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A B S T R A C T   

Alloy steels are commonly used in many industrial and consumer products to take advantage of their strength, 
ductility, and toughness properties. In addition, their machinability and weldability performance make alloy 
steels suitable for a range of manufacturing operations. The advent of additive manufacturing technologies, such 
as wire and arc additive manufacturing (WAAM), has enabled welding of alloy steels into complex and 
customized near net-shape products. However, the functional reliability of as-built WAAM products is often 
uncertain due to a lack of understanding of the effects of process parameters on the material microstructure and 
mechanical properties that develop during welding, primarily driven by thermal phenomena. This study 
investigated the influence of thermal phenomena in WAAM on the microstructure and mechanical properties of 
two alloy steels (G4Si1, a mild steel, and AM70, a high-strength, low-alloy steel). The interrelationships between 
process parameters, heating and cooling cycles of the welded part, and the resultant microstructure and me-
chanical properties were characterized. The welded part experienced multiple reheating cycles, a consequence of 
the layer-by-layer manufacturing approach. Thus, high temperature gradients at the start of the weld formed fine 
grain structure, while coarser grains were formed as the height of the part increases and the temperature gradient 
decreased. Microstructural analysis identified the presence of acicular ferrite and equiaxed ferrite structures in 
G4Si1 welds, as well as a small volume fraction of pearlite along the ferrite grain boundaries. Analysis of AM70 
welds found acicular ferrite, martensite, and bainite structures. Mechanical testing for both materials found that 
the hardness of the material decreased with the increase in the height of the welded part as a result of the 
decrease in the temperature gradient and cooling rate. In addition, higher hardness and yield strength, and lower 
elongation at failure was observed for parts printed using process parameters with lower energy input. The 
findings from this work can support automated process parameter tuning to control thermal phenomena during 
welding and, in turn, control the microstructure and mechanical properties of printed parts.   

1. Introduction 

Directed energy deposition (DED) is a class of additive 
manufacturing technologies that fuse together powder or wire/filament 
material layer by layer as it is deposited using a heat source such as a 
laser, electron beam, or electric/plasma arc [1]. In particular, wire and 
arc additive manufacturing using cold metal transfer (WAAM-CMT) 
process, with its flexible material deposition rates (1–5 kg/h) and its 
ability to accommodate metallic materials with poor weldability, has 
enabled the timely and cost-effective production of large-scale metal 

products without the need for costly manufacturing setups [2,3]. WAAM 
is an emerging DED process technology used to manufacture large metal 
components [3]. Specifically, welding of alloy steels has become more 
widespread with the use of WAAM [4]. With the increased development 
of functional steel components using additive manufacturing, it is 
important to understand the influence of process parameters on the 
evolution of microstructure and the resulting mechanical properties [5]. 
Broad research around WAAM is focused on qualification efforts for 
dimensional quality, mechanical strength, and welding path planning 
for different metal wire feedstocks, as summarized by Rodrigues et al. 
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[6] in their state-of-the-art review. They discussed the different types of 
welding technologies used in WAAM, common defects in WAAM printed 
parts, and stress relief strategies to improve mechanical strength. They 
found that residual stress buildup due to inhomogeneous heat distri-
bution was a common occurrence in WAAM. Employing stress relief 
strategies such as cold interlayer rolling, machine hammer peening, or 
laser peening was found to help achieve grain growth refinement, 
providing better control of mechanical properties, path width, and 
surface finish. 

In addition, Rodrigues and co-workers [6] found that interlayer 
temperature, or interpass temperature, had a high influence on final 
printed part quality and microstructure. A higher interpass temperature 
generally provides finer grain structure and improved toughness for 
high-strength steel. However, this characteristic reverses as interpass 
temperature exceeds 260 ◦C; increasing the interpass temperature 
beyond this limit causes the weld pool to puddle and collapse, affecting 
the quality of the part [7]. The wait time for cooling to the required 
interpass temperature is influenced by the cooling rate of the layer, 
which varies as a function of energy density and product height. 
Increasing part height influences conduction, convection, and radiation 
and, in turn, causes a reduction in the cooling rate of subsequent weld 
layers. Thus, controlling the thermal cycles during the process to 
maintain stable interpass temperatures is essential for achieving high 
quality welds (and parts). While their in-depth review provides an 
overview of WAAM part quality, Rodrigues and co-workers in Ref. [6] 
did not provide information on the microstructure and mechanical 
properties of alloys used in WAAM. Thus, several studies are detailed 
below that are relevant to the experimental work presented in this 
manuscript. These studies examine the microstructure and mechanical 
properties of similar steel alloys printed using a range of WAAM 
technologies. 

Sun et al. [8] investigated the microstructure and mechanical prop-
erties of low-carbon, high-strength steel fabricated using WAAM. A 
907-steel alloy plate substrate and an A-Fe-W-86 welding alloy wire 
feedstock were used. They found the microhardness values varied from 
290 HV to 260 HV along the build direction of the welded part. In 
addition, the average UTS of longitudinal specimens (976.53 MPa) was 
significantly lower than transverse specimens (1017.8 MPa), confirming 
anisotropic behavior. The inclusion of more interlayer zones in the 
microstructure resulted in higher stress concentrations in the longitu-
dinal specimens. Electron back-scatter diffraction (EBSD) revealed a 
higher Taylor factor (0.907) for interlayer zones compared to the 
deposited weld (0.865), which indicates the presence of non-uniform 
deformation and local stress concentrations in the interlayer zones. 
Phase transformation analysis revealed that the bottom zone of the 
printed part was comprised of tempered bainite and sorbite, while the 
middle zone was comprised of tempered bainite and the top zone was 
comprised of tempered bainite, tempered sorbite, and ferrite. The order 
of occurrence of the phases also corresponded with the microhardness 
results, where hardness decreased along the build direction. Addition-
ally, two crucial control parameters were found to influence the 
microstructure formation: temperature gradient (G) and solidification 
velocity (SV). Based on solidification theory, the G/SV ratio determines 
the microstructure formation. When G/SV is extremely high 
(approaching infinity), planar grains form, when G/SV is relatively high, 
columnar grains form, and when G/SV is small, equiaxed grains form. 

Lu et al. [9] investigated the microstructure and mechanical prop-
erties of copper-coated mild steel welding wire (0.8 mm diameter) 
deposited on an ASTM 1045 steel substrate using an open-source 
GMAW-AM process. In their study, forced cooling of the weld zone 
facilitated a successful deposition of a thin-walled structure with 150 
layers. The YS and UTS values of horizontal specimens (519.5 ± 8.3 MPa 
and 693.5 ± 8.5 MPa) were higher than for specimens from the vertical 
build direction (461.5 ± 6.3 MPa and 618.5 ± 10.8 MPa). Elongation 
along the horizontal and vertical directions were found to be 36.8 ±
0.2% and 28.2 ± 0.5%, respectively. The microstructural evolution 

shows the presence of primary austenite dendrites along the building 
direction. In addition, acicular ferrite and reticular ferrite intergranular 
structures were observed in the bottom zone, due to continued air 
cooling and conduction. 

While the prior study focused on mild steel, Rodrigues et al. [10] 
investigated the thermal influence of WAAM on microstructure and 
mechanical properties of high-strength, low-alloy steel using a 
commercial-grade wire electrode (AWS A5.28 ER110S-G) deposited 
onto a mild steel substrate. Two samples were printed at two levels of 
heat input (P1 at 511 J/mm and P2 at 221 J/mm). The voltage (21 V), 
current (95 A), and wire feed rate (3 m/min) were maintained constant 
for both samples, while travel speed and shielding gas flowrate was 
maintained at two different levels for the experiments. Sample P1 used a 
travel speed of 3.9 mm/s and a shielding gas flowrate of 8 L/min, while 
sample P2 used 9 mm/s and 16 L/min, respectively. 

The microstructural analysis in the above study found that ferrite, 
bainite, martensite, and retained austenite were present for both levels 
of heat input. Further, it was reported that heat input directly affected 
the cooling rates, interlayer temperatures, and residence times in the 
800 ◦C–500 ◦C cooling interval. These findings align with well- 
established knowledge that cooling rate has a significant impact on 
the microstructure obtained for steels [11]. Two primary cooling in-
tervals (1300 ◦C–800 ◦C and 800 ◦C–500 ◦C) are known to promote 
phase transformations and grain growth development. Austenite grain 
growth occurs in the 1300 ◦C–800 ◦C range, while in the 800 ◦C–500 ◦C 
range, a phase transformation from austenite to distinct ferrite mor-
phologies and bainite can be observed. Oxide inclusions, weld metal 
hardenability, and cooling conditions are known to be associated with 
acicular ferrite formation. Also, cooldown to room temperature can 
cause full or partial transformation of the remaining austenite to 
martensite, depending on the carbon content of the weld. 

In the experiments reported by Rodrigues et al. [10], 
martensite-austenite (MA) microstructures were observed for cooling 
rates in the range of 10–40 ◦C/s. Bainite formed under intermediate 
cooling rates (between martensite and pearlite phases), and its presence 
increased the UTS of the printed parts. The presence of bainite has been 
reported to play a critical role in crack initiation and propagation [12]. 
Rodrigues and co-workers found that the welds deposited with the 
higher heat input had a smoother, less bumpy top surface, which was 
credited to improving the weldability of subsequent layers. For both 
heat input levels, it was observed that overall part temperature 
increased with part height, while cooling rates and temperature gradi-
ents decreased through the weld. For the higher heat input level, higher 
residence times were observed in the 800 ◦C–500 ◦C temperature range 
at higher layer numbers (as part height increases). Despite using 
different heat inputs for the two samples, no significant difference was 
observed in the microstructure of the parts. Both samples had the same 
phase constituents (i.e., ferrite, bainite, and MA). Uniaxial tensile tests 
and Charpy impact tests found the mechanical properties in the build 
and travel directions to be similar, exhibiting isotropic behavior. Sample 
P1 (higher heat input) was found to have slightly higher UTS (by ~50 
MPa) than sample P2 (lower heat input). Consequently, for sample P2, 
lower and more uniform microhardness values were measured along the 
part height compared to sample P1. 

The above studies have characterized the microstructure and me-
chanical properties of metal alloys printed using WAAM and found that 
the thermal cycles of the layer-by-layer fabrication process influence the 
microstructural evolution of the part material. Specifically, controlling 
the cooling rates and maintaining stable interpass temperatures in the 
build can aid in controlling microstructure phase evolution, hence 
improving the mechanical properties of the final part. Process parame-
ters directly influence welding energy density and part temperature 
gradients, which in turn affect cooling rates of printed parts. Thus, 
characterizing the influence of WAAM process parameters on part mi-
crostructures and mechanical properties can support qualification ef-
forts for different metal alloys, and enable product quality improvement 
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and repeatability in production. Towards that goal, this research in-
vestigates the influence of two sets of process parameters on thermal 
cycles during WAAM as well as the resultant microstructures and me-
chanical properties for two alloy steels: G4Si1, a mild steel, and AM 70, a 
high-strength, low-alloy steel. This research adds to the state of the art 
by qualifying the WAAM-CMT process for two alloy steel wires and 
enables the development of material models for simulation and opti-
mization purposes. The remainder of the manuscript is organized as 
follows: Section 2 describes the experimental study undertaken, and 
Section 3 presents the experimental study results characterizing the 
interconnections of WAAM process parameters and thermal and me-
chanical properties. Section 4 provides a discussion on the mechanisms 
influencing the microstructure of WAAM printed components, and 
Section 5 discusses the findings and opportunities for future work. 

2. Materials and methods 

2.1. Materials and equipment 

For the WAAM-CMT experimental work, G4Si1 and AM70 alloy steel 
wire feedstock (1.2 mm diameter) is used; their chemical compositions 
are presented in Table 1. An S355 mild steel plate (300 × 200 × 20 mm) 
was used as a substrate for the fabrication of a thin wall. The WAAM- 
CMT setup (Fig. 1) consists of a welding unit (Fronius CMT Advanced 
4000), a 6-axis industrial robot with a 3-axis worktable (ABB 4600 40/ 
2.55), a wire feeder, and an inert gas supply. The welding torch is 
mounted on the industrial robot arm such that the travel direction is in 
the X axis, build direction is in the Z axis, and traverse direction is in the 
Y axis. 

The robot path program was generated using Robot Studio 6. An 
infrared pyrometer (Micro Epsilon w/max temperature 1000 ◦C) in 
tandem with temperature measurement software (Compact Connect 
v1.9) was used to measure and record the temperature of the weld 
during fabrication. In addition, a contact-type digital thermal probe 
(Center 314 humidity temperature meter with a K-Type thermocouple) 
was used to monitor the interpass temperature between consecutive 
weld passes. 

Welding was performed with CMT technology, which alters arc 
length and thermal input during welding by controlling material transfer 
(droplet removal) to the melt pool through a short-circuiting phase [15]. 
During this phase, the wire feeder dips the molten droplet into the weld 
pool and retracts the wire at a specific frequency (50–120 Hz) to detach 
the droplet through surface tension. The controlled wire oscillating 
motion in the nozzle is carried out at zero current, lowering heat input to 
the weld. The fast-retracting motion results in near spatter-free droplet 
transfer. Further, the lowering of heat input enables the fabrication of 
thin-walled structures (a few millimeters in thickness). 

2.2. Product and process parameters 

A schematic of the thin wall structure built using WAAM-CMT is 
shown in Fig. 2. The steel baseplate was sandblasted and cleaned with 
ethanol before the first print and cleaned using a wire brush for each 

subsequent wall to remove residual spatter from the print area. Wire 
feed rate (WFR) and interpass temperature (T0) parameters were chosen 
for Material 1 (G4Si1) and Material 2 (AM70) to achieve low-heat input 
and high-heat input levels, resulting in four printed wall structures. The 
travel speed and shielding gas flow rate were kept constant at 10 mm/s 
and 15 L/min, respectively, for all experiments. The process parameters 
chosen for the experiments are shown in Table 2. A WFR of 6 m/min was 
used in printing the first layer to avoid incomplete deposition of sub-
sequent layers. 

This higher WFR provides a thicker base layer and preheats the 
baseplate, resulting in better bonding between subsequent layers. A two- 
directional travel strategy was implemented for the weld nozzle during 
deposition to aid in maintaining a constant printed wall height along its 
length. Samples were taken from the deposited walls to investigate the 
microstructure evolution (optical microscopy specimens) and mechan-
ical properties (tensile and microhardness specimens) under the 
different weld conditions explored, as shown in the figure. 

2.3. Thermal profile during welding 

As discussed in Section 1, the thermal profile during welding in-
fluences solid state transformations and grain formation during cooling, 
which affect the microstructure and mechanical properties of the welded 
part. The ratio of wire feed rate to travel speed influences the amount of 
heat input to the weld, with higher wire feed rates increasing heat input 
for a fixed travel speed. Thus, WFR was varied for the different wall 
specimens to investigate the effect of heat input on the weld 
microstructure. 

A wait time was introduced before depositing each layer to allow the 
previously deposited layer to cool to the desired interpass temperature 
(150 ◦C or 250 ◦C). The interpass temperature was measured at the 
middle of each layer before depositing the next layer, as shown in Fig. 2 
using the contact-type digital thermal probe. From literature [16], it is 
seen that the thermal profile of a layer changes as new material is 
deposited, impacting microstructure evolution. Initially, the heat input 
to the weld is dissipated by conduction to the baseplate, forced con-
vection through the shielding gas, and radiation to the surroundings. 
The increase in the number of layers affects the heat accumulation in the 
part, resulting in varying thermal cycles in the deposited layers. Thus, 
the pyrometer was used to measure the thermal profile of every 10th 

layer of material deposited. This data is used to characterize the effect of 
successive heating and cooling of one weld layer on associated micro-
structure evolution and mechanical properties. 

2.4. Mechanical characterization 

A total of four walls were printed for the different process parameter 
settings. The walls printed using the higher energy input setting (M1E2 
and M2E2) resulted in thicker walls (~1–2 mm thicker) than their lower 
energy counterparts. Thus, post-process machining (face milling) was 
performed to ensure uniform thickness (~2.5 mm) for all walls. 
Following the initial machining, hardness test specimens were cut along 
the build direction from the bottom, middle, and top of each wall using a 
CNC mill (Fig. 2). For the tensile tests, specimens were cut along the 
build direction (wall height) and along the travel direction (wall length). 
Microhardness tests were performed in accordance with ASTM test 
standard E92-17 using a Vickers microhardness tester (Matsuzawa 
MMT-X7) with a test load of 9.8 N and dwell time of 10 s. Tensile 
properties (i.e., YS, UTS, and percent elongation) were investigated 
according to EN ISO 6892-1:2019 (Annex B) with tests conducted using 
an Instron 8800. A crosshead speed of 0.01 mm/s and an initial strain 
rate of 0.00025/s were set, based on the test standard. 

2.5. Microstructure characterization 

Five samples for optical measurement (metallographic analysis) 

Table 1 
Wire feedstock chemical composition [13,14].  

Elements G4Si1 (wt. %) AM70 (wt. %) 

C 0.090% 0.08% 
Mn 1.670% 1.700% 
Si 0.87% 0.60% 
S 0.006–0.010% 0.000% 
P 0.004–0.010% 0.000% 
Cr 0.000% 0.200% 
Mo 0.000% 0.500% 
Ni 0.000% 1.500% 
Fe 98.133–98.143% 95.42%  
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were selected at different heights along the build direction of each wall 
with a sample cross section length of 15 mm. These specimens were 
mechanically polished and etched using 4% Nital solution. The micro-
structures of the prepared specimens were observed and recorded using 
a Leica DMi8 optical microscope. The microstructural images obtained 
for G4Si1 were used to estimate grain size in Leica Application Suite X 
(LAS X version 5) software following the ASTM E112 standard using the 
Jeffries planimetric method [17]. Image analysis for grain size estima-
tion was not conducted using LAS X for AM70 due to lack of equiaxed 
grains in the specimen. Instead, grain size estimation for AM70 was 
performed manually following the Jeffries planimetric method. 

Electron back-scatter diffraction (EBSD) was used to analyze the 
prior austenite grain structure of the evaluated metallographic speci-
mens for AM70. EBSD was not conducted for G4Si1 due to the lack of 
prior austenite grains in the microstructure. Following OM, the metal-
lographic samples were polished further using a 0.02 μm colloidal silica 
suspension to enable EBSD analysis. Data acquisition for EBSD was done 
using a Zeiss Ultra Plus field emission scanning electron microscope 
(FESEM) equipped with a Symmetry® EBSD detector (Oxford In-
struments). Data was acquired with a step size of 0.7 μm over a 300 μm 
× 1500 μm area using an acceleration voltage of 20 kV. The collected 
data was analyzed using Channel 5 EBSD software. The grain boundaries 
were categorized based on a minimum cut-off misorientation angle of 
15◦, and only the grains above 10 pixels (at 2048 × 1536 resolution) 
were considered for noise reduction. 

Fig. 1. WAAM equipment setup.  

Fig. 2. Schematic of the deposited wall with locations of temperature measurement and mechanical samples marked along build direction.  

Table 2 
Description of experimental setup and process parameters.  

Study Material and 
Equipment 

Material 1 Material 2 

Base Plate Size (Material) 300*200*20 mm (S355 steel) 
Wire Material (Diameter) G4Si1 (1.2 mm) AM70 (1.2 mm) 
Wall Length 160 mm 
Wall Height 100 mm 
Robot ABB 4600 40/2.55 
Shielding Gas Type 

(Composition) 
Mison 8 (Ar + 8% CO2 + 0.03% NO) 

Study Parameter 
F - Ignition Time 0.2 s 
F - Ignition Current 80% 
Wire Feed Rate (Level) 2 m/min (M1E1), 4 m/ 

min (M1E2) 
3 m/min (M2E1), 6 m/ 
min (M2E2) 

Interpass Temperature 
(Level) 

150 ◦C (M1E1), 250 ◦C 
(M1E2) 

150 ◦C (M2E1), 250 ◦C 
(M2E2) 

Step Height 1.2 mm (M1E1), 1.5 mm 
(M1E2) 

1.5 mm (M2E1 and 
M2E2) 

F - Travel Speed 10 mm/s 
F - Shielding Gas Flow 

Rate 
15 L/min 

F - Arc Ending Time 0.2 s 
F - Arc Ending Current 80% 
F - Wire Stick Out 15 mm 

Note: F- Fixed Parameter. 
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3. Results and analysis 

The wall temperature data, hardness and tensile strength properties, 
and microstructure images were used to characterize the effect of 
different process parameters (i.e., filler wire material, WFR, TS, and T0) 
on the weld properties. 

3.1. Thermal analysis 

Using the collected temperature data, four zones of interest from the 
bottom to the top of the wall, labeled Z1, Z2, Z3, and Z4 in Fig. 2 were 
identified. The cooling rate of the weld tends to decrease moving from 
zone Z1 to Z4. This trend has the effect of increasing the wait time to 
reach the specified interpass temperature between successive de-
positions. It was observed that the cooling rate reaches a steady state 
value as the height of the part and number of layers deposited increases; 
this value appears to be dependent on the material type and energy 
input. This phenomenon was not examined further in this study. 

At the bottom of the wall (Z1), for one to ten layers (up to ~10–15 
mm wall height), the weld experiences the fastest cooling rate, with wait 
times between subsequent weld passes of 10–15 s. In the lower middle 
section of the wall (Z2), for ten to thirty layers (~15–45 mm wall 
height), the weld experiences a much slower cooling rate, with wait 
times of 20–48s per layer, increasing with layer number. At the start of 
the upper middle section of the wall (Z3, >45 mm), the cooling rate sees 
a slight decrease from zone Z2. However, the rate of decrease of cooling 
rate is comparatively slower for zone Z3 than Z2. For example, in the 
wall printed using parameter set M1E1, the average interpass wait time 
at layer 10 (~12 mm) was found to be 12s, while at layers 20 (~ 24 mm) 
and 30 (~ 36 mm) the wait time increased to 26s and 48s between 
deposition, respectively. We can see that the cooling rate reduces ~50% 
between layers 10–20, and ~75% between layers 10–30. However, in 
zone Z3 of this wall (M1E1), the average wait time at layers 40, 50, and 
60 were found to be 58s, 62s, and 64s, respectively. 

From this data, it is evident that the rate of decrease in the cooling 
rate is not uniform as the height of the part increases. The decrease in 
cooling rate appears to reach a steady state in zone Z3, which was also 
observed for other prints in this study and is maintained through 
printing of zone Z4. A key difference in thermal phenomena between 
zones Z3-Z4 is a decrease in the number of heating and cooling cycles 
that each subsequent layer undergoes in this metal additive process. 

Fig. 3 presents the temperature profile for the 40th layer (M1E1) to show 
the reheating and cooling cycles undergone by a single layer. In WAAM, 
arc energy is used to melt the filler material and substrate to tempera-
tures above 1000 ◦C. Thus, as a new layer is deposited, a number of 
previously deposited layers undergo conductive heating to temperatures 
above 1000 ◦C. This successive heating and cooling of the part highly 
influences the resultant material microstructure (e.g., grain sizes and 
shape, and microstructural phase constituents) and its mechanical 
properties. 

Fig. 3. Temperature profile of layer 40 (M1E1) extracted from infrared py-
rometer showing reheating and cooling cycles. 

Fig. 4a. Optical micrographs (25 μm scale) of WAAM built parts using G4Si1 
welding wire for M1E1. Micrographs reported along wall height from top to 
bottom (sample A1, A2, and B). Phases identified: AF – Acicular ferrite, ALF – 
Allotriomorphic ferrite, WF – Widmanstätten ferrite, and F – Equiaxed ferrite. 
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3.2. Microstructure and mechanical properties 

Image analysis was used to identify the material grain sizes and 
microstructure phase constituents of the printed specimens. Fig. 4a–d 
shows the microstructural variation along the height of the WAAM-built 
walls for the two parameter sets (M1E1 and M1E2) using G4Si1. As 
shown in Fig. 2, sample A1 was taken from zone Z4 and sample A2 from 
zone Z3, sample B overlaps zones Z2 and Z3, sample C1 was taken from 
zone Z2, and sample C2 was taken from zone Z1 adjacent to the base 
plate. For the G4Si1 alloy, both welded walls exhibit distinctive micro-
structural (grain size) variations resulting from layer-by-layer deposi-
tion. For M1E1, sample C2 (Fig. 4b) experiences the highest cooling rate 
due to the large temperature difference between the new weld layers 
and the non-preheated baseplate, resulting in faster heat dissipation 
from the weld. In addition, a higher WFR for the first layer results in a 
higher heat input and contributes to the temperature difference between 
the base plate and the weld. This thermal phenomenon results in small 
grain sizes (2.46 ± 1.95 μm) in zone Z1 with the microstructure largely 
composed of bainite and acicular ferrite with traces of Widmanstätten 
and allotriomorphic ferrite. The hardness at the bottom of the wall was 
measured to be 248.25 ± 28.27 HV1. The large variability in the 
hardness at this location is due to the rapidly changing cooling rate at 
the bottom of the wall. As the height of the wall increases to the lower 
middle zone Z2, the cooling rate decreases to less than half of the cooling 
rate at the bottom of the wall. The microstructure of sample C1 (Fig. 4b) 
consists of equiaxed ferrite, allotriomorphic ferrite, and with small re-
gions exhibiting bainite, pearlite islands, and remnant acicular ferrite 
with average grain size of 2.96 ± 3.15 μm and hardness of 173.55 ±

4.10 HV1. Sample B (Fig. 4a) is largely comprised of equiaxed ferritic 
grains with trace amounts of pearlite at the grain boundaries. The 
average grain size and hardness at this location were found to be 4.03 ±
4.30 μm and 168.60 ± 4.85 HV1, respectively. Sample A2 (Fig. 4a) was 
similar in microstructure to sample B, with remnant acicular ferrite 
grains also observed, indicating a lack of transformation time during 
welding. 

The average grain size and hardness at this location were found to be 
5.39 ± 4.21 μm and 168.65 ± 5.39 HV1, respectively. Sample A1 
(Fig. 4a), taken from zone Z4 of the weld, was largely comprised of 
acicular ferrite with allotriomorphic ferrite found along the prior 
austenitic grain boundaries. 

Fig. 4b. Optical micrographs (25 μm scale) of WAAM built parts using G4Si1 
welding wire for M1E1. Micrographs reported along wall height from top to 
bottom (sample C1 and C2). Phases identified: AF – Acicular ferrite, ALF – 
Allotriomorphic ferrite, WF – Widmanstätten ferrite, and F – Equiaxed ferrite. 

Fig. 4c. Optical micrographs (25 μm scale) of WAAM built parts using G4Si1 
welding wire for M1E2. Micrographs reported along wall height from top to 
bottom (samples A1, A2, and B). Phases identified: AF – Acicular ferrite, ALF – 
Allotriomorphic ferrite, WF – Widmanstätten ferrite, and F – Equiaxed ferrite. 
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In addition, Widmanstätten ferritic grains were observed at the grain 
boundaries of allotriomorphic ferrite as shown in Fig. 4b. The grains in 
this region have an average hardness value of 191.90 ± 9.45 HV1 and 
average grain size of 3.21 ± 2.90 μm. 

The hardness of the material increases (~20 HV1) as we move from 
zone Z3 to zone Z4. The increase in hardness at the top of the wall 
(sample A1) can be associated with the variation in constituent phases 
and smaller grain sizes compared to sample A2. In addition, the top of 
the wall experiences fewer reheating and cooling cycles, limiting 
recrystallization and the number of phase transformations in the region. 
From the microstructure and hardness characterization for experimental 
wall M1E1, it was seen that the material becomes softer as we move from 
zone Z1 to zone Z3, with an increase in average grain size. The micro-
structure phase analysis (Fig. 4c and d) for wall M1E2 showed a similar 
phase structure to that of M1E1, but with increased ferritic grain sizes. It 
was seen that the higher energy printing parameters (M1E2) resulted in 
a wall with lower hardness than M1E1. Though the trends for cooling 
rate, hardness, and grain size for M1E2 were similar to M1E1, micro-
structure analysis found a small fraction of bainitic structures in the C2 
(Fig. 4d) sample close to the base plate. The resulting microstructure 
phases, grain sizes, and mechanical properties for the experiments are 
presented in Table 3. 

Similar to G4Si1, the walls printed using AM70 steel alloy exhibit 
distinctive microstructural variations as a result of layer-by-layer 
deposition (Fig. 5a–d). The walls produced using AM70 (M2E1 and 
M2E2), resulted in a fine-grained steel consisting of ferrite, martensite, 
and bainite, along with trace amounts of oxide inclusions. The grain 
sizes of walls printed using AM70 were smaller than their G4Si1 

Fig. 4d. Optical micrographs (25 μm scale) of WAAM built parts using G4Si1 
welding wire for M1E2. Micrographs reported along wall height from top to 
bottom (sample C1 and C2). Phases identified: AF – Acicular ferrite, ALF – 
Allotriomorphic ferrite, WF – Widmanstätten ferrite, and F – Equiaxed ferrite. 

Table 3 
Microstructure and mechanical property results for G4Si1 and AM70 deposits.  

Tested 
Sample 

HV1 Grain 
Size 
(μm) 

YS 
(MPa) 

UTS 
(MPa) 

% e Phase 

M1E1- 
A1 

191.90 
± 9.45 

3.21 
±

2.90 

447.20 
± 0.78 

628.35 
±

17.78 

31% Acicular ferrite 
with traces of 
Widmanstätten 
and 
allotriomorphic 
ferrite 

M1E1- 
A2 

168.65 
± 5.39 

4.21 
±

3.92 

Equiaxed ferrite, 
remanent acicular 
ferrite, traces of 
pearlite and 
bainite 

M1E1- 
B 

168.60 
± 4.85 

4.03 
±

4.30 

Equiaxed ferrite 
and traces of 
pearlite 

M1E1- 
C1 

173.55 
± 4.10 

5.61 
±

3.15 

Equiaxed ferrite 
and pearlite, 
allotriomorphic 
ferrite, remanent 
acicular ferrite, 
and traces of 
bainite 

M1E1- 
C2 

248.25 
±

28.27 

2.46 
±

1.95 

Acicular ferrite 
and traces of 
Widmanstätten, 
allotriomorphic 
ferrite and bainite 

M1E2- 
A1 

165.25 
±

11.92 

4.55 
±

4.83 

395.55 
± 1.62 

605.00 
±

10.60 

41% Acicular ferrite 
with traces of 
Widmanstätten 
and 
allotriomorphic 
ferrite 

M1E2- 
A2 

155.10 
± 3.26 

5.40 
±

4.78 

Equiaxed ferrite, 
remanent acicular 
ferrite, traces of 
pearlite and 
bainite 

M1E2- 
B 

155.15 
± 2.16 

5.38 
±

4.58 

Equiaxed ferrite 
with trace 
amounts of 
pearlite 

M1E2- 
C1 

170.45 
± 6.00 

3.92 
±

2.34 

Equiaxed ferrite 
and pearlite, 
allotriomorphic 
ferrite, remanent 
acicular ferrite, 
and traces of 
bainite 

M1E2- 
C2 

190.5 
±

10.63 

2.79 
±

2.07 

Bainite, acicular 
ferrite and traces 
of Widmanstätten 
and 
allotriomorphic 
ferrite  

M2E1- 
A1 

311.00 
±

26.18 

2a 771.82 
± 0.84 

932.96 
±

28.67 

25% Acicular ferrite 
and bainite 

M2E1- 
A2 

271.55 
± 7.58 

Bainite and 
acicular ferrite 

M2E1- 
B 

271.45 
± 9.56 

Bainite, acicular 
ferrite, and 
martensite 

M2E1- 
C1 

286.90 
±

11.03 

Bainite and 
acicular ferrite 

M2E1- 
C2 

339.17 
±

15.34 

Bainite and 
martensite 

M2E2- 
A1 

305.30 
± 9.30 

2-3a 707.58 
± 3.53 

943.34 
± 9.98 

28% Acicular ferrite 
and bainite 

(continued on next page) 
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counterparts, averaging at 2–3 μm throughout the part. 
AM70 material showed overall higher hardness and strength 

compared to G4Si1. For sample C2 (Fig. 5b) in M2E1, the microstructure 
was largely composed of bainite and martensite. The hardness at the 
bottom of the wall was measured to be 339.17 ± 15.34 HV1. The large 
variability in the hardness at this location is due to the rapidly changing 
cooling rate at the bottom of the wall. 

As the height of the wall increases to zone Z2, the microstructure of 
sample C1 (Fig. 5b) is similar to that of C2, comprised of bainite and 
acicular ferrite in a weave basket pattern with average hardness of 
286.90 ± 11.03 HV1. Sample B (Fig. 5a) taken at the intersection of 
zones Z2 and Z3 is largely comprised of lower bainite, upper bainite, 
acicular ferrite, and martensite with an average hardness of 271.45 ±
9.56 HV1. Sample A2 (Fig. 5a) was comprised of bainite and acicular 
ferrite, exhibiting an average hardness of 271.55 ± 7.58 HV1. Sample 
A1 (Fig. 5a) was found to be largely comprised of acicular ferrite and 
bainite. The hardness in this region was 311.00 ± 26.18 HV1. The in-
crease in hardness at the top of the wall can be associated with fewer 
heating and cooling cycles resulting in more harder phases in the 
microstructure, as observed in the experiments using G4Si1 steel alloy. 

The microstructure analysis for M2E2 (Fig. 5c and d) showed a 
similar phase structure to M2E1. It was seen that the higher energy 
printing parameters (M2E2) resulted in a wall with lower hardness than 
M2E1. The trends for cooling rate, hardness, and grain size were 
observed to be the same for M2E1 and M2E2. The only difference in 
microstructural phases was seen in prior austenite grains observed 
through EBSD analysis. It was observed that prior austenite grains were 
polygonal with parameter set M2E1, while prior austenite grains were 
columnar using parameter set M2E2, as shown in Fig. 6a and b, 
respectively. 

The higher energy parameter set (M2E2) normalized the columnar 
grains and increased the sub-grain size. The variation of hardness along 
the build direction for both materials (all parameter combinations) is 
shown in Fig. 7. From the figure, it is seen that the hardness is uniform 
through the part, with a slight increase at the bottom and top of the 
printed walls. 

Following the optical microscopy of the hardness samples, tensile 
specimens cut along the build direction (vertical) and nozzle travel di-
rection (horizontal) were tested. For both materials, the strength did not 
vary with orientation of the tensile specimen (horizontal and vertical) 
implying that mechanical properties favor isotropy in WAAM-CMT. The 
wall with parameter combination M1E1 showed higher YS (447.20 
MPa), UTS (628.35 MPa), and lower elongation at failure (31%) than the 
wall built using parameter set M1E2 (395.55 MPa, 605 MPa, and 41%, 
respectively). The samples from wall M1E2 experienced greater elon-
gation (~5% higher strain) than M1E1. The M1E2 specimens experi-
enced higher heat input per layer and a slower cooling rate than M1E1, 
resulting in specimens with lower hardness and higher ductility, but 
with slightly lower strength. The difference in average UTS between the 

two parameter sets (M1E1 and M1E2) was found to be 15 MPa. 
The measured YS, UTS, and % elongation values for parameter sets 

M1E1 and M1E2 are reported in Table 3, and the true stress strain curves 
for the two parameter sets tested for material G4Si1 in shown in Fig. 8. 
For the AM70 alloy, specimens from the lower weld energy parameter 
set M2E1 exhibited higher YS (771.82 MPa), lower UTS (932.96 MPa), 
and lower elongation (25%) than the wall using parameter set M2E2 
(707.58 MPa, 943.34 MPa, and 28%, respectively). 

The measured YS, UTS, and % elongation values for parameter sets 
M2E1 and M2E2 are shown in Table 3, and the true stress strain curves 
for the two parameter sets tested for material AM70 in shown in Fig. 8. 
The findings indicate that lower energy input results in higher YS and 

Table 3 (continued ) 

Tested 
Sample 

HV1 Grain 
Size 
(μm) 

YS 
(MPa) 

UTS 
(MPa) 

% e Phase 

M2E2- 
A2 

266.50 
±

10.62 

Bainite and 
acicular ferrite 

M2E2- 
B 

244.95 
± 7.96 

Bainite, acicular 
ferrite, and 
martensite 

M2E2- 
C1 

281.95 
±

12.45 

Bainite and 
acicular ferrite 

M2E2- 
C2 

346.25 
±

24.07 

Bainite and 
martensite  

a Obtained using manual measurement following ASTM E112. 

Fig. 5a. Optical micrographs (25 μm scale) of WAAM built parts using AM70 
welding wire for M2E1. Micrographs reported along wall height from top to 
bottom (samples A1, A2, and B). Phases identified: AF – Acicular ferrite, and B 
– Bainite. 
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UTS for both materials. However, the ductility of both materials 
increased when printing using the higher energy input parameters. 

4. Discussion and validation 

Microstructural characterization for the two steel alloys (G4Si1 and 
AM70) showed presence of acicular ferrite, bainite, equiaxed ferrite, 
Widmanstätten ferrite, allotriomorphic ferrite phases, and pearlite. In 
addition, martensite was also formed in the AM70 welds. The fraction of 
each of these microstructure phases identified influences the mechanical 
properties observed during testing of the welds. Acicular ferrite is a 
desired phase in inoculated steels due to its influence on the overall 
toughness of the material. Acicular ferrite grains are usually formed at 
intragranular nucleation sites formed at inclusions. Similar to bainite, 
which nucleates at austenite grain boundaries and grow inwards as 
sheaves or plates, transformation to acicular ferrite occurs below the 
bainite start temperature. The growth of acicular ferrite phase over 
bainite may be favored based on the prior austenite grain size and in-
clusion density in the alloy used for printing [18]. In addition, the 
presence of Widmanstätten ferrite and allotriomorphic ferrite along 
prior austenite grain boundaries have been seen to favor acicular ferrite 
growth over bainite. The increased amount of acicular ferrite grains may 
be favored in applications where higher ductility is warranted. Similar 
to acicular ferrite, the presence of bainite may also bring good strength 
to ductility performance but with higher hardness. Widmanstätten 
ferrite structures generally possess higher hardness due to a higher 
phase boundary area where dislocations at short distances may be hin-
dered resulting in an increase in the hardness. In addition, microcracks 

are common in Widmanstätten ferrite which can limit the impact 
strength of the material and thus, only preferable in select applications. 
A high cooling rate can result in an increase in Widmanstätten ferrite 
since it provides less time for ferrite nucleation sites. Pearlite on the 
other hand forms when the material is slowly cooled from the austeni-
tizing temperature for steels. Pearlites are generally lamellar with 
alternating layers of ferrite and cementite and are formed in steels with 
lower than eutectoid carbon content (~ 0.75–0.85 wt % of carbon). The 
presence of pearlite can increase hardness, strength, and ductility of 
steels, but can have a detrimental effect on the toughness properties of 
the material. Finally, martensite structures are generally the hardest and 
strongest phase in steel alloys but also constitute the most brittle 

Fig. 5b. Optical micrographs (25 μm scale) of WAAM built parts using AM70 
welding wire for M2E1. Micrographs reported along wall height from top to 
bottom (samples C1 and C2). Phases identified: AF – Acicular ferrite, B – 
Bainite, and M − Martensite. 

Fig. 5c. Optical micrographs (25 μm scale) of WAAM built parts using AM70 
welding wire for M2E2. Micrographs reported along wall height from top to 
bottom (samples A1, A2, and B). Phases identified: AF – Acicular ferrite, B – 
Bainite, and M − Martensite. 
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structure [18]. 
The SEM micrographs for G4Si1 welds (both process parameter 

settings) indicated the presence of allotriomorphic ferrite and Wid-
manstätten ferrite phases along the prior austenite grain boundaries at 
the bottom (Zone Z4) and top (Zone Z1) zones of the part as shown in 
Fig. 9a. Thus, G4Si1 welds exhibited a higher percentage of acicular 
ferrite phase in their microstructure than bainite. Additionally, the 
higher energy input parameters (M1E2) resulted in an increase in the 
percentage of equiaxed ferrite, acicular ferrite, and pearlite phases and 
also increased the grain sizes in the microstructure (Fig. 9b). The com-
bination of the phases as well as the larger grain sizes resulted in 
decreasing the hardness, while increasing the ductility of the high 

energy input G4Si1 welds without a considerable loss in strength (UTS 
for M1E2 was 23 MPa less than M1E1). On the other hand, AM70 is a 
bainitic steel with chromium, manganese, and molybdenum concen-
trations which may lower the formation of allotriomorphic ferrite in the 
final microstructure [18]. Hence, the resulting microstructure saw a 
decrease in the presence of acicular ferrite. 

However, it is important to note that, the concentration of acicular 
ferrite in AM70 was significantly higher than the G4Si1 welds. All four 
temperature zones in AM70 samples exhibited largely bainitic grains 
(mean grain size of 2–3 μm) with smaller regions of acicular and 
martensitic phases. 

Martensitic laths were identified in the microstructure of AM70 de-
posits at the top of the wall and near the base plate (A1 and C2 zones) as 
shown in Fig. 10. The formation of martensitic laths along the prior 
austenite grain boundaries can be attributed to the high cooling rates 
near the base plate and lack of remelting (due to addition of layers of 
top) at the top of the wall. Acicular ferrite phases can be linked to the 

Fig. 5d. Optical micrographs (25 μm scale) of WAAM built parts using AM70 
welding wire for M2E2. Micrographs reported along wall height from top to 
bottom (samples C1 and C2). Phases identified: AF – Acicular ferrite, B – 
Bainite, and M − Martensite. 

Fig. 6. EBSD scans of AM70 welds with parameter set a) M2E1 and b) M2E2.  

Fig. 7. Microhardness values for G4Si1 (top) and AM70 (bottom) deposits 
measured along build direction. 
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presence of microscopic inclusions as seen in the micrographs of AM70 
welds (Fig. 4). Similar to G4Si1, the AM70 micrographs show an in-
crease in the fraction of acicular ferrite phase when using higher energy 
input parameters (M2E2) compared to M2E1, which slightly increased 
ductility and strength. 

This performance improvement can be associated with the largely 
bainitic microstructure of AM70 welds. Specimens for both process 
parameter settings (M2E1 and M2E2) resulted in similar UTS (~930 
MPa for M2E1 and ~940 MPa for M2E2). However, despite having 
similar UTS, the YS for M2E1 and M2E2 have a difference of 70 MPa (~ 
10%), indicating that M2E1 is more brittle. The microstructural phases 
obtained for AM70 are in accordance with prior research investigating 
HSLA steels, where in the major constituents were ferrite and bainite 
phases [10,19]. Further, the small grain size and presence of bainite 
(Fig. 11) and acicular ferrite throughout the sample contributed to 
higher hardness, UTS, and YS, but lower ductility than G4Si1 samples. 
The relative lower ductility of AM70 may be associated with the large 
number of fine inclusions found throughout the welded microstructure 
which can aggravate microcracks and their propagation in the weld. The 
hardness and strength of fully bainitic microstructures decrease during 
tempering; this change is more evident in high strength steels. The 
repeated heating and cooling cycles in the WAAM process results in a 
non-uniform tempering of the printed part. Consequently, a clear vari-
ation in the microstructure and mechanical properties can be seen due to 
the layer-by-layer building approach. For printing WAAM parts with 
uniform microstructure, reducing or eliminating the need for stress relief 
heat treatment requires understanding the variation in microstructure 
caused by process-related thermal phenomena. Capturing data related to 
changes in cooling rates and wait times as a function of part height can 
help create computational models which can enable process tuning and 
optimization. 

Fig. 8. Stress-strain curve for G4Si1 deposits (top) and AM70 deposits (bottom) 
characterized in the build (vertical) and travel (horizontal) direction. 

Fig. 9. SEM micrographs of G4Si1 deposits for M1E1 (top) and M1E2 (bottom); 
(a) AF- acicular ferrite, WF- Widmanstätten ferrite, and ALF- allotriomorphic 
ferrite, (b) P- pearlite and F- equiaxed ferrite. 

Fig. 10. SEM micrographs of AM70 deposits for M2E1 with martensite 
(M) laths. 
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5. Conclusions and future work 

Thin walls (160 × 100 × 5 mm) of mild steel (G4Si1) and high- 
strength, low-alloy steel (AM70) were fabricated using WAAM-CMT. A 
fixed travel speed and two different sets of wire feed rates and interpass 
temperatures were employed, resulting in four walls for subsequent 
microstructural analysis and mechanical testing. Microstructural evo-
lution (using an optical microscope, SEM, and EBSD scans) and me-
chanical properties (i.e., YS, UTS, and %e) were investigated (in the 
horizontal and vertical directions of material deposition) to better un-
derstand the associated influence of thermal cycles of layer-by-layer 
deposition. 

From these investigations, the following observations were made:  

• Based on observed phenomena, four different temperature zones 
were identified, which are characterized by differences in cooling 
rate, wait time between layers, and number of reheating cycles.  

• Cooling rate decreases as the height of the part increases until it 
reaches a steady state value. The decrease in cooling rate leads to an 
increase in wait time between layers as the height of the part 
increases.  

• Lower heat input resulted in higher YS and UTS and lower uniform 
strain.  
o YS and UTS increased by 13% and 3.8%, respectively, in G4Si1 

steel deposits with the lower energy input parameters (M1E1) than 
with higher energy input parameters (M1E2).  

o YS increased by 9% in AM70 steel deposits with the lower energy 
input parameters (M2E1) than with higher energy input parame-
ters (M2E2). However, in case of UTS the lower energy input pa-
rameters (M2E1) saw a 1% decrease compared to high energy 
input parameter (M2E2).  

o Percentage elongation at failure was 10% and 3% lower in G4Si1 
and AM70 deposits respectively, for printing with lower energy 
input parameters (M1E1 and M2E1) than with higher energy input 
parameters (M1E2 and M2E2).  

• Higher energy input parameters resulted in increased ductility and 
reduced hardness for both materials.  

• Owing to a lack of significant anisotropy in G4Si1 deposits due to an 
equiaxed grain structure, the mechanical properties in the travel 
direction showed negligibly higher UTS (0.38%) than the samples 
taken in the build direction. A similar trend was observed for AM70 
(increases of 2.7% and 0.24% in YS and UTS, respectively).  

• Even though energy input varied for both materials for the different 
parameter sets, no significant microstructural changes were 
observed across the parameter sets for G4Si1, though energy input 

variation had a significant influence on the material microstructure 
for AM70. Prior austenite grains were equiaxed/polygonal for M2E1, 
while they were columnar for M2E2. Higher heat input settings 
normalized the columnar grains, increasing the sub-grain size. The 
observed microstructures for M2E1 and M2E2 were comprised of 
similar phases (i.e., ferrite + bainite + martensite + inclusions).  

• Smaller grain sizes due to higher solidification rates and limited 
grain growth in lower energy input parameter sets (M1E1 and M2E1) 
resulted in higher YS and hardness in both alloys. Since grain 
boundaries play an essential role in resisting dislocation movement 
in polycrystalline materials, the observed mechanical property 
trends are attributed to the presence of more grain boundaries in 
samples printed using lower energy input parameters. 

The work herein will support development of models capable of 
characterizing the process parameter-process physics-property re-
lationships for a family of steels. Specifically, graph-based modeling and 
machine learning approaches are being investigated to combine 
knowledge from different domains into one integrated system model. 
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[14] Böhler, “3D PrintAM70, low-alloyed, high strength steel, Material Safety Data 
Sheet.” https://www.vabw-service.com/documents/boehler/datenblaetter/en/L1 
_34551_en__3Dprint_AM_70_1H43C006_3367515__EN%20(1).pdf?cache=1 
639059520. 

[15] B. Mezrag, F. Deschaux-Beaume, M. Benachour, Control of mass and heat transfer 
for steel/aluminium joining using cold metal transfer process, Sci. Technol. Weld. 
Join. 20 (3) (2015) 189–198. 

[16] S. Ríos, P.A. Colegrove, F. Martina, S.W. Williams, Analytical process model for 
wire+ arc additive manufacturing, Addit. Manuf. 21 (2018) 651–657. 

[17] “Standard Test Methods for Determining Average Grain Size.” https://www.astm. 
org/e0112-96e02.html (accessed Mar. 01, 2022). 

[18] H.K.D.H. Bhadeshia, J. Christian, Bainite in steels, Metall. Trans. A 21 (3) (1990) 
767–797. 

[19] P. Dirisu, S. Ganguly, A. Mehmanparast, F. Martina, S. Williams, Analysis of 
fracture toughness properties of wire+ arc additive manufactured high strength 
low alloy structural steel components, Mater. Sci. Eng. A 765 (2019), 138285. 

S. Panicker et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0921-5093(22)01074-7/sref6
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref6
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref6
https://doi.org/10.1007/s40194-017-0498-x
https://doi.org/10.1007/s40194-017-0498-x
https://doi.org/10.3390/met10020216
https://doi.org/10.3390/met10020216
https://doi.org/10.1007/s00170-017-0636-z
https://doi.org/10.1007/s00170-017-0636-z
https://doi.org/10.1016/j.addma.2019.03.029
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref11
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref11
https://doi.org/10.1007/s11661-004-0030-y
https://www.lincolnelectric.com/assets/global/Products/Consumable_MIGGMAWWires-SuperArc-SuperArcG4Si1/c41025.pdf
https://www.lincolnelectric.com/assets/global/Products/Consumable_MIGGMAWWires-SuperArc-SuperArcG4Si1/c41025.pdf
https://www.lincolnelectric.com/assets/global/Products/Consumable_MIGGMAWWires-SuperArc-SuperArcG4Si1/c41025.pdf
https://www.vabw-service.com/documents/boehler/datenblaetter/en/L1_34551_en__3Dprint_AM_70_1H43C006_3367515__EN%20(1).pdf?cache=1639059520
https://www.vabw-service.com/documents/boehler/datenblaetter/en/L1_34551_en__3Dprint_AM_70_1H43C006_3367515__EN%20(1).pdf?cache=1639059520
https://www.vabw-service.com/documents/boehler/datenblaetter/en/L1_34551_en__3Dprint_AM_70_1H43C006_3367515__EN%20(1).pdf?cache=1639059520
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref15
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref15
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref15
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref16
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref16
https://www.astm.org/e0112-96e02.html
https://www.astm.org/e0112-96e02.html
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref18
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref18
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref19
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref19
http://refhub.elsevier.com/S0921-5093(22)01074-7/sref19

	Investigation of thermal influence on weld microstructure and mechanical properties in wire and arc additive manufacturing  ...
	1 Introduction
	2 Materials and methods
	2.1 Materials and equipment
	2.2 Product and process parameters
	2.3 Thermal profile during welding
	2.4 Mechanical characterization
	2.5 Microstructure characterization

	3 Results and analysis
	3.1 Thermal analysis
	3.2 Microstructure and mechanical properties

	4 Discussion and validation
	5 Conclusions and future work
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


