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Abstract
Wire and Arc Additive Manufacturing (WAAM) is increasingly being used to produce complex and non-
traditional geometries that other technologies are not able to create. Finishing operations, as machining, are
often required to accomplish the components functionality. However, recent studies suggest that several
machining issues arise due to the lack of geometrical tolerances and complex shapes of the manufactured
parts, like chattering effects, appropriate work holding selection and component alignment. This work aimed to
evaluate if the established scienti�c knowledge for machining homogeneous and isotropic materials remains
valid for machining WAAM parts.

Two different variants of WAAM were analysed, namely, conventional MIG/MAG and hot forging (HF-WAAM).
The cutting operations were carried out varying the undeformed chip thickness (UCT) and the cutting speed,
using a tool rake angle of 25°. A systematic comparison was conducted between the existing theoretical
principles and the obtained practical results of the orthogonal cutting process, where material properties
(hardness, grain size, yield strength) and important machining outcomes (cutting forces, speci�c cutting energy,
friction, shear stress, chip formation and surface roughness) are addressed. Additionally, high-speed camera
records were used to evaluate the generated shear angle and chip formation process during the experimental
tests.

The machinability indicators shown that, through the appropriate cutting parameters, machining forces and
energy consumption can be reduced up to 12%, when machining the mechanical improved HF-WAAM material,
without compromising the surface quality requirements.

1. Introduction
Toward following the new paradigms of industry, the need for mass customization, combined with higher
productivity and e�ciency levels, led to the rise of Additive Manufacturing (AM) [1]. AM is the process of joining
materials to make objects from three-dimensional (3D) model data, created layer-by-layer, with versatility and
cost-e�ciently. New AM techniques are being developed to respond as a viable alternative in various industries,
namely aerospace [2, 3], automotive [4], and rapid tooling industry [4–6] to produce complex near-net shaped
components [7]. Current advantages over traditional manufacturing processes are the high potential for
process automation, the reduced amount of total production time, �exibility, costs, and less material waste, as
well as the bene�t in design freedom. In addition, a wide range of materials can be processed by these
technologies.

Powder-Bed Fusion (PBF) [8] and Directed Energy Deposition (DED) are the most used AM techniques. In DED
processes, focused thermal energy is applied to, simultaneously, melt and deposit the material into the surface,
where it solidi�es. Different types of primary heat sources can be used: arc plasma, electron beam or laser
combined with powder or wire used as feedstock material.

Wire and Arc Additive Manufacturing is a DED process, emerged as a promising technology for producing large
and medium-complexity steel components [9, 10], as it allows rapid manufacturing of large metallic parts with
a high deposition rate, low equipment cost and eco-friendly approachability.
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However, there are still some concerns regarding metal components produced by WAAM, and consequently
their implementation in the industry. The main challenges related to this technology involves poor geometric
accuracy and surface �nish, which require post-processing operations [1, 7, 9, 11]. Duarte et al. [12] developed a
new variant of WAAM, known as Hot Forging Wire and Arc Additive Manufacturing (HF-WAAM) that can
improve the quality of the manufactured parts, by homogenizing (and re�ning) the grain structure, increasing
the ductility, reducing the levels of residual stress and porosities, as well as improving the waviness and the
geometrical accuracy of the component. This new process variant consists of the in-situ appliance of pressure
at high temperatures, with a given frequency and force, immediately after the material is deposited. Several
alternative methods were also described as an attempt to correct some WAAM process limitations, mainly
focused on controlling the temperatures involved during the process. Approaches like optimization of interpass
temperature [13–15], use of different deposition strategies [16], adaptation of the hot-wire method [17], active
inter-layer cooling/heating, interpass cold rolling and pre-heating of the substrate were reported to improve the
mechanical properties and dimensional accuracy of the as-build parts, as well as to reduce the need for post-
processing operations like machining and heat treatments [10].

A signi�cant impact on the machinability may occur due to microstructural and local mechanical differences,
since the thermal cycle varies at different regions of WAAM’s part height as evidenced by Rodrigues et al. [18].
Regarding the good weldability and ductility exhibited by HSLA steels, one of the major concerns during
machining this type of steel is the development of a build-up edge (BUE). When slot milling WAAM parts, Lopes
et al. [19] observed top milling burrs on the periphery of grooves, due to material plastic �ow when compressed
and related to high ductility of the workpiece material, and exit burrs at the end of machined grooves, generated
when the workpiece material was pressed and deformed, instead of sheared at the exit of the tool. However,
they found that the gradient on the mechanical properties of as-built parts did not yield signi�cant differences
on the milling process responses.

The study of the phenomenological response of the material is essential to understand the principles of chip
formation. Some early studies regarding the chip formation process were based on simpli�ed assumptions,
namely, the shear plane card model proposed by Pijspanen, considered as a solid logical explanation of the
chip formation process with experimentally acceptable results [20]. Regardless of the machining operation to
be performed, numerous factors are considered to have a major in�uence on the generated chips, namely the
material properties (anisotropy, homogeneity, grain size and mechanical strength), cutting parameters,
cooling/lubrication conditions and the tool material and geometry. The orthogonal cutting approach is the most
appropriate method to understand the fundamental cutting mechanisms, especially when the cutting behaviour
of the workpiece material is yet unknown. When the chip formation process is captured in-situ it provides
information about the speci�c material removal mechanisms and their correlation with the cutting conditions.
Analysing the cutting forces allows to determine the speci�c cutting energy involved, one of the most important
factors regarding an adequate selection of cutting parameters.

Therefore, this paper exhaustively investigates and compares, through a detailed and systematically approach,
the eight main features of machining. A scienti�cal correlation is established with the material properties and
cutting parameters, providing an interesting database regarding machining WAAM components and the HF-
WAAM variant.
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2. Experimental Procedure
The experimental procedure comprised two steps. First, the production and characterization of the WAAM
samples were conducted. Then, the analysis of the chip formation and the orthogonal cutting
phenomenological study was performed. Fig. 1 illustrates the experimental procedure, describing the
techniques employed for their characterization, which are further detailed in the following sections.

2.1. HSLA steel samples manufactured through WAAM
Two different thin-walled structures were manufactured using a custom-built GMAW-WAAM machine [18]. A
zig-zag strategy was used, where the deposition direction was inverted at the end of each layer. The length of
the thin-walled structures was set to 180 mm and the �nal height to 100 mm. In addition, an 8 mm contact tip
to work distance (CTWD) was kept constant between the welding torch and the substrate/previously deposited
layer, as well as an interlayer deposition time of one minute. Commercial Argon (99.999%) was used as
shielding gas, using a constant �ow rate of 15 L/min. A 1.2 mm diameter consumable solid wire was used as
feedstock material, namely ER110S-G from LINCOLN ELECTRIC [21], equivalent to HSLA steel.

Equal low heat input values (221 J/mm) were used to manufacture both samples, however, through distinctive
variations of the WAAM process. The �rst sample was produced with conventional WAAM, while the second
sample was produced with the Hot Forging Wire and Arc Additive Manufacturing (HF-WAAM) variant. This new
variant comprises the use of a hammer placed inside the gas nozzle, which is actuated by a pneumatic cylinder
that can operate at different frequencies. The hammer is placed at 10 mm from the arc welding centre and
travels along with the torch. The hammer activation consists of giving it cyclic vertical movement, and it is
activated while the material is still being deposited, so that it is forged while it is at high temperatures (from 800
to 900°C), similar to hot forging process. The deposition parameters employed during the samples production
are summarized in Table 1.
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Table 1
WAAM process parameters used to produce the thin-walled structures (conventional

WAAM and HF-WAAM)
Welding mode Gas metal arc welding – continuous mode (DC+)

Current [A] 95

Voltage [V] 21

Travel speed [mm/min] 540

Wire feed speed [m/min] 3

Contact tip to work distance [mm] 8

Shielding gas Argon 99.99 %

Gas �ow rate [l/min] 15

Heat Input [J/mm] 221

Forging frequency (HF-WAAM) [Hz] 8

2.2. Orthogonal cutting experiments
Orthogonal cutting operations were conducted on an ALBA TYPE-2S mechanical shaper machine, providing
relative linear motion between the workpiece and a single-point cutting tool. The cutting tool used was a 16 x
16 x 80 mm high-speed steel (HSS) tool, crafted to a rake angle of 25° and a clearance angle of 5°. Due to the
fundamental features of the orthogonal cutting, some simpli�cations were considered, namely, the tool edge
effects were neglected, and the ideal case of a perfectly sharped tool with zero tool edge radius was adopted.
Furthermore, due to the small length of the experimental tests, tool wear was not considered signi�cant
regarding the acquired experimental results, as veri�ed by preliminary tests.

To evaluate the in�uence of the gradient of hardness presented along the built-up direction, both thin-walled
structures were divided and cut into three different regions of interest with similar mechanical behaviour: base,
centre and top, as represented in Fig. 2. The dimensions of each sample were set to 50 mm in length and 20
mm in height.

Moreover, to ensure a constant width across the sample and to avoid undesirable vibration during the
machining processes, grinding operations were performed to remove the waviness on both sides of each
sample, ensuring a constant wall width of 3 mm. For the orthogonal cutting model, the cutting depth
corresponds to the width of the sample, whereas the undeformed (uncut) chip thickness represents the distance
below the original work surface where the cutting edge of the tool is positioned, as represented in Fig. 3.

Regarding the operational recommendations for shaping operations, the sample machining was conducted in
the stable cutting stage of the machine, to avoid variations in the cutting speed during the experiment. The
different cutting parameters selected for the experiments are summarized in Table 2.
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A design of the parameters combinations was employed, namely distinctive values of cutting speed and
undeformed chip thickness, in the three distinctive zones (Base, Centre and Top) of each thin-walled structure
(WAAM and HF-WAAM). To ensure a reference comparison for the additively manufactured WAAM material,
experiments were conducted on low-carbon steel samples. Thus, 3 replicates of 56 tests were conducted under
dry condition and in a stationary cutting regime, i.e., with a constant cutting speed during the complete
operation. The components of the cutting force were acquired for each test, using a Kistler 9257B
dynamometer together with a Kistler LabAmp 5165A charge ampli�er & data acquisition, at a sample rate of 10
kHz. The chip formation process was recorded using a Photron FASTCAM AX50 high-speed camera system
comprising 10,000 fps at 384 x 384 pixels resolution. To reach the appropriate level of magni�cation, the
camera was equipped with a Nikon AF NIKKOR 28-80 mm macro lens. The required levels of lighting were
ensured by two 100 W recti�ed LED �oodlights from V-TAC. The shaping performance was evaluated
throughout the analysis of the different output variables based on the existing theoretical models from the
orthogonal cutting literature. These variables include cutting force, speci�c cutting energy, friction coe�cient
and angle, shear angle, and shear stress. The overall experimental apparatus is shown in Fig. 4.

2.3. Characterization techniques
Different characterization techniques were employed to evaluate the properties of the produced thin-walled
structures. To evaluate the waviness, the pro�le for each section was acquired through a scanner and further
processed with DraftSight 2020 software. The methodology used for the waviness measurements was the
same as presented in [22]. The local waviness was given by half of the difference between the maximum wall
width and the effective wall width; the �nal waviness was calculated through the average value measured on
�ve equally spaced sections.

For microstructure characterization, each sample was mounted in epoxy resin, polished, and etched with Nital
(3% solution). A Leica DMI 5000 M inverted optical microscope was used to observe the microstructure. For
microhardness measurements, a Mitutoyo HM-112 Micro-Vickers Hardness Testing Machine was used, and a
0.5 mm distance was used between measurements, and a load of 0.5 kg was applied during 10 seconds for
each indentation.

To evaluate the mechanical properties of the samples, particularly the material yield strength, uniaxial
compression tests were conducted. For that purpose, a Shimadzu autograph test machine, equipped with a 10
kN load cell, was used to perform three replicates for each testing condition (Base, Centre and Top of WAAM
and HF-WAAM samples), at a displacement rate of 1 mm/min.
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Electrical conductivity measurements were performed to evaluate the material variations along with the
deposited layers. A commercial JandelTM linear four-point probe was used together with a Keithley 2182A
digital nano voltmeter, according to the conditions described in [23].

As for the machined surfaces, the surface quality analysis was performed through the surface roughness
parameter, Ra, following the ISO 4287 standard for the assessment of surface texture in machining operations
[24], using a Mahr MarSurf PS 10 mobile roughness measuring instrument.

For each shaping operation, the generated chip was gathered and analysed in accordance with the
correspondent morphology and thickness. Three different measurements of thickness were performed via
image analysis software, and the chip compression ratio was calculated. Morphology observations were
carried out on a Leica DMI 5000 M Inverted Microscope.

3. Results And Discussion

3.1. WAAM parts characterization
Evaluating the low-alloy thin-walled steel structures manufactured through WAAM and HF-WAAM (Fig. 2), is
noticeable the superior spattering presented on the hot-forged component, sustained by the higher measured
values of surface waviness (1210 ± 25 µm), when compared to the measured values for the conventional
WAAM structure (977 ± 63 µm). Such observation was slightly unexpected, running against the predictions
presented by Duarte et al. [12], where deforming the as-deposited layers at high temperature could result in
improved waviness and surface roughness of the produced components.

Isometric micrographs from the centre areas of both structures are presented in Fig. 5. The material is heat
treatable, and consequently sensible to thermal cycling effects. Considering the cooling rate as one of the main
factors to delineate the grain growth process, the relative higher cooling rates of the WAAM deposition process
may be responsible for promoting the formation of larger grains, as well as the development of a quasi-
equiaxed structure, i.e without a signi�cant preferential orientation.

As depicted in Fig. 6, both thin-walled structures revealed uneven microstructures along the building direction,
changing the grain size across the height, as a consequence of the effect of the different thermal behaviour
(cooling rates, substrate effect) experienced by the material during the deposition process. Moreover, the larger
grain size is commonly observed on the centre zones of the samples, which results from two different heat
effects: the increased di�culty in sinking the heat through the underlying layers, which are progressively
warmer; and the repetitive thermal effects caused by the deposition of the overlying layers that causes a temper
heat treatment effect.

As supported by Duarte et al. [12], the hot-forging WAAM variant can generate a microstructure re�nement,
promoting grain size reduction and so improving the mechanical properties. Similar results were reported by
Hönnige et al. [25] when peening a WAAM deposited Ti-6Al-4V wall. From Fig. 5 and Fig. 6, it is clear the hot
forging effects on the microstructure of the HF-WAAM sample, particularly on the smaller grain size of the
material.
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The hardness measurements registered for the areas of interest of the cutting experiments are shown in Fig. 7.
For WAAM samples, the hardness was in the 220-260 HV range, while for HF-WAAM samples higher hardness
values were measured, namely 240-300 HV. The low-carbon steel, as expected, registered lower hardness values
(160-180 HV range).

Both WAAM and HF-WAAM structures revealed identical hardness pro�les along the height, decreasing from the
base to the centre, and increasing from the centre to the top, being in good agreement with the aforementioned
changes in grain size, following the Hall-Petch equation. The grain size has a direct impact on the hardness
levels, since the grain boundaries act as a mechanical barrier to dislocations propagation, validating the
acquired data for the superior hardness of the HF-WAAM structures. The higher hardness on the HF-WAAM
sample is generated by the hot-forging effects when the material is at the range of hot-working temperatures,
promoting the grain re�nement effect on the material.

The hot forging effects have revealed major mechanical improvements regarding the yield strength, when
subjected to uniaxial compression tests. As depicted in Fig. 8, the yield stress has revealed a very similar pro�le
as the hardness measurements, due to the microstructural changes developed across the height. For the
conventional WAAM specimens, the measured yield stress range is in accordance with the values presented in
[26].

The electric conductivity measurements revealed no main differences between samples, and the results were in
the 5-6 % IACS amplitude, as shown in Fig. 9. The variation experienced during the tests can be assigned to
microstructural differences within the same zone. However, is more evident in the base zone of the HF-WAAM
structure. It is possible to conclude that despite the microstructural variations observed along the sample
height, the electrical conductivity remains almost constant. Moreover, the hot forging does not signi�cantly
affect the material electrical conductivity. Although this technique can identify microstructural changes [27], the
grain size variations observed in each sample, and during the comparison between the conventional WAAM
and the HF-WAAM, are within the same order of magnitude, and therefore the electrical conductivity of the
material is not affected.

3.2. Cutting force and Speci�c Cutting Energy
In an orthogonal cutting operation, the total cutting force F can be decomposed into two components: Fc, the
cutting force acting in the direction of the tool movement; and Fp, the feed force acting perpendicularly to the
cutting force (Fig. 3). Both components produce de�ection in the workpiece and the cutting tool. The in�uence
of cutting speed and undeformed chip thickness on the cutting force is depicted in Fig. 10. No major in�uence
of the cutting speed is observed on the cutting force results, as expected. Moreover, increasing the undeformed
chip thickness, the cutting force increases, due to the higher amount of material removed during the cut. Such
observations are shared in both WAAM, HF-WAAM and low-carbon steel samples. As commonly referred in the
literature [28–30], there is no straightforward formula to calculate how machinability is dependent on the
hardness of the material. However, the literature refers to the fact that cutting force tends to increase with
increasing hardness. Such evidence was not completely observed in this work, as the increased hardness of the
HF-WAAM samples (when compared to conventional WAAM and low-carbon steel) has revealed different trend.
As would be expected, the cutting force tends to increase with increasing UCT in all samples, and its behaviour
was similar in all cases. The measured cutting force values were lower for WAAM samples, on the base (except
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for lower values of UCT when cutting at lower speed) and centre areas. With respect to the base area, the
cutting force for the WAAM samples ranged from being 14% lower (v = 5 m/min; h = 0.3 mm) to 14% higher (v =
7 m/min; h = 0.6 mm) than for the similar area on HF-WAAM samples. Regarding the centre area, the cutting
force values for WAAM samples were up to 10% lower. On the top area the cutting force was lower for the HF-
WAAM samples (up to 12 %). Nevertheless, the results are in accordance with the literature [31, 32] since the
low in�uence of the mechanical properties and cutting speed on the cutting force is documented.

Figure 11 depicts the comparison of WAAM, HF-WAAM and low-carbon steel experimental results for speci�c
cutting energy (SCE). It is possible to notice that the SCE values, regardless of the cutting parameters and
sample type/area of interest, remained within the anticipated range of 1.68 to 2.28 GJ/m3, in accordance with
most steel alloys [33–35]. Therefore, it is possible to con�rm that neither the mechanical properties (hardness
and yield strength) or the cutting speed have largely changed the SCE values for the employed cutting
conditions. The increase of the undeformed chip thickness tends to decrease the SCE according to the typical
power tendency (SCE = C·h−m). The models obtained for the low-carbon steel samples presented an expected
exponent for steel alloys (within 0.252 and 0.358) as the WAAM samples machined using a lower cutting
speed. However, whit increased cutting speed, the uncut chip thickness in�uence diminished, as the power
exponent decreased to a range between 0.035 and 0.122. The same occurs for HF-WAAM samples, regardless
the used cutting speed, which can indicate that the UCT is not the only variable to consider for the
mathematical expression for SCE.

The SCE can also be used as an indicator of the tool wear during the machining operation [35]. Thus, the
observed consistent behaviour can sustain the tool integrity throughout the experimental work.

3.3. Shear Angle and Shear Stress
The shear angle is fundamental in chip formation, as increasing the shear angle allows to decrease strain,
machining forces, and power requirements. In fact, compared to the cutting force results, the measured shear
angle showed inverse behaviour. Analysing the differences between WAAM and HF-WAAM, WAAM samples
presented higher values for lower cutting speed, with exception of the top area. The range of shear angle was
within 29.1° and 33.7°. It should be noted that WAAM samples showed a very similar behaviour to low-carbon
steel when the cutting speed was higher.

The experimental values were compared to the theoretic models, namely the geometrical relationship of
orthogonal cutting, based on the cutting ratio or chip thickness ratio, the Lee-Shaffer Maximum Shear Stress
Principle (MSSP) and the Merchant’s Minimum Energy Principle (MEP). As shown in Fig. 13, the MSSP is the
model that better predicts the experimental shear angle for most of the experimental tests. Similar conclusions
were found by Silva et al. [36] performing orthogonal cutting on AISI 1045 medium carbon steel and Berezvai et
al. [37], when studying the shear angle variation during orthogonal cutting of aluminium, in a stationary cutting
regime and without build-up edge (BUE) formation.

The geometrical relationship of the orthogonal cutting model presented the worst prediction on the shear angle,
which would be expected, since the chip thickness measurements are greatly operator in�uenced. Also, as
predicted, the MEP has overestimated the values for the shear angle; however, the MEP prediction was the most
uniform through the cutting experiments.
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Regarding the cutting parameters, both cutting speed and undeformed chip thickness have shown no major
in�uence on the shear angle. However, the value range is similar to that observed by Varga et al. [38] when
simulating, through �nite element analysis, the cutting process on AISI-1045 steel. Choi et al. [39], have reached
similar conclusions in a study on the shear angle variation in orthogonal cutting, attesting the independence of
the shear angle from the undeformed chip thickness. In addition, the shear angle experimental values are more
consistent throughout the height when machining HF-WAAM.

Figure 14 shows the shear stress levels required to allow the chip formation process to occur. Examining the
WAAM and HF-WAAM tests, it can be noted that the generated shear stress is close to the material tensile
strength (range from 769 to 942 MPa), as should be expected. Moreover, it is also possible to emphasize the
similarity behaviour between the WAAM and HF-WAAM samples, when using different combinations of cutting
parameters. Despite the known differences in the mechanical properties of the additively manufactured
material, the effects on the shear stresses, apparently, only arises when machining at the higher speed (v= 7
m/min). However, the generated shear stress levels for the low-carbon steel shows almost an equal behaviour
as for WAAM-produced samples, revealing an apparent independent relation of the shear stress from the UCT.
However, for the HF-WAAM, such relation is less noted when cutting at the higher speed.

3.4. Friction Coe�cient
Figure 15 depicts, the calculated friction coe�cient, µ, for the different experiments. The cutting speed
produced minor effects on the friction, which may show that the material did not undergo severe thermal
softening effects, as described by Okida et al. [40], when machining alloy steel. Machining WAAM and HF-
WAAM material has reduced the generated friction levels up to 17 %, comparatively to the low-carbon steel,
probably due to the re�nement effect of the microstructure. Additionally, for the WAAM and HF-WAAM
components, the friction coe�cient was, for all experiments, in conformity with the 0.5-0.8 range described in
the literature [41] for static friction on steel-on-steel contact, considering dry conditions. However, the friction
coe�cient was described by the constant friction coe�cient of Coulomb, µ = Ff / FN. Still, the values of the
friction coe�cient experimentally measured in orthogonal cutting tests are usually much higher than those
used analytically on metal cutting, due to only be considered the static friction effect. The models typically
assume µ = 0.5, whereas experimentally obtained values can be up to 2 [42]. A direct relationship is theoretically
established between the friction coe�cient and the friction angle, being the processed values being constrained
in the 34.2° to 35.5° range.

3.5. Surface Roughness
When machining functional components, the surface quality must respect de�ned speci�cations. The surface
roughness results for each material, cutting speed, WAAM manufacture process and area of interest were
measured. From the experimental measurements, it was possible to con�rm that all the results were in
accordance with the recommended values of Ra for shaping operations, within the 0.4-25 µm range [43].
Machining additive manufactured HSLA steel components has revealed lower roughness values compared to
machining low-carbon steel (1.2-10.9 µm range), despite the improved hardness. The average surface
roughness values were lower within the range 5–90% for WAAM samples and from 7–84% for HF-WAAM
samples. This is a general result of the lower plastic deformation that harder (and brittle) materials sustain on
the machined surface, comparatively to softer materials.
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The most uniform and better surface roughness levels were reached when machining at a higher cutting speed,
most likely due to the decreasing tendency for BUE formation and increased thermal-softening effects that
reduces the adhered material in the rake surface of the tool. However, the higher surface roughness results were
reached at higher UCT, probably due to vibrations generated by the greater amount of material removed. Similar
conclusions were reported when machining additive manufactured Titanium Alloy [44].

3.6. Chip Observations
The generated chips were collected, and the morphology analysed for different samples and areas of interest,
as shown through the macroscopic images of Fig. 16. No pronounced difference was observed in terms of
cutting speed. However, the effect of different UCT on the chip thickness and curvature radius is notorious. As
stated by Arshinov et al. [45], studies shown that the chip curvature radius tends to decrease with increased
shear angle and with decreased UCT. Following the chip radius measurements presented in Fig. 16 (for different
UCT) and the shear angle results, it is possibly to con�rm that such relation was witnessed for almost all the
cutting conditions. In comparison, the radius of the chip curvature is signi�cantly lower when machining the
HF-WAAM samples relatively to machining both conventional WAAM and low-carbon steel, regardless of the
area of interest. Since the curvature radius is related to the plastic deformation of the chip and nonuniform
thermal-cooling effects throughout its thickness, the lower values of chip radius of the HF-WAAM samples can
possibly be attributed to smaller cutting temperatures and lower friction effects, generated in the tool-chip
interface zone.

Also, from Fig. 16, it is possible to recognize that all the cutting operations have generated continuous chips
without side-�ow tendency. Such chip geometry is in accordance with the obtained surface �nish results.

The chip thickness ratio (CTR) is an important machining feature that is used to evaluate the e�ciency of the
chip formation process, through the degree of plastic deformation generated during the machining operation
[46]. It is known from the literature that higher CTR values are desirable, since are followed by higher shear
angles and, therefore, less cutting forces, promoting a better cutting operation. As shown in Fig. 17, regarding
the WAAM samples, the higher CTR was obtained when cutting the centre zone of the samples, at higher
cutting speed and UCT (v = 7 m/min, h = 0.6 mm). Following the HF-WAAM samples, the CTR values become
more homogeneous, revealing a more consistent cutting operation. Comparing to WAAM, the CTR values of the
HF-WAAM samples were improved when machining the base (up to 38%) and the centre zone (up to 28%) of
the structures.

Following the low-carbon steel, higher CTR values were registered comparing to HF-WAAM and WAAM samples.
Such results are generally in accordance with the cutting force measurements and the superior mechanical
properties observed for the additively manufactured material. However, no substantial differences were
observed for the CTR values of the low-carbon steel chips, for the employed cutting conditions.

Figure 18, Fig. 19, and Fig. 20 depict the microscopic images of the generated chips corresponding to the base
area of each sample (conventional WAAM, HF-WAAM and Low-carbon steel) when cutting with UCT of 0.6 mm
and cutting speed of 7 m/min.

From Fig. 18, regarding the originated chip from the WAAM cutting test, it is possible to point out several
details. First, it is relatively easy to identify the primary and secondary shear zones. Originated at the shear
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plane, the primary shear zone is created by the tool compressive forces during tool penetration into the sample,
represented by an elongated effect on the material grains. The secondary shear zone is created between the
tool rake surface and the chip, where the friction effects lead to additional plastic deformation, rearranging the
material in a parallel direction to the tool rake surface. During the cutting operation, the hardness of the sample
acts as an opposite force to the cutting tool movement. Therefore, while the adjacent side to the tool is smooth,
a sawtooth-like pro�le, composed by serrations, is generated in the opposite side of the chip, probably due to
thermal-softening effects and uneven strain distribution during the cutting operation. Observing one serration in
detail, it is possible to detect the material reorientation (plastic deformation) when subjected to the compressive
forces on the shear plane, describing a vortex-style shape.

Figure 19 depicts the originated chip from the HF-WAAM sample. It is also possible to identify the primary and
secondary shear zones. However, it is possible to notice more dense and linear shear zones, due to the grain
re�nement effect created by the hot-forging effect on the material. Additionally, the improved mechanical
properties of such samples may have had an impact on the created serrations. As described in the literature
[46], the number of chip segments per unit length is directly related with the microstructure of the material, from
which the number of serrations is associated to the ductility of the material. Through the observation of Fig. 19,
it is possible to recognise such phenomenon through the existing differences in the number and magnitude of
the serrations presented in the HF-WAAM chips, an indicator of the in�uence of the different physical and
mechanical properties of such samples.

As can be seen in Fig. 20, regarding the generated chips from low-carbon steel samples, the primary and
secondary shear zones can also be identi�ed, being notable the �attened effect on the grains and,
consequently, a parallel displacement of the shear planes, originated during the chip formation process. Such
observation supports the ideal shear card model proposed by Pijspanen, based on the overlapping shear planes
[20].

Finally, it is possible to observe the material behaviour when subjected to the shear deformation. Comparing
with the conventional WAAM and HF-WAAM samples, where the effect of the re�ned microstructure is noted, is
possible to observe larger and unequal serrations on the isotropic low-carbon steel chips. As previously stated,
such characteristics are a strong indicator of uneven shear strain distribution during the cutting operation.

4. Conclusions
Orthogonal cutting operations were performed on thin-walled steel structures manufactured through WAAM
and HF-WAAM, as well as on isotropic low-carbon steel. A systematic comparative study was conducted
between the physical and mechanical properties of the samples, and the corresponding major machining
results. Table 3 and Table 4 depict the summary comparison between the different samples for material and
machining results, respectively.

Therefore, the following conclusions can be drawn:

The thin-walled steel structures, manufactured through the HF-WAAM variant, exhibited superior surface
waviness (nearly 28%), comparatively to the WAAM samples, against the expected results described in the
literature.
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The microstructure observed within all the samples presented local isotropy. Smaller grain size and
re�nement effect on the material were noticeable in the HF-WAAM samples.

The hot forging effects have revealed major mechanical improvements, namely hardness and yield
strength. The differences in grain size along the building direction were in good agreement with the
hardness and yield strength pro�les registered for both types of WAAM specimens.

The electric conductivity measurements remained almost constant for the conventional WAAM and HF-
WAAM. Therefore, the hot forging does not signi�cantly affect the material electrical conductivity.

Neither the different mechanical properties nor the cutting speed have signi�cantly in�uenced the cutting
response variables. These cutting variables appear to be mainly affected by the undeformed chip
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thickness (UCT).

The microstructural re�nement and superior hardness (WAAM: 38%-45%; HF-WAAM: 50%-67%) of the
additively manufactured HSLA steel components, compared to the isotropic low-carbon steel, did not prove
to be a limiting factor for the cutting operation.

The cutting force (Fc), the consumed power (Nm) and speci�c cutting energy (SCE) were lower when using
such materials. These variables were up to 12% lower when machining additive manufactured samples
when compared to low-carbon steel parts.

Fc, Nm, and SCE obtained in HF-WAAM tests, specially at the top area of the samples, were lower (14%)
than for similar WAAM tests.

The behaviour of the cutting operation, concerning the experimental shear angle, was very similar when
machining WAAM and low-carbon steel samples using higher cutting speed. The undeformed chip
thickness effect was more noticeable at the base and centre areas of HF-WAAM samples.

In all cases, MSSP was the theoretical model that better predicted the experimental shear angle, which
range (29.1°-33.7°) was the expected for alloy steel. The geometrical relationship of the orthogonal cutting
model presented the worst prediction on the shear angle.

Regarding the generated shear stress, the in�uence of the different mechanical properties of the additively
material is only notable when machining at the higher speed. However, the shear stress levels for the low-
carbon steel shows almost an equal behaviour as for WAAM-produced samples, revealing an apparent
independent relation of the shear stress from the UCT.

Machining WAAM and HF-WAAM material has decreased the generated friction levels up to 17 %,
comparatively to the low-carbon steel, possibly due to the microstructure re�nement effect and smaller
size. However, the friction coe�cient was, for all experiments, in conformity with the ideal range (0.5-0.8)
described in the literature.

The machined surface presented lower roughness on additive manufactured parts, compared to the low-
carbon steel, reaching improvement levels within the range 5–90% for WAAM samples and from 7–84%
for HF-WAAM samples, despite the superior hardness. The most uniform and better surface roughness
levels were reached when machining at a higher cutting speed, most likely due to the decreasing tendency
for BUE formation and increased thermal-softening effects.

Following the HF-WAAM samples, the CTR values presented by the hot-forged material were improved in
the base (38%) and centre zones (28%), compared to WAAM generated chips. Higher CTR values were
registered for the low-carbon steel, an effect of the inferior mechanical properties of the samples. No
substantial differences were stated in the CTR values of the low-carbon steel chips, for the employed
cutting conditions.

Continuous chips were obtained for all experiments. No pronounced difference was observed in terms of
cutting speed. However, the effect of different UCT on the chip thickness and curvature radius was
notorious.

The primary and secondary shear zones were clearly identi�ed through microscopic images, and the
Pijspanen overlapping shear plane model observed. The in�uence of the superior mechanical properties of
the additively manufactured material was noted, especially in the generated number and length of the chip
serrations.
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Machining HF-WAAM has proven to be advantageous as it was shown that using appropriate cutting
parameters it is possible to machine improved mechanical material with lower cutting forces and less
energy consumption, without compromising the surface quality requirements.
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Figures

Figure 1

Two-step experimental procedure to evaluate the material cutting mechanism and the effect of the chip
deformation process during orthogonal cutting of WAAM and HF-WAAM



Page 20/35

Figure 2

Areas of interest of the thin-walled structures produced through different WAAM processes: a) Conventional
WAAM; b) HF-WAAM
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Figure 3

Schematic representation of the cutting parameters

Figure 4

Experimental illustration setup of the orthogonal cutting tests
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Figure 5

Isometric micrographs taken from the centre zone of the sample produced by: a) Conventional WAAM; b) HF-
WAAM
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Figure 6

Microstructure of conventional WAAM samples and HF-WAAM samples, through the build-up direction
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Figure 7

Hardness measurements and variation through the structures: a) Conventional WAAM; b) HF-WAAM

Figure 8

Compression tests results for each region of interest
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Figure 9

Electrical conductivity test results of the samples: a) Conventional WAAM; b) HF-WAAM
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Figure 10

Comparison of the experimental cutting force results on the base, centre and top of each sample, and low-
carbon steel: a) WAAM (v = 5 m/min); b) HF-WAAM (v = 5 m/min); c) WAAM (v = 7 m/min) and d) HF-WAAM (v
= 7 m/min)
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Figure 11

Comparison of the experimental results for speci�c cutting energy on the base, centre and top of each sample,
and low-carbon steel: a) WAAM (v = 5 m/min); b) HF-WAAM (v = 5 m/min); c) WAAM (v = 7 m/min) and d) HF-
WAAM (v = 7 m/min)
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Figure 12

Comparison of the experimental results for shear angle on the base, centre and top of each sample, and low-
carbon steel: a) WAAM (v = 5 m/min); b) HF-WAAM (v = 5 m/min); c) WAAM (v = 7 m/min) and d) HF-WAAM (v
= 7 m/min)
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Figure 13

Shear angle comparison between experimental, chip ratio measurements, MSSP, and MEP models: a) v = 5
m/min, h = 0.3 mm; b) v = 5 m/min, h = 0.6 mm; c) v = 7 m/min, h = 0.3 mm, and d) v = 7 m/min, h = 0.6 mm
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Figure 14

Experimental results for shear stress on the base, centre and top of each sample, and low-carbon steel: a)
WAAM (v = 5 m/min); b) HF-WAAM (v = 5 m/min); c) WAAM (v = 7 m/min) and d) HF-WAAM (v = 7 m/min)
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Figure 15

Experimental friction coe�cient, μ on the base, centre and top of each sample, and low-carbon steel: a) WAAM
(v = 5 m/min); b) HF-WAAM (v = 5 m/min); c) WAAM (v = 7 m/min) and d) HF-WAAM (v = 7 m/min)
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Figure 16

Morphology and radius measurements of the collected chips (v = 5 m/min; h = 0.3, 0.6 mm)
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Figure 17

Computed chip thickness ratio (CTR) on base, centre and top of each WAAM, HF-WAAM and Low-carbon steel
sample: a) (v = 5 m/min; h = 0.3 mm); b) (v = 5 m/min; h = 0.6 mm); c) (v = 7 m/min; h = 0.3 mm); d) (v = 7
m/min; h = 0.6 mm)

Figure 18

Microscopic images of the collected chip from the base of the WAAM sample, showing the primary and
secondary shear zones and the generated serrations (v = 7 m/min; h = 0.6 mm)



Page 34/35

Figure 19

Microscopic images of the collected chip from the base of the HF-WAAM sample, showing the primary and
secondary shear zones and the generated serrations (v = 7 m/min; h = 0.6 mm)
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Figure 20

Microscopic images of the collected chip from the base of the low-carbon steel sample, showing the primary
and secondary shear zones and the generated serrations (v = 7 m/min; h = 0.6 mm)


