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Abstract: Despite the prevalent application of 18% Ni maraging steel in critical sectors such as
aerospace and automotive due to its unique characteristics, including high ductility, yield strength,
and hardenability, its machining presents enormous challenges, categorizing it as a difficult-to-
machine material. The cutting tool’s geometry is crucial in machining, significantly affecting chip
formation, cutting forces, power consumption, and obtainable surface quality. In particular, wiper
insert technology, characterized by its multi-radius design, offers an increased contact area compared
to conventional inserts, potentially enhancing the quality of the machined surface. This study explores
the effectiveness of wiper inserts in the face-milling of maraging steel 350, conducting a comparative
analysis across three distinct machining setups. These setups vary by alternating the number of
wiper and conventional inserts within the same cutter, thereby examining the influence of insert
configuration on machining outcomes. The research employs a reliable and well-established statistical
approach to evaluate how different variables, such as cutting speed and feed rate, affect surface
quality, power consumption, and material removal rate (MRR). It also sheds light on the material
removal mechanisms facilitated by each type of insert. The findings reveal that incorporating a
higher number of wiper inserts significantly enhances the surface finish but concurrently increases
power consumption. Thus, the study successfully identifies an optimal set of process parameters that
attain a balance between achieving superior surface quality and maintaining energy efficiency in the
machining of maraging steel 350. This balance is crucial for optimizing manufacturing processes while
adhering to the stringent quality and sustainability standards required in aerospace and automotive
manufacturing.

Keywords: maraging steel; wiper insert; surface quality; power consumption; productivity; grey
relational analysis

1. Introduction

Maraging steel, an alloy known for its exceptional strength and toughness, derives
its name from a unique two-step process: ‘martensite” transformation followed by ‘aging’.
Initially, the steel exhibits a martensitic phase that is particularly hard and brittle. Then,
the aging treatment of steel is shifted to an aging treatment to refine this brittleness and
improve its suite of mechanical properties. This treatment entails heating the steel to a
relatively moderate temperature range, specifically between 500 °C and 600 °C, for a prede-
termined duration, which in turn precipitates intermetallic compounds that substantially
increase the steel’s strength while maintaining its ductility [1,2]. The resultant advanced
material boasts properties that are in high demand for critical engineering applications,
including but not limited to aerospace components, landing gear, helicopter undercarriages,
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rocket motors, and missile casings. The unique characteristics of maraging steels, such
as their exceptional strength, wear resistance, and high-pressure resilience, make them
ideal for specific industrial uses such as injection molds and dies [3,4]. Through precise
control over the aging parameters, including temperature and duration, it is possible to
engineer ultra-high-strength maraging steels tailored for sophisticated aerospace and nu-
clear applications [5]. The necessity for superior machined surface quality in these steels
cannot be overstated, given its profound impact on industrial adherence standards, which
influences the components’ fatigue life, corrosion resistance, and dimensional stability [6].
Nonetheless, the process of machining these high-performance materials is fraught with
challenges. The remarkable properties of the maraging steel result in high cutting forces
during machining, which increase the required cutting energy and cutting temperature,
reduce surface quality, and ultimately diminish the tool’s lifespan [7].

Achieving high-precision machined parts typically involves a sequence of roughing
and finishing operations. However, an alternative strategy suggests integrating these
stages into a single, optimized process. In this context, the primary cutting variables,
including cutting speed, feed rate, and depth of cut, play critical roles in determining both
the tool’s endurance and the surface quality of parts. Specifically, research has highlighted
the significant interplay between cutting speed and feed rate, especially regarding their
impact on the surface finish of maraging steel 350 [2]. In contrast, studies on SAE 8620
and ENO tool steels revealed that feed rate is the paramount factor influencing surface
quality [8]. Further investigation by D’addona, D. M., and Sunil J. Raykar corroborated the
dominance of feed rate in surface quality outcomes, with depth of cut and insert type also
being influential factors [9]. Therefore, the meticulous optimization of these parameters
is vital for improving the surface finish. To this end, several advanced methodologies,
such as artificial neural networks (ANN), grey relational analysis (GRA), fuzzy logic,
and response surface methodology (RSM), have been effectively employed to fine-tune
machining conditions [10].

In specific machining contexts, the tool’s geometry can restrict the adjustability of pro-
cess parameters necessary for achieving the desired surface quality in line with industrial
benchmarks [11]. While multi-coated tools have been developed to increase cutting speeds
and thereby lessen cutting forces [12,13], cubic boron nitride (CBN) tools stand out for
their superior performance, especially at elevated cutting speeds compared to their coated
carbide counterparts. CBN tools exhibit remarkable wear resistance even under high-speed
machining conditions for tool steel materials. This exceptional durability not only extends
the tool’s lifespan but also has a profound influence on the residual stresses and surface
quality of the machined parts [14,15]. However, adjusting the nose radius of CBN inserts
has been found to enhance the surface quality of AISI D2 steel, whereas an increase in feed
rate tends to degrade it [16]. Furthermore, a study by Yang and Zhangiang on the impact
of varying turning parameters on Inconel 718’s surface quality revealed that cutting speed
had a negligible impact on the surface finish. In contrast, the feed rate and the tool’s nose
radius emerged as the critical factors determining surface finish [17,18].

In the pursuit of enhancing tool performance, significant advancements have been
made in tool geometry. In particular, the introduction of wiper inserts, which feature multi-
radius geometry, allows for higher feed rates while maintaining surface quality [19]. These
inserts reduce cutting pressure, leading to improvements in machined surface quality and
a reduction in vibrations when compared to traditional single-nose radius inserts [20,21].
For instance, tests with oil-hardened non-shrinking steel (OHNS) demonstrated that using
a wiper insert produced better surface finishes than conventional inserts with standard
nose radii [9]. Beyond their efficacy in chip control at low feed rates, wiper inserts also
facilitate smooth chip breaking at higher feed rates and offer a larger contact area than
conventional inserts, enhancing surface finishes at increased feed rates [22,23]. Zhang
et al. found that wiper inserts surpassed conventional inserts in material removal rate
(MRR) and surface quality when turning AISI 1045 steel [24]. In a similar vein, Davim et al.
determined that wiper tools are superior for achieving high surface quality and extending
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tool life, although conventional tools have the benefit of lower cutting forces and power
consumption [25]. Additionally, Elbah et al. discovered that ceramic wiper inserts could
improve the surface quality of hardened AISI 4140 steel 2.5-fold compared to traditional
inserts [26]. Comparisons during the turning of Monel K500 in dry and minimal quality
lubrication conditions also demonstrated a substantial 73.86% improvement in surface
quality with wiper inserts over conventional nose radius inserts [27].

Moreover, wiper inserts significantly reduce cutting forces by 57% at elevated feed
rates due to the thinner uncut chip thickness characteristic of these inserts, which helps in
lowering cutting forces, cutting temperatures, and surface roughness [27,28]. Remarkably,
wiper inserts can achieve the same level of surface quality at twice the feed rate compared
to what is achievable with conventional inserts [2,29]. This means that wiper inserts are
capable of maintaining equivalent surface quality at a feed rate that is double that of con-
ventional inserts, an outcome unattainable by the latter under similar conditions [23,30,31].
In other words, under certain machining parameters, wiper inserts can achieve a surface
quality comparable to that of grinding operations [32-34]. When a wiper insert coated with
carbide is used in cutting stainless steel, it reduces the peak-to-valley surface roughness and
enhances the material removal rate (MRR) [35]. A wiper insert can achieve an arithmetic
average roughness of less than 0.5 pm in turning of AISI D2 steel, which is a significant
improvement over the 0.8 um roughness level obtained with conventional inserts [25,36].

The conducted review of existing literature highlights the enhanced productivity and
superior surface quality afforded by wiper inserts in machining operations. Despite these
benefits, conventional tools remain the prevalent choice for machining maraging steel
350, highlighting a significant gap in research and application regarding advanced tool
technologies for this material. This gap emphasizes the urgency of exploring the capabilities
of wiper inserts with different configurations in the face-milling of maraging steel 350, a
material known for its exceptional properties and demanding application requirements.

In this study, we probe into the performance of wiper inserts in face-milling maraging
steel 350 by implementing three distinct machining scenarios. These scenarios were me-
thodically designed by varying the configuration of the wiper and standard inserts within
the same milling cutter, providing a nuanced understanding of how wiper edge length
influences key outcomes, including surface quality, MRR, and power consumption. Each
scenario was rigorously tested across six feed rate levels and two cutting speed levels to
ensure a comprehensive evaluation under varied conditions. Additionally, the interaction
between the tool and workpiece was meticulously analyzed for both wiper and standard
inserts to uncover detailed insights into their operational efficacy. To further refine the
process, an optimization study using GRA was conducted. This optimization aimed to
determine the most effective combination of process parameters, balancing the goals of
maximizing productivity and surface quality while minimizing power consumption. By
addressing this research gap, the study aims to provide a robust framework for under-
standing the potential of wiper inserts in enhancing the machining efficiency of maraging
steel 350, paving the way for more informed tool selection and process optimization in
industrial applications.

2. Material and Methodology

This study utilizes maraging steel 350, provided in the form of a 32 mm-thick plate
via hot-rolling and subsequent air-cooling to achieve its desired mechanical properties and
microstructure. To precisely characterize the steel’s composition, a cutting-edge Spectro
Graphical Analyzer, the SPECTROMAXx—LMMO05 model from AMETEK Inc., based in
Berwyn, PA, USA, is employed. The analyzer provides an accurate quantification of the
steel’s chemical constituents, the details of which are methodically cataloged in Table 1.
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Table 1. Weight percentage chemical composition for maraging steel 350.
Element Ni Co Mo Ti Al Cu C Cr Mn Fe
weight % 18164 12173 4.06 2211 0147 0010 0032 0004  0.022 Remaining
Balance

The chemical composition of such material is crucial, as it directly influences the
alloy’s mechanical properties, machinability, and response to heat treatment and aging
processes. The linkage between chemical composition and material properties has been
substantiated by the foundational research of Abbas et al. [2], who meticulously examined
the microstructures of similar materials. Their work offers valuable insights into the
intrinsic characteristics that govern the behavior of maraging steel 350 during machining
and post-processing.

The tensile properties of such material were evaluated using an INSTRON-5984
Universal Testing Machine, supplied by Instron Corporation, located in Norwood, MA,
USA. This examination was conducted on a 34-mm tensile round bar specimen with a
diameter of 6.2 mm to ascertain the material’s mechanical characteristics under tension.
The crosshead speed was maintained at 2 mm/min during the testing, equating to an initial
strain rate of 1 x 1073 per second. The outcomes of these tensile tests, which provide crucial
insights into the steel’s strength and ductility, are systematically presented in Table 2.

Table 2. Tensile properties for maraging steel 350.

Property Test Value
Ultimate tensile strength, MPa 1132
Yield strength, MPa 1080
Young’s modulus, GPa 200
Elongation % 22.5
Hardness, HRc 38

The workpieces utilized in the face-milling experiments are rectangular cuboids with
100 x 50 x 30 mm dimensions for length, width, and height, respectively. These experi-
ments were conducted on a vertical milling machine, specifically the Emco C40, manufac-
tured by Emco in Salzburg, Austria. This machine features a spindle with a power capacity
of 13 KW and can operate at variable speeds ranging from 10 to 5000 RPM. Additionally; it
offers a feed rate that varies from 10 to 2000 mm/min.

A cutter from Sandvik, based in Stockholm, Sweden, was employed for the face-
milling operations. This cutter, designated as R245-063Q22-12M, is designed to hold five
inserts. The experimental setup was varied across three different scenarios to investigate
the impact of insert configuration on the milling process:

Setup 1 utilizes five conventional inserts.

Setup 2 combines four conventional inserts with one wiper insert.

Setup 3 employs three conventional inserts alongside two wiper inserts.

These configurations are visually depicted in Figure 1, illustrating the arrangement
of the wiper and standard inserts. The conventional inserts are identified by the code
R245-12T3M-PM and feature four cutting edges with a PVD AITiCrN coating, as detailed in
Figure 2a. On the other hand, the wiper inserts, specified by the code R245-12 T3 E-W, have
a single cutting edge and are coated with PVD TiAIN, which is demonstrated in Figure 2b.
The detailed specifications for both the wiper and standard inserts are systematically cata-
loged in Table 3, providing a comprehensive overview for further analysis and discussion
of the experiment results.
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(b)

Figure 1. The three sets of insert setup. (a) First setup with (5) conventional inserts, (b) second setup
with (4) conventional inserts and (1) wiper insert, (c) third setup with (3) conventional inserts and
(2) wiper inserts.

Figure 2. Geometry details of (a) standard insert and (b) wiper insert, Reprinted with permission
from ref. [22]. 2024 AB Sandvik Coromant.

Table 3. Specifications of standard and wiper inserts.

Insert Type
Parameters Units
Conventional Wiper

Inscribed circle diameter (IC) mm 13.4
Corner radius (RE) mm 1.5
Cutting edge effective length (LE) mm 10
Major cutting-edge angle (KRINS) deg 45
Insert thickness (S) mm 4

Wiper edge length (BS) mm 2 8.2

The overall design of the test process consists of 36 experiments, with 12 experiments
dedicated to each setup. The test is conducted at two speed levels, 30 and 60 m/min, with
a fixed depth of 0.5 mm. The feed per tooth is set at multiple levels, starting from 0.04 mm
with an increment of 0.02 mm/tooth up to a maximum of 0.14 mm, resulting in six distinct
levels. Conversely, the length of the cut is fixed at 100 mm, and the width of the cut is fixed
at 50 mm for all experiments. The tests are conducted in flood coolant conditions. Each test
is performed twice, and the average of the two readings is used for evaluation purposes to
enhance statistical accuracy. All cutting conditions were defined after consultation with a
tool manufacturing expert (Sandvik Expert). The test rig for machining samples is depicted
in Figure 3.
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Figure 3. Experimental setup of face-milling of maraging at flood coolant condition.

A standard surface roughness tester, Tesa-Rougossurf-90G from the Tesa company
in Bugnon, Switzerland, was utilized for measuring surface roughness, as illustrated in
Figure 4. The surface roughness parameters, arithmetic average roughness (Ra), total
height of the roughness profile (Rt), and maximum height of the roughness profile (Rz)

were measured in the same feed direction to capture the topography of the machined
surface. The settings for measuring surface roughness were as follows: cut-off length:
0.8 mm; measurement surface: plain; measurement speed: 1 mm/s; cut-off number: 19;

gauge type: skid.

Measurement surface
= @ Plain

s O Curved
Measuring speed

QO.Smm!s Qm”

-

Figure 4. Parameters of surface roughness tester.
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Power consumption in machining was monitored using two power meters (Tactix
403057, Beijing, China). These meters were connected to the power supply of the milling
machine to monitor the voltage and current during the machining process. Power con-
sumption was assessed by measuring the current (I) in one line and the voltage potential
(V) across a balanced three-phase load of the milling machine. The configuration for power
measurement is depicted in Figure 5. For each milling run, voltage and current were
recorded in three sets, with the average being calculated for power assessment. The power
(P) is determined using the voltage, current, and power factor (@) for a three-phase machine
as follows:

P=VxIxV3xcos@ 1)

where current is in amperes, voltage is in volts, and power is in watts.

Figure 5. Test rig for power consumption measurement.

3. Tool-Workpiece Engagement

The surface topography resulting from the interference between the tool and workpiece
is indicative of the machined surface quality. In this context, Chen et al. have devised
a ‘maximum height method’ to predict the surface profile using the milling cutter’s end
edges [37]. This technique allows for the transformation of the end edges of both wiper
and standard inserts into planar curves, as depicted in Figure 6. The paths traced by these
edges along the tool path for the three different configurations of the wiper and standard
inserts are illustrated in Figure 7a, Figure 7b, and Figure 7c, respectively.

The multi-radius technology of the wiper insert significantly diminishes the feed line
peaks owing to its larger contact area with the workpiece compared to a standard insert,
thereby improving surface quality. In particular, the third configuration, which incorporates
two wiper inserts, achieves a superior surface finish compared to the other scenarios, as
demonstrated in Figure 7c. This outcome highlights the effectiveness of wiper inserts in
enhancing the surface finish in milling operations.
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()
Figure 7. Optical microscopic and surface roughness tester images for the same cutting conditions:
surface speed = 60 m/min, feed rate 0.04 mm/tooth, and depth of 0.5 mm (a) Experiment # 7
represents the first setup, (b) Experiment # 19 represents the second setup, and (c) Experiment # 31
represent the third setup.
4. Results and Discussion
The impact of varying the number of wiper inserts is systematically assessed across
six different feed rate levels and two distinct cutting speed levels while maintaining a
constant depth of cut, detailed in Table 4. This evaluation examines their influence on
several critical responses, specifically surface roughness, PC, and MRR. The investigation
is structured to analyze how these key performance indicators respond to the adjustments
in the number of wiper inserts under the given machining conditions, providing insights
into the optimal use of wiper inserts in milling operations to achieve desired efficiency and
surface quality outcomes.
Table 4. Experiment plan for machining maraging steel 350 with their results.
Test N Tyvpe of Setu Speed Feed Rate Surface Roughness, um Power MRR
est o P P m/min (mm/tooth) Ra Rt Rz Consumption (KW)  (mm®/min)
1 30 0.04 0.591 4.341 3.969 1.167 760
2 30 0.06 0.643 4207 3.812 1.187 1140
3 30 0.08 0.657 3.829 3.193 1.207 1520
4 30 0.10 0.757 4.736 4.017 1.220 1900
5 30 0.12 0.805 4.004 3.527 1.234 2280
6 First scenario 30 0.14 0859 6113  5.070 1.254 2660
(5 Conventional
7 Inserts) 60 0.04 0.486 2.995 2.655 1.447 1515
8 60 0.06 0.518 3.925 3.413 1.500 2273
9 60 0.08 0.549 2977 2.731 1.567 3030
10 60 0.10 0.563 5.452 3.726 1.607 3788
11 60 0.12 0.643 4.588 3.836 1.660 4545
12 60 0.14 0.731 5.031 4.180 1.707 5303
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Table 4. Cont.
Test No. Type of Setup Spee.d Feed Rate Surface Roughness, pm Pow'er M3RR'
m/min (mm/tooth) Ra Rt Rz Consumption (KW) (mm?>/min)
13 30 0.04 0.384 2.822 2.580 1.214 760
14 30 0.06 0.418 2.735 2478 1.234 1140
15 30 0.08 0.427 2.489 2.075 1.254 1520
16 30 0.10 0.492 3.078 2.611 1.267 1900
17 30 0.12 0.523 2.603 2.293 1.280 2280
18 Second scenario 30 0.14 0558 3973  3.29% 1.307 2660
(4 Conventional +
19 1 Wiper Insert) 60 0.04 0.316 1.947 1.726 1.507 1515
20 60 0.06 0.337 2.551 2.218 1.560 2273
21 60 0.08 0.357 1.935 1.775 1.627 3030
22 60 0.10 0.366 3.544 2422 1.674 3788
23 60 0.12 0.418 2.982 2.493 1.727 4545
24 60 0.14 0.475 3.270 2.717 1.774 5303
25 30 0.04 0.278 2.040 1.865 1.247 760
26 30 0.06 0.302 1.977 1.792 1.274 1140
27 30 0.08 0.309 1.800 1.501 1.294 1520
28 30 0.10 0.356 2.226 1.888 1.307 1900
29 30 0.12 0.378 1.882 1.658 1.320 2280
30 Third scenario 30 0.14 0404 2873 2383 1.340 2660
(3 Conventional +
31 2 Wiper Inserts) 60 0.04 0.228 1.408 1.248 1.547 1515
32 60 0.06 0.243 1.845 1.604 1.607 2273
33 60 0.08 0.258 1.399 1.284 1.680 3030
34 60 0.10 0.265 2.562 1.751 1.720 3788
35 60 0.12 0.302 2.156 1.803 1.780 4545
36 60 0.14 0.344 2.365 1.965 1.827 5303

4.1. Effect of Process Parameters on Surface Roughness

Figure 8 illustrates the impact of feed rate on Ra at two cutting speed levels, 30 m/min
and 60 m/min, across three machining scenarios: one with five conventional inserts,
another with four conventional inserts plus one wiper insert, and the last featuring three
conventional inserts with two wiper inserts. It is revealed that Ra escalates with an increase
in feed rate across all scenarios, attributed to the augmented chip thickness, which amplifies
the surface waviness. Conversely, a higher cutting speed tends to decrease the uncut chip
thickness, resulting in smoother surfaces.

The inclusion of wiper inserts remarkably reduces the Ra values compared to scenarios
utilizing only standard inserts. This improvement is owed to the larger contact area
provided by the wiper insert when engaged with the workpiece, as detailed in Section 3.
Integrating two wiper inserts within the cutter can further enhance this effect by increasing
the likelihood of overlap between the wiper inserts, thereby extending the wiper edge
length and refining the machined surface quality. Nevertheless, it is important to note that
wiper inserts are typically more costly than standard ones. Hence, there is a critical need to
optimize the number of wiper inserts and adjust the process parameters wisely to balance
achieving high productivity and superior surface finish while maintaining cost-efficiency
in machining operations.
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Figure 8. Correlation among feed rate and Ra for three machining scenarios at different cutting
speeds.

In Figure 9, Rt and Rz are compared across different machining scenarios at a fixed
cutting speed of 30 m/min. The results show that the third scenario, which employs
two wiper inserts, achieves the lowest Rt and Rz values. This outcome emphasizes the

effectiveness of using multiple wiper inserts to reduce the peaks of the roughness profile,
thereby enhancing the surface finish.

—#— Rt (5C) —&— Rt (4C+1W) —&— Rt (3C+2W)
—®— Rz (5C) —¥ Rz (4C+IW) < Rz (3C+2W)

6
5
g |
2
$ 4
%}
c
&
E
& 34 .
&~
- — 4 . -~ ‘7‘
~~ e
»
1 T T T T T T T T T T T
0.04 0.06 0.08 0.10 0.12 0.14

Feed rate (mm/tooth)

Figure 9. Correlation among feed rate and Rt and Rz for three machining scenarios.

The analysis reveals that a feed rate of 0.12 mm/tooth acts as a critical threshold for
surface roughness. Below this feed rate, the values of Rt and Rz remain relatively stable
and low, suggesting that the surface quality is less sensitive to variations in feed rate within
this range. However, beyond this threshold, both Rt and Rz exhibit a significant increase,
indicating a marked deterioration in surface quality as the feed rate rises. This observation
highlights the importance of maintaining the feed rate below a certain level to preserve
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the integrity of the surface finish during machining, particularly when striving for optimal
surface quality in precision manufacturing.

4.2. Effect of Process Parameters on Power Consumption and MRR

MRR is calculated using Equations (2)—(4), and their values are listed in Table 4.
It is observed that MRR has a direct proportionality with both cutting speed and feed
rate, as shown in Figure 10. This relationship is attributed to their combined effect on
enhancing chip removal efficiency, thereby increasing MRR. While high productivity is
essential for economic benefits, escalating the feed rate imposes higher demands on power
to counteract the increased generated cutting forces and temperature of the process zone,
as depicted in Figure 11. Moreover, while higher cutting speeds can improve surface
quality, they also lead to a substantial 40% increase in power consumption when the feed
rate reaches 0.14 mm/teeth, a trend also shown in Figure 11. Additionally, the use of
wiper inserts, which feature a larger contact area with the workpiece, further elevates
power consumption. Specifically, each wiper insert added to the milling cutter raises the
power consumption by an additional 5%. Given these dynamics, it is crucial to fine-tune
the process parameters to establish an equilibrium between power usage, productivity,
and attaining the requisite surface quality standards for machined products. Optimizing
these parameters ensures that manufacturing processes remain economically viable while
adhering to desired performance criteria.

MRR=w x d X fy, (2)
fm=N><I1tXft (3)
N =1000 x V/(II x D) )

where w is the width of cut (mm), d is the depth of cut (mm), fy, is the feed rate (mm/min),
and N is the spindle speed (rpm). n; is the number of teeth on the cutter, ft is the chip load
in mm/tooth, V is the surface speed (meter/min), Il = 3.14, and D is the cutter diameter.

6000
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2000
l 1000
0.04 0.06 0.08 0.1 0.12 0.14

B MRR (mm3/min) at a Speed of 60m/min

o

B MRR (mm3/min) at a Sveed of 30m/min

Figure 10. Correlation between feed rate and MRR at different cutting speeds.
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Figure 11. Correlation among feed rate and PC for the three machining scenarios at different cutting
speeds.

5. Grey Relational Analysis

Machining is inherently a complex, multivariate process characterized by significant
uncertainty and often unclear interrelationships among various process variables. Grey
relational analysis (GRA) offers a robust methodology to simplify multi-objective optimiza-
tion problems by condensing them into a singular optimization metric known as the grey
relational grade (GRG). This grade serves as a composite indicator reflecting multiple per-
formance characteristics [38]. GRA is particularly adept at addressing the challenges posed
by uncertainty, multiple input variables, and discrete data sets in machining processes [39].
In this context, the framework of grey systems theory conceptualizes the unknown or
uncertain information as ‘black’, well-defined information as “white’, and information that
is partially known or uncertain as ‘grey’. The grey system thus occupies a conceptual
space that bridges the fully known (white) and the completely unknown (black) [40]. The
determination of the GRG involves several key steps, outlined as follows:

5.1. Data Pre-Processing

The numerical data representing the performance characteristics (Ra, Rt, Rz, power
consumption (PC), and material removal rate (MRR)) are initially normalized within a zero
to one range, a process termed ‘grey relational generation’, as illustrated in Table 5. This
normalization facilitates a consistent comparison across different scales and magnitudes of
the data. For the analysis of these normalized values, the methodology is tailored based
on the desired direction of optimization for each parameter. There are three principal
approaches to interpret the normalized data: ‘higher-the-better’, ‘smaller-the-better’, and
‘nominal-the-better’ [41]. Each approach is selected based on the specific optimization goals
associated with the different performance characteristics being evaluated.
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Table 5. Normalized responses and deviation sequence.
Normalization Deviation Sequence
Test No. Rz PC MRR Rz PC MRR
Ra(um) Rt (um) (um) ®W)  (mm’min) 2 HM) RE(um) (um) (KW)  (mm?>/min)
1 0.4247 0.3759 0.2881 1.0000 0.0000 0.5753 0.6241 0.7119 0.0000 1.0000
2 0.3423 0.4043 0.3291 0.9697 0.0836 0.6577 0.5957 0.6709 0.0303 0.9164
3 0.3201 0.4845 0.4911 0.9394 0.1673 0.6799 0.5155 0.5089 0.0606 0.8327
4 0.1616 0.2921 0.2755 0.9197 0.2509 0.8384 0.7079 0.7245 0.0803 0.7491
5 0.0856 0.4474 0.4037 0.8985 0.3346 0.9144 0.5526 0.5963 0.1015 0.6654
6 0.0000 0.0000 0.0000 0.8682 0.4182 1.0000 1.0000 1.0000 0.1318 0.5818
7 0.5911 0.6614 0.6319 0.5758 0.1662 0.4089 0.3386 0.3681 0.4242 0.8338
8 0.5404 0.4641 0.4335 0.4955 0.3330 0.4596 0.5359 0.5665 0.5045 0.6670
9 0.4913 0.6653 0.6120 0.3939 0.4997 0.5087 0.3347 0.3880 0.6061 0.5003
10 0.4691 0.1402 0.3516 0.3333 0.6665 0.5309 0.8598 0.6484 0.6667 0.3335
11 0.3423 0.3235 0.3229 0.2530 0.8331 0.6577 0.6765 0.6771 0.7470 0.1669
12 0.2029 0.2295 0.2329 0.1818 1.0000 0.7971 0.7705 0.7671 0.8182 0.0000
13 0.7528 0.6981 0.6515 0.9288 0.0000 0.2472 0.3019 0.3485 0.0712 1.0000
14 0.6989 0.7166 0.6782 0.8985 0.0836 0.3011 0.2834 0.3218 0.1015 0.9164
15 0.6846 0.7688 0.7836 0.8682 0.1673 0.3154 0.2312 0.2164 0.1318 0.8327
16 0.5816 0.6438 0.6434 0.8485 0.2509 0.4184 0.3562 0.3566 0.1515 0.7491
17 0.5325 0.7446 0.7266 0.8288 0.3346 0.4675 0.2554 0.2734 0.1712 0.6654
18 0.4770 0.4540 0.4642 0.7879 0.4182 0.5230 0.5460 0.5358 0.2121 0.5818
19 0.8605 0.8838 0.8749 0.4848 0.1662 0.1395 0.1162 0.1251 0.5152 0.8338
20 0.8273 0.7556 0.7462 0.4045 0.3330 0.1727 0.2444 0.2538 0.5955 0.6670
21 0.7956 0.8863 0.8621 0.3030 0.4997 0.2044 0.1137 0.1379 0.6970 0.5003
22 0.7813 0.5450 0.6928 0.2318 0.6665 0.2187 0.4550 0.3072 0.7682 0.3335
23 0.6989 0.6642 0.6743 0.1515 0.8331 0.3011 0.3358 0.3257 0.8485 0.1669
24 0.6086 0.6031 0.6156 0.0803 1.0000 0.3914 0.3969 0.3844 0.9197 0.0000
25 0.9208 0.8640 0.8386 0.8788 0.0000 0.0792 0.1360 0.1614 0.1212 1.0000
26 0.8827 0.8774 0.8577 0.8379 0.0836 0.1173 0.1226 0.1423 0.1621 0.9164
27 0.8716 0.9149 0.9338 0.8076 0.1673 0.1284 0.0851 0.0662 0.1924 0.8327
28 0.7971 0.8246 0.8325 0.7879 0.2509 0.2029 0.1754 0.1675 0.2121 0.7491
29 0.7623 0.8975 0.8927 0.7682 0.3346 0.2377 0.1025 0.1073 0.2318 0.6654
30 0.7211 0.6873 0.7030 0.7379 0.4182 0.2789 0.3127 0.2970 0.2621 0.5818
31 1.0000 0.9981 1.0000 0.4242 0.1662 0.0000 0.0019 0.0000 0.5758 0.8338
32 0.9762 0.9054 0.9069 0.3333 0.3330 0.0238 0.0946 0.0931 0.6667 0.6670
33 0.9525 1.0000 0.9906 0.2227 0.4997 0.0475 0.0000 0.0094 0.7773 0.5003
34 0.9414 0.7533 0.8684 0.1621 0.6665 0.0586 0.2467 0.1316 0.8379 0.3335
35 0.8827 0.8394 0.8548 0.0712 0.8331 0.1173 0.1606 0.1452 0.9288 0.1669
36 0.8162 0.7951 0.8124 0.0000 1.0000 0.1838 0.2049 0.1876 1.0000 0.0000

In this study, surface roughness (Ra, Rt, Rz) and power consumption (PC) are targeted
for minimization and hence are categorized under the ‘smaller-the-better’ criterion. This
means that lower values are preferred for these parameters, indicating better performance.
Therefore, the normalization process for Ra, Rt, Rz, and PC adjusts the original data such
that lower raw values translate to higher normalized values, aligning with the objective
of minimizing these variables. The expression to calculate the normalized value for these

‘smaller-the-better’ characteristics will be outlined following this methodology, enabling a

unified and objective comparison across all performance metrics, and can be expressed as:

_ max(yy) — i
max(y;;) — min(y;j)

Xjj )
While the material removal rate, which is a higher-the-better performance characteris-
tic, can be expressed as:
_ yij—min(y;)
xij = . (6)
max(y;;) — min(y;;)
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where y;; represents the original numerical data of each response

5.2. Grey Relational Coefficient and Grey Relational Grade

In a subsequent grey relational generation, a grey relational coefficient is determined to
represent the correlation between the ideal and actual normalized experimental results. The
grey relational coefficient &;(k) for the kth performance characteristics in the ith experiment
set can be described in Equation (7) [42].

A Amax
£ilk) = et

where Ay; denotes the deviation sequence, Equation (5), which means that the absolute
value of the difference between X?(k) and X; (k).

Doi =||Xq (k) — X (k)| (8)
Bin =i || 36~ 7 06| ©
Amax = rnaxmax Xp (k) — X5 (k) H (10)

where X;;(k) donates reference sequence. ¢ is the distinguishing coefficient that takes a
value between zero and unity depending on the system requirement. In general, £ = 0.5,
and the deviation sequence is listed in Table 5, while the grey relational coefficient is listed
in Table 6. Next, calculate the grey relational grade ; by taking the average value of the
grey relational coefficients. The grey relational grade can be expressed as:

1
vi= Y &ik) (11)

Table 6. Grey relational coefficient, grade, and grade ranking.

Grey Relational Coefficient

Test No. Ra Rt Rz PC MRR Grade Rank
(um) (um) (um) (KW) (mm3/min)
1 0.4650 0.4448 0.4126 1.0000 0.3333 0.5311 25
2 0.4319 0.4563 0.4270 0.9429 0.3530 0.5222 28
3 0.4238 0.4924 0.4956 0.8919 0.3752 0.5358 24
4 0.3736 0.4139 0.4083 0.8616 0.4003 0.4916 32
5 0.3535 0.4750 0.4561 0.8312 0.4290 0.5090 31
6 0.3333 0.3333 0.3333 0.7914 0.4622 0.4507 36
7 0.5501 0.5963 0.5759 0.5410 0.3749 0.5276 26
8 0.5211 0.4827 0.4688 0.4977 0.4285 0.4798 34
9 0.4957 0.5990 0.5631 0.4521 0.4998 0.5219 29
10 0.4850 0.3677 0.4354 0.4286 0.5999 0.4633 35
11 0.4319 0.4250 0.4248 0.4010 0.7498 0.4865 33
12 0.3855 0.3936 0.3946 0.3793 1.0000 0.5106 30
13 0.6691 0.6235 0.5893 0.8753 0.3333 0.6181 15
14 0.6241 0.6382 0.6084 0.8312 0.3530 0.6110 16
15 0.6132 0.6838 0.6980 0.7914 0.3752 0.6323 14
16 0.5444 0.5840 0.5837 0.7674 0.4003 0.5760 22
17 0.5168 0.6619 0.6465 0.7449 0.4290 0.5998 19
18 0.4888 0.4780 0.4827 0.7021 0.4622 0.5228 27
19 0.7819 0.8114 0.7999 0.4925 0.3749 0.6521 12
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Table 6. Cont.
Grey Relational Coefficient
Test No. Ra Rt Rz PC MRR Grade Rank
(um) (um) (um) (KW) (mm?3/min)
20 0.7432 0.6717 0.6633 0.4564 0.4285 0.5926 20
21 0.7098 0.8147 0.7838 0.4177 0.4998 0.6452 13
22 0.6957 0.5235 0.6194 0.3943 0.5999 0.5666 23
23 0.6241 0.5982 0.6055 0.3708 0.7498 0.5897 21
24 0.5609 0.5575 0.5654 0.3522 1.0000 0.6072 17
25 0.8632 0.7862 0.7559 0.8049 0.3333 0.7087 4
26 0.8100 0.8031 0.7784 0.7551 0.3530 0.6999 6
27 0.7957 0.8546 0.8831 0.7221 0.3752 0.7261 3
28 0.7114 0.7403 0.7491 0.7021 0.4003 0.6606 11
29 0.6778 0.8299 0.8234 0.6832 0.4290 0.6887 8
30 0.6419 0.6152 0.6274 0.6561 0.4622 0.6006 18
31 1.0000 0.9962 1.0000 0.4648 0.3749 0.7672 1
32 0.9546 0.8409 0.8430 0.4286 0.4285 0.6991 7
33 0.9132 1.0000 0.9815 0.3915 0.4998 0.7572 2
34 0.8950 0.6696 0.7916 0.3737 0.5999 0.6660 10
35 0.8100 0.7569 0.7749 0.3499 0.7498 0.6883 9
36 0.7312 0.7093 0.7272 0.3333 1.0000 0.7002 5

The grey relational grade, as presented in Table 6, is subsequently ranked to determine
the hierarchy of the highest GRA values. This ranking process unveils that experiment
number 31 represents the optimal combination of process parameters. This particular
setup successfully minimizes the surface roughness parameters (Ra, Rt, Rz) and power
consumption (Pc) while maximizing the material removal rate (MRR). The optimal pa-
rameter combination identified involves operating at a cutting speed of 60 m/min, a feed
rate of 0.04 mm/tooth, and incorporating two wiper inserts in the milling cutter, aligning
with the third scenario. This finding demonstrates the effectiveness of the selected param-
eters in achieving a balance between high productivity and optimal surface finish while
maintaining efficient power usage.

6. Conclusions

The current study explored the impact of utilizing various numbers of wiper inserts
on improving surface quality and productivity during the face-milling of maraging steel
350. The key findings from this investigation can be summarized as follows:

e  Surface topography predictions were made for both wiper and standard inserts using
the maximum height method. These predictions were then experimentally validated
across three different machining setups. It was observed that employing two wiper
inserts (as in the third scenario) significantly smoothens the roughness profile. This
improvement is attributed to the increased contact area between the tool and the
workpiece compared to other scenarios.

e  Although the feed rate is inverse to the arithmetic average roughness (Ra), using a
wiper insert mitigates the increase in Ra observed at higher feed rates.

e Anincrease in cutting speed results in a 40% rise in power consumption, primarily
due to augmented friction between the cutting tool and the workpiece. Furthermore,
each additional wiper insert contributes to a 5% increase in power consumption due
to the larger contact area between the cutting tool and the workpiece, which increases
the cutting forces.

e Incorporating more wiper inserts leads to better surface quality when machining
maraging steel 350. However, it is important to note that wiper inserts are more
expensive and consume more power than standard inserts. Thus, finding the optimal
balance of wiper insert number and process parameters is crucial to meet industrial
machining standards cost-effectively.
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Through grey relational analysis optimization, the study identified an optimal com-
bination of process parameters that maximizes surface quality and material removal rate
(MRR) while minimizing power consumption. Specifically, a cutting speed of 60 m/min, a
feed rate of 0.04 mm/tooth, and the use of two wiper inserts (the third scenario) were found
to be the best settings. This optimal setup achieved a Ra of 0.228 pm, a power consumption
(PC) of 1.547 kW, and an MRR of 1515 mm?/min.

The research highlights the importance of precision in setting machining parameters
to optimize the benefits of using wiper inserts. The specific settings that yielded the best
results in this study serve as a valuable reference for similar machining tasks. However,
the findings also suggest areas for further research, such as investigating the long-term
wear of wiper inserts compared to standard inserts under similar machining conditions or
exploring the impact of using wiper inserts on the lifespan of the milling machine due to the
increased power consumption. Additionally, the study might prompt further investigation
into the scalability of these results to other types of materials or different milling operations,
expanding the applicability of the findings. Finally, the environmental aspect could also
be considered, where the increased energy consumption with wiper inserts might have
implications for the carbon footprint of the machining process, an angle that could be
explored in future studies.
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