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ARTICLE INFO ABSTRACT

Keywords: Wire arc additive manufacturing (WAAM) of high-strength steel (HSS) has gained significant attention for
Wire arc additive manufacturing structural applications. Achieving precise control over the manufacturing process and understanding the
Heat input relationship between process parameters and the resulting material characteristics is crucial for optimizing the
Geometry

performance of these steel walls to achieve tailored properties. The present study was performed to comprehend
the influence of process parameters on the microstructure and properties of wire arc additively manufactured
(WAAM) high-strength steel (HSS) thin-wall structures. Multi-layer thin walls of ER110S-G high-strength steel
comprising 30 layers were deposited bidirectionally and were fabricated with different travel speeds and wire-
feed rates. Geometrical analysis conducted on samples indicates that achieving minimal surface waviness for
single-bead thin walls depends on adjusting wire feed rates and travel speeds. Specifically, lower wire feed rates
are found to be more effective in minimizing waviness when dealing with single-bead thin walls (thickness <
5 mm). Conversely, lower travel speeds are preferred for reducing surface irregularities in walls fabricated at
high deposition rates for thicker single-bead walls (thickness > 8 mm). Cooling rate analysis from midpoints of
the 5th, 15th and 25th layers of each sample indicates high cooling rates for low heat input (HI=178 J/mm)
samples even for the 25th layer. Microstructural characterization of the samples suggests an increase in acicular
ferrite and martensite volume fraction with lower heat input. Additionally, microstructural quantification
with EBSD reveals smaller grain sizes and higher Kernel average misorientation for low heat input deposits.
Mechanical properties like hardness and tensile strength display an increasing trend with decreasing heat
input while elongation to fracture is reduced under the same conditions. Furthermore, anisotropic behaviour
is observed in tensile strength and elongation to fracture between building and deposition directions due to
the presence of microstructural inhomogeneities.

Microstructure
Cooling rate
Mechanical properties

Introduction other processes like Laser Directed Energy Deposition (L-DED) (Gisario
et al., 2019).
The recent focus on wire arc additive manufacturing (WAAM) arises Wire arc additive manufacturing has different variants like GMAW

due to its ability to manufacture large-scale structures with deposition (Gas Metal Arc Welding), GTAW (Gas Tungsten Arc Welding) and PAW
rates as high as 8 kg/h (Wu et al., 2018). Wire arc additive manufac- (Plasma Arc welding) (Sampaio et al., 2023). GMAW refers to the

turing involves the integration of an arc welding process, involving a WAAM process with an electric arc and consumable wire feedstock
consumable in the form of a wire, with a motion system to deposit

molten material along a programmed path. Medium to low complexity
designs can be easily manufactured using WAAM, which is associated
with low costs for investment and production while a wide variety of
wire feedstock material is available. However, in arc welding-based
deposition problems might arise due to process instabilities, overheat-
ing of samples, and the introduction of residual stresses and distortion, constricted arc is utilized to obtain a high energy density. This en-
which directly contributes to lower geometrical accuracy compared to ables better surface finish and lower thermal distortion in components.

as electrodes enabling the deposition of large-scale structures. Con-
versely, GTAW uses a non-consumable tungsten electrode giving higher
precision than GMAW. However, GTAW suffers from lower deposition
rates and practical difficulties associated with tool-path planning due
to the use of an external wire feeder. In the case of PAW, a specialized
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However, the use of PAW increases the manufacturing time and af-
fects the scalability. Though GMAW offers lower geometrical accuracy
than GTAW and PAW, GMAW offers distinct advantages in terms of
deposition rates (Wu et al., 2018).

The layer-by-layer deposition sequence in WAAM makes it possible
to obtain tailored properties required for specific applications, ie.
properties on demand. Tailoring material properties using WAAM leads
to better material performance with the potential to increase strength,
toughness, hardness or resistance to corrosion. Hitherto, tailored prop-
erties in parts fabricated with WAAM have been achieved by the
use of process parameter modulation (GMAW, CMT etc.) (Panchenko
et al., 2022; Miiller et al., 2019; Rodrigues et al., 2019; Fang et al.,
2022; Henckell et al., 2020; Yildiz et al., 2020), compositional con-
trol (Chandrasekaran et al., 2020; Wu et al.,, 2020; Ahsan et al.,
2021, 2020; Rodrigues et al., 2020) or in-situ thermo-mechanical treat-
ments (Donoghue et al.,, 2016; Scotti et al., 2020; da Silva et al.,
2020).

In addition to WAAM process parameter modulation (Yildiz et al.,
2020; Miiller et al., 2019; Rodrigues et al., 2019; Fang et al., 2022;
Henckell et al., 2020), preheating and interpass temperatures (Vahedi
Nemani et al., 2021; Zhai et al., 2022) also affect the microstructure
development and thus the mechanical properties. Appropriate process
parameter selection plays a vital role in the geometrical accuracy
of constructed parts. Geometrical accuracy has an influence on the
amount of material to be machined and on the material properties.
Poor geometrical features that function as stress concentration points or
sites for initiating fracture can contribute to the degradation of material
properties. It is crucial to comprehend how processing conditions,
geometry, microstructure and properties are interconnected to achieve
precise control over local properties while minimizing deviations from
the intended design geometry.

With good weldability and strength properties, high-strength low
alloy steels (HSLA) are a good choice for marine, offshore and structural
applications. This has led to widespread research on WAAM of high
strength low alloy (HSLA) steels which can be classified either as
normal strength (< 600 MPa) or high strength steels (> 700 MPa) based
on their tensile strength (Huang et al., 2023). Solid-state phase trans-
formations in HSLA steels facilitate the tuning of material properties
by controlling the phase fractions of ferrite, bainite and martensite;
hence, control over process parameters is necessary to ensure that these
solid-state phase transformations are optimized for desired properties.
Several normal strength and high strength steel grades have been used
in WAAM deposition including ER70S — G (Haden et al., 2017; Miiller
et al., 2019; Rafieazad et al., 2019; Ghaffari et al., 2019), ER90S —
B (Dirisu et al., 2019), ER100S (Bourlet et al., 2020; Ermakova et al.,
2020), ER110S —G (Rodrigues et al., 2019; Duarte et al., 2021; Mishra
et al., 2023; Babu et al., 2023) and ER120S — G (Dirisu et al., 2019).
Several authors studied the microstructure and properties of a single
HSLA steel wall or blocks printed with optimized parameters demon-
strating low defect occurrence and comparable mechanical properties
to the wrought material (Nemani et al., 2020; Ghaffari et al., 2019).
The primary focus of these studies was directed towards elucidating
either the local microstructure variation (Sun et al., 2020a) or the
anisotropy of material properties in different directions (Dirisu et al.,
2019; Chen et al., 2024). Rodrigues et al. (2019) fabricated thin walls
with low and high heat input to study the effect of heat input on
ERI110S — G steel. Furthermore, Duarte et al. (2021) linked heat input
measured during continuous deposition and synergic pulsed deposition
to geometry, microstructure and mechanical properties of high-strength
steel. An increase in the yield strength and ultimate tensile strength
(UTS) of the material was observed with low heat input in both studies
mentioned above (Rodrigues et al., 2019; Duarte et al., 2021). A few
other studies on WAAM of high-strength steels (HSS) have focused on
the effect of deposition strategies on microstructure and mechanical
properties of rectangular blocks (Aldalur et al., 2020; Dirisu et al.,
2019; Xu et al., 2019). These studies linked thermal accumulation
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Table 1
Process parameters used for the fabrication of the thin walls.

Specimen # Wire Feed Rate (m/min) Travel Speed (mm/s)
S1 6 5

S2 6 7.5

S3 6 10

S4 6 14

S5 6 17

S6 2 10

S7 4 10

S8 8 10

S9 10 10

during weaving or oscillation deposition strategies to deterioration in
mechanical properties such as strength and hardness when compared
to blocks fabricated with parallel deposition.

Most of the previous studies on ER110S — G steel dealt with the
use of an optimum process parameter for deposition (Mishra et al.,
2023; Rodrigues et al., 2019; Duarte et al., 2021) or a limited range of
heat input was considered (Rodrigues et al., 2019; Duarte et al., 2021).
Heat input is dependent on several other process variables such as wire
feed rate, travel speed, contact tip to workpiece distance, shielding gas
etc. Similar heat inputs can be obtained through different combinations
of these parameters. Among these, wire feed rate and travel speed
are crucial parameters that can be easily altered and that directly
impact the amount of heat input into the manufactured component.
Hence, a systematic study is necessary to correlate wire feed rate and
travel speed with geometry, microstructure and mechanical properties.
In the present study, a wide range of parameters is considered with
heat inputs ranging from approximately 178 J/mm to 982 J/mm by
altering wire feed rate and travel speed. During processing real-time
thermal measurements were conducted to correlate process parameters
to microstructure. A systematic experimental approach is undertaken
to understand the influence of WAAM process parameters on the ge-
ometry, microstructure and properties. A simple rectangular thin wall
was chosen as the geometry for the study. Thin walls are fabricated,
keeping travel speed constant and varying wire feed rate and vice
versa. Thermal field evaluation was performed on these depositions
with a thermal camera. Thermographs and average cooling rates were
obtained from real-time thermal measurements and correlated to the
observed microstructure of the samples. Geometrical features such as
height, effective width and surface waviness of each sample were also
measured. Finally, tensile tests and microhardness measurements were
made to better understand the influence of process parameters on the
microstructure and properties of the deposited material.

Experimental methodology
Experimental setup and sample deposition

Multi-layer thin walls with 30 layers and 200 mm lengths were de-
posited with different processing parameters using a CMT-5000i power
source integrated with a Fanuc 6-axis robot. Pulsed mode deposition
was used with a contact tip to workpiece distance of 15 mm. Walls were
deposited bidirectionally to maintain a constant height (Dehaghani
et al., 2023). The process parameters used for the deposition of each
wall are listed in Table 1.

Protegon (85%Ar + 15%CO,) was used as shielding gas at a flow
rate of 17 1/min. Interpass temperature between the deposition of
subsequent layers was maintained at 150 °C. The walls were deposited
on a high-strength steel S690 grade substrate of 250 X 140 x 25 mm?>.
A high-strength steel wire (AWS A5.28: ER110S-G) of 1.2 mm diameter
(Lincoln Electric) was used as the feedstock. The nominal composition
of the wire is given in Table 2.
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Table 2

Composition of high strength steel wire (LNMoNiVa) as provided by the supplier.
Element C Mn Ni Si Cr Mo Cu A Fe
Weight percentage 0.09 1.7 1.4 0.54 0.3 0.24 0.06 0.08 Balance

Process evaluation methods

Current and voltage characteristics of the deposition were measured
at 5 kHz with Triton 4000 data logger. Heat input is estimated from the
instantaneous voltage (V;), current (I;) and travel speed (7'S) (Mishra
et al., 2023). Linear heat input (HI) in the WAAM process is defined by
the relationship given in Eq. (1) taking the process efficiency (1) value
of 0.8 into account (Sun et al., 2020c).

n V;I
n2iso n

TS
where 7 is the process efficiency and n is the number of measurements.
An infrared camera (Infratec VarioCAM HD) was used to evaluate the
thermal field corresponding to multiple bead depositions. The thermal
field evaluation was focused specifically on extracting the cooling rates
observed between 800 °C and 500 °C, as well as the evolution of
the heat-affected zone within the temperature range of 1200 °C and
800 °C, which corresponds to the solid phase. A constant emissivity
value of 0.92 obtained from previous literature was used to evaluate
the thermal field (Behrooz, 2020) after solidification. Since a protective
glass window was used to shield the thermal camera from weld spatters,
the window’s transmissivity is also considered in the temperature field
estimation.

HI = (@)

Geometrical characterization

After the deposition of each layer, layer height was measured at
three locations within the sample using a vernier calliper. Height mea-
surements were performed ensuring that the measurement points were
not located in the start or stop region of the deposit. The maximum
width and effective width correspond to peaks and valleys within a
specific region in the transverse cross-section extracted from the centre
along the length of the wall as indicated in Fig. 1. Surface waviness is
related to the maximum distance between the peak and the valley in a
given area of the deposited wall and was estimated using the method
described by Geng et al. (2018). A transverse cross-section image of
the wall was divided into five regions of equal length excluding the
top bead and bottom beads as indicated in Fig. 1. Measurements of
the maximum width and effective width were obtained from each of
the five regions of the transverse cross-section images using the image
processing software ImagelJ. Then, the surface waviness (SW) of each
region from the fabricated sample was obtained using Eq. (2).
_ MW - EW
B 2
where MW is the maximum width and EW is the effective width of
each region. The average surface waviness of a sample was obtained
from the surface waviness values of the five regions corresponding to
a sample.

Sw 2

Microstructural characterization

Transverse cross-sections were extracted from the thin-walled sam-
ples for microstructural characterization. Standard metallographic
preparation procedures were applied on the samples, which included
mounting, grinding and polishing. Chemical etching of the polished
sample was performed with a Nital 2% solution to reveal the mi-
crostructure. An Olympus BXM60 and a Keyence VHX-5000 digital
microscope were employed to obtain optical micrographs and macro-
graphs from the transverse cross-sections. Scanning electron micro-
graphs were obtained using a Jeol JSM-IT200 InTouch Scope and a

Final Height

Fig. 1. Schematic illustration of the geometrical feature measurements.

Jeol 6500F-field emission gun SEM. Phase analysis to estimate retained
austenite in the middle section of the wall samples was achieved by
XRD with a CuKa target and a step size of 0.040° for a measuring time
of 2 s. Samples for EBSD measurements were subjected to OPS polishing
for 40 min in addition to the previously mentioned sample preparation
methods. All EBSD measurements were conducted on the transverse
cross-section of thin walls, focusing on the fusion zone corresponding to
the 15th layer of the wall samples. EBSD measurements were performed
using a Thermo Scientific™ Helios™ G4 PFIB UXe SEM equipped with
an EDAX detector. A step size of 0.25 ym was used. TSL OIM Analysis
8 software was used to analyse the measured data.

Mechanical property evaluation

Microhardness measurements were performed in accordance with
ASTM E92-23 on the transverse cross-section of the extracted samples
parallel to the build direction with a Struers Durascan hardness tester.
A load of 1 kg was used with a holding time of 15 s. Determination
of further mechanical properties of the sample was accomplished with
tensile testing of specimens extracted from the thin walls at room
temperature. Six specimens were extracted from each wall of which
three were oriented horizontally i.e. parallel to the deposition direction
(DD) and the other three were oriented vertically i.e. parallel to the
building direction (BD). Due to the limitations associated with the
height of walls a non-standard specimen was used for the tensile testing.
A schematic of sample locations and tensile specimen dimensions (Fu
et al., 2019) is given in Fig. 2. An Instron 5500 universal testing
machine was used for tensile testing with a cross-head displacement
of 4.5 mm/min. The displacement during testing was measured us-
ing an extensometer with a gauge length of 10 mm. The ultimate
tensile strength and total elongation at fracture of the samples were
obtained from the resultant stress-strain curves conforming to ASTM
E8 standards.
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Horizontal Tensile
Vertical Tensile Samples Samples

=

Deposition Direction

(b)

Fig. 2. (a) Tensile specimen dimensions in tensile testing. (b) Schematic of tensile sample location from each wall.

Table 3

Average current, voltage and frequency obtained from the current-voltage characteristics acquired during the fabrication of thin wall structures.

Sample # Wire feed rate (m/min) Travel speed (mm/s) Average current (A) Average voltage (V) Average pulse frequency (Hz) Instantaneous heat input (J/mm)
S1 6 5 145 24 127 982
S2 6 7.5 152 24 132 690
S3 6 10 157 24 135 545
S4 6 13.5 141 24 125 384
S5 6 17 134 24 122 307
S6 2 10 57 19 55 178
S7 4 10 88 22 80 314
S8 8 10 202 28 175 702
S9 10 10 256 30 208 966

Result and discussion
Current and voltage characteristics

The average current (Iavg), average voltage (V,wg) and pulse fre-
quency obtained during the process is given in Table 3. Due to the use
of synergic pulsed GMAW 1,,,,,, V,,,, and pulse frequency is only affected
by an increase in the wire feed rate. When the wire feed rate is ramped
up in synergic pulsed GMAW, the power source is designed to increase
welding power to melt the wire electrode automatically. However, to
increase welding power the optimal pulse frequency is also increased
to prevent overheating of the deposit and distortion.

The current-voltage characteristics of the thin wall structures de-
posited with different wire feed rates are given in Fig. 3. It can be
observed that pulse duration and background current both displayed
an increasing trend when the wire feed rate is increased. A high
background current maintains the arc during the base period and helps
in maintaining the arc stability to enable smooth droplet transfer and
hence lower spatter. In the case of a wire feed rate of 10 m/min, a
background current of approximately 100 A is observed. Such high
background currents are associated with a high droplet transfer rate
facilitating a higher deposition rate (Pal and Pal, 2011). High back-
ground current can cause the overall heat input to increase due to
higher average current and heat transfer to the workpiece. It can be
inferred from Fig. 3 that a relatively higher peak current and lower
peak duration are observed for the wire feed rates of 2 m/min and
6 m/min. The combined effect of high peak current with short peak
duration can result in a short melt pool and higher droplet velocities.
This enables the droplet to enter the melt pool overcoming the surface
tension, reducing the spatter and promoting better fusion. Hence better
surface quality can be expected in samples with wire feed rates less than
or about 6 m/min.

From measured instantaneous voltage and current data in combina-
tion with selected travel speed, the linear heat input is calculated with
a process efficiency of 0.8 (Norrish, 2017) according to Eq. (1) for the
samples listed in Table 1. The heat input as a function of travel speed
and wire feed rate is displayed in Fig. 4. Travel speed has an inverse
relationship with the heat input as indicated in Eq. (1). A synergic

welding mode was used for the deposition due to which the wire feed
rate is proportional to the average current and also voltage; hence, heat
input is directly proportional to the wire feed rate used.

Geometry

The influence of wire feed rate and travel speed on the total height
and effective width of the deposits are given in Figs. 5 and 6, respec-
tively.

Increasing the wire feed rate or decreasing the travel speed results in
a higher total height, individual layer height and effective width of the
samples. Samples with higher wire feed rates have higher height and
wider beads due to the increased material deposition per unit length.
Reducing travel speeds results in an increased time per unit length of
the deposition trajectory also resulting in higher material deposition.

It was observed that sample S1 has a greater final height and lower
maximum width and surface waviness than sample S9 even though
heat inputs (Fig. 4) are similar. Samples deposited with high wire feed
rates like S9 have a high welding current and voltage ( Table 3). An
increase in the welding current and voltage leads to an increase in
arc pressure and heat flow to the material leading to the superheating
of the deposited droplets. Higher arc pressure, along with the high
heat content of the sample, tends to push the liquid metal to the
outer peripheries. High pulse frequency associated with sample S9
leads to shorter pulse duration. A shorter pulse duration combined
with high average current ensures that the weld remains molten when
additional wire material is added to the melt pool during the next pulse.
Successive welding pulses exert arc pressure over the liquid melt pool,
forcing molten metal to spread out and widen, resulting in lower bead
height and wider beads.

Surface waviness is a critical parameter in WAAM deposition, as it
is directly linked to the volume of material that needs to be machined
to obtain a smooth surface finish. Qualitative and quantitative compar-
isons of the surface waviness of the samples are indicated in Fig. 5 (e)
(f) and Fig. 6. Samples fabricated with a higher heat input (S9) have a
higher surface waviness. This is due to the increased volume of molten
metal associated with a high wire feed rate combined with a higher
frequency of pulsed arc pressure during pulsed GMAW which can result
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Wire feed rate: 2 m/min

Wire feed rate: 6 m/min
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Wire feed rate: 10 m/min
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Fig. 4. Variation of heat input with (a) wire feed rate at a constant travel speed of 10 mm/s and (b) travel speed at a constant wire feed rate of 6 m/min. For a detailed discussion

on the temperature effects of heat input refer to Section “Cooling rate analysis”.

in the spreading of the molten weld pool. It should be noted that the
surface waviness of sample S5 is much higher than that of sample
S6, even though sample S6 has a lower heat input. This is related
to the humping defect observed in sample S5. The humping defect
is characterized by the occurrence of peaks and troughs periodically
along the welding direction (Norrish et al., 2021). Previous studies
have linked humping to a Kelvin-Helmholtz hydrodynamic instability
caused by the relative motion of surface waves opposite to the welding
direction (Kumar and DebRoy, 2006) or when the weld pool length
exceeds a critical value (Bradstreet, 1968). The variations in height
along the weld bead result in changes in contact tip-to-workpiece
(CTWD) distance and resultant heat input. The instabilities caused
by these variations lead to surface undulations along the deposition
direction and the plane parallel to both the deposition direction and
build direction, as indicated in Fig. 6. Though S1 and S9 samples
were deposited with similar heat input, sample S9 has a higher surface
waviness than S1. Higher background current and deposition frequency
in S9 instigate the formation of wider beads and thermal distortions.
Therefore, to achieve higher deposition rates for faster production or
thicker single bead walls (thickness > 8 mm), using lower travel speeds
rather than higher wire feed rates promotes geometrical accuracy and
lowers the amount of machining required to achieve the required
thickness. Similarly, when aiming for reduced heat input or thin single

bead walls (thickness < 5 mm), opting for a lower wire feed rate
rather than higher travel speeds is recommended for creating a more
near-net-shaped part.

Cooling rate analysis

Thermal field measurements of the WAAM process help to elucidate
the microstructural evolution during the deposition process. Metallur-
gical phenomena including solidification, solid-state phase transforma-
tion and tempering govern the final microstructure of WAAM-deposited
S690 grade high-strength steel.

In carbon steels, phase composition is one of the most critical
microstructural aspects affecting final mechanical properties. Gener-
ally, high-strength steel microstructures comprise a mixture of different
ferrite morphologies and martensite (Mishra et al., 2023). Cooling rates
experienced by the material while cooling down from the austeniti-
zation temperature determine the fraction of constituents (Bhadeshia
and Honeycombe, 2017). From the measured thermal profiles the time
taken by the material to cool from 800 °C to 500 °C (rg/5) can be
evaluated. The estimated rg,5 is used to calculate the average cool-
ing rate, which is linked to the solid-state phase transformation in
steels (Bhadeshia and Honeycombe, 2017).
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WFR = 6 m/min).

The thermal profile at a material point in the 15th layer during
the WAAM deposition of a thin wall is indicated in Fig. 7. We refer
to the thermal cycle experienced by a material point in a bead during
deposition as the solidification thermal cycle when the peak bead
temperatures exceed the melting temperature (T > Tpyppn)- The
solidification thermal cycle influences grain size and distribution in the
deposited material. The cooling rates extracted from the solidification
thermal cycle of samples deposited with different heat input indicates
how cooling rates evolve along the build direction when the heat input
is varied. Fig. 8(a) indicates the cooling rate evolution and thermal
accumulation along the height of the samples deposited with different
heat inputs. Higher cooling rates are observed close to the substrate
plate for all the samples. However, a substantial difference of approxi-
mately 150 °C/s in the cooling rates was observed between the samples
deposited with the highest and lowest heat inputs. As the layer height
increases, the cooling rates decrease. For samples S3 and S1, the cooling
rates reach almost a uniform value indicating a steady-state thermal
condition. This can also be noted from the thermographs displayed in
Fig. 8 where the heat-affected zone appears to have similar dimensions
in the case of the 15th layer and the 25th layer. For sample S6, since the
heat input is low, cooling rates display a decreasing trend even for the
30th layer. It is reasonable to anticipate that adding more layers can
result in attaining a uniform cooling rate. Low cooling rates along the
build direction are experienced due to lower heat flux to the base plate.
This is caused by the reduction in thermal gradient due to thermal
accumulation by subsequent bead depositions. As a result, the heat-
affected zone (HAZ) region is more prominent in 15th and 25th/ayers in

all cases. From Fig. 8, it can be observed that for sample S3, uniform
cooling rates are achieved after the 10th layer. This aligns with similar
heat-affected zones observed in Figs. 8(d) and 8(e). Qualitatively, it
can be inferred that the heat-affected zone increases in size with the
deposition of each bead until stable thermal conditions are reached, at
which point the size remains consistent.

Cooling rates (between 800 °C and 500 °C) calculated for the critical
thermal cycle with a peak temperature above A_; as indicated in Fig. 7
are presented in Fig. 9. The A_; critical temperature for austenitization
for the ER110S-G High Strength Steel is 804 °C, based on equilibrium
calculations performed with Thermocalc. Cooling rates corresponding
to the critical thermal cycle at the 5th, 15th and 25th layers of all
samples deposited with varying wire feed rates and travel speeds are
given in Fig. 9. For all the cases, it can be observed that cooling rates in
the 5th layer are higher than in the 15th and the 25th layers. The high
cooling rates in lower layers are caused by greater thermal conduction
to the substrate. In the 5th layer, for a wire feed rate of 2 m/min, the
cooling rate is as high as 80 °C/s. This is close to the critical cooling
rate for complete martensite transformation for the high-strength steel
composition used. High cooling rates observed in samples deposited
with a low wire feed rate of 2 m/min are related to the relatively low
heat input of 178 J/mm used for this sample. Variations in the heat-
affected zones observed in the 25th layer of the deposited walls and the
final printed walls corresponding to different process parameters are
given in Fig. 10. Lower heat input leads to lower thermal accumulation
in samples deposited with a wire feed rate of 2 m/min, which can
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Fig. 6. Qualitative evaluation of surface waviness corresponding to side view and cross-sectional view of samples deposited with varying wire feed rate (at constant TS = 10 mm/s)

and travel speed (at constant WFR = 6 m/min).

also be evidenced by a relatively smaller heat-affected zone indicated
in Fig. 10(a). As the layer height increases, the cooling rates drop to
approximately 40 °C/s for the 15th and 25th layer. However, for a
high wire feed rate of 10 m/min, the 5th layer has a cooling rate of
approximately 20 °C/s, much less than in the case of a wire feed rate
of 2 m/min. Cooling rates in 15th and 25th layer for sample S9 drop to

much lower values of 8 °C/s and 7 °C/s, respectively. A similar trend
can also be observed when the travel speed is varied.

Simultaneous increase of wire feed rate and decrease of travel speed
leads to lower cooling rates in all the layers due to the increased heat
input into the samples. High heat input causes thermal accumulation
in the samples resulting in lower thermal gradients within the sample.
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thermograph.

Samples with the lowest travel speed (S1) and highest wire feed rate
(S9) have larger heat-affected zones due to increased heat accumulation
which reduces the cooling rates as indicated in Fig. 10.

When the wire feed rate is reduced to a level where the heat input
is as low as 178 J/mm, we observe cooling rates of approximately
40 °C/s even in the 25th layer. When the heat input exceeds 545
J/mm, altering the wire feed rate or travel speed results in comparable
cooling rates in high-strength steels. Fewer microstructural variations
are expected to be observed in these samples due to the similarity in
cooling rates. Altering wire feed rate or travel speed while keeping one
of them constant leads to similar trends in cooling rate observed in the
deposited thin wall structures, it can therefore be concluded that the
predominant influence on cooling rates is due to variation in the heat
input.

Microstructure characterization

Different ferrite morphologies (Polygonal ferrite, Widménstatten
Ferrite, Acicular Ferrite and Upper Bainite) and Martensite are the most
commonly found microstructural constituents in high-strength steel
microstructures (Rodrigues et al., 2019; Thompson et al., 1990, 1996).
Each of these microstructural constituents have a unique influence on
the overall mechanical behaviour, hence qualitative or quantitative
understanding of the presence of each of the constituents is important.

A continuous cooling transformation (CCT) diagram corresponding
to ER110S-G steel is obtained from the dilatometry data extracted from

800 ;
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Fig. 11. CCT diagram of ER110S-G steel composition extracted from dilatometric data
reported in our previous work (Mishra et al., 2023). The shaded region indicates the
range of cooling rates measured from the 15th layer of all thin wall structures. The
upper and lower bounds of the shaded region are indicated by the cooling rates of
samples corresponding to samples deposited with the highest (S1) and lowest heat
input (S6). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

our previous study (Mishra et al., 2023). According to the CCT diagram,
austenite transformation to a fully ferritic microstructure occurs at
cooling rates lower than 10 °C/s. Bainite formation (upper bainite



A. Babu et al.

J/mm)

S6-Low Heat Input (178
S O

(b)

i< e
SED 20.0kVWD12mmP.C.60 HV

SED 20.0kVWD13mmP.C.60 HV  x900

20pm  —

x1,000

Journal of Advanced Joining Processes 11 (2025) 100292

J/mm)
X g

SED 20.0kVWD11mmP.C.60 HV  x1,000 10pm s

P p—

Fig. 12. (a-c) Optical and (d-f) Scanning electron micrographs extracted from the 10th bead of samples S6, S3 and S5 respectively.

and acicular ferrite) is observed between cooling rates of 20 °C/s and
75 °C/s. Above 75 °C/s, the material undergoes a fully martensitic
transformation. Martensite formation is also observed in the case of
cooling rates as low as 20 °C/s. However, this transformation happens
at temperatures lower than the original martensite transformation start
temperature. This is due to the carbon enrichment of the retained
austenite after transformation to polygonal ferrite, acicular ferrite and
bainite. The possible microstructures in the deposited samples can
be derived by superimposing the cooling rates observed at the 15th
layer of samples with high, medium and low heat inputs. Based on
Figs. 9 and 11, sample S1 is expected to have a predominantly ferritic
microstructure. Likewise, in sample S6, the bainite and martensite
volume fractions are higher due to higher cooling rates.

Optical and scanning electron micrographs from samples deposited
with different heat inputs indicate an apparent disparity as shown in
Fig. 12. Samples with high heat input had a predominantly polygonal
ferritic and granular bainitic microstructure. Also, the grain sizes are
coarser in samples with higher heat input due to the grain growth of
polygonal ferrite and granular bainite during slower cooling from the
austenitic temperature range. In sample S3 with medium heat input,
a mixed microstructure of polygonal ferrite, acicular ferrite, granular
bainite and martensite is observed.

As the heat input decreases, cooling rates increase, promoting dis-
placive transformation kinetics. This leads to more austenite under-
going displacive transformations producing a mixed microstructure
of polygonal ferrite, bainite (upper bainite and acicular ferrite) and
martensite. Hence, the fraction of martensite, bainite and acicular
ferrite negatively correlates with heat input. Sample S6 possesses higher
fractions of non-equilibrium constituents like bainite and martensite
than S3 and S1. This is in accordance with the continuous cooling
transformation (CCT) diagram indicated in Fig. 11 .

Detailed microstructural quantification achieved through EBSD
measurements illustrating the effect of heat input on the microstructure
is given in Fig. 13. Kernel average misorientation (KAM) is the average
misorientation between grains within a specified kernel size. Generally,
KAM values correlate with dislocation density, i.e., higher KAM values
indicate higher dislocation densities. Evaluation of the effect of heat
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Table 4
Retained austenite fractions measured from the middle region of samples with different
heat inputs.

Sample No Heat input (J/mm) Retained austenite fraction (%)
S6 178 2.9
S3 544 3.2
S5 985 2.9

input on KAM values reveals that average KAM values decrease from
0.76 to 0.66 as the heat input increases. This variation can be linked
to the thermal field and associated phase transformations. Higher KAM
values in S6 are caused by the higher cooling rates observed during
deposition leading to the formation of non-equilibrium microstructural
constituents with higher dislocation densities.

The percentage of high-angle grain boundaries (HAGBs) is also
higher in the case of lower heat input samples. HAGBs are associated
with prior austenite grain boundaries, acicular ferrite and martensite,
whereas the low-angle grain boundaries are associated with coarse
polygonal ferrite and lath boundaries. High-angle boundaries effec-
tively impede dislocation motion and reduce plastic deformation, thus
improving strength. High-angle grain boundaries also restrict crack
propagation in materials. Hence, the higher HAGB fraction and average
KAM values point towards higher strength for the thin walls with lower
heat input (Fang et al., 2023).

Grain size plays a vital role in determining properties other than
micro constituent fractions. Qualitative and quantitative evaluation
of grain structure with EBSD reveals that lower heat input regions
have a smaller grain size. Based on the Hall-Petch relationship, it
is known that smaller grain size directly correlates with improved
material strength (Sun et al.,, 2020b). In all samples, the maximum
grain sizes were smaller than 30 pm. In sample S3 and sample S1, the
grain sizes are relatively larger due to the formation of coarse polygonal
ferrite and bainite due to the slower cooling rates during austenite
decomposition. Additionally, grain sizes and their standard deviation
are given in Fig. 13(i),(§j) and (k) corresponding to samples S6, S3
and S5 respectively. Higher standard deviation in grain sizes observed
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maps illustrating the local misorientation and strain distribution, (d—f) grain boundary distribution maps highlighting high-angle and low-angle boundaries and (i-k) grain size
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in sample S3 and sample S5 indicates a relatively inhomogeneous
distribution of grain sizes compared to sample S6.

XRD measurements on the samples with high, medium and low heat
inputs shown in Fig. 14 indicated the presence of « ferrite with a BCC
crystal structure confirmed by ferrite peaks of {110}, {200} and {211}.
Nevertheless, retained austenite (RA) is also present, as indicated by
the austenite peaks at {111}, {200}, and {220}. A comparison of re-
tained austenite fractions estimated from XRD measurements is given in
Table 4 showing no significant variation in retained austenite fraction
with a change in heat input.

Mechanical property evaluation

Journal of Advanced Joining Processes 11 (2025) 100292

Hardness measurements

Hardness distribution along the build direction for three heat inputs
is presented in Fig. 15. A relatively higher hardness of around 340 HV
can be observed in the first few layers of sample S6, owing to the higher
cooling rates (substrate effect) as seen in Fig. 9. When heat input is
increased, the hardness near the substrate decreases to 320 HV1 for
sample S3 to 277 HV1 for sample S1. The hardness reduces as the
layer height increases due to lower cooling rates. Between 20 mm and
30 mm height, the influence of heat dissipation through the substrate
diminishes, leading to stable thermal conditions and uniform cooling
rates. Referring to Fig. 9, for samples with varying heat inputs, the
cooling rates observed at the 15th and 25th layers are below 40 °C/s.
These cooling rates are characteristic of a ferritic microstructure with
predominantly ferritic constituents and low fractions of martensite
according to the CCT diagram given in Fig. 11. Due to the similar
hardness of these ferritic microstructural constituents, the variation in
cooling rates does not result in significant hardness variations along
the build direction within this height range. Additionally, the material
undergoes tempering due to subsequent thermal cycles between 20 mm
and 30 mm. This leads to the softening of the martensite leading to a
further reduction in the hardness of the material. Hence a combined ef-
fect of ferritic constituents and martensite tempering leads to similarity
in hardness across the material between 20 mm and 30 mm (Mishra
et al., 2023). An increase in hardness in the last deposited bead is
observed as the material is subjected to only one thermal cycle; hence
the occurrence of grain refinement and softening due to reheating and
tempering does not occur.

The average hardness of each sample was estimated to understand
the influence of process parameters on the hardness. Measurements
were made excluding points from the first eight layers to avoid the
substrate effect. For samples with increasing wire feed rates, it can
be observed that samples S6 (2 m/min) and S9 (10 m/min) have a
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Fig. 16. Average hardness of samples deposited with (a) varying wire feed rate and (b) varying travel speed and (c) varying heat input.
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hardness of 261 HV and 237 HV, respectively. The hardness in samples
with varying travel speeds varied from 265 HV in S5 to 236 HV in S1.
This variation in hardness is related to the individual solid-state phase
constituents observed in these samples. Martensite possesses higher
hardness than other ferrite morphologies like bainite and ferrite. Based
on the micrographs observed in Fig. 12, it is clear that samples S5
and S6 have higher fractions of martensite due to the higher cooling
rates undergone by the material. The micrographs and cooling rates
of the samples are in agreement with the average hardness. Hence,
using process parameters with reduced heat input, like low wire feed
rate or high travel speed, increases the overall microhardness of WAAM
deposited samples. The influence of heat input on the average hardness
is presented in Fig. 16(c).

Tensile properties

The stress—strain curves measured during tensile testing were anal-
ysed to estimate the ultimate tensile strength and elongation after
fracture. A comparison of the tensile strengths of samples deposited
with varying travel speeds and wire feed rates is shown in Fig. 17.
The nominal tensile strength of the ER110S-G wire feed material is 823
MPa. For both horizontally and vertically oriented samples deposited
with varying process parameters (wire feed rate and travel speed), it
can be observed that samples with heat input less than about 544 J/mm
have a tensile strength greater than 823 MPa. Additionally, the tensile
strength increases with increased travel speed and a decreased wire
feed rate (reduced heat input). Sample S5 (highest travel speed) and S6
(lowest wire feed rate) have tensile strengths of 923 MPa and 897 MPa,
respectively. Similar to hardness data, samples S5 and S6 have higher
strength because of the higher martensite and bainite phase fractions
and refined grain size observed in these samples. This is evident from
the micrographs indicated in Fig. 12. Fig. 17(c) indicates the variation

of tensile strength with heat input. Predominantly, horizontally ori-
ented samples have a higher tensile strength than vertically oriented
samples. The quadratic trend lines indicate that the increasing heat
input above 544 J/mm leads to tensile strength approaching a constant
value. It can be observed that the variation of tensile strength is higher
in the case of horizontal samples because the horizontal specimens were
extracted from different heights along the build direction. Based on
Fig. 9 it can be inferred that cooling rates decrease along the build
direction. This gradient in cooling rates can give rise to variations in
the microstructure across different heights, contributing to the observed
differences in tensile strength among horizontal specimens.

For high-strength steels, it is important to determine the elongation
to fracture during tensile testing to analyse the ductility and fracture
toughness of the material. The elongation to fracture of samples de-
posited with varying wire feed rates and travel speeds are given in
Fig. 18. The samples display good elongation to fracture with values
varying from 15.5 + 1.8% to 24.9 + 0.8%. The nominal elongation to
fracture of the filler material is 18%. All horizontally oriented samples
have higher elongation than 18%. The effect of heat input on the
elongation of horizontally and vertically oriented samples is shown in
Fig. 18(c). Vertically oriented samples display uniform elongation along
with increasing heat input. However, horizontally oriented samples
indicate a gradual increase with increasing heat input.

Interestingly, samples S4, S5, S8 and S9 have the highest elongation
to fracture (greater than 22%) for horizontal samples. Correlating the
elongation values to cooling rates, it can be observed that the highest
elongation is observed for the samples which had a cooling rate of less
than 10 °C/s. The microstructural analysis and CCT diagram from Sec-
tion “Microstructure characterization” indicates the presence of higher
fractions of polygonal ferrite, which is soft and possesses high ductility.
In addition, samples oriented horizontally tend to have a more uniform
microstructure which aids with enhanced plastic deformation during

13
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Fig. 18. Elongation of horizontally and vertically oriented samples obtained from stress—strain curves of samples deposited with (a) varying wire feed rate and (b) varying travel

speed.

tensile loading. It can also be observed that in all cases, horizontal
samples have a higher elongation to fracture than vertical samples. This
can be attributed to the higher density of vertically stacked interlayer
regions or heat-affected zones within vertical samples. It has been
previously identified that interlayer regions (Sun et al., 2020a) or
inter-critical/sub-critical heat-affected zones (Lyu et al.,, 2021; Babu
et al., 2023) are associated with localized stress concentrations caused
by the presence of lower-strength microstructural constituents along
with localized brittle zones such as martensite-austenite islands. Since
horizontally oriented samples have a lower density of interlayer regions
or heat-affected zones and the loading direction during the tensile test
is parallel to the interlayer region they have only a minor effect on
anisotropy associated with elongation (Sun et al., 2020a). The effect
of vertically stacked interlayers or heat-affected zones is exaggerated
in case of high heat input due to lower cooling rates promoting the
formation of localized brittle zones and grain coarsening.

Fractography

The presence of a cup and cone fracture surface and a fibrous
network of dimples indicate the ductile fracture for all the horizon-
tally aligned samples deposited with different heat inputs as shown in
Fig. 19. Microstructural features including grain size and phase fraction
influence the appearance of a fracture surface and the geometry of
micro-voids or dimples. The staggered fracture surface along with
shallow and wider dimples are indicative of a lower ductility for sample
S6. Conversely, samples S3 and S1 have a fracture surface characterized
by a cup and cone structure. Deeper dimples observed in high heat
input samples indicate the higher ductility in samples S3 and S1 due
to the higher presence of softer microstructural phases like polygonal
ferrite. This is in agreement with the elongation to fracture values
observed in Fig. 18
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Conclusion

In this study, we investigated the influence of process parameters
including wire feed rate and travel speed on the geometry, microstruc-
ture and mechanical properties of WAAM-deposited ER110S-G steel.
Thin wall structures were deposited with different wire feed rates and
travel speeds accompanied by real-time thermal measurements. The
geometry of the thin wall structures was analysed and linked to the
process parameters. Thermal profiles were correlated to microstructure
and mechanical properties. The major conclusions from this work are

+ Increasing wire feed rates and reducing travel speeds during the
deposition of thin wall structures can enhance their height and
effective width. However, when aiming for a high deposition rate,
employing a high heat input by increasing the wire feed rate
can lead to excessive surface waviness. Conversely, it is more
favourable to fabricate samples with lower heat input by reducing
the wire feed rates to achieve dimensional accuracy.

The initial layers of thin walls experience higher cooling rates
because the heat diffuses more rapidly towards the substrate. As
the layer height increases, the cooling rates gradually decrease
and eventually reach a constant value. Independently varying
wire feed rate and travel speed affect cooling rates similarly.
Nevertheless, adopting higher wire feed rates and lower travel
speeds generally results in lower cooling rates.

Microstructural analysis indicates a mixed microstructure of
polygonal ferrite, acicular ferrite, bainite and low-carbon marten-
site. However, a qualitative microstructural evaluation suggests
an increase in acicular ferrite and martensite phase fractions and
a reduction in grain size as the heat input decreases. Less than
3% volume fraction of retained austenite is detected in samples
deposited with the varying heat inputs evaluated in this study.
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Fig. 19. Fracture surfaces corresponding to tensile test samples oriented along deposition (horizontal) direction fabricated with different heat inputs. (a), (b), (c) indicate the
fracture location in horizontal samples corresponding to low, medium and high heat inputs respectively, (d), (e), (f) represent the corresponding fracture surface and (g), (h), (i)

are magnified images of fracture surfaces.

» Hardness and tensile strength increase with lower heat input due
to higher cooling rates. Samples oriented along the deposition
direction have higher strength and elongation due to the ori-
entation of the interlayer regions and inter-critical heat-affected
zones perpendicular to build directions. A maximum increase of
12% was observed for low heat input samples oriented along the
deposition direction for the tensile strength as the heat input was
reduced.
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