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ARTICLE INFO ABSTRACT
Keywords: This study aims to provide a fundamental understanding of the role of microstructural characteristics influencing
Additive manufacturing tool wear when machining Alloy 718 fabricated using Powder Bed Fusion (PBF). The effects of preferred crys-

Powder bed fusion
Machining
Tool wear
Alloy 718

tallographic orientation (texture), shape and distribution of grains, local misorientation, type and amount of
precipitates as well as the type, size and amount of abrasive carbides, nitrides and oxides on tool wear are
investigated in as-built condition and after the standard solutionising and double-aging treatment. The micro-
structures of workpiece materials and the surfaces of worn tools were examined using different material char-
acterisation techniques, including Scanning Electron Microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS) and electron backscatter diffraction (EBSD). A dislocation-based approach was used to reveal the cumu-
lative effects of the microstructural characteristics on deformation behaviour and the thermo-mechanical loads
on the tools during cutting. The analyses suggest that texture and the extent of material work-hardening prior to
the onset of crack formation markedly influence the amount of plastic work and thus heat generation when
machining Electron Beam Powder Bed Fusion (EB-PBF) material. The higher heat generation in the cutting zones
provokes thermally-induced wear mechanisms like diffusion-dissolution and oxidation. In addition, the larger
amount of hard oxide inclusions present in EB-PBF material leads to higher wear by abrasion. In contrast to the
prevailing experimental approaches in this field, the present investigation is built on a physics-based framework
to understand the fundamental aspects that govern material deformation and heat generation in cutting and,
consequently, tool wear mechanisms. This framework can be used for machinability assessment of any alloy
manufactured by different additive manufacturing (AM) technologies and for optimising the process-chain,
including printing strategies and thermal post-treatments, to improve the machinability of AM alloys by
tailoring their microstructure.

1. Introduction The machinability of the wrought and as-cast Alloy 718 has been

Alloy 718 — also commonly known as Inconel® 718 — is a Nickel- addressed in numerous studies. Many studies focused on understanding
of the tool wear mechanisms when machining Alloy 718 using different
tool materials and under various cutting conditions. Bhatt et al. [2]
investigated the wear mechanisms of uncoated WC-Co and PVD-TiAIN-

~Iron-based superalloy widely used for fabrication of advanced com-
ponents where high temperature strength (up to 700 °C) and high-
temperature creep and oxidation resistance are required [1]. These

properties make this alloy an excellent choice for manufacturing critical and .m.ulti-layer CVD-TiCN/Al03/T iN-cloated WC'C(_) tools Wh‘ajn
components of aero-engines, gas turbines and nuclear reactors. How- machining Alloy 718. They reported abrasion and adhesion as the main
ever, Alloy 718 is regarded as a difficult-to-cut material, partly because wear mechanisms. The coatings improved the tool wear-resistance at
of its superior high temperature properties [2 5]. higher cutting speeds, whereas uncoated tools outperformed the coated
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tools at cutting speeds below 50 m/min. Grzesik et al. [6] investigated
the wear mechanisms of AITiN- and TiAIN-coated WC-Co tools. Simi-
larly, the authors reported abrasion and adhesion as the dominant wear
mechanisms. Bushlya et al. [7] studied the performance of ceramic and
¢BN tools when machining Alloy 718. The thermally induced mecha-
nisms (diffusion) were shown to be dominant for the Whisker-reinforced
alumina ceramic tools, whereas abrasion was identified as the main
wear mechanism for the cBN tools. However, a recent investigation
showed that thermally activated mechanisms like diffusion and oxida-
tion would play dominant roles for cBN tools, depending on the binder
composition and the range of cutting conditions [8]. A number of studies
placed their focus on enhancing tool performance (tool life) by
improving the tribological conditions at the tool-chip and
tool-workpiece interfaces. Application of textured tools [5,9,10] and
utilisation of high-pressure cooling [11,12], cryogenic cooling [13,14],
MQL [13,15], ultrasonic vibration-assisted machining [16] and
laser-assisted machining [17] were among those attempts. Several
studies investigated the effects of microstructural properties on tool
wear when machining Alloy 718. For example, Cedergren et al. [18]
investigated the effects of grain size on notch wear. The authors
observed that the material grain size has a large impact on notch wear
formation. Olovsjo et al. [19] reported a strong correlation between
flank wear rate and material hardness, while grain size had the largest
effect on notch wear formation. Hoier et al. [3] investigated the amount
and size-distribution of the carbo-nitrides in Alloy 718 and Waspaloy.
Abrasion was identified as the main cause of the higher flank wear-rates
observed when machining Alloy 718. Similarly, Furusho et al. [20]
identified abrasion by MC carbides as the main wear mechanism for
cemented carbide tools and modified the composition of Alloy 718 to
reduce the amount of those precipitates. They observed significant im-
provements in the machinability of the modified Alloy 718 within the
range of cutting conditions where mechanically-induced mechanisms
played major roles. Olovs;jo et al. [21] and Avdovic et al. [22] developed
a methodology to evaluate the machinability of Alloy 718 based on its
micro- and macro-properties like abrasiveness, ductility, strain hard-
ening, thermal conductivity and hardness. These investigations identi-
fied carbon content [21,22] and variations in Al, Ni, Mn and Cr, grain
size and hardness [21] as the major factors influencing the machin-
ability of Alloy 718.

For the manufacturing of highly complex aero-engine components,
additive manufacturing (AM) has gained increasing importance in
recent years and partly replaced conventional manufacturing processes
such as casting and forging. One of the technology’s unique advantages
is offering redesign opportunities through its layer-by-layer
manufacturing process, which can result in considerable weight reduc-
tion. As a near-net-shape (NNS) process, it also enables substantial cost
reduction associated with conventional machining processes [23]. In
particular, powder-based AM technologies, which consolidate powder
feedstock using laser or electron beams as the energy source, are of in-
dustrial relevance for manufacturing of advanced components [24,25].

The machinability of additively manufactured Alloy 718 has recently
been addressed in several studies. Chen et al. [26] compared the
machinability of wrought Alloy 718 and Laser Based Powder Bed Fusion
(LB-PBF)-processed Alloy 718 using both coated and uncoated cemented
carbides. The authors reported no major difference in tool wear when
machining the two materials with the uncoated tool, whereas they
observed a significantly improved tool life when machining the addi-
tively manufactured Alloy 718 when using the coated tool. Ducroux
et al. [27] reported a 50% shorter tool life in milling of the wrought test
pieces compared to the materials fabricated by LB-PBF technology. The
abrasion and attrition were identified as the dominant wear mechanisms
when machining the LB-PBF Alloy 718. Careri et al. [28] reported
similar wear rates when machining Alloy 718 manufactured by Direct
Energy Deposition (DED) compared to wrought or as-cast materials. As
in other investigations, abrasion and adhesion were identified as the
main wear mechanisms. The results of these studies suggest that the tool
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wear behaviour when machining additively manufactured alloys largely
depends on the fabrication method and properties of the material being
machined.

Hosseini and Popovich [29] summarised the hardness and tensile
properties of Alloy 718 fabricated by various AM technologies and by
conventional methods, such casting and forming. Their analyses showed
a rather large scatter in hardness and tensile properties of the AM ma-
terials. For example, in as-built condition, the ultimate tensile strength
(UTS) of materials fabricated by LB-PBF is in the range of 750-1200
MPa, whereas for materials manufactured by EB-PBF (Electron Beam
Powder Bed Fusion) the range is less: 900-1200 MPa. A large scatter was
also observed in tensile properties of heat-treated materials. The varia-
tions in the tensile properties of the wrought material were slightly
narrower. This points to the dominant role played by microstructural
characteristics on the mechanical properties of AM fabricated compo-
nents — such as texture; grain size distribution; number and type of
AM-specific defects (e.g. lack of fusion porosity, oxide inclusions, etc.);
and the amount of precipitates. These characteristics vary with the AM
technology, geometry of the fabricated parts, and the printing strategies
and parameters [29]. In view of the methodologies presented by Olovsjo
et al. [21] and Avdovic et al. [22], this data-driven observation based
solely on hardness and tensile properties [29] does not provide clear
conclusions regarding the so-called “cutting resistance” and expected
tool wear behaviour when machining additively manufactured Alloy
718.

In contrast to the prevailing experimental and statistical approaches
for machinability assessment explored above, this study aims to provide
a fundamental physics-based understanding of the role of microstruc-
tural characteristics on tool wear when machining additively manufac-
tured Alloy 718. The focus lies on investigating material fabricated using
LB-PBF and EB-PBF - while using wrought material as the reference
point. Tool wear investigations are performed on both as-built (or as-
received) material and heat-treated (solutionised and aged) material
according to the AMS-5662 standard. Different characterisation tools
including Scanning Electron Microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), and electron backscatter diffraction (EBSD) tech-
nique are used to examine the microstructures of workpiece materials
and worn tool surfaces. A mechanism-based (dislocation-based)
approach is used to investigate the effects of the following workpiece
material microstructural characteristics on the thermo-mechanical loads
exerted on the tool surfaces during metal cutting: a) preferred crystal-
lographic orientation (texture), b) shape and distribution of grains, c)
local misorientation, and d) type and amount of precipitates. As a result,
this investigation advances the current understanding of the role of
microstructural properties influencing the machinability of Alloy 718
and, therefore, enables tailored process-chain design for improving tool
performance when machining additively manufactured components
using different AM technologies.

2. Experimental
2.1. Workpiece materials

Workpiece materials fabricated by three different manufacturing
processes were used in this investigation:

e Wrought workpieces (85 mm outer diameter, 23 mm inner diameter,
47 mm height) were extracted from a large disc using a waterjet. The
cylindrical samples extracted from the centre were kept for metal-
lographic analysis, described in Section 2.3.

Four LB-PBF workpieces (outer diameter 78.5 mm, inner diameter
25 mm, height 47 mm) were fabricated using an EOS M290 LB-PBF
machine equipped with a Yb-fibre laser (maximum nominal power
400 W). The standard parameters for Alloy 718 were used, with a 40
pm layer thickness (under the license name: IN718 Performan-
ceM291 2.11) consisting of an optimized sequence of in-fill and
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contour scanning, with the latter ensuring dimensional accuracy and
good surface properties. The process was performed under Ar (Argon
4.6) with the laser scanning rotated 67° between each layer. The
process atmosphere is established by flushing the build chamber with
the inert gas until a stable oxygen level of 0.1% O, is achieved [30].
Three EB-PBF workpieces were fabricated using an ARCAM EBM
Spectra H machine with a powder-bed temperature of 975 °C + 25 °C
and 4 x 107° bar oxygen partial pressure in the build chamber.
Process parameters were experimental, but in accordance with the
standard Arcam EBM IN718 4.2.72 theme with a layer thickness of
70 pm. The workpiece dimensions of the hollow cylinders were
(outer diameter 77.0 mm, inner diameter 24.5 mm, height 47 mm).

One workpiece from each manufacturing process was heat treated
according to the AMS-5662 standard designed for wrought Alloy 718 in
a lab-based Nabertherm high-temperature furnace. The heat-treatment
cycle included a solution treatment at 954 °C for 1 h followed by
water quenching to room temperature. Aging treatment was performed
at 718 °C for 8 h, followed by furnace cooling to 621 °C for 10 h and
subsequent ambient-temperature cooling in air.

2.2. Machining tests

Tool-life tests were carried out on an EMCO TURN 365 CNC lathe
under the following cutting conditions, based on the tool manufacturer’s
recommendations for finish machining: cutting speed 40 m/min, feed
rate 0.12 mm/rev, depth of cut 0.4 mm. The workpieces were face-
turned using CNMG 120404-MF1 uncoated WC-Co inserts (Seco grade
890 - edge radii &~ 25 pm), mounted on a DCLNR2525X12JETI holder
(Fig. 1) with —6° orthogonal rake angle, —6° inclination angle, and 95°
entering angle. This holder is equipped with an integrated coolant clamp
that provides precision flow of metalworking fluid towards the cutting
edge. The coolant (5.5-6.5% emulsion, 6-8 bar inlet pressure) was
supplied to both the rake and flank surfaces of the inserts using the
coolant clamp and the internal cooling channels. The cutting forces were
measured using the Kistler 9257 A three-component dynamometer.
Fig. 1a shows the machining set-up. The outer surfaces of the additively
manufactured workpieces were machined (~1 mm depth) prior to the
tool life tests to eliminate the effects of microstructural gradients close to
the surface.

The cutting edges were examined after each machining pass using a
stereo-optical microscope (Zeiss Discovery V20) to measure both flank
and notch wear developments. One pass is equivalent to one complete
cut of 0.4 mm machining depth from the workpiece outer diameter to
inner diameter. The ISO 3685:1993-compliant tool life tests were
stopped when either of the following criteria was met: a) maximum
flank wear land width (VBgpax) of 0.2 mm, b) notch wear width (VBy) of
0.3 mm, or ¢) chipping on the cutting edge. Additionally, in cases where
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a slow wear evolution was observed, the tool-life tests were terminated
after the tenth machining pass, equivalent to 4 mm of total axial depth.
In most cases, the tool-life tests were performed one time under the
given cutting condition - restricted by the availability of additively
manufactured materials. Therefore, the wear evolution and cutting-
force measurements were only presented for those inserts which were
characterized in depth.

2.3. Workpiece and tool wear characterisation

The workpieces and tools were examined using a LEO 1550 Gemini
scanning electron microscope (SEM) equipped with an Oxford X-Max
silicon drift detector for performing energy-dispersive X-ray spectros-
copy (EDS). Imaging was performed using both secondary electrons (SE)
and backscattered electrons (BSE). Two rings of approximately 10 mm
thickness were sliced from the bottom and top surfaces of one of the LB-
PBF and EB-PBF workpieces, as shown in Fig. 1b. The metallographic
samples were then extracted from these rings to examine the micro-
structural variations in both build-direction (S1 surface, Fig. 1b) and
perpendicular to the build-direction on the scanned surface (S2 surface,
Fig. 1b). For the wrought material, metallographic samples were pre-
pared from the cylinders taken from the centre of the workpieces. A Zeiss
light optical microscope (LOM) and image-processing software ImageJ
were used to measure the amount and size of carbides, nitrides and
oxides within the workpiece materials on the mechanically polished
samples prior to chemical etching. The type (composition) of these
micro-constituents was determined using EDS after image analysis. The
Vickers hardness of the materials was obtained using a Struers DuraS-
can-70 G5 automatic tester on an equally spaced grid with 10 kg force
(HV10), obtaining average values and standard deviations. All these
analyses were performed across the entire S1 surface parallel to the
build direction, as shown in Fig. 1b, and on both samples extracted from
bottom and top rings following ASTM E45 standard procedure. The
samples were then etched using Oxalic acid (10 g/100 ml water) and
waterless Kalling’s No 2 reagent to obtain detailed analysis of other
phases and for grain size measurements using ASTM E112 and ASTM
E92 standard procedures. In cases where the grain boundaries were
not revealed by chemical etching, electron backscatter diffraction
(EBSD) was used to obtain the grain size distributions. An HKL Nordlys
EBSD detector (Oxford Instruments) was used for EBSD analysis. Addi-
tionally, crystallographic texture and local grain misorientations —
kernel average misorientation (KAM) — were examined on the finely
polished surfaces prepared using 0.04 pm colloidal silica as the final
polishing step. MTEX (V5.7.0) MATLAB-based free texture analysis
toolbox was used. Here, both S1 and S2 surfaces (parallel and perpen-
dicular to the build direction) of the sample taken from the top ring were
examined under 20 kV accelerating voltage using a 2 pm step-size while

a 10° threshold was used for grain boundary identification. Step-sizes of
(b)

2®

Build Direction  gu®

Outer diameter

Fig. 1. The machining set-up (a), and the sample preparation for microstructural analysis (b).
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1 pm and 0.25 pm were also used in a few cases to re-assess the KAM
estimations at higher magnifications. However, no noticeable difference
was observed in intensity or the general trends and thus those exami-
nations are not reported. The worn tools were characterized using SEM
both directly after the tests and after removal of adhered workpiece
material using a diluted HCI solution. All inserts were etched for the
same duration.

3. Results

In order to explain the tool wear observations and determine the
dominant wear mechanisms when machining wrought, LB-PBF and EB-
PBF materials, the microstructure of the workpieces was investigated in
more detail on surfaces parallel and perpendicular to the rolling and
build directions (RD and BD, respectively). The microstructural in-
vestigations of the AM material presented here should be regarded as
general observations (on average) within and across the workpieces.

3.1. Texture and grain size distribution

The microstructure of the additively manufactured workpieces was
examined in both build direction (S1 surface, Fig. 1b) and perpendicular
to the build direction on the scanned surface (S2 surface, Fig. 1b). In the
case of wrought material, the preliminary analysis using LOM suggested
that grain size distribution is nearly similar both along and perpendic-
ular to RD. Therefore, detailed microstructure examination was con-
ducted solely on the surface parallel to RD. Here, the kernel density
estimator was used to calculate the orientation distribution function
(ODF), and the Kullback-Leibler cross validation (KLCV) was used for
the optimal kernel estimation. The results are presented in the inverse
pole figures, indicating the density of specific crystallographic orienta-
tions in BD and transverse direction (on S1 surface, Fig. 1b).

The material fabricated using EB-PBF consists of columnar grains —
aligned along BD - and colonies of equiaxed grains with smaller sizes.
This mixed distribution of grains was reported by several authors [31,
32]. Studies show that the parameters such as spot time, beam current
and line offset can affect the cooling rate and therefore the micro-
structure development in the EB-PBF process [29,33]. The columnar
grains in the as-built material showed a strong texture in [001]//BD as
shown in Fig. 2a. The LB-PBF samples showed a weak texture in
[011]//BD and a relatively stronger texture in [001]//TD (Fig. 2b).
Several studies showed that the < 100 > corresponds to the easy growth
directions in materials with a face-centred cubic (FCC) crystal structure,
e.g. austenitic stainless steels and nickel-based superalloys [24]. This
preferential growth direction follows the temperature gradient during
solidification. As a result, the grain morphologies and texture are
affected by the process parameters such as the scanning strategy and the

— o e i
TDi\ NDi [” BDT”
[001] ‘ [011] 0z 1] m

{00

[011]

g K A,\ g ]
D ND 292 gD
‘ A i 022 A
[001] [011]
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volumetric energy density [24]. For example, whereas several studies on
LB-PBF-fabricated Alloy 718 reported a strong [001]//BD texture [29],
Jiang et al. [34] and Wan et al. [35] observed texture in both [001] and
[011] directions along the build and transverse directions depending on
the process parameters. The wrought material in as-received condition
consisted of equiaxed grains with a weak texture in [—111]//RD and
[011]//TD (Fig. 2c). The solutionising and aging treatment did not
change the dominance of preferred crystallographic orientations
observed in the as-build/as-received materials as shown in Fig. 3. The
wrought material contains a large density of twin boundaries (Primary
¥3: <111 >/60°), as shown in Fig. 4a. The EB-PBF sample also com-
prises a small fraction of 3 twin boundaries, mostly confined in the
regions containing equiaxed grains. In contrast, the density of twin
boundaries in the LB-PBF sample is insignificant. A rather large density
of annealing twins in LB-PBF-fabricated Alloy 718 is reported in several
studies — however, mostly after homogenisation treatment at tempera-
tures above 1050 °C [36,37].

In order to assess the grain size distribution of wrought and EB-PBF
materials, the twin grains were merged (Fig. 4b). The grain size distri-
butions are presented in terms of minimum and maximum feret di-
ameters due to the presence of elongated grains with irregular shapes,
particularly in the LB-PBF and EB-PBF materials, shown in Fig. 5. The
histograms included the feret diameters within the 0-0.1 mm size span,
since the density of large grains in EB-PBF and LB-PBF was significantly
smaller, as can be seen in Figs. 2 and 3. The relative probability asso-
ciated with the histogram plot is presented in such a manner that the
sum of the bar heights within the entire range of feret diameters is less
than or equal to 1.

The probability density function obtained using kernel distribution
over the entire range of feret diameters is also presented in Fig. 5. These
probability distributions were used to calculate the mean and median of
the minimum and maximum feret diameter of the grains in wrought, LB-
PBF and EB-PBF materials, on both S1 (parallel to BD) and S2
(perpendicular to BD) surfaces, shown in Table 1. In general, the smaller
grains were observed on the S2 surface for both EB-PBF and LB-PBF
materials, as shown in Fig. 6. The EB-PBF material contained predomi-
nantly equiaxed grains on the S2 surface, whereas the LB-PBF material
contained a combination of round and elongated grains with high aspect
ratios. This is evident from the colour code in Fig. 6, where the round-
ness factor for each grain is calculated based on the difference between
maximum and minimum feret diameters:

Roundness factor = (Ferety,, — Ferety,) | Feretyay) (¢})

As the roundness factor becomes larger, the observed aspect ratio
also becomes larger, as shown in Fig. 6. The mean and median of the
minimum and maximum feret diameters of the grains calculated on the
S1 and S2 surfaces before and after solutionising and aging treatment

[A11]

100 pm

) [011]

TD ND, B**
y ‘Io,go

Fig. 2. EBSD inverse pole figure maps of EB-PBF (a), LB-PBF (b), and wrought (c) materials in as-built and as-received conditions. Build and transverse directions are
designated as BD and TD, respectively. The inverse-orientation-distribution-function (ODF) plots are also shown below each case.
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BD[m]
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Fig. 3. EBSD inverse pole figure maps of EB-PBF (a), LB-PBF (b), and wrought (c) materials after solutioning and aging treatment. Build and transverse directions are
designated as BD and TD, respectively. The inverse-orientation-distribution-function (ODF) plots are also shown below each case.

(b)

1]

30 ym

[011]

Fig. 4. Twin boundaries present in the wrought material (white lines) (a), and grain reconstruction after merging the twin grains (b). RD refers to rolling direction.
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Fig. 5. Maximum feret diameter of grains in as-built/
as-received conditions (a), after solutioning and aging
treatment (b), Minimum feret diameter of grains in
as-built/as-received conditions (c), and after sol-

LB-PBF

Probability

EB-PBF

utioning and aging treatment (d), in wrought, EB-PBF
and LB-PBF workpieces in the build direction - S1
surface (with reference to Figs. 2 and 3 after
excluding the twin boundaries). The left axis is the
normalised probability density of raw data (with 2 pm
bin-width), whereas the right axis presents the prob-
ability based on kernel density estimator fitted over

Probability
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showed specific trends when comparing the microstructure of LB-PBF
and EB-PBF workpieces (Table 1). EB-PBF material had a larger grain
size on both S1 and S2 surfaces compared with that of LB-PBF material.
The results, shown in Table 1, suggest that the solutionising and aging
treatment has a large effect on grain size distribution on the S1 surface
(parallel to build direction). However, further examination using BSE

(c) (d)

0
0.1

0.15

the entire range of minimum and maximum feret di-
ameters (solid and dotted lines).

detector on the etched samples over large fields did not confirm such
large differences in the grain size distribution before and after solutio-
nising and aging treatments: only a minor difference was observed. This
is expected, as the & phase precipitated during the AM process at the
grain boundaries is known to have a pinning effect at the temperature
range used in this investigation for solutionising, inhibiting the grain
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Table 1

The mean and median of the minimum and maximum feret diameter of grains in
Wrought, LB-PBF and EB-PBF workpieces with reference to the EBSD data set
presented in Figs. 2 and 3. The twin boundaries are excluded in the case of
wrought and EB-PBF materials.

Material Condition  Surface = Minimum feret Maximum feret
diameter diameter
Mean Median Mean Median
(pm) (um) (pm) (um)
LB-PBF AB" S1 10.7 7.4 31.4 19.1
S2 14.6 11.4 27.3 21.1
HT" S1 12.2 7.7 35.6 21.5
S2 11.0 8.0 21.0 14.9
EB-PBF AB S1 18.0 16.0 48.4 30.4
S2 18.0 16.9 27.5 25.6
HT S1 20.1 17.3 63.5 35.9
S2 19.8 18.3 29.8 27.4
Wrought AR S1 7.6 7.0 12.3 11.2
HT S1 7.6 7.0 12.5 11.3

2 AB and AR stand for as-built and as-received conditions.
Y HT stands for solutionised and aged condition.
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growth. The wrought material had the smallest grain sizes among the
three fabrication methods, and measurements (according to ASTM E112
standard) resulted in an average grain size of about 8 pm (ASTM number
11) before and after heat treatment. This value is in-line with the results
presented in Table 1.

3.2. Misorientation

The kernel average misorientation (KAM) was calculated for the EB-
PBF, LB-PBF and wrought samples. The KAM is a measure of local grain
misorientation and represents the average of the disorientation angles
between the pixel of interest and all its surrounding pixels in the EBSD
map. Here, only the first-order neighbours were included in the KAM
calculations. Additionally, a 3° threshold was applied to exclude the
misorientations imposed by most sub-grain boundaries. Prior to KAM
calculations, the EBSD maps were denoised using the half-quadratic
minimisation algorithm [38] implemented in MTEX, with a = 0.5. As
seen in Fig. 7, the calculated misorientations were larger in the LB-PBF
material in both as-built and heat-treated condition, whereas the EB-PBF
and wrought materials indicated significantly smaller KAM values. This
is believed to be due to the intrinsic differences between LB-PBF and
EB-PBF fabrication processes. The temperature gradient in the vicinity
of the beam is significantly larger during solidification in the LB-PBF

Fig. 6. Grain size distribution on S2 surface perpendicular to the build direction (BD) in EB-PBF (a), and LB-PBF (b) samples. The colour code represents the grain
roundness calculated using minimum and maximum feret diameters (see Eq. (1)). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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400 ym

400 ym

Fig. 7. Kernel Average Misorientation (KAM) of EB-PBF (a), LB-PBF (b), and wrought (c) workpieces in as-built or as-received conditions. Maps (d-f) represent the

KAM estimations of the samples after solutionising and aging treatment.
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process, which can lead to higher lattice curvature and thus larger
misorientations [39]. The results presented in Fig. 7d—f shows no
noticeable changes in misorientations after solutionising and aging
treatment. The small misorientation in the wrought material implies an
almost fully recrystalised microstructure in the as-received condition
(Fig. 7c and f).

The normalised probability distribution of KAM calculations for the
EB-PBF, LB-PBF and wrought materials are also shown in Fig. 8 for
comparison. The results show a clear distinction between the materials.
However, the heat-treatment did not have a notable effect on the
misorientation. Fayed et al. [39] studied the effects of homogenisation
and solution treatments of Alloy 718 fabricated by LB-PBF process. The
authors reported a similar behaviour when exposing their material to a
2.5-h homogenisation treatment at 1080 °C.

3.3. Micro-constituents and hardness

3.3.1. Wrought workpieces

The wrought material consisted of &-phase Nig(Nb,Al) and
(Nb,Ti) (C,N) carbo-nitrides as shown in Fig. 9. The EDS analysis indi-
cated that these carbo-nitrides can well be classified as Ti-rich nitrides
(or Ti-rich carbo-nitrides) and Nb-rich carbides (Fig. 10e and Fig. 10f).
This enabled the determination of the amount of these micro-

0.05 -
(@)

Wrought

Probability

LB-PBF -

0.05 '

(b)

Probability

1.0

0.5
Misorientation (°)

Fig. 8. Distribution of kernel average misorientation (KAM) of EB-PBF, LB-PBF
and wrought workpieces in as-built and as-received conditions (a), and after
solutionising and aging treatment (b). The colour bar represents the misorien-
tation span with reference to Fig. 7. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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constituents by processing the images acquired using LOM prior to
chemical etching [3]. The & phase was randomly distributed within the
grains and at the grain boundaries with a globular morphology. The
globular § phase forms when certain thermo-mechanical treatments are
applied, as has been reported in several investigations [40,41]. The
hardness measurements given in Fig. 11 suggested that the y and y”
were not precipitated in the as-received condition. The average hardness
of 274 + 6.9 kg/mm? is well within the range for solution-treated ma-
terials with comparable grain size [19]. The average hardness increased
to 434 + 2.5 kg/mm? after heat treatment, indicating sufficient pre-
cipitation of ' and y” to fulfil the minimum requirements set in the
AMS-5662 standard. The average hardness value was comparable with
the measurements presented by Cedergren et al. [18] and Olovs;jo et al.
[19] with comparable grain sizes. No notable gradient was observed in
the hardness measured on S1 surface. Similarly, the morphology of the §
phase remained unchanged after heat treatment. Table 2 summarises the
amounts of (Nb,Ti) (C,N) carbo-nitrides and their size in the investigated
wrought material.

3.3.2. LB-PBF workpieces

The LB-PBF material in as-built condition primarily contained fine
oxide inclusions and pores. EDS analysis indicated that the inclusions
were mostly (ALTi)-rich oxides with an average size of about 9 pm?
(examples given in Figs. 9h and 10d). Additionally, a fine distribution of
Nb-rich phase was noted in the inter-dendritic regions, as shown in
Fig. 9c. This phase is believed to be the Laves phase — (Ni,Fe,Cr)2(Nb,Mo,
Ti) — which precipitates at the inter-dendritic regions due to micro-
segregation of Nb, Ti and Mo during rapid solidification during the
LB-PBF process [39,42]. The size and distribution of the oxide inclusions
and pores remained unchanged during heat treatment. The Laves phase
was largely dissolved during the solutionising step at 954 °C, and the
needle-like & phase precipitated both within the grains and along the
grain boundaries (Fig. 9d). An accurate assessment of the amount and
size-distribution of the oxide-inclusions was not possible using LOM
image processing because the pores could not be differentiated from the
oxides at low magnifications. Hence, Table 2 summarises the combined
amount and size of both oxides inclusions and pores. The investigations
at higher magnifications using SEM suggested that approximately
25-30% of those features identified in LOM were oxide inclusions.
Precipitation of the ' and y” was not expected in the as-built LB-PBF
material [41]. The hardness measurements on the LB-PBF samples in
as-built condition showed a higher average hardness than the wrought
material in as-received condition. No difference in the measured hard-
ness on the bottom and top samples was noticed (325 =+ 4.95 kg/mm?
and 327 + 4.5 kg/mm?, respectively). The average hardness of the
LB-PBF samples after solutionising and double aging treatment sur-
passed the wrought and EB-PBF materials.

3.3.3. EB-PBF workpieces

The EB-PBF material in as-built condition contained & phase pre-
cipitates, (Nb,Ti) (C, N) carbo-nitrides, oxide inclusions, and pores. The
carbo-nitrides were often attached to the oxide inclusions (Fig. 9a) and
could clearly be classified into Ti-rich nitrides (or Ti-rich carbo-nitrides)
and Nb-rich carbides, although mixed compositions were also noted
(Figs. 9h and 10b). The difference in compositions provided sufficient
contrast in LOM and made it possible to determine the amount and size
of these particles using image processing. The results are summarised in
Table 2. The & phase was mostly precipitated at the grain boundaries;
however, intergranular globular precipitation of & phase was also
observed (Fig. 9a). The oxide inclusions were primarily Al,O3 or (Al,
Mg)-rich oxides (Figs. 9h, 10a and 10c). The average hardness measured
on the bottom and top samples showed a slight difference: 370 + 7.7 kg/
mm? and 402 + 6.1 kg/mm?, respectively. Detailed analyses in previous
studies [43,44] using transmission electron microscopy (TEM) showed
that both ;' and y” precipitate during EB-PBF since the material is kept at
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Fig. 9. Different types of micro-constituents in workpiece materials: EB-PBF (a), LB-PBF (c), and wrought (e) in as-built/as-received conditions; and EB-PBF (b), LB-
PBF (d), and wrought (f) after heat treatment. The overall summary of the micro-constituent types observed in the workpiece materials (g). The numbered arrows in
(a—f) refer to micro-constituents summarised in (g). The major elemental composition of the micro-constituents is shown in (a), (c) and (d), obtained using EDS with
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Fig. 10. EDS spectra of the various types of micro-constituents: type 4 in EB-PBF (a and c), type 2 in EB-PBF (b), type 5 in LB-PBF (d), types 2 and 3 in wrought

material (e and f) measured with 20 kV accelerating voltage.

high temperature (975 °C £+ 25 °C) during the entire manufacturing
process and experiences slow cooling rates to room temperature. The
partial precipitation of y' and y” resulted in higher hardness than the
wrought and LB-PBF samples in their as-received and as-built state,
respectively. The average hardness values measured on the bottom and
top samples reached to about 442 + 8.7 kg/mm? and 439.6 + 10.6
kg/mm?, respectively, after heat treatment and the hardness gradient
along the build direction was eliminated, as shown in Fig. 11. The grain

boundaries after heat treatment contained a needle-like & phase
(Fig. 9b). No notable changes in the size and distribution of the oxide
inclusions and carbo-nitrides were observed. The underlying deforma-
tion mechanisms resulting in different hardness of workpiece materials
in as-received or as-built conditions and after heat treatment are dis-
cussed in Section 4.1.
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Fig. 11. Hardness of the wrought, LB-PBF and EB-PBF samples in as-built/as-
received conditions (a), and after heat treatment (b). B and T refer to bottom
and top samples. The measurements were performed on the S1 surface, shown
in Fig. 1b. The error bars include the maximum and minimum recorded hard-
ness values.

3.4. Cutting forces and tool wear

The cutting-force measurements when machining wrought, LB-PBF
and EB-PBF material in as-received or as-built condition, and after the
heat treatment using the fresh tools, are shown in Fig. 12. The results
represent the average values in the beginning of the cut (the first 10 s of
the first machining pass) to disregard the effects of wear development on
the forces. Between the materials in as-built and as-received conditions,
the highest cutting and feed forces were observed when machining EB-
PBF material, whereas the forces were approximately the same when
machining the LB-PBF and wrought workpieces. The cutting force was
also highest when machining EB-PBF material after heat treatment,

Table 2
Summary of quantification of carbides, nitrides and oxides by image analysis.
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however, no notable difference between the feed and passive forces was
observed in comparison to the wrought and LB-PBF material. All three
force components were approximately the same when machining
wrought and LB-PBF workpieces after heat treatment. Section 4.2 ex-
plores the reasons for these observations from a microstructural
standpoint.

The results of tool-life tests, shown in Fig. 13, illustrate the evolution
of flank and notch wear. Note that notch-wear measurements are pre-
sented for the major side of the cutting edge according to the ISO
3685:1993 standard. For the cases where notch wear was not observed,
flank wear results were instead reported (Fig. 13 c-d). An overview of
the worn edges at the end-of-tool-life tests is shown in Fig. 14. The tool
life was shortest when machining the EB-PBF material; however,
different wear modes were observed when machining the material in as-
built condition and after solutionising and aging treatment. Notch wear
was dominant when machining the material in the as-built condition,
whereas a steady flank-wear progression was observed for the heat-
treated workpiece — compare Fig. 14c and f. The rate of flank-wear
evolution increased after solutionising and aging treatment. The LB-
PBF material in as-built condition gave the slowest wear progression.
However, the wear rate increased when machining the heat-treated
workpiece. Notch wear was not observed for either material condition.
The flank-wear progression rate when machining the wrought material
only slightly changed after solutioning and aging treatment, however,
the cutting edge was chipped out before the tool life criterion was met.
The other notable observation is the presence of thick adhered material
on the rake face of the tools and a relatively thinner layer on the flank
surfaces, as shown in Fig. 14. The distinctive wear types when
machining the materials fabricated using different manufacturing pro-
cesses, as well as the effects of heat treatment on tool wear, are evident
in this figure.

Fig. 15 shows the rake side of the tools after removal of the adhered
materials using the HCI diluted etchant. Major chipping and fracturing
on the rake face and near the cutting edges were observed in all cases
except for machining LB-PBF after solutionising and aging treatment. An
overview of the flank wear land after removal of the adhered material is
shown in Fig. 16. As can be seen, large notch wear progression was also
observed on the minor side of the cutting edge when machining wrought

Material Average number of particles (per mm?) Average content (vol%) Average and median of particle sizes (um?)*
TiN/TiCN NbC Oxides/pores TiN NbC Oxides/pores TiN/TiCN NbC Oxides/pores
Wrought 19 929 - 0.06 0.21 - 31(23) 21(11) -
LB-PBF - - 38 - - 0.03 - - 9(2.4)
EB-PBF 37 133 0.02 0.01 0.10 5(3.8) 11(9) 7(2.9)
# Median of particle size is given within parentheses.
250
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Fig. 12. Cutting (F.), feed (Fp) and passive (Fp) forces measured when machining wrought, EB-PBF and LB-PBF materials in as-received and as-built conditions (a),
and after solutionising and aging treatment (b). The results represent the measurements in the beginning of the tests (10 s) using a fresh tool.
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Fig. 13. Flank (VBgyay) and notch (VBy) wear evolution when machining EB-PBF, LB-PBF and wrought materials in as-built and as-received conditions (a and c) and
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Fig. 14. Overview of the worn cutting edges when machining wrought (a and d), LB-PBF (b and e), and EB-PBF (c and f) materials in as-received or as-built

conditions, and after solutionising and aging treatment, respectively.

and EB-PBF materials. However, the evolution of notch wear on the
minor cutting edge was not monitored in this investigation as this wear
type was not set as the tool-life criterion (see Section 2.2). The other
notable observation was the presence of thin aluminium-rich oxide
layers or fragments on the flank wear lands — which is identifiable as
black and grey regions mostly where the wear land ends, as seen in
Fig. 16. This was observed in all cases. However, their amount was
higher when machining LB-PBF and EB-PBF materials. The oxides (and
most ceramic materials) are nonresponsive to the diluted HCI solution
and thus will not be dissolved. The fragmented aluminium-rich oxide
layer on the flank wear land when machining LB-PBF material after
solutionising and aging treatment is shown in Fig. 17. The detailed
composition of this layer, obtained using EDS analysis, is also shown in
this figure. This layer also consisted of small traces of Ni, Nb and Ti,
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which are likely associated with the residuals of built-up-layer (BUL)
remained undissolved after HCI treatment. The EDS analysis showed no
major indication of Ti or other elements in the oxide layers on the flank
wear land when machining EB-PBF and wrought materials. In the case of
EB-PBF and LB-PBF materials, this observation is in-line with the in-
clusion classification presented in Fig. 9, suggesting the oxide layer
would form - as the oxide inclusions of the workpieces smear onto the
flank wear land due to high temperatures and shear stresses. However,
the formation of this oxide layer (or its fragments) would also stem from
the oxidation of the y phase or the aluminium-rich precipitates in the
workpiece materials during the cutting process. This is inferred since the
aluminium-rich oxide fragments were also observed when machining
the wrought material (Fig. 16d), despite having no oxide inclusions
identified in the workpiece material (Fig. 9g). Similar observations were
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Fig. 15. Overview of the rake surface of the worn tools when machining wrought (a and d), LB-PBF (b and e), and EB-PBF (c and f) materials in as-received or as-built

conditions, and after solutionising and aging treatment, respectively.

e

Fig. 16. Overview of the flank surfaces of the tools when machining wrought (a and d), LB-PBF (b and e), an EB-PBF (c and f) materials in as-received or as-built

conditions, and after solutionising and aging treatment, respectively.

made by Hoier et al. [3] when machining wrought Alloy 718 using
uncoated cemented-carbide tools. It should be stressed here that the
amount of these oxide fragments was substantially lower when
machining the wrought workpieces, as seen in Fig. 16, suggesting that
the formation of the oxide layer (or its fragments) is likely a combination
of the proposed effects that occurs during machining of LB-PBF and
EB-PBF material. Fig. 18 shows the topography of the worn rake and
flank surfaces after machining the wrought material, indicating that the
WC grains were frequently pulled out on the rake and flank surfaces.
After the adhered material was removed using HCl solution, it was seen
that WC grains remained on the flank surface, as shown by the arrows in
Fig. 18b.

4. Discussion
4.1. Microstructure effects on hardness

Hardness is considered one of the major parameters influencing tool
wear when machining Alloy 718 [19,21,22]. The detailed microstruc-

tural investigation presented in Sections 3.1 to 3.3 showed a significant
difference in terms of: a) grain size distribution; b) texture; c)
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misorientation (KAM); d) the amount of y and y” precipitates; and e) the
type, amount and composition of oxides, nitrides, and carbides between
the wrought, LB-PBF and EB-PBF materials in both as-received/as-built
and heat-treated conditions. These microstructural characteristics have
a significant effect on the yield-strength and flow-stress properties such
as strain hardening, strain-rate hardening and thermal softening [45] as
well as the energy dissipation during crack propagation [46]. The
hardness is correlated with tensile strength properties as shown in a
number of studies [47,48]. Hence, the hardness variations observed in
the workpiece materials before and after heat treatment can be
explained by exploring the effects of microstructural characteristics on
tensile-strength properties.

Several studies have dealt with the prediction of flow-stress prop-
erties of Ni-based superalloys based on the underlying micro-mechanical
mechanisms [45,49-51]. In these studies, it is generally assumed that
the macroscopic flow stress of the material (o)) can be expressed in a
cumulative manner as:

(2)

Gy:Gi+6H7p+0'x+0'p+O'G+...

where ¢; is the lattice friction stress (known as Peierls-Nabarro stress);
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Fig. 17. Oxide layer observed on the flank wear land when machining LB-PBF material after solutioning and aging treatment with reference to Fig. 16e (a), EDS
elemental maps of aluminium and oxygen (b and c), EDS spectra of point 1 (d) and point 2 (e), measured using 10 kV accelerating voltage.

op_p is the stress contributions due to the Hall-Petch (H-P) effect (6y_p is
inversely proportional to v/D, where D is the average grain size); o is the
stress required to move dislocations in the presence of solute atoms
(solid-solution strengthening effect); o, is the stress required to cut off or
loop around a precipitate; and o is the stress contribution associated
with the long-range lattice disturbances of immobile dislocations.
Complete descriptions of the dislocation-based (or microstructure-
based) flow-stress models and the mathematical terms for the rate at
which the dislocations are generated or annihilated based on different
assumptions are given elsewhere [45,49,50]. The estimation of the flow
stress of AM-fabricated and wrought materials requires a prior knowl-
edge of the cooling history (e.g. to obtain the size and amounts of pre-
cipitates) and dedicated experiments. However, the effects of the
microstructural characteristics can be explored in a qualitative manner,
in view of their relative contributions to the different strengthening
mechanisms given in Eq. (2).

The minimum and maximum feret diameters of the grains presented
in Table 1 and Fig. 5 suggest that the contribution of the H-P effect
(on-p) would be largest for the wrought material with the smallest grain
sizes, followed by the LB-PBF material. The smallest grain-boundary-
strengthening effect would be expected for the EB-PBF material with
the largest average grain size. However, a few studies [52-54] suggested
that the preferred crystallographic orientation (texture) may influence
the grain boundary strengthening mechanisms. Gokcekaya et al. [53]
showed that the strongly textured Alloy 718 fabricated by LB-PBF
demonstrated a reduced H-P effect on the yield strength in compari-
son to that of the untextured materials. On the contrary, Johnston and
Feltner [54] argued that if the resolved shear stress on the slip planes of a
specific grain is zero, it can act as a barrier to the dislocation glide (slip)
in its adjacent grains. Hence, a substantial “barrier hardening” effect
would be expected for a strongly textured material if such a relation
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holds between the slip planes of textured grains and the direction of the
applied shear stress. Additionally, the low-angle grain boundaries and
twin boundaries are believed to have large impacts on strain-hardening
mechanisms and the overall strength of the materials [55].

A similar solid-solution strengthening effect (o5) would be expected
for all investigated materials after solutionising and aging treatment
(under the assumption that the temperature was sufficiently high and
the holding time sufficiently long). The presence of the Laves phase in
as-built LB-PBF material (Fig. 9¢) indicates an uneven distribution of
elements in the y phase caused by large temperature gradients during
printing. The Laves phase traps the solute atoms (Cr, Fe and Mo), and
thus reduces the potential effects of those elements on solid-solution
strengthening of the y phase in Alloy 718. Hence, in the as-built condi-
tion, the solid-solution strengthening effect would be smallest for the LB-
PBF material. The wrought and EB-PBF materials were expected to have
a more homogenised y phase in the as-received or as-built conditions
since the materials were kept at high temperatures for sufficiently long
times during manufacturing. The Laves phase in the as-built LB-PBF
material was largely dissolved after solutionising and aging treatment
and was replaced by a fine distribution of needle-like 8-phase, as shown
in Fig. 9d. This suggests that the temperature and duration of the sol-
utionising treatment were sufficient for the redistribution of atoms, and
thus an approximately similar solid-solution strengthening effect as that
of other materials would be expected.

The wrought and LB-PBF materials were expected to have limited or
no precipitation of y and y” in as-received or as-built conditions,
whereas these phases were partially precipitated in EB-PBF materials, as
discussed in Section 3.3. Hence, the precipitation hardening effect (o,)
would be limited for the LB-PBF and wrought materials in their as-built
or as-received conditions while a rather large effect would be expected
for EB-PBF material. However, the hardness gradient in the as-built EB-
PBF material (see Fig. 11) suggests that there is a variation in type,
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Fig. 18. Overview of worn surfaces on the tool rake (a) and flank (b) when
machining wrought material after solutionising and aging treatment. SEM im-
ages taken after removal of the adhered layer using HCI solution. The WC grains
were frequently pulled out and traces of them can be seen on the surfaces
indicated by the arrows.

amount, size, shape and distribution of those precipitates within the
material along the build direction. The stress required for the disloca-
tions to bypass or bow around the precipitates depends on these pa-
rameters [45,51]. The hardness measurements suggested a sufficient
precipitation of y and y” in the materials after heat treatment. Hence,
approximately the same precipitation hardening effect would be ex-
pected in heat-treated materials.

The last term in Eq. (2) accounts for the stress contribution associ-
ated with the long-range lattice disturbances of immobile dislocations
and can be described as:

oG =aMGb,/p 3
where a is a coefficient, M is the Taylor factor, G is the shear modulus, b
is the Burgers vector of the dislocations, and p is the total immobile
dislocation density within the material during deformation. Ashby [56]
classified the dislocations into two types: geometrically-necessary dis-
locations (GNDs) and the statistically-stored dislocations (SSDs). The
GNDs are stored to sustain the geometric continuity of the material
during deformation, whereas the SSDs are the result of random incidents
in the lattice during deformation. The density of GNDs (p;) is propor-
tional to the change in orientation between two adjacent indexed points
and thus can be measured using EBSD analysis [57,58], whereas the
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density of SSDs (pg) cannot be measured as they do not lead to an
orientation gradient. The density of GNDs can be estimated from the
Kernel Average Misorientation (KAM) measurements using the
following relation [59,60]:

KOkam

bs

Penp = C)
where «x is a constant varies between 2 and 4 for pure tilt or twist
boundaries, respectively. b is the Burgers vector and s is the step-size of
EBSD measurement. In this regard, KAM calculations presented in
Figs. 7 and 8 suggest that the LB-PBF material has significantly larger
density of GNDs compared to that of wrought and EB-PBF materials in
both as-built and heat-treated conditions.

Based on these arguments, it is possible to explain the trends
observed in the measured hardness values presented in Fig. 11 in a
qualitative manner. The grain boundary (including twin boundaries)
and solid-solution strengthening effects are the main mechanisms
influencing the flow stress properties of the wrought material in as-
received condition, thus the lowest hardness is observed in this mate-
rial. The effect of grain boundary strengthening is lower for LB-PBF
material (larger average grain size — see Fig. 5 and Table 1), but the
crystal structure contained a large density of GNDs in the as-built con-
dition. Hence, despite limited or no precipitation hardening, the hard-
ness was larger than that of the wrought material. The grain-boundary
strengthening effect is the least for the EB-PBF material due to the
largest grain size, but the partial formation of y and y” provides some
precipitation hardening effects. These resulted in the highest hardness
for the EB-PBF material in the as-built condition. The precipitation of y
and y” after solutionising and aging treatment adjusted the hardness
values for all materials as expected. The LB-PBF material, with the
additional effects of the largest density of GNDs, gave the highest
hardness.

4.2. Microstructure effects on the thermo-mechanical loads in cutting

Experimental observations suggested that a major part of the plastic
work(W = [¢ : de, where ¢ and ¢, are the stress and plastic strain,
respectively) transforms into heat (about 70-95%) [61,62]. Approxi-
mately 10-15% of the generated heat due to the plastic work in the
primary and secondary shear zones transfers to the cutting tool [63,64]1,
the amount of which depends on the thermal conductivity of the tool
and workpiece materials and on the cutting and cooling-lubrication
conditions [64]. This relatively small heat partitioning gives rise to a
large temperature increase on the tool surfaces. A temperature range of
750-950 °C is reported when machining Alloy 718 at various cutting
conditions using different tool materials [65,66]. This suggests that the
thermally-activated mechanisms would have large impacts on tool wear
evolution. In addition, high stresses exerted on tool surfaces would
provoke different mechanically-induced wear mechanisms when
machining Alloy 718. To this end, it is vital to investigate the influence
of microstructural characteristics — specific to additive manufacturing
processes — on deformation behaviour during machining and thus on the
thermo-mechanical loads exerted on tool surfaces.

Among the as-built materials, the highest forces were observed when
machining the EB-PBF workpiece. This material is believed to contain
the largest amount of y and y” precipitates in the as-built condition, as
mentioned in Section 3.3. Naturally, a higher precipitation-hardening
effect is expected for this material. However, the forces when
machining the as-built EB-PBF material — with only a partial precipita-
tion of y' and y” phases — were higher than all the heat-treated work-
pieces including the wrought and LB-PBF materials, as shown in Fig. 12.
This observation is in agreement with the results reported by Hagberg
and Malm [67], who investigated the material-deformation mechanisms
when machining wrought Alloy 718. Higher cutting and feed forces
were reported when machining the solutionised material in comparison
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to the solutionised and aged material at the cutting speeds of 30 m/min
and 60 m/min. Furthermore, higher forces were reported by the authors
for the materials with larger grain sizes, regardless of whether they were
solutionised or aged. These observations appear to be in contradiction
with the cumulative effects of different strengthening mechanisms dis-
cussed in Section 4.1 (o, and oy_p). For example, the materials with
larger amounts of precipitates and higher density of grain boundaries
gave lower cutting forces during machining. Hence, there should be
additional factors that can influence the so-called “cutting resistance” of
the materials from the microstructural standpoint.

The mechanism-based, fundamental description of the flow stress
behaviour, presented in Section 4.1, can be used to explain the experi-
mental observations in cutting under certain considerations associated
with the extreme thermo-mechanical loading conditions. The material
deformation in metal cutting is very different from simple hardness or
uniaxial tensile or compression tests. During cutting, the material is
severely strained in the vicinity of the cutting edge, with high defor-
mation rates (as high as 10*10° 1/s) and a steep temperature gradient
(heating and cooling rates exceeding 10° K/s) [68]. Strain magnitudes in
the range of 2-4 are widely reported for deformation in the primary
shear zones (in absence of shear localisation phenomenon where higher
values are reported [69]), whereas shear strains as high as 25 are
observed in secondary shear zones adjacent to the rake face of the tools
[70]. The material deformation and the amount of generated heat
largely depend on the tribological conditions on the tool-chip-workpiece
surfaces, the tool geometry, and the cutting conditions [64,71]. The
rates with which the dislocations evolve or annihilate depend on their
interactions with the immobile dislocations, vacancies, grain boundaries
and the lattice obstacles. The dislocation-annihilation mechanisms, such
as recovery by glide and cross-slip as well as the remobilization of dis-
locations by vacancy climb [45,72], can lead to significant material
softening effects during metal cutting. The high temperature and strain
rates largely influence the concentration of vacancies and thus the
dislocation annihilation process [73]. Hence, the stress contribution
associated with the long-range lattice disturbances of immobile dislo-
cations would, at least partly, be nullified in the shear zones. In addition,
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the precipitates may be fully or partially dissolved under such extreme
(although non-equilibrium) conditions, resulting in no or limited
precipitation-hardening effects in the shear zones. These arguments
would only partly explain the limited differences observed in the cutting
forces when machining the wrought and LB-PBF materials, and still
cannot explain the reasons for the higher forces observed when
machining EB-PBF materials. Therefore, two additional factors should
be considered here: texture, and the extent of material work-hardening
prior to the onset of crack formation during material removal.

Fig. 19 shows the chip-formation characteristics for wrought, LB-PBF
and EB-PBF materials in as-received or as built conditions and after heat
treatment. In the wrought material, cracks were observed more
frequently after heat treatment compared to in the as-received condition
on the edge of chips. A large density of deep cracks was observed in the
LB-PBF material in both conditions. The chips formed after machining
EB-PBF in as-built condition showed a large density of shallow cracks on
the outer surface. A more profound crack formation was observed on
edge of chips — corresponding to the location of maximum depth of cut —
when machining heat-treated EB-PBF material.

The strong [001]//BD texture of the EB-PBF materials would influ-
ence the resistance to shear deformations occurring during the chip-
formation process. The dislocation glide occurs on the planes with the
highest density of atoms and towards the direction of the shortest lattice
vectors [74]. Hence, the slip by dislocation glide in face-centred-cubic
metals is favoured within the twelve octahedral {111}(110 > slip sys-
tem. The slip becomes dominant on a crystallographic plane (belonging
to the slip system) where the Schmid factor (SF) is highest [74]. The
Schmid factor for the slip systems in polycrystalline materials can be
obtained as SF = cosgpcosl, where ¢ is the angle between the loading
direction and the slip direction and 4 is the angle between the slip plane
normal and the loading direction, here predominantly the shear direc-
tion in the cutting process. The texture influences the value of SF and
thus the associated ability for plastic deformation [75], and can explain
the large anisotropic flow-stress properties commonly observed in
EB-PBF materials [44]. It should be noted here that the cross slip of
screw dislocations onto the {001} planes was also reported during

Fig. 19. Chip formation characteristics when machining wrought (a and d), LB-PBF (b and e), and EB-PBF (c and f) materials in as-received or as-built conditions,

and after solutionising and aging treatment, respectively.
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deformation of Alloy 718 [76]. Hence, an extended analysis of the
texture effects on plastic deformation demands a-priori knowledge of
the loading direction in machining and should, in principal, include the
twelve octahedral and the additional 6 cubic {001}(110 > glide sys-
tems. Nevertheless, the strong [001]//BD texture is likely one of the
major reasons for the higher forces observed when machining EB-PBF
materials.

The extent of material work-hardening prior to the onset of crack
formation during the chip separation process is the other important
factor to be considered when evaluating the effects of microstructures on
the thermo-mechanical loads during cutting. The chip-separation pro-
cess essentially involves the crack propagation in front of the cutting
edge [77]. The plastic energy dissipation at the crack front in ductile
fracture depends on the yield strength of material, the strain-hardening
(work-hardening) rate (do/d¢), the shear modulus, and the value of SF
[46]. The rate with which the dislocations evolve and annihilate defines
the strain-hardening rate and thus influences the onset of crack forma-
tion and its propagation rate during the chip-formation process. This
would explain the observations in this study and those of Hagberg and
Malm [67]. The onset of fracture for the LB-PBF material with a higher
density of GNDs would occur earlier than that of the wrought materials,
as is also implied from the chips shown in Fig. 19a-b and 19 d-e. In other
words, the high density of GNDs in the LB-PBF material would lead to
faster supersaturation of dislocations (and vacancies) during shear
deformation, which in turn can result in lower work-hardening rates and
lower fracture strains compared to those of wrought materials. These
define the amount of plastic work (W) and therefore the amount of heat
generated during machining. This implies that the heat generation
during cutting cannot be simply correlated to the cutting forces. Instead,
the deformation path, rate of work-hardening and onset of fracture
during chip formation should all be considered for the estimation of heat
generation during cutting [77]. Based on these arguments, among
as-built and as-received materials, higher heat generation is expected
when machining EB-PBF material, followed by wrought material. The
amount of generated heat should be higher when machining EB-PBF
material after solutionising and aging treatment compared to those of
other materials.

It is, however, worth stressing here that the large anisotropic char-
acteristics of additively manufactured materials — associated with dif-
ferences in preferred crystallographic orientation, shape and
distribution of grains as well as density of grain boundaries in build and
transverse directions (c.f. Figs. 5 and 6 and the results summarised in
Table 1) — would result in different deformation behaviour (and thus
heat generations) depending on machining direction with respect to
build direction, range of cutting conditions and tool geometry. In line
with this hypothesis, the recent investigations on machining Alloy 718
and CoCrMo fabricated using LB-PBF method showed that the cutting
forces can vary depending on the density of grain boundaries and the
preferred crystallographic orientation of grains on the plane of cutting
[78,79]. The range of cutting conditions and tool geometry predomi-
nately define the chip flow direction i.e. the direction of shear defor-
mation on the rake surface with respect to the preferred crystallographic
orientation and grain alignment in build direction. Hence, different
contributions of hardening and recovery mechanisms would be expected
during chip formation process. Consequently, the amount of heat gen-
eration and tool wear evolution rate can vary as those parameters
change.

4.3. Tool wear mechanisms

In machining, different thermally- and mechanically-induced wear
mechanisms are active on the tool surfaces, depending on the range of
cutting conditions and the properties of the workpiece and tool mate-
rials. The flank and notch wear measurements presented in Fig. 13
showed distinct differences in wear rates when machining as-built or as-
received materials. As discussed in Section 4.2, a higher heat generation
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is expected on a tool surface when machining the EB-PBF material. This
leads to more pronounced thermally activated wear mechanisms on the
tool surfaces when machining EB-PBF material, leading to larger flank
and notch wear. Additionally, the amount, type and distribution of
carbides, nitrides and oxides in the workpiece materials can influence
the wear by abrasion [3,80]. Wrought material contained the largest
amount of (Nb,Ti) (C,N) abrasive particles, whereas the EB-PBF material
was comprised of a large amount of Al-rich oxides and a smaller amount
of (Nb,Ti) (C,N). The hot-hardness values collected from published re-
sults [3,80] prove that these abrasive carbo-nitrides and oxides can
potentially abrade WC-Co, controlling the rate of wear by abrasion.
Apart from the amount of abrasive particles, their size distributions
would also play a decisive role, as shown by Halila et al. [81]. Hence, the
largest abrasion effect is expected for the wrought material, followed by
the EB-PBF material. The detailed analysis of the wear surfaces, before
and after etching (Figs. 14 and 16), showed chipping and spalling of the
cutting-tool material on the rake surfaces. However, this effect was
larger when machining EB-PBF and wrought materials, regardless of the
state of the material (as-built or heat-treated conditions). This suggests
that adhesion also plays a significant role in machining Alloy 718. The
extreme shear stresses at relatively high temperatures provoke the
separation of the tool material by adhesion, as shown in Fig. 18. The
combined effects of these thermally- and mechanically-induced mech-
anisms determine the overall wear rates, as shown in Fig. 13, which is in
agreement with previous findings [2,82,83]. The other mechanism that
can potentially influence the rate of wear by abrasion is oxidation of
Al-rich precipitates (or the y matrix itself) at relatively high tempera-
tures. As shown in Fig. 17, traces of Al-rich oxide fragments or layers
were observed (mainly) on the flank wear lands after removal of the
adhered materials when using HCl etchant. The presence of these oxide
layers or fragments in the wrought and LB-PBF materials, with no or
limited amounts of oxide inclusions in the workpieces, suggests that they
formed and deposited due to oxidation of Al-rich precipitates or the y
phase itself. These Al-rich oxides may have a higher hardness than the
tool material (WC—Co), and hence can contribute to wear by abrasion
[80,84]. Naturally, higher heat generation increases the amount of these
oxide fragments, leading to higher wear by abrasion. This is likely an
additional reason for the increased wear rate observed when machining
LB-PBF material in heat-treated condition.

The complex tribological interactions between the tool and the
workpiece materials demand a fundamental understanding of the ma-
terial deformation behaviour during cutting as well as a fair knowledge
on the relative contributions of the thermally- and mechanically-
induced wear mechanisms. This means that the descriptive methodol-
ogies — based solely on the macro properties such as ductility, strength
(obtained using uniaxial tensile or compression tests), and hardness — do
not necessarily lead to reliable machinability assessments. This can
clearly be observed by comparing the hardness values in Fig. 11 and the
tool wear results presented in Fig. 13. While the higher hardness of EB-
PBF material in as-built condition would explain the higher wear rates
when machining this material compared to the LB-PBF and wrought
materials under as-built and as-received conditions, it cannot explain the
differences observed between wear rate when machining LB-PBF and
wrought materials (lower wear rates observed when machining LB-PBF
material with higher bulk hardness in as-built condition). A detailed
computational and experimental analysis is required for machinability
assessment of additively manufactured materials with more complex
microstructural characteristics compared to the wrought materials. This
remains to be investigated in the future.

5. Conclusions

A detailed characterisation of the wrought and additively manufac-
tured materials using LB-PBF and EB-PBF technologies showed signifi-
cantly different microstructural characteristics in terms of: a) grain size
distribution; b) type, size and amount of micro-constituents; c) Kernel
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Average Misorientation (KAM); and d) preferred crystallographic
orientation (texture). The combined effects of these distinctive charac-
teristics led to a large difference in tool wear when machining Alloy 718
fabricated using various manufacturing methods. The major observa-
tions can be summarised as follows:

e The texture and the extent of material work-hardening prior to the
onset of crack formation during material removal can significantly
influence the cutting forces and the heat generation in cutting pro-
cess. The strong [001]//BD texture in EB-PBF material likely leads to
a larger barrier-hardening effect compared to LB-PBF and wrought
materials. In addition, higher energies would be required for acti-
vating the slip systems in strongly textured materials under given
loading conditions, contributing to higher heat generations and
larger cutting forces. The influence texture could be evaluated using
Schmid Factor. The extent of work-hardening prior to the onset of
crack formation is not only related to the texture itself, but also the
mount and size of y and y” precipitates, grain size distribution and
other long-range interactions influencing the rates with which the
dislocations evolve and annihilate.

A large density of GNDs in LB-PBF material likely result in faster
supersaturation of dislocation and vacancies and thus lower work-
hardening rates and lower fracture strains. The effects of both
mechanisms are reflected in measured cutting forces, where the
largest force was observed when machining EB-PBF material,
regardless of whether it was in as-built or heat-treated condition.
Higher heat generation is expected when machining EB-PBF material
due to its resistance to deformation caused by strong [001]//BD
texture and larger work-hardening prior to chip removal. Hence,
thermally-induced wear mechanisms are believed to play a more
significant role when machining this material in as-built and heat-
treated condition.

Abrasion is believed to have the largest effect when machining
wrought Alloy 718, comprising a large amount of hard, Nb-rich
carbides and Ti-rich carbo-nitrides. Al-rich oxide layers (or frag-
ments) were observed on the flank surface of the tools when
machining wrought and additively manufactured Alloy 718 in as-
received or as-built conditions and after heat treatment. These
oxide layers likely contribute to wear by abrasion, the effects of
which are believed to be larger when machining additively manu-
factured Alloy 718.

While the dislocation-based description of flow-stress properties can
explain the relationship between microstructural characteristics and
hardness, additional factors should be included when describing the
material-deformation behaviour in metal cutting. This is because the
severe plastic deformation at large strain rates and steep temperature
gradients provokes different hardening and softening (recovery)
phenomena, which largely differ from those occurring in hardness or
(standard iso-thermal) uniaxial tensile tests. Hence, the hardness or
tensile properties should be used with caution when comparing the
machinability of workpiece materials, even when comparing a
certain alloy fabricated using different technologies and different
thermal treatments. The physics-based methodology presented in
this study opens new opportunities for assessing the machinability of
an arbitrary alloy regardless of the manufacturing method and
thermal-deformation histories.
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