Original Research Article: (2023), «KEUREKA: Physics and Engineering»
full paper Number 3

INVESTIGATION ON HIGH-STRENGTH LOW
ALLOY 0.35Cr-1.9Ni-0.55Mo STEEL DEPOSITED
ON 20Cr SUBSTRATE BY WIRE AND ARC-BASED
DIRECTED ENERGY DEPOSITION

Duong Vu
School of Engineering Technology
Duy Tan University
03 Quang Trung str., Da Nang, Vietnam, 550000

Van Thao LelA
Advanced Technology Center (ATC)
Le Quy Don Technical University
236 Hoang Quoc Viet str., Bac Tu Liem Dist., Hanoi, Vietnam, 10000
thaomta@gmail.com

P<Corresponding author

Abstract

This article aims to observe the microstructure, mechanical properties, and interface bonding of a 0.35Cr-1.9Ni-0.55Mo alloy
deposited on 20Cr steel by wire and arc-based directed energy deposition (WA-DED). For this purpose, different characterization
techniques such as an optical microscope, scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS), and a high-
resolution X-ray diffractometer were used to analyze the microstructure, chemical composition, and phases of the deposited material.
Microhardness and tensile tests were also carried out. The results show that the microstructure of the deposited material is relatively
homogeneous, with a slight increase in grain size from the bottom to the top of the deposited part, thus resulting in a slightly decreasing
trend in microhardness. However, the ranges of hardness values, i.e., 288+ 16.78 HVO0.1 (in the bottom) to 256+ 17.04 HVO0.1 (in the top),
overlap very significantly, and they are not statistically different. The heat-affected zone (HAZ) is the hardest (301 £2.70 HVO0.1), while
the substrate has the lowest microhardness (203 + 17.64 HVO0.1). The tensile strengths of deposited materials are relatively isotropic in both
the horizontal (HD) and vertical (VD) directions: UTSyp = 1013+9.29 MPa, USTyp = 985+24.58 MPa, YS( 2 v)yp = 570+4.51 MPa,
and YS2 o)up = 614£19.66 MPa. The tensile strengths of interface specimens are also comparable to those of the substrate mate-
rials (e.g., 951 vs. 972 MPa in UTS), indicating excellent metallurgical bonding between the deposited and substrate materials. The
results of this work confirm the efficiency of the WA-DED technique to produce high-quality components in industry.
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1. Introduction

Directed Energy Deposition (DED) refers to a category of additive manufacturing or 3D print-
ing techniques involving a coaxial powder or wire feed to an energy source. (DED) is a category
of metal additive manufacturing (AM) technologies that are widely investigated to produce large-
size components in the marine, acronautic, and mold and die industries. The DED technologies
can be classified into powder-feeding and wire-feeding DED processes. In the wire-feeding DED
process, an electric arc is applied to melt the metal wire. Wire and arc-based directed energy deposi-
tion (WA-DED) is a metal additive manufacturing technology that enables the production of large-
size components due to its wide and flexible building space and high rate of metal deposition [1].

In the literature, many steel grades have been investigated and fabricated with the WA-DED
processes, e.g., low-carbon steels, austenite stainless steels, and high-strength low-alloy (HSLA)
steels [2—4]. In comparison with carbon steel, HSLA provides better mechanical properties, espe-
cially corrosion resistance. They have good weldability. The alloy elements such as chromium, nickel,
and molybdenum tend to modify the microstructure of the carbon steel to produce a very fine dis-
persion of alloy carbides in a ferrite matrix. This improves the toughness of the materials. The
0.35Cr-1.9Ni-0.55Mo alloy is a HSLA steel that is widely used to manufacture parts in the automo-
tive, shipbuilding, and tooling industries. This steel has high strength, weldability, and low costs [5].
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Recently, several studies have reported on the WA-DED process of HSLA steels. For exam-
ple, the HSLA steel walls were built by WA-DED, and the anisotropy in mechanical characteristics
has been observed [6]. In the WA-DED process, the heat input has an important role to the micro-
structures and mechanical properties of HSLA steel part [7]. The toughness properties of HSLA
steels produced by WA-DED were also investigated in [8]. However, most of the published studies
only focused on the metallurgical characterization of the deposited material. Practically, in many
cases, parts fabricated by WA-DED can also include the substrate material. The deposited and
substrate materials will work together. Both the deposited and substrate materials, as well as the
interface bonding between them, must be analyzed. Therefore, this study aims to fill this research
gap and confirm the internal quality of WA-DED parts for industrial applications.

2. Materials and methods

In this paper, a wire and arc-based directed energy deposition (WA-DED) system, includ-
ing a gas metal arc welding source with a welding torch, a 6-axis robot, a wire feed system, and
a shielding gas system, was adopted to fabricate the samples (Fig. 1).
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Fig. 1. The WA-DED process: a — the schema; b — the real system

The microstructures were observed by an optical microscope (A2M AXIO imager, Carl Zeiss).
The chemical composition and microstructures were analyzed with the EDS technique integrated in
a scanning electron microscope (SEM, model SU3500). The phase analysis of the deposited and sub-
strate materials was performed on a high-resolution X-ray diffractometer (ARL Equinox 5000 Series).
The X-ray computed tomography (CT) technique was employed to assess the porosity. The micro-
hardness was also tested by a hardness tester (Duramin-2, Struers). Each test was performed with
a load of 980.70 mN and a dwell time of 10 s. All the tensile specimens were designed according
to the ASTM E8M-13 standard. The tensile tests were carried out on a tensile machine. The tensile
velocity was 12 mm per minute. The broken surfaces of the samples were observed by the SEM tech-
nique. The 0.35Cr-1.9Ni-0.55Mo alloyed steel wire with 1.2 mm in diameter was used as the feed-
stock material, and the 20Cr steel cylinder with 100 mm in diameter and 80 mm in height was used
as the substrate to fabricate the double-bead multilayer sample, which was intended for the charac-
terization of microstructures and mechanical properties in the vertical direction (VD) (Fig. 1, a, b).
Another double-bead multilayer sample was fabricated from the same welding wire to analyze the
tensile properties of the deposited material in the horizontal direction (HD) (Fig. 1). The chemi-
cal composition of the wire [9] includes 0.089 % C, 0.80 % Si, 1.90 % Mn, 0.010 % P, 0.004 % S,
1.95 % Ni, 0.34 % Cr, 0.58 % Mo, and bal. % Fe in wt. %, while the composition of the substrate
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material (20Cr steel) is (0.18-0.24) % C, (0.17-0.37) % Si, (0.50—0.80) % Mn, (0.70—1.00) % Cr,
(£0.03) % P/S/Cu/Ni/Mo, and bal. % Fe in wt. %. According to [10], the 20Cr steel has the follow-
ing mechanical properties:

— tensile strength: >835 N/mm?;

— yield strength: >540 N/mm?;

— elongation after break: >10 %;

—rate of reduction in area: >40 %;

— impact absorbing energy: >47 J;

— material Brinell hardness: <179 (annealing or high temperature tempering state);

— test sample size: 15 mm.

The deposition strategy of the samples was illustrated in Fig. 1, a. Each layer is composed
of two weld tracks with an overlap of 0.65 weld track width. The narrows show the weld track
direction. The length of a weld track is 80 mm. The process parameters used to fabricate the sam-
ples include 120 A in current, 20 V in voltage, and 0.3 m/min in travel speed. The shielding gas
of 80 % Ar and 20 % CO, with 16 L/min in flow speed was used during the deposition. The dwell
time between two successive layers was 40 s.

To prepare the microstructure specimen and the vertical tensile specimens, the first deposited
sample (Fig. 2, b) was cut through the planes (P) and (Q) to remove the side surface of the depo-
sited wall and to obtain the core of the deposited and substrate materials; subsequently, the vertical
tensile specimens were extracted in the three regions, i.e., the deposited zone (VD-1,2,3), interface
zone (IR-1,2,3), and substrate zone (S-1,2,3), and the MS specimen was extracted to analyze the mi-
crostructure, phase transformation, and microhardness, as illustrated in Fig. 2, a. The horizontal ten-
sile specimens were extracted from the second deposited sample (Fig. 2, ¢). The dimensions of the
tensile specimens are shown in Fig. 2, e. The schema of microstructure specimens shown in Fig. 2, d.
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Fig. 2. Fabrication of samples: a — the deposition strategy; b — deposited sample for analyzing
microstructures, microhardness, and vertical tensile properties; ¢ — deposited sample
for analyzing horizontal tensile properties; d — schema of microstructure specimens (MS)
and vertical tensile specimens; e — an extracted tensile specimen and its design dimensions;
f—locations for observing microstructures and microhardness on MS
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Before observing the microstructure, the MS specimen was ground, polished, and chemi-
cally etched. The microstructures of the deposited and substrate materials were analyzed using
a digital optical microscope (OM) and a scanning electron microscope (SEM) on the specimen
MS in different regions, including #1, #2, and #3, corresponding to the top, middle, and bottom of
the deposited part; #4, the interface region between the deposited and substrate materials; #5, the
heat-affected zone (HAZ); and #6, the substrate region. The phase in microstructure was analyzed
using X-ray diffraction (XRD). The microhardness was measured by a microhardness machine.
Each test was performed with a load of 980.7 mN and 10 s of dwell time. The tensile tests were
carried out on a tensile tester at room temperature with a crosshead speed of 10 mm/min.

3. Results and discussion

3. 1. Microstructures

Fig. 3 shows the OM images of microstructures of both the deposited and substrate mate-
rials in different regions. It is revealed that the as-fabricated part is fully dense. There are no major
defects, such as lack of fusion, pores, or cracks inside the deposited part or between the deposi-
ted material and the substrate. In fact, during the WA-DED process, as the material is deposited
layer-by-layer, the temperature of the earlier layers rises, slowing down the cooling process and
reducing the susceptibility to cold cracking. Furthermore, the absence of mechanical constraints
in WA-DED, which happens during welding, enables the material to tolerate some thermal stresses
created during the deposition, which further lowers the likelihood of cold cracking.

In terms of microstructure, all three regions of the deposited material, i.e., the top (#1, #1b),
middle (#2, #2b), and bottom (#3, #3b), reveal the same microstructure of the ferrite phase with
dominant acicular and little granular morphologies. This observation is confirmed by the XRD
analysis results (Fig. 4). In all three regions (the top #1, middle #2, and bottom #3), the deposited
metal features totally ferrite phases with three peaks: (110), (200), and (211). There are no peaks
corresponding to oxide phases that were detected in the XRD patterns. This can be explained
by the low percentage of alloying elements in the deposited metal (welding wire).

For high-strength low-alloy (HSLA) steels, the solid-state transformation occurs as follows:
when the temperature decreases from 1300 to 800 °C, the austenitic grains are nucleated and deve-
loped from the liquid phase. After that, when the temperature is cooled down from 800 to 500 °C,
austenite phases are transformed into bainite and different ferrite phases [11]. Allotriomorphic fer-
rite is formed at the boundaries of prior austenite grains, and then side-plate ferrite may be nuclea-
ted at the boundaries of austenite and ferrite. The formation of acicular ferrite is generally related to
oxide inclusions and cooling conditions. Depending on the carbon content, the remaining austenite
may be partially or completely transformed into martensite during the final cooling period to room
temperature [7, 12]. However, in the current study, martensite phases were not observed in the
as-deposited material. This is because the cooling rate did not exceed 100 °C/s during the WA-DED
process of the studied alloy [7].

Moreover, it is found that the bottom region shows the finest microstructure, followed by
the middle and top regions, respectively. The average grain size is about 0.72+0.17 pm in the bot-
tom (Fig. 3, ¢, i),0.87+0.18 uminthe middle (Fig. 3, b, h),and 1.21 £0.40 uminthetop (Fig. 3, a, g).
This phenomenon is related to the decrease in cooling rate as the number of deposited layers increases.
In the WA-DED process, as the deposited layers increase, the previous layers’ temperature increases
(also known as the heat accumulation phenomenon in DED processes). As a result, the grains are
coarser along the building direction.

Fig. 3, d shows the microstructure in the interface zone between the deposited material and
the substrate. There were no defects, such as cracks or a lack of fusion, in the interface zone. The
microstructure of the substrate (Fig. 3, f) is composed of polygonal ferrite and pearlite [13]. How-
ever, under the effect of the heat source that formed the first deposited layer, the polygonal grains
in the substrate zone were transformed into the fine grains in the HAZ (Fig. 3, ). No defects exist,
and the continuous transition of microstructure in the interface zone confirms a good bonding in
terms of metallurgy between the deposited and substrate materials. The phases observed in the OM
analysis were also confirmed by the XRD results (Fig. 4).
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Fig. 3. OM images of microstructures in different zones:
a —top, b —middle, ¢ — bottom of the deposited metal, d — the interface between the deposited
metal and the substrate, e — HAZ, and f— the substrate zone; g—i — the SEM images from #1b,
#2b, and #3b zones, respectively

According to the SEM-EDS analysis results (Fig. 5), it is revealed that the percentage
in weight of chemical elements (e.g., Cr, Ni, Mn, Mo, and Si) in different deposited layers is near-
ly homogenous. It is worth noting that the EDS technique is limited to detecting elements with
a weight percentage inferior to 0.1 % [14].

Therefore, the chemical components such as C, P, S, and Cu were not included in the ana-
lysis of the weight percentage.
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Fig. 4. Results of XDR analysis

cps/eV 653
] Element Mass Norm. Atom
2.54 (%] (%]
] Fe 96.24 95.95
. 050 1.00
201 128 122
1 015 0.16
] 141 143
L] ‘ 0.42 024
. 100.00 100.00
1.0: — Mass Norm. Atom
] ‘| o
15 Fe 94.15 93.71
1 si 0.90 179
057 i - | ‘ ™ Mn 205 207
] L . = o Ni 1.67 158
o /N - I Mo 0.96 055
0.0 e e cr 027 029
2 4 6 8 10 12 14 100.00 100.00
Energy [keV]
a

Fe
10 um 10 um 10 um
Cho MAG: 20006184V Wo:53mm Cho ‘Was: 2000 188 Wo:93mm gt | 0 "W 20005 v 15Kkv w053 mm

10 pm

- b £ (r—— 095
0 MAG: 2000x WHV: 15 Ky WD: 98mm ChO_MAG: 2000x HV: 15KV WD: 9.3 mm Ch 0 MAG: 2000x HV: 15 k¥ WD: 83fm

e f g

Fig. 5. Analysis EDX for the deposited material: a — chemical composition result,
b—g — the mapping of elements Fe, Cr, Ni, Mo, Mn, and Si, respectively
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3. 2. Mechanical properties

Fig. 6 shows all the curves of stress and strain for all tested tensile specimens. All speci-
mens begin with the elastic deformation in the initial step, and the following step is the plastic
deformation before the fractured.
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Fig. 6. Stress-strain curves for the tensile specimens:
a—VD,b—HD, c—1IF,d-S

Fig. 7, a, b display the hardness distribution in different regions of deposited and sub-
strate materials. It is revealed that the HAZ (#5) shows the highest hardness (301 +22.70 HVO.1).
The substrate reveals the lowest hardness (203 £ 17.64 HVO0.1). In the deposited part, the hardness
shows a slightly decreasing tendency along the building direction. The results of the hardness ana-
lysis are in good agreement with the microstructure previously observed. According to the Hall-
Petch behavior [15, 16], the hardness decreases with an increase in grain size. In the deposited part,
due to the reheating cycles and heat accumulation, the grains are coarse along the build direction
and along the layer height, as discussed previously. Hence, the average microhardness gradually
decreases along the depositing direction. The high-cooling rate occurred at the bottom because it
was directly deposited on the cold plate, resulting in the smallest grains in microstructures. There-
fore, the highest average hardness was achieved. However, the ranges of hardness values of the
deposited material —i.e., 288 £ 16.78 HVO0.1 (in the bottom) to 256+ 17.04 HV0.1 (in the top), overlap
very significantly, and they are not statistically different.

Fig. 7, ¢ shows a comparison of tensile properties between different directions and re-
gions. It is shown that the tensile properties (YS — yield strength; UTS — ultimate tensile strength,
EL — elongation) of the deposited layer in the vertical (VD) and horizontal (HD) directions
are comparable with a slight difference: UTSyp=1013+£9.29 MPa, UTSyp=985+24.58 MPa,
YS0.2%vp =570£4.51 MPa, YS(.2 oyup = 614£19.66 MPa, ELyp =22+0.58 %, ELyp =23+£0.4.51 %.
This indicates a relative isotropy in the tensile properties of the deposited material. The interface
tensile specimens (IR) also feature relatively comparable values versus those of the substrate tensile
specimen (S): UTS;g =951+34.43 MPa, UTSg=972£25.12 MPa, YS(2 oz =493£19.55 MPa,
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YS.2%)s=514+12.16 MPa, ELjg =25%4.58 %, and ELg = 18 £1.53 %. Moreover, all the IR speci-
mens were broken in the substrate metal instead of at the interface. This confirmed that the substrate
and the deposited part were strongly bonded and that the deposition process was reliable and stable.
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Fig. 7. Mechanical properties: a — hardness distribution, b — average hardness value in different
zones, and ¢ — comparison of tensile properties between different specimens

3. 3. Limitations of the study and development prospect

Based on the obtained results, it can be found that the strength of the deposited materials can
be comparable to those of the wrought ones (e.g., the UTS of the wire is >760 MPa), confirming that
the deposited material can satisfy real working conditions. However, herein, the material strength
was only tested on a simple sample. In some circumstances, the proper selection of the material
is also an issue. For real applications, components will have more complex geometry, which re-
quires more complex deposition paths during the fabrication process, and the fabricated compo-
nents will introduce more residual stress and thermal deformation. In these cases, heat treatment
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post-processing will be required to obtain the expected properties and reduce residual stress. More-
over, fabricated components should be tested under real loading conditions. Hence, in future works,
the fabrication of parts and components for specific applications will be focused. Moreover, the
post-processing of as-deposited components, such as heat treatment and machining of functional
surfaces, will be investigated, taking into account the production cost and productivity.

4. Conclusions

In this paper, the microstructure, mechanical properties, and interface bonding of the
0.35Cr-1.9Ni-0.55Mo alloy deposited on 20Cr steel by the WA-DED process were investigated. The
main findings are as follows.

The deposited material features total ferrite phases with acicular and granular morpholo-
gies, whereas the hot-rolled substrate shows equiaxial grains of ferrite and perlite. The microstruc-
ture of the deposited material is relatively homogenous with a slight increase in grain size along
the build direction.

There is a continuous transformation in microstructure without a lack of fusion between the
deposited and substrate materials. The microstructure of the substrate in HAZ is refined under the
effect of the heat source of the deposition process.

The hardness in the deposited part shows a slightly decreasing trend. However, the ran-
ges of hardness value — i.e., 288+ 16.78 HVO0.1 (in the bottom) to 256+ 17.04 HVO0.1 (in the top),
overlap very significantly, and they are not statistically different. Meanwhile, the HAZ is the
hardest (301+22.70 HVO0.1), and the substrate features the lowest hardness (203 +17.64HV).

The tensile strengths of deposited materials are relatively isotropic in both the horizontal
and vertical directions. The tensile strengths of interface specimens are also comparable to those
of the substrate (e.g., 972 vs. 951 MPa in UTS), indicating excellent bonding between the deposited
and substrate materials.
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