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ARTICLE INFO ABSTRACT
Keywords: The versatility and potential applications of additive manufacturing have accelerated the development of ad-
LPBF Milling ditive/subtractive hybrid manufacturing methods. LPBF processes are exceptionally efficient at producing
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Crystallographic effect
Taylor factor

Grain boundary density

complex-shaped, thin-walled, hollow, or slender parts; however, finishing machining operations are necessary to
ensure part assembly and surface quality. Rapid solidification during LPBF processes generates columnar grain
structures in alloys. This is associated with crystalline textures and anisotropy, and therefore, mechanical
properties are highly dependent on space directions, thus affecting cutting force and its variability.

In this study, theoretical and experimental analyses examined the effects of LPBF parameters on cutting forces
and the anisotropy of alloys. Therefore, an oblique cutting Taylor based model was proposed to quantify the
crystallographic effects on the shear strength. For this, the tool geometry, tool position, and laser scanning
strategy were considered along with the microstructures, crystallographic textures and grain morphologies of
two samples with different layer thicknesses (low-volumetric energy density (VED) and high-VED) using scan-
ning electron microscopy and electron backscatter diffraction. Peripheral milling operations had been performed
under 54 experimental conditions to evaluate the interactions between the machining parameters along with the
layer thickness and the microstructural characteristics of printed alloys. The analysis revealed a significant
interaction between the direction of the plane of the shear band and the grain orientation along the main axis.
Three milling configurations were evaluated. The effects of the layer thickness on the evolution of the cutting
force were elucidated. Additionally, the low-VED sample exhibited higher anisotropy in the cutting force
compared to the high-VED one. The anisotropy in the latter corresponds to a high, dense <001> ring-like
texture; however, the crystallographic effect is lower in the low-VED sample. A good correlation between the
cutting force fluctuation and the predicted Taylor factor was obtained. Lastly, the grain boundary density was
acceptably correlated with the level of cutting force for both the printed cases.

aeronautical engines, vanes, and other power system components.
Components produced by metallic AM can be classified as having
near-net shapes; therefore, machining requirements are finishing ones.
Additionally, the assembly of the posterior printed parts along with
other components necessitates a milling operation. Milling such parts
frequently involves small chip sizes and highly interrupted machining;
therefore, models are essential in predicting the cutting forces to ensure
the final surface quality.

The additive/subtractive hybrid manufacturing method requires
multidisciplinary efforts ranging from a) design methodologies to b)
evaluating the elastic and plastic anisotropic natures of the AM

1. Introduction

Presently, combining additive and subtractive processes into a
hybrid manufacturing method is of scientific and industrial interest [1].
Metallic additive manufacturing (AM) is an effective method for
obtaining fully functional components [2,3]. Processes such as laser
powder bed fusion(LPBF) provide sufficient flexibility for
manufacturing complex morphologies that, in certain cases, cannot be
produced by subtractive methods. Therefore, LPBF is of particular in-
terest in manufacturing complex shapes and thin walls, such as ducts for

* Corresponding author.
E-mail addresses: jperez216@ikasle.ehu.eus (J.D. Pérez-Ruiz), norberto.lzlacalle@ehu.eus (L.N.L. de Lacalle), gorka.urbikain@ehu.eus (G. Urbikain),
octaviomanuel.pereira@ehu.eus (O. Pereira), jbrix@uninorte.edu.co (J. Bris).

https://doi.org/10.1016/j.ijmachtools.2021.103801

Received 27 February 2021; Received in revised form 7 September 2021; Accepted 8 September 2021

Available online 14 September 2021

0890-6955/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:jperez216@ikasle.ehu.eus
mailto:norberto.lzlacalle@ehu.eus
mailto:gorka.urbikain@ehu.eus
mailto:octaviomanuel.pereira@ehu.eus
mailto:jbrix@uninorte.edu.co
www.sciencedirect.com/science/journal/08906955
https://www.elsevier.com/locate/ijmactool
https://doi.org/10.1016/j.ijmachtools.2021.103801
https://doi.org/10.1016/j.ijmachtools.2021.103801
https://doi.org/10.1016/j.ijmachtools.2021.103801
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmachtools.2021.103801&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J.D. Pérez-Ruiz et al.

International Journal of Machine Tools and Manufacture 170 (2021) 103801

Nomenclature

VED( J > Volumetric energy density

mm®

P(W) Laser power

t(pum) Layer thickness

h(pm) Hatching space

Vy (%) Laser speed

- Thermal gradient

(%)

&) Angle between the thermal gradient and preferred grain
orientation in the epitaxial direction

& (%) Angle between the thermal gradient and preferred grain
orientation in side branching direction

BD Building direction

W(um)  Melt pool width

D(um)  Melt pool depth

Equivalent stress

Resolved shear stress

Ro Transformation from the tool reference frame to the
workpiece frame

Ro Transformation from the shear band reference frame to the
equivalent tool frame

R, Transformation from the equivalent tool reference frame to
the trochoidal reference frame

R, Transformation from the trochoidal reference frame to the
workpiece reference frame

[E] Slip systems direction cosines

[yl Shears related to a crystal orientation i

e Imposed strain in the crystal

Predicted shear angle
Total dislocation shear strain

Critical resolved shear stress

de Shear strain in the shear band
M; Single crystal Taylor factor
M Macroscopic Taylor factor

Es Displacement gradient

o(*) Shear angle
@) Helix tool angle
a(®) Relative engagement angle

C Transformation from the shear band reference frame to the
crystal reference frame

ap(mm) Axial cutting depth

a.(mm) Radial cutting depth

Ve (%) Cutting speed

fz (%) Feed per tooth

5(°) Grain tilting angle from the BD

Yield stress

(#)
K, (%m“) Hall-Petch function slope

d(um) Equivalent grain diameter

AF(%) Increase in the cutting force

G{p1T, 9", »2T}(°) Tool Euler angles (Bunge notation)
g{e1{,¢f,923(°) Crystal Euler angles (Bunge notation)
n Slip plane

b Slip direction
o) Engagement angle
Ew Macroscopic effective strain tensor

testpieces. These efforts include fixture design, methodologies for
interaction control between the initial and final shapes, overstock re-
quirements and finish machining allowance, surface integrity control
[4], CAM utilities [5,6] and the effects of the LPBF parameters, laser
scanning strategies, and heat treatment on the mechanical properties
and anisotropy [7-11]. These were also reported for LPBF-ed Inconel
718 [12-14]. In this regard, Mang et al. [15] investigated the effects of
microstructure and fibre textures on the anisotropy and mechanical
properties of LPBF-ed Inconel 718 through a tensile test, which was
supported by Schmid’s law. Chen et al. [16] evaluated the anisotropic
mechanical behaviour of an LPBF-processed Ni-based superalloy K418
printed using two laser scanning strategies. Other researchers studied
the microstructural characteristics of LPBF-printed parts with respect to
surface quality after machining [17,18]. Bai et al. [15,16] performed a
directional independence analysis of the hardness, cutting forces, and
surface quality of the printed parts of LPBF-ed 18Ni-300 maraging steel
and 6511 martensitic stainless steel. They obtained higher cutting forces
in the machined LPBF samples, caused by the grain refining effect,
compared to the wrought samples.

Anisotropy and microstructural heterogeneity are commonly regar-
ded as two of the primary drawbacks to be rectified in metal AM pro-
cesses [19]. Although one solution is typically linked to recrystallisation
processes, it cannot be employed, in many cases, on thin-walled parts or
complex shapes. In machining, anisotropy significantly impacts the
stiffness of the parts (and, therefore, associated with vibrations) and the
cutting forces. Thus, understanding the interactions between the LPBF
parameters, microstructural-crystallographic characteristics and
machining parameters, tool geometry, and tool position is essential for

reducing the variability in the cutting forces and improving the surface
quality. In this manner, Ni et al. [20] conducted a micro-hardness-based
anisotropy analysis on AM-ed Ti-6Al-4V, considering both the micro-
structure of alloys and the surface quality. In addition, Bai et al. [21]
evaluated the machinability of AM-ed CuCrZr by orthogonal cutting,
considering the surface quality, chip morphology, and mechanical
properties. The theoretical quantification of the anisotropy effect on the
cutting forces was mainly investigated for single-crystal metals [22,23]
by orthogonal cutting. For example, Lee et al. [24-26] demonstrated,
through Taylor’s microplasticity theory, the dependence of cutting
forces on the feed direction relative to the crystalline orientation for
orthogonal cutting. However, there are few studies regarding the
anisotropy effect on the cutting forces for oblique cutting in poly-
crystalline materials, considering that LPBF materials are also regarded
as textured and polycrystalline [27,28]. With this reasoning,
Fernandez-Zelaia et al. [29] analysed the crystallographic effect of
AM-ed CoCrMo on the average cutting forces in slot milling. They ob-
tained moderate deviations when the feed direction for machining ran
parallel to the building direction (BD) in samples with a dominant
<001> texture. Hence, Fei [30] performed face milling operations on
LPBF-ed nickel alloy 625 pieces, obtaining significant differences in the
cutting force levels; the reasons for which were not explained. Regarding
AM-ed Inconel 718, Ji et al. [31] explored the influence of the micro-
structure on the machinability of the parts, either printed or
heat-treated. They considered peripheral milling and analysed the sur-
face quality and microstructure using an empirical approach. In contrast
to the above-mentioned studies, this one presents the influence of the
crystallographic effect and grain morphology (size and orientation) on
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the directional cutting force response dependency when oblique cutting
was applied to LPBF workpieces, considering tool position and
geometry.

This study investigates the effect of the LPBF process parameters on
the anisotropy of printed alloys as well as on the cutting forces in the
peripheral milling of LPBF-ed Inconel 718. Therefore, the crystallo-
graphic and grain morphology effects were studied and quantified. A
model based on Taylor’s microplasticity theory is proposed for periph-
eral milling in order to obtain the Taylor factor as a shear strength in-
dicator for the AM parts. AM scanning strategies generate specific
patterns in the crystallographic distribution; therefore, the fluctuation in
the shear strength along the crystalline distribution can correspond to
the laser scanning strategy (LSS). Thus, it is possible to quantify the
effect of the LPBF process configuration on the subsequent machining
operations. To correlate the effect of the grain morphology on the cut-
ting forces, the grain boundary density was quantified. Therefore, LPBF
samples were initially manufactured and their microstructural and
crystallographic features were subsequently extracted. Lastly, experi-
mental milling tests were performed. The model exhibited a good cor-
relation between the Taylor factor distribution and the measured cutting
forces trend.

2. Interaction between the LPBF parameters and the machining
features

Cutting force prediction in the machining of AM parts is challenging
owing to the nonlinearities of the LPBF process. However, additive
(LPBF process) and subtractive (machining) domains share a mutual
interaction with key aspects, a few of which include grain size, grain
orientation and crystallographic texture. The numerous variables are
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summarized in Fig. 1.

2.1. Influence of the LPBF parameters on microstructural and
crystallographic characteristics

The microstructure of the LPBF-ed components depends on three
main aspects: the solidification mode, LSS and volumetric energy den-
sity (VED) (see Fig. 1). Moreover, these features depend on the following
specific parameters: the laser power (P), layer thickness (t), hatching
space (h) and laser speed (V).

The epitaxial growth of crystals is frequently reported in literature
[32-34] as the most important phenomenon governing the columnar
grain microstructure and causing it to appear in nearly all printed alloys,
such as Inconel 718 [35,36]. Several studies on the solidification of
metals during LPBF, welding or casting processes agree that the thermal

gradient (6) and solidification rate (V;) are the most significant factors
that govern the columnar grain growth [37,38]. In the case of Inconel, it
can be concluded that grains are columnar at essentially any value of the
solidification rate for a sufficiently high thermal gradient [39].

Thus, the ratio g defines the solidification mode (columnar, mixed,

equiaxed), while V;"™G™ corresponds to the scale or size of the
microstructure [32], where m and n are material constants. The solidi-
fication rate (V;) can be calculated using the laser beam speed (V}) and
the angle (¢) formed between the laser beam speed vector and the vector
normal to the isotherms of the liquid-solid interface.

Inconel 718 has an FCC crystal structure [40], which allows
columnar grain growth in approximately the thermal gradient direction
despite being a polycrystalline material [41,42]. In this manner, Rappaz
[43] demonstrated that the grain growth during solidification begins

Specific LPBF parameters
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with a seed grain (see Fig. 2a) in the unmelted section of the liquid-solid
border. The columnar grains formed during the new solidification then
begin growing in this seed grain of the substrate, and the growth path
approximately follows the direction of the closest thermal gradient G;
[44]. The columnar growth of the grains from the seed grains and the
significant influence of the thermal gradient on the direction of their
growth are two main factors that allow us to infer the effect of crystal-
lographic texture on the mechanical properties of LPBF-ed components.
The literature [33,45] showed that process parameters significantly in-
fluence the crystallographic texture of materials printed using LPBF.
This phenomenon enables the creation of extended columnar grains that
cross multiple layers [16]. The solidification sequence functions quite
well when certain scanning strategies (such as unidirectional ones) are
applied [38] or in the absence of significant differences between the
preferred growth direction and the thermal gradient vector. However,
for more complex scanning strategies, the prediction of crystallographic
texture is not straightforward. The columnar grain direction depends on
multiple factors, among which the thermal gradient, preferred crystal-
lographic direction of the seed grain, competitive grain growth, solidi-
fication rate, geometry of the melt pool, and layer thickness are
prominent [46,47].

Competitive grain growth frequently occurs in the LPBF process,
which implies that the prediction of texture is more complex and closely
related to the manufacturing parameters, especially the energy density
and laser scanning strategies. The latter and the former play leading
roles in determining the texture type [48] and the texture intensity (see
Fig. 2b), respectively. An essential aspect of columnar grain growth lies
in the role of side branching, which develops when solidification occurs
owing to the epitaxial growth of primary dendrites from the secondary
ones of previous layers. These originate from the dendrites that grow
perpendicular to the epitaxial direction. Angles £1 and £2 correspond to
the competitive grain growth mechanisms between the thermal gradient
and the preferred grain orientation in the epitaxial and the
side-branching directions (Fig. 2a, melt pool 1), respectively. Studies
conducted by Dinda [38] and Pham [49] showed the significant effect of
side branches on crystalline texture development for different scanning
strategies, which, in certain cases, produced a texture known as fishbone
or chevrons (see Fig. 2b).

The 67-degree scanning direction strategy, wherein the change in the
direction of the melt pools shortens the columnar grains, induce a high
level of competitive grain growth. However, the grains adopt a zigzag
growth pattern to advance along a direction as close as possible to the
thermal gradient direction (see Fig. 2a, melt pool 2). The growth of the
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surrounding dendrites also limits the zigzag growth of the grains.
Additionally, the grain spreads across various melt pool boundaries;
therefore, the grain size would be reduced for a low energy density
(VED) because of the high cooling rates. Likewise, growth through
secondary dendrites is limited, and nucleation of disoriented dendrites is
possible during the first stage of the solidification of the track (see
Fig. 2a — melt pool 3). Afterwards, when the thermal gradient is aligned
with a preferred grain crystallographic orientation, columnar grains
grow in a direction parallel to the thermal gradient. The disoriented
dendrites could correspond to crystalline gradients and dislocations
[50].

The effect of the LSS on the texture is shown in Fig. 2b, where the 67-
degree rotation strategy is compared with the unidirectional one. When
the latter is applied to cubic lattice materials (FCC, BCC), there exist two
typical dendritic growth patterns: grain growth in the BD beginning at
the bottom of the melt pools and spreading epitaxially through several
layers, and oblique grain growth (45°) based on side branching, which
occurs sideways with respect to the melt pool. Growth in the BD and
oblique grain growth (45°) are associated with the <001 and the <101>
textures, respectively. However, the 67-degree rotation strategy is
associated with a ring-like <001> texture. In both cases, at higher VED
values, the <001 > textures tend to be denser [7,51].

The VED is a crucial LPBF parameter that describes the average
applied energy per volume of material during powder bed fusion. It
involves all the specific LPBF process parameters, such as laser power
(P), scanning speed (V},), hatching space (h) and layer thickness (t) [7].
The VED [52,53] can be calculated using equation (1).

J P
VED (M) =Vow 1

In literature, the effect of VED on grain size has been widely reported
[54]. Ng et al. [55] reported that the grain size grew from 2.3 to 4.9 um
when the energy density was increased by using a continuous or pulsed
laser. The relationship between VED and grain size passes through two
intermediate steps: the melt pool morphology (MPM) and the cooling
rate.

The relationship between VED and MPM has been widely reported in
literature, establishing a lack of fusion and balling mode for a low VED
[56]. However, in the presence of fusion, shallower or steeper melt pool
shapes are produced with increasing energy density. However, for an
excessive energy density, keyhole-mode melting occurs, and porosities
may be produced [56-60] (Fig. 3a). Several studies affirm that the
optimal level of energy density to be used in the process agrees with the
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Fig. 2. a). Competitive grain scheme for a 67-degree rotation scanning strategy; b). Effect of scanning strategy and VED on texture.
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conduction mode, where the melt pool presents a W/D ratio =~ 2. Here,
W is the melt pool width and D is the depth of the track (Fig. 3b). Lee
et al. proposed an analytical method to predict the melt pool
morphology according to a volumetric model of the types of Gaussian
heat sources [61].

The relationship between the MPM and the grain size can be un-
derstood from the cooling rate. The classical theory of melting and so-
lidification of metals states that the volume of melted material (MPM)
increases with the energy density (VED), decreasing the cooling rate.
This reduces the number of particles in the nucleation process; thus, the
development of constitutional undercooling is affected and the grain
size increases [62-64]. However, the study of the quantification of this
relationship in LPBF is ongoing. Therefore, Ma et al. [65] proposed a
cubic relationship between the cooling rate and the grain size during
LPBF.

The MPM influences the volume of the grains parallel to the BD,
corresponding to the volume of the grains with oblique directions
(6=45° or more). The high thermal gradient at the bottom of steeper
melt pools causes increased grain growth in the BD. In contrast, for
shallower melt pools, the oblique grain growth is denser. A decrease in
the layer thickness (t) and hatching space (h) favours a higher density of
grains in the BD to the detriment of stray grains owing to their direct
geometric relationship with the unmelted track zone geometry. This
effect is more significant in steeper melt pools than in shallower ones.

3. Effect of material anisotropy on cutting forces

To evaluate the effect of material anisotropy on the cutting forces,
considering the plastic deformation of the cutting process in the slip
mode is essential. At the macroscopic level, the cutting area is usually
simplified as a plane. At the microscopic level, however, the shear zone
is comprised of multiple slip directions, which form what is usually
referred to as the plane of the shear band when combined. However, the
macroscopic assessment of the cutting process is insufficient to explain
the differences in the cutting forces for different positions of the tool
concerning the workpiece, This is because it is necessary to evaluate the
resistance to dislocations along the direction of the plane of the shear
band. An important difference between LPBF and other manufacturing
processes is the abundance of columnar grains. Unlike equiaxial grains,
they cannot be simplified through an equivalent diameter (d) as it is

necessary to size them at least by a major (d1) and a minor axis (d2).
Additionally, columnar grains are more associated with a predominant
crystalline orientation.

To assess the resistance to shear action, it is necessary to consider the
resistances offered by the grain boundaries [66,67] and by the grain.
The Hall-Petch theory and the Zerilli-Armstrong model [68,69] can
explain the increase in yield and flow stresses with decreasing grain size.
Based on this, it can be inferred that the increase in the grain boundary
density is proportional to that in the cutting forces. To evaluate this
effect, an analysis of the grain boundary densities for different config-
urations is presented in Section 6.2. Regarding the resistance to dislo-
cation within the grain, it is necessary to consider the crystalline
structure of the material and the interaction between the direction of the
strain tensor and the slip systems. Therefore, a model based on Taylor’s
microplasticity theory was developed in order to evaluate the resistance
to dislocation by crystal orientation (Section 3.1).

3.1. Oblique cutting shear strength prediction model

The proposed model is focused on textured polycrystalline materials,
and it is based on the work of Lee et al. on single crystals [24]. This
model allows the quantification of the shear strength due to the crys-
tallographic effect in any shear plane. This is the result of oblique cutting
by end milling through transforming the macroscopic strain tensor from
the workpiece reference frame to the crystal reference frame in three
steps: firstly, the tool orientation is changed to the workpiece reference
frame; secondly, the plane of the shear band is changed from the tool
reference frame to the workpiece one; and thirdly, the macroscopic
strain tensor can be changed to the crystal reference system once it is in
the workpiece reference system. The orientation of a tool corresponding
to the workpiece reference system can be fully defined using Euler an-
gles with the Bunge notation (ZYZ). This is defined using Equation (2)
and is represented in Fig. 4a.

G={pl",¢", 92"} @)

The rotation matrix spanning the reference system of the tool and
that of the material is obtained from the aforementioned Euler angles
(see Equation (3)).
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Regarding the second step, the plane of the shear band concerning
the workpiece reference system is defined by the shear angle ¢, the
helix angle $ and the relative engagement angle a (see Fig. 5).

Ry is the transformation matrix defined by the shear band reference
frame (x’*’, y’»’, z”’) and the equivalent tool reference frame (x’, y’’,
z”’) prescribed by the rotation of ¢.. Rz is the transformation matrix

Shear band
Reference frame

a)

defined by the equivalent tool reference frame (x’’, y’’, z’’) and the
trochoidal position reference frame (x’, y’, z’) prescribed by the rotation
of . Lastly, R, is the transformation matrix defined by the trochoidal
position reference frame (x’, y’, z’) and the workpiece reference frame
(%, y, z) prescribed by the rotation of a (see Equation (4) and Fig. 5).

b)
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reference
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Fig. 5. a) Cutting and shear band geometry; b) Details of engagement by the angle a.
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1 0 0 cos(f) sin(f) 071 [1 0
RyRzR, = {0 cos(¢p.) —sin(¢,) } * {sin(ﬁ) cos(f) O } * |:0 cos(a@)
0 sin(¢.) cos(¢.) 0 0 1 0 —sin(a)

The incremental work during a plastic deformation caused by end
milling can be defined by

dw = UdEw(Gaa7ﬂ7 ¢(‘)7 %)
where ¢ is the equivalent stress and dg,, is the macroscopic effective
strain tensor in the shear band caused by the cutting process.

The equation for the virtual work done in deforming a single crystal
[26] can be written as
4 ar

ode, =1.dll; — =M,
T, de,,

(6)

where dr is the total dislocation shear strain accumulated in the crystal,
o is the equivalent stress and z. is the critical resolved shear stress. M is

[cos (@15)cos (¢f ) cos (p2f) — sin(p1)sin(g2) |
[sin(g1{)cos (g )cos(92) + cos (1) sin(g2) |
—sin(g¢ ) cos (p2f)

Ci(g:)

the Taylor factor, which is the ratio between the microscopic shear
strain and the macroscopic strain. Alternatively, it is the ratio between
the equivalent normal and shear stresses, implying that higher values of
the Taylor factor lead to higher equivalent stresses.

The Taylor factor for oblique cutting in a physically distinctive
crystal orientation (g;) can be defined as

_ dar o aw
B deW(Gv a-,/jv 4)0) - Te a ‘rt.ef,(g,-, Gv (l,ﬁ, {/)c)
=1,2...N

M(gi, G, a,p,¢.) i

)

where N is the number of crystalline orientations evaluated and ¢, is the

11 2.2 33
(33) (3) (3)
. 1.1 2.2 33
8‘,'22 (n§b§> <n§b§> (n§b§>
€33 1 1 1.1 2.2 33 33
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imposed strain in the crystal.

Equation (8) is the expression proposed to obtain the strain tensor in
the shear band for oblique cutting during end milling for any tool po-
sition in the workpiece reference frame.
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where Eg is the displacement gradient and d<2 is the shear strain in the
shear band.
The imposed strain in the crystal ¢! is obtained using equation (10).

gic(giv Graaﬂv ¢L) = Ci(gi)EW(Gv avﬁ? ¢L)C:r(gl)v (10)

where C; is the transformation matrix (Equation (10)) defined by the
workpiece reference frame and the crystal reference frame, prescribed
by the rotation of g = {¢1{, ¢f, 2 }(Bunge notation; see Fig. 4b.).

i

[ — cos (1) cos (¢! )sin(92f) — sin(p1¢)cos(p2) | cos(ep1¢)sin(gf)
[sin(g1{)cos (g )sin(p2() + cos (1) cos(p2) |
—sin(¢!)sin(¢2})

sin(p1{)sin(¢!) an

cos o)

According to Taylor’s minimum work principle, five independent
slip systems are required to develop a plastic strain, considering the
incompressibility condition of solids. This implies that an optimisation
process must be executed to obtain the combination of the five slip
systems that minimises the work due to an imposed strain [70].

The shear required to develop a strain by five independent slip sys-
tems is given in Equations (12) and (13), with the former being the
compact form of the detailed equation in Equation (13).

[el] =[E] ri] or [ri] = [E'] [€l], (12)
()

w3) ()

Lobenlsd) (nlodensd) § 1
%b%—i—n%b%) (n%b%—&-n%b%) 75

%b%-’rﬂ%b;—‘) (n%bg-‘rn%b?)_

where [E] is the direction cosine of any combination of the five slip
systems, [y;] is the corresponding shear related to the crystal orientation
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Table 1
Slip systems for the FCC lattice in the crystal reference frame.
Slip plane(n) aain (11) 111) @111)
Slip direction(b) [011] [101] [110] [011] [101] [110] [011] [101] [110] [011] [101] [110]
Slip system 1 2 3 4 5 6 7 8 9 10 11 12
Table 2
Discretization of the crystalline orientation distribution from experimental texture pole figures.
Patterns Laser scanning strategy Crystallographic texture Discrete crystalline orientation distribution (DODF) extracted from the Simulated texture
reported in reported in literature pole figure (PDF) reported texture pole figure reported in literature (Bunge notation) plot figure from the
literature [48] in literature [48] DODF
[45,48,73, ). = <8000> <7000> <6000> <5000>  <a500> <400O> <3000> <2000> <1000> <000> l
o )
[3 L3 Lr o OO ‘
[48,74-76] <000> |
©
» Lo |
[48,74] ) <000> <0450> .

X-scan

y axis

-
X axis

/ R

/ \
1000
\

N S
-

i, n is the slip plane, b is the slip direction and the superscript corre-
sponds to the slip system. Table 1 lists the slip systems for the FCC

lattice.

Once the optimisation process is complete and the five-slip system
set is defined, the increment in the plastic work (dW) can be obtained
(Equation (13)) and the Taylor factor for oblique cutting in a physically
distinctive crystal orientation (g;) is calculated (Equation (6)). The

MACHINING

LPBF

macroscopic or sample Taylor factor for any combination of G,a,
pand ¢, can be attained from the previously obtained single-crystal
Taylor factors (Equation (7)) using the following equation [71].

MGap g = [ [ [is.G.appired

14)

Considering that f(g) is the orientation distribution function (ODF;

Laser G<0450> G<0900>
Scanning
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Fig. 6. LPBF and machining process interaction by ODF patterns.



J.D. Pérez-Ruiz et al.

see Equation (15)),

1dvV(g)
dg (15)

f(g)=ODF(g) =

<I

where dV is the volume fraction corresponding to a crystalline direction,
dg is the differential of the crystalline orientation and V is the total
volume of the Eulerian space (see Equation (16)).

V:/dg:/d(plsimp dg2 =

The macroscopic (polycrystalline) Taylor factor can then be
expressed as a function of the volume fractions using Equation (17).

[ [ [m.6.a5.00%

8
v

Obtaining the macroscopic Taylor factor in a shear plane from the
crystalline orientations with the highest volume fraction is an approxi-
mate but practical solution when machining staff do not possess the
experimental information (i.e. EBSD) regarding the crystalline ODF.
Considering that laser rotation strategies are evidently associated with
the crystalline texture patterns observed in the pole figures, which is
widely reported in the literature, it is, therefore, possible to obtain the
crystalline orientations with the highest volume fractions from the pole
figure of an experimentally obtained crystalline texture (see Table 2).
This represents a discretization of the crystalline distribution, which can
be a useful approach to analysing the trend of the shear strength of a
range of tool positions with respect to the workpiece reference system or
when a defined tool orientation and geometry are analysed. The accu-
racy depends on the number of crystalline orientations considered and
the size of the increment in the Euler angles: g = {¢1;, ¢¢, 2;}. For
rigorous evaluation, using the experimental ODF is recommended.

The volume fraction of a particular orientation can be obtained by
multiplying its density by the increment of each Euler angle [72] (see
Equation (18)).

1 A A
L=552 2> flol.g, 02)dp1ap2 [cos(g; - 7‘”) - COS((pj + 74")]

ol v @2

1
8n?

(16)

M(G,a,p,¢.) = a7
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Table 2 depicts the use of this technique in the context of LPBF,
where discretization of the crystallographic orientation is obtained from
the patterns of the pole figures of the textures associated with various
laser scanning strategies. The simulated pole figures based on the
volumetric fractions and discretized crystalline directions are shown on
the right. The patterns of the pole figures reported and the simulated
ones are quite similar in the different cases, indicating that the crystal-
line directions obtained are similar to those of the experimental sample.
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From a discrete ODF (DODF) that can be associated with an LSS, the
macroscopic (polycrystalline) Taylor factor for any tool orientation can
be approximated using Equation (19).

LSS

av(g:)
\%

~
~

S P A N
[M(G.a.p.4.)| {ZM(G-,(W, 5 19)
i=1

Owing to the Taylor factor being a good shear strength indicator, the
effect of the laser rotation strategy on the shear strength under certain
tool positions can be calculated using the proposed model and observed
using Taylor maps for different combinations of tool positions (G), shear
angles (¢,) relative engagement angles (a), helix angles (#) and laser
rotation strategies. Fig. 6 shows six Taylor maps that consider the
interaction of two LSSs (rotation by 67°and 90°) with three milling
configurations (G(0 0 0), G(0 45 0), G(0 90 0) for g = 30°, an a range
from 0° to 32° and a ¢, range from 0° to 90°).

To quantify the material crystallographic effect on the shear strength
(or cutting forces) when the cutting tool changed position, it is necessary
to determine the variation in the Taylor factor with the tool positions.
Therefore, it is necessary to extract a Taylor factor value that represents
the shear strength for each tool position. With regards to peripheral
milling, there exist different relative engagement angles (a) and shear
resistance values associated with each one. The shear angle for each
relative engagement angle (o) can be predicted (¢?) through the effec-
tive Taylor factor M’ [24], which is based on the principle of maximum
stress. It is calculated as M/cos (2y), where y is the angle of deviation of
the shear angle (¢.) corresponding to an angle of 45°, because the shear
strain increases by an order of 1/cos (2y) to maintain the macroscopic
strain.

Once the shear strength profile (expressed by the Taylor factor) along
the tool engagement path is obtained (see Fig. 7), a representative value
of the shear strength can be extracted. Considering that the maximum
cutting force is usually associated with the maximum chip thickness,
which usually occurs in the initial moments of the engagement between
the tool and the part, the Taylor factor corresponding to ¢ can be
considered a significant value. Likewise, the mean value can be repre-
sentative when the variations in the Taylor factor throughout the
engagement are not very large.

Fig. 7 shows the variation in the Taylor factor as a function of the
engagement angle (a) for down milling for G (0 90 0) and g (45 0 0) with
B = 30° (see Fig. 24 in the appendix). The white line in Fig. 7b corre-
sponds to the predicted shear angle values (¢?) for each a value based on
the specific tool position and crystal orientation. Considering that ¢ =
180 - q, it is then possible to obtain the shear strength profile during
engagement using the Taylor factor as a function of the engagement
angle (¢) (Fig. 7c.).

a) c)
Workpiece 30 ¢F (Predicted [N 38—g (0 90 0) and g(45 0 0) |
5 shear angles) .
chip , 2 25 | 352 <34
o f—
3 \ = o x
A B \ \ § 20 g '9 3—
A 215 32
a2 T S g
\
N \/\/ 310 ,sE S 2.6
X ) £
Tool N 2.2
D, 0 / 2 |
0 10 20 30 40 50 160 165 170 175 180
@ _(degrees) @ _(degrees)

Fig. 7. a) Details of tool engagement; b) Predicted shear angle with respect to the effective Taylor factor; c¢) Taylor factor in the function of the engagement angle.
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Fig. 8. a) 67-degree rotation scanning direction strategy; b) LPBF-ed Inconel 718 component for characterisation; ¢) Milling set up.

Table 3
LPBF parameters, cutting parameters, and experimental factors.

LPBF Parameters Milling experimental factors and levels

Zone Zone Factor Low Middle High
1 2
Power (W) 200 200 Feed- 0.03 0.04 0.05
flmm/
rev-z)

Speed 1000 1000 a, (mm) 0.1 0.3 0.5
(mm/s)

Hatch 0.09 0.09 Milling case ~ Case 1 Case 2 Case 3
spacing (07527) (XZY) (ZXY) (XYZ)
(mm)

Layer 30 60 Layer 30 - 60
thickness thickness
(um) (pm)

Laser beam 70 70 Cutting parameters and tool information (HM
spot size end mill-4 flutes)

(hm)
Cutting 60 Tool 10
speed V. diameter
(m/min) (mm)
Axial depth 5 Helix 30
(ap) (mm) angle f ()

4. Methodology and experimental procedure

Four prismatic samples of Inconel 718 were manufactured simulta-
neously using a Renishaw AM 400 machine to characterise the cutting
forces using end milling. The sample geometry was a 4 x 4 x 8 cm L-
cube, as shown in Fig. 8b, having two zones with different layer thick-
nesses (30 and 60 pm). Layers of 60 pm are used to minimise the pro-
cessing time, while those of 30 pm are used when precision was
required. Layer thicknesses smaller than 30 pm are inconsistent with the
feed powder size, and layers larger than 60 pm on Inconel 718 produce
excessive internal porosity.

The 30 pm zone (zone 1) was printed first, and the 60 pm zone (zone
2) was added on top. This L-cube shape simplifies machining. A laser
rotation strategy of 67°per layer was used (Fig. 8a), which is considered
useful for reducing residual stress [77]. The scanning direction was on
the XY plane, and the BD was along the Z-axis.

To observe the effect of material anisotropy on oblique cutting forces
on LPBF-ed Inconel 718, a factorial experiment design 332! was adop-
ted. Peripheral milling experiments were performed on a Kondia A6
milling centre with a Fagor 8070 CNC. The milling forces were measured
using a Kistler 9255B dynamometer (16384 Hz). Fig. 8c shows a

10

schematic diagram of the setup used for measuring the cutting force. The
tool cutting edge quality was controlled to ensure accuracy of the
measurements. A 5 mm axial depth of cut was selected in accordance
with the tool diameter; it avoids cutting with the same tooth at two
different heights. The selected radial depth of cut range corresponds to
the usual stock of material to be removed from a printed piece (in the
range of 0.1-0.2 mm). Depending on the orientation of the manufac-
tured parts on the printing plates, these overstocks can be slightly larger.
The selected feed range corresponds to one-tenth of the radial depths of
cut evaluated, which is in accordance with a superfinishing and low
roughness process.

The LPBF parameters, cutting parameters, tool information and
experimental factors are listed in Table 3. Additionally, three milling
configurations (hereinafter referred to as ‘milling cases’) were analysed
to consider the directional dependence of machinability for LPBF-ed
Inconel 718 components; these were the three climb milling types.
The end mill tool orientation relative to the LPBF component and the
equivalence of the measured cutting forces in the tool and LPBF
component reference frames are shown in Fig. 9.

The study of grain features, subgrain structures and crystalline tex-
tures was aided by electron microscopic observations using scanning
electron microscopy SEM and electron backscatter diffraction (EBSD).
Furthermore, the MPM was studied using an optical microscope. Inverse
figures, pole figures and Taylor maps were obtained using MTEX.
Therefore, two samples of 30 and 60 pm were analysed, as described in
the subsequent sections, as 1t30 and 1t60, respectively. A mapping area
of 1000 pm x 1000 pm and a step size of 2 pm were used for EBSD
mapping. Additionally, a 12° misorientation angle was used to distin-
guish different grain boundaries.

5. Results

The results are presented in two steps. Firstly, the effect of LPBF on
the microstructure and texture of LPBF-ed Inconel 718 samples is pre-
sented in Section 5.1. Secondly, an analyses and characterisations of the
cutting force features and machining parameters are presented in Sec-
tion 5.2.

5.1. Microstructural and crystallographic characterisation

The characterisation of the material was developed in four stages.
Firstly, the MPM was evaluated. Secondly, the microstructural charac-
terisation was obtained using EBSD. Thirdly, the grain morphology was
characterised. Lastly, the crystallographic textures of the samples eval-
uated were compared. Hardness was compared using the Rockwell C



J.D. Pérez-Ruiz et al.
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reference system system Casel Case 2 Case 3
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Fig. 10. Melt pool shape characterisation: a) Melt pools corresponding to the 1t30 sample; b) Melt pools corresponding to the 1t60 sample.

scale for both samples with mean values of 36.4 Rc and 32 Rc for the 1t30
and 1t60 samples, respectively. This implies that hardness did not appear
to be the best criterion to explain the influence of anisotropy on oblique
cutting forces for this type of material.

5.1.1. Melt pool shapes and dimensions

The melt pool shapes for the 1t30 and 1t60 samples are displayed in
Fig. 10, with the contours of certain melt pool boundaries outlined for
better comprehension. The differences in the shapes and sizes between
the melt pools are significant, and the width and depth of the melt pool
are observed to be more prominent in the 1t30 sample. This is due to a
greater VED during the manufacturing process, which produces steeper
melt pools in certain cases closer to the keyhole-mode (Fig. 10a).
However, the shape of the melt pool was shallower in the 1t60 sample
(Fig. 10Db).

5.1.2. EBSD grain characterisation

EBSD and SEM were performed on the 1t30 and 1t60 samples. Fig. 11a
and g correspond to the YZ planes, while Fig. 11c and j represent the XY
planes (upper view) of 30 pm and 60 pm, respectively. Pole figures and
inverse pole figures are displayed with <uvw> directions parallel to the
BD.
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Strong epitaxial growth was observed in both samples in the red
<001> and green <011> columnar grains. Notably, a few grains
crossed over 20 layers; these grains were frequently localised at the
bottom of the melt pools where the thermal gradient is stronger and
oriented along the BD. Fig. 11d shows a grain equiaxial arrangement of
the 1t30 sample, representing the cross-section of the columnar grains
(XY plane). This equiaxial arrangement indicates a greater proportion of
grains aligned with the BD <001>, represented by the colour red.
However, Fig. 11j shows that the grains present rows of small equiaxial
grains (reddish) and rows of larger columnar grains with different ori-
entations. The former arise from the bottom of the melt pool tracks and
are aligned with the BD, while the latter correspond to the lateral zones
of the melt pools having oblique orientations. The high directionality in
the 1t30 sample is caused by the higher input values of energy densities,
leading to lower cooling rates than in the 1t60 sample. However, the
predominant epitaxial orientation of the grains in the 1t30 sample can be
corroborated in Fig. 11b and ¢, which show a predominant epitaxial
growth pattern in the columnar dendritic grains. The epitaxial grain
growth pattern can also be observed in the cellular structure depicted in
Fig. 11f. This is because the grains have a dendritic cellular subgrain
structure, which is the cellular structure pattern observed mainly on the
XY plane (Fig. 11f) and the dendritic structure pattern observed on the
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Fig. 11. EBSD and SEM scans of the samples: a) EBSD of 1t30 in the YZ plane; b) and ¢) SEM of 1t30 in the YZ plane; d) and e) EBSD of the 1t30 sample in the XY plane;
f) SEM of the 1t30 sample in the XY plane; g) and h) EBSD of 1t60 in the YZ plane; i) SEM of 1t60 in the YZ plane; j) and k) EBSD of the 1t60 sample in the XY plane; 1)

SEM of the 1t60 sample in the XY plane.

YZ plane (Fig. 11c¢). In Fig. 11c, a few columnar grains in the dendritic
epitaxial structure can be observed to be crossing several manufacturing
layers, reaching lengths along the BD of over 200 pm, which is equiva-
lent to seven layers or more. This indicates that the strategy of laser
rotation at 67°does not prevent epitaxial growth of the grains through
the layers at higher energy densities. This behaviour could be explained
using the concept of competitive grain growth, which becomes tangible
within the observed 3D zigzag grain growth patterns (see Figs. 2b and
12); it is key to understanding how the grains can cross multiple layers
despite the 67-degree laser-rotation strategy. The zigzags formed by
columnar grains follow the thermal gradient vector, which is the
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mechanism used when Inconel 718 crystals grow as close as possible to
the thermal gradient direction (see Fig. 2b). The zigzag reflects the
alternation between epitaxial and side-branching grain growth along the
BD (see Fig. 12).

Fig. 12a and c shows the EBSD maps of the SEM shots displayed in
Fig. 12b and d, respectively (1t30 and 1t60). In Fig. 12b, zones A, B, C and
D represent the sections of grains with dendritic subgrain structures.
However, the AA, BB, CC and DD zones represent the sections of the
grains with cellular subgrain structures. Notably, A and AA represent
sections of the same grain, which can be verified in Fig. 12a, wherein
zones A and AA are both in green, which implies that both grain sections
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Fig. 14. Crystallographic textures pole figures (1t30 and 1t60 samples).

share the same crystalline orientation <011>. Therefore, it can be
concluded that side branching is the primary cause for the change from
dendritic to cellular subgrain structures in these cases. The same
reasoning can be applied when comparing zones B-BB, C-CC and D-DD.
This behaviour is also present in the 60 pm sample, which can be
observed in Fig. 12c and d in sections E-EE and H-HH. Both subgrain
structures are dendritic but rotated 90°to each other, which is also
caused by the side branching and zig-zag subgrain growth patterns.

It is essential to mention that the interaction of the grain growth
mechanism with a low cooling rate eases the development of coarse
columnar grains. For High volumetric energy density, the larger grains
below the newly added layer have enough time(by the lower cooling
rates) to swallow the smaller grains or select the grains with a preferred
crystallographic orientation [78] similar to the seed grain orientations
to follow growing(grain coarsening) in the building direction(epitaxially
grain spreading across various layers) and laterally through side
branching (zig-zag grain growth mechanism). In the same way, the grain
coarsening promotes that crystallographic texture intensity increases
because the developed crystallographic orientations get larger volu-
metric fractions. Then by considering the strong influence of texture
intensity in material anisotropy, it is possible to infer the indirect effect
of subgrain growth behaviour on the directional dependency of milling
force response.

5.1.3. Grain morphology characterisation

The grain sizes and orientations of the 1t30 and 1t60 samples were
quantified on the YZ plane. As shown in Fig. 13a, an oval profile was
used to simplify the shape of the grains to measure their major and
minor axes, while the grain equivalent diameter method was applied in
Fig. 13d. In both cases, the grain size was more prominent in the 1t30
samples than in the 1t60ones.

The cumulative distribution of the grain sizes is displayed in Fig. 13a,
wherein, in the 1t30 sample, nearly 30% of the grains have major axis
lengths exceeding 30 pm (Fig. 13 point a) and 12% exceeded 60 pm
(Fig. 13 point ¢). In contrast, the grains in the 1t60 sample are shorter
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and thinner than in the It30 sample, with 19% and 6% of grains
exceeding 30 and 60 pm, respectively (Fig. 13 points b and d). Fig. 13b
shows the grain aspect ratio, and it can be inferred that the 1t60 grains
are slenderer than the 1t30 ones; this is evident when comparing Fig. 11a
and g.

The grain orientation is represented by & (see Fig. 13c). Notably, for
80% of the grains, & lies between 0° and 20° in the 1t30 sample and
between 0° and 38° in the 1t60 one. Therefore, it can be verified that
increasing VED slows the cooling rate, thereby promoting the broad-
ening and growth of grains through several layers. Likewise, steeper
melt pool shapes favour epitaxial growth along the BD owing to higher
thermal gradient values at the bottom of the melt pool.

Fig. 13d shows that the 1t30 sample has a larger equivalent grain
diameter distribution than the 1t60 sample, which directly affects the
cutting forces. The grain boundaries act as obstacles to the dislocation
flow. When an LPBF-ed component is subjected to stress, dislocations
originate within the active slip systems of the textured grain zone with a
higher resolved shear stress. When the dislocations reach a grain
boundary, they accumulate, and a local stress state is developed.

5.1.4. Crystallographic texture

The crystallographic textures of the evaluated samples are depicted
in Fig. 14. The 1t30 sample has a strong ring-like <001> texture with a
maximum probability density of 6.5. The 1t60 sample also exhibits a
ring-like <001> texture, but it appears less dense (3.4 maximum
probability). In the 1t30 sample, it can be inferred that ¢ (Bunge nota-
tion) ranges from approximately 0°-15°, indicating a high density of
crystalline arrangements aligned along the BD. However, the 1t60 sam-
ple exhibits <111> and <011> textures on a minor scale. In both
samples, the ring-like effect in the texture was caused by the laser
rotation strategy.

From Fig. 14, for both samples, most of the crystals are observed to
be rotated 45°to the Z-axis (¢;). A second group of crystals with a lower
density was rotated 70° and 5°to the Z-axis in the 1t30 and 1t60 samples,
respectively.
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Fig. 16. Cutting force anisotropy patterns: a) 1t30 sample; b) 1t60 sample.

The strong correlation between the crystalline and grain orientations
is an indicator of the effect of the VED on the growth of the subgrain
structure. In the 1t30 sample, the lower cooling rates allow a steadier
growth of the grains in length and width through the zigzag growth
mechanism. The influence of the melt pool on the texture is also sig-
nificant; the shallower melt pools of the 1t60 sample developed BD-
oriented oblique grains in similar proportions to <001> and <011>
textures.

5.2. Cutting force characterisation

In this section, the measured cutting force components are compared
in milling cases (Fig. 9). Additionally, the specific tangential and radial
cutting force coefficients for the 54 experimental conditions are pre-
sented. The analysis of homoscedasticity through Bartlett’s test, the
uncut chip thickness, radial depth of cut and the interaction effects of the
feed rates on the variability of coefficients are also presented. Thus, the
effect of the tool direction on the resultant cutting force is presented as
the percent increase in the cutting force AF(%) when changing from one
milling case to another under the same machining parameters. The same
method is used to evaluate the increase in the cutting force due to the
layer thickness (1t30 to 1t60). Additionally, the variability in the specific
cutting force coefficients AKt(%) and AKr(%) are obtained considering
the percentage increase from the minimum to the maximum values of
the coefficients under the same experimental conditions (layer thick-
ness, feed rate, radial depth of cut), with the milling case being the only
varying parameter. Lastly, the tangential coefficient Kt is presented as
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the average of the three coefficients of the milling cases under the same
experimental condition. In Section 6, the microstructural and crystal-
lographic aspects of materials and their relationship with the cutting
force variability are discussed. Appendix A (Tables 4, 5 and 6)presents
the details of the components of the average and maximum forces (X, Y,
Z) under each experimental condition evaluated.

Fig. 15 shows the differences between the average cutting force
components by milling case. More pronounced differences and higher
force levels were observed in the 1t60 sample. Notably, milling cases 1
and 2 generated the highest and lowest cutting forces, respectively.

Fig. 16a and b shows AF(%) when the tool direction changes, ac-
cording to the aforementioned cases, from cases 2to1,3to1 and 2 to 3,
respectively, for different radial depth values. The results reveal that the
material anisotropy effect on the measured cutting forces is more sig-
nificant when the radial cutting depth (a.) is small, reaching values over
150% in certain cases, and it decreases as a, increases. For a, values of
0.5 mm, the anisotropy effect on the cutting forces decreases to a range
between 5 and 25% for the 1t30 sample and between 18 and 48% for the
1t60 sample. The significant increase in AF(%) as the radial cutting depth
decreases can be related to intrinsic(grain size) and extrinsic(depth of
cut) size effects, which are widely reported in literature as root causes of
specific cutting force variability [79,80]. However, the difference be-
tween the 2tol, 3tol, and 2to3 curves means that the increased AF(%)
values were not homogeneous. the largest difference was observed while
changing from cases 2 to 1 in all scenarios and the change from cases 3 to
1 exhibited the smallest difference. It suggest that material anisotropy
plays an important role in maximizing or minimizing these size effects.
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the 1t30 sample; d) Kr for the 1t60 sample.
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The energy criterion was used to compare the effects of anisotropy on
the cutting forces in both samples, suggesting that the 1t60 sample re-
quires 37% more cutting energy than the 1t30 sample (this topic is dis-
cussed extensively in Section 6.2).
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Fig. 17 shows the tangential (Kt) and radial (Kr) cutting force co-
efficients for the 1t30 and 1t60 samples as functions of the average uncut
chip thickness under the 54 experimental conditions evaluated. Each
figure comprises three groups of nine coefficients corresponding to
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different a, values (0.1, 0.3 and 0.5 mm). Within each group, the co-
efficients are further grouped according to the corresponding feed rates
(0.03, 0.04 and 0.05 mm/rev). Lastly, each feed rate group is formed by
the coefficients corresponding to each milling case.

Notably, at lower average uncut chip thicknesses, the variability of
the tangential coefficients increased significantly. However, this effect
was more pronounced in the 1t60 sample than in the 1t30 one (Fig. 17a
and b). The effect of the average uncut chip thickness on the dispersion
of Kr is much smaller; however, the variability of Kr within the feed rate
group coefficients is larger than that of the Kt coefficients for all uncut
chip thickness levels. Some cutting force coefficients for traditionally
produced Inconel 718(cast and forged) are compared with LPBF cutting
force coefficients from this research in appendix A, table 7.

From Fig. 17a, it is evident that the difference between the co-
efficients of cases 1 and 3 remains nearly constant for all the evaluated
levels. However, milling case 2 was more sensitive to reductions in the
uncut chip thickness, which can be observed by a decrease in the co-
efficients. On the other hand, for the 1t60 sample, the decrease in chip
thickness can be observed to affect the dispersion of the tangential co-
efficients Kt for the three milling cases in a similar ratio.

Fig. 18 corresponds to the Bartlett’s test conducted to evaluate the
variances of the Kt and Kr coefficients with respect to the average uncut
chip thickness. Box-whisker plots for Kt and Kr are shown in Fig. 18a and
b, respectively. Fig. 18c shows the details of the statistical analysis using
Bartlett’s test, where P-values of 0.0128 and 0.25 for Kt and Kr,
respectively, were observed. This indicates that the Kt coefficients do not
correspond to a normal distribution having significant differences be-
tween the variances of each level. While the Kr coefficients adhere to the
assumption of normality related to homoscedasticity, consequently, the
level of anisotropy observed in the tangential coefficients is very sensi-
tive to the uncut chip thickness. In contrast, the levels of anisotropy in
the radial coefficients were similar at all uncut chip thickness levels.

Fig. 19a and b shows the distribution of AKt (%) and AKr (%) with
respect to the uncut chip thickness. From Fig. 19a, it is possible to infer a
relationship between the decrease in AKt (%) and the increasing average
uncut chip thickness for both samples. Considering a 10% variation in
the coefficients as a control value for evaluating the significance of
material anisotropy in the milling process and also that AKt (%) is an
indicator of material anisotropy, it can be concluded that, for the 1t30
sample, the anisotropy is significant for values equal to or less than a 4
um average uncut chip thickness. However, for the 1t60 sample, the
anisotropy levels were significant at all uncut chip thickness levels
evaluated. This value is hereafter referred to as the critical average uncut
chip thickness to facilitate further analysis.

It is essential to consider the direct relationship between the average
uncut chip thickness, shear angle and average shear length Ls. For the
1t30 sample, it can be established that the critical average uncut chip
thickness (4 um) corresponds to Ls = 7.5 um (See vertical red dashed line
in Fig. 19a), considering ¢, = 33 °according to the analysis of the
effective Taylor factor. Similarly, the value of Ls = 7.5 um is hereinafter
referred to as the critical average shear length (CLs) for case 2 in the 1t30
sample.

The alignment of columnar grain growth with the BD allows the
correlation of the grain dimensions (major and minor axes) with certain
milling parameters. For milling case 2, a relationship between the major
axis length of the grain dl and a, can be established because both
magnitudes are oriented on the Z-axis (BD). In a complementary
manner, the minor axis length of the grain d2 could be related to Ls (see
Fig. 19e). Analysing the grain dimensions of the 1t30 sample demon-
strates a correlation between the average length of the minor axis of the
grain (7.8 um, see Fig. 19¢) and CLs (7.5 um, see Fig. 19a, ¢, 19d and
19e). This suggests that the difference between the tangential co-
efficients of milling cases 1 and 2 may be significant when LsZd2.

Fig. 19b shows significant levels of anisotropy in the radial co-
efficients for all uncut chip thickness levels. However, notably, there are
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two groups of AKr (%) values: the first group with values higher than
100% and chip thicknesses between 1.5 and 2.5 ym corresponding to the
tests with lower radial depths of cut ( @, = 0.1 mm) and the second group
with AKr(%) values ranging from 30 to 65% under the remaining
experimental conditions evaluated. In both cases, the AKr(%) values
were similar, which agrees with Bartlett’s test.

The feed rate plays an important role in determining the value of the
cutting force coefficients (radial and tangential) beyond its direct rela-
tionship with the uncut chip thickness. From Fig. 17, it is observed that
there are groups of different feed rates with very similar uncut chip
thicknesses (i.e. points h and g, Fig. 17a outlined by dashed green lines),
but with significant differences in their coefficients. In all instances, the
groups with higher feed rates can be observed to have lower coefficient
values. In this regard, Fig. 20a shows the effect of the interaction be-
tween f, and a, on AKt (%). It is observed that for all levels of a, and both
samples (1t30 and 1t60), f, has no significant effect on AKt (%). However,
from Fig. 20b, it can be seen that f, plays a significant role in deter-
mining the mean value of the tangential coefficients (Kt) while a, is
irrelevant. Thus, it can be concluded that the relationship between the
uncut chip thickness and the AKt (%) variability is mainly due to a.,
while the variation in (Kt) is mainly due to the feed rate.

6. Discussion

From Section 5.2, three main issues can be established. The first is
related to the variability (anisotropy) in the radial and tangential co-
efficients due to the change in tool position (milling cases) for each
combination of f, and a.. The anisotropy is observed under all the
experimental configurations analysed, and it is significant for Kt over the
entire range of the average uncut chip thicknesses considered for the
1t60 sample and for values equal to or lower than 4 pm for the 1t30
sample under the established control parameter. In the case of Kr, the
anisotropy was significant under all the experimental conditions eval-
uated. The second issue is related to the relationship between the level of
anisotropy [AKt (%) and AKr(%)] and the average uncut chip thickness,
where an inversely proportional relationship between anisotropy and
the uncut chip thickness was observed for the tangential coefficients.
The third issue pertains to the effect of f, on Kt, where it can be observed
that increasing the feed rate decreases Kt for any value of a, in both
samples. This aspect, however, is not related to the anisotropy of the
material, as shown in Fig. 20a. This behaviour (third issue) can be
explained using the effect of the increase in f, on the increase in the
cutting temperature, which, in turn, decreases the plastic flow stress o)
(temperature softening). Consequently, a decrease in o, leads to a
decrease in the values of the cutting forces. Although it is present in the
experimental results, the third issue will not be discussed further in this
section because it is not relevant to the analysis of the effect of material
anisotropy on the cutting forces.

The observed correlation between the significantly high anisotropy
control level, the average critical shear length and the average minor
axis length of the grain indicates that the directional dependency of the
cutting forces in the shear band may partially depend on how large the
fraction of the cutting force resulting from the crystal shear strength
Rerystar (slip within the grain) is compared to that resulting from the grain
boundary strength Rpoundary (slip across grain boundaries). This process
of restricting dislocation movement across grain boundaries forms the
basis of the grain boundary strength effect [81].

Namely, the development of significant levels of anisotropy (i.e. the
cutting force variation between cases 2 and 1 when Ls<d2) is related to
the interactions of both tool positions with the microstructure. In this
regard, the corresponding tool position in case 2 favours a fraction of the
cutting force due to the crystal shear strength that is considerably higher
than that due to the grain boundary strength (R¢rystat >Rpoundary); i-€., the
slip deformation mode mainly develops inside the grains and at a much
lower level across the grain boundaries. However for the tool position in



J.D. Pérez-Ruiz et al.

International Journal of Machine Tools and Manufacture 170 (2021) 103801

(=2
S—

o
x®
=
jo
[
m

34

3.2

24 26 28

22

1.8

16

Fig. 21. a) Uniaxial compression Taylor factor by grains-1t30 sample; b) Oblique cutting Taylor factor by grains-1t30 sample.

case 1, Rerystat & RBoundary (because the XY plane has a more extensive
fraction of the equiaxed grain structure owing to the columnar grain
cross-section compared to the YZ plane). This implies that for Ls2d2 ,
milling case 2 resembles the milling of single-crystalline materials,
where the grain boundary density is much lower than those of poly-
crystalline materials [82]. However, milling case 1 resembles the milling
of a polycrystalline material.

Based on the discussion above, the directional dependency of the
measured milling forces and their variabilities are analysed in terms of
the crystallographic and grain morphology effects with the Taylor factor
and grain boundary density, respectively.

6.1. Anisotropy in shear strength by crystallographic effect

The high level of the <001> ring-like texture intensity observed in
Fig. 14 indicates the necessity to consider the crystallographic effect as a
cause of anisotropy concerning the cutting forces related to the
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machining cases. Therefore, the distribution of the Taylor factor was
calculated using the measured ODF, obtained using EBSD, and the DODF
from the orientations with the highest volumetric fraction. The tool
geometry, tool positions and the pole figure pattern were considered,
and the model proposed in Equations (2)-(19) was employed.

Fig. 21 shows the Taylor factor for uniaxial compression and oblique
cutting. For this purpose, the statistical distribution of the Taylor factor
in each crystal orientation of the grains was calculated using the model
proposed in Equations (2)-(19) for oblique cutting (Fig. 21b). Fig. 21a
shows the Taylor maps under three uniaxial compressive loads for the
1t30 sample, and although the X- and Y-axes show similar distributions,
the one along the Z-axis is significantly different. The lower Taylor
values of the Z-axis imply lower shear strengths of the material by
uniaxial Z load related to the X or Y directions. The observed ring-like
textures resulting from the rotation scanning strategy can explain the
similarity between the uniaxial Taylor factors in the X and Y directions.
Meanwhile, the low shear strength across the Z-axis indicates that the
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epitaxial growth along the BD is not completely prevented with a laser
rotation strategy. The similarity between the uniaxial X and Y Taylor
values implies that this material can be classified as transversely
isotropic in many cases.

Fig. 21b shows a comparison between the Taylor factors in each
grain under oblique loads for each milling case in the 1t30 sample when
a, = 0.5, f = 30° and ¢, = 35° (instant of the first contact between the
tool and workpiece). The blueish colour of the case 2 maps (XY and YZ)
indicates that the lower shear strength for peripheral milling occurs
when milling case 2 is applied; this is corroborated by the experimental
cutting forces. A comparison between the Taylor’s cumulative
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distribution for different milling cases for the 1t30 and 1t60 samples is
displayed in the appendix (Fig. 26).

Fig. 22a shows the macroscopic Taylor factor for each milling case
and engagement angles ranging from 154° to 180° (see Fig. 7) for the
1t30 sample. Fig. 22b, ¢, and 22d represent the statistical distribution of
the Taylor factor corresponding to the crystalline orientation of each
grain present in the sample. The value of the macroscopic Taylor factor
is observed to be similar to the mean value of the distributions in
Fig. 22b, ¢, and 22d. This is an important aspect when considering that
the machining process is a macroscopic one, and a representative
magnitude of the crystalline distribution is required for comparing the



J.D. Pérez-Ruiz et al.

resistance to cutting owing to the tool position. Fig. 18a shows a sig-
nificant difference in the level of case 2 with respect to cases 1 and 3.
However, as the engagement of the tool with the material progresses, the
level of resistance to cutting can be observed to decrease for cases 1 and
3 and increase for case 2. The differences between the Taylor factor in
cases 2 and 1 are noticeable; however, the levels for cases 1 and 3 are
similar. The overall mean Taylor factor obtained was the highest for case
1, followed by case 3, and case 2 exhibited the lowest one. This agrees
well with the measured cutting force levels.

Fig. 23 shows the variation in the macroscopic Taylor factor (poly-
crystalline) for different tool positions according to its rotation on the Y-
(9 angle; Fig. 23a) and X-axes (i angle; Fig. 23b) (for details regarding 9
and 7, see Fig. 9) compared to the tangential cutting force coefficient
(Kt). The trend in the Taylor factor is observed to be similar to the one in
the Kt (the same was observed for the average cutting forces). Fluctua-
tions in the Taylor factor are associated with changes in the alignment of
the strain tensor to the crystalline slip systems, considering that the vast
majority of grains have a crystalline orientation aligned with the
manufacturing direction (BD).

6.2. Effect of grain size and grain morphology on cutting forces

It is well known that the cutting forces depend on the mechanical
properties of the material, and the yield stress is a relevant parameter.
During plastic deformation, dislocations move through the crystalline
arrangement within alloy grains until they reach a grain boundary. At
this point, the large atomic mismatch between the different grains cre-
ates resistance to dislocation. Reduction in the grain size leads to a
higher grain boundary density (p), creating further resistance to the
dislocation movement and, in turn, strengthening the material. The
Hall-Petch law outlines the effect of the grain size on the yield strength
(see Equation (21)).

&
N7

where oy is the yield stress, d is the equivalent grain diameter, and oy
and k, are material constants. Thus, k, represents the Hall-Petch slope of
the yield stress function with respect to the grain orientation (5). The
Hall-Petch slope is generally higher in <100> textured materials than in
<110> ones. This could be the consequence of a low density of dislo-
cation sources combined with a lower density of high disorientation
angle of grain boundaries (HAGBs) and the difficulty of activating the
grain boundary shearing process [83].

The grain dimensions shown in Section 5.1 indicate a predominant
columnar morphology. Therefore, this shape implies that grain diameter
is not the most appropriate concept to consider. Considering that the
grain boundary density is defined as the total perimeter of the grain
boundaries divided by the evaluated area [84] and that the cutting ac-
tion is developed from the theory of the plane of a shear band, the grain
orientation relative to this plane produces variations in the effective
grain boundary density when changing the tool position (see Fig. 24).

Fig. 25a, b and 25c represent the grain orientation relative to the
chip zone for each milling case. Evidently, case 1 implies that grains are
mainly cut transversely, while case 2 represents a shear plane that is
more aligned with the grain orientation. Case 3 represents an axial cut at
the beginning and a transverse cut at the end of the engagement. These
aspects are crucial to understanding the effects of grain morphology on
the cutting forces.

Oy =0y + (21)

22
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Fig. 25d, e, and 25f show the percentage increase in the cutting
forces AF(%) when milling the 1t60 sample compared to when milling
the 1t30 sample under the same machining parameters; each graph
corresponds to a milling case representing an increase in the cutting
force in most cases. This increase is small because the radial depth of cut
and feed increase for case 1, but the pattern is different for cases 2 and 3.

Fig. 25g shows the grain area distribution, considering an ellipsoid
shape for the YZ and XY sample planes (based on the d1 and d2 distri-
butions). The average grain areas for the 1t30 sample are 46.81 ym? and
20.73 um? for the YZ and YX planes, respectively, while those for the
1t60 sample are 29.8 ym? and 18.6 ym? for the YZ and YX planes,
respectively. Fig. 25h shows the grain boundary densities for the YZ and
XY planes in 1t30 (0.42 ym~! in the XY plane and 0.23 ym™! in the YZ
one) and 1t60 (0.45 um™! in the XY plane and 0.34 ym™! in the YZ one).
Considering the decreased average grain area and the increased grain
boundary in both planes in the 1t60 sample compared to those in the 1t30
one, the increased development of grain refining in the 1t60 sample
compared to that in the 1t30 sample can be confirmed. The observed
increment in the grain boundary density of 1t60 sample correlates with
the increase in the cutting force for milling cases 1 and 3 under all
experimental conditions; this increment is more pronounced in milling
case 1. Fig. 251 depicts the number of grains in the plane of the shear
band as a function of the average uncut chip thickness considering the
average grain area values from Fig. 25g. the number of grains per uncut
chip thickness in both samples evidently increases to a greater extent for
case 1 than for case 2.

In case 2, grain refining produced an effect contrary to that expected
because the cutting forces decreased under most experimental condi-
tions. This phenomenon had been reported by Papanikolaou et al. [85],
who concluded that grain boundary sliding is the root cause. To un-
derstand this unique behaviour, it is important to consider two condi-
tions: the first is that for case 2, the major axis of the grain is nearly
parallel to the milling tool axis (Fig. 25b), and the cutting edge en-
counters parallel grains with smaller grain sizes. Furthermore, such an
encounter could promote an increase in the grain boundary sliding
strain mode to the detriment of the slip strain mode compared to cases 1
and 3. Considering that grain boundary sliding mainly develops when
the grain size is less than 10 ym [86], which is the case for the 1t60
sample. the lack of intragranular shear of larger grains (by slip strain
mode), as in cases 1 or 3, could constitute one of the reasons for the
lower milling forces in case 2 when milling the 1t60 sample.

Based on the above discussion, it is possible to define the cause of the
increased anisotropy in cutting forces when machining the 1t60 sample
compared to when machining the 1t30 one based on the differentiated
effect that grain refinement has on cases 1 and 2. This is because grain
refinement increases the level of cutting force in case 1 owing to an
increased grain boundary density (where the slip strain mode occurs by
intragranular shear). However, in case 2, grain refinement decreased the
cutting force because the tool position with respect to the grain orien-
tation favours the development of the grain boundary sliding mode.

7. Conclusions

This study analyses the effect of LPBF process parameters on the
anisotropy of AM-ed parts as well as on cutting forces during the milling
of such parts. The main relationships between LPBF, microstructure and
machining were explained through the analysis and characterisation of
the alloy microstructure and texture. A model that considers the
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crystalline orientation distribution function, texture pole figure patterns
(associated with LSSs), tool position, and tool geometry was proposed to
calculate the Taylor factor in LPBF components under oblique cutting
conditions. The model demonstrated a good correlation between the
Taylor factor distribution and the measured cutting forces.

The main results are summarized as follows:

e The directional dependency of the milling force is closely related to
the interaction between the orientation of the plane of the shear band
(due to the relative tool position with respect to the workpiece),
predominant crystalline textures, and orientation and size of the
LPBF-printed columnar grains.

The effect of material anisotropy on the variation of cutting forces as
a function of tool position can be explained and quantified through
the crystallographic and grain morphology effects. High-VED man-
ufactured parts are associated with steeper melt pools, columnar
grains closely aligned with the BD and dense crystallographic tex-
tures. For which, quantification of the crystalline effect on the shear
strength through the Taylor factor enables a good prediction of the
trend in the cutting force fluctuation at various tool positions.
However, low-VED manufactured parts are associated with multiple
crystalline orientations, implying that the crystallographic effect on
the cutting force is smaller, rendering the grain morphology effect
more relevant. The proposed model could be expanded to accom-
modate different cutting tool geometries and/or BCC lattice mate-
rials with the necessary modifications.

e A relationship was observed between the uncut chip thickness and
the variability in the tangential cutting force coefficients with respect
to the tool position. In the case of the high-VED sample, significant
levels of anisotropy were observed to occur under experimental
conditions with an average shear length equal to or less than the
length of the minor axis of the columnar grains.

The effect of grain morphology (grain size, grain shape and orien-
tation) on the cutting force was evaluated using grain boundary
density analysis, which allows the evaluation of the effects of ma-
terial anisotropy on the cutting forces when the crystallographic
effect is weak. Indeed, a correlation was obtained with the measured
cutting force levels for both the low-and high-VED printed parts.
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e The low-VED manufacturing conditions increase the grain boundary
density. Considering the possible development of the grain boundary
sliding mode for small grains (<10 ym), cutting forces were lower
when the tool axis was parallel to the columnar grain major axis (or
BD). Conversely, the highest cutting forces occurred when the tool
position generated planes of the shear bands transverse to the major
axis of the columnar grains.
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A. Appendix: cutting forces by experimental conditions, predicted shear angles, and single crystal Taylor distributions

Table 4

Data on the measured cutting forces and experimental conditions of milling case 1
ae t fz(mm/ FX_mean FY_mean FZmedia FX_MAX FY_MAX FZ_MAX avg uncut chip Kt(N/ Kr(N/
(mm) (pm) rev) N) (N) (N) N) N) N) thickness (pm) mm”2) mm"2)
0,1 30 0,03 21,71 50,5 4,8 92,75 149,8 24 0,0015 5745,75 1351,45565
0,1 30 0,04 27,31 57,55 9499 125,3 160,6 43 0,002 5079,50707 627,165441
0,1 30 0,05 32,55 61,74 9741 131 179 47,8 0,0025 4406,14814 682,242292
0,3 30 0,03 45,73 97,95 13,66 163,6 268,8 61,6 0,002598 5974,51888 1453,5601
0,3 30 0,04 52,96 99,97 14,19 175,5 280,6 62 0,0034641 4726,48832 1089,13379
0,3 30 0,05 52,04 119,3 19,4 192,2 287,3 68 0,0043301 3975,18289 788,404365
0,5 30 0,03 63,56 125,8 17,61 199 345 66 0,0033541 5883,23021 1578,95517
0,5 30 0,04 70,88 1329 21,1 213,6 358,4 72,3 0,0044721 4639,53264 1174,48309
0,5 30 0,05 79,6 137 24,05 230,7 382,4 81,1 0,0055901 3978,31813 984,359583
0,1 60 0,03 24,88 61,56 7,84 116 164,4 39 0,0015 6642,38676 1146,54607
0,1 60 0,04 30,41 67,16 8636 136,6 182,5 50,2 0,002 5669,36238 815,49274
0,1 60 0,05 31,13 68,21 9895 139,5 187,9 57 0,0025 4653,46097 687,927645
0,3 60 0,03 49,41 99,93 14,29 178,1 280,6 62,6 0,0025980 6337,90891 1416,2539
0,3 60 0,04 55,83 104,2 7,6 202,1 289,1 46 0,0034641 5090,22377 901,566506

(continued on next page)
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Table 4 (continued)

ae t fz(mm/ FX_mean FY_mean FZmedia FX_MAX FY_MAX FZ_MAX avg uncut chip Kt(N/ Kr(N/

(mm) (pm) rev) (N) (N) (N) N) N) (N) thickness (pm) mm"2) mm"2)

0,3 60 0,05 62,16 107,6 17,23 203,1 298,6 70,4 0,0043301 4159,22681 791,720472

0,5 60 0,03 64,08 127,3 19,46 208,2 353 74,2 0,0033541 6069,2441 1565,97745

0,5 60 0,04 74,28 137 22,61 221,5 359,5 84,9 0,0044721 4712,53228 1119,32781

0,5 60 0,05 80,08 141,2 25,14 249,3 375,6 90,3 0,0055901 4054,88664  819,54262
Table 5

Data on the measured cutting forces and experimental conditions of milling case 2

ae t fz(mm/ FX_mean FY_mean FZmedia FX MAX FY_MAX FZ_MAX avg uncut chip Kt(N/ Kr(N/mm"2)
(mm) (pm) rev) N) N) (N) N) N) N) thickness (pm) mm"2)
0,1 30 0,03 10,98 17,26 4 75,5 76 30 0,0015 3588,878 11,8444842
0,1 30 0,04 15,93 27,08 6298 99,3 95,99 41,54 0,002 3469,66399 —58,8078643
0,1 30 0,05 19,43 34,71 7114 107,05 104,4 46,54 0,0025 3005,41943 —37,6654599
0,3 30 0,03 30,24 63,16 9 155,1 195,3 49,03 0,0025988 4841,51577 555,44787
0,3 30 0,04 39,97 75 12,48 169,2 211,9 57,17 0,0034641 3949,27581 442,492986
0,3 30 0,05 43,67 79,25 14,22 186,95 237,3 62,12 0,0043301 3517,14566 417,414929
0,5 30 0,03 49,15 101,8 14,76 194,75 293,25 66,36 0,0033541 5277,60357 1065,254
0,5 30 0,04 57,23 111,5 19 212,65 316,4 68,75 0,0044724 4291,16214 841,523622
0,5 30 0,05 73,32 119,6 22,03 245,15 337,95 82,85 0,0055901 3783,65243 602,165915
0,1 60 0,03 13,5 22,57 4,84 95,05 81,975 31,6 0,0015 4193,53965 —309,733263
0,1 60 0,04 17,63 27,68 5623 106,35 95,35 41,625 0,002 3583,54871 —195,43399
0,1 60 0,05 19,16 33,23 6 112,75 103,55 42,5 0,0025 3074,35433 —130,763106
0,3 60 0,03 27,55 62,66 7 147,25 184,15 50 0,0025980 4578,99065 509,851403
0,3 60 0,04 32,54 70,46 9,53 164,05 208,4 57,5 0,0034641 3859,6373 459,591661
0,3 60 0,05 44,29 79,98 13,85 181,1 229,25 60,75 0,0043301 3401,91095 399,176343
0,5 60 0,03 47,23 84,65 15,39 194,05 258,25 66,27 0,0033541 4891,51659 694,307682
0,5 60 0,04 57,13 97,67 18,7 215,05 286,2 73,83 0,0044721 4065,67437 577,102706
0,5 60 0,05 68,83 109,3 22,36 235,7 310,9 67,98 0,0055901 3546,80915 487,962035
Table 6

Data on the measured cutting forces and experimental conditions of milling case 3

ae(mm) t(pm) fz(mm/rev) FY_mean(N) FZmedia(N) FX_MAX(N) FY_MAX(N) FZ_MAX(N) avg uncut chip thickness (pm) Kt(N/mm"™2) Kr(N/mm"2)

0,1 30 0,03 30,47 4,83 99,59 129,5 29,9 0,0015 5426,9057 708,537047
0,1 30 0,04 43,58 7 121 145,95 42 0,002 4742,8276 443,279823
0,1 30 0,05 50,04 7184 135,85 157,65 45,35 0,0025 4171,62735 309,851708
0,3 30 0,03 79,27 10,63 173,9 225,75 51,135 0,0025980 5522,00849 716,417216
0,3 30 0,04 82,64 12,63 182,05 243,3 55,175 0,0034641 4407,83119 634,723546
0,3 30 0,05 87,66 15,56 195,4 261,95 68,3 0,0043301 3791,55349 551,71725
0,5 30 0,03 107,6 9 202,15 312,05 70 0,0033541 5560,95032 1188,54228
0,5 30 0,04 115,9 12 226,85 327,2 93 0,0044721 4493,93892 813,945981
0,5 30 0,05 123,6 24,12 241,15 347,85 90,6 0,0055901 3821,93668 692,361025
0,1 60 0,03 37,48 5,85 110,2 117,4 26,8 0,0015 5391,60923 170,560573
0,1 60 0,04 44,08 7,1 119,15 126,15 38,05 0,002 4358,17798 124,367085
0,1 60 0,05 48,89 8656 129,5 138,35 48,63 0,0025 3807,05413 125,788423
0,3 60 0,03 80,35 11,58 180,65 2249 55,27 0,0025980 5603,52945 611,407171
0,3 60 0,04 85,05 13,52 198 238,65 60 0,0034641 4524,93121 421,249178
0,3 60 0,05 92,07 15,6 212,25 254,5 69,375 0,0043301 3869,48199 350,263769
0,5 60 0,03 107,5 16,82 214,35 299,2 67,165 0,0033541 5553,92072 917,632506
0,5 60 0,04 117,8 20,27 232,3 333,55 79,355 0,0044721 4589,64956 821,245944
0,5 60 0,05 127,7 24,19 138,95 361,8 92,54 0,0055901 3249,29507 1446,04175
Table 7
Traditional produced Inconel 718 cutting force coefficients Vs Inconel 718 LPBF-ed cutting coefficients
IN718 type ae(mm) Ve(m/min) Fz(mm/rev) Kt(N/mm"2) Kr(N/mm"2)
Solution-treated and aged [87] 1.2 56.5 0.06 4372
Solution-treated and aged [88] 1 60 0.07 4100
wrought [89] 2.5 50 0.1 1042 302.8
wrought [90] - 30 0.05 5800
LPBF 1t30(this research) Case 1 0.3 60 0.04 4726 1089
LPBF 1t30 (this research) Case 2 0.3 60 0.04 3949 442
LPBF 1t30 (this research) Case 3 0.3 60 0.04 4407 334
LPBF 1t60(this research) Case 1 0.3 60 0.04 5090 901
LPBF 1t60 (this research) Case 2 0.3 60 0.04 3859 459
LPBF 1t60 (this research) Case 3 0.3 60 0.04 4524 421
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single crystal Taylor factor distributions for the 1t30 and 1t60 samples.
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