (a) TIG, (b) CMT, (c) FBW
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respectively. The corrosion current density of TIG, CMT and
FBW welded joints reaches 2.3, 4 and 8.7 mA cm�2,
respectively. According to corrosion potential, corrosion cur-
rent density and polarization curve, it can be seen that CMT
welded joint has best corrosion resistance. FBW welded joint
has poor corrosion resistance. The main reason for good
corrosion resistance of CMT welded joint is that WM is filled

with nickel-based alloys. Figure 13 shows the SEM and EDS
observation results after electrochemical corrosion. It can be
observed from the SEM image that pitting corrosion pits are the
main electrochemical corrosion forms in the three joints.
Among them, the pitting corrosion pit of the CMT specimen is
the smallest, the pitting corrosion pit of the TIG specimen is
larger and the distribution is more uniform, and the pitting
corrosion pit in the FBW specimen is the largest and the size
distribution is not uniform. According to EDS analysis, due to
the addition of nickel-based alloy welding wire to the CMT
specimen, the weld metal is rich in a large number of evenly
distributed Ni elements, and no segregation of elements was
observed near the pitting corrosion pit. Compared with the
uniform distribution of elements in TIG joints, the elements of
FBW have obvious segregation, and obvious Cr depletion can
be observed at the location of pitting corrosion pit.

4. Discussion

4.1 Mechanisms of Three Welded Joints Fractured
at the Weld Metal

Fracture surfaces of three types of welded joints show
different morphologies, as shown in Fig. 10, while the fracture
positions of three types of weld joints are all located at WM, as
shown in Fig. 11. The heat-affected zone and WM of dissimilar
metals welded joints are two weaker regions (Ref 38-40). The

Fig. 12 Corrosion resistance analysis of the M390/304 welded
joints

Fig. 13 Microstructure and element distribution of the weld metals in three welded joints after corrosion test (a) TIG-SEM, (b) TIG-EDS, (c)
TIG-Cr Ka1, (d) TIG-Ni Ka1, (e) CMT-SEM, (f) CMT-EDS, (g) CMT-Cr Ka1, (h) CMT-Ni Ka1, (i) FBW-SEM, (j) FBW-EDS, (k) FBW-Cr
Ka1, (l) FBW-Ni Ka1
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brittle martensite microstructure has a high tendency to crack
initiation in coarse-grained heat-affected zone and WM (Ref 41-
43). According to the grain size of Fig. 7 and XRD analysis
results of each area in Fig. 6, the welded joint of M390 high
carbon martensite and 304 austenitic stainless steel is easily
fractured in WM due to the formation of martensite with coarse
grains. For M390 and 304 TIG welded joint, brittle martensite is
produced in WM and M390 CGHAZ. Moreover, coarse grain
size in WM and composition segregation during WM solidifi-
cation process (Ref 44) lead to the formation of the solidification
cracks (Ref 45) and other defects, which induces the welded joint
finally fracture inWM.Zhang et al. (Ref 46) investigatedwelding
of 10% Cr martensitic steel and 617B nickel-based alloy filled
with nickel-based metal, and it shows that the failure between
martensite and nickel-based alloy is related to factors such as
corrosion under oxidation, interfacial precipitates and thermal
expansion coefficient mismatchment. The CMTwelded joint of
M390 and 304 is fractured at WM position. From Fig. 10(b), the
fracture is caused by the coarsest grain in CMT WM which is
much larger than that of M390 CGHAZ. FBW welded joint is
also fractured inWM.The number of carbides distributed onWM
grain boundaries of FBW welded joint in Fig. 4 and 5 is far less
than thatM390CGHAZ. The pinning effect of carbides inWM is
significantly weakened. In FBW process, due to large difference
in chemical composition on both sides of M390 and 304, a
chemical potential can be formed (Ref 47), which promote
diffusion of C, Cr, Ni and other elements in WM, resulting in
uneven chemical composition in WM, finally causing the
specimen fracture at WM.

4.2 Reason of Hardness Difference for Three Welded Joints

From Fig. 8, for three welding methods, microhardness of
M390 and 304 welded joint is also different. Huang et al. (Ref
48) investigated the diffusion of carbon element in dissimilar
metals Cr5Mo/Cr21Ni12 welded joint and showed that a
decarburized layer was formed on the side of pearlitic steel
(Cr5Mo), which reduces tensile strength and creep resistance,
and a recarburized layer is formed on the side of austenitic steel
(Cr21Ni12), so hardness in this area increases. Due to high heat
input of M390 and 304 TIG welded joint, a large amount of
martensite is formed in WM and the heat-affected zone on both
sides, resulting in little change hardness in M390 HAZ, WM
and 304 HAZ. However, the peak of hardness appears in 304
HAZ, mainly due to the formation of a carburized layer in this
area. A huge hardness difference between M390 CGHAZ and
WM is appeared for CMT welded joint, which is directly
related to nickel-based alloy filled in WM. The solubility of
carbon in nickel-based alloys is very low, which can effectively
hinder the diffusion of carbon elements (Ref 19, 44, 45, 49),
avoid the formation of dangerous areas such as decarburization
and recarburization layers and the lower hardness of nickel-
based alloys, which leads to the formation of huge hardness
differences. The hardness between CMT WM and 304 BM first
increases and then decreases because martensite microstructure
is formed in 304 HAZ. Gittos (Ref 50) pointed out that after
carbon element migrates to WM, only a small amount of carbon
dissolves into the matrix, and most of it combines with Cr to
form carbides, and the diffusion of C and Cr elements increases
Ms of CGHAZ, resulting in a further increase of martensite
microstructure. The hardness of FBW welded joint gradually
increases between M390 BM and M390 CGHAZ, which is
affected by heat input, and the hardness of WM shows a

gradually decreasing trend, mainly due to the diffusion of C and
Cr elements in WM.

4.3 Reason of Strength and Elongation Difference for three
welded joints

Figure 9 shows that mechanical properties of M390 and 304
welded joints with various welding methods and various
welding variables. Firstly, a strong correlation between the
yield strength and the grain size is found. The relationship
between the yield strength and inverse square root of grain size
is drawn in Fig. 14 and has a good linear relationship, which is
the so-called Hall–Petch equation (Ref 57, 58):

r ¼ r0 þ kD�0:5 ðEq 1Þ

In the formula, r0 is the lattice friction stress required to
move a single dislocation, k is the Hall–Petch coefficient, and D
is the average grain size. The H-P coefficient in this study is
20.54 MPa mm0.5. In the study of Tan et al. (Ref 59), 600 MPa
lm0.5 was used as the reference value of H-P coefficient of
martensitic stainless steel. Park (Ref 60) and Astafurov (Ref 61)
obtained the H-P coefficients of austenitic stainless steels,
which were 6.7-37.0 MPa mm0.5 and 4.1-22.0 MPa mm0.5,
respectively. Therefore, the H-P coefficient in this study is
within the reported range. Secondly, it was found that the
tensile strength and elongation of the welded joint of CMT
filled nickel-based alloy were the best. On the one hand, nickel-
based metal can effectively hinder carbon migration and avoid
the formation of decarburization and carburization layers and
other dangerous areas (Ref 19). Nickel-based filler metal has
high toughness, which can reduce the residual stress formed by
welding and reduce the formation of welded cracks (Ref 51,
52). On the other hand, fine heat-affected zone grains are
obtained in Fig. 7 because heat input of CMT as an improved
MIG welding is much lower than that of traditional fusion
welding (Ref 19, 53). Secondly, tensile strength of FBW
welded joint has no much different from that of CMT welded
joint, but the elongation of FBW welded joint is significantly
lower than that of CMT. Because no filler metal in FBWWM is
used to adjust toughness, small amount of carbides in WM
induces the weaker pinning effect, which leads to low

Fig. 14 The relationship between yield strength (r0.2) and inverse
square root of the average grain size (D�0.5)
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elongation for FBW welded joint. For TIG welded joint,
Fig. 4(b), 5(a) and 7 shows that coarse grains are produced in
WM and M390 CGHAZ due to excessive heat input. Fig-
ure 6(a) shows that the brittle martensite is produced in TIG
WM and M390 CGHAZ. The above two factors lead to poor
mechanical properties of TIG welded joint.

4.4 Reason of Corrosion Resistance Difference for Three
Welded Joints

The chemical composition, relative proportion of austenite
and martensite are the key reasons for the differences in
corrosion resistance of the three welded joints.

First of all, the chemical composition of Cr and Ni in the three
welded joints has changed. Combined with Fig. 12 and 13, it can
be seen that the distribution of Cr element in the FBWwelded joint
with the worst corrosion resistance is uneven, and the pitting
corrosion almost completely occurs in the Cr-poor area and the
size is uneven, while the CMTwelded joint with the best corrosion
resistance has smaller andmore uniform pitting pits due to the rich
Ni element. This is because higher Cr and higher Ni have stronger
corrosion resistance (Ref 54, 55), which were more favorable to
protect the passivation film and slowing corrosion. Secondly, the
addition of ERNi-1 nickel-based welding wire increases the
proportion of austenite phase in the welded joint, resulting in the
best corrosion resistance. In the FBWwelded joint, the proportion
of austenite decreased, whereas the proportion of austenite in the
TIG welded joint was the lowest and the proportion of martensite
was the highest. In Fig. 6, the phase compositions of the three
welded joints are compared, and it can be seen that the phase
compositions of the three weld metals have altered dramatically,
while the other parts of the welded joints have relatively
unchanged. The proportion of austenite in weld metal reduces
from CMT to FBW to TIG joints, while the proportion of
martensite grows and the martensitic transformation increases,
resulting in high lattice distortion and strain levels. Because the
martensite microstructure has a low amount of Cr-containing
components, pitting corrosion can easily be formed here at high
strain levels. Thirdly, different Cr and Ni contents of martensite
and austenite make it possible to generate a Cr barren zone at the
martensite–austenite interface (Ref 56), which is the most crucial
to induce the occurrence of corrosion. This can also explain that
part of the pitting corrosion of FBW and TIG welded joints in
Fig. 13 occurs on the Cr-poor and Cr-rich interfaces. The CMT
weld metal has the smallest phase interface proportion, whereas
the FBWweld metal has the most phase interface proportion. The
more the phase interface proportion is, the worse the corrosion
resistance is. Based on above studies, TIG welded M390 and 304
stainless steel joints can be used in the joining of thin plate joints
when there are nomore loading requirements. CMTweldedM390
and 304 stainless steel joints due to the addition of nickel-based
metals as welding wire are widely in used corrosive environments
when the requirement of the mechanical properties and corrosion
resistance is crucial. The flash butt welded joint can be used in
simple structure.

5. Conclusion

The microstructure and properties of M390 high carbon
martensitic stainless steel and 304 austenitic stainless steel
under three welding methods of TIG, CMT and FBW are

compared. Based on the aforementioned results, the main
conclusions can be drawn as follows:

(1) Tensile strength of three types of welded joints is lower
than that of M390 BM and 304 BM. CMT welded joint
has the highest tensile strength and best toughness
among three types of welded joints. TIG welded joint
has the lowest tensile strength and worst toughness.

(2) The changes of three welded joints� hardness are differ-
ent. In the TIG welded joint, the difference of the hard-
ness between the heat-affected zone and WM is small.
In the CMT welded joint, the difference of the hardness
between M390 CGHAZ and WM is large. In an FBW
welded joint, from M390 side to 304 side of weld metal,
the hardness of the FBW welded joint gradually de-
creases. The varied hardness trends are mainly attributed
to two reasons: First, the matrix microstructures of the
three types of WM are different; secondly, the degree of
element diffusion in the welded joints has some differ-
ence.

(3) Cleavage fracture dominates the fracture surface of TIG
welded joint. Ductile fracture dominates the fracture sur-
face of CMT welded joint. Brittle fracture dominates the
fracture surfaces of TIG welded joint. The fracture posi-
tions of the three welded joints are all in WM, but the
reasons for the fracture are not the same.

(4) CMT welded joint has the best corrosion resistance,
which is due to the filling of nickel-based alloys in weld
metal. FBW welded joint has poor corrosion resistance,
because of the uneven chemical composition of the weld
and the creation of a high number of martensitic struc-
tures and phase interfaces. The corrosion resistance of
FBW welded joint can be improved with heat treatment.
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