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A B S T R A C T   

The main object of the present study is focused on the systematic processing heat-input design based on directed 
energy deposition (DED) methodology, enrolling carbon steel phase transformation to control the mechanical 
properties. Three different 4-layer low-carbon alloy steel (ER70S-6) walls are fabricated to investigate this matter 
with varying heat-inputs. To justify heat-inputs, single layers by metal-inert gas (MIG) welding with different 
heat-inputs were carried out, and the results were used as input data to the 4-layers fabrication. In addition, to 
get a more homogenous structure, some walls’ heat-inputs have descended from the first layer to the top layer. 
The microstructural studies show that reducing heat-input causes a higher solidification rate and the formation of 
finer columnar grains, which significantly affects the mechanical properties. Electron microscopy analysis reveals 
that a higher cooling rate in the wall with descending heat-input from bottom to top (496 J/mm to 382 J/mm), 
motivates formation of the acicular ferrite and bainite, which significantly enhances the mechanical properties. 
The exceptional tensile toughness of the wall, ~28.86 GPa%, with an ultimate tensile strength (UTS) of ~740 
MPa, yield stress of ~560 MPa, and an elongation to failure of ~38 % depicted the impact of fine and multi- 
constituents’ microstructure by heat-input control.   

1. Introduction 

Over the past few years, there has been a growing interest in additive 
manufacturing (AM) owing to its ability to produce parts at high speeds 
and its economic advantages in manufacturing. Furthermore, AM 
employed for the fatigue strengthening of damaged metallic members 
[1,2]. Compared to traditional methods like machining and forging, AM 
technologies provide several advantages [3], including developing 
complex or specialized features straight from the designed part without 
using expensive tooling or forms, less material wastage, and a significant 
level of product accuracy [4]. 

Wire Arc Additive Manufacturing (WAAM) is one of the sub- 
categories of Directed Energy Deposition (DED) AM technology. 
WAAM as a promising alternative for the production of large-scale 
metallic parts with relatively low to medium structural complexity, 
use welding to manufacture the designed part [5]. In this method, the 

wire and a part of the substrate are melted by an electric arc from the 
power source, allowing the material to be deposited on top of the sub
strate layer by layer to create the desired preform. Additionally, 
shielding gas is used to protect the melt pool throughout the process [6]. 
The controlling parameters of this process are voltage, current, and 
speed of movement for the construction of the final piece [7]. These 
parameters determine the heat-input that affects the size of the molten 
pool. 

The AM-specific grain structures formed during the complex thermal 
cycle and rapid cooling rates associated with various AM methods to 
achieve a more homogeneous structure [8]. Recent studies in mini
mizing microstructural inhomogeneity in parts fabricated via WAAM 
used post-process heat treatment. For example, the post-process heat 
treatment, including solutionizing and aging, significantly improved the 
microstructural inhomogeneity of the maraging steel part fabricated by 
WAAM method [9]. The tensile properties of thin-walled parts of the die 
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steel H13 exhibited anisotropy, but annealing for 4 h at 830 ◦C could 
potentially make them isotropic. However, the annealing process 
resulted in a reduction in hardness, tensile strength, and yield strength 
[10]. 

ER70S steel is known for its excellent weldability due to its low 
carbon content and high levels of silicon and manganese. It produces 
high-quality welds with good penetration, and minimal spatter [11]. 
Bellamkonda et al. [12] successfully produced an ER70S-6 steel cylin
drical component. The microstructure of this part varied between the 
lower and upper regions, culminating in a range of ultimate tensile 
strength (UTS) from 429 MPa to 589 MPa, respectively. Therefore, in 
order to achieve more homogeneous properties, post-fabrication treat
ment was required. Nemani et al. [13] investigated the impacts of 
inter-critical austenitizing temperature on the microstructure and me
chanical properties of ER70S-6 part fabricated by WAAM process. The 
water-quenched WAAM specimen formed an ideal microstructure 
leading to a great combination of ductility and strength in the printed 
part and eliminating the anisotropic flexibility. After that, they studied 
the effect of post-printing heat treatments cycles, including hardening 
and normalizing heat treatment. Although the hardening heat treatment 
increased the tensile strength, it intensified the ductility anisotropy of 
horizontal and vertical samples, but the anisotropy in mechanical 

properties and homogeneity of the microstructure were minimized by 
normalizing as a heat treatment due to the removal of the coarse grain 
areas in the HAZ [14]. 

The anisotropy and heterogeneity in the mechanical properties of 
metallic AM parts are mostly related to the as printed microstructure, 
including; crystallographic texture, grain morphology, phase trans
formation, lack-of-fusion defects, microstructural coarsening, and het
erogeneous recrystallization layer banding [15]. The heat-input also 
impacts the development of residual stress, internal defects, distortion, 
and affects the microstructure heterogeneity [16]. As a result, adjusting 
the heat-input significantly affects the microstructure and mechanical 
properties of the printed part. 

The multi heat-input technique and using a lower heat-input in top 
layers from the substrate (by reducing the welding current or increasing 
the travel speed) leads to improved lamination dimensions in compari
son to a fixed heat-input laminate wall [17]. The mixed heat-input 
(MHI) strategy aimed at minimizing voids and collapse defects that 
frequently occur during the fabrication of large block components while 
maintaining high manufacturing efficiency. By applying different 
heat-input conditions at various positions of the layer, it is possible to 
manufacture components that are free of defects, possess a uniform 
shape, and have no voids. This approach surpasses the conventional 
WAAM process [18]. Recent studies have explored post-printing heat 
treatment as a means of achieving homogeneity in mechanical proper
ties. However, there has been limited research on obtaining uniform 
mechanical properties through the control of heat-input across different 
layers. 

This study investigates the effect of adaptive heat-input control 
(means variation of heat-input versus wall/layer) on the microstructure 

Fig. 1. The scheme of the WAAM processing set-up.  

Table 1 
Nominal chemical compositions (in wt%) of the wire and substrate used in this work.   

C Mn Si P S Ni Cr Mo Fe 

Wire ER70S-6 0.072 1.248 0.761 0.015 0.0053 0.008 0.014 0.002 Bal. 
Substrate ST-37 0.15 0.491 0.073 0.008 0.009 0.03 0.001 0.008 Bal.  

Fig. 2. Schematic of (a) the 4-layered wall produced by WAAM and deposition strategy, (b) the cross-section used for the metallographic sample, (c) tensile test 
standard coupon, and (d) sample 1 and 2 locations for tensile testing. 

Table 2 
Welding parameters used for each specimen are shown in Fig. 3.  

Sample Arc 
voltage (v) 

Intensity 
(A) 

Power 
(W) 

Welding speed 
(mm/min) 

Heat-input 
(J/mm) 

A 11.6 103 1195 150 382 
B 11.9 112 1333 150 426 
C 12.1 120 1452 150 465 
D 12.3 126 1550 150 496 
E 12.4 132 1637 150 523 
F 12.5 138 1725 150 552  
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and mechanical properties of low-carbon alloy steel (ER70S-6) parts 
fabricated by WAAM based on gas metal arc welding (GMAW) tech
nology. Special attention was paid to controlling and engineering the 
microstructural homogeneity of the wall by implying descending layer’s 
heat-input. ST-37 steel, which has a very similar chemical composition 
to the counterpart alloy used as a reference and is the same as the 
substrate material. As the leading object, the correlation between the 
designed microstructure enrolling the possible phase transformations 
with the functional performance of the deposited walls in terms of 
indentation hardness and tensile properties was considered. 

2. Materials and methods 

2.1. Material and fabrication process 

A three-axis CNC table combined with a GMAW welding machine 
was used to manufacture parts undergoing a typical WAAM methodol
ogy. Steel wire was fed into the welding machine, and the designed piece 
was constructed layer-by-layer with the aid of a CAD model. A schematic 

illustration of the employed machine is shown in Fig. 1. The substrate 
was set up on the table and secured with clamps. The controller ran the 
G-code file, the table moved in response to the controller’s commands, 
and the piece was produced following the designed plan. 

An ER70S steel wire with a diameter of 0.8 mm was conducted in this 
study. Six single-layer MIG welding samples with a length of 30 mm and 
power (arc voltage × intensity) range of 1725 to 1195 W with a constant 
welding speed of 150 mm/min were constructed on the ST-37 substrate 
with a thickness of 12 mm to investigate the effect of heat-input. Then, 
according to the results of the former experiment, three four-layer walls 
with a length of 30 mm with different input power and constant welding 
speed of 150 mm/min were constructed to investigate the effect of heat- 
input on the WAAM process. The following strategies are used to print 
the walls: the first wall with layer-by-layer reduced power from a range 
of 1725 W–1452 W (wall 1), the second wall with a constant input power 
of 1452 W (wall 2), and the third wall with layer by layer reduced power 
from range 1550 W–1195 W (wall 3). The composition of the wire and 
substrate is shown in Table 1. 

An A2R CNC controller performed the deposition process with the 

Fig. 3. One layer of MIG welding with corresponding microstructure undergoing various heat-inputs: (A) 382 J/mm; (B) 426 J/mm; (C) 465 J/mm; (D) 496 J/mm; 
(E) 523 J/mm; (F) 552 J/mm. 
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CAD model pathway and a DIGI-MIG 210 welding machine with a pure 
Argon shielding gas flow rate of 8 L/min. A schematic of the walls 
manufactured using the WAAM method is shown in Fig. 2a. The depo
sition strategy is shown with arrows. 

2.2. Microstructural characterization 

A Schematic of the 4-layered wall produced by WAAM and deposi
tion strategy is illustrated in Fig. 2a. Fig. 2b shows a schematic of 
metallographic samples extracted by conventional machining of the 
inner surface of additive manufactured walls. Microstructural charac
terizations were carried out using optical microscopy (OM) and scanning 
electron microscopy (SEM). For the OM and SEM observations, the 
samples were ground through 60, 400, 800, 1200, and 2000 grit SiC 
papers, followed by alumina (the size of ~1 μm) polishing. The polished 
samples were etched with a solution of Nital (5 % nitric acid and 95 % 

ethanol) to reveal the grain structure. The grain size of each layer was 
measured based on the standard intercept method (ASTM E112). 

To well understanding the phase transformation behavior of wall 3, 
the thermal history of the wall was adopted by using an Adamel DT1000 
dilatometer. cylindrical sample with 10 mm in length and 2 mm in 
diameter were cut from the wall and placed in an infrared heating 
furnace under a vacuum of about 0.1 Pa. The samples were heated to 
950 ◦C with a heating rate of 90 ◦C/s and isothermally held for 15 min 
followed by quenching with a cooling rate of 80 ◦C/s to 490 ◦C and held 
for 40 min at this temperature. 

2.3. Mechanical properties evaluation 

Hardness values were measured at 0.3 mm intervals of the columnar 
grain area of each layer using a 100 g force load and a 10-s dwell time. 
The highest and lowest values of seven distinct points were removed, 
and the resulting average hardness values were reported. 

For the tensile tests, the walls were sliced in the vertical direction (x- 
z) with standard thickness, and after slicing, each wall was converted 
into 2 slices, and sample 1 and sample 2 were separated lengthwise to 
perform the tensile test. Fig. 2c is actually a schematic of a slice cut from 
the printed wall and shows the position of samples 1 and 2 for tensile 
testing. Miniature specimens with a gauge length of 1.8 mm and a cross- 
section area of 0.8 mm × 0.2 mm with uniform width(w) to thickness(t) 
ratio (w/t) of 4 were prepared due to the limited dimensions of the 
samples [19,20]. The uniform elongation, YS, and UTS values presented 
by Kumar et al. [20] nearly stabilized at 0.25 mm for thickness(t) and 1 
mm for uniform width(w) (w/t = 4). Tensile testing was carried out in 
compliance with ASTM E8M − 16 employing a testing machine, the 
STM-20 Santam. The results of the tensile tests were reported as the 
average of at least three measurements with the appropriate standard 
deviation. Tensile tests were conducted at room temperature using a 
Santam universal testing machine with an initial cross-head speed of 
0.01 mm/min [16]. A schematic of the tensile testing sample is pre
sented in Fig. 2d. 

Fig. 4. The columnar grain size varies based on the heat-input curve.  

Fig. 5. Wall No.1 with heat-inputs of 552 J/mm for A, 523 J/mm for B, 496 J/mm for C, and 465 J/mm for D, and E is the equiaxed grains of the top layer.  
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3. Results and discussion 

3.1. The effects of heat-input on the microstructure of as-built walls 

In the welding process, the input parameters significantly affect the 
macro and microstructure properties along with the mechanical prop
erties. Three crucial factors (voltage, current, and welding speed) 
directly influence the amount of heat-input during the welding process 
[21]. Heat-input has a direct relationship with current, voltage, and 
thermal efficiency value, as well as has an inverse relationship with the 

welding speed [22]. Heat-input is usually calculated based on the 
following equation (1): 

HI = μ V.I
S

(1)  

where HI is the heat-input (in J/mm), V is the arc voltage (in volts), I is 
the arc current (in Amperes), S is the welding speed (in mm/s), and μ is 
the thermal efficiency (until-less), which could typically be considered 
with a constant value of ~0.8 in MIG processing [23]. 

Since heat-input influences the microstructure and for tailor making 

Fig. 6. Wall No.2 with heat-inputs of 465 J/mm for A, B, C, and D, and E is the equiaxed grains of the top layer.  

Fig. 7. Wall No.3 with heat-inputs of 496 J/mm for A, 465 J/mm for B, 426 J/mm for C, and 382 J/mm for D, and E is the equiaxed grains of the top layer.  
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the process, first, six single-layer samples (A-F) with different heat- 
inputs, as listed in Table 2, were fabricated. Following, their micro
structures were studied. The microstructure results of samples with 
different heat-input are shown in Fig. 3; the higher heat-input causes 
weld widening, which is due to the higher volume of the molten pool 
and melting of the substrate. Due to the temperature gradient between 
the molten metal and the substrate, the primary heat sink is oriented to 
the substrate, leading to columnar grains that are oriented outward from 
the substrate. Since solidification takes a short time owing to its lower 
molten volume, this resulted in finer columnar grains in A, B, and C, 
whereas higher heat-input causes higher molten volume, which in turn 
raises the solidification period with coarser grain size in D, E, and F 
tracks. 

The grain size curve of these six samples of Fig. 3 measured by cross 
section method against heat-input is shown in Fig. 4. According to the 
results, increasing the heat-input leads to coarser nuclei, resulting in 
coarser columnar grains. The figure shows that heating input within the 
range 425–500 J/mm has the highest impact on the grain size, while the 

effect of lower and higher heat-inputs leads to minor changes. In fact, in 
the case of lower heat-input, the substrate sinks the heating efficiently, 
while the deposited layers with the highest heat-input approach the 
saturated condition. 

Four-layer walls with various heat-inputs concerning the single 
layers’ results were built to investigate defect-free samples’ structure 
and mechanical properties. The four top heat-input values were used for 
welding the layers of wall No.1 from the bottom to the top, as shown in 
Fig. 5. The microstructural analysis reveals that the columnar grains in 
the top layers are coarser than those in the lower layers. However, 
despite each layer having lower heat-input than the previous one, the 
columnar grains in the lower layers have finer columnar grains owing to 
the substrate heat sink effect. The top layer of the wall shows equiaxed 
grains, which are coarser than the grains of the previous layer due to the 
lower cooling rate. As the heat-input increases, the width of the sample 
increases. This characteristic also shows that increasing heat-input in
creases penetration depth and width [24]. 

In Fig. 6, all four layers of wall No.2 were deposited with an average 
heat-input; the columnar grain size in each layer is increased due to the 
accumulation of heat in the successive layers [25]. Under the same 
heat-input conditions, the liquid molten pool spreads more quickly, so 
the width of the cladding layer increases [26]. Observing a sharp rise in 
the size of columnar and equiaxed grains in the last layer is a proof of 
heat accumulation [27]. 

Wall No.3 was built with the four lowest heat-inputs used in this 
study, which is shown in Fig. 7. The first layer was deposited with the 
minimum heat-input of wall No.1, and then the heat-input was reduced 
layer by layer. Less roughness is observed in the final part, and the wall 
is closer to the desired final shape due to less total heat-input in the 
whole process. The general microstructure feature of this wall is similar 
to wall No.1. However, because of the lower heat-input in the top layer, 
which balances the effect of a lower cooling rate, finer columnar grains 
developed comparing with the upper layer in walls No.1 and. 2. Fig. 8 
shows the columnar grain sizes for these walls in each layer; due to the 
lower amount of heat-input, wall 3 has the finest columnar grain sizes of 
any of the walls. Another observation is that the columnar grain is more 
enlarged in wall 2 than walls 1 and 3. 

Fig. 9 shows the SEM image of the walls’ microstructures. The first 
layer of wall No.1 (Fig. 9d) and wall No.2 (Fig. 9e) has acicular ferrite 
(AF) and pro-eutectoid ferrite (P-EF) because of the high cooling rate 

Fig. 8. The columnar grain size per layer curves in walls manufactured by the 
WAAM process. 

Fig. 9. SEM results from the top layers in the first position from (a) wall 1, (b) wall 2, and (c) wall 3, and the first layers in the second position from (d) wall 1, (e) 
wall 2, (f) wall 3. (M–A: martensite-austenite, PF: polygonal ferrite, P-EF: pro-eutectoid ferrite, AF: acicular ferrite, B: bainite). 
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due to being closer to the substrate. Accelerated cooling promotes the 
formation of AF because it increases super-cooling and, consequently, 
the driving force for transformations [28], which raises the nucleation 
rate and permits AF intergranular nucleation. The high heat-input in the 
first layer of wall No.1 and the increased cooling rate cause porosity 
formation during solidification. The cooling from the austenitizing 
temperature (>800 ◦C) caused the formation of mostly 
martensite-austenite (M-A) constituents in the matrix of polygonal 
ferrite [13]. The top layer of wall No.1 (Fig. 9a) and wall No.2 (Fig. 9b) 
shows polygonal ferrite (PF) and M-A constituents, but the volume 
fraction of M-A constituents in wall No.2 is less due to the heat 
accumulation. 

The top layer of wall 3 has a structure of AF, P-EF, and M-A particles 
due to the lowest heat input and the higher cooling rate than walls 1 and 
2. The first layer of this solidifies fast because it is near the substrate, 
while the second layer re-melts a part of the first layer during deposition 
but with a lower heat-input than walls 1 and 2, which tolerates the 
formation of acicular ferrite due to this thermal history. The previous 
studies on ER70S steel show the formation of bainite in aligned laths 
shapes [29]. The precipitation of bainite in ER70S steel during WAAM is 

mainly controlled by the cooling rate, which should be high enough to 
prevent entire ferrite formation. The cooling rate is determined by 
adjusting the welding parameters, such as the heat-input, the travel 
speed, and the wire feed rate. Higher cooling rates tend to favor bainite 
formation since it results in a more significant undercooling of the 
austenite [30]. In plain steels, the appearance and distinction of bainite 
are somewhat complicated because of the short incubation time of 
ferrite and the microstructural similarity between AF and bainite. On the 
other hand, studies show that the structures of acicular ferrite and upper 
bainite are different in terms of the orientation of the lathes in such a 
way that parallel lathes with an angle of less than 15◦ show the structure 
of upper bainite and chaotic lathes with an angle of more than 15◦ show 
acicular ferrite structure [31]. To overcome this ambiguity, the 
time-temperature-transformation (TTT) diagram of ER70S steel 
(Fig. 10a) was calculated using the JMatPro software, which only shows 
the approximate time and temperature of phase transformations. In this 
calculation, physical properties of the first layer of Wall 3 such as grain 
size and austenitizing temperature were assumed to be 130 μm and 
950 ◦C (40 ◦C above A3), respectively. The output results from the 
calculated TTT diagram were used for the dilatometry test, and it was 
performed on the sample from the first layer of wall 3. The figure shows 
that the bainite transformation start temperature (Bs) is about 590 ◦C, 
and the structure of ER70S steel at 500 ◦C includes bainite in addition to 
ferrite. Based on the continuous-cooling-transformation (CCT) diagram 
(Fig. 10b), the sample was heated up to the temperature of 950 ◦C at a 
rate of 90 ◦C/s and successively held for 15 min, then cooled down at a 
rate of 80 ◦C/s to 490 ◦C. During cooling in the dilatometry test, two 
expansion peaks were observed. The expansion peaks are due to the 
transformation of austenite to ferrite and the transformation of the 
retained austenite to bainite (Fig. 10c). The bainite morphology of 
ER70S steel (Fig. 10d) is similar to the enclosed yellow areas in Fig. 9f, 
which confirms the microstructure of the first layer of wall 3 is a com
bination of bainite (B) and AF. 

Fig. 10e and f shows another SEM image of the first layer of wall 3 
(Fig. 9f). As can be seen, the structure of the first layer of wall 3 includes 
two morphologies, with parallel lathes and chaotic lathes, which ac
cording to the microstructure obtained from the sample after the dila
tometry test (Fig. 10d), include acicular ferrite and bainite. 

3.2. Microstructure correlation with mechanical properties 

It is well understood that the microstructure has a crucial impact on 

Fig. 10. (a) Time–temperature-transformation (TTT) diagram of the ER70S steel calculated using the JMatPro software, (b) dilatometric curve, and (c) SEM of wall 3 
after dilatometric cycle. 

Fig. 11. Vickers hardness profiles of each layer of wall manufactured by the 
WAAM process. 
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the mechanical properties of samples manufactured by the WAAM 
process [32]. In order to assess the effect of heat-input on mechanical 
properties, a hardness examination of the columnar grains of the walls 
manufactured by the WAAM process was performed. The results are 
shown in Fig. 11. The microstructure and, subsequently, the hardness of 
layers of walls 1 and 3, which were deposited in order of successive 
heat-input reduction, and wall 2, which had a consistent heat-input, are 
very different. Wall 1 has the lowest hardness because it faces maximum 
heat-inputs and has larger columnar grains than the others. The 
coarseness of columnar grains in the top layers causes a drop in 

hardness, but because each layer has received less heat-input, the 
coarseness of the columnar grains shows a lower slope than wall 2, 
which in turn, the hardness reduction rate leads to a relatively more 
downward slope. The same hardness reduction is observed in wall 2 but 
happens with a higher slope. This is because all the layers are deposited 
with constant heat-input. The lower cooling rate in the top layers is not 
compensated, and the coarseness of the columnar grains increases with a 
higher rate, as revealed by the sharper slope. Due to less heat-input 
during construction, wall 3 has the highest hardness. The columnar 
grain size is finer; however, similar to wall 1, the reduction in hardness 

Fig. 12. The stress-strain curves of sample 1 and sample 2 from each wall manufactured by the WAAM process (e.g., sample code W1S1, refers to wall 1 sample 1).  

Fig. 13. (a) Tensile toughness representative (UTS × Total Elongation) versus the condition of the sample (e.g., W3S1: sample 1 of wall 3), and (b) YS versus the state 
of the sample. 
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in the top layers shows a lower slope because less heat was applied to the 
top layer to compensate for the low cooling rate. 

The maximum hardness value observed in the first layer of wall 3 
(300 HV) can be attributed to the presence of bainite and acicular ferrite 
in the microstructure. On the other hand, the minimum hardness 
observed in the upper layer of wall 1 can be linked to the presence of 
coarse polygonal ferrite and MA region in the microstructure. 

The tensile test of samples 1 and 2 of the walls is shown in Fig. 12. As 
predicted by the hardness analysis, sample 1 shows a greater ultimate 
tensile strength (UTS) than sample 2 in all three walls because sample 1 
is prepared from layers close to the substrate, where the cooling rate is 
the highest, leading to finer grains and higher UTS [33]. Wall 1 has the 
highest elongation among the three walls due to the highest heat-input 
in all layers and the coarseness of the grains. Wall 3, with a slight 
decrease in elongation, has the highest UTS value between the three 
walls due to the lowest heat-input and the formation of finer grains. Wall 
2 shows the most non-uniform mechanical properties between sample 1 
and sample 2 due to the sudden growth of grains in the layers far from 
the substrate, which is the effect of heat accommodation [34]. In com
parison, the stress-strain curve of these three walls reveals that wall 3 
has more uniform properties and finer grains because of lower 
heat-input and much less heat accumulation in the higher layers due to 
reduced heat-input in each layer. 

Fig. 13 summarizes the mechanical properties of processed walls in 
this study. Fig. 13a plots the toughness representative (MPa%) versus 
the samples with the different conditions of the WAAM process. These 
results implied that the processed wall 3, sample 1 (abbreviated W3S1) 
presented the maximum value of 28860 MPa%, known as the toughness 
factor (Ultimate tensile strength × Elongation to failure (UTS × Total 
Elongation)) or tensile toughness representative [35]. 

Concerning the dependence of yield strength on average grain size, 
AM specimens were found to follow the Hall-Petch relationship [36]. 
The Hall-Petch equation that has been determined through the experi
ment is used to calculate grain boundary strengthening (σgb): 

σgb =Kyd− 0.5 (2)  

where d is the grain size, and Ky is the strengthening coefficient. Ac
cording to the results of Fig. 8, due to lower heat-input in wall 3, in all 
layers, the grain size is finer. The yield stress and UTS are higher than 
walls 1 and 2 as predicted by the Hall-Petch relationship (Fig. 13). 
Therefore, fine grain structure can enhance the deformation compati
bility of the whole sample, thereby bringing about a minor reduction in 
ductility but much higher yield strength, which is shown in Fig. 13b. 

The cooling rate significantly affects the microstructure, which in 
turn influences the material’s mechanical properties. Specifically, the 
highest cooling rate observed in the first layer of wall 3 leads to bainite 

and acicular ferrite formation in the microstructure. This results in an 
increase in UTS but a slight reduction in elongation. Conversely, the 
minimum cooling rate is observed in the top layer of wall 1, which 
causes the coarsening of polygonal ferrite and M-A particles, reducing 
UTS and elongating. 

Fig. 14a shows the summary of mechanical properties for all samples. 
The results show that the difference between UTS and YS in W3S2 is 
higher than in other models. The values of UTS-YS are one of the in
dicators that can help with the decision on the work-hardening capacity 
of the material, which is essential for absorbing energy during the 
fracturing of the sample [37]. 

To provide a direct comparison with published data, Fig. 14b sum
marizes the mechanical properties of ER70S steel processed by WAAM 
[14,38–41]. According to Fig. 14b, it can be concluded that a superior 
strength-ductility trade-off along with reasonable tensile toughness has 
been achieved for W2S1, W3S1, and W3S2 samples compared to other 
works in this area. 

4. Conclusions 

As the leading impact of the present research study, the influence of 
heat-input control strategy on the microstructure and mechanical 
properties of low-carbon alloy steel (ER70S-6) walls fabricated by the 
GMAW process was studied. To this end, carbon steel walls were 
deposited undergoing various processing conditions; the first wall with a 
reduced heat-input in the range of 552 to 465 J/mm, the second wall 
with a constant heat-input of 465 J/mm, and the third wall with a 
decreased heat-input of 496-382 J/mm. Based on the characterization 
studies and scientific trends, the following conclusions can be drawn:  

• The applied heat-input control strategy significantly affected the 
deposition of layers upon WAAM, their shape, and even the bonding 
between them. Accordingly, different microstructural features were 
revealed by the act of this adaptive control of the heating process 
since less heat-input causes a higher solidification rate resulting in 
the formation of finer columnar grains.  

• The deposited walls show more uniform properties with finer grains 
due to lower heat accumulation and successively reduced heat-input 
from the bottom to top layers in wall 3. In contrast, a considerable 
gradient and heterogeneity across the other manufactured walls 
were analyzed.  

• The microstructure of this wall also shows formations of acicular 
ferrite and bainite constituents by the controlled heating and cooling 
cycles upon WAAM processing. As the main result, the contribution 
of bainite in the microstructure improves the mechanical properties, 
such as yield strength, tensile strength, and ductility. 

Fig. 14. (a) A summary of tensile properties and absorbing energy during the fracturing versus total elongation, and (b) UTS versus total elongation of ER70S-6 steel 
manufactured by the GMAW process in present and previous studies. 
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• With a more satisfactory strength-ductility trade-off, the mechanical 
investigations revealed that wall 3 fabricated by WAAM with a 
hardness of about 300 HV shows a tensile strength of 740 MPa and a 
remarkable toughness factor of 28.86 GPa%. 
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