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Wire arc additive manufacturing (WAAM) technology was used to produce samples of a 2.25Cr1Mo0.25V heat-resistant steel.
The phase composition, microstructure, and crystal structure of the investigated material in the as-cladded state and postcladding
heat-treated (705°C x 1 h) state were analysed by optical emission spectrometry (OES), optical microscopy, scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). The properties of the investigated material in the as-cladded
state and postcladding heat-treated (705°C x 1 h) state were determined by a microhardness tester, mechanical properties tester,
and Charpy impact tester. Through a study of the microstructure and properties, it is found that the investigated material
produced by WAAM exhibits good forming quality and excellent metallurgical bonding properties, and no obvious defects are
found. The microstructure consists mainly of Bg (granular bainite) and troostite precipitated at the grain boundaries. The results
from high-resolution transmission electron microscopy observations show that the crystal structures of the 2.25Cr1Mo0.25V
heat-resistant steel samples produced by WAAM in the as-cladded condition have many defects, such as dislocations and
martensite-austenite (M-A) constituents, and their grain edges are sharp. There is a dramatic decrease in the dislocations in the
2.25Cr1Mo0.25V heat-resistant steel samples produced by the WAAM condition after the postcladding heat treatment
(705°Cx 1h), and the grains become smooth. The distribution of the microhardness in the longitudinal and transverse cross
sections of the samples is very uniform. The average longitudinal and transverse microhardness of the samples in the as-cladded
state is 310 HV 5 and 324 HV,, 5, respectively. The average longitudinal and transverse microhardness of the samples after post-
cladding heat treatment is 227 HV 5 and 229 HV 5, respectively. The yield strength of the samples without a postcladding heat
treatment is 743 MPa, the tensile strength is 951 MPa, the elongation is 10%, and the Charpy impact value at -20°C is 15 J. After the
postcladding heat treatment, the yield strength, tensile strength, elongation, and Charpy impact value of the samples are 611 MPa,
704 MPa, 14.5%, and 70 ], respectively.

1. Introduction

Additive manufacturing (AM) is also called three-dimen-
sional printing (3D printing) and differs from traditional
material reduction (machining) processing technologies
[1-4]. Additive manufacturing uses an established three-
dimensional data model of the parts. According to the
discrete-collecting principle, different heat sources (such as a
laser beam, an ion beam, an electron beam, an arc, and
ultraviolet light) are used to treat the raw materials (such as
powders, wires, and liquids) in layer-by-layer fabrication

method used to produce parts. Additive manufacturing
technology has prominent characteristics compared with
those for traditional processing technologies. These char-
acteristics include a short manufacturing cycle (shortening
the time from the design to a test sample to production), a
possible reduction in production costs, high material utili-
zation (some raw materials can be reused), highly integrated
design and manufacturing (personalized design), and op-
timization of the structure of the parts and components
during the design phase. It is especially suitable for com-
ponents with complex structures (such as hollow structures)
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or high-value raw materials. AM has broad application
prospects in the aerospace industry, automobile industry,
biomedical treatment, education, mould manufacturing, and
other fields and is known as one of the key technologies to
promote the “third industrial revolution” [5-9].

Additive manufacturing technology can be divided into
metal additive manufacturing and nonmetal additive
manufacturing according to different materials. According to
the types of heat sources, metal additive manufacturing mainly
includes laser additive manufacturing, electron beam additive
manufacturing, plasma additive manufacturing, and wire arc
additive manufacturing (WAAM) [10-15]. Compared with
other additive manufacturing technologies, WAAM technol-
ogy has a high production efficiency and the ability to fabricate
large parts. The disadvantage of WAAM technology is that its
manufacturing accuracy is not as good as that of laser additive
manufacturing and electron beam additive manufacturing
[16-20]. In recent years, WAAM technology has attracted
considerable attention in the aerospace industry, mechanical
equipment industry, and other fields [21-25].

However, at present, there are relatively few reports re-
garding additive manufacturing of heat-resistant steel parts.
Y. Ali et al. presented investigations on the additive
manufacturing of hot work steel (X37CrMoV 5-1) with the
cold metal transfer (CMT) process and analysed the influence
of the arc energy and thermal field on the resulting me-
chanical properties and microstructure of the material [26].
The microstructure and properties of a novel heat-resistant
Al-3Ce-7Cu alloy produced by additive manufacturing were
investigated by D. R. Manca et al. [27]. Muh-Rong Wang et al.
produced metal powders of heat-resistant steel with a fine
microstructure for additive manufacturing [28]. However,
they did not study the properties of samples made of heat-
resistant steel powders by additive manufacturing.
Therefore, in this paper, WAAM technology is studied by
using 2.25Cr1Mo0.25V  heat-resistant steel welding wire.
2.25Cr1Mo0.25V steel is a newly developed heat-resistant
steel. Compared with 2.25CrlMo heat-resistant steel,
2.25Cr1Mo0.25V heat-resistant steel can be used at higher
temperatures and its hydrogen resistance is better. It has
begun to be widely used in the manufacture of hydrogenation
reaction devices [29-31]. It is expected that this research can
provide theoretical and data support for the popularization
and application of additive manufacturing technology.

2. Experimental Procedures

The experimental wire matched the composition of
2.25Cr1Mo0.25V heat-resistant steel. The wire grade was
ER90S-G with a diameter of 1.2 mm, and it was produced by
the Luoyang Ship Material Research Institute. The chemical
composition of the welding wire is shown in Table 1. A
TPS4000 cold metal transfer (CMT) advanced power supply,
an IRB 1410 KUKA six-axis robot, and an Iungo PNT robot
with WAAM software comprised the WAAM equipment. The
experimental substrate was ASTM A283M Gr. C steel with
dimensions of 300 mm x 100 mm x 10 mm. Before the exper-
iment, the surface of the substrate was polished with a hand
grinding wheel to remove the rust and oxide coating on the
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surface of the steel plate. To reduce the deflection of the base
steel plate during the additive manufacturing process, a
designed work holder was used to fix the base steel plate. In this
study, the CMT mode was adopted in the WAAM process.
Single-layer single-pass, single-layer multipass, and multilayer
multipass experiments were carried out in the early stage of the
experiment. Improved processing parameters were selected
according to the shape of the cladded pass. To control the
forming accuracy of the additive manufacturing sample, a
FLUKE F59 infrared thermometer was used to measure the
interpass temperature during the additive manufacturing
process. The technological parameters selected for this additive
manufacturing study are as follows. The current was 82 A, the
voltage was 19.9 V, the wire feeding speed was 4.2 m min™", the
shielding gas was 99.9% Ar, the gas flow was 20 L min"’, and
the interpass temperature was no less than 150°C. The specific
process parameters are shown in Table 2.

The size of the printed sample (thin wall) produced by
WAAM was approximately 150 mm x 20 mm x 60 mm. The
samples for metallographic analysis (hardness testing and
SEM), transmission electron microscopy (TEM), and
chemical composition analysis were prepared from the
middle position of the sample by a band sawing machine and
wire electrical discharge machining (WEDM). The tensile and
impact samples were produced parallel and perpendicular to
the depositional direction on both sides. The chemical
composition analysis experiment was carried out according to
ASTM E415-2015 using the QSN750-II OES. Tensile tests
were carried out according to the ASTM E8M-2013 a stan-
dard. Tensile properties were tested at room temperature by
using a 100kN material testing machine (SINTECH20/G).
Displacement control was used in the tensile test. The initial
strain rate of the sample was 0.005 min~". The impact testing
of the samples was carried out according to ASTM E23-2016b.
The Charpy impact test (ZBC2302-C) was used. The test
temperature was —50°C. Three samples were tested in each
group. After the metallographic and scanning electron mi-
croscopy (SEM) specimens were polished, they were etched
with a 4% hydrochloric acid and ethanol solution. A ZEISS
Observer Z1m microscope was used to observe the micro-
structures of the metallographic samples according to ASTM
E112-2013 standard. The microstructure of the metallo-
graphic samples at high magnification was observed by a
Quanta600 scanning electron microscope. A Genesis Apex 2
X-ray energy dispersive spectroscopy (EDS) instrument was
attached to the SEM and was used for composition analysis.
The TEM samples were cut into 0.5 mm thin plates from the
bulk specimens and ground to approximately 120 microns in
thickness. Three wafers were punched and ground to 50
microns. The perforated film samples were obtained by twin-
jet electropolishing at —20°C. The electrolyte was 4%
perchloric acid and ethanol, and the electrolytic voltage was
75 V. Next, the samples were thinned by a Gatan 691 ion beam
thinner that used Ar ions for 0.5 h. The crystal structure of the
thinned TEM samples was observed by JEM-2100 trans-
mission electron microscope with an accelerating voltage of
200kV. According to the ASTM E384-2017 standard, the
Vickers hardness was measured on a VMH-104 micro-
hardness tester. The test force was 500 gf, and the dwell time
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TaBLE 1: Chemical composition (wt%) of the 2.25Cr1Mo0.25V solid wire.

Sample C Si Mn Cr Mo \Y% Ni Fe
2.25Cr1Mo0.25V 0.098 0.135 0.398 2.37 1.00 0.289 0.017 Bal.
TaBLE 2: Wire arc additive manufacturing parameters.

Current  Voltage Wire feeding  Printing ContacF tip to  Shielding gas Interpass Overlap Heat
Sample (A) V) speed speed work distance flow temperature rate (%) treatment
(m-min™?) (ms™) (mm) (Lmin™") (°C) ("Cxh)
1# 82 19.9 4.2 10 20 >150 50 None
2# 82 19.9 4.2 10 20 >150 50 705x1

was 15s. During the test, 10 points (1 mm interval per point)
were measured from the upper part (2mm) to the lower part
of the cladded seam.

3. Results and Analysis

3.1. Forming Characteristics of the 2.25Cr1Mo0.25V Heat-
Resistant Steel. Figure 1 shows a 2.25Cr1Mo0.25V heat-
resistant steel thin-wall sample printed by WAAM tech-
nology. From the sample images, it can be seen that the
2.25Cr1Mo0.25V heat-resistant steel thin wall printed with
the CMT power supply is well formed and does not collapse,
but there are solidified metal particles produced by cladding
spatter during the forming process. In addition, the cross-
sectional morphology of the metallographic sample is given
in Figure 2, and Figure 2(a) shows the as-cladded state for
sample #1, and Figure 2(b) shows the postcladding heat-
treated (705°C x 1 h) state for sample #2. It can be seen that
there are a small number of cold insulation and air hole
defects in the sample, and the metallurgical bonding between
the deposited layers is good, which further illustrates the
good formability of the 2.25Cr1Mo00.25V heat-resistant steel
produced by WAAM.

3.2. Composition and Microstructure Characteristics of
2.25Cr1Mo0.25V Heat-Resistant Steel Produced by WAAM.
Table 3 shows the results of the chemical composition
analysis of the 2.25Cr1Mo00.25V heat-resistant steel samples
produced by WAAM. By comparing the chemical compo-
sition of the raw wire given in Table 1, it can be seen that the
burning loss rates of the main deoxidizing element Si for the
two 2.25Cr1Mo0.25V heat-resistant steel samples produced
by additive manufacturing are 53.3% and 52.6%, and the
burning loss rates of the deoxidizing element Mn are 53.3%
and 52.6%. The transition rates are 88.6% and 89.5% for the
main alloying element Cr, 95.9% and 95.9% for alloying
element Mo, and 80.6% and 82.0% for alloying element V.
From the chemical composition results, it can be seen that
the deoxidized elements in the cladding wire are burned
more so than the other elements and the transition rate of
alloy elements is high, which indicates that the deoxidized
elements are thoroughly deoxidized during the WAAM
process, and the deoxidization performance of the furnace
hearth is good.

FiGure 1: Schematic of a 2.25Cr1Mo0.25V heat-resistant steel
sample produced by WAAM.

Figure 3 shows metallographic images of different lo-
cations on the 2.25Cr1Mo0.25V heat-resistant steel pro-
duced by WAAM. From Figures 3(a) and 3(b), it can be seen
that the structure of the columnar crystal zone in the
2.25Cr1Mo0.25V heat-resistant steel produced by WAAM is
mainly granular bainite. The remelted zone in the
2.25Cr1Mo0.25V heat-resistant steel produced by WAAM is
composed of granular bainite and troostite that precipitated
at the grain boundaries, as shown in Figures 3(c) and 3(d).
The microstructure of the heat-affected zone is granular
bainite + troostite that precipitated at the grain boundaries,
as shown in Figures 3(e) and 3(f). In addition, it can be seen
from the high-magnification metallographs that no defects,
such as microcracks, can be seen. Figure 4 shows SEM
images and energy dispersive spectroscopy of inclusion in
the as-cladded samples, and no microcracks can be seen in
the high-magnification SEM images. In addition, it can be
seen that the morphology of the inclusions in the sample is
basically spherical, and the corresponding energy dispersive
spectroscopy results show that the inclusions are mainly
composed of silicon and manganese oxides.

To further clarify the crystal structure of the
2.25Cr1Mo0.25V heat-resistant steel sample made by
WAAM, TEM analysis was conducted. Figure 5 shows a
TEM image of the sample. It can be seen from the TEM
image in Figure 5(a) that the crystal structure of the sample is
an obviously granular bainite structure (M-A constituent
exists), and the analysis result of the corresponding selected
area electron diffraction (SAED) shows that the matrix is
ferrite. Figures 6(a) and 6(b) show a high-magnification



Advances in Materials Science and Engineering

() (b)

FIGURE 2: Cross-sectional morphology of the 2.25Cr1Mo00.25V heat-resistant steel produced by WAAM: (a) the as-cladded state for sample

#1 and (b) the postcladding heat-treated (705°Cx1h) state for sample #2.

TaBLE 3: Chemical composition (wt%) of the 2.25Cr1Mo0.25V sample made by WAAM.

Sample C Si Mn Cr Mo \4 Ni Fe
#1 (as-cladded) 0.111 0.063 0.263 2.10 0.959 0.233 0.016 Bal.
#2 (after heat treatment) 0.113 0.064 0.269 2.12 0.959 0.237 0.016 Bal.

FiGgure 3: Continued.
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69)

FIGURE 3: Microstructures of the specimens: (a) columnar crystals in sample #1, (b) columnar crystals in sample #2, (c) remelted zone in
sample #1, (d) remelted zone in sample #2, (e) heat-affected zone in sample #1, and (f) heat-affected zone in sample #2.
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FIGURE 4: SEM image and EDS of the 2.25Cr1Mo00.25V sample made by WAAM, where sample #1 is in the as-cladded state.
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FIGURE 6: Microstructures of the as-cladded 2.25Cr1Mo0.25V sample made by WAAM: (a) bainite, (b) M-A constituent, (c) dislocations,

and (d) inclusions.

image of the M-A constituent in the granular bainite that
includes isolated islands, further proving the existence of
the M-A constituent. Figure 6(c) shows that, in the high-
magnification TEM image, a large number of dislocations
are found in the crystal structure of the cladded
2.25Cr1Mo0.25V sample made by WAAM because the
2.25Cr1Mo0.25V heat-resistant steel has high Cr, Mo, and
V alloying element contents. A high hardening capacity is
prone to produce crystal defects, such as hardened struc-
tures and dislocations. Therefore, in engineering applica-
tions, 2.25Cr1Mo0.25V heat-resistant steels need to
undergo a postcladding heat treatment to improve their
structure and performance. Figure 6(d) shows a high-
magnification TEM image of an area with inclusions where
it can be seen that the inclusions are mainly spherical,
which is consistent with the results obtained by SEM in
Figure 4. Figure 7 shows the composition of inclusions
analysed by energy dispersive spectrometry and SAED on
the transmission electron microscope. From the analysis
results of Figure 7, it can be seen that the inclusions are
composite structures. The main components of the light-

coloured inclusions are oxides of silicon and manganese,
and the SAED pattern shows that the inclusions are
amorphous. The dark part of the inclusions is mainly
composed of silicon oxide, and the analysis of the corre-
sponding SAED pattern shows that SiO, is the main
component. Figure 8 shows a high-resolution image of
lattice fringes in the inclusions and matrix. The analysis
indicated that the high-resolution lattice fringes in
Figure 8(a) correspond to the (021) crystal plane of SiO,
with d0.3186 nm (PDF# 82-1599), which is consistent with
the results of the energy dispersive spectroscopy analysis.
In Figure 8(b), the high-resolution lattice fringes in the
matrix indicate a d-spacing of approximately 0.2113 nm,
which corresponds to the (110) crystal plane of austenite Fe.
Figure 9 shows the crystal structure and corresponding
SAED of the 2.25Cr1Mo0.25V sample made by WAAM
after the heat treatment at 705°C x 1 h. From the diagram, it
can be seen that the dislocations in the crystal structure
after the heat treatment decrease, the crystal grains become
smooth, and the structure is significantly improved com-
pared with that of the as-cladded WAAM sample.



Advances in Materials Science and Engineering

FIGURE 7: Morphology, EDS, and SAED of inclusions in the as-cladded 2.25Cr1Mo00.25V sample made by WAAM.
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Ficure 8: High-resolution transmission electron microscopy (HRTEM) image and corresponding SAED pattern of the as-cladded
2.25Cr1Mo0.25V sample made by WAAM: (a) inclusion and (b) matrix.
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F1GURE 9: Microstructures of the 2.25Cr1Mo0.25V sample made by
WAAM after the heat treatment.

According to the summary of the TEM images, the mi-
crostructure of the 2.25Cr1Mo0.25V sample made by
WAAM is mainly granular bainite at high magnifications.
At high magnifications, dislocations and a small number of
inclusions are found in the sample. The inclusions are
mainly composed of silicon and manganese composite
oxides, which is basically consistent with the results ob-
tained by metallography and SEM. The microstructure of
the sample obviously improves after the heat treatment.

3.3. Properties of the 2.25Cr1Mo0.25V Heat-Resistant Steel
Sample Made by WAAM. Figure 10 shows the microhardness
distribution of the 2.25Cr1Mo00.25V heat-resistant steel sample
made by WAAM. During the test, 10 points (with a 1 mm
interval between the points) were measured equidistantly from
the upper part (2mm) to the lower part of the weld and from
the left side (2mm) to the right side. From the microhardness
distribution diagram, it can be seen that the hardness distri-
bution of the cladded samples (#1) made of the
2.25Cr1Mo0.25V  heat-resistant steel made by additive
manufacturing ranges from 292 to 344 HV,s, and the distri-
bution of the microhardness in the longitudinal and transverse
cross sections of the samples is uniform. The average longi-
tudinal and transverse microhardness of the samples in the as-
cladded state is 310 HV,s and 324 HVs, respectively. The
difference in the average microhardness between the longitu-
dinal and transverse sections is very small. The fluctuation of the
microhardness is mainly caused by a change in the structure.
From the cross-sectional morphology of the 2.25Cr1Mo0.25V
heat-resistant steel produced by WAAM in Figure 2, it can be
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FiGure 10: Microhardness distribution of the 2.25Cr1Mo0.25V
sample made by WAAM.

seen that the formed sample contains a multilayer and multipass
cladding structure. The structure of the first layer of the cladded
seam is affected by the thermal cycle of the second layer and the
same layer of the cladded seam. Generally, there are primitive
columnar crystal zones, remelting zones, and heat-affected
zones. The microhardness varies in different regions due to the
different microstructures (such as the grain size and presence of
precipitates), so the cross-sectional hardness fluctuates. After
the heat treatment, the hardness distribution ranges from 205 to
240 HV,s and the average longitudinal and transverse
microhardness of the section is 227 HV,5 and 229 HV s, re-
spectively. Upon comparing the cross-sectional microhardness
of the 2.25Cr1Mo0.25V heat-resistant steel produced by
WAAM after cladding and heat treatment, it can be found that
the average microhardness of the sample after the heat treat-
ment decreases by approximately 90 HV 5, which is due to an
improvement in the structure and stress release of the sample.

The test results of the mechanical properties of the
2.25Cr1Mo0.25V heat-resistant steel produced by WAAM are
shown in Figure 11. It can be seen from the test results that the
mechanical properties of the specimens are excellent. The yield
strength of the samples without a postcladding heat treatment is
743 MPa, the tensile strength is 951 MPa, the elongation is 10%,
and the Charpy impact value at —20°C is 15]. After the post-
cladding heat treatment, the yield strength, tensile strength,
elongation, and Charpy impact value at —0°C of the samples are
611 MPa, 704 MPa, 14.5%, and 70], respectively.

4. Conclusions

WAAM was used to produce samples of a 2.25Cr1Mo0.25V
heat-resistant steel. The samples were of good quality. The
microstructure consisted mainly of BG (granular bainite) and
troostite that precipitated at the grain boundaries. The crystal
structures of the 2.25Cr1Mo00.25V heat-resistant steel samples
produced by WAAM in the as-cladded condition had many
defects, such as dislocations and M-A constituents. There was a
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FIGURE 11: Mechanical properties of the 2.25Cr1Mo0.25V sample
made by WAAM.

dramatic decrease in the dislocations in the 2.25Cr1Mo0.25V
heat-resistant steel samples produced by the WAAM condition
of a postcladding heat treatment (705°C x 1 h), and their grains
became smooth. A small number of inclusions were found in
high-magnification SEM and TEM images. The inclusions were
mainly composed of silicon and manganese oxides. The dis-
tribution of the microhardness in the longitudinal and
transverse cross sections was uniform. The average longitudinal
and transverse microhardness of the samples in the as-cladded
state was 310 HV( 5 and 324 HV, s, respectively. The average
longitudinal and transverse microhardness of the samples after
the heat treatment was 227 HV 5 and 229 HV 5, respectively.
The yield strength of the samples without a postcladding heat
treatment was 743 MPa, the tensile strength was 951 MPa, the
elongation was 10%, and the Charpy impact value at —20°C was
15]. After the heat treatment, the yield strength, tensile
strength, elongation, and Charpy impact value at —20°C of the
samples were 611 MPa, 704 MPa, 14.5%, and 70 ], respectively.
This study is expected to provide theoretical and data support
for additive manufacturing of heat-resistant steel parts.
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