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Abstract: Due to the large difference in physical and chemical properties between the substrate
and the cladding material, the welding of composite materials is much more difficult than that of
single materials. In our work, S32304/Q390C composite material was considered as the research
object. By adjusting the welding parameters, two kinds of joint geometry were obtained, namely,
the transition layer weld lower (joint A) and higher the composite material interface (joint B). We
studied the influence of the transition layer weld on the microstructure and properties of welded
joints. The microstructure of the transition layer weld, the distribution of elements, the Schmidt factor
of the interface between the transition layer and base layer weld, and the tensile strength of the joint
were evaluated. The results show that with the increase of welding heat input, the microstructure of
the transition layer weld changes from austenite and skeleton ferrite to austenite and lathy ferrite
and austenite and acicular ferrite, while ferrite grows towards the weld center, showing a dendritic
shape and a local network structure. At the side of the base layer weld of the interface between
the transition and the base layer weld, the thickness of the low-carbon-content layer increased from
100 µm to 150 µm. Iron, chromium, and nickel elements on both sides of the interface were diffused,
and the thickness of the diffusion layer increased from 3 µm to 10 µm. The tensile strength values of
joints A and B were 648 MPa and 668 MPa, respectively, and the Schmidt factor values were 0.446
and 0.454, respectively. Combination with the analysis of the fracture morphology showed that when
the transition layer weld was higher than the interface of the composite plate, the joint had better
plastic deformation ability and higher tensile strength.

Keywords: S32304/Q390C; transition layer weld; microstructure; tensile strength

1. Introduction

Duplex stainless steel and low-alloy high-strength steel composite materials have
the outstanding advantages of high strength, good corrosion resistance, and low cost and
are widely used in industries such as petroleum, chemical, ocean engineering, and other
fields [1]. Therefore, this material has become the focus of people’s attention. In recent years,
many related studies have been reported. For example, Zhichao Zhu et al. studied the
interfacial structure, interfacial oxide characteristics, and shear fracture model of stainless
steel composite plates, and found that the carbon element in the base material diffused
to the cladding material, the low-carbon-content ferrite zone formed at the base material
near the interface, and the carbon-enriched austenite zone formed in the cladding material,
while the interfacial oxides were concentrated in the carbon-enriched austenite zone and the
interface bond shear strength of the composite plate increased [2–6]. Chao Yu et al. found
that the pure iron intermediate layer can effectively prevent the diffusion of carbon from
carbon steel to stainless steel, prevent the formation of carbon-chromium compounds, and
improve the mechanical properties of the composite plate [7,8]. Tao Yu et al. studied the
microstructure and properties of 304 stainless steel and medium carbon steel composite
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plates prepared by an argon hot rolling process, and found that chromium-rich M23Cr
carbide was precipitated from the stainless steel side, and the low-carbon-content zone
appeared on the side of the medium carbon steel [9]. Cuixin Chen et al. studied the
interfacial shear strength of stainless steel composite plates and found that different fracture
characteristics were related to sufficient carbon diffusion and interface toughening at high
rolling temperatures [10]. Visible, in the process of preparation of metal composite materials
at the interface between the base material and cladding material, element diffusion and
harmful phase formation occur readily, which change the properties of the composite
materials [11–13].

Similarly, after welding, the carbon of the base layer weld diffuses into the cladding
layer weld, and the strength decreases. The chromium and nickel elements of the cladding
layer weld are diffused to the base layer weld, and the corrosion resistance decreases. The
research results of Kai Kang et al. also showed that the more uniform the microstructure of
the stainless steel composite material weld and the higher the chromium content, the better
was the corrosion resistance [14–17]. Chang’an Li et al. who used carbon steel filler metal
and stainless steel filler metal to weld the base layer weld of stainless steel composite plate,
found that a martensite phase formed in the first layer of the carbon steel filling weld, and
a local hardening zone formed [18]. Wenchun Jiang et al. found that the diffusion layer
containing martensite formed at the base layer weld area near the interface, because of the
diffusion of C, Cr, Ni, and Fe [19,20]. Ning-Nian Gou et al. studied the butt welded joint of
2205/X65 composite plate, and found that the microstructure, tensile strength, hardness,
and impact properties of the welded joint showed obvious inhomogeneity in the direction
of thickness [21]. In summary, due to the different compositions of the base layer weld
and the cladding layer weld, in the welding process, element diffusion and brittle phase
formation [22–24] are easy to occur in the interface of the base layer and the cladding layer
weld, which has a great influence on weld performance. In addition, welding residual
stress is also the main cause of welding joint failure [25–27]. To improve the quality of
welded joints of composite materials and better meet the requirements of use, a transition
layer weld is usually added between the base layer weld and the cladding layer weld [28].
Nevertheless, the morphology of the transition layer weld affects the microstructure and
properties of the welded joint—the microstructure distribution, composition distribution of
the weld, and the formation of interfacial low-carbon-content, carbon-enriched layer, and
brittle phase are all related to the weld morphology of the transition layer—and then affects
the performance of the welded joint. During the welding process of the transition layer
weld, there is a metallurgical reaction between the transition layer weld, the base layer
weld and the cladding layer weld. At the same time, the interface of the composite material
also melts to a certain extent, and the welding seam of the transition layer undergoes a
metallurgical reaction to form intermetallic compounds, which have substantial brittleness
and directly affect the performance of the welded joint. When the weld seam of the
transition layer is higher than the composite interface, the mixing between the substrate
materials and the cladding materials and between the base layer weld and the cladding
layer weld is reduced, reducing the possibility of the formation of intermetallic compounds,
thereby improving the performance of the welded joint. However, only limited studies
have focused on the effect of weld morphology of the transition layer of stainless steel/low
alloy high strength steel composite on the microstructure and properties of welded joints.
Plasma arc welding, submerged arc welding, and gas tungsten arc welding have the
advantages of low production cost, high welding efficiency, stable weld quality, and good
applicability [29,30]. At present, they are the main welding methods of stainless steel and
low alloy high strength steel composite materials in industry.

In our work, S32304/Q390C composite material was considered as the research object,
plasma arc welding, submerged arc welding, and gas tungsten arc welding were used for
welding; the first welding base layer was initially welded, followed by the transition layer
weld, and finally the cladding layer weld. By adjusting the welding parameters, two kinds
of joint geometry were obtained, namely, the transition layer weld lower (joint A) and
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higher the composite material interface (joint B). After welding, the element distribution
and Schmidt factor of the weld interface between the transition layer and base layer were
analyzed, and the tensile strength of the join was tested. The microstructure of the transition
layer weld, the interface between the transition layer and base layer weld, and the interface
between the transition layer and cladding layer weld were observed. The experimental
results provide a theoretical basis for the formulation of welding technology for this kind
of composite material.

2. Experimental
2.1. Sample Preparation

S32304/Q390C composite material was used as the base metal, the cladding material
was S32304 duplex stainless steel with a thickness of 2 mm, and the base material was
Q390C low-alloy high-strength steel with a thickness of 16 mm. The base metals were
machined to dimensions of 300 mm × 150 mm × 18 mm. A Y groove was prepared with
an angle of 75◦ and a blunt edge of 5 mm. Welding wires, including H08MnA, ER309MoL,
and ER2209 with diameters of 3.2, 1.2, and 1.2 mm were used, and the flux was SJ101. The
chemical compositions of the S32304 steel, Q390C steel, and welding wire are shown in
Table 1. The welding method and welding sequence are as follows: the blunt edge was first
welded by plasma arc self-fusion welding to form a double-side forming the weld. Then,
Q390C steel was filled with submerged arc welding. Finally, gas tungsten arc welding was
used to weld the transition layer weld and cladding layer weld, as shown in Figure 1. The
welding process was a single-pass multi-layer welding. The specimens were subjected
to mechanical and chemical cleaning before welding. In order to prevent oxidation of
the weld zone, the fusion zones, and the heat affected zone during welding, argon gas
was used as a protective gas on the front and back of the specimen. In order to prevent
hydrogen embrittlement in the welding joint, pure argon was used in the welding process
for plasma arc self-fusion welding and gas tungsten arc welding. The welding gas was
argon with purity of no less than 99.99%, the flow rate of ionic gas was 5 L/min, the flow
rate of gas tungsten arc welding gas was 15 L/min, and the flow rate of the shielding gas
was 20 L/min. The optimized process parameters were used in the welding process, as
shown in Table 2.

Table 1. Chemical compositions of base metals and filler metals (wt.%).

Elements C Si Mn P S Cr Ni Mo Cu N Fe

Base
metal

S32304 0.18 0.47 1.47 0.029 0.001 23.22 4.43 0.36 0.36 Other
Q390C 0.153 0.28 1.36 0.02 0.0034 0.031 0.008 0.004 0.01 Other

Filler
metal

H08MnA 0.080 0.021 0.98 0.019 0.016 0.019 0.01 Other
ER309MoL 0.019 0.56 2.15 0.012 0.008 24.12 13.54 2.53 0.05 Other

ER2209 0.018 0.53 1.74 0.012 0.008 22.42 8.420 2.93 0.04 0.15 Other

Table 2. Welding process parameters.

Joint Filler
Metal

Welding
Process I, A U, V Welding Speed,

mm/min
Heat Input,

KJ/cm

A

PAW 270–280 29~30 120 42.0

H08MnA
SJ101

SAW 340–350 25~30 630 10.0
SAW 360–370 25~30 580 11.5
SAW 370–~380 25~30 580 11.8

ER309MoL
GTAW 300 14~15 100 27.0
GTAW 300 13~14 100 25.2

ER2209 GTAW 330 15~16 150 21.1
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Table 2. Cont.

Joint Filler
Metal

Welding
Process I, A U, V Welding Speed,

mm/min
Heat Input,

KJ/cm

B

PAW 270–280 29~30 120 42.0

H08MnA
SJ101

SAW 340–350 25~30 630 10.0
SAW 360–370 25~30 580 11.5
SAW 370–380 25~30 580 11.8

ER309MoL
GTAW 320 14~15 100 28.8
GTAW 320 13~14 100 26.9

ER2209 GTAW 330 15~16 150 21.1
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Figure 1. Schematic drawing for the welding process: (a) plasma-arc weld; (b) W1 weld;
(c) submerged-arc weld; (d) W2 weld; (e,g) induction gas tungsten arc welding; (f) W3 weld;
(h) W4 weld.

2.2. Characterization Methods

After welding, the sample for observing the microstructure was prepared, and the
preparation process involved cutting, grinding, polishing, and etching. Aqua regia was
used as the etching solution. A VHX-2000 digital microscope (KEYENCE China, Shanghai
China) was used to observe the micromorphology of the etched sample; the observed area
included the interface between the base layer weld and the transition layer weld (W2 and
W3), the transition layer weld, the interface between the transition layer weld and the
cladding layer weld (W3 and W4). The distribution of elements at the interface of welds
W2 and W3 was measured using an energy dispersion spectrometer. The transverse tensile
properties of welded joints were tested using a universal testing machine. The location
and size of the tensile sample met the requirements of GB/T 228-2002 [31]. The details are
shown in Figure 2. A universal testing machine was used as the tensile test equipment.
The tensile speed was 20 mm/min. The fracture morphology of the tensile specimen was
observed under an S-4800 scanning electron microscope (Hitachi, Tokyo, Japan). Electron
backscattering diffraction (EBSD) was used to measure the Schmidt factor of the weld



Metals 2023, 13, 1087 5 of 14

interface between the transition layer and the base layer. After grinding, the EBSD sam-
ples were first mechanically polished, then etched by an ion etching instrument (Leica
RES101, Wetzlar, Germany), and finally tested by an OXFORD EBSD detector produced by
NordlysNano (Oxford Instruments, Abingdon, UK), scanning step size 0.5 micron.
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Figure 2. Geometrical dimension drawing of tensile specimen (units: mm).

3. Results
3.1. Macroscopic and Microscopic Microstructure Characterization

After welding, two kinds of joint geometry were obtained, namely, the transition layer
weld lower (joint A) and higher the composite material interface (joint B). Figure 3 shows
the cross-sectional micrograph of the weld joints, both welds show a good fusion of base
metal, while pores, cracks, slag inclusion, or other macroscopic defects were not observed.
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Figure 3. The optical image of cross-section of joint: (a) Joint A and (b) Joint B.

The microstructures at different positions in the thickness direction of the two joints
were observed, the microstructure analysis position of joint A is shown in Figure 4a.
Position A is the composite material interface (Figure 4b), and four different zones can be
observed. Zone I is the microstructure of the cladding material, consisting of austenite
and ferrite, while the austenite is distributed on the ferrite matrix, the distribution is
zonal along the rolling direction, and the ratio of the two phases is close to 1:1. Zone II is
the microstructure of the interface between the base material and the cladding material;
according to the research results of Zhu Zhichao et al. [32], the interfacial zone is composed
of interfacial oxide and carbon-enriched layer. Zone III is the microstructure of the base
material side of the composite material interface; due to the diffusion of carbon atoms, a
low-carbon-content layer is formed, the thickness of the low-carbon-content layer is about
100~120 µm, and the microstructure is coarse ferrite. Zone IV is the microstructure of base
material, consisting of pearlite and ferrite. Position B is the interface between weld W2
and W3 (Figure 4c); diffusion of carbon occurred, a low-carbon-content layer formed at
the side of the base layer weld, and the thickness of the low-carbon-content layer was
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approximately 100 µm, while the microstructure changes from pearlite and ferrite to coarse
ferrite because of carbon reduction. At the side of the transition layer weld, a carbon-
enriched layer was generated. Considering that the diffusion rate of carbon in austenite is
less than that in ferrite, the carbon-enriched layer is not apparent. According to the research
results of Wang Shaogang [33–36] et al., carbon diffuses into the transition layer weld and
accumulates mainly at the grain boundary, and harmful phases readily form. Position C is
the first transition layer weld (Figure 4d), and position E is the second transition layer weld
(Figure 4f); the microstructures are austenite and skeletal ferrite. Position D is the interface
between weld W3 and W4 (Figure 4e).
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The microstructure analysis position of joint B is shown in Figure 5a. In addition to the
composite material interface, the microstructure analysis position is consistent with that
of joint A. Position B is the interface between weld W2 and W3 (Figure 5b), a low-carbon-
content layer formed at the side of the base layer weld, while the thickness of the low-
carbon-content layer was approximately 150 µm; compared with the corresponding position
of joint A, the thickness of the low-carbon-content layer increased by 50 µm. Position C
is the first transition layer weld (Figure 5c), and the microstructure is austenite and lathy
ferrite; compared with the microstructure of the weld at the corresponding position of joint
A (Figure 4c), the skeleton ferrite is transformed into lathy ferrite. According to the research
results of Wang Yating et al. [37], the ideal microstructure of an austenitic stainless steel
weld is of 5–10% ferritic dendrites distributed on the austenitic matrix, which is conducive
to resisting the crack expansion in the weld, while the ferritic dendrites can be used as the
second phase to improve the strength of the weld. Position D is the interface between weld
W3 and W4 (Figure 5d). Position E is the second transition layer weld (Figure 5e). From
Figure 5d,e, the microstructure of the second transition layer of austenite and skeletal ferrite
can be seen; compared with the corresponding position of joint A, the skeleton ferrite is
transformed into acicular ferrite, and a local network is formed. According to the research
results of Li Mingna et al. [38], when the morphology of ferrite is a network structure,
if a microcrack occurs, the micro-cracks are distributed along the network dendrites of
ferrite. The micro-cracks will then expand rapidly and become the main cracks in the series,
eventually leading to weld failure. According to the above microstructure analysis, the
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weld performance of the transition layer of joint A is better than that of the transition layer
of joint B.
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According to the Schaeffler phase component diagram, the microstructure of the transi-
tion layer weld is austenite and 10%–20% ferrite, as shown in Figure 6a. The equivalent con-
tent of Cr and Ni of the weld W3 (ER309MoL) could be calculated according to the formula.
The formulas Creq = Cr + Mo + 1.5 × Si + 0.5 × Nb and Nieq = Ni + 30 × C + 0.5 × Mn
are based on the study of Yunfei Meng et al. [37], and the calculated results are 27.49 and
15.85, respectively, while the ratio (θ) of the Creq and Nieq is 1.73. The solidification char-
acteristics of the weld W3 are shown in Figure 6b [39]. When the Creq/Nieq (equivalence
ratio) is between 1.5 and 2.0, the solidification mode of the transition layer weld is in FA
mode. δ Ferrite is the first precipitated phase, which is transformed into austenite via a
peritectic and eutectic reaction. The welding heat input of the transition layer weld of joint
A is relatively small, the cooling speed is faster after welding, and the microstructure of
the transition layer weld is austenite and skeletal ferrite. The welding heat input of joint B
is higher and the cooling rate slower after welding; in the first transition layer weld, the
skeleton ferrite is transformed into lathy ferrite and in the second transition layer weld, the
skeleton ferrite is transformed into acicular ferrite.

3.2. Element Distribution of Interface of Transition Layer and Base Layer Weld

Figure 7 shows the results of the EDS line scanning of the interface of the transition
layer weld (W3) and base layer weld (W2). Visible are the contents of Fe, Cr, and Ni
distributed in a gradient, indicating that Fe, Cr and Ni have diffused on both sides of the
interface. Cr and Ni diffuse from the weld W3 to the weld W2, and Fe diffused from weld
W2 to the weld W3. Joint A and B form diffusion layers with a thicknesses of 3 µm and
10 µm, respectively. The carbon content is not obvious, possibly because the X-ray energy
dispersive spectrometer (EDS) is not sensitive to lighter elements.
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According to Fick’s diffusion law, the diffusion coefficient D and diffusion temperature
T have a mathematical relationship, which can be expressed as D = D0exp(−U/RT) [40],
where D0 stands for the diffusion constant, and U, R, and T represent the activation energy,
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gas constant, and temperature, respectively. As the welding heat input increased, the
interface temperature increased, the mutual diffusion coefficient of atoms increased, and
the interface elements were likely to diffuse. As the temperature increased, the diffusion
time increased, the thickness of the diffusion layer increased gradually, and the driving
force to form the second phase increased. The high brittleness of the sigma phase results in
a decrease in weld performance. Therefore, in order to reduce the driving force to form the
sigma phase, and to control the amount of sigma, a lower welding line energy should be
used for welding of the transition layer weld.

3.3. Tensile Strength Analysis

Transverse tensile tests were carried out on joints A and B. The stress–strain curve
is shown in Figure 8. The tensile strength of joint A is 648 MPa. The tensile strength
of joint B is 668 MPa. It can be seen from the figure that the elastic modulus of the
tensile test is relatively small and divided into two stages. The reason may be that the
base material used in this test is a metal composite material. During the tensile test, the
stress is first concentrated at the interface of the composite material, and as the atomic
bonding force at the interface is poor, the elastic modulus is small. With the increase of
stress, the grains inside the substrate and the cladding material gradually undergo plastic
deformation. Due to the different orientations of the grains inside the two materials, the
overall elastic modulus of the tensile test is small. To further study the fracture- mode of
tensile specimens, we used SEM to observe the fracture morphology of samples, as shown
in Figure 9. Figure 9a–c represents the fracture morphology of the base, transition, and
cladding layer welds of joint A, respectively. Figure 9d–f illustrates the fracture morphology
of the base, transition, and cladding layer weld of joint B. The fracture of the transition
layer weld of joint A is a river-shape quasi-cleavage fracture mode, while the fracture mode
of the transition layer weld of joint B is a ductile fracture. The cladding layer welds of both
joints A and B show a flexible fracture mode with more equiaxed dimples [41], but the size
of the dimples in joint B appear to be finer and deeper. The base layer weld of joint A is a
ductile–brittle mixed fracture, the base layer weld of joint B shows a ductile fracture, and
fractured particles can be observed at the bottom of the dimple. It can be inferred that in
the tensile loading process, fracture occurs first in the transition layer weld zone of joint A.
With the continuous loading of force, the crack gradually expands to the base layer weld
and the cladding layer weld, and finally fracture occurs. However, the fracture morphology
of the transition layer weld, base layer weld, and cladding layer weld of joint B, all showed
ductile fracture, with the fracture occurring almost simultaneously. EDS surface scanning
was performed on the particles at the bottom of the fracture shown in Figure 9d, and the
scanning results (Figure 10) showed that the particles consisted of silicon-rich oxides.
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Figure 9. Fracture morphology of tensile samples: (a) the base layer weld of joint A; (b) the transition
layer weld of joint A; (c) the cladding layer weld of joint A; (d) the base layer weld of joint B; (e) the
transition layer weld of joint B; (f) the cladding layer weld of joint B.

3.4. Schmidt Factor Analysis of Weld Interface between Transition Layer and Base Layer

The Schmidt factor reflects to some extent the difficulty of plastic deformation of a
crystal under an external force. Generally, the grain with large Schmidt factor is of soft
orientation, and the corresponding grain is prone to plastic deformation. A small Schmidt
factor is called stiff orientation and the corresponding grain is not prone to plastic deforma-
tion. Figure 11 shows the distribution diagram of the Schmidt factor at the weld interface
between the transition layer and base layer of joint A and joint B. The Schmidt factor value
represented by the color red is larger, while the Schmidt factor value represented by yellow
and green is smaller. The Schmidt factor of the interface area in Figure 11a,b was counted,
and the numerical statistical results of the Schmidt factor of the interface area as shown
in Figure 11c,d were obtained. The average Schmidt factor of the grain at the interface of
joint A is 0.446, and that of the grain at the interface of joint B is 0.454. It can be seen that
joint B has a large Schmidt factor, indicating that the interface of joint B has a good plastic
deformation ability.
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Figure 10. EDS surface scanning results of tensile fracture of base layer weld of joint B. (a) High-
resolution image of Figure 9a; (b) EDS mapping image of the elements; (c) Zoom in on the green
rectangular box shown in (a) (scanning position); (d) Carbon distribution map; (e) Oxygen distribution
map; (f) Silicon element distribution map; (g) Iron distribution map; (h) Distribution of carbon,
oxygen, silicon and iron.
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4. Conclusions

In this investigation, based on the above experimental studies; the following conclu-
sions were obtained:

1. The microstructure of the weld shows that, carbon diffusion occurs at the interface
of weld W2 and W3, and a low-carbon-content layer is formed. With the increase of
welding line energy of weld W3, the thickness of the low-carbon-content layer increases,
and low-carbon-content layers with thicknesses of about 100 µm and 150 µm are formed at
the interface of joints A and B, respectively, while the microstructure changes from pearlite
and ferrite to coarse ferrite. The microstructure of weld W3 of joint A is austenite and
skeletal ferrite. The microstructure of weld W3 of joint B is austenite and lathy ferrite, and
austenite and acicular ferrite; part of the ferrite forms a network structure.

2. The EDS result shows that Fe, Cr, and Ni have diffused on both sides of the interface
of weld W2 and W3. Joint A and B form diffusion layers with thicknesses of 3 µm and
10 µm, respectively.

The results of the tensile test show that the tensile strength of joint A is 648MPa, and the
tensile strength of joint B is 668MPa. Combination with the analysis of fracture morphology
shows that when weld W3 is higher than the interface of the composite material, the tensile
strength of the joint is higher.

3. The EBSD result shows that, at the interface of weld W2 and W3, the Schmidt factors
of joints A and B are 0.446 and 0.454, respectively. The plastic deformation ability of joint B
is slightly stronger.

4. According to the above experimental results, to obtain an excellent weld microstruc-
ture, the diffusion of elements needs to be reduced to improve the performance of the
welded joints. When using gas tungsten arc welding to weld transition layer welds of such
composite materials, a small welding heat input with multi-layer and multi-pass welding
should be used, and the weld of the transition layer should be higher than the interface of
the composite material.
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