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Abstract: Nickel-based superalloys, namely INCONEL® variants, have had an increase in applica-
tions throughout various industries like aeronautics, automotive and energy power plants. These
superalloys can withstand high-temperature applications without suffering from creep, making them
extremely appealing and suitable for manufactured goods such as jet engines or steam turbines. Nev-
ertheless, INCONEL® alloys are considered difficult-to-cut materials, not only due to their superior
material properties but also because of their poor thermal conductivity (k) and severe work hardening,
which may lead to premature tool wear (TW) and poor final product finishing. In this regard, it is of
paramount importance to optimise the machining parameters, to strengthen the process performance
outcomes concerning the quality and cost of the product. The present review aims to systematically
summarize and analyse the progress taken within the field of INCONEL® machining sensitively over
the past five years, with some exceptions, and present the most recent solutions found in the industry,
as well as the prospects from researchers. To accomplish this article, ScienceDirect, Springer, Taylor
& Francis, Wiley and ASME have been used as sources of information as a result of great fidelity
knowledge. Books from Woodhead Publishing Series, CRC Press and Academic Press have been
also used. The main keywords used in searching information were: “Nickel-based superalloys”,
“INCONEL® 718", “INCONEL® 625” “INCONEL® Machining processes” and “Tool-wear mecha-
nisms”. The combined use of these keywords was crucial to filter the huge information currently
available about the evolution of INCONEL® machining technologies. As a main contribution to this
work, three SWOT analyses are provided on information that is dispersed in several articles. It was
found that significant progress in the traditional cutting tool technologies has been made, nonetheless,
the machining of INCONEL® 718 and 625 is still considered a great challenge due to the intrinsic
characteristics of those Ni-based-superalloys, whose machining promotes high-wear to the tools and
coatings used.

Keywords: nickel-based superalloys; INCONEL® 718; INCONEL® 625; INCONEL® machining
processes and tool-wear mechanisms

1. Introduction

With the increasing requirement to achieve the best thermal efficiency in the field
of aeronautics [1,2] and energy power plants steam turbines [3], applications in which
aluminium and steel would succumb to creep [4] as a result of thermally induced crystal
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vacancies [5], nickel-based (Table 1) alloys became a very attractive solution for high-
temperature operation [6-9]. Ni-Cr-Fe superalloys (Figure 1, blue zone), better known as
INCONEL® (trademark registered by the International Nickel Company of Delaware and
New York [10]), are materials resistant to oxidation, caustic and high-purity water corrosion,
and stress-corrosion cracking (SCC) [11], optimal for service in extreme environments
subjected to high mechanical loads [12], within numerous applications and characteristics
(Table 2).

Table 1. Some physical properties of nickel (adapted from [7]).

Characteristic Value Units
Z 58.71 AMU
Crystal structure FCC [-]
Lattice constant @25°C 0.35238 nm
o 8908 kg/m?
T 1453 i
T 353 c
C
o 0.44 KJ/kg K
o 13.3 x 1076 K1
@100 °C 82.8
k @ 300 °C 63.6 W/mK
@500 °C 61.9
PR @20°C 6.97 x 1078 Om
Bmax 0.617
B, 0.300 T
Hc 239 A/m
E 206.0
G 73.6 GPa
v 0.30 [-]

Caption: Bmax—saturation magnetization; B,—residual magnetization; c,—specific heat at constant pressure;
E—Young’s Modulus; FCC—face-centred cubic; G—shear modulus; Hc—coercive force; Tc—Curie temperature;
Tm—melting temperature; Z—atomic mass; a—thermal expansion coefficient; p—volumetric mass density;
pr—electrical resistivity, v—Poisson’s coefficient.
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Figure 1. Fe-Ni-Cr ternary phase diagram [13] (Caption: wt%—element weight percentage).

A brief insight is provided with the most known alloys, including the INCONEL®
600, a Ni-Cr alloy that offers high levels of resistance to several corrosive elements. In
high-temperature situations, INCONEL® 600 will not succumb to Cl-ion SCC or general
oxidation, but it can still undergo corrosion by sulphuration deterioration in the high-
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temperature flue gas. This was a research topic by Wei, et al. [14]. INCONEL® 600 also
suffers from severe hydrogen embrittlement at 250 °C [15]. Nonetheless, this alloy is recom-
mended for use in furnace components and chemical processing equipment [16]. Moreover,
INCONEL® 600 is also effectively used in the food industry and nuclear engineering due
to its constant crystalline structure in applications that would cause permanent distortion
to other alloys [17].

Table 2. Summary of applications and characteristics of some nickel-based superalloys (adapted
from [18,19]).

Sub-Grouped

Superalloy Material Industry Applications Characteristics
600: Solid solution
. strengthened;
INCONEL® (587, spacecraft, pumps, furnaces, z\;eol.clzblhty,b It content
597, 600, 601, 617, heat-treating equipment, for ‘nu(c)fe\: aioa a licczfcli(f:s
625,706, 690, 718, petrochemical processing and low resisrg)vi v !
X750, 901) equipment, chemical 718: Gamma hasye’ o)
processing, submarine, and dotible rimep solution
manufacturing industry. P .
strengthened with good
weldability.
Ni-based INCONEL® 722 Acids in the chemical )
alloys industry
Increased Al content for
INCONEL® 751 - improved failure strength
in the 870 °C range.
Increased Al content for
improved
INCONEL® 792 ) high-temperature

corrosion properties,
especially used in gas
turbines.

INCONEL® 903 Petrochemical tubing. -

I
® i} Y’ prime strengthened
INCONEL™939 with good weldability.

The INCONEL® 601 alloy, similarly to INCONEL® 600, resists various forms of
high-temperature corrosion and oxidization [20]. Nevertheless, this Ni-Cr alloy has an
addition of aluminium which results in higher mechanical properties, even in extremely
hot environments. INCONEL® 601 can prevent the significant strains (¢) that would appear
under operating loads when exposed to high-temperature environments. The applications
go from the use in furnaces to heat-treating equipment like retorts, baskets and gas-turbine
components [21] to petrochemical processing equipment. The INCONEL® 625, which will
have a special focus during this study, is a rare alloy that gains strength without having
to undergo an extensive strengthening heat treatment [22]. It is a Ni-Cr-Mo alloy with an
addition of Nb. The Nb reacts with Mo, causing the alloy’s matrix to stiffen and increase
its strength [23]. Like most INCONEL® alloys, the INCONEL® 625 has high resistance to
several corrosive elements [24], withstanding harsh environments that would severely affect
the performance of other alloys. This alloy is particularly effective when it comes to staving-
off crevice corrosion and pitting. The INCONEL® 625 is a versatile alloy that is effectively
used in the marine engineering, aerospace, chemical, and energy industries, among other
applications [25,26]. The INCONEL® 690 alloy, unlike others in the group, is a high Ni
and Cr alloy (Cr gives it particularly strong resistance to corrosion [15,27] that occurs in
aqueous atmospheres). Along with its ability to resist the corrosion caused by oxidizing
acids and salts, INCONEL® 690 can also withstand the sulfidation that takes place at
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extremely high temperatures (T). One of the most known INCONEL® alloys is the 718 alloy.
This alloy, along with the formerly mentioned 625 alloy, will also have a special focus.
INCONEL® 718 differs from other INCONEL® variants in structure and response, since
it is designed for operation at T < 650 °C [28]. The 718 alloy is obtained by precipitation
hardening [29,30]. It contains substantial levels of Fe, Mo, and Nb, as well as trace amounts
of Ti and Al [31]. Tt has good weldability, which is not matched by most INCONEL®
alloys [32], and combines anti-corrosive elements with a high level of strength and flexibility.
It is particularly resistant to post-weld cracking, maintaining its structure in both high-
temperature and aqueous environments as well, being most widely used in different
industries, such as petrochemical, aeronautics, energy, and aerospace [33]. INCONEL®
alloys tend to form a thick and stable passivating oxide layer to protect the surface from
further attack, retaining strength over a wide T range, making INCONEL® an attractive
material for high-temperature applications [34]. The strength at high-temperatures of
INCONEL® alloys may be developed by solid solution strengthening or precipitation
strengthening, depending on the alloy [35]. In those processes, small amounts of niobium
combine with nickel to form the intermetallic compound NizNb or y-prime, which consists
of small cubic crystals that inhibit slip and creep effectively at elevated T [36].
Concerning the roles of major phases or composition elements that contribute to the
INCONEL® alloys, an overview is presented in Table 3 on the effects of Ni-alloying to

better comprehend the compositions presented in Table 4.

Table 3. Major roles of solutes in different types of INCONEL® alloys [26].

Element Fe-Base Co-Base Ni-Base
M;3Cg and M;C3 carbide precipitation.
My3C¢ and M;Cj3 carbide Improves hot corrosion and oxidation
precipitation (MxCy metallic carbide). resistance.
Improves hot corrosion and ~ Improves hot corrosion and oxidation =~ Moderate solid-solution hardening.
Cr oxidation resistance. resistance. A moderate increase in Y’ volume fraction
Solid-solution hardening. Promotes Topologically Close-Packed  (vt%).
(TCP) phases, also called Tends to stabilize the Ni;Cr phase in alloys
Frank-Kasper phases. containing more than 20% Cr.
Promotes TCP phases.
Induces v’ precipitation. C . Moderate solid-solution hardening.
. Improves oxidation resistance. , .
Al Retards formation of . - Induces v precipitation.
. Forms intermetallic 3-CoAl Cq .
hexagonal n-Ni3Ti phase. Improves oxidation resistance.
TiC carbide precipitation. I\/fodere.ltf.z so.hd—solutlon hardening.
, e s . .. . Y' precipitation.
. Y’ precipitation. Formation of CosTi intermetallic. . . o
Ti . . e . e - . TiC carbide precipitation.
TiC carbide precipitation. Formation of Ni3Ti with sufficient Ni. S .
o Retards the precipitation of Niy(Cr, Mo)
Reduces surface stability. .
phase particles.
High solid-solution hardening.
. . . Solid solution hardening. A moderate increase in y’ vt%.
Solid solution hardening. . . . .
. Forms CozMo intermetallic Mg C and MC carbide formation.
Mo Forms MgC carbide . . -
g precipitates. Promotes formation of Niy(Cr, Mo) phase
precipitates. .
Promotes TCP phases. particles.
Promotes o and p-TCP phases.
High-solid solution hardening.
A moderate increase in v’ vt%.
. . . Solid solution hardening. M;gC carbide formation.
Solid solution hardening. . . .
W M.C carbide precipitation Formation of CozW intermetallic. Increases p.
6 precip ’ Promotes TCP phases. Promotes the formation of Ni,(Cr, Mo, W)
particles.
Promotes ¢ and p-TCP phases.
v’ precipitation. Mg C and MC carbide precipitation. ,EI: gl’;:fé;j:o?;?frjlél;giemng.
Ta Forms TaC carbide Formation of Co,Ta intermetallic. precip ’

precipitates.

Reduces surface stability.

A large increase in v/ vt%.
Improves oxidation resistance.
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Table 3. Cont.

Element Fe-Base Co-Base Ni-Base
High-solid solution hardening.
y”precipitation. Mg C and MC carbide precipitation. A large increase in Y/ vt%.
Nb NbC carbide precipitation. Formation of CopNb intermetallic. NDbC carbide formation.
5-NizNb precipitation. Reduces surface stability. v’ precipitation.
5-NizNb precipitation.
Moderate solid-solution hardening.
Re - - Increases /v’ lattice mismatch.
Retards coarsening.
Decreases oxidation resistance.
Fe Not applicable. Improves workability. Promotes o and Laves TCP phases.
Improves workability.
Raises y solidus T.
Co - Not applicable. A moderate increase in vy’ vt% in some alloys.
Raises v’ solvus T.
FCC matrix stabilizer. -
Ni Inhibits TCP phase ECC stabilizer. . . Not applicable.
o ecreases hot corrosion resistance.
precipitation.
C Carbide formation. Carbide formation. Carbide formation.
Stabilizes FCC matrix. Decreases ductility. Moderate solid-solution Hardening.
Improves creep strength and Moderate solid-solution hardening.
B ductility. Improves creep strength. Inhibits carbide coarsening.
Retards formation of and ductility Improves grain-boundary strength.
grain-boundary n-Ni3Ti Improves creep strength and ductility
Impr.o'ves creep strength and 7:C carbide formation. Mo.de.rate so!id-solution. hardening.
7 ductility. Improves creep streneth and ductili Inhibits carbide coarsening.
Retards formation of b p Stengih a uctility. Improves grain-boundary strength.
. - Reduces surface stability. P & y gt
Y-
grain-boundary n-Ni3Ti. Improves creep strength and ductility.
Improves creep strength and ductility.
Hf Improves grain-boundary strength.
HfC formation.
Promotes eutectic y/vy’ formation.
Improves notch ductility at I i .
v clevated T. ) mpa.rts .extFa paSS}vatlon to some alloys in
I hot workabilitv. certain liquid media.
mproves hot wo y.
Table 4. Chemical composition of relevant INCONEL® alloys.
INCONEL® 182 [37] 600 [38] 601 [39] 625 [40] 690 [38] 7[}1?3: 718 [42] X750 [43] 800 [44] 825 [45]
Ni 62 Bal. 62.6 60.76 Bal. 71.76 53.98 71.32 35 38.25
Cr 15 15.2 23.05 21.69 299 12.7 18.11 16.22 23 22.70
Fe Bal. 11.0 - 421 11.6 1.6 Bal. 8.04 39.5 31.08
Mo - - - 8.62 - 4.6 3.00 - - 2.77
Nb & Ta 2.0 - - 3.38 - 2.2 5.44 0.9 - -
Co - - - - - 0.06 - 0.01 - 0.04
Mn 5.5 0.23 0.1 0.31 0.25 0.04 - 0.21 - 0.12
Cu 0.5 - 0.1 - - - - 0.03 - 2.78
Al - - 14 0.53 - 59 0.53 0.68 0.15-0.6 0.05
wt% Ti 1.0 0.3 - 0.21 0.3 0.71 1.01 247 0.15-0.6 0.65
Si 1.0 0.29 0.37 0.40 0.33 0.08 - 0.08 - 0.36
C 0.06 0.022 0.025 0.04 0.025 0.188 - 0.04 <0.1 0.04
S 0.02 0.025 - - 0.025 0.006 - - - 0.02
P 0.02 0.086 - - 0.01 0.005 - - - 0.01
B - - - - - 0.014 - - - -
W - - - - - 0.06 - - - 0.36
Zr - - - - - 0.14 - - - -
\% - - - - - - - - - 0.06
N - 0.024 - - 0.02 - - - - -

Caption: Bal.—Balance.
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As it was possible to find out, some of the consequences of alloying Ni with cer-
tain chemical elements make INCONEL® alloys [46] a difficult-to-machine material [47]
(Figure 2) and difficult to metal shape [48], identically to stainless steel [49,50]. As opposed
to other alloys, like Al-alloys [36,51], Magnesium (Mg) alloys [51], steel alloys [52] or Ti-
alloys [51], INCONEL® alloys do not benefit from better-established wear mechanisms
between the pair tool-workpiece.

Mechanical Properties Machining Challenges

| Tool life
1 Particle density in material

T Working hardening rate

TOu
T Taut

T Plastidity

Figure 2. Relationship between mechanical properties and machining challenges with INCONEL®
(adapted from [19]).

Table 5 presents the most relevant and used models of the better-established wear
mechanisms referred to, based on physics and experiments for heat partition coefficient
Rchip, for common materials like aluminium and low carbon mild steels.

Table 5. Predictive models based on physics and experiment for heat partition coefficient Rp;p, [53].

A Predictive Model for Heat

Partition Coefficient Ry, Equation Establishment Basis

Dry-cutting process of AISI 1113 steel with K5

!
Loewen—Shaw [54] e 35 - A—D0p max+6o

Ry sy = e cemented carbide{ tool (cutting speed,
TE- 3 ATAF o e vc = 30-182 m/min).
A /ﬂw
Dry-cutting process of AISI 1113 steel with
Shaw [55] Rsy = - 1 — high-speed steel (HSS) tool /K55S cemented
1+ (0-754~ ﬁ) JAFT carbide tool (v¢ = 30-182 m/min).
Kato—Fuijii [56] Ryr — Surface grinding process of stainless

1
1+ }‘/\TfT\/ “TVTV steel /carbon steel with Al-oxide wheel.
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Table 5. Cont.

A Predictive Model for Heat

Partition Coefficient R, Equation Establishment Basis
Dry-cutting process of AISI 1018 mild steel
cr . 1 with uncoated carbide tool (v¢ = 23-60 m/min;
List—Sutter [57] Ri-su= "}'\/ji"” undeformed chip thickness () range
. W VAW
1+40.754 7)1 500 0.26-0.38 mm).
Based on the thermal behaviour of the
two-dimensional, transient T distribution in
. . 0.807-Ayy-, | Zel’le the vicinity of a small, stationary, circular heat
Gecim—Winer [58] - W Tagy . .
Re_w = — source equation of the average T of the moving
Ar+0.807-Apy-y | L and stationary heat sources between a

Reznikov [59]

Berliner—Krajnov [60]

Tian—Kennedy [60]

Rp=—7>——
- A [iw
1415 Awl,/QT

Rp_g =

frictional contact.

Based on the Green function to analyse the
chip deformation and friction work along the
tool rake face.

- VAT [may
14045 3L ., /7
Consideration of Peclet numbers for the tool
Rr_x = 1 — and workpiece materials in sliding tribological
A | e contact.
1+ A g1,
w 1+ alx c

Caption: A—area shape factor; l.—tool-chip contact length; gp—frictional heat flux generated in SDZ; R pjp—heat
partition coefficient into the moving chip from the secondary deformation zone (SDZ); v,—chip moving speed;
at—tool thermal diffusivity; w—tool-chip contact area; acyy—workpiece thermal diffusivity; Afp max—maximum
tool-chip interface temperature rise due to heat generation in PDZ; 8—environment temperature; Ar—tool
thermal conductivity; A\ywv—workpiece thermal conductivity.

It is suggested to consult the work of Zhao, et al. [53] to better understand the addi-
tional variables described in Table 5.

Figure 3 explains how superficial hardness is affected in INCONEL® alloys when
machined after cold work processes, compared to some more stable materials like Cu, Al
and mild steel. Machining (or surface) cold working may result from mechanical machining
(milling, lathing, grinding) [61] or surface treatment (sandblasting, shot-peening), and may
introduce residual tensile or compressive stresses into the surface of materials. Compressive
stresses generated by shot-peening processes prevent the occurrence of stress corrosion
cracks. In the case of plastic strain, tensile stresses appear instead, and the resulting stress
levels may be extremely high [62]. A curious detail patent in Figure 3 is the similarity
behaviour between INCONEL® 718 and 625 alloys after the 20% cold reduction.

500

INCONEL alloy 625

400
Type 304 Stainless Steel

300

Mild Steel

200

Vickers Hardness No.

Copper

100

Aluminum

0 1 1 1 1 1 I
20 30 40

Cold Reduction, %

70

Figure 3. Effect of cold work on hardness for different INCONEL® alloys and comparison with other
materials [1].
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As a consequence of low k [36] of nickel-based alloys, which significantly influences
heat distribution during the machining process, the surface integrity is affected when
applying traditional cold forming techniques, due to the rapid work hardening (Figure 3)
in the chip formation region [63]. This phenomenon leads to plastic deformation of either
the INCONEL® workpiece or the tool, on subsequent machining passes [64], eventually
resulting in built-up-edge (BUE) formation [31] (Figure 4) and consequentially in premature
tool failure [65]. For this reason, age-hardened INCONEL® alloys, such as the 718 alloy,
are typically machined using an aggressive but slow cut with a hard tool, minimizing the
number of passes required [66].

BUE deposit on
the chip

Tool speed

BUE
BUE deposits on

machined surface

Figure 4. Schematic diagram of BUE formation in micromachining processes [67].

The BUE phenomenon occurs because of an accumulation of hot debris generated by
the chip-start cutting process and deposited on the tool surface during machining, leading
afterwards to adhesion and abrasion TW. From an experimental point of view, some authors
noted that the BUE is significantly affected by the state of stress around the tool cutting
edge and happens under extreme contact conditions at the tool-chip interface as high
friction, high pressure, and high sliding velocity [68]. INCONEL® alloys are well known to
abrade tools and develop BUE [69], especially the 718 alloy. Also during the machining of
INCONEL® 625, heat concentration is likely to occur at the cutting edges, resulting in early
tool failure and consequent BUE [70].

2. Method of Research

The research and information compiling method are illustrated in the flowchart of
Figure 5, which is simple to visually interpret and track down all the inherent steps in the
making of this specific paper. In the flowchart, all the consulted databases and most used
keywords are found (in the topic of this document), to find information about conventional
and non-conventional machining and tool-wear mechanisms of INCONEL® alloys.

Additionally, will be provided three attachments containing abbreviations, symbols
and units used within the article.
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Review article about
INCO ® machining

Keywords

Keywords

v

INCONEL @ INCONEL @
attributes machining

INCONEL ®
machining
tool-wear

Nickel-based
superalloys

Tool-wear
mechanisms

INCONEL®
Machining
processes

INCONEL® 718

Lubrication INCONEL @ 625

I

Taylor &
Francis

Compiling
Machining
Processes

Compiling Tool
wear Mechanisms

Compiling
Atributes

Tools Materials Tools Coatings

Other processes

nal machining

Figure 5. Research method accomplished to achieve a better redacting result to the review paper.

3. Literature Review
3.1. Conventional Manufacturing Processes

The machining process of chip-start cutting is a technological process able to transform
a wrought stock into a component, using a cutting tool. The surplus material from the
wrought stock, or just stock, is removed in the form of chips; a consequence of the mechani-
cal action of a cutting wedge with higher hardness than the material of the component that
is meant to manufacture. In the following literature review, Milling, Turning, Drilling and
Boring will be the discussed processes, in which chip-start cutting is a key and common
factor to all these traditional processes.
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Clearance Sticking zone  Sliding on rake face Chip loses contact

et

) 02 04
/ Contact length x [mm] Cuttingtool

Flank face Rake face

Figure 6. Evolution of the sliding velocity along the tool-material interface [71].

Making use of Figure 6, and taking into account that the chip-start cutting process is
very much equal to the machining of INCONEL® 718 and 625, Bonnet et al. [72] described
the different friction parts on the rake face in the machining of steel. Directly behind the
cutting edge, the chip velocity rapidly shrinks to zero. For a certain contact length, the chip
material has a sliding velocity of zero, which starts to increase for the rest of the tool-chip
interface, before the chip loses contact with the tool [72].

Due to the friction created around the chip creation process, three distinct heat zones
are created within the vicinities of the cutting wedge. In Figure 7, the three different
thermal affected regions between the tool-workpiece are visible. In Figure 7a there is a
thermo-mechanical deformation of the primary shear region (or primary deformation zone,
PDZ) where the majority of the energy is converted into heat due to the internal friction of
the material to be cut. In Figure 7b there is a tool-material interface region, or SDZ, of the
tool rake surface and the chip rear face where heat is generated by the rubbing between the
chip and the tool and finally. In Figure 7c the contact between the flank of the tool and the
already machined surface takes place, called tertiary deformation zone (TDZ).

Workpiece

Figure 7. Regions of heat generation during metal orthogonal machining (adapted from [73]):
(Caption: p—shear plane angle; 7"—Rake angle, Fi—Feed force, F—tangential force).

A novel approach to improve the efficiency of the traditional chip-start cutting process
is laser-assisted machining (LAM), illustrated in Figure 8, which consists of preheating the
material to cut and lowering the superficial hardness to facilitate tool cutting. This solution
is common to turning, milling and grinding. Kim and Lee [74] also worked on a machining
preheat approach for the INCONEL® 718 alloy, which includes a magnetic induction coil
instead of a laser.
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a) C) Feed direction
Focusing >
o]
(- ptics .
" Spindle
Laser spot Convection
and
[Convection radiation A
and
radiation
Workpiece

704 ) d) Feed direction

Workpiece

Figure 8. (a) Schematic of LAM indicating heat-losses by convection and radiation, (b) Schematic of
LAM turning, (¢) LAM milling, and (d) LAM grinding (adapted from [75]) (Caption: Vi—feed velocity).

3.1.1. Milling

Milling is the nomenclature given to the machining process that uses rotary cutting
tools to remove excess material from the wrought stock. Nowadays, with the use of CNCs,
milling can be done at a maximum of six degrees of freedom (DOF).

(A) ) 4 Workpiec:
Down-milling \ Up-milling
Feed
direction
\[ 7 max
Ocmry >\
90-a Yexit
q X
a ; :',)/ a,
)\ 4
\_/
r-a, a, a r-a
End-mill
r r
(B) (©)
d ﬁ)O-(). | d
s b
e a L
j[ "
a ' k
= 1,
90-a
h max a c T
b\( [ — I‘*ll,_"‘_ (I,._’i

Figure 9. Chip formation showing (A) chip formation showing cutter tooth entry angle in down-
milling and cutter tooth exit angle in up-milling, (B) maximum chip thickness, fimax, and (C) chip
length, L. [76].

Traditional milling tends to have lower a,, values and higher ae values compared to
more advanced milling techniques. However, this would cause a concentration of all heat
generated in a small portion of the cutting edge, which in this case is the tip of the tool. It
would require more axial passes too. This problem can be well managed in aluminium
and steel alloys, but not with refractory materials like INCONEL® alloys. Many milling
approaches can be tackled to enhance INCONEL® machining, such as up and down-
milling, studied by Hadi et al. [77] in INCONEL® 718 machining, illustrated by Figure 9.
Another interesting and efficient technique [78] that enriches milling INCONEL® 718 and
625 is trochoidal milling, illustrated by Figure 10, which consists of making the centre of
the cutting tool walk a “helical horizontal” path. This procedure not only prevents tool
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jamming due to workpiece heat-dilation, but it also enables cutting bigger a. dimensions,
with lower a;,, improving heat-spread over the entire tool with more radial passes.

—— Trochoidal tool path [N Workpiece

- Tool

= Tool path envelope

Figure 10. Example of a geometric model of trochoidal milling [79].

Table 6 presents the latest experimental challenges and developments in the machining

of INCONEL® with the milling process.

Table 6. Critical challenges and developments in the milling process of INCONEL®.

Author

Challenges

Remarks

Guimaraes, et al. [64]

Pleta, et al. [80]

Shankar, et al. [81]

Evaluation of how the machining processes deteriorate
the surface integrity to extend the service life of the
INCONEL® 625 components as long as possible. The
influence of tool geometry, feed rate (f), and tool
rotational speed (s) on surface integrity were evaluated
for the milling process.

Assessment of the INCONEL® 718 trochoidal milling
process and optimization for manufacturing scenarios.
To accomplish this goal, the modelling of the cutting
forces (F.) must be investigated with semi-mechanistic
methods. Furthermore, machining parameters are
investigated as to how they relate to the improvement of
tool life and F_ utilizing the Taguchi method.

This investigation has designed a tool condition
monitoring system (TCM) while milling INCONEL® 625
based on sound and vibration signatures. The
experiments were carried out based on response surface
methodology (RSM).

The results indicate that s has the greatest influence on
specific cutting pressure (B). The parameters s and f were
the main factors that affected the thickness of the cold
worked zone. The results suggest that R, after machining
is driven by mechanical-thermal loadings and causes
beneficial results related to corrosion resistance and
compressive residual stress.

It is found that TW increases the depth of the machining
affected zone as does increasing f,. Nutational rate (¢)

and rotational rate () have the largest interactions with
both F. and tool VB. It was found that i, and TW
increased the depth of the plastically deformed and
elongated grains in both the radial and axial orientations.

The process parameters such as s, f, ap and
vegetable-based cutting fluids were optimized based on
R, and flank wear (VB). It was determined that the sound
pressure and vibration signatures have a direct relation
with VB. The statistical features values were extracted
from the experimental data and the cutting tool VB was
predicted with a mean square error (MSE) of 8.4212%.The
R, of the machined surface varies from 0.081-0.273 um.
The VB of the cutting tool varies from 0.0187-0.0254 mm.
Based on the desirability function, s = 221 rpm,
f=0.02mm/rev and a, = 0.17 mm were identified as
optimal process parameters. The average values of sound
pressure for a brand-new, normal life (or useful life), and
dull tools are 0.01955, 0.2513 and 0.4858 Pa, respectively.
Similarly, the vibration signal range for a brand new,
normal life (or useful life), and dull tools is 0.029-0.4394 g,
0.0780-1.32 g and 0.120-5 g.
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Table 6. Cont.

Author

Challenges

Remarks

Alonso, et al. [82]

Boozarpoor, et al. [83]

Anburaj and Pradeep
Kumar [70]

Slot milling operations were performed to investigate the
influence of s and machining direction in INCONEL® 718
alloy.

Turn-milling technology was utilized to machine
cylindrical samples of INCONEL® 718 alloy. The effect of
process factors such as tool rotational speed (or spindle,
s), workpiece rotational speed (v¢), f and eccentricity (e)
on surface roughness (R,) and tensile residual stress was
analysed.

Face milling was carried out on INCONEL® 625 and
twenty-seven iterations (Lp7) were conducted using
Design of Experiments (DOE), including three levels of
vc and f, with constant a;,. The study included three
lubrication conditions such as dry-machining, normal
coolant (wet) and cryogenic CO; (I) coolant. The output
responses such as cutting temperature (Tcyt), cutting feed
force (Fx), cutting normal force (Fy), cutting axial force
(F,) and R, were evaluated.

It was observed at higher s, lower values of R, and lower
torque (M) values were obtained. Moreover, the main
novelty of this work is the influence of the anisotropy of
Wire and Arc Additive Manufacturing (WAAM)
INCONEL® 718 alloy on its machinability. Milling along
the extruder travel direction offers better dimensional
tolerance values with lower cutting M, being the more
efficient way.

The results showed that f is the most influential
parameter that determines the value of R, and residual
stress. Furthermore, by considering production rate as a
constraint, it was logically discussed that a setting of
1000 rpm cutter-speed, 300 rpm work rotational speed,
0.12 mm/rev feed rate and 0.2 mm eccentricity can
guarantee maximum production rate as well minimum
R, and tensile residual stress.

The results were optimized using the TOPSIS technique
with ANOVA tests, as the results of the highest closeness
coefficient (C;) value indicated the cryogenic CO; (I)
coolant environment, and the input optimized
parameters were v = 80 m/min and f, = 0.05 mm/tooth.
Other parameters such as Tyt = 57.38 °C, Fx = 201.5 N,
Fy =251.1N, F, =335.9 N, and R, = 0.159 pm were found
optimal parameters, in the 19th iteration having obtained
C; = 0.928835.

3.1.2. Turning

Opposed to milling, the turning process takes place in a lathe for components with

a revolution axis, i.e., turbine shafts. The workpiece spins in a lathe while the fixed tools,
with or without inserts, remove the surplus material. It is patent in Figure 11 the normal
movement of the tool while turning a sort of shaft and some intrinsic characteristics of
the inserts used. Some of the main problems in turning INCONEL® 718 and 625 are
the specific cutting energy (SCE) and rapid augment of surface hardening upon cutting
material. Moreover, since shafts must comply with certain geometric specs for the better
functionality of the component, R, is a key factor to be studied, varying v, f and ap.

N

(a) (b)

Figure 11. (a) Turning example; (b). Insert A-type (view of basic side cutting edge angle, rake angle,
and secondary angles for chip breakage) [84].

Table 7 presents the latest experimental challenges and developments in the machining
of INCONEL® with the turning process.
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Table 7. Critical challenges and developments in the turning process of INCONEL®.

Author Challenges Remarks
ANOVA suggests that the a;, has a 55.05% contribution
Examination and observation of the response to Fc. In thrust force (F,), the contribution of 4, is
parameters like F. and R, on input parameters 55.83% which is the parameter with the most influence.
Waghmode and such as v, f and ap. Experimentation was As ap increases, F, increase. The main contribution for

Dabade [23]

Kosaraju, et al. [25]

Vignesh and
Ramanujam [75]

Raykar, et al. [85]

Infante-Garcia,
et al. [86]

Makhesana, et al.
[88]

conducted as per Taguchi’s Lg orthogonal array
during INCONEL® 625 alloy turning operation.
The results are analysed using the ANOVA
method.

A multi-objective optimization based on the
Taguchi-based Grey Relation Analysis (TGRA)
method was employed to find the optimal levels of
turning INCONEL® 625 parameters for the
objective of lower F. and better R, under
dry-cutting conditions.

Evaluate the influence of laser-assisted high-speed
machining (LAHSM) on the F. (F; in Figure 8), R,,
TW and the chip morphology during the
INCONEL® 718 turning process.

High-pressure cooling (HPC) of cutting tools can
be very effective when machining difficult-to-cut
materials like INCONEL® 718. An analysis of
microhardness and degree of work hardening
(DWH) is carried out to evaluate the machinability
of the INCONEL® 718 alloy while turning in a
high-pressure coolant environment.

The increase of the undeformed chip cross-section
and the high SCE of INCONEL® 718 give rise to
load peaks during machining. Different tests
involving multipass finishing turning have been
carried out to study the magnitude of the load
peaks for different cutting conditions.

The turning tests to INCONEL® 625 are conducted
under dry, MQL, and nanofluid-MQL (nMQL)
environments and the machining results are
compared considering R,, chip morphology, TW,
Tecut, Pin and microhardness

the feed force is provided by the ap,, with 83.39%.
Parameters f and ap, highly affect R,, having 20.61 and
51.68% contribution, respectively. As f increases, R,
increases too. With parameter v, it shows an inverse
trend.

From the statistical analysis, the results show that f is
identified as the most significant parameter for the
turning operation according to the weighted sum of F.
and R,. The optimal combination of control factors
and their levels are v. = 75 m/min, f = 0.103 mm/rev
and ap = 0.2 mm.

LAHSM optimal parameters were v = 80 m/min,

f =0.08 mm/rev and laser power, Py y5r = 1300 W. F,
R, and TW values were better over the conventional
turning process ones, leading to a reduction of F. by
24.5%, Ra by 56% and TW by 29%.

Microhardness has a sudden change between

30-120 um bellow the machined surface. After this
region, the microhardness value is similar to the bulk,
which is found at 270-300 um below the machined
surface for all samples. The microhardness near the
machined surface is found to be 1.11 x the bulk
microhardness. Microhardness variation is unaffected
by the changes in the process parameters since none is
statistically significant at a 95% confidence level. A
significant microhardness value is noticed at a depth
of 90 pm.

Initial results have shown a significant peak in the
machining loads, predicted by Altintas force law [87].
This peak is related to the tool tip radius and the
cutting parameters, after the second and successive
passes. The main factor that contributes to that is the
increase of undeformed chip cross section during a
short interval. Thus, the progression of TW is
significantly influenced. The machining load at the
end of a turning pass can significantly increase during
a short interval. Consequently, this effect may
influence TW progression leading to premature

tool failure.

Sunflower oil blended with MoS, resulted in 56, 42,
and 22% improved R, compared to dry, MQL, and
nMQL (Graphite) conditions, respectively. Also, the
efficiency of nMQL with graphite and MoS; is
evaluated by slower TW progression. Also, MQL,
nMQL with MoS;, and nMQL (graphite) resulted in
lower Tcyt by 18, 35, and 25%, respectively, compared
to dry turning. The effective performance of nMQL is
credited to the better penetration ability of the applied
lubricant. Furthermore, the MQL application with
compressed air facilitated chip removal and heat
dissipation during machining.
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Table 7. Cont.

Author

Challenges

Remarks

Airao, et al. [89]

Examination of the machinability of the
INCONEL® 718 alloy in conventional and
ultrasonic assisted turning (UAT) under dry, wet,
minimal quantity lubrication (MQL), and CO; (I)
strategies. The experiments are performed in an
in-house developed ultrasonic-assisted turning
(UAT) setup, keeping all the machining parameters
constant.

The CO; (I) reduces edge chipping, nose wear,
adhesion, and abrasion wear. The conventional
turning under CO; (/) reduces the VB by 32-60% and
power consumption (Pj,) by 5-31% compared to dry,
wet, and MQL strategies. Similarly, the UAT under
CO; () reduces the VB by 32-53% and Py, by 11-40%
compared to dry, wet, and MQL strategies. The UAT
reduces R, compared to conventional turning when
used under MQL and CO; (I). The CO; (1), in
conjunction with ultrasonic vibration, significantly
reduces SCE and TW without compromising R;.
Moreover, this combination also helps in enhancing
the chip breakability and reducing e concentration.

3.1.3. Drilling

Drilling is a cutting process where a drill bit is spun to cut a circular hole in a com-
ponent. In INCONEL® applications, drilling is important to create micro holes that will
permit the cooling of gas turbines, as illustrated by Figure 12 and studied by Venkatesan
etal. [90] on the hole quality assessment in INCONEL® 625 alloy parts.

Tip cap
cooling holes

Squealer tip

Stator-rotor
seal

'

Film cooling

Trailing edge
cooling slots

Blade platform
cooling holes

Dovetail

¢

Cooling air

Figure 12. Gas turbine blade cooling schematic [91].

The INCONEL® 718 alloy has many challenges in deep-hole-drilling as well since the
process is prone to drill jamming due to material expansion inside the holes. Table 8 presents
the latest experimental challenges and developments in the machining of INCONEL® alloys

with the drilling process.
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Table 8. Critical challenges and developments in the drilling process of INCONEL®.

Author

Challenges

Remarks

Neo, et al. [92]

Venkatesan, et al.

[90]

Sahoo, et al. [93]

The traditional carbide-tipped gun drills often get
worn at an accelerated rate and require repetitive
re-sharpening or replacement when drilling
INCONEL® 718 alloys. This occurrence lowers
productivity and increases costs. Furthermore, it is
also a challenging task to meet the stringent
hole-straightness requirement of 1/1000 mm for
deep-hole drilling (DHD).

Drilling micro-cooling holes in turbine blades on
INCONEL® 625 is one of the noteworthy
applications of micro-drilling, and few are the
investigations on the hole quality assessment and
drill bit tool life. The multi-response optimization of
test parameters in micro-drilling conditions is
presented, using the approach on the Taguchi Ly
design. Micro-drilling is performed in a 2 mm plate
thickness of INCONEL® 625 with an uncoated
micro-drill.

Use of cryogenically treated drill bits in INCONEL®
718 alloy machining. Drill bits are conditioned under
two different environments i.e., cryogenically treated
with single-tempered drill bits, and cryogenically
treated with double-tempered drill bits. The Taguchi
method was used for trial design and optimization
of factors along with the Whale optimization
algorithm.

In contrast to traditional carbide-tipped gun drills,
the developed PCBN-tipped gun drill can operate at
higher v, and reduce drilling forces, drilling M, and
TW. Furthermore, the surface quality of drilled holes
is much better than those drilled by traditional
carbide gun drills. For a stable drilling condition, it
is also recommended to perform deep-hole drilling
with the developed PcBN gun drill on INCONEL®
718 at v, > 50 m/min.

After each drilling test, the hole diameter, circularity
error, overcut, taper ratio, cylindricity and hole
damage factor are measured, and the results are
examined. The deviation in hole diameter,
cylindricity, circularity error, roundness, overcut,
taper ratio, and hole damage factor obtained is
increased to 5.5, 87.2, 50.5, 5.7, 77.4, 20.0 and 5.4%,
respectively, from 1st to 25th hole. Better hole quality
features with the least deformed layer thickness and
low burr formation at entry, and exit, are
consistently achieved with s = 21,000 rpm and

f =6 mm/min for a given tool diameter. The
optimized parameters are a tool diameter of 0.8 mm,
(the most suitable tool diameter for hole quality and
productivity in micro-drilling), s = 21,000 rpm and
f =10 mm/min. Chip clogging, entrance burr, and
exit burr are obtained before the tool failure. These
new findings have brought out a highly beneficial
database for aerospace industries without losing the
quality of the hole in production.

Results show that f is the most contributing
parameter to maximize F,, while s is the most
contributing parameter to maximising M. Also, tool
condition is the most contributing factor to
minimising R,. By maximizing the F,, up to 184 N,
and M, up to 0.72 Nm, during drilling operation on
INCONEL® 718, using cryogenically treated and
single tempered drill bit, it was found that the
optimal parameter settings were s = 215 rpm and

f =0.106 mm/rev. R, was minimized to 3.77 pm. It
was also seen that cryogenically treated and the
single-tempered drill bit was more influential in
attaining maximum F, and M, while cryogenically
treated and the double-tempered drill bit was more
influential in attaining minimum R,.

3.1.4. Boring

Boring is the manufacturing process in which previously drilled holes are enlarged

by a single-point cutting tool. Not much information is available about the boring process
on INCONEL® alloys whereby it is only presented in the study carried out by Ratnam
et al. [94], whose challenges involved the investigation of the machining parameters’ effect
on R,, TW, F. on the cutting tool and workpiece vibration during dry boring of INCONEL®
718 with TiCN-Al,O3-TiN coated inserts using response surface methodology (RSM). It was
found that the use of accelerometers, radioactive sensors and piezoelectric actuators does
not make it possible to measure rotating objects’” vibrations. On the other hand, the LDVs
are capable to measure rotating objects’ vibrations with a simple experimental arrangement.
Parameters s and f were found to have a significant influence on R,. The parameter
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ap was found to be significant on VB, F., and workpiece vibration amplitude (VA). The
optimal machining parametric combination was obtained using the desirability function.
Cutting condition parameters such as s = 360 rpm, f = 0.14 mm/rev and a, = 0.4949 mm
was obtained for VA = 38.7 um, minimum F = 117.8 N, VB = 0.3 mm and minimum
Ra =255 pm. The proposed RSM approach was an easy method to obtain maximum
information with a smaller number of experiments. and successfully used by different
authors in the improvement of process parameters.

3.2. Non-Conventional Manufacturing Processes—Electrical Discharge Machining (EDM)

This review also presents some new insights into a non-conventional process, which
is Electrical Discharge Machining (EDM). The process is a non-conventional machining
method that allows the production of pieces with complex shapes, and it can be used
in materials such as INCONEL® 718 and 625. This particular manufacturing technique
removes material from the wrought-stock thanks to melting and vaporising cavities using
electrical discharges that come from a scrolling wire [95], as illustrated in Figure 13.

Brass rod B —
Removed @
material
particles

Il

Water ° ;' v

vapour “9

Wrought-stock
Figure 13. Schematic representation of the EDM experiment setup (adapted from [96]).

Table 9 presents the latest experimental challenges and developments in the machining
of INCONEL® alloys with EDM.

Table 9. Critical challenges and developments in the EDM process of INCONEL®.

Author

Challenges Remarks

Mohapatra, et al.
[39]

Manikandan, et al.

[97]

An increase in the peak current resulted in improved material
removal rate (MRR) by keeping the gap voltage (Vy),
pulse-on time (Ton), duty factor (1) and dielectric circulation

Comparative study of the chemical and mechanical
properties of INCONEL® 718, 625, 825 and 601. Evaluation
of the machinability of different grades of alloys using
EDM.

INCONEL® 625 is one of the hard-to-machine materials
extensively used in high-temperature applications. It has
better strength and lower k, compared with more common
materials, which leads to poor machinability by traditional
processes. To overcome such kind of disadvantages,
unconventional manufacturing methods have been
developed and proposed to be suitable substitutes, such as
WEDM.

flushing pressure (Fp) fixed at a constant value, for the
different INCONEL® grades. An increase in R, is observed
by incrementing the peak discharge current (I;,). In the case
of surface crack density (SCD), with an increase in I,, SCD
ends to decrease, again followed by an increasing trend; and
then finally remained constant.

This work details a single-aspect optimization problem of
WEDM of INCONEL® 625 with the help of Taguchi analysis.
In this investigation, the MRR and Overcut (OC) were
deemed as the performance characteristics, and the Taguchi
response showed that the best parameter combination to
maximize the performance of R; is Ton = 30 pus, Tor = 15 ps
and I, = 3 A. The best set of process parameters for attaining
better OC is Ton = 30 us, Togr =5 ps and I, = 1 A. Contour
plots were also explored to reveal the combined influence of
process parameters on the preferred performance measures.
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Table 9. Cont.

Author

Challenges

Remarks

Hussain, et al. [98]

Liu, et al. [95]

Rahul, et al. [99]

Farooq, et al. [100]

Cost reduction in machining through increased MRR using
optimum machining process parameters. An experimental
study is presented for optimizing process parameters Ton,
Ip and T to maximize MRR for subtracting material from
INCONEL® 625 work part using Taguchi DOE and its
analysis.

Enhancing the machining process of INCONEL® 718 using
zinc-diffused coating brass wire electrode and
Taguchi-Data Envelopment Analysis-based Ranking
(DEAR).

INCONEL® 718, 625, 825 and 601 machinability was
experimentally analysed during the execution of EDM. The
experimental design was planned according to a
5-factor/4-level Li4 orthogonal array. The following
process variables were considered: Vg, I,, pulse-on time
(Ton), duty factor (t) and Fp. Machinability was assessed in
consideration of MRR, electrode wear rate, R, and surface
crack density (SCD) at the already worked surface. The
satisfaction function approach integrated with the Taguchi
method was attempted to determine optimal parameter
settings.

Several developments in WEDM have been reported, but
the influence of F}, attributes has not been thoroughly
investigated. The influence of four process variables,
namely servo voltage, Fp,, nozzle diameter (Jy), and
nozzle-workpiece distance (Wp), were analysed on
INCONEL® 718 concerning geometrical errors (angular
and radial deviations), spark gap (Sg) formation, and R,.
In this regard, detailed statistical and microscopical
analyses are employed with mono and multi-objective
process optimization by employing the TGRA method.

A Taguchi orthogonal array Ly is applied for experimental
design and analysis. Optimized values of performance
factors obtained by analysis are Ip =12 A, Ton =160 ps, and
Toff = 35 ps. The maximum MRR, of 24.48 mm?3/mm, was
obtained with optimum values of performance parameters.
Under these conditions, it was found that, RZ = 98% which
reflects a high confidence level in the experiment. It is also
found that both T and I, have a considerable impact on
MRR. This is because higher values of Ton and I, enhance the
amount of energy discharge on the workpiece, which leads to
increased material melting and vaporisation.

MRR, kerf width (K ), and R, were considered as the quality
measures. In the WEDM process, the brass wire electrode
worked as expected and the optimal arrangement of input
factors was found as Ton = 140 ps, Tog = 50 us, SV =60V, and
WT =5 kg, which are the most relevant factors with a

Ci =0.989.

The MRR efficiency was found to vary from:

1.3389-29.3128 mm? /min for INCONEL® 625;
1.1844-31.5995 mm? /min for INCONEL® 718.

R, was found to vary from:

4.7-11.5333 pm for INCONEL® 625;

6-12.3667 um for INCONEL® 718.

Optimal parameters setting determined as: [Vg =80V,

Ip =7 A, Ton =200 ps, T = 75%, Fp = 0.6 bar] for

INCONEL® 625

[Vg=70V,I, =7 A, Ton =500 ps, T = 80%, Fp = 0.6 bar] for
INCONEL® 718.

A significant carbon enrichment due to the
thermo-mechanical effect of EDM was noticed on the
machined surface of INCONEL® 718 and 625, during EDM
operation, attributed to the formation of carbides and grain
refinement, which increased micro-strain as well as
dislocation density. The increase in I, resulted in improved
MRR (while keeping Vg, Ton, T and Fp constant) for different
INCONEL® alloys. R, was observed to increase as I,
increased.

Process parameters are more influential on radius deviation
as compared to angular error. At F, = 4 kg/cm?, the radius
deviation is around 4%, which increased to 5.4% at
Fp,=12kg/ cm?. A low F, value agglomerates debris, which
resulted in a coarser surface due to the re-solidification, with
a R, = 2.12 um. However, with the increase of Fp, to

12 kg/cm?, the surface quality improved and resulted in

Ra =1.93 um. An increasing trend is observed where Sg
increased with the magnitude of Fp. Using Fp = 4 kg/cm?
resulted in Sg = 107 um. With the increase up to

Fp=12 kg/cmz, values of Sg = 111.5 um were attained.
Similarly, an increase in @Dy from 4 mm to 8 mm not only
increased S from 108.5 um to 110 um but also increased
angular error from 0.255% to 0.6%. The high @y increased
the entry of dielectric flow, which hindered the stability of the
thermo-electric erosion process near corners. The Fj, and Oy
parameters showed a significant effect on the R,. The
optimized parametric settings are SV =50V, F,, = 4 kg/cm?,
@N =8 mm, and Wp = 10 mm. The confirmatory experiment
reduced the process’s limitations to an Sg = 109 um spark
gap, 0.956% angular error, 3.49% cylindricity error, and

Ry =2.2 pm.
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3.3. Tool Wear

With the tool operation in machining, wear starts to be a key factor in quality and
productivity, namely with INCONEL® alloys, such as 718 and 625. To identify a worn
milling tool, the ISO 8688-2 [101] standard predicts that a tool presenting either VB = 300 pm
or VBmax = 500 pm on the flank is considered a worn tool [69]. For turning tools or inserts,
the ISO 3685 standard is the one to consult [102]. Taking into account a novel lubrication
method, Bartolomeis et al. [69] observed that the tool wear behaviour mechanisms during
EL conditions were abrasion and microchipping on the cutting edge, due to the tendency
of INCONEL® 718 to develop BUE.

Figure 14 packs the initial causes of wear, the various wear mechanisms that lead to
different types of wear and the final consequences from the tool-wear due to INCONEL®
machining. As a complement to Figure 14, Table 10 presents the typical TW mathematical
models, used to characterize the numerous TW mechanisms. It is suggested to consult the
work of Wang et al. [37] to better understand the additional variables described in Table 10.

Table 10. Typical TW mathematical models (adapted from [37]).

Authors TW Model Comments
Taylor [103] C=uvc T, or Tre = v”f#a’ Taylor’s empirical tool life model.
¢ r
Archard [104] V=k- % =k- % Abrasive wear model.
Usui [105,106] dw _ A, . g, 0 et Diffusive wear model.
Takeyama [107] %’ =G(v,f)+D- g—% Abrasive and adhesive wear model.
Childs [108] ‘%’ = % Oy - Vg Abrasive and adhesive wear model.
Schmidt [109] %’ —B- e’% Diffusive wear model.
Abrasive, adhesive, and diffusive
Luo [110] %’f = % . vf’-lf vs + B e 7T wear model.
Astakov [111,112] hs = % = % Surface wear model.
Attanasio [113,114] [%w — D(T) - % Diffusive wear model, presenting the
, A 3 AR .
D(T)=D;"T3 4+ Dy -T2+ D3-T+ D, T-dependent diffusive coefficient.
TW model, considering the effects of
Palmai [115] %\/ = Z’Wc, . [ An+ Ay, - g*vch%] wear-induced cutting, force, and T rise
on TW.
. I RL.P TW model is dependent on the material
Halila [116,117] W=N- i mzi;\ - PrR(Ri) : P;P (‘Pj) : 72,1_1},{“(@) " Uc removal rate.
> j=

3.4. Tool Materials

As previously mentioned, due to poor k from INCONEL® alloys, which lead to a
substantial increase of T in the three heat-zones when machining, the used tools are more
prone to premature wear since the heat generated will end up creating BUE, which will
rapidly degrade coatings and the tool material itself. The TW mechanisms, which include
abrasive wear, adhesive wear, and plastic deformation, are following described. Severe TW
is one of the key reasons for machining inefficiency [118].
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Figure 14. The wear causes, wear mechanisms, wear types, and wear consequences in the cutting of
Ni-based superalloys [118].
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Figure 15. (a) Hot hardness characteristic curve of CBN, Ceramic and Carbide tool materials com-
pared with the v’ structure of INCONEL® 718, (b) Thermal conductivity of tungsten carbide (WC),
INCONEL® 718 and different coatings for carbide tools against T (adapted from [119]).
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Tool materials, depending on their application, may vary as hard metal, high-speed

steel (HSS, and its variant HSS-Co), cermets, ceramics (where carbides are inserted), PcBN
and many more. Table 11 presents the latest experimental observations and performance of
non-coated tools in the machining of INCONEL® alloys.

Table 11. Machinability performance during non-coated tools assisted machining of INCONEL®.

Machining Type Tool Material and
Author Material Cutting Conditions Remarks
A significant peak in the machining forces, predicted by the Altintas
PeBN i " force law [87], is related to the tool tip radius and the cutting
cbN Inserts parameters, after the second and successive passes. The rapid
Infante-Garcia, Turning 2 = 300 m/min development and magnitude of the peak loads influence the tool

et al. [86]

Breidenstein,
etal. [120]

Rakesh and
Chakradhar [121]

INCONEL® 718

Turning
INCONEL® 718

Turning
INCONEL® 625

f=0.07,0.1and
0.15 mm/rev
ap =0.15,0.25 and 0.5 mm

PcBN inserts.

V. =200 m/min
f=01mm/rev
ap =0.2 mm

Uncoated inserts ISO ref:
CNMP120408

Level 1

Ve =40 m/min
f=0.05mm/rev
ap = 0.2 mm
Dry machining

Level 2

. =50 m/min
f=0.1mm/rev
ap = 0.4 mm
MQL

Level 3

e = 60 m/min
f=0.16 mm/rev
ap = 0.6 mm
nMQL

Level 4

. =70 m/min
f=02mm/rev
ap = 0.8 mm
Cryo Ny (I)

Level 5

ve = 80 m/min
f=0.25mm/rev
ap =1mm

wear progression, as a premature notch developed along the cutting
edge, observed after the test with 4, = 0.5 mm and f = 0.15 mm/rev.
The low machinability of INCONEL® 718, along with the brittleness
of PCBN tools, leads to a premature failure of the cutting tool when
this phenomenon is not considered in conventional turning.

The ISO 3685:1993 [102] standard was used as a reference for the VB
measurement. Pulsed laser ablation (PLA) using ns-laser leads to a
transformation of ¢cBN to hBN in all considered laser parameter
combinations. The cutting tool hardness is significantly decreased by
the hBN formation, from over 3400 HV down to 1700 HV, However,
not all laser parameters reduce hardness by the same amount. Tools
with laser-prepared cutting edges achieve comparable tool wear to
reference tools when applying appropriate laser parameters. There is
an indication that the transformed hBN acts as a solid lubricant,
which leads to a decrease in the cutting forces.

The ISO 3685:1993 [102] standard was used as a reference for the VB
measurement. Among all four cooling conditions, the minimum R,,
VB, and main F. were obtained for cryogenic machining using N,
(I)-air mixture as a coolant. This result indicates that cryogenic
coolants are well-suitable for the machining of INCONEL™ 625 alloys.
The lowest R, = 0.481 um was obtained under cryogenic machining
with the parameter setting of v = 60 m/min, f = 0.15 mm/rev, and
ap = 0.6 mm. Reductions of 38.49%, 34.56% and 30.08% in R, were
achieved with cryogenic machining when compared to dry, MQL and
nMQL, respectively, under the same parameters. The minimum value
of VB was observed at the lowest levels of cutting parameters,
irrespective of the cooling conditions. Also, the lowest VB = 85.52 um
was noticed under cryogenic machining, when machining with
parameter settings of v. = 60 m/min, f = 0.05 mm/rev and

ap = 0.6 mm. The VB reductions by cryogenic machining, when
compared to dry, MQL and nMQL, are 20.32%, 11.42%, and 8.81%,
respectively.
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Table 11. Cont.

Author

Machining Type Tool Material and

Material Cutting Conditions Remarks

Zhang, et al.
[103]

Hoier, et al. [122]

A high-speed ultrasonic vibration cutting (HUVC) method has been
proposed for the precision machining of INCONEL® 718. The TGRA
Lo array method was used for analysis. Owing to the limitations of
the cooling pressure and duty cycle, the useful highspeed stable
region for INCONEL® 718 was Ve = 80-300 m/min. In this range,
compared to the conventional effective cutting region, the cutting
0. = 80,160 and efficiency was significantly improved. The HUVC-Taylor’s equation
220 m /min developed in this study aimed to provide a comprehensive
INCONEL® 718 £ =0.005,0.01 and understanding of the most recently proposed high-speed ultrasonic
0.01 5 mn’1 /.rev precision machining methods and provided guidance for appropriate
a‘ = 0.15. 0.2 and 0.25 mm practical applications in the future. The impact effect due to the
po e ’ tool-workpiece separation was a factor that needs to be suppressed.
This effect was the core reason for the failed region in
ultra-high-speed machining. In this regard, developing the
impact-resistant tool could be seen as the next meaningful work for
further cutting speed enhancement.
VB was measured according to the instructions of the ISO 3685:1999
standard [102] It was characterized using white-light interferometry
(WLI), scanning electron microscopy (SEM), and electron backscatter
WC-Co diffraction (EBSD). Wear topography and surface-induced plastic
deformation were evaluated. Abrasion marks and grooves on
Turning ve = 30 m/min different length scales indicate that VB was caused by abrasion
INCONEL® 718 fC: 0.075 mm /rev during sliding contact of the tool with the workpiece. Examination of
: worn WC grains employing EBSD proved to be a suitable method to
assess the contribution of plastic deformation to TW in metal cutting.
This method is of particular interest to developing a deeper
understanding of relative wear rates associated with the machining of
different workpiece classes and alloys. The parameter VB = 185 um is
below the maximum limit imposed by the standard.

WC insert

Turning

ap =1mm
t =16.2 min

3.5. Tool Coatings

Some tool materials have enough hardness to cut through INCONEL®, as it is shown
in Figure 15, although others require a coating to protect the core material from abrasion
when machining. The binomial substrate/coating is selected, as a function of specific
requisites, from each application which often demands from the cutting tool antagonistic
characteristics like tenacity and hardness. The usage of coated tools is highly advantageous
from a production point of view, not because it is only possible to escalate v. or s values,
but also to promote better quality to the fabricated components, and some of them can be
multilayer, in which each layer has its unique function. The preferred manufacturing
processes to make coated tools are metallurgical powder processes, chemical vapour
deposition (CVD) or even physical vapour deposition (PVD).

e i e ————

substrate

(a) single layer (b) double layer (c) gradient (d) y (e) | f
coating coating coating coating coating coating

Figure 16. Scheme of how different types of coatings look when applied on the substrate [123].

crack

\ E==—0

A} 1
|
substrate | substrate ‘ substrate substrate
| |
Single layer Multilayer Nanolayer Nanocomposite
coating coating coating coating

Figure 17. Crack propagation behaviour for each of the common coating structures [124].
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Figure 18. The hardness of different coating materials with a lower limit and suitable performance
range [125].

A schematic of how different coatings can appear in a tool is presented in Figure 16,
whereas Figure 17 demonstrates how crack propagation occurs inside the coatings due
to TW. Figure 18 shows the lower limits and the hardness performance range of some of
the most used tool coatings. Examples of preferred coatings to machine INCONEL® 718
include TiAIN, TiAICrN, TiCN, TiN/AITiN, and TiAlICrSiYN/TiAICrN [126].

Table 12 presents the latest experimental observations and performance of coated tools
in the machining of INCONEL®.

Table 12. Machinability performance during coated tools assisted machining of INCONEL®.

Author

Machining Type Tool Coatings and Cutting

Material Conditions Remarks

Zhao, et al. [53]

Irrespectively of the tool type, the tool-chip contact length was
decreased with the increase of v.. The tool-chip contact length
and crater wear for the PVD AlTiN coated carbide tool was
decreased compared with that of the uncoated carbide tool in dry
orthogonal cutting of INCONEL® 718. A PVD AITiN coated
carbide tool decreased by 5.94 um or 5.26% the h,, compared
with an uncoated tool at v. = 120 m/min. The maximum T for
the PVD AITiN coated carbide tool decreased by 14.00 °C or
2.11%, 25.00 °C or 3.64%, and 39.00 °C or 5.47%, compared with

TiAIN coated carbide tool. that for an uncoated WC tool in dry orthogonal cutting of

Turni WC uncoated tool INCONEL® 718 at v, = 40, 80 and 120 m/min, respectively. For
urning . .
INCONEL® 718 . uncoated carbide too.ls,. the relative error (

ve =40, 80 and 120 m/min %15 1) from the predictive model-Rg.w, compared to the

f=01mm/rev measured T at v, = 40, 80 and 120 m/min was 31.83%. X 15| from
other predictive models were 56.16% (model-Ry. sp), 53.54%
(model-Rgy), 96.06% (model-Rk_g), 157.62% (model-R; sy),
119.32% (model-Rg.w), 41.52% (model-Rg) and 96.87%
(model-Rr1.k). For PVD AITiN coated carbide tools, £ 15| from the
predictive model-Rg, compared with the measured T at v, = 40,
80 and 120 m/min was 52.61%. 15| from other predictive
models were 147.44% (model-R; sy), 159.99% (model-Rgy),
76.48% (model-Rg_g), 63.00% (model-Ry sy), 128.72%
(model-Rg.w), 136.25% (model-Rp k) and 76.22% (model-Rt.x).
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Table 12. Cont.

Machining Type

Tool Coatings and Cutting

Author Material Conditions Remarks
Results showed that the proposed soft Al-Si coating can provide a
. solution to the outlined machining challenges of INCONEL® 718.
Uncoated carbide tool, . . . X
. . The tool life of the Al-Si coating was more than 6x higher than
TiAIN-coated carbide tool, R .
AL-Si coated carbide tool that of the uncoated tool and around 3 x higher than the TIAIN
Montazeri, et al. Turning : coating, and the F. of the soft Al-Si coating was around 1/2 that of
[126] INCONEL® 718 the uncoated tool. These improvements can be attributed to

Agarwal, et al. Milling

[127] INCONEL® 718
Liu, et al. [128] Turning
s ek INCONEL® 625
Turning

Criado, et al. [129] INCONEL® 718

Saleem and Milling
Mumtaz [130] INCONEL® 625

e =50 m/min
f=01mm/rev
ap =0.15 mm

TiAIN-coated carbide insert

s =501, 902 and 1203 rpm
f =0.25 mm/tooth

a, =1 mm

Emulsion Flood-Cooling
(EFC)

PVD-TiAIN coated carbide
tools

Ve = 25-175 m/min
f=0.02-0.3 mm/rev
ap = 0.5 mm
expected t > 10 min

TiAIN + TiN coated carbide
insert.

ve = 250-300 m/min
f=0.1-0.15 mm/rev
ap =0.15 mm

TiN-coated PcBN insert

v = 50-70 m/min
f=0.1-0.15 mm/rev
ap = 0.25 mm

PVD TiAIN, coated carbide
inserts.

Level 1

ve =35 m/min
f=0.08 mm/rev
ap =0.25 mm

Level 2

Ue =45 m/min
f=02mm/rev
ap = 0.5 mm

better lubricity and frictional behaviour in the tool-chip interface
due to the superior lubricity of the Al-Si coating, which resulted
in lower adhesion and BUE formation, less contact pressure at the
cutting zone and lower friction.

The proposed method was implemented in the form of an
automated computational program, and a series of experiments
were performed to analyse the progression of the VB area of the
tool over the volume of material removed. Based on the
outcomes of the present study, it has been realized that the image
processing method presented in this study can accurately and
efficiently evaluate the VB width and wear area. Also, the
proposed methodology was able to replicate the well-known
curve of the VB area versus the volume of material removed.
The turning experiment of INCONEL® 625 with a
PVD-TiAIN-coated carbide tool exceeded t = 10 min. It was
found that the main TW morphologies of the tool were the BUE,
crater wear, chipping, tipping, and fracturing. The main TW
mechanisms were abrasion, adhesion, and oxidation. Adhesion
wear under low v, yielded a BUE wear morphology, whereas
adhesion wear and oxidation wear under high v, resulted in
crater wear. As v and f further increased, the tool began to peel,
tip, or even fracture. A two-dimensional TW map based on v,
and f was drawn. In the wear map, three tool failure limits, i.e.,
BUE limit; crater wear limit; and chipping, tipping, and fracture
limit were determined. A safety zone was planned to determine
the optimum cutting parameter range. A method of optimizing
the cutting parameters by combining the wear map, tool wear,
and R, of the machined workpiece was proposed. The optimum
cutting parameters were v. = 60 m/min, f = 0.1 mm/rev, and

ap = 0.5 mm. A complete tool life experiment was performed
with the optimized cutting parameters and a tool life distribution
model obeying a normal distribution was established. When
reliability was 0.9, the recommended tool-life was 70 min.
Carbide tools have a longer tool life than PcBN tools, but PcBN
tools higher allow speeds between 4x and 6x. In terms of
machined surface per edge, it has been proven that, at

f =0.15 mm/ver, more machined volume is obtained, while for
f =0.1 mm/rev, the machined surface quality is maintained in
the PcBN tools. For this reason, the viability of using PcBN tools
in finishing operations in INCONEL® 718 is demonstrated. The
best combination found for the PcBN tool was at v, = 250 m/min
and f = 0.15 mm/rev. It was found that the tool life increases at
low cutting speeds, although f does not affect it significantly. The
finished surface machined with the PcBN tool obtains a more
constant behaviour and excellent R, during most of the
machining. However, no significant changes were observed
depending on the cutting conditions.

The Taguchi Lg array method was used in the analysis. a;, is
found to be the statistically significant parameter for tool life with
a 95% confidence level. Tool life is most affected by ay, followed
by f, with percentile contributions (PCR) of 45.43% and 18.425%,
respectively, with lower values of the parameters resulting in
better performance in general. A maximum tool life of 42.8 min
was achieved when machining was done employing f, = 0.08
mm/tooth and ap = 0.25 mm with v. =45 m/min. A SEM
analysis indicates adhesion, BUE, attrition and chipping to be the
main wear mechanism in general.
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4. Discussion
After all that has been presented throughout this paper, a SWOT analysis was per-
formed to discuss present perceptions of the INCONEL® machinability (Table 13), tool-wear

(Table 14) and coatings utility to the tools (Table 15).

Table 13. SWOT analysis about INCONEL® machinability.

Positive Factors Negative Factors
Weakness
Té g Strengths Residual stress,
g% Components with creep resistance in Microhardness,
58 high-temperature operation. Poor R,,
High F..
g Opportunities
© Making use of new non-conventional processes Threats
- that improve machinability, like EDM and Machini ) .
< i, . achining cost-effectiveness due to
£ additive manufacturing (AM). high ¢ and TW
L Automobile industry and turbine blade ’
i manufacturing.

Table 14. SWOT analysis of TW resultant from INCONEL® machining.

Positive Factors Negative Factors

Té 4 Strengths
& o . . Weakness
o b PcBN, carbide tools, ceramics and cermets can . ..
t e . . L Hardness drops with T rising.
S - withstand high-temperature machining
Threats
BUE,
Abrasion,

Opportunities

With laser assistance, hBN has better lubricity, = Adhesion,

lower hardness, and higher tenacity than cBN.  Debonding,
Diffusion,
Oxidation.

External factors

Table 15. SWOT analysis about cutting tools coatings.

Positive Factors Negative Factors

Weakness

Hardness drops with T rising.

After a while, the coating starts to
debond from the substrate

Threats

Some high-temperature
applications with INCONEL® are
not justifiable.

Preference for uncoated PcBN tools.

Strengths
Coatings prolong the effective tool’s life.

Internal
factors

Opportunities
New coatings with better lubricity are being BUE,

researched and developed (R&D’d). Abrasion,
Adhesion,

Debonding,
Diffusion,
Oxidation.

External factors

5. Conclusions

Despite significant progress in the traditional cutting tool technologies, the machining
of INCONEL® 718 and 625 is still considered a great challenge because of the intrinsic
characteristics of those Ni-superalloys. It is notable, nevertheless, that there has been a
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pursuit to bring ease to conventional processes, resulting from the evolution of techniques
and tool materials, to get better machinability with the Ni-based superalloys. From another
point of view, by introducing non-conventional processes and assists like EDM, and hy-
brid techniques such as LAM and UAT, the evolution differential has a great potential to
bring down manufacturing costs. Likewise, the conventional processes have had several
improvements in the last five years, as reviewed along all states of the art, calling upon
Taguchi DOE methods for improving tool-wear and for improving R,, either with a lubri-
cation environment or not. This is important for the own component’s wear resistance.
A constructive criticism is made of the usage of TGRA and DOE methods, which were
several times noticed to be used by different research in the states of the art of this paper. It
is efficient to take advantage of such powerful methods to evaluate a series of parameters
in an Ly array, and through the combination between them, to achieve the best result of R,.
Nonetheless, it is known that one of the main challenges in tackling INCONEL® machining
is the high costs of the manufacturing processes, due to the elapsed time milling, and
turning, and this key factor has been neglected. With this review paper, it is suggested to
the forthcoming authors to take advantage of TGRA and ANOVA analyses, concerning the
achievement of low-cost solutions when machining INCONEL®, at the same time quality is
preserved by taking R, parameter into account as it has been done so far. The present work
highlighted a large amount of information regarding INCONEL® 718 traditional machining
and applications, within the academic and scientific community, compared to its counter-
part INCONEL® 625. On the other hand, the INCONEL® 625 showed advancements in
non-conventional processes due to difficulties at the onset of chip cutting. Henceforward,
research work is planned with the prospect of delivering a review paper regarding the
evolution of lubrication environments, allied to the traditional machining of INCONEL®.
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