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Additive manufacturing offers a significant potential for producing metallic parts with
distinctly localised microstructures and mechanical properties, commonly known as
functional grading. While functional grading is generally accomplished through composi-
tional variations or in-situ thermo-mechanical treatments, variation of process parameters
during additive manufacturing can offer a promising alternative approach. Focusing on the
electric arc-based additive manufacturing process, this work focuses on the functional
grading of high-strength steel (5690 grade) by adjusting the travel speed and inter-pass
temperature. Through a combination of thermal simulations and experimental measure-
ments on single bead-on-plate depositions, it is shown that the microstructure and the
mechanical properties of parts can be controlled through the rational adjustment of pro-
cess parameters. A rectangular block was fabricated to demonstrate functional grading
using a constant wire feed rate and varying travel speed. The rectangular block consisted of
a low heat input (LHI) region deposited between high heat input (HHI) zones. A graded
microstructure was obtained with the HHI zones composed of a mixture of polygonal
ferrite, acicular ferrite, and bainite, while the LHI region was primarily composed of
martensite. The hardness and profilometry-based indentation plastometry measurements
indicated that the LHI region exhibited higher hardness (32%) and strength (50%), but lower
uniform elongation (80%), compared to the HHI zones. The present study demonstrates the
potential to achieve functional grading by adjusting process parameters in electric arc-
based additive manufacturing, providing opportunities for tailor-made properties in parts.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Additive manufacturing (AM), also known as 3D printing, is an

shape parts layer-by-layer and offers the prospect of revolu-
tionising the design, manufacturing and repair of products in
various industries, such as aerospace, maritime and auto-
motive. In contrast to conventional manufacturing

advanced manufacturing technique that produces near-net-
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Nomenclature:

n Process efficiency

€ Radiation emissivity

o, Lattice constant of austenite (A)

G, Carbon concentration in austenite (wt%)
A Travel speed (mm s~ %)

Acs Upper critical temperature (°C)

Ac; Lower critical temperature (°C)

M, Martensite start temperature (°C)

Mg Martensite finish temperature (°C)

R Solidification velocity (m s%)

G Temperature gradient (°C m™?)

as Front ellipsoidal length (mm)

ar Rear ellipsoidal length (mm)

b Half-width of the melt pool (mm)

d Depth of the melt pool (mm)

fr Front power distribution factor

fr Rear power distribution factor

he Heat transfer coefficient (W m 2K %)
@ Linear heat input ( mm ™)

M Gaussian parameter

AM Additive manufacturing

WAAM Wire arc additive manufacturing
LHI Low heat input

HHI High heat input

PIP Profilometry-based indentation plastometry
CTWD Contact tip to workpiece distance (mm)
XRD X-Ray diffraction

RA Retained austenite

CCT Continuous cooling transformation
HAZ Heat affected zone

SEM Scanning electron microscopy

PAG Prior austenite grain

BCC Body-centered cubic

BCT Body-centered tetragonal

MA Martensite austenite

ICHAZ Inter-critical heat-affected zone
HSLA  High strength low alloy

YS Yield strength (MPa)

UTS Ultimate tensile strength (MPa)

techniques, additive manufacturing stands out due to its high
degree of customization, manufacturing flexibility and incor-
poration of intricate deposition features. The wire arc additive
manufacturing (WAAM) process, involves supplying material,
in the form of wire into a zone heated by an arc heat source
and depositing the resulting molten material along a pre-
determined path, commonly derived from a computer-aided
design (CAD) file [1]. WAAM is suitable for building large-
volume parts with dimensions over a cubic meter, due to the
high deposition rates and manufacturing efficiencies achiev-
able [1-3]. Arc welding processes applied in additive
manufacturing are typically gas tungsten arc welding (GTAW),
plasma arc welding (PAW) and gas metal arc welding (GMAW)
[3]. Compared to GTAW and PAW-based AM, GMAW is often
preferred in practice since the deposited material is supplied

coaxially from the welding torch, eliminating the need for an
external wire feeder, and thus simplifying toolpath planning.
Moreover, the deposition rate is generally higher than that of
GTAW and PAW [3]. GMAW-based AM offers high deposition
rates (typically 1-10 kg h™?), low material wastage and high
process efficiency (in the order of 90%). It also offers significant
potential for local compositional and microstructural control
(also known as functional grading) [3—6].

Previous studies have shown that the microstructures and
mechanical properties of parts built using wire arc additive
manufacturing differ considerably from those built by con-
ventional manufacturing techniques (e.g. casting or forging)
[3]- Such differences are partially ascribed to the localised
heating and cooling cycles during WAAM [7]. Changes in
process parameters, as well as continuous changes of the bulk
metal geometry during printing, affect the process behaviour
[8—13] and local thermal profiles [14—16]. A large body of
literature exists explaining the effects of process parameters
on the properties of additively manufactured metallic parts
(see for instance Refs. [7,17—20]). Duarte et al. [17] manufac-
tured thin wall structures using continuous and pulsed
welding modes and showed that the micro-hardness and
tensile strength of high-strength low-alloy steel (ER110S-G)
increase with decreasing heat input. They attributed this
observation to the formation of non-equilibrium phases such
as bainite and martensite at low heat inputs. Rodideal et al.
[18] extended the previous studies on the effect of heat input
on mechanical properties fabricated with high-strength low-
alloy steel (ER110S-G) to thick walls and confirmed the nega-
tive correlation of heat input with hardness and tensile
strength. Following a similar approach, Panchenko et al. [21]
controlled heat input in GMAW-based AM using two different
metal transfer modes and confirmed that changing heat input
can affect the microstructure evolution of high-strength low-
alloy steel (ER110S-G) blocks. The published research confirms
the role of heat input in controlling microstructure and
properties in WAAM parts. Heat input to the material in
WAAM can be controlled by the changing travel speed, wire
feed rate or welding current. Changing heat input in WAAM
not only affects the final properties of the printed parts but
also results in changes in the bead geometry and dimension
[17,22].

A broad range of metallic materials, such as nickel alloys,
titanium alloys, aluminium alloys and steel, has been used in
wire-arc additive manufacturing [23]. Recent trends in WAAM
research indicate significant interest in printing steel parts
due to their numerous industrial applications. In the present
study, test cuboids are additively manufactured using a high-
strength steel alloy (S690). High-strength steels are widely
used for structural applications due to their relatively high
yield strength (greater than 460 MPa) and elongation at frac-
ture of about 20% [24]. Moreover, high-strength steels gener-
ally contain low amounts of carbon (0.05 and 0.25 wt%) in their
composition, improving their weldability, formability, and
resistance to corrosion. Solid-state phase transformations in
steels during WAAM lead to the decomposition of austenite to
different phases, such as grain boundary ferrite, bainite,
acicular ferrite and martensite [25]. Individual phase fractions
of each of these transformation products affect the mechan-
ical properties of the part produced [25—-27]. Phase fractions
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during austenite decomposition depend on the peak temper-
ature of the thermal profile and the cooling rate [28,29]. Thus,
there is a possibility to control solid-state phase trans-
formations in WAAM by changing inter-pass temperature, by
altering the dwell time or using auxiliary cooling mechanisms
[30—32].

A survey of the literature indicates that the majority of
publications on wire arc additive manufacturing focus on the
fabrication of walls and blocks with a single set of process
parameters. Further studies are required to unleash the po-
tential of tailor-made site-specific properties. Changing pro-
cess parameters affects the resulting thermal cycles and can
influence metallurgical phenomena such as solidification,
solid-state phase transformation and tempering, leading to
changes in the final microstructure and properties [33]. Ap-
plications of such a tailored microstructure can have impli-
cations on part design to achieve enhanced wear, scratch, or
impact resistance in specific regions while maintaining
toughness or ductility in the other regions. Moreover, the
transition in microstructure and local properties can facilitate
stress redistribution within the material, when subjected to
external loads. Tailoring the microstructure of an ER110S-G
steel part remains relatively unexplored, especially in rela-
tion to altering the heat input during fabrication. Previous
attempts to functionally grade ER110S-G steels were limited to
the use of corrosion resistant alloys and different metal
transfer modes [21]. Rodrigues et al. [34] combined ER110S-G
steel with a copper-based alloy to improve heat extraction,
fatigue and wear resistance in addition to corrosion resis-
tance. However, such an approach can cause a mismatch in
material properties, leading to potential issues such as
cracking, the formation of brittle compounds and reduced
strength. Panchenko et al. [21] fabricated a graded structure
with ER110S-G steel by modulating heat input, although the
graded structure was limited to the case study of a single
layer, limiting its applicability to multi-layer cases. Addition-
ally, deposition of the graded part relied on a specialized
power source (CMT) leading to higher investment and cost
and complexity in maintenance. By controlling the heat input
in wire arc additive manufacturing through the manipulation
of travel speed, wire feed rate or welding current, it becomes
possible to achieve the desired properties without the need for
specialized power sources, complex cooling mechanisms, or
compositional variations that may introduce unwanted
complexities. Such a simple methodology to produce tailored
microstructures and properties facilitates the optimisation of
part designs to meet material performance requirements in
specific regions of the manufactured components.

The objective of the present work is to locally control the
microstructure and mechanical properties (i.e. functional
grading) of a high-strength steel alloy (S690) in wire arc addi-
tive manufacturing by adjusting heat input and inter-pass
temperature. It can be hypothesized that with a decrease in
heat input and interpass temperature, higher martensite
phase fractions, hardness, and material strength can be
attained. Heat input during the process was controlled by
changing the travel speed. Numerical simulations based on a
finite-element method were developed to predict thermal
profiles during WAAM. A test cuboid was additively manu-
factured, and microstructural characterisation and micro-

hardness measurements were performed on samples extrac-
ted from the deposited block. Additionally, to determine the
local yield and ultimate tensile strengths of the constructed
parts, measurements were carried out using the profilometry-
based indentation plastometry (PIP) technique. The micro-
structural evolution in different regions and the correspond-
ing mechanical properties are discussed in detail. The results
of the present study contribute to our understanding of
microstructure control and mechanical property tailoring in
WAAM of high-strength steel alloys.

2. Methods
2.1. Experimental setup and procedure

Single bead-on-plate depositions with a length of 120 mm
were made using different travel speeds ranging from
5mm s ' to 20 mm s ' on a substrate with dimensions of
140 x 50 x 10 mm>. The beads were visually inspected for
possible defects, such as humping and lack of fusion. A rect-
angular block with dimensions of 125 x 21 x 23 mm? was then
produced using multiple sets of process parameters to locally
control the microstructure and mechanical properties, as
shown schematically in Fig. 1. Functional grading of proper-
ties in the blocks was achieved by varying the travel speed,
and the process parameters were selected based on the results
of the single bead-on-plate evaluations.

The block shown in Fig. 1(b) comprises two regions, one
produced using a low heat input (LHI) and the other using a
high heat input (HHI). The HHI regions were produced by
depositing three horizontal overlapping beads and three ver-
tical layers. The LHI region was produced by depositing six
layers comprised of six overlapping beads. The HHI regions
were deposited with an inter-pass temperature of 100 °C and
the LHI region with an inter-pass temperature of 50 °C. A
lower interpass temperature was chosen to enhance the
cooling rates in the LHI region. The hatch spacing (p) was
selected to be 2/3 (two thirds) of the bead width, as determined
from the single bead-on-plate experiments, to minimise sur-
face waviness [35].

A multi-axis Fanuc robot was used to control the torch's
movement and a Fronius CMT 5000i supplied the electric
power. The distance between the contact tip and the work-
piece (CTWD) was set to 15 mm and the wire feed rate was
fixed at 6 m min~'. A pulsed mode droplet transfer was chosen
to conduct experiments to reduce total heat input and spatter
formation [36]. A bidirectional scanning strategy was
employed to manufacture the block. The substrate material
was S255 carbon steel, and its temperature before the depo-
sition commenced was 20 °C. Protegon (85% Ar + 15% CO,) was
employed as shielding gas with a flow rate of 19 L min™%
Ahigh-strength steel (Lincoln Electric-LNM MoNiVa) wire with
a diameter of 1.2 mm was employed as the wire feedstock
material. The nominal composition of the high-strength steel
filler wire is given in Table 1. The wire has a yield strength (as-
deposited) of greater than 690 MPa.

Voltage and current were measured during deposition
using a Triton 4000 data acquisition system at a frequency of
5 kHz. The linear heat input (g;) during deposition is estimated


https://doi.org/10.1016/j.jmrt.2023.07.262
https://doi.org/10.1016/j.jmrt.2023.07.262

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;26:1508—-1526

1511

Melt pool

High heat input (HHI)

Low heat input (LHI)

Shielding gas

Electric arX[ }/

Shielding gas nozzle
Wire (electrode)

Molten metal droplet

Bulid direction (BD)

Transverse direction (TD)

Deposit direction (DD)

High heat input
Low heat input

High heat input

Fig. 1 — (a) Schematic of electric arc-based additive manufacturing process, commonly referred to as wire-arc additive
manufacturing (WAAM). (b) Illustration of high and low heat input regions in the deposited rectangular block. Yellow arrows

on the block indicate the bidirectional printing strategy.

based on measured instantaneous current and voltage values
as follows:

n
UL
Ny
i=0

Ve

qi= (1)

where Uj is the voltage, I; is the current, V, is the travel speed
and 7 the process efficiency. The peak current, base current
and pulse frequency were extracted from the current-voltage
waveform and were approximately 532 A, 48 A and 140 Hz
respectively. A digital thermometer (Voltcraft PL-125-T4USB)
was used to measure the substrate temperature and the inter-
pass temperature. K-type thermocouples were positioned at
two locations on the substrate in single bead-on-plate exper-
iments for the bead deposited with a travel speed of 5mm s>
The thermocouples were located in the middle of the sub-
strate at 8 mm and 16 mm away from the centre line of the
deposited bead. Thermal profiles from the thermocouples
were recorded using a DL75 oscilloscope at a sampling rate of
200 Hz.

2.2.  Thermal modelling

The microstructural evolution of deposited beads is contin-
gent upon the thermal cycles to which the material is sub-
jected. As such, knowledge regarding the evolution of thermal
fields is crucial to gain a primary understanding of the po-
tential for microstructural grading through variations in pro-
cess parameters. A transient three-dimensional finite element
model was constructed that solves the energy conservation
equation to predict the evolution of the thermal field during
and after material deposition. A double ellipsoidal volumetric
heat source model [37] was adopted to describe the thermal
energy input from the electric arc. The parameters required to
define the heat source model are presented in Table 2. Heat
losses from the part due to convection and radiation were
accounted for in the simulations by defining appropriate
boundary conditions. The radiation emissivity (¢) and the heat
transfer coefficient (h,) were set to 0.8 and 15 W m 2 K?
respectively, and the ambient temperature was equal to 25 °C.
Temperature-dependent material properties were used in the

Table 1 — Nominal composition of the high-strength steel (Lincoln Electric LNM MoNiVa) wire used as the wire feedstock

material in the experiments as provided by the supplier.

Constituent C

Fe

Composition (wt.%)

Balance
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simulations, which were determined using the JMatPro soft-
ware based on the material composition, as shown in Fig. 2.
An apparent heat capacity model was employed in the sim-
ulations, which accounts for the latent heat of fusion by
altering the specific heat capacity for the temperature range
between the solidus and liquidus temperatures [38]. The sol-
idus and liquidus temperatures, which are 1462 °C and 1509 °C
respectively, were obtained from the thermodynamic data-
base TCFE10 of the ThermoCalc software. Convection in the
melt pool was modelled implicitly by artificially increasing the
material thermal conductivity by a factor of 10 for tempera-
tures above the liquidus temperature [39,40].

The bead geometry was idealised as a cuboid in the simu-
lations, and its dimensions were extracted from experiments.
A non-conformal mesh with uniform hexagonal elements was
employed in the simulations. According to Goldak et al. [41], at
least four elements are required to describe the double ellip-
soidal heat source with adequate accuracy. After performing a
grid independence test, a grid size of 2 mm in the substrate
and 1 mm in the bead was chosen. An adaptive local mesh
refinement was employed to refine the grid size for elements
located inside and around the heat source and coarsen them
when the temperature falls below 700 °C. An automatic time-
stepping algorithm associated with the solver was imple-
mented, which adjusts the time steps based on the thermal
gradients. Specifically, finer time steps were used in regions
with high thermal gradients, and coarser time steps in regions
with low thermal gradients. The metal deposition was
modelled through the implementation of the quiet element
method [42] in which the thermal conductivity in the region
where no deposition has occurred is reduced to a negligible
level. As the heat source moves across a material element, the
thermal conductivity is incrementally restored to its original
value.

The numerically predicted thermal profiles were compared
with the experimentally measured temperatures at two points
on the substrate in a single bead-on-plate experiment with a
travel speed of 5 mm s~ ! and the results are shown in Fig. 3.
The thermocouples were located in the middle of the sub-
strate, 8 mm and 16 mm away from the centre line of the
deposited bead. The results indicate a reasonable agreement
between the numerically predicted and experimentally
measured temperatures. The deviation between the peak
temperature obtained from the numerical simulation and that
measured in the experiments is less than 3%. This slight de-
viation can be attributed to the uncertainties in the

Table 2 — The double ellipsoidal heat source parameters
used in the thermal simulations.

Heat source parameter Value
Front ellipsoidal length (af) 2.217 mm
Rear ellipsoidal length (ay) 4.435 mm
Half-width of the melt pool (b) 2.217 mm
Depth of the melt pool (d) 1.885 mm
Front power distribution factor (ff) 0.7

Rear power distribution factor (f;) 1.3
Gaussian parameter (M) 3.0

Heat transfer efficiency (n) 0.85

temperature-dependent material properties and to simplifi-
cations made during the development of the model. However,
as the purpose of the current study is to compare the relative
variation in the cooling rates of the deposited beads between
800 °C and 500 °C, this deviation is considered acceptable.

2.3. Microstructural characterization

Transverse cross-sections were extracted from the middle of
the deposits for microstructural characterization and micro-
hardness measurements. The transverse cross-sections were
mounted, ground and polished with colloidal diamond sus-
pensions of 3 um and 1 um. Polished samples were etched
with a 2% Nital solution and the microstructural features of
the samples were investigated with optical microscopy
(Olympus BX60 M and Keyence VHX-5000) and scanning
electron microscopy, using a Jeol JSM-IT200 InTouch Scope
with an accelerating voltage of 20 kV and probe current of
4 mA.

Phase analysis of the functionally graded sample was
determined by means of X-ray diffraction (XRD) conducted
using a Bruker D8-Advance diffractometer utilising a Co Ka
radiation source and scanning the 26 range from 30° to 150°.
Each step in the scan had a counting time of 2 s and a step
size 0of 0.04°. The XRD measurements were made with a beam
size of 0.5 mm. The data obtained from the experiments were
analyzed using Bruker's DiffracSuite EVA software (version
6.0), Profex/BGMN module. Rietveld refinement was
employed to quantify the volume fractions of retained
austenite (RA).

All Vickers hardness measurements were performed with
a Dura-scan 70 (Struers) hardness tester with a dwell time of
15 s. Vickers hardness measurements on single bead deposits
were achieved by averaging over eight indents at 0.1 kg load.
Hardness measurements on functionally graded samples
were performed along the build direction with a load of 1 kg.
Another set of hardness measurements was made on the low
heat input region with a load of 0.2 kg on ten points to explore
the local hardness variations.

2.4. Profilometry-based indentation plastometry

Due to the sandwich structure's limited overall height of
23 mm and small size of each microstructural zone (~7 mm)
it was challenging to create a macro-sized tensile specimen.
Profilometry-based indentation plastometry (PIP) measure-
ments were therefore performed on a transverse cross-
section to estimate the yield and ultimate tensile
strength. The process of estimating mechanical properties
using PIP comprises: indenting the specimen, extracting the
indentation profile and iteratively running finite-element
models based on the indentation to estimate the
parameters of the Voce relationship [43] to determine the
true stress-strain relationship. Details of the PIP measure-
ment are described elsewhere [44—48] and are not repeated
here.

The metallographically prepared samples were placed on
the load cell of the plastometer, and a spherical indenter with
a diameter of 1 mm was used. An indent was made for PIP
measurements in all three regions of the sample. The
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Fig. 2 — Temperature-dependent material properties of the high-strength steel (Lincoln Electric LNM MoNiVa) employed in

the thermal simulations.

selection of indentation load is performed by ensuring that
the ratio of indentation depth to the radius of the indenter,
known as the penetration ratio, falls within the range of 10%—
15%. A contacting stylus profilometer with a depth resolution
of 1 pm was used to extract the profile of the indent made. A
Young's modulus of 200 GPa and a Poisson's ratio of 0.3 were
employed as the inputs to estimate the parameters of the Voce
relationship.

3. Results and discussion

3.1. Single bead-on-plate experiments

The single bead-on-plate experiments with different travel
speeds give an estimate of the range of cooling rates, micro-
structure and hardness observed by changes in process

parameters. Additionally, analysing the bead geometry,
including width, height, penetration depth and bead shape,
provided insights into fusion between successive layers in a
rectangular block. Single bead width was employed in the
determination of the hatch spacing for improved layer
bonding and reduced defects.

Single bead-on-plate depositions of 120 mm in length were
executed using travel speeds ranging from 5 mm s' to
20 mm s~* with intervals of 3 mm s~'. The microstructural
variations in single bead-on-plate depositions are associated
with the cooling rates that the material experiences. Cooling
rates within the temperature range of 800 °C—500 °C during
bead-on-plate experiments were estimated through numeri-
cal simulations for various travel speeds, and the results are
reported in Table 3. The cooling rate for a bead deposited with
a travel speed of 8 mm s~* differs by a factor greater than three
from that for a bead deposited with a travel speed of
20 mm s~ ?, resulting in different microstructures as indicated
in the continuous cooling transformation (CCT) diagram
shown in Fig. 4. A continuous cooling transformation (CCT)
curve obtained from an artificial neural network (ANN)-based
model (based on the composition mentioned in Table 1) is
used indicating a critical cooling rate of 59 °C s~* that results in
a fully martensitic transformation [49]. Additionally, the ma-
terial will predominantly transform into ferrite at low cooling
rates. Based on the cooling rates for beads deposited at travel

500 T T T T
400 -
300 F -
3
[
200 F 4
Experimental measurement, TC1
Experimental measurement, TC2
100 . . - y
—————— Numerical simulation, TC1
—————— Numerical simulation, TC2
O 1 1 L I
0 20 40 60 80 100

1[s]

Fig. 3 — Comparison of the numerically predicted and
experimentally measured temperatures at two monitoring
points located in the middle of the substrate, 8 mm and
16 mm away from the centre line of the deposited bead.
Data are collected from the single bead-on-plate

experiments with a travel speed of 5 mm s™".

1

Table 3 — Numerically predicted cooling rates for different

travel speeds for single bead-on-plate experiments.

Travel speed Heatinput Average cooling rate between

(mm s™? ( mm™?) 800 °C and 500 °C (°C s}
5 782 20

8 489 53

11 356 90

14 279 128

17 230 168

20 196 189
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speeds of 8 mm s~* and 20 mm s, the CCT diagram suggests
that beads deposited at the lower speed will exhibit a bainitic
microstructure (comprising of upper bainite and acicular
ferrite) while those deposited at the higher speed will exhibit a
fully martensitic microstructure. It should be noted that the
bead deposited at a travel speed of 5 mm s~ * had the highest
heat input, and trial multiple bead depositions resulted in
excessive thermal energy accumulation. Hence, a travel speed
of 8 mm s~ was employed to deposit material in the high heat
input (HHI) region of the functionally graded part shown in
Fig. 1.

Optical micrographs obtained from the single beads
deposited at speeds of 8 mm s~* and 20 mm s~ ! are shown in
Fig. 5. The bead deposited at low speed shows a mixed
microstructure of polygonal ferrite, acicular ferrite, bainite
and low carbon martensite, resembling the microstructure
observed in beads deposited at a speed of 5 mm s~ *. Such a
mixed microstructure is typical in high-strength steel welds
[50,51]. Optical micrographs of samples deposited at higher
travel speeds, such as 17 mm s™* and 20 mm s}, indicate a
fully martensitic microstructure with the presence of a small
amount of grain boundary ferrite or Widmanstatten ferrite,
consistent with the CCT diagram depicted in Fig. 4. Fig. 6
shows the average hardness confirming the expected trend
of increasing hardness with increasing travel speed. The
sample deposited at 5 mm s ' has a hardness of approxi-
mately 260 HVO.1. The highest hardness of 440 HV0.1 was
observed for the sample deposited at 20 mm s, which can be
attributed to the rapid cooling experienced by the deposited
material and higher martensitic phase fractions. This

variation in hardness with changes in travel speed demon-
strates the potential of wire arc additive manufacturing to
achieve graded microstructures and properties by controlling
process parameters in high-strength steels.

3.2.  Functionally graded block

The process parameters for the building of the functionally
graded block were chosen based on the results of the single
bead-on-plate experiments, as outlined in Table 4. Deposition
of the low heat input region was devoid of humping defects
even though a relatively high travel speed was employed. The
number and placement of successive weld passes are
described in section 2.1.

3.2.1. Macrostructure and grain structure

Fig. 7 shows a transverse cross-section of the functionally
graded block, revealing the absence of porosity and lack of
fusion. Fig. 7(b) is a high-magnification optical micrograph of
the interface between the HHI region (bottom) and the LHI
region (top). A marked change in microstructural features at
the interface between the two regions is visible. The HHI re-
gion exhibits higher fractions of coarse grains, while finer
grains are observed in the LHI region. When molten material is
deposited on a substrate or base material with the same
crystal structure, epitaxial growth is preferred over nucleation
in the melt pool [28]. During epitaxial growth, nucleating
grains inherit the orientation from the unmelted grains at the
fusion boundary. The preference for epitaxial growth is due to
the negligible activation barrier. The direction of the
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Fig. 4 — The CCT (continuous cooling transformation) diagram corresponding to the high-strength steel composition
employed in the present study (see Table 1). The data is taken from Ref. [49)].
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Fig. 5 — Optical micrographs of the beads deposited at different travel speeds: (a) 8 mm s~* and (b) 20 mm s~ .

maximum temperature gradient during the process de-
termines the orientation of the columnar grain growth. In
materials with cubic crystal structures such as steels, the
favourable growth direction is <100> [28]. Grains with a pref-
erential growth direction that is favourably oriented to the
maximum temperature gradient direction grow faster and
crowd out the grains oriented less favourably, resulting in a
competitive growth mechanism, as shown in Fig. 8. Along the
central region of the sample, due to bidirectional scanning and
increasing build height, the maximum temperature gradient
direction aligns along the build direction. Epitaxial columnar
grains are dependent on the solid-liquid interface curvature
initially but towards the centre of a bead, they are observed to
be oriented along the build direction. Near the edge of the
sample, it can be seen that the columnar grains are oriented
towards the sidewalls rather than along the build direction.
This is due to edge beads being deposited on curved surfaces
resulting in a change of boundary conditions and the rotation
of the maximum temperature gradient direction [52].

The morphology of the microstructure formed during the
solidification can exhibit columnar or equiaxed structures or a
combination of both forms. The solidification velocity (R) and
magnitude of temperature gradient (G) are primary factors
that influence the evolution of grain morphology. Relatively
high values of G/R tend to result in the formation of a
columnar grains extending over several layers, which is a
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Fig. 6 — The variation of the Vickers hardness with travel
speed for single bead-on-plate deposits.

common characteristic in the microstructures of additively
manufactured components [53,54]. However, the solidification
microstructure of the functionally graded block did not exhibit
large directionally solidified columnar grains extending over
multiple layers due to the bidirectional scanning strategy
employed in the experiments, which leads to a change in the
maximum thermal gradient direction [55]. Nevertheless,
columnar grains can be still observed within a bead.

An equiaxed-grained region is identified in the vicinity of
the fusion zone of each bead, which is associated with the
formation of heat-affected zones (HAZ) [56]. Deposition of a
subsequent bead results in the partial remelting of the previ-
ous bead. The regions located immediately below the partially
remelted zone are subjected to high temperatures in the range
of 1350 °C for a short period of time leading to grain coarsening
and the formation of coarse, equiaxed austenite grains. The
regions that remained below the Acs critical temperature
retain their columnar structure, as depicted in Fig. 8; as a
result, a periodic occurrence of equiaxed and columnar grains
within the block can be observed.

3.2.2. Microstructure evolution in the high heat input zone
Optical and SEM micrographs from both HHI regions are
shown in Fig. 9. The micrographs indicate the presence of
similar microstructural constituents in both HHI regions.
Microstructural constituents of the high heat input regions are
primarily polygonal ferrite, acicular ferrite upper bainite,
granular bainite and traces of martensite. This microstructure
is indicative of lower strength and hardness but higher
ductility and toughness compared to a fully martensitic
microstructure. The HHI bottom region experiences higher
cooling rates initially due to the higher heat diffusion to the
substrate, resulting in a somewhat higher martensitic content
in the HHI bottom region than HHI top region. However, HHI
bottom region undergoes severe tempering due to the depo-
sition of the subsequent beads in the LHI region and the HHI
top region and because of this, tempered martensite can be
observed in the HHI bottom region.

Based on the CCT diagram presented in Fig. 4, bainite and
acicular ferrite form at intermediate cooling rates. The for-
mation of upper bainite and granular bainite occurs due to the
diffusion-less transformation of austenite to fine plates of
ferrite supersaturated with carbon. Carbon during bainite
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Table 4 — The set of process parameters employed to manufacture a functionally graded rectangular block.

Region Wire feed rate Travel speed Average Voltage Average Current Heat input
HHI 6 m min—! 8 mm s~! 23V 179 A 489 ] mm !
LHI 6 m min* 20mm st 23V 177 A 196  mm*

formation is partitioned to austenite between the individual
plates, enriching the austenite and resulting in the precipita-
tion of cementite. Parallel sheaths or subunits of bainite have
low-angle grain boundaries, enabling crack propagation dur-
ing cleavage fracture. Coarse granular and upper bainite mi-
crostructures lead to inferior mechanical properties and play
an important role in the reduction of fracture toughness of the
deposited part [25].

Acicular ferrite also forms at approximately the same
temperature as bainite. Acicular ferrite nucleates on non-
metallic inclusions within prior austenite grains (PAG) and
has random crystallographic orientations, with high misori-
entation angles (larger than 50°). The fine-grain size and
random orientation of acicular ferrite grains impart better
strength and enable crack deflection in the event of cleavage
crack propagation. In additive manufacturing of high-strength
steels for structural applications, acicular ferrite is considered
to be a desirable microstructural feature [25,57].

The XRD patterns obtained from HHI regions are given in
Fig. 10. The predominant presence of ferrite is confirmed by
the peaks of {110},{200} and {211}. Austenite peaks of {111},{200}
and {220} confirm the presence of Retained Austenite (RA). The
retained austenite fractions in both HHI regions are quanti-
tatively determined as given in Table 5 and are consistent with
previous studies on continuous cooling of high strength low
alloyed steels [58—60]. When austenitized material is contin-
uously cooled at moderate cooling rates (5°C s to 30 °C s™?),
the decomposition of austenite commences with the forma-
tion of grain boundary ferrite along the prior austenite grain

HHI region

LHI region

HHI region

boundaries. The formation of grain boundary ferrite leads to
the rejection of carbon to the adjacent austenite increasing
the carbon content. Partitioning of carbon to austenite con-
tinues during subsequent decomposition to bainite and acic-
ular ferrite. The martensite transformation start temperature
depends inversely on the carbon content of the parent
austenite grains due to the increased stability of carbon-
enriched austenite [50]. In the present case, the carbon con-
centration in the retained austenite (C,) is estimated from the
lattice parameter using equation (2) [61].

o, =3.573 + 0.033C, + 0.00095Mn — 0.0002Ni + 0.0006Cr
+0.0031Mo + 0.0018V )

where o, is the lattice constant of austenite in (A) and the
material composition of manganese (Mn), nickel (Ni), chro-
mium (Cr), molybdenum (Mo) and vanadium (V) are in weight
percent. The lattice parameter of austenite is 3.605 A and was
obtained from XRD measurements performed on the HHI top
region.

From equation (2), the carbon concentration (C,) is esti-
mated to be 0.97%, which is subsequently employed to esti-
mate the M temperature of carbon-enriched austenite using
equation (3) [61].

M, =539 — 423C — 30.4Mn — 17.7Ni — 12.1Cr — 11Si— 7Mo  (3)

where the material composition is given in weight percent.
The calculated M is 76.3 °C whereas the calculated M for the
nominal composition of the steel used in the present study is

LHI region

HHI region

Fig. 7 — (a) Transverse cross-section of the functionally graded block and (b) the interface between low heat input (LHI) and
high heat input (HHI) regions (b). Subfigure (b) depicts an enlargement of the area designated by the black rectangle in

subfigure (a).
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Equiaxed grain
Columnar grain

Equiaxed grain

Fig. 8 — Columnar and equiaxed grains observed in the
transverse cross-section of the low heat input (LHI) region
of the sample. The areas situated between the yellow lines
show equiaxed grains.

420 °C. Higher carbon content stabilizes the austenite and
delays its transformation to a BCC or BCT structure. The low
martensite transformation temperature results in an incom-
plete transformation of remaining austenite to martensite,
leading to the formation of martensite-austenite (MA) islands.
The formation of MA islands is escalated in the inter-critically
reheated regions due to enhanced enrichment of partially
transformed austenite [62,63].

A higher magnification image of the HHI region is provided
in Fig. 11. Martensite austenite islands are observed between
bainite laths and along prior austenite grain boundaries. MA

Polygonal ferrite

Upper bainite *

Tempered martensite

Acicular ferrite

SED 20.0kV WD12mm
TU Delft

: Martensite austenite (MA) islands

islands generally have a stringer or blocky morphology [64],
which is also confirmed in Fig. 11. The presence of MA islands
with stringer morphology is detrimental to the low-
temperature toughness as it is easily debonded from the
surrounding matrix. It is also reported that the presence of MA
islands with stringer morphology at prior austenite grain
boundaries increases local stress concentration, and conse-
quently the formation of microcracks and initiation of cleav-
age fracture. Likewise, debonding of MA particles may occur in
the case of isolated blocky MA islands, but these are less likely
to initiate fracture [65].

To improve the impact toughness of WAAM-deposited
high-strength steels, a reduction in the volume fraction of
MA islands is vital. Reducing the size and increasing the de-
gree of dispersion would avoid the detrimental effects of MA
constituents. Post-WAAM heat treatments or the use of lower
heat inputs during welding can be employed to achieve lower
fractions of MA constituents [66]. Conventional heat treat-
ments like tempering for 30 min do not significantly increase
the impact toughness of the material even though the MA
islands are decomposed. Lack of improvement of impact
properties on tempering can be linked to the formation of
carbides at grain boundaries [67]. Hence complex heat treat-
ments leading to inter-critical heat treatment and tempering
have been utilized in previous studies for the decomposition
of MA islands and the formation of fine retained austenite
which improves the impact toughness [67].

3.2.3.  Microstructure evolution in the low heat input zone
The microstructure in the low heat input region comprises

low carbon martensite, grain boundary ferrite and Wid-
manstatten ferrite as shown in Fig. 12. An interpass

i Polygonal ferrite

Acicular ferrite

4 Granular bainite

% Upper bainite

/

SED 20.0kV WD12mm P.C.60 x2,000  10pm
TU Delft

: Martensite austenite (MA) islands

Fig. 9 — Optical micrographs showing (a) HHI Bottom region and (b) HHI top region and SEM micrographs showing (c) HHI
bottom region and (d) HHI top region. A mixed microstructure of different ferrite morphologies and martensite is observed.

The yellow arrows indicate martensite austenite (MA) islands.
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Fig. 10 — (a) Macrograph of the functionally graded block showing the positions where X-Ray Diffraction (XRD) patterns are
recorded. (b) and (d) The XRD patterns obtained from the top high heat input (HHI) region and bottom HHI region,
respectively. (c) and (e) Magnified images of the retained austenite peaks in the XRD patterns of both HHI regions.

temperature of 50 °C was maintained in the low heat input
region, stimulating increased heat extraction by the deposited
beads. Higher heat extraction from beads results in higher
cooling rates compared to beads in the HHI region, which will
favour the formation of non-equilibrium phases such as
martensite.

Martensite is formed in steels at high cooling rates by the
displacive phase transformation of austenite. Martensite is a
supersaturated solution of carbon in ferritic iron with a body-
centered tetragonal structure (BCT). Higher dislocation den-
sities in the substructure along with the shape of crystals
impart higher strength and hardness and reduced ductility of
martensite when compared to other ferrite morphologies
[25,68].

A SEM micrograph from the low heat input region (Fig. 13)
indicates precipitation of cementite, indicating a tempered
martensitic microstructure. Tempering in the low heat input
region can be attributed to thermal treatment between 250 °C
and the Ac; temperature experienced by the material due to
the deposition of subsequent HHI and LHI beads. During
tempering, excess carbon in martensite and bainite is
precipitated as cementite particles at the lath boundaries, and
tempering is more predominant in martensite. Low carbon
content in steels increases the martensitic transformation
temperatures, Mg and My. It is observed that in low-carbon

Table 5 — The fraction of the retained austenite phase

estimated from X-Ray Diffraction (XRD) measurements.

Region Retained austenite phase fraction
HHI-top 5% + 1%
HHI-bottom 4% + 1%

steels, the transformed martensite undergoes tempering
during the remainder of the cooling process, also known as
auto-tempering. The martensite start temperature for the
steel used in the present study is estimated to be 420 °C given
by equation (3). Tempering of martensite instigates
enhancement of mechanical properties like toughness, but a
reduction in strength and hardness. Reduction of strength and
hardness during tempering is also linked to dislocation re-
covery, leading to a reduction of dislocation densities [69].
Peak temperatures of 600 °C or more during tempering can
cause a considerable reduction in hardness [25].

Martensite austenite islands were rarely observed within
the LHI regions and those that had a smaller size than the MA
islands in the HHI regions, which is confirmed by the XRD
measurements presented in Fig. 14 showing that no retained
austenite peaks were detected. Similar to the HHI regions,
ferrite peaks of {110}, {200} and {211} were observed. Due to the
increased cooling rates experienced in the LHI region, limited
diffusion of carbon happens during austenite decomposition.
After the formation of the grain boundary ferrite/Wid-
manstétten ferrite, the remaining austenite is transformed
into martensite. Only XRD peaks corresponding to only the
BCC crystal structures were observed. Although martensite
has a body-centered tetragonal crystal structure, the tetra-
gonality of the martensite is low due to the low carbon content
of the steel, which renders it difficult to distinguish by XRD.
Additionally, cementite precipitation during tempering was
not detected by XRD due to the small size and low concen-
tration of cementite.

3.2.4. Vickers hardness and microstructure correlation
The hardness profile of the sample along the build direction
is given in Fig. 15. The hardness of the high heat input
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Fig. 11 — A higher magnification image of the high heat
input (HHI) region displays diverse morphologies of MA
islands. The red arrows indicate stringer morphologies
and the yellow arrows indicate blocky morphologies.

regions is almost homogenous around 250 HV1. The lower
hardness in the HHI regions can be attributed to the occur-
rence of a higher ferrite fraction in the microstructure. The
low standard deviation in hardness values in HHI regions is
indicative of a relatively homogenous microstructure. For
the low heat input region, the hardness values are elevated
to a maximum of 360 HV1 indicating successful grading of
properties. The comparatively higher micro-hardness in the
low heat input region can result from the formation of higher
martensite phase fractions; however, hardness values in the
low heat input region show a high scatter, fluctuating
roughly between 312 HV1 and 360 HV1. It should be noted
that the standard deviation in hardness values correspond-
ing to the LHI region is approximately four times higher than
that of HHI regions, indicating an inhomogeneous micro-
structure and properties.

The lower hardness values observed in the low heat input
region are attributed to the presence of a white-banded region
which could easily be mistaken for the fusion line. The white

Martensite

‘Widmanstatten ferrite

WD 8.8mm Tpm

15.0kV X5.000

Fig. 13 — A magnified view of the low heat input (LHI)
region exhibiting carbides in the tempered martensite
within the LHI regions.

band region and fusion line are indicated in Fig. 16(b). The
distance between the white region and the fusion line is fairly
constant and is measured to be 539 ym + 14 um. Softened
regions with lower hardness have already been reported for
multi-pass welding of low-carbon steels and ultra-high-
strength steels [70,71]. To comprehend the influence of the
microstructure in the white band on hardness, hardness
measurements were performed with a load of 0.2 kg across a
white region (Fig. 16). The hardness drops from 350 HV to 280
HV when the indent location is in the white region (Fig. 16(a)).
A comparison of the scanning electron micrographs obtained
from the beads in the LHI region (see Fig. 12(b)) and the white
band region (see Fig. 17) reveals that the microstructural
constituents in both regions are significantly different.
Martensite (tempered and untempered) is present within the
beads, while the white regions have a mixed microstructure of
polygonal ferrite, bainite and martensite (tempered and un-
tempered); this variation is also implied in the hardness pro-
file shown in Fig. 15.

Tempered martensite

x2,200 10pm

SED 20.0kV WD13mmP.C.60
TU Delft

: Cementite/MA islands

Fig. 12 — (a) Optical and (b) SEM micrograph from the low heat input (LHI) region. The yellow arrows indicate the presence of

cementite particles or MA islands.
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Fig. 14 — (a) Macrograph of the functionally graded block showing the location where the X-Ray Diffraction (XRD)
measurement was conducted. (b) The XRD pattern was obtained from the low heat input (LHI) region, displaying only ferrite

peaks.

The softening observed in the white regions could be due to
the recrystallization of lath martensite grains [72], tempering or
the formation of relatively softer phases like bainite, acicular
ferrite or polygonal ferrite during cooling. Recrystallization of
lath martensite in steels occurs in the temperature region be-
tween 350 °C and 700 °C causing coarsening of martensite
laths, formation of dislocation-free equiaxed grains and pre-
cipitation of carbides [25,69]. However, it can be observed in
Fig. 17 that the ferrite grains have mostly an elongated
morphology and cannot be linked entirely to the recrystalliza-
tion phenomenon [25]. Previous research on white regions
formed during multi-pass welding of HSLA-100 steels articu-
lated the presence of tempered martensite in white regions
leading to lower hardness [70]. The white regions can corre-
spond to the softening associated with the inter-critically heat-

Build direction

affected zone (peak temperature is between Ac; and Acs) and
the subcritical heat-affected zone (peak temperature < Ac;)
[71,73].

When the material is heated to the inter-critical region,
austenite nucleates along the prior austenite grain boundaries
and martensitic laths. The remaining untransformed
martensite undergoes severe tempering. On subsequent
cooling, the austenite formed at inter-critical temperatures is
transformed into different ferritic morphologies or martensite
depending on the cooling rate [74]. Cooling rates experienced
by the material in the inter-critical heat-affected zone (ICHAZ)
regions are less than the critical cooling rate for complete
martensite transformation, which is evident from the
observed microstructure in Fig. 17. In the subcritical heat-
affected zone with a peak temperature approximately equal

I
400
é 300 |
A
2
= 200 F
T
HHI region LHI region HHI region
100 1 1 1 i
0 5 10 15 20 25

Distance from substrate [mm)]

Fig. 15 — Hardness measurements taken along the build direction on the transverse cross-section of the functionally graded

block.
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Fig. 16 — (a) Hardness measurements performed across a white band, verifying the occurrence of softening. (b) Indentations
made across the white band region. The area between the yellow lines represents the white band region. The red dashed

line indicates the fusion line.

to Acq, no austenite transformation occurs and martensite
undergoes tempering resulting in the formation of soft-
tempered martensite [71].

The occurrence of white bands in the high heat input re-
gions is also a possibility. Cooling rates experienced by the
material within the bead or the white band regions in the HHI
zone are not sufficiently different to cause a drastic variation
in microstructure and hardness. Nonetheless, the presence of
similar microstructural constituents in both the bead and
white band renders it difficult to distinguish the white bands
in the high heat input region based on microstructural ob-
servations or from hardness measurements. The high-heat-
input regions have a more homogenous microstructure and
hardness than the low-heat-input regions.

SED 20.0kV WD13mmP.C.60
TU Delft

x2,200

10pm

Fig. 17 — Microstructure in the white band regions
indicating a mixed microstructure of different ferrite
morphologies and martensite. Coloured arrows denote
different microstructural constituents. Yellow: Upper
bainite, Red: Acicular ferrite, Green: Lower bainite or
tempered martensite, Purple: Polygonal ferrite and Blue:
Untempered martensite.

Since hardness measurements are indicative of the
strength of the material it can also be inferred that yield
strength and ultimate tensile strength of the material are
higher in the LHI regions. Generally, the uniaxial flow strength
of a material is assumed to be approximately three times the
hardness [75].

3.2.5. Profilometry-based indentation plastometry (PIP)
Stress-strain curves estimated from the PIP measurements
corresponding to indents from each region are given in Fig. 18.
Both the bottom and top HHIregions indicate lower yield (50%)
and ultimate tensile strength (34%) than the LHI region.
Stress-strain curves from both the HHI regions indicated
similar behaviour and the values of yield strength (YS) and
ultimate tensile strength (UTS) are comparable. The
calculated strength properties for each indent are given in
Table 6.

The ultimate tensile strength of HHI regions is comparable
with the strength properties corresponding to previous
research from Rodrigues et al. [7] and Rodideal et al. [18], which
used similar heat inputs. In contrast to previous studies, the
LHI region possesses higher tensile strength. This is due to the
lower interpass temperature maintained in the LHI region in
addition to the lower heat input. Material properties of the as-
welded material obtained from the supplier data sheet indi-
cate that the LHI region has almost 38% increase in yield stress
and 25% increase in UTS. Conversely, the HHI regions had an
11% lower yield stress and 7% lower UTS than indicated in the
datasheet.

For the PIP measurement in the LHI region, the indent was
made to avoid an overlap over the white band regions to
minimise the effect of softening caused by the white band
regions. The LHIregion has a lower uniform elongation of 2.3%
because of the lower ductility associated with the martensite
phase. The uniform elongation in both HHI regions is higher at
approximately 10%. Subjecting such a sandwich structure to
uniaxial loading along the build direction can therefore lead to
non-uniform strain distribution and failure in the HHI regions.
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Fig. 18 — Nominal stress-strain curves derived from profilometry-based indentation plastometry (PIP) measurements on (a)
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dots indicate the location of indents for PIP measurements.

4, Conclusions

The control of microstructure and mechanical properties of
high-strength steel S690 through electric arc-based wire arc
additive manufacturing was explored in the present work. In
contrast to previous studies that relied on compositional
Test Location Yield UTS (MPa) Uniform variations (?r in-situ thermo-mechanical m.ethods to control
Strength elongation the propertlgs, process parameters w.ere ad]u§ted t9 regulate

(MPa) (%) the energy input and produce spatially varied microstruc-

tures. Based on the results of the present study, the following

Table 6 — The yield strength, ultimate tensile strength
(UTS), and uniform elongation obtained from

profilometry-based indentation plastometry (PIP)
measurements.

HHI Bottom 619 + 25 713 (695—730) 10.8 (9.2—13.2) .

LHI Middle 981+ 13 984 (980—992) 2.3 (0.6-2.4) conclusions are drawn.

HHI Top 648 +29 758 (740—777) 12.2 (10.5—15.4)

ER110S-G wire (from 710 790 e Employing higher travel speeds in single bead-on-plate
the material experiments resulted in increased cooling rates between

certificate) 800 °C and 500 °C, higher martensitic phase fractions, and
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higher hardness. This demonstrates the possibility of
functional grading by adjusting travel speed in electric arc-
based additive manufacturing.

e The hardness measurements made on the transverse
cross-sections of the rectangular block in the build direc-
tion confirmed microstructural grading, with low heat-
input regions displaying higher and fluctuating hardness
values, and high heat-input regions displaying lower and
more uniform hardness.

e The adjustment of process parameters allowed for the
observation of spatial variation in microstructural constit-
uents in the rectangular block, indicating successful
microstructural grading. The use of lower heat input during
the deposition of high-strength steels combined with an
inter-bead temperature of 50 °C led to higher cooling rates,
resulting in the formation of martensite. Conversely,
increasing the heat input and inter-pass temperature
reduced the cooling rate, producing a mixed microstructure
of polygonal and acicular ferrite, bainite, and martensite
that could be correlated to the hardness measurements.
Fluctuations in the hardness profiles corresponding to low
heat-input regions were caused by the occurrence of inter-
critically reheated heat-affected zones, which possessed
lower hardness due to the mixed microstructure of
martensite (tempered and untempered), bainite, and
ferrite. The use of lower travel speeds to increase cooling
rates can create microstructural inhomogeneity, leading to
localized soft zones with considerably lower hardness than
the surrounding material.
Profilometry-based plastometry measurements indicated
an increase in the yield and tensile strength (by approxi-
mately 150 MPa) and lower elongation (2.3%) for the low
heat-input regions compared with the high-heat-input
regions. Conversely, high heat-input regions displayed
higher elongations (10.2% and 12.4%) due to the presence of
grain boundary ferrite, acicular ferrite, and tempered
martensite, indicating that these regions could accommo-
date larger deformations.

It should be noted that this study was limited to one high-
strength low-alloy steel, but the methodology proposed for
obtaining spatially varied microstructure and properties could
be applied to other metallic materials. When combined with
numerical simulations, this approach could lead to the fabri-
cation of parts with control over the local mechanical prop-
erties. Future research should examine the effect of additional
parameter combinations, improving manufacturing efficiency
and performance evaluation of such tailor-made microstruc-
tures to exploit the potential of functional grading. Awareness
of achievable properties in the design stage of parts should
also be improved to achieve the full potential of functional
grading of WAAM. Additionally, attention should be given to
the certification process of functionally graded WAAM parts.
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