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Machinability and Tribological Performance of Advanced
Alloys

George A. Pantazopoulos

ELKEME Hellenic Research Centre for Metals S.A., 61st km Athens—Lamia National Road,
32011 Oinofyta, Viotias, Greece; gpantaz@elkeme.vionet.gr; Tel.: +30-2262-60-4463

1. Introduction and Scope

Machining is specially utilized to manufacture special, precision parts and difficult-to-form
materials. The most challenging aspects of this topic are the continuously evolving quality
and productivity requirements in modern industries and creating new and smart materials
that meet energy and environmental (green/clean) regulations. In general, among the
conventional machining operations, high-end, modern material removal processes are
addressed in this Special Issue (e.g., using high-energy beams, such as laser machining).

The tribological performance of alloys plays an important role in the production or
service environment. Because it is closely related to their materials and manufacturing
characteristics, it is considered to be a combined topic in the frame of this Special Issue.
The study of tribological behaviour suitably addresses the surface engineering aspects of
modern and conventional alloys, either in bulk or in coating form, and receives special
attention in the generic context of industrial component production and/or service in
aggressive working environments.

The core subject of this Special Issue is the elaboration and presentation of studies on
alloy design, manufacturing, testing and characterization in order to provide a clear insight
into their machinability and/or tribological behaviour. The improvement of these proper-
ties has led to the development of new alloy chemistries, novel engineered microstructures
and the application of coatings that produce better machinability and/or tribological en-
durance properties under poor service conditions. Environmental and health and safety
regulations demand the use of ecofriendly components. The manufacture of anti-microbial
copper alloys in healthcare facilities and the elimination of lead in brass components for
drinking water applications constitute examples of this modern industrial trend.

Altering the manufacturing and service conditions is also essential for achieving the
optimization of their machinability and tribological performance. The application of surface
processes to enhance the tribological performance of alloys is be addressed in this Special
Issue.

Briefly, the main machinability parameters and outcomes are schematically depicted
in Figure 1.

Metals 2023, 13, 1190. https://doi.org/10.3390/met13071190 https://www.mdpi.com/journal/metals
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Figure 1. Schematic diagram illustrating that the special design of basic and generic material parame-
ters could control level of the machinability and the major outcomes.

2. Contributions

The Special Issue “Machinability and Tribological Performance of Advanced Alloys”
contains fifteen research articles [1–15], including one review paper [5]. The contents of this
collection cover a wide spectrum of cross-disciplinary fields related to the machinability and
tribological behaviour of materials with a variety of industrial applications. In addition,
there are a few papers that, although they are not directly relevant to the core-subject
area, provide valuable insight into the broader area of manufacturing technology [2,8]
and the advanced characterization methodology of W-Cu nanocrystalline materials using
FEM nanoindentation [4].

The main papers take a materials-focus perspective utilizing various manufacturing
processes, such as turning [5,13], planing [10] and electric discharge machining [3,15]. A
review paper reported on the basic categories of leaded and lead-free machinable brass
alloys [5], while a specialized crystallographic investigation using Electron Backscatter
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Diffraction (EBSD) analysis revealed the texture and fracture behaviour relationships
of lead-free machinable brass alloys (such as CW511L and CW510L) [7]. Texture and
phase analyses were performed before and after a heat treatment, which was applied for
machinability improvement [7]. The combination of LAGBs and Σ3 boundaries together
with β-phase content play a significant role in energy absorption and fracture resistance
development [7]. The influence of induction heating on the machining of an SDK11 (high
C, Cr-Mo) alloy steel is presented [12]. According to this study, the steel microstructure was
not changed after heating it at a temperature between 200 and 400 ◦C, while a significant
cutting force reduction was observed [12]. In [13], a comparative study on vibration
monitoring among three brass alloys, two lead-free ones (CW510L and CW724R) and one
leaded one (CW614N) was performed. According to this research, on average, CW510L and
CW614N brass alloys demonstrated three times lower vibration damping values compared
to that of CW724R brass alloy. In [15], the surface quality of an EDM-treated nickel based
superalloy (Inconel 617) using cryogenically and non-cryogenically treated electrodes and
various modified dielectrics of transformer oil was investigated.

Tribological behaviour research that aimed to improve the lifetime of materials/components
by increasing the wear and/or corrosion resistance was undertaken in [1,6,9]. A compara-
tive study concerning the abrasive wear resistance of different plughshare steels is presented
in [9]. Furthermore, a study on the lubrication efficiency of Inconel 718 and the WC tri-
bosystem is presented in [11]. The sulfurized fatty acid ester results in excellent anti-wear
and anti-friction properties [11]. According to [14], a reverse thermal model and parametric
modelling were applied to predict the temperature history of surface clads (carbide/steel
systems) produced via a Concentrated Solar Energy surface treatment (CSE). This could
result in the correlation between CSE processing parameters and the performance of created
surface layers.

The content of the Special Issue is also presented to facilitate the readership and for
taxonomy purposes (Table 1).

Table 1. List of topics and materials elaborated in the contents of the current S.I.

Reference Number

Relevant Topic

Materials
Machinability

Tribology/Surface
Properties

Miscellaneous

[1] X210CrW12 steel
[2] AA5083 Al-alloy
[3] DC53 steel
[4] W-Cu (nanocrystalline)
[5] Copper alloys (brasses)
[6] Fe-Bulk metallic glasses
[7] Copper alloys (brasses)
[8] Mild steel

[9] Steels (mainly S355J2G3, 37MnSi5,
Hardox 450, UTP 690, OK 84.58)

[10] EN C45 carbon steel
[11] Inconel 718/WC
[12] SKD11 Alloy Steel

[13] Brass alloys (CW510L,
CW614N, CW724R)

[14] TiC/carbon steel, Cr3C2/carbon steel
[15] Inconel 617

3. Conclusions and Outlook

The current Special Issue aims to place emphasis on this critical area of manufacturing,
shedding light onto relationships governing the mutually influenced and interrelated
properties of the machinability and tribological behaviour of metallic materials.
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Since the industry demands more sustainable, energy efficient- and environmental-/
health and safety (E&HS)-friendly solutions, more research will be conducted on innovative
and “green” materials (such as eco-friendly or lead-free copper alloys, environmentally
friendly coatings and lubricants) and cost-efficient manufacturing processes. Industrial
digitalization and modernization (in the frame of Industry 4.0) may further contribute to
high-performance lean production, leading to the highest quality products and components,
displaying minimum variation in their quality characteristics.
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Abstract: In this paper, the X210CrW12 steel was subjected to gas nitriding to obtain a complex phase
compound layer with limited porosity. The nitrided layer was characterized by scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD). The fretting
wear behavior and the evolution of fretting wear damage of the compound layer were studied, and the
worn surfaces were characterized by SEM/EDS and 3D optical profilometry. The results indicated that
the compound layer showed superior fretting wear resistance and sufficient load-carrying capacity in
the low loading case of 35 N, but the fracture of coarse nitrides (transformed primary carbides) was
obviously detrimental to wear resistance. For the high loading case of 70 N, the low toughness of
the compound layer led to the occurrence of brittle cracks, and the decrease in the thickness of the
compound layer due to wear resulted in the cracking and spalling of the compound layer.

Keywords: compound layer; brittle delamination; oxidative mechanism; fretting wear

1. Introduction

Gas nitriding, as a typical thermo-chemical surface treatment, is one of the most efficient methods
to enhance the surface properties, such as surface hardness, corrosion and wear resistance [1–8].
The typical nitrided layer consists of two different structures, known as the compound layer and
diffusion layer. Generally, the compound layer is composed of γ′-Fe4N, ε-Fe2–3N, or a mixed phase
(ε + γ′). The diffusion layer brings about an improvement of the fatigue properties, whereas the
improvement of wear and corrosion properties is ascribed to the compound layer [3].

There are three main types of compound layer. One type of layer consists of a predominant
percentage of ε phase. Such a layer is very porous and its wear resistance is worsened [9,10]. However,
the γ′ phase is more ductile than ε phase, but the compound layer consisting of monophase γ′ is
usually thin and prone to spalling in heavy conditions due to the extremely hardness differences
occurring between the compound layer and diffusion zone [11]. The next layer consists of γ′ + ε iron
nitrides with a limited percentage of ε phase. Investigations show that if the porosity in this type of
compound layer can be well controlled, the compound layer with a relative reasonable thickness is very
beneficial to the wear and corrosion resistance in many cases [12–15]. In practice, the complex phase
compound layers (with limited porosity) are widely applied in non-impact conditions to improve the
resistance to damage affecting the component life such as wear and corrosion. Further, the sliding
wear characteristics of this type of compound layer have been extensively studied [4–7,11–13,16–18].
As reported by Rad et al. [17], the specimens with a good thickness compound layer had a lower wear
rate, but the thin compound layer was broken in small sliding distance, resulting in a high wear rate.
In the paper [18], the sliding wear test of the nitrided specimens was carried out on a ball-on-disc
machine under loads of 100 and 300 N, and the GCr15 steel ball (with a hardness of 63–65 HRC) was

Metals 2020, 10, 1391; doi:10.3390/met10101391 www.mdpi.com/journal/metals
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used as the counterbody material. The results showed that the compound layer consisting of γ′ + ε

phases showed excellent wear resistance under the light load of 100 N, but poor wear properties at the
heavy load of 300 N.

Fretting wear, which is caused by the vibration of the mechanical system or the variation in loads,
is found to be different from the sliding wear [19] due to the small displacement amplitude, and the
material loss caused by it is much less than that caused by sliding wear. However, fretting wear can
produce a loss of fitting and degrade the functionality of the mechanical system. The degradation
of the component surface caused by fretting wear is the result of several wear mechanisms, such as
abrasion, adhesion, crack and oxidation [20]. Although many experimental works have been carried
out to study the sliding wear behavior of the compound layer, there is a lack of knowledge relating to
the fretting wear behavior. Identification of the evolution of fretting wear damage of the compound
layer is crucial to ensure stable service of the nitrided components.

In this study, the X210CrW12 steel was selected as the experiment material. It is a very hard
material with high wear-resistance and can be widely used in tribological applications [21]. The material
was subjected to gas nitriding to obtain a complex phase compound layer with limited porosity, and the
fretting wear behavior and the evolution of fretting wear damage of the compound layer were analyzed
in detail.

2. Materials and Methods

2.1. Material Preparation and Nitriding Treatment

The chemical composition (wt.%) of X210CrW12 steel used in this study is shown in Table 1.
The discs with a diameter of 40 mm and thickness of 11 mm were cut from a bar received in the
annealed condition. Before nitriding, specimens were austenitized at 1080 ◦C for 30 min followed
by oil quenching, then triple tempered at the temperature of 580 ◦C for 2 h, leading to a hardness of
495 ± 15 HV0.2. After the heat treatment, the thickness of all specimens was machined to 8 mm to
remove the decarburized layer. Prior to the gas nitriding process, all specimens were ground with
SiC abrasive papers of 600, 1200, 1500 and 2000 grits followed by mirror polishing, and ultrasonically
cleaned in acetone for 10 min. Then, all specimens were hung in a gas nitriding furnace. Gas nitriding
was performed using an industrial unit at 500 ◦C for nearly 70 h, and the high-purity NH3 gas was
used as the nitriding medium.

Table 1. Compositions of X210CrW12 steel specimen (wt.%).

C Si Mn P Cr V W Fe

2.16 0.2 0.26 0.27 12.2 0.12 0.81 Bal.

2.2. Fretting Wear Test and Microstructure Characterization

Fretting wear tests were performed on an Optimol SRV IV (DIN51834, SRV, Optimol, Munchen,
Germany) reciprocating friction and wear test machine under the dry condition at a temperature of
25 ◦C. The ball-on-flat method was adopted to perform the test, as illustrated in Figure 1. The upper
ball specimen (SiC ball with a hardness of about 2600 HV) with a diameter of 10 mm was mounted in a
holder attached to an oscillating electro-mechanical drive, and pressed against the stationary lower
specimen (nitrided specimen). In addition, load, frequency and amplitude conditions were chosen for
best test stability. The fretting wear tests were carried out under the load of 35 N and 70 N, because the
fretting wear behavior of the nitrided samples under these two load conditions was representative.
In order to study the evolution of fretting wear damage, the fretting cycle ranged from 24 × 103 to
72 × 103. Each test was repeated at least three times to check the repeatability. The main test parameters
are listed in Table 2. After each fretting wear test, the specimens were ultrasonically cleaned for 15 min,
thus leaving any debris that was more firmly adhered to the worn surface.
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Figure 1. Schematic diagram of ball-on-disk fretting tribometer.

Table 2. Main test parameters.

Load
(N)

Frequency
(Hz)

Stroke
(μm)

Duration, N
(Number of Cycles)

35, 70 20 200 24 × 103, 48 × 103, 72 × 103

The cross-sectional microstructure of nitrided specimen and the fretting wear mechanism was
studied by scanning electron microscopy using backscattered electron mode (SEM/BSE; Quanta 200
& Nova nanosem 430, FEI, Hillsboro, OR, USA). The microhardness of the nitrided specimen was
measured using a Vickers microhardness tester (HDV-10002, SCTMC, Shanghai, China) with a load
of 1.96 N and a holding time of 15 s. Phase composition of the un-nitrided and nitrided specimens
was studied by X-ray diffraction (XRD; D8 Advance, Bruker-axs, Karlsruhe, Germany). The surface
topography of wear scar was characterized by mean of a 3D optical profiler (America RTEC Up
Dual-Mode), and the depth and volume of the wear scar were obtained by the instrument software.

3. Results and Discussion

3.1. Microstructural Characteristics

Figure 2 shows the cross-sectional microstructure of the nitrided layer. It can be found that the
primary and secondary alloy carbides are dispersed throughout the base material. These phases
represent the main microstructural characteristics of X210Crw12 steel. During nitriding, these initial
carbides will be transformed into nitrides [22,23], as confirmed by the results of EDS analysis (Figure 2c),
and the released carbon atoms will diffuse (i) toward the nitrogen diffusion front, forming the cementite
precipitates along grain boundaries, and (ii) toward the outer surface, leading to decarburization of
the surface adjacent region [23]. Figure 2b clearly shows that the compound layer is a compact layer,
and the thickness of the compound layer was measured to be in the range of about 8–10 μm. However,
small pores formed on the top surface of the compound layer, as shown with arrows. Figure 3 shows
the cross-sectional microhardness profile of the nitrided specimen. After nitriding, the surface hardness
is 960 ± 30 HV0.2, which was measured after the removal of pores on the top surface of the compound
layer. The decrease in the surface hardness may be caused by the occurrence of decarburization in the
surface adjacent regions [23] or the long nitriding time [12,23].
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Figure 2. Cross-sectional microstructure of the nitrided layer: (a) overall features, (b) a close view of
the rectangle in (a) and (c) energy dispersive spectroscopy (EDS) analysis of the point in (b).

 

Figure 3. Cross-sectional hardness–depth profile for the nitrided specimen.

Figure 4 shows the X-ray diffraction patterns on the surface of the un-nitrided and nitrided
specimens. Before nitriding, the substrate is characterized by ferrite (tempered martensite) and
(Cr, M)7C3 carbide diffraction patterns (Figure 4a). After nitriding, the presence of the γ′ (Fe4N) and ε

(Fe3N) phases, together with the CrN phase can be identified (Figure 4b), confirming the formation of
the compound layer constituted by these phases. Then, the nitrided specimen was polished to remove
the pores on the top surface of the compound layer. Figure 4c shows the XRD phase analysis of the
compound layer after polishing. It can be found that after polishing, the peak intensity of ε phase
becomes stronger, while the intensity of γ′ phase peak becomes weak. Therefore, the existence of ε
phase should not be responsible for the formation of pores on the top surface of the compound layer.
The reason for the formation of pores and the increase in the amount of γ′ phase at the top surface of
the compound layer may be due to the occurrence of decarburization in this region [24]. As estimated
from the intensities of the respective diffraction lines (Figure 4c), the ratio of ε/γ′ for the compound
layer is about 1.3, which provides high hardness for the compound layer and makes its porosity be
well controlled.
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(a) (b) (c) 

Figure 4. X-ray diffraction from the surface of (a) un-nitrided specimen, (b) nitrided specimen before
polishing and (c) nitrided specimen after polishing.

3.2. Fretting Wear Behavior

Figure 5 plots the evolution of the friction coefficient for 72 × 103 fretting cycles under the two
loading conditions. In the loading case of 35 N, the friction coefficient varies very much in the initial
24 × 103 cycles, and then gets to a steady state with a small value of around 0.32. However, it is
worth noting that the friction coefficient can increase rapidly at a certain time, and then decreases
gradually to the stable value again. Under the normal load of 70 N, the frictional coefficient curve
shows different characteristics from that in the loading case of 35 N. The friction coefficient varies very
much throughout the whole wear process, and the average friction coefficient is 0.45, which is higher
than that in the loading case of 35 N. This finding is in contrast with the results reported by many other
investigators [25,26]. In their work, the friction coefficient decreased with increasing the normal load,
which was proposed to be due to the fact that the surface contact was the elastic contact which resulted
in the asperities interlock in the low loading case [26].

 

Figure 5. Evolution of friction coefficient under the load of (a) 35 N and (b) 70 N.

Figure 6 illustrates the wear volume of the nitrided specimens as a function of cycle number.
For the two loading conditions, the wear volume increases with the number of cycles as expected.
However, for the loading case of 35 N, it can be seen that the wear rate rapidly decreases to a very low
value after the initial 24 × 103 cycles. When the fretting cycle increases from 24 × 103 to 72 × 103 the
wear volume increases slowly from 0.62 × 10−3 mm3 to 0.82 × 10−3 mm3. Under the normal load of
70 N, the wear volume shows a different trend compared to that under the load of 35 N, it increases
almost linearly with increasing the fretting cycle.
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Figure 6. Wear volume of the nitrided specimens under the load of 35 N and 70 N.

Figure 7 shows the 3D surface morphologies and BSE images of the wear scars after different
fretting cycles under the normal load of 35 N. The 3D surface morphologies show that the worn
surfaces are dominated by the deep grooves parallel to the sliding direction, suggesting that the main
wear mechanism is two-body abrasive wear. Furthermore, it can be seen that wear depth in the central
region of the wear scars is maximum, which is proposed to be caused by the Hertzian contact pressure
distribution. However, the wear area and depth increase slowly with the increasing number of cycles.
From the SEM-BSE images of the wear scars, it can be seen that the worn surfaces for different cycle’s
tests show similar wear characteristics with some dark areas. EDS analysis of the dark area (point
in Figure 7h) is shown in Figure 8, revealing that the dark area is oxidized wear debris consisting
mainly of O, Fe and Si. These indicate that the abrasive particles generated from the wear of the
nitrided specimens and SiC balls were oxidized, and material transfer from the balls to the worn
surfaces occurred.

 

Figure 7. 3D surface morphologies, cross-sectional profiles and scanning electron microscopy using
backscattered electron mode (SEM-BSE) images of the wear scars after fretting cycles of 24 × 103 (a–d),
48 × 103 (e–h) and 72 × 103 (i–l) under the normal load of 35 N.
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Figure 8. EDS analysis of the dark area (the point in Figure 7h).

Figure 9 shows the worn surface at the center of the wear scar after 72 × 103 cycles. Some cracks
can be observed on the worn surface, resulting from the fracture of coarse nitrides (transformed primary
carbides) (Figure 9a). Under the high-frequency reciprocating sliding conditions, the cyclic stresses and
local concentrated stresses were imposed, leading to the cracking of coarse nitrides due to their low
toughness, and to their removal as fragments, leaving deep cavities on the worn surface (Figure 9a).
Figure 9b clearly shows that cracks are observed around the broken coarse nitride, suggesting that
the interfaces of the transformed primary carbides and matrix are the potential sites for the initiation
as well as the propagation of cracks. It becomes clear that these transformed primary carbides are
obviously detrimental to wear resistance in this situation. These observations are consistent with the
work of Singh et al. [27] who studied the wear behavior of AISI D2 steel in two-body abrasive wear and
stated that when the induced stress exceeded the fracture strength of primary carbides, the carbides
fractured due to their low ductility, and the fracture and exfoliation of the primary carbides were the
dominating factors affecting the wear resistance of the material. It can be observed that apart from the
fracture of the coarse nitrides, brittle cracks or metallic ribbons ready to detach can be hardly observed
in the matrix (Figure 9a), indicating that this type of compound layer shows good toughness and wear
resistance in this loading case.

 

Figure 9. (a) Worn surface at the center of the wear scar after 72 × 103 cycles under the normal load of
35 N. (b) Higher magnification BSE image of (a).

In all cases, the wear process itself can lead to a reduction of contact pressure due to the increased
area of contact, subsequently resulting in the decrease in wear rate, as predicted by the literature [28]
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which presented the macroscopic wear process using the finite element analysis (FEA). On the other
hand, the oxide layer formed on the worn surfaces should be responsible for the very low wear rate in
this loading case, because it acted as a lubricating film during the wear process [29,30], which favoured
the wear resistance and decreased the wear rate and friction coefficient.

The friction coefficient shows that there are two main wear mechanisms involved in the wear of
the nitrided specimens during the wear progress (Figure 5a). During the early fretting cycles of about
24 × 103, the friction coefficient varies very much. At this stage, the dominant wear mechanism is
abrasive wear, accompanied by the rapid removal of material, which is confirmed by the deep grooves
on the worn surface (Figure 7a) and the high wear rate (Figure 6). The oxidation mechanism is also
active (confirmed by the oxide layer on the worn surface as shown in Figure 7c and d), but it is not
the primary wear mechanism. Then, as the fretting cycle continues to increase, the friction coefficient
decreases to a small value of around 0.32, but it is worth noting that the friction coefficient can increase
rapidly at a certain time, and then decreases gradually to the stable value again. At this stage, the low
friction coefficient suggests that oxidation becomes the primary wear mechanism, which explains
the rapid decrease in the wear rate in this stage (Figure 6). It is reported that the changes in friction
coefficient are controlled by the wear particles produced by microcutting and spalling, and the size
of the wear particles at the contact surface plays a more important in raising friction, rather than the
number of particles [31]. Therefore, it can be inferred that the rapid increase in the friction coefficient at
the steady state should be caused by the large and hard particles resulted from the fracture of primary
carbides. These particles were comminuted by repeated plastic deformation and fracture. Once they
were reduced to a sufficiently small size, the friction coefficient was reduced to the stable value again.
On the other hand, the accumulation and cohesion of the wear debris in the form of the fine oxide
particles and their subsequent de-cohesion after reaching a critical size could also cause the appearance
of peaks in the friction coefficient curve. Table 3 shows the wear mechanisms of nitrided specimens at
different stages of testing.

Table 3. The wear mechanisms of nitrided specimens at different stages of testing under the load of
35 N.

Number of Cycles Wear Mechanism Coefficient of Friction Wear Rate

24 × 103 Abrasive wear *
Oxidation mechanism High High

48 × 103 Abrasive wear
Oxidation mechanism * Low Low

72 × 103 Abrasive wear
Oxidation mechanism * Low Low

* represents the main wear mechanism.

Figure 10 shows the SEM-BSE images of the wear scars and their corresponding 3D surface
topographies and cross-sectional profiles under the normal load of 70 N. The cross-section profiles
of the wear scars were measured vertical to the sliding direction, passing through the center of the
wear scars. It can be seen that the worn surfaces exhibit similar characteristics to that from the tests
conducted under the normal load of 35 N, showing many grooves parallel to the sliding direction and
darker-coloured oxides. In contrast to the loading case of 35 N, the wear scar area and depth have an
obvious increase with an increasing number of cycles. However, the average wear depth at the central
region of the wear scar after the initial 24 × 103 fretting cycles is about 6 μm. When the fretting cycle
continues to increase, the average wear depth at the central region gets to about 8 μm at 48 × 103 cycles
and about 11 μm at 72 × 103 cycles. It is clear that the compound layer at the central region of the
wear scar after the cycles of 72 × 103 is worn through. On the other hand, a large number of cracks
perpendicular to the sliding direction can be clearly observed in the central region of the wear scars
following 48 × 103 and 72 × 103 cycles.
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Figure 10. Plan view SEM-BSE images of the wear scars and their corresponding 3D surface
morphologies and cross-sectional profiles under the normal load of 70 N after fretting cycles of
24 × 103 (a–c), 48 × 103 (d–f), and 72 × 103 (g–i).

Figure 11 shows the SEM-BSE images of the central region of the wear scars and their corresponding
3D surface morphologies under the normal load of 70 N. It can be seen that there are few visible cracks
that can be observed at the central region of the wear scar after the initial fretting cycles of 24 × 103

(Figure 11a). However, the higher magnification image corresponding to the rectangular areas in
Figure 11a and b clearly reveals that some brittle cracks perpendicular to the sliding direction do occur
at the edge of the groove. Under the high normal load, the high contact pressure and shear stress can
promote the rapid removal of the material and the generation of deep grooves, especially at the contact
center (Figure 10). As shown in Figure 10b and c, the micro-cutting depth is quite deep in the early
stage of wear, inducing great stresses around the grooves. Consequently, the brittle cracks emerged on
the edge of the deep grooves due to the low toughness of the compound layer. It should be noted
that the obvious brittle delamination of the compound layer cannot be observed on the worn surface,
indicating that the compound layer still maintains a good load carrying capacity in this situation.

However, when the fretting cycle increases to 48 × 103, a large number of cracks perpendicular to
the sliding direction can be clearly seen on the worn surface (Figure 11c), and the higher magnification
image of rectangular areas in Figure 11c and d shows clear evidence that the propagation and
interconnection of the cracks result in severe delamination type wear in the zone between two deep
grooves. As the fretting cycle continues to increase to 72 × 103, there are only a few visible cracks in the
contact center corresponding to the maximum depth, but large amounts of cracks are concentrated at
the edge of the contact center, leading to severe delamination wear in these areas.

As predicted in the literature [28], the maximum contact pressure goes down with wear and the
contact pressure becomes more uniform. Therefore, the high contact pressure should not be the main
factor that leads to the severe brittle delamination of the compound layer at the central region of the
wear scars. Studies have shown that the load-carrying capacity of the coated system increased with
increasing substrate stiffness and coating thickness, and the very thin coatings were detrimental to the
load-carrying capacity [17]. The brittle delamination mechanism for the compound layer in the central
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region of the wear scar can be explained as follows. The rapid wear at the contact center reduced the
thickness of the compound layer, which reduced the strength against the external stress resulting in
the cracking or spalling of the compound layer. In general, the compound layer containing both γ′
phase and ε phase led to weak interface boundaries resulting in an increase in brittleness [16]. For the
area between two grooves, highly concentrated stresses were imposed during abrasion, promoting
the brittle fracture propagation, as shown in the higher magnification image of the rectangular areas
in Figure 11c. The delaminated layer then turned into bulk and hard abrasive particles, promoting
the wear in the contact region. Therefore, the primary wear mechanism throughout the wear process
was abrasive wear, which led to the high friction coefficient and wear rate. The wear mechanisms of
nitrided specimens at different stages of testing are shown in Table 4.

 

Figure 11. SEM-BSE images of the central region of the wear scars and their corresponding 3D surface
morphologies under the normal load of 70 N after fretting cycles of 24 × 103 (a,b), 48 × 103 (c,d),
and 72 × 103 (e,f), and the higher magnification SEM-BSE image corresponding to the rectangular area.

Table 4. The wear mechanisms of nitrided specimens at different stages of testing under the load of
70 N.

Number of Cycles Wear Mechanism Coefficient of Friction Wear Rate

24 × 103 Abrasive wear *
Oxidation mechanism High High

48 × 103
Abrasive wear *

Brittle delamination
Oxidation mechanism

High High

72 × 103
Abrasive wear *

Brittle delamination
Oxidation mechanism

High High

* represents the main wear mechanism.
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4. Conclusions

In this paper, the X210CrW12 steel was selected and subjected to gas nitriding to obtain the
complex phase compound layer. The fretting wear behavior and the evolution of fretting wear damage
of the compound layer were studied in detail. Some conclusions were summarized as follows:

(1) The obtained compound layer was a compact layer with limited porosity, and the ratio of ε/γ′ as
estimated from XED peaks is about 1.3.

(2) The compound layer showed superior fretting wear resistance and sufficient load-carrying
capacity in a low loading case of 35 N, and provided a rigid substrate to support the oxide layer,
leading to the oxidative mechanism.

(3) In the low loading case of 35 N, the fracture of coarse nitrides (transformed primary carbides)
was obviously detrimental to wear resistance, leading to crack initiation and propagation in the
matrix, and the generated hard particles controlled the friction coefficient.

(4) For the high loading case of 70 N, the compound layer still maintained good load carrying
capacity and the brittle delamination of the compound layer was suppressed in the early stage of
wear. However, some brittle cracks can be observed on the edge of the deep grooves due to the
induced great stresses around the grooves and the low toughness of the compound layer.

(5) Under the high loading case of 70 N, the rapid wear at the contact center reduced the thickness
of the compound layer, which reduced the strength against the external stress resulting in the
cracking and spalling of the compound layer.
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11. Karamiş, M.; Gerçekcioǧlu, E. Wear behaviour of plasma nitrided steels at ambient and elevated temperatures.
Wear 2000, 243, 76–84. [CrossRef]

12. Karamis, M. An investigation of the properties and wear behaviour of plasma-nitrided hot-working steel
(H13). Wear 1991, 150, 331–342. [CrossRef]

13. Xi, Y.-T.; Liu, D.-X.; Han, D. Improvement of corrosion and wear resistances of AISI 420 martensitic stainless
steel using plasma nitriding at low temperature. Surf. Coat. Technol. 2008, 202, 2577–2583. [CrossRef]
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Abstract: A front automobile fender with a negative angle was trial produced via rapid superplastic
forming (SPF) technology. The tensile test of industrial AA5083 was carried out at elevated tem-
peratures, and the results showed that the maximum elongation was 242% at 480 ◦C/0.001 s−1.
A rigid-plastic constitutive model of the SPF process was established. Initial dies of preforming and
final forming were designed. The finite element method (FEM) was used to simulate the forming
process and predict the thickness distribution of different areas. Furthermore, the dies were opti-
mized to make the thickness distribution uniform. In the final structure, the maximum thinning ratio
decreased from 83.2% to 63% due to the optimized design of the forming dies. The front automobile
fender was then successfully fabricated by the preforming process and final forming process at
480 ◦C. A thickness measurement was carried out, and the minimum thickness of the preforming
structure was 2.17 mm at the transverse tank, while that of the final structure was 2.49 mm near the
edge of the lamp orifice. The average grain size grew from 20 to 35 μm. The grain growth led to the
reduction of mechanical properties. Compared with the mechanical properties of the initial material,
the maximum decrease in tensile strength for the material after superplastic forming was 5.78%, and
that of elongation was 18.5%.

Keywords: AA5083; rapid SPF; FEM; mechanical property; microstructure evolution

1. Introduction

Due to its high specific strength, high specific stiffness, excellent corrosion resis-
tance, and mechanical properties, AA5083 has been in the spotlight of railway vehicles,
shipbuilding, and other industries [1–4]. Many investigations have been conducted to
determine the influencing factors such as superplasticity and the superplastic forming (SPF)
of AA5083 [5–11]. The chemical composition optimization of AA5083 has been attempted
to reduce cost [5], and the superplastic deformation behavior was analyzed [6]. The SPF of
AA5083 has been widely used to fabricate automotive liftgates and decklids [7], “high-end”
automobiles [10], and components for aircraft applications [11].

The front fender is considered an essential part needed to protect nearby components
and support other exteriors; however, it is the most challenging part to manufacture due to
its complex shape and requirement for high machining accuracy [12–14]. The conventional
forming process of a fender was the cold stamping of steel [15] and plastic injection
molding [16]. Cold stamping has the disadvantages of spring-back and a high die cost,
while injection molding has complex forming processes [17]. SPF has the advantages of low
die costs, eliminating spring-back, and producing complex components [18]. Moreover,
SPF is an effective forming process for lightweight alloys for automotive components [19].
Thus, SPF, in theory, could be used to fabricate the automotive fender of AA5083.
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Jarrar et al. [20] investigated the superplastic forming of triangular channels with sharp
radii, and the forming process was simulated. Zhang et al. [21] researched the controlling
of the thickness distribution in superplastic forming. In comparison, a large thickness
deviation existed in the produced part. As such, direct-reverse SPF was adopted to make
the thickness more uniform [22–24]. Xing et al. [22] proposed a simple and efficient preform
design method to improve the uniformity of wall thickness. Lan et al. [24] investigated the
two-stage superplastic forming of a V-shaped aluminum sheet into a trough with a deep
and irregular contour, and a superior thickness profile was provided. Another limitation
of SPF was the slow forming rate, which made it inefficient. Thus, it was necessary to
investigate the rapid direct-reverse SPF process for an automobile front fender with a
negative angle.

This manuscript aimed to fabricate a complex-shaped front automobile fender by the
rapid direct-reverse SPF technology. The tensile test of an industrial AA5083 was carried out
at elevated temperatures, and a constitutive equation in SPF was established. With the help
of FEM, the forming process and the dies were established. The front automobile fender
was then successfully manufactured by rapid SPF technology. A thickness measurement
was made, and both the macroscopic and the microstructure behaviors were investigated.

2. Experimental

An industrial AA5083 sheet was used in this study, and the thickness of the sheet was
4 mm. The sheet was provided by the Northern Light Alloy Company Ltd. (Harbin, China),
and the chemical composition is shown in Table 1. Figure 1 shows the initial microstructure
of AA5083, and it can be seen that the grain size was about 20 μm. The grain size of less
than 10 μm is typically one of the requirements for superplasticity [18], and this grain size
was larger than that in other research papers investigating the superplasticity and SPF of
AA5083 [25–28].

Table 1. Chemical composition of AA5083.

Elements Si Fe Cu Mn Mg Cr Al

Content
(wt %) 0.073 0.18 0.020 0.68 4.66 0.074 Bal.

Figure 1. Initial microstructure of AA5083.

Tensile test specimens were cut parallel to the rolling direction, and the gauge size
was 15 mm × 5 mm × 4 mm. Tensile tests at elevated temperatures of 400–560 ◦C with an
interval of 40 ◦C were carried out at the strain rate of 5 × 10−3 s−1–5 × 10−4 s−1, and the
tests were conducted on an Instron 3343 testing machine (Instron Corporation, Norwood,
MA, USA). The temperature diversity was less than 3 ◦C along the gauge length. The
tensile tests at room temperature were conducted on the AG-X Plus testing machine, and
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the tensile strain rate was 1.67 × 10−3 s−1. These specimens were cut from the initial sheet
and the sheet after the forming process. To ensure the accuracy of tensile data, at least
three tensile tests were performed for each condition, and the intermediate data at each
condition were selected as the final result. The stress–strain data were captured at 10 Hz to
guarantee the continuity of the data.

Rapid SPF of the fender was carried out on a 10,000 kN SPF machine. This rapid SPF
process was divided into two stages: the preforming process and the final forming process.
Each stage was composed of drawing and SPF, and the forming temperature was 480 ◦C.
The target strain rate of the SPF process was 1 × 10−3 s−1.

The microstructural sample was cut into small pieces of 5 mm × 4 mm × T mm
(where T is the thickness of different regions) by electron discharge wire cutting, then the
plane of 5 mm × 4 mm was mechanically ground using SiC paper (from 400# to 2000#).
Subsequently, the sample was electrolytically polished. The samples were corroded with
Keller reagent for 60 s then cleaned with alcohol and distilled water. Scanning electron
microscope (SEM) analysis of the microstructure of the as-received material, the preforming
structure, and the final forming structure was performed on the Quanta 200 FEG-SEM
machine (FEI company, Hillsboro, OR, USA).

3. Results and Discussion

3.1. Flow Stress of AA5083 at Elevated Temperatures

The flow stress curves of AA5083 at the strain of 5 × 10−3 s−1–5 × 10−4 s−1 are shown
in Figure 2. The flow stress was dependent on the temperature, strain rate, and true strain.
The tensile strength decreased with increasing temperatures and decreasing strain rates,
while the elongation increased firstly then reduced with the increasing temperature.

Figure 2. Flow stress curves of AA5083 at: (a) 0.005 s−1; (b) 0.001 s−1 (c) 0.0005 s−1.
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It can be seen that the elongation at some deformation parameters was more than
200% from Figure 2, and the maximum elongation obtained at 480 ◦C and 1 × 10−3 s−1

was 242%. Thus, it can be concluded that the industrial AA5083 exhibited superplastic-like
large elongation. This superplastic-like elongation of coarse-grained aluminum alloys with
a grain size of more than 10 μm has been reported in other investigations [29–31].

In the SPF process, the strain hardening was neglected. Thus, the constitutive model
used to describe the SPF process was set as:

σ = K
.
ε

m (1)

where m is the strain rate sensitivity coefficient indicated the effect of strain rate on the
flow stress. K is the material constant related to the deformation temperature and the
microstructure. Equation (1) was taken for the logarithms, then it was expressed as:

ln σ = ln K + m ln
.
ε (2)

For Equation (2), after being differential, the equation for m can be obtained as:

m =
∂ ln σ

∂ ln
.
ε

(3)

The value of m was then calculated to be about 0.35, and K was estimated to be
155 MPa·s on account of the flow stress curves at 480 ◦C with different strain rates. When
the strain rate sensitivity exponent was 0.35, it was the value of the solute drag creep, which
is different from the value indicating grain boundary sliding [32]. This value was lower
than in the case of the fine-grained materials [33]. Furthermore, superplastic forming by
solute drag creep has been reported by Honda Motor Co., Ltd. (Tokyo, Japan) and UACJ
as high-temperature, high-speed blow forming. Thus, the material in this paper could be
applied to the SPF process.

3.2. Structural Design and Process Optimization

The forming process of the fender is complex. Moreover, it is difficult to observe
the deformation and the variation of thickness in the manufacturing process. Thus, the
forming process was simulated by FEM, and the thickness distribution of the forming
process was predicted, providing a theoretical reference for the final manufacturing process.
The conventional SPF cannot achieve the final shape in one process due to the complex
shape; thus the whole process included two steps. The first step was the preforming
process, which comprised the drawing and the reverse superplastic bulging. The second
step was the final process, consisting of the drawing and the direct superplastic bulging.

3.2.1. Initial Design

The initial designs of the male die for the preforming process and the male die for the
final forming process are shown in Figure 3. To ensure the thickness uniformity of the final
product, appropriate material storage was prepared on the preformed male die. Storage
tanks were mainly set in A, B and C parts, as shown in Figure 3a). The male die of the final
forming shown in Figure 3b was mainly used for further stretching and as supplementing
material for the superplastic bulging of the final process.

The numerical simulation of the forming process was carried out by the MSC.MARC
software (2010, MSC software Corporation, LA, USA). The initial model of the FEM analysis
is shown in Figure 4. The color scales represent the plate thickness, and the units of the
legend in each figure are millimeters. The dies were rigid, and the sheet was deformable in
this model. The size of the sheet was 1900 mm × 2500 mm. The four-node shell element
was selected to represent the sheet. The size of the shell element was 20 mm × 20 mm, and
the number of the four-node shell element was 11,875. The thickness was set to be 3 mm.
The friction coefficient between the die and the face sheet was set as 0.3, and the Coulomb
friction model was selected to be the friction model.
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Figure 3. Male dies of (a) the preforming process; (b) final forming process.

Figure 4. Initial FEM model.

(1) Drawing of the preforming process

The drawing depth was 250 mm. The thickness distribution of the drawing during
the preforming process is shown in Figure 5. It can be seen that the minimum thickness at
the lowest position of the drawing was 2.78 mm. The radial tensile stress of the material at
this position was greater than the tangential compressive stress. Therefore, this resulted in
thickness reduction, but the plate thickness reduction rate was only 7.33%.

Figure 5. Thickness distribution of the drawing during the preforming process.

(2) Reverse superplastic bulging of the preforming process

The thickness distribution of the reverse superplastic bulging is shown in Figure 6.
The minimum thickness was 1.631 mm at Region A, and the thinning ratio reached was
45.6%. The serious thickness reduction at this region resulted from the thickness reduction
in the drawing of the preforming process and the further reduction in bulging.
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Figure 6. Thickness distribution of the drawing during the preforming process.

(3) Drawing of the final forming process

A finite element analysis of the drawing was carried out, and the results are shown in
Figure 7. The hot drawing depth of the final forming was 380 mm. The minimum thickness
was reduced from 1.631 to 1.608 mm due to the stretching of the storage tank. In addition,
the material of the storage tank at Region C in the preform process was provided to supply
the drawing, and it decreased the thickness reduction. Hence, the thickness at the lowest
point of the drawing was 2.106 mm.

Figure 7. Thickness distribution of the drawing during the final forming process.

(4) Superplastic bulging of the final forming process

The thickness distribution of the SPF process and the contour of the fender are shown
in Figure 8. It can be found that the complex surfaces such as the negative angle at the lamp
mouth, the wheel mouth plane, and the steps were formed at the last stage. The minimum
thickness occurred at the edge of the lamp mouth. The maximum thickness reduction ratio
was 83.2%, and it was so severe that the material could not meet this requirement.
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Figure 8. (a) Thickness distribution of the direct superplastic bulging; (b) contour of the fender.

3.2.2. Optimized Design

In order to optimize the process and make the thickness more uniform, the preformed
die was redesigned. The stamping depth of the preformed die was increased, and the
preformed material storage tanks were also added to provide sufficient material for the
final product. The optimized preformed die is shown in Figure 9. The drawing depth was
increased to 300 mm, material storage tanks near Region B were added, and the width of
Region A was also increased.

Figure 9. Male die of the preforming process: (a) optimized model; (b) machined die.

(1) Drawing of the preforming process

The thickness distribution resulting from the preforming process drawing after the
optimized design is shown in Figure 10. During the stamping process, it was found that the
minimum thickness was 2.736 mm, and it occurred at the lowest point of the drawing. The
maximum thickness reduction ratio was 8.8%, and no cracks and other defects occurred.
Simultaneously, a wrinkle was observed at Region A. Thus, the drawing rate needed to be
controlled strictly to reduce wrinkle defects.
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Figure 10. Thickness distribution of the drawing in the preforming process by the optimized design.

(2) Reverse bulging of the preforming process

The thickness distribution after reverse bulging is shown in Figure 11. It can be seen
that the thickness diversity increased due to the complex shape of the female die and
the improved storage tanks. The minimum thickness was 1.937 mm in Region A, and
the minimum thickness was 2.23 mm at the longitudinal storage tanks and 2.26 mm at
the transverse storage tanks, respectively. Though the thickness at different regions was
nonuniform, it was still greater than 1.9 mm. In addition, there are wrinkles at Regions B
and E. The wrinkle at Region B could be flattened in the final forming process, while the
deformation at Region E had little effect on the forming process.

Figure 11. Thickness distribution of reverse bulging during the preforming process.

(3) Drawing of the final forming process

The maximum drawing depth of the final forming was 380 mm, and the minimum
thickness at the initial stage of the drawing was 1.94 mm. The thickness distribution of the
drawing at the beginning and at the end of the drawing is shown in Figure 12. The storage
tanks expanded to supply more material for the next forming process, and the minimum
thickness increased slightly to 1.98 mm. It can be seen in Figure 12b that the preformed
storage tanks still retained a specific shape.

26



Metals 2021, 11, 497

Figure 12. Thickness distribution of the drawing during the final forming process: (a) beginning; (b) end.

(4) SPF of the final forming process

SPF of the final forming process is shown in Figure 13. The wrinkled area at the end of
the preformed structure had been flattened by the air bulging. When the fender was fully
formed, the minimum thickness occurred at the lamp orifice, and the thickness reduction
ratio was 63%. Compared to the thickness distribution of the initial design, the minimum
thickness increased by 0.6 mm, indicating that the optimization of the preforming male
die was effective. It was also observed that small fillet thickness was more than 2.25 mm,
which could guarantee the uniformity of the thickness and part performance.

Figure 13. Thickness distribution of superplastic forming (SPF) during the final forming process. (a)interior perspective;
(b) lateral perspective.

It was concluded that the optimized design could increase the minimum thickness of
the final structure, and the optimized design had more feasibility than the original design
in regards to fabricating the fender.

3.3. Rapid SPF of the Front Fender

Based on the FEM results of the optimized design, the dies required to fabricate the
fender were machined consistently with the dies of the optimized design. The front fender
was then trial produced on the SPF machine, with the forming temperature set to be 480 ◦C.

3.3.1. Thickness Distribution

(1) Preforming process

Figure 14 illustrates the measured points and the thickness distribution of the pre-
forming structure. The structure after reverse superplastic bulging is shown in Figure 14a.
Although wrinkles were observed, no crack appeared, indicating that superfluous material
was supplied to some regions during the forming process. The thicknesses of three different
areas were measured and are shown in Figure 14b–d. The results showed that the minimum
thickness of the end was 2.34 mm, and the “W” shape of the thickness distribution was
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presented. Furthermore, the thickness measurement of the storage tanks showed that the
thickness was more than 3.0 mm at the longitudinal tanks, and the minimum thickness of
the transverse tanks was 2.17 mm.

Figure 14. Measurement point ID and thickness: (a) preforming structure; (b) end; (c) longitudinal storage tanks; (d) trans-
verse storage tanks.

(2) Final forming process

Figure 15 illustrates the measured points of the structure obtained after the final
forming and the thickness of each point. The thickness measurement showed that the
thickness was almost more than 2.5 mm, and the thickness gradually reduced as the
measured points approached the lamp orifice. The thickness reduction resulted from the
large deformation at the lamp orifice, and the thickness distribution meets the demand for
service. It can also be seen that the facet of the wheel opening contacted the female mold
of the final forming process. Furthermore, the long groove and small fillet were formed
completely.
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Figure 15. Final structure and thickness measurement points.

The final structure was wire cut and etched, as shown in Figure 16. The front automo-
bile fender was successfully trial produced.

Figure 16. Front automobile fender: (a) elevation view; (b) side view.

3.3.2. Macro/Micro Performance of the Postmaterial

The elongation, tensile strength, and yield stress of the postforming material at dif-
ferent regions are shown in Figure 17. The result showed that the tensile strength of the
original material was 294 MPa, the yield stress was 143 MPa, and the elongation was about
31%. The minimum tensile strength of the post-formed material was 277 MPa, and the
minimum yield stress was 115 MPa at the transverse tank, while the minimum elongation
was 24.9% at the lamp orifice. The measured tensile strength, yield stress, and elongation
of the postformed material ranged between 270 and 284 MPa, 115 and 121 MPa, and 24.9
and 26.6%, respectively. The mechanical performance decreased after the rapid SPF process
due to the grain growth resulted from the long exposure to elevated temperature and
deformation.

The microstructures of the material at two stages are shown in Figure 18. The ini-
tial grain size was about 20 μm in Figure 1. Hence, based on the comparison between
Figures 1 and 18, it can be concluded that the grain size increased by 5 μm after the pre-
forming process and then further increased by 10 μm after the final forming process. There
is grain size growth resulting from the long time exposure at elevated temperature in the
preforming process and the final forming process.
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Figure 17. Mechanical properties of the material after the forming process.

Figure 18. Microstructure of (a,b) the preforming structure; (c,d) final structure.

The cavity size grew with the increase of the deformation and holding time. It has been
reported that most cavities nucleated at the interfaces between the particle and the matrix
at both the grain boundary and the grain interior [34]. With the increase of deformation and
insulation time, the size of the cavity increased gradually. As seen in Figure 18c,d, some
cavities appeared at the grain boundary; however, these cavities were not interconnected.
Therefore, the mechanical properties of the post-material decreased slightly.
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4. Conclusions

The mechanical properties of AA5083 were investigated at elevated temperatures, and
the FEM established the structural design of the dies. Furthermore, the front fender was
trial produced by a rapid SPF process. The following conclusions are drawn:

(1) Industrial AA5083 with the grain size of 20 μm exhibited superplasticity at
480 ◦C/0.001 s−1, and the maximum elongation was about 242% with the strain rate sensi-
tivity value of 0.35.

(2) The optimized design of the forming dies and the forming process could fabricate
the fender with a complex shape.

(3) The front fender was successfully trial produced by the rapid SPF process, and the
minimum thickness was 2.49 mm at the edge of the lamp orifice.

(4) The grain size increased by 15 μm after the forming process. The tensile strength re-
duced by 5.78%, and the elongation reduced by 18.5%. The inharmonious grain boundaries
sliding resulted in the appearance of cavities at the grain boundaries.

Author Contributions: Z.D., data collection, writing; G.W., study desigh; H.W., data analysis, figures.
All authors have read and agreed to the published version of the manuscript.

Funding: This reseach was funded by the Henan Provincial Department of Science and Technology
Research Project (Grant No. 182102210468), and National Natural Science Foundation of China
(Grant No. 51875122). And the APC was funded by the Henan Provincial Department of Science and
Technology Research Project (Grant No. 182102210468).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: This work was supported by the Henan Provincial Department of Science and
Technology Research Project (Grant No. 182102210468), and National Natural Science Foundation of
China (Grant No. 51875122).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ma, M.Y.; Wang, B.; Liu, H.Q.; Yi, D.Q.; Shen, F.H.; Zhai, T.G. Investigation of fatigue crack propagation behavior of 5083
aluminum alloy under various stress ratios: Role of grain boundary and schmid factor. Mater. Sci. Eng. A 2020, 773, 138871.
[CrossRef]

2. Holroyd, N.J.H.; Burnett, T.L.; Seifi, M.; Lewandowski, J.J. Improved understanding of environment-induced cracking (EIC) of
sensitized 5XXX series aluminum alloys. Mater. Sci. Eng. A 2017, 682, 613–621. [CrossRef]

3. Magee, A.C.; Ladani, L. Representation of a microstructure with bimodal grain size distribution through crystal plasticity and
cohesive interface modeling. Mech. Mater. 2015, 82, 1–12. [CrossRef]

4. Magee, A.; Ladani, L.; Topping, T.D.; Lavernia, E.J. Effects of tensile test parameters on the mechanical properties of a bimodal
Al-Mg alloy. Acta Mater. 2012, 60, 5838–5849. [CrossRef]

5. Jin, H. Optimization of aluminum alloy AA5083 for superplastic and quick plastic forming. Metall. Mater. Trans. A 2019, 50,
3868–3890. [CrossRef]

6. Giuliano, G.; Samani, F. Comparison between superplastic and non-superplastic grade AA 5083. J. Test. Eval. 2016, 44, 2114–2119.
[CrossRef]

7. Krajewski, P.E.; Schroth, J.G. Overview of quick plastic forming technology. Mater. Sci. Forum 2007, 551, 3–12. [CrossRef]
8. Liu, J.; Tan, M.J.; Lim, C.V.S.; Chua, B.W. Process optimization and microstructural development during superplastic-like forming

of AA5083. Int. J. Adv. Manuf. Technol. 2013, 69, 2415–2422. [CrossRef]
9. Liu, J.; Tan, M.J.; Aue-u-lan, Y.; Jarfors, A.E.W.; Fong, K.S.; Castagne, S. Superplastic-like forming of non-superplastic AA5083

combined with mechanical pre-forming. Int. J. Adv. Manuf. Technol. 2011, 52, 123–129. [CrossRef]
10. Barnes, A.J.; Raman, H.; Lowerson, A.; Edwards, D. Recent application of superformed 5083 aluminum alloy in the aerospace

industry. Mater. Sci. Forum 2012, 735, 361–371. [CrossRef]
11. Hefti, L.D. Co mmercial airplane applications of superplastically formed AA5083 aluminum sheet. J. Mater. Eng. Perform. 2007,

16, 136–141. [CrossRef]
12. Park, H.S.; Dang, X.P.; Roderburg, A.; Nau, B. Development of plastic front side panels for green cars. CIRP J. Manuf. Sci. Technol.

2013, 6, 44–52. [CrossRef]

31



Metals 2021, 11, 497

13. Tao, W.; Liu, Z.; Zhu, P.; Zhu, C.; Chen, W. Multi-scale design of three dimensional woven composite automobile fender using
modified particle swarm optimization algorithm. Compos. Struct. 2017, 181, 73–83. [CrossRef]

14. Hu, W.; Yao, L.G.; Hua, Z.Z. Optimization of sheet metal forming processes by adaptive response surface based on intelligent
sampling method. J. Mater. Process. Technol. 2008, 197, 77–88. [CrossRef]

15. Fan, Z.J.; Gui, L.J.; Su, R.Y. Research and development of automotive lightweight technology. J. Automo. Saf. Energy 2014, 5, 1–16.
16. Park, H.S.; Nguyen, T.T. Optimization of injection molding process for car fender in consideration of energy efficiency and

product quality. J. Comput. Des. Eng. 2014, 1, 256–265. [CrossRef]
17. Roth, R.; Clark, J.; Kelkar, A. Automobile bodies: Can aluminum be an economical alternative to steel? JOM 2001, 53, 28–32.

[CrossRef]
18. Zhang, K.F.; Jiang, S.S. Superplastic forming. In Comprehensive Materials Processing, 1st ed.; Hashmi, S., Batalha, G.F., van Tyne,

C.J., Yilbas, B., McGeough, J., Eds.; Elsevier: Amsterdam, The Netherlands, 2014; Volume 5, pp. 371–392.
19. Jafar, R.A.; Jarrar, F.S.; Al-Huniti, N.S. Two-stage approach for improving the thickness distribution in superplastic forming.

J. Mater. Sci. Res. 2015, 4, 12–27. [CrossRef]
20. Jarrar, F.S.; Liewald, M.; Schmid, P.; Fortanier, A. Superplastic forming of triangular channels with sharp radii. J. Mater. Eng.

Perform. 2014, 23, 1313–1320. [CrossRef]
21. Zhang, K.F.; Wang, G.F.; Wu, D.Z.; Wang, Z.R. Research on the controlling of the thickness distribution in superplastic forming.

J. Mater. Process. Technol. 2004, 151, 54–57. [CrossRef]
22. Xing, H.L.; Zhang, K.F.; Wang, Z.R. A preform design method for sheet superplastic bulging with finite element modeling.

J. Mater. Process. Technol. 2004, 151, 284–288. [CrossRef]
23. Jarrar, F.S.; Jr, L.G.H.; Khraisheh, M.K.; Bower, A.F. New approach to gas pressure profile prediction for high temperature AA5083

sheet forming. J. Mater. Process. Technol. 2010, 210, 825–834. [CrossRef]
24. Lan, H.C.; Fuh, Y.K.; Lee, S.; Chu, C.L.; Chang, T.C. Two-stage superplastic forming of a V-shaped aluminum sheet into a trough

with deep and irregular contour. J. Mater. Eng. Perform. 2013, 22, 2241–2246. [CrossRef]
25. Xu, C.; Langdon, T.G.; Horita, Z.; Furukawa, M. Using equal-channel angular pressing for the production of superplastic

aluminum and magnesium alloys. J. Mater. Eng. Perform. 2004, 13, 683–690. [CrossRef]
26. Hojjati, M.H.; Zoorabadi, M.; Hosseinipour, S.J. Optimization of superplastic hydroforming process of Aluminium alloy 5083.

J. Mater. Process. Technol. 2008, 205, 482–488. [CrossRef]
27. Ko, Y.G.; Shin, D.H.; Park, K.T.; Lee, C.S. Superplastic deformation behavior of ultra-fine-grained 5083 Al alloy using load-

relaxation tests. Mater. Sci. Eng. A 2007, 449, 756–760. [CrossRef]
28. Balasubramanian, M.; Stalin, B.; Ramanathan, K.; Ravichandran, M. Hot tensile test for determining the material constant on

superplastic 5083Al alloy sheet. Mater. Today Proc. 2020, 21, 324–328. [CrossRef]
29. Taleff, E.M.; Wadsworth, L.J. Enhanced ductility in coarse-grained Al-Mg alloys. Metall. Mater. Trans. A 1996, 27, 343–352.

[CrossRef]
30. Chezan, A.R.; de Hosson, J.T.M. Superplastic behavior of coarse-grained aluminum alloys. Mater. Sci. Eng. A 2005, 410, 120–123.

[CrossRef]
31. Qiao, J.; Taleff, E.M. Superplasticity-like creep behavior of coarse grained ternary Al alloys. Trans. Nonferrous Met. Soc. China 2010,

20, 564–571. [CrossRef]
32. Sherby, O.D.; Taleff, E.M. Influence of grain size, solute atoms and second-phase particles on creep behavior of polycrystalline

solids. Mater. Sci. Eng. A 2002, 322, 89–99. [CrossRef]
33. Bae, D.H.; Ghosh, A.K. Grain size and temperature dependence of superplastic deformation in an Al–Mg alloy under isostructural

condition. Acta. Mater. 2000, 48, 1207–1224. [CrossRef]
34. Iwasaki, H.; Mori, T.; Hosokawa, H.; Tagata, T.; Mabuchi, M.; Higashi, K. Cavitation behavior of coarse-grained Al-4.5Mg alloy

exhibiting superplastic-like elongation. Mrs Proc. 1999, 601, 67–72. [CrossRef]

32



metals

Article

A Detailed Machinability Assessment of DC53 Steel for Die
and Mold Industry through Wire Electric Discharge Machining

Sarmad Ali Khan 1, Mudassar Rehman 2, Muhammad Umar Farooq 1,3,*, Muhammad Asad Ali 1,*,

Rakhshanda Naveed 1, Catalin I. Pruncu 4,5,* and Waheed Ahmad 1

Citation: Khan, S.A.; Rehman, M.;

Farooq, M.U.; Ali, M.A.; Naveed, R.;

Pruncu, C.I.; Ahmad, W. A Detailed

Machinability Assessment of DC53

Steel for Die and Mold Industry

through Wire Electric Discharge

Machining. Metals 2021, 11, 816.

https://doi.org/10.3390/met11050816

Academic Editor: George

A. Pantazopoulos

Received: 7 April 2021

Accepted: 14 May 2021

Published: 17 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Industrial and Manufacturing Engineering, University of Engineering and Technology Lahore,
Lahore 54890, Pakistan; drsarmad@uet.edu.pk (S.A.K.); rakhshanda@uet.edu.pk (R.N.);
2012msime15@student.uet.edu.pk (W.A.)

2 Department of Industrial Engineering, School of Mechanical Engineering, Northwestern Polytechnical
University, Xi’an 710072, China; mudassar@mail.nwpu.edu.cn

3 Department of Industrial and Systems Engineering, Korea Advanced Institute of Science and Technology,
Daejeon 34141, Korea

4 Department of Mechanical Engineering, Imperial College London, Exhibition Rd., London SW7 2AZ, UK
5 Design, Manufacturing & Engineering Management, University of Strathclyde, Glasgow G1 1XJ, UK
* Correspondence: umarmuf0@gmail.com (M.U.F.); asad.ali@uet.edu.pk (M.A.A.);

c.pruncu@imperial.ac.uk or catalin.pruncu@strath.ac.uk (C.I.P.)

Abstract: Recently, DC53 die steel was introduced to the die and mold industry because of its excellent
characteristics i.e., very good machinability and better engineering properties. DC53 demonstrates
a strong capability to retain a near-net shape profile of the die, which is a very challenging process
with materials. To produce complex and accurate die features, the use of the wire electric discharge
machining (WEDM) process takes the lead in the manufacturing industry. However, the challenge is
to understand the physical science of the process to improve surface features and service properties.
In this study, a detailed yet systematic evaluation of process parameters investigation is made on
the influence of a wire feed, pulse on duration, open voltage, and servo voltage on the productivity
(material removal rate) and material quality (surface roughness, recast layer thickness, kerf width)
against the requirements of mechanical-tooling industry. Based on parametric exploration, wire
feed was found the most influential parameter on kerf width: KW (45.64%), pulse on time on
surface roughness: SR (84.83%), open voltage on material removal rate: MRR (49.07%) and recast
layer thickness: RLT (52.06%). Also, the optimized process parameters resulted in 1.710 μm SR,
10.367 mm3/min MRR, 0.327 mm KW, and 10.443 μm RLT. Moreover, the evolution of surface features
and process complexities are thoroughly discussed based on the involved physical science. The recast
layer, often considered as a process limitation, was explored with the aim of minimizing the layers’
depth, as well as the recast layer and heat-affected zone. The research provides regression models
based on thorough investigation to support machinists for achieving required features.

Keywords: WEDM; DC53 steel; recast layer thickness; material removal rate; Kerf

1. Introduction

Die-making industries employ a wide variety of engineering materials, such as vari-
ants of steel, for the fabrication of tools, dies, and molds based on their considerable
application performance and increasing demand. Conventional steels involving D2 and D3
steel have been engaged for over a decade in the manufacturing of dies and molds. Among
these steel families, DC53 steel is considered as an advancement over D2 and D3 steel
in terms of its high hardness (64 HRC), better toughness, improved fatigue strength and
wear resistance. Various engineering applications of DC53 steel involve the manufacturing
of different rolling, forging, injection molding, extrusion, and stamping dies along with
molds, cutting tools, along with a wide variety of high speed and wear resistant parts [1].
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The processing of such materials also becomes challenging as a result of their improved
properties. Therefore, advanced machining setups are employed to fulfil the requirements.
These involve electrochemical machining, electric discharge machining, plasma arc cutting,
ultrasonic machining and abrasive water jet machining. These setups are considered an
improvement in machining hard materials and generating a variety of machining profiles.
Processing of hard materials such as titanium alloys and various other hardened steel
grades—for instance, DC53 steel—may be difficult in a conventional machining scenario
because of their excessive tool wear during machining. Therefore, non-conventional
machining processes may be employed to serve the same purpose with little/no tool
wear. Wire electric discharge machining (WEDM) is one of the non-traditional machining
processes in which spark-based discharge energy is produced among two electrodes (wire
electrode and workpiece) and responsible for material erosion during machining with no
mechanical stresses generated unlike traditional machining processes [2].

WEDM is employed to process D2, D3 and different tool and die steel materials.
Several investigations are made on the performance attributes like kerf width, material re-
moval rate, and surface morphology, including roughness and microstructural examination
involving recast layer [3–5]. The aspects of DC53 steel machining have not been thoroughly
explored, therefore, are mainly investigated herein. Thiagarajan et al. [6] reported the
combined influence of machining variables like pulse on duration (Pon), pulse off time
(Poff), wire feed (WF) and wire tension (WT) at the MRR and SR in electric discharge
machining of AISI D3 steel. A detailed study as multi-objective optimization was made by
Manajaiah et al. [7] for AISI D2 steel in WEDM and inferred that the MRR, SR and recast
layer thickness (RLT) are found in direct proportion with Pon. Ikram et al. [8] carried an
insight investigation in WEDM of AISI D2 steel. The study reports that Pon is influenced
more on SR (52.14%), MRR (49.62%), and KW (47.06%). In the study, results proved that
Pon is two times more significant for SR compared to open voltage (OV), the combined
influence of (WT, Pon and OV) found significant for KW, and the combination of servo
voltage (SV), OV and Pon found significant for MRR respectively.

The experimental investigation performed by Vaghela et al. [9] for AISI D3 steel in
WEDM inferred that the set of process variables peak current, Pon and Poff to maximize
MRR, minimize KW and SR, respectively. Zhang et al. [10] performed mathematical
modelling using back-propagation neural-network integrated with genetic algorithm and
response surface methodology (RSM) to obtain optimal values of MRR and SR in WEDM
of SKD11(D2 steel). Rupajati et al. [11] determined the machining performance regarding
SR and recast layer thickness (RLT) for AISI H13 tool steel in electric discharge machining
using Taguchi methodology along with the fuzzy-logic technique.

Significant improvements were obtained in RLT (22.04% reduction) and SR (13.15%
reduction) from design of experiments results. It was also inferred that the significant vari-
ables for SR and RLT included Pon (40.08%) and OV (30.38%), respectively. Hasriadi et al. [12]
machined two different tool steel grades in WEDM for the assessment of surface morphol-
ogy in terms of SR, RLT, and density of microcracks and resulted in the previously stated
response variables forming a direct linear relation with both Pon and the arc on duration.
Castillo et al. [13] explored the parametric effects on AISI 304 stainless steel.

Saini et al. [14] achieved multi-objective optimization in WEDM of 16MnCr5 alloy
steel. Obwald et al. [15] conducted an analysis of different pulses types generated in
high-speed WEDM. A detailed study was made by Solomon et al. [16] to comprehend
the effect of variation in process variables for obtaining optimized parameters in WEDM
of the steel family. Multi-objective optimization performed by Shivade and Shinde [17]
in WEDM of AISI D3 steel resulted that gap current, and MRR varied directly with Pon
and peak current, and inversely with the machining time (tm). Azam et al. [18] optimized
cutting speed (C.S) by the variation in Pon, Poff, and pulse frequency in WEDM of HSLA
steel. The machined surface characterization was conducted by Dhobe et al. [19] in the
electric discharge of AISI D2 steel. It was reported that RLT is found directly proportional
with both SR and fatigue life. Based upon scanning electron microscopy (SEM) and X-ray
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diffraction results, it was reported that triple tempering (a heat treatment process) is better
than single tempering as it improves the machined surface quality by reducing RLT and SR.
Khanna and Singh [20] performed a comparative study in WEDM of cryogenic-treated and
normal D3 tool steel for the cutting rate, MRR and SR. It was reported that the cryogenic
treatment significantly influenced both the MRR (decreased 5.6%) and SR (surface finish
increased 10.6%) compared to untreated D3 steel. Sharma et al. [21] endorsed similar
findings on AISI D2 steel.

Ramaswamy et al. [22] predicted an optimal setting of machining parameters while
performing optimization using a desirability function approach. Payla et al. [23] inferred
that Pon directly influenced the MRR and power consumption during electric discharge ma-
chining of EN-31 die steel. It was also concluded that the MRR is reduced with an increase
in SV because the energy density decreased as the spark gap expanded. Chen et al. [24]
found that discharge capacitance has a direct and significant influence on MRR and the ma-
chining gap in microreciprocated WEDM of SKD11 (D2 steel). Singh et al. [25] supported
the phenomenon for EN-31 tool steel. Abdulkareem et al. [26] worked to enhance the SR
because of more adhesion of the debris particles and surface irregularities on the processed
surface. Mouralova et al. [27] concluded that the frequency of discharge occurrence of the
recast layer is highly influenced by cutting speed. Negrete [28] made a similar finding on
AISI 01 tool steel. Kanlayasiri and Boonmung [1] investigated the influence of Pon, Poff,
peak current and WT on SR in WEDM of DC53 steel. Nawaz et al. [29] used molybdenum
to machine steel with the aim of achieving higher material removal rate and lesser surface
roughness. The study quantified the influence of process in enhancing the pulse discharge
energy because of the deeper craters produced on the machined surface. Similarly, Rehman
et al. [30] evaluated gamma wire and resulted the significant influence of Pon for C.S
(80.21%), KW (48.25%), and MRR (45.21%) during WEDM of DC53 steel.

The literature review reveals that a significant amount of work has already been done
on various tools and die steels, especially D2, and D3 steel, to improve machining accuracy
and productivity in wire electric discharge machining. However, we have noted a lack of
systematic evaluation for the main parameters affecting the output responses in the WEDM
of DC53 steel (having superior mechanical properties and machining performance over D2
and D3 steel), which was the key objective of this research. Moreover, the supremacy of
zinc-coated brass wire (as recommended by literature) is not thoroughly studied, which
may provide superior results as compared to previous established methodologies. To
resolve this problem and further improve the state of the art, the following issue are
discussed in this research:

• Investigating the influence of machining parameters on recast layer thickness (pro-
cess limitation), surface roughness and kerf width (quality), and material removal
rate (productivity).

• Optimizing input parameters such as wire feed (WF), pulse on duration (Pon), open
voltage (OV), and servo voltage (SV) controlling process productivity and work quality
of DC53 die steel processes with zinc-coated brass wire.

• Exploring the statistical significance of machining process science on physical changes
on the material surface.

• Examining microstructural surface evolution using optical microscopy and scanning
electron microscopy.

The results gathered in this work are of paramount importance for the forging industry
(i.e., metal forming, flow forming, spinning) in order to create tools with higher integrity
and superior surface characteristics.
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2. Materials and Methods

DC53 steel has numerous applications in die- and mold-making industries and is the
workpiece material for investigation. DC53 is a high chromium steel with high strength,
good toughness, wear-resistance and excellent machinability over that of D2 and D3 steel.
The composition details and other characteristics of DC53 are shown in Table 1. A DC53
steel flat bar was used with density of 7.85 × 103 kg⁄m3. Experimental trials were performed
in deionized water dielectric medium using zinc-coated brass wire of 0.25-mm diameter
as an electrode on a CNC wire EDM setup (G43S CHMER, KNB Technologies Sdn Bhd,
Malaysia). The wire electrode is recommended for fast-roughing and fine-trimming with
low SR features providing less frequent breakage. Wire breakage is limiting phenomena
that minimizes the productivity and upsurges the tooling cost. A detailed demonstration to
illustrate the machining setup and 3D CAD view of the machined specimen accompanied
by its dimensions are presented in Figure 1.

The effects of four machining variables, namely wire feed (WF), pulse on duration
(Pon), open voltage (OV), and servo voltage (SV) have been carefully analyzed on the
kerf width (KW), material removal rate (MRR), surface roughness (SR), and recast
layer thickness (RLT). The choice of the said input parameters was made based on a
comprehensive literature survey [1,15–17,19–25]. Additionally, preliminary experimen-
tation (six trial experiments) was also performed before the mature experimentation to
express the process parameter levels. In addition, the dielectric resistivity was carefully
monitored and maintained at same level throughout the entire experimentation phase.
Variables, in addition to the machining variables, were considered as the fixed factors.
The particulars relating to the input variables and their ranges along with constant
factors are reported in Table 2.

The use of full factorial design as an experimental process involves the consumption of
time and cost [32] compared to the Taguchi experimental design. The Taguchi methodology
is considered useful because of its precise and robust analysis by a reduction in experimen-
tal runs [30]. Consequently, Taguchi’s fractional factorial design orthogonal array (OA)
has been used for performing the experimentation. In total, 18 experiments under mature
experimentation were successfully completed using L18 OA and were followed by the
measurement of the established output responses.

Table 1. Key features of DC53 steel.

DC53 Chemical Specifications DC53 Characteristics [29–31]

Element Wt (%) Name Unit Value

Carbon (C) 1.10 Modulus of elasticity GPa 150
Chromium (Cr) 8.50 Modulus of rigidity GPa 58.5

Molybdenum (Mo) 2.00 Rockwell hardness HRC 64
Silicon (Si) 0.90 Poisson’s ratio - 0.28

Vanadium (V) 0.30 Thermal conductivity
(at room temperature) W/m-K 23.86

Manganese (Mn) 0.35 Coefficient of thermal expansion 1/◦C 13 × 10−6

Phosphorous (P) 0.03 Density kg/m3 7.85 × 103

Sulphur (S) 0.03 - - -
Iron (Fe) BAL - - -
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Figure 1. Illustration of experimental setup along with the workpiece.

Table 2. Input machining variables levels along with response measures.

Process Variables Symbol Unit
Level

Output Responses Symbol Unit Constant Parameters Unit Value
1 2 3

Wire feed WF mm/s 5 8 Kerf width KW μm Pulse off-duration μs 25
Pulse on-duration Pon μs 4 5 6 Surface roughness SR μm Resistivity of dielectric kg-Ω-cm 50–70

Open voltage OV volt 80 90 100 Material removal rate MRR mm3/min Wire tension gms-f 1390
Servo voltage SV volt 40 50 60 Recast layer thickness RLT μm Arc on time μs 2

Kerf-width is the measurement of extra material removed from the processed sur-
face of the workpiece during machining. KW was examined by measuring the cutting
slot distance using a calibrated video probe of a coordinate-measuring-machine (CMM)
(CE-450DV, Chien Wei Precise Technology Co., Ltd., Fengshan District, Taiwan), as illus-
trated in Figure 2. MRR calculation methodology is reported in Equation (1):

MRR =

[
Wb − Wa

tm ∗ ρw

]
(1)
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where Wb and Wa denoted the weights of the workpiece before and after processing;
tm symbolized the machining time for each machining experiment, and ρw showed the
workpiece density, respectively. The surface texture meter (Surtronic S128, Taylor Hobson
Leicester, United Kingdom) measured the surface roughness SR of the machined surface.
The SR measurements were performed at three different points on the machined work
surface by calibrating at an evaluation length of 4 mm and a cut-off length of 0.8 mm.
The averages of measurements were used for analytical purposes. A scanning electron
microscope (Vega 3-TESCAN, TESCAN, Brno, Czechia) was employed for microstructural
examination of machined surface of the workpiece and recast layer thickness was measured
by using optical microscope (Olympus MM6C-PS2, Olympus Corporation, Tokyo, Japan).

 

Figure 2. Schematic and physical representation of (a) kerf width along with physical evidence of its measurement using
CMM, (b) For Exp. 1 (WF 5 mm/s, Pon 4 μs, OV 80 volt, SV 40 volt), (c) For Exp. 10 (WF 8 mm/s, Pon 4 μs, OV 80 volt, SV
60 volt), and (d) Exp. 18 (WF 8 mm/s, Pon 6 μs, OV 100 volt, SV 50 volt).

To carry out the microscopic examination, samples were prepared by mounting, etch-
ing, grinding and polishing. SEM-based morphological analysis was used to explain the
process science and physical phenomenon. The statistical analysis was completed by
using Minitab 19 software (Minitab, LLC, State College, Pennsylvania, USA). Confirma-
tory experimentation was performed based on parametric settings for the validation of
research results.

3. Results and Discussion

The experimentation on the DC53 steel work part was successfully performed accord-
ing to Taguchi L18 to examine and investigate the behaviour of input process variables
for output responses. The results of the examination are more profoundly observed and
analysed using statistical analysis techniques, optical microscopy and the scanning electron
microscopy. These analyses are conducted to enlighten the machining effects along with
process physics involved on the microstructure of machined surface. The design of experi-
ments (DOE) results revealed that minimum kerf width (KW) of 0.318 mm, least (average)
surface roughness (SR) of 1.69 μm, higher material removal rate (MRR) of 17.82 mm3/min,
and a least average recast layer thickness (RLT) of 9.63 μm were obtained. The obtained
MRR results have shown maximum values as pulse on duration (Pon) was increased. In
addition to this, KW, SR, and RLT values were also decreased by reducing Pon because it
influenced directly on the number of sparks produced resulting in adequate melting of the
workpiece during machining. The facts explanation pertaining to the analysis are stated in
the upcoming segments of discussion in variance and trend analyses.

3.1. Parametric Significance Analysis

Variance analysis is considered a decisive tool to determine each process parameter’s
influence for a certain output response [8,30,33,34]. The insights of this analysis have been
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reported in Table 3, containing the p-value and percent contribution (PCR). The p-value
describes the significance in such a way that the process parameter with lower (<0.05)
value is considered highly influential for a specific output response compared to other
control variables [35]. The is because variables with a p-value ≤ 5% in statistical output
data, indicating a 95% confidence interval, were regarded as significant with respect to
other input parameters [33]. Percentage contribution is another tool to determine the
more detailed control of the machining parameters on responses. In this study, PCR was
estimated to evaluate and prioritize their significance in accordance with output responses
as described by formula reported in Equation (2).

Percentage contribution (PCR) =
[

Adj SS
Total SS

× 100
]

% (2)

where Adj SS = Adjusted sum of squares, and Total SS = Total sum of squares are used from
analysis of variance to calculate the contribution. The detailed results of variance analysis
from Table 3 inferred that WF (45.648%), Pon (41.56%), and SV (3.77%) are the significant
factors for KW. However, the detailed influential variables for SR include Pon (84.83%),
WF (8.32%), OV (2.10%), and SV (1.15%). Open voltage, pulse on duration, and wire feed
with percentage-contribution of 49.07%, 32.81%, and 10.51%, respectively, influenced on
material removal. Continually, the significant variables for recast layer thickness involved
OV (52.06%) and Pon (40%). Thorough analysis of the statistical data reported in Table 3
resulted in the finding that the pulse on duration: Pon was the common and most influential
input parameter for all defined output responses in this study.

Table 3. Summary of analysis of variance.

Sr No. Output Responses
p Value Variables Percentage Contribution (PCR) R-Sq (%) R-Sq (Adj) (%)

WF Pon OV SV WF Pon OV SV

1 Kerf width (KW) <0.001 <0.001 0.08 0.02 45.64 41.56 1.95 3.77 92.95% 90.78%
2 Surface roughness (SR) <0.001 <0.001 0.016 0.06 8.32 84.83 2.10 1.15 96.42% 95.31%

3 Material removal
rate (MRR) 0.001 <0.001 <0.001 0.41 10.51 32.81 49.07 0.39 92.80% 90.58%

4 Recast layer
thickness (RLT) 0.593 <0.001 <0.001 0.56 0.17 40.00 52.06 0.20 92.45% 90.13%

3.2. Process-Parametric Effect Analysis

The parametric-effect analysis was done to study the behaviour of process variables
through graphical trends of output responses and the results based on statistical analysis.
The analysis is shown in Figures 3–7.

3.2.1. Effects of the Wire Feed

The main effects result for WF, presented in Figure 3, has inferred that kerf width
and surface roughness were decreased by increasing WF. The key reason behind this
reduction is the rapid transport of wire, which resulted in less workpiece–wire electrode
interaction, and produced a small heat-affected zone (HAZ). Moreover, it resulted in minor
thermal damages, therefore, less molten material/debris was redeposited on the workpiece
surface (will be revealed in Section 3.4). The machining efficiency of the wire electrode
in WEDM was increased by increasing the WF. The effect was experienced irrespective
of considering wire consumption because of a larger amount of the material removed in
a shorter machining cycle was due to a rapid traverse of wire. Therefore, the material
removal rate (MRR) increased with an increasing level of WF. Similar results on the wire
feed were reported by Mussada et al. [36] and Negrete and Carmita [28]. It was confirmed
that the increase in the WF assisted in the stable spark discharges produced and thus
resulted in more melting and a redeposit of work material.
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Figure 3. Parametric effects of wire feed (WF) for (a) kerf width (KW), (b) surface roughness (SR), and (c) material removal
rate (MRR).

Figure 4. Parametric effects of pulse on duration (Pon) for (a) kerf width (KW), (b) surface roughness (SR), (c) material
removal rate (MRR), and (d) recast layer thickness (RLT).

40



Metals 2021, 11, 816

Figure 5. Representation of the recast layer formed on the machined work surface at random experimental settings (a) Pon 4
μsec (b) Pon 5 μsec.

Figure 6. Parametric effects of open voltage (OV) for (a) recast layer thickness (RLT), (b) surface roughness (SR), (c) material
removal rate (MRR).
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Figure 7. Parametric effects of servo voltage (SV) for kerf width (KW).

Kerf-width is defined as the measurement of excessive material removed during
machining and its measurement demonstration is indicated in Figure 2. The analysis of
means is shown as main effect plots in Figure 3a. It indicated an inverse relationship of WF
with KW. The decreasing trend is observed for KW from 0.350 to 0.335 mm by increasing
WF level from 5 to 8 mm/s. The rationale behind this effect lies in the minimal spark
gap produced because of enhanced WF. The continual incoming fresh wire assisted in the
minimizing the workpiece–wire electrode interaction time, and thus reduced the removal
of excessive material from the work surface during machining.

However, the excessive increase in the WF produces irregularities on the machined
surface, as reported by Somashekhar et al. [37]. The intensity of the current is enhanced
because of consistent incoming fresh wire. This is because of the availability of increasingly
present fresh ions and interacting surface. Furthermore, the wire breakage frequency may
also be reduced because of adequate increase in WF. The decrease in KW happened at
low Pon values. Hence, the kerf width is decreased by increasing the wire feed. Based on
variance analysis from Table 3, the wire feed was also found to be top significant factor for
kerf width (45.64%) compared to other process variables.

Surface roughness is the measurement of surface asperities on the machined sur-
face [38]. The graphical trends of WF for SR from Figure 3b have resulted that the surface
roughness was declined from 1.92 to 1.86 μm because of increased levels of wire feed. This
is because of less contact duration between the wire electrode and the workpiece. Therefore,
a greater amount of debris is flushed away by the dielectric and less discrepancies occurred
on the machined surface thus resulted in small SR. Similar findings were identified by
Tilekar et al. [39] and it was also inferred that the incoming fresh wire in the machining
zone assisted in reducing the heat energy (function of heat transfer and plasma generation)
because of instability of discharges resulting from higher wire feed which produced less
irregularities on the machined surface. In addition, increased wire feed decreases the spark
stability time due to the speedy motion of the wire and increases the tooling cost (similar
science is discussed by Farooq et al. [40]). ANOVA observations also indicated that WF
was identified as the influential factor for SR (8.20%).

The material removal rate is the measurement of amount of material-removed in a
particular machining time [38]. Higher MRR is usually desired to enhance the overall
machining productivity of the machine and the process. The results data have indicated
that the MRR increased from 8.5 to ~10.3 mm3/min by increasing the WF values (Figure 3c).
The reason is the improved stability of thermal energy produced in the cutting zone with
the help of constantly moving electrode wire. This has caused an increase in the sparks
density in a shorter duration of machining cycle, which leads to enhance material melting
and vaporization and thus resulted in more MRR. The comparison of the MRR trends was
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made with the existing literature and similar findings were obtained [37]. Wire feed was
found to be significant variable for MRR (10.51%) as viewed from the variance analysis
in Table 3.

3.2.2. Effects of Pulse-On Duration

The analysis of the parametric effects of pulse-on duration on the selected output
responses is indicated in Figure 4. It is generally said that Pon plays its key role in improving
the machining performance/machinability of WEDM. The statistical data results have
elaborated that all the response measures namely KW, SR, MRR and RLT were linearly
boosted up by increasing Pon. The reason is that by increasing this variable leads to increase
in the discharge energy among two electrodes and creates a plasma energy channel among
the workpiece and wire electrode gap. This plasma channel consists of pool of electrons
and ions melted material because of the generation of an adequate heat-affected zone on
the machined surface. Therefore, it usually plays an important role in influencing on the
machining quality. Similar insights were reported by Rehman et al. [30] and coherent
results were obtained in their experimental investigation.

The graphical trend of Pon for KW is similar as of WF for MRR. The parametric plots
from Figure 4a have shown the direct effect of pulse-on duration (Pon) on KW, which means
that kerf width is alleviated by varying the duration of pulses. This was because the number
of sparks was amplified by increasing the time interval, resulting in the enhancement of
the sparks energy and thus, a larger heat-affected zone was produced. The kerf width was
increased by increasing the pulse duration. However, the analysis of trends also inferred
that a small increase in KW was obtained when the pulse on duration was increased to one
upper level from 4 to 5 μs, whereas a sudden increase in the KW was observed as Pon was
promoted from 5 to 6 μs. However, 5 μs is a threshold level of the pulse on duration, after
which relatively more thermal energy is produced to melt the extra material from the sides
of the workpiece because of consistently increasing sparks erosion. The variance analysis
findings have also proved the most influential of Pon (41.56%) for KW.

The trend analysis of Pon is shown in Figure 4b,c for surface roughness (SR) and
material removal rate (MRR), respectively. The melt material is highly depended on
increased number of discharges and the discharge energy generates a large pool of electrons
and ions. Thus, with the increase in the amount of material removed and surface asperities
on the machined surface of the workpiece also increase. Pulse duration was found as the
most remarkable parameter for SR (84.83%) and also influential variable for MRR (32.81%).

The white layer is produced during machining when the leftover melt material re-
solidifies on the machined surface of the workpiece [41]. Therefore, the recast layer thick-
ness plays a vital role in evaluating the surface integrity of the machined specimen. The
number of leftover debris and unflushed material on the surface has increased linearly
with the increase of spark on duration. The reason is thermally affected region due to en-
hanced thermal energy and stability of sparks because of more spark’s duration. Therefore,
the number of unflushed particles were increased as the Pon is increased from 4 to 6 μs,
resulting in a greater recast layer thickness, as shown in Figure 4d. A microscopic overview
of the recast layer formation is shown in Figure 5. The craters produced are shallow and
wider whereas the density of microcracks formation is also increased by increasing the Pon.

3.2.3. Effects of Open Voltage

The role of the open voltage is to perform a thermal breakdown to generate plasma
channel [33]. SR was enhanced greatly by increasing OV as can be seen in Figure 6. SR
possessed a direct relationship with OV similar to RLT. The thorough analysis of observa-
tions indicated that the increase in OV resulted in increasing SR, and RLT. The key reason
involves discharge energy phenomenon because of thermal breakdown during machining.

The plasma channel width is increased because of the enhanced open voltage levels
resulting in a larger thermal affected zone. The surface irregularities were increased at
higher values of OV as shown in Figure 6a. The surface asperities are enhanced because of
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increased discharge energy. This enlarged the width of the plasma channel, creating deeper
craters. The volume of the material removed was decreased by increasing the OV from
80 to 100 V because of the instability of discharge energy (Figure 6b). The phenomenon
involves inadequate melt generation due to a small amount of thermal energy and poor
flushing conditions, resulting in the insufficient removal of melt. OV was found to have
significant influence (49.07%) in controlling MRR.

The thickness of the recast layer increased linearly by enhancing the OV, as presented
in Figure 6c. In this case, from OV from 80 to 100 V, a linearly increasing trend of RLT
is observed similar to SR was obtained due to plasma energy channel. It was produced
because the material was melted and redeposited in the surface. Therefore, discharge
energy was enhanced by increasing OV leaving more material behind on the work surface.
The open voltage was found as foremost significant variable (52.06%) compared to other
variables affecting the recast layer thickness.

3.2.4. Effects of Servo Voltage

Servo voltage is usually responsible for the transfer of heat flux on the dedicated
workpiece surface through controlling the workpiece and wire electrode gap. All the output
responses possessed quadratic behaviour by increasing the SV. A detailed discussion of SV
provided herein, and trends are shown in Figure 7.

Kerf width was increased gradually by increasing the SV from 40 to 50 V. The rationale
of the gradual increase in KW at the first two levels of SV is the relatively small amount of
erosion of the material from both edges of the workpiece. However, a relatively greater
increase in KW with increased servo voltage levels from 50 to 60 V is due to increased
spark gap between the wire and workpiece electrodes, which resulted in a wider kerf. The
phenomenon behind the increasing trend of KW was endorsed by Rehman et al. [30].

3.3. Mathematical Modelling and Parametric Optimization

To determine the predictability of responses (productivity and quality), the general
regression model is developed through converting variable parameters to continuous
predictive variables [42]. The general algebraic expression of model is given as following.

y = b0 + b1x1 + b2x2 . . . . . . . . . . . . + bkxk (3)

In the general model, y represents the value of the response while b0 is the constant
value and b1, b2, b3, . . . , bk represents the estimated variation in mean response for each
unit change in the variable parameters. Experimental data was used to generate regression
models using variable parameters as continuous predictors. The relationship of WEDM
variable parameters on productivity quality measures using multiple regression analysis.

RLT = −14.03 − 0.070 WF + 1.947 Pon + 0.2222 OV − 0.0139 SV (4)

W = 0.3007 − 0.005037 WF + 0.00883 Pon + 0.000192 OV + 0.000267 SV (5)

SR = 1.3159 − 0.02074 WF + 0.12167 Pon + 0.001917 OV − 0.001417 SV (6)

MRR = 18.53 + 0.624 WF + 2.027 Pon − 0.2478 OV − 0.0223 SV (7)

Where “WF”, “Pon”, “OV” and “SV” are representing wire feed (mm/s), pulse on time (μs),
open voltage (V), and servo voltage (V), respectively.

Utilizing the experimental data, Minitab 19 was used to develop multiple regression
models associated with recast layer thickness, kerf width, surface roughness and material
removal rate presented in Equations (4)–(7), respectively. The output values of the response
measures were predicted after obtaining the optimal parameters for each response, and the
optimization results were validated by performing confirmatory experiments. The results
of the experimentation (three experiments) as a result of this optimization produced a very
minute standard deviation from the design of experiments results.
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Moreover, the desirability function was employed to optimize process settings, such
as the minimum, which was better for recast layer thickness, kerf width, surface roughness,
and the maximum, which was better for the material removal rate. The results of the
experimentation provided a major process improvement. The optimized parameters
obtained are “WF 8 mm/s”, “Pon 4 μs”, “OV 80 V” and “SV 56V”. In Table 4, the close
agreement is shown between the predicted values and experimental trials on the optimized
process settings ensures the adequacy of empirical models.

Table 4. Measured responses on optimized process parameters.

Sr. No. Process Parameters Response Indicators

WF (mm/s) Pon (μs) OV (V) SV (V) SR (μm) MRR (mm3/min) KW (mm) RLT (μm)

1 8 4 80 56 1.709 10.307 0.327 10.093
2 8 4 80 56 1.703 10.299 0.326 10.256
3 8 4 80 56 1.719 10.496 0.330 10.980

Avg. experimental value 1.710 10.367 0.327 10.443
Standard deviation 0.006 0.091 0.001 0.385

Predicted value 1.711 10.554 0.326 10.191
Error % 0.64 1.77 0.31 2.47

3.4. Recast Layer Measurement and Microstructural Evaluation

The microscopic analysis is usually performed to analyse the physical phenomena on
the surface morphology of the workpiece. The optical and scanning electron microscopy-
based analyses are explored herein.

3.4.1. Optical-Based Microscopic Analysis

The detailed recast layer thickness analysis was carried out through optical microscope,
(Figure 8A,B) to investigate the physics involved on the morphological alterations on
the workpiece surface. The recast layer was measured at three distinct positions on the
processed surface and average of the measurements was chosen for the analysis purpose.

 

Figure 8. Optical microscopic examination (at three different points for one experiment) for recast layer measurement at
different parametric settings for (A) WF 5 mm/s, Pon 4 μs, OV 80 V, and SV 40 V (B) WF 5 mm/s, Pon 6 μs, OV 100 V,
and SV 40 V.
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It can be extracted from Figure 8A,B that the significant thickness is deposited on the
base metal layer. Its microstructure is different from the unaffected surface consisting of
primary carbides. It was inferred that the maximum recast layer thickness of 19.52 μm was
obtained at the minimum WF (5 mm/s), high level of Pon (6 μs), higher value of OV (100 V),
and the minimum SV (40 V). Similarly, the higher control is responsible for the thermal
breakdown to improve the sparks’ stability and smaller control level means that the sparks
energy is focused on the specific region where material melting and redeposition occurred.
Therefore, the recast layer thickness was increased at these parametric settings. Similarly,
a minimum RLT was observed at WF 5 mm/s, Pon (4 μs), OV (80 V), and SV (40 V). The
reason is that the debris redeposition is decreased as the sparks on duration is decreased
because Pon is highly influential parameter for the recast layer thickness compared to
other variables.

3.4.2. Scanning Electron Microscopic Analysis

The detailed investigation for the microstructure of the processed surface is demon-
strated in Figure 9a,b. The evidence shows that microcracks appeared on the machined
surface. Moreover, the properties of melt material redeposit on machined surface varied
because of bonding and cracks generated in heat effected region. The recast layer proper-
ties are primarily different from the base metal because of heat treatment and quenching,
as shown in Figure 9. The thermal energy generated between wire electrodes results in
enlarged heat effected zone produced on the machined surface, providing opportunity to
redeposit onto the machined layer.

 

Figure 9. Scanning electron microscopy results of machined specimens (a) WF1, Pon1, OV2, SV2, (b) WF1, Pon3, OV1,
and SV2.

It can be seen from Figure 9 that the craters of different sizes and shapes, microcracks
and thermally redeposit melt material/debris were evident on machined surface. The
density of crack formation and the size of the craters increased by increasing the sparks-
on duration (the discharge energy is linearly dependent on it). Likewise, the process is
influenced by process variables on the microstructural evaluation, as evident from Table 3.
Similarly, pulse on duration influenced its maximum on controlling the craters size, density
of cracks formation, and size of debris globules formed on the processed surface. The
measured RLT on the machined surface was found 9.62 μm. The analysis of SEM images
from Figure 9 inferred that an oxide layer formed just below the heat-affected layer. This
process-affected region was generated because of large plasma channel width, resulting
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in more irregularities on the machined surface. The layer below the process affected zone
was considered as the safe region, consisting of primary carbides of carbon.

3.5. Comparison with Previous Studies

The tabular comparison of current output results was also compared with the pub-
lished literature for DC53 steel in WEDM and summary is reported in Table 5. The research
findings were found almost in good agreement with the existing results which also vali-
dated the experimental work. In addition, machinability of DC53 steel with zinc-coated
wire produced superior results in comparison to established practices [29,30].

Table 5. Comparison of the obtained results with the existing literature.

Output Response Unit Current Work Previous Work on Steel References

SR μm 1.71 1.72, 1.89, 1.68 [1,29,30]
MRR mm3/min 10.367 5.443, 10.205 [29,30]
KW mm 0.327 (at 0.25 mm wire Φ) 0.220, 0.287 (at 0.20 mm wire Φ) [29,30]
RLT μm 10.443 - -

4. Conclusions

This work was dedicated to providing experimental insight into the machining of
DC53 die steel, and considering the most important process variables, namely wire feed-
WF, pulse on duration-Pon, open voltage-OV, and servo voltage-SV. The influence of these
variables on kerf width-KW, surface roughness-SR, material removal rate-MRR, and recast
layer thickness-RLT during wire electric discharge machining was studied. Through
rigorous analysis based on physical phenomenon on surface morphology and material
characteristics, the following conclusions are extracted:

• RLT was directly influenced by varying the Pon and it was observed that SEM exami-
nation revealed three surface regions; (i) thermally affected region consisting of debris
particles of different sizes and shapes, cracks and craters, (ii) process-affected zone
consisting of oxides, and (iii) safe region consisting of the primary carbides of carbon.
Minimum average RLT of 9.63 μm was measured and observed after the examination
of machined surface morphology.

• The variance analysis results inferred that Pon was found to be the most significant
machining variable for all output responses with higher contribution percentages
such as SR (84.83%), KW (41.56%), RLT (40.00%), and MRR (32.81%), respectively.
High Pon results ina high plasma channel consisting the pool of electrons and ions
melted material because of the generation of an adequate heat-affected zone on the
machined surface.

• WF (45.64%), Pon (41.56%), and the SV (3.774%) are the significant factors for KW.
However, the detailed influential variables for SR include Pon (84.83%), WF (8.320%),
OV (2.10%), and SV (1.15%). The significant variables for recast layer thickness in-
volved OV (52.06%) and Pon (40.00%). Open voltage, pulse on duration, and wire
feed with percentage contributions of 49.07%, 32.81%, and 10.51%, respectively, are
significant for MRR. The rapid transport of wire resulted in less workpiece–wire elec-
trode interaction, and produced a smaller heat-affected zone because of minor thermal
damages. Therefore, less molten material was redeposited on the workpiece surface.

• The experimental results reveal that WF influences prominently in reducing KW,
SR, and RLT and increasing MRR. All response measures were directly increased by
increasing Pon due to the amplified discharge energy of the sparks produced.

• The optimized parameters obtained are “WF 8 mm/s”, “Pon 4 μs”, “OV 80 V” and “SV
56 V” resulting 1.710 μm SR, 10.367 mm3/min MRR, 0.327 mm KW, and 10.443 μm
RLT. The regression models (showing less than a 3% error from the physical experi-
mentation) are developed based on a thorough investigation to support the machinists
for achieving the required features.
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Future work that could further improve the quality of dies tools should be focused
on experimental investigation using other control variables like flushing pressure, wire
tension, and corner accuracy (both top and bottom) in WEDM of DC53 steel using different
wire electrodes.
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Abbreviations

ANOVA Analysis of variance
CMM Coordinate measuring machine
DOE Design of experiments
HAZ Heat affected zone
KW Kerf width (μm)
MRR Material removal rate (mm3/min)
OV Open voltage (volt)
OA Orthogonal array
ρ Density (kg⁄m3)
PCR Percent contribution (%)
Pon Pulse on duration (μs)
Poff Pulse off time (μs)
RLT Recast layer thickness (μm)
SR Surface roughness (μm)
SV Servo voltage (volt)
SEM Scanning electron microscopy
WEDM Wire electric discharge machining
WF Wire feed (mm/s)
WT Wire tension (gms-f)
Wb Weight of the workpiece prior machining (g)
Wa Weight of the workpiece prior after machining (g)
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Abstract: The difficulty of producing sufficient quantities of nanocrystalline materials for test speci-
mens has led to an effort to explore alternative means for the mechanical characterization of small
material volumes. In the present work, a numerical model simulating a nanoindentation test was
developed using Abaqus software. In order to implement the model, the principal material properties
were used. The numerical nanoindentation results were converted to stress–strain curves through
an inverse algorithm in order to obtain the macroscopic mechanical properties. For the validation
of the developed model, nanoindentation tests were carried out in accordance with the ISO 14577.
The composition of 75% wt. tungsten and 25% wt. copper was investigated by producing two
batches of specimens with a coarse-grain microstructure with an average grain size of 150 nm and
a nanocrystalline microstructure with a grain diameter of 100 nm, respectively. The porosity of
both batches was derived to range between 9% and 10% based on X-ray diffraction analyses. The
experimental nanoidentation results in terms of load–displacement curves show a good agreement
with the numerical nanoindentation results. The proposed numerical technique combined with the
inverse algorithm predicts the material properties of a fully dense, nanocrystalline material with very
good accuracy, but it shows an appreciable deviation with the corresponding compression results,
leading to the finding that the porosity effect is a crucial parameter which needs to be taken into
account in the multiscale numerical methodology.

Keywords: nanocrystalline materials; finite element analysis; inverse algorithm

1. Introduction

Notable attempts have been made, in recent years, at the production of materials with
a nanocrystalline microstructure, due to their improved mechanical properties [1,2]. The
enhancement in terms of strength by decreasing the grain size has been described by the
Hall-Petch equation effect [3].

Various manufacturing methods are applied to obtain nanocrystalline alloys (i.e., a
grain size less than 100 nm), including electrodeposition [1,4], powder metallurgy [5,6],
magnetron sputtering [7–10], and inert gas condensation followed by the consolidation of
powders [1] and severe plastic deformation (SPD) [11,12]. The vast majority of nanocrys-
talline materials are produced by the mechanical alloying method or electrodeposition
technique. The electrodeposition technique has some inherent limitations in terms of the
quality of the produced specimens because they show extensive porosity or impurities.
On the other hand, the fabrication technique of mechanical alloying is able to produce
materials with a nanocrystalline microstructure at a high manufacturing speed and with
complete control of the fabrication parameters, so as to obtain defect-free bulk materi-
als [13]. However, the main obstacle of the mechanical alloying method is the production
of specimens without a uniform grain size, which in turn influences the macroscopic
mechanical response of the materials, especially in a harsh environment. The material
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microstructure changes rapidly at elevated temperatures. This is the commonly-known
coarsening effect. The mechanical response of said materials is completely influenced by
their different interphases into the microstructure. This kind of material is the so-called
graded material [14,15].

Taking for granted said facts, all of the proposed production techniques are cost-
effective, but the produced materials are influenced by several imperfections (like flaws and
pores) which drive to the degradation of the material properties. With respect to limitations
in the manufacturing methods of nano-crystalline materials, the mass production of fully
dense, bulk forms with a nanocrystalline microstructure at sufficient quantities has hardly
been achievable up to now, and it has not been industrialized.

With the aforementioned increasing interest in the production of innovative metallic
materials, mechanical testing procedures using small material volumes are more than
necessary nowadays. Moreover, the conventional testing techniques like tensile or compres-
sion testing become noticeably challenging with specimens of small volume. Furthermore,
limited results are shown in journals concerning the correlation between the microstructure
and the resulting material properties. Some of the desirable material properties in the
frame of nanocrystalline materials are the yield stress, the ultimate strength at fracture, the
enhanced wear resistance and the improved plasticity compared to that of their microcrys-
talline counterparts [16–20]. A more detailed and extensive mechanical characterization is
needed so as to obtain more reliable results.

Based on the obstacles of the mechanical characterization utilizing conventional
experimental tests, scientific progress has resulted in the extensive use of nanoindentation
experiments [21–34]. Berkovich indenters allow precise measurements by varying the force
of the nanoindentation (P) in relation to the depth of penetration (h). Observations through
experimental nanoindentation tests were performed on many materials so as to determine
material features such as residual stresses and hardness [23–25,29,33–37].

At the same time, a noticeable effort has been made to use analytical and numerical in-
vestigations in order to determine the deformation mechanisms and the contact mechanics
of the nanoindentation effect. The main purpose is to define the mechanical response to the
applied load of nanoindentation (P) versus penetration depth (h) diagrams acquired from
instrumented nanoindentation [23,25,31,32,36–41]. More specifically, researchers [23,25]
suggested analytical approaches in which the modulus of elasticity and hardness could be
extracted from the Pmax and the unloading incline at the starting stages. Additionally, Gian-
nakopoulos and Suresh [40] proposed a procedure in which all of elastoplastic properties
may be extracted through a P-h diagram. Based on [40], Suresh and Giannakopoulos [42]
developed an up-to-date methodology which was able to export the residual stresses.
In terms of numerical methods, several numerical attempts were conducted on the case
studies of thin-film systems [43–45].

To conclude, a methodology was developed by Hill et al. [46] for the case study of
materials with power law plastic behavior under the indentation load of a spherical in-
denter. The calculations of a sharp indenter, such as a Berkovich indenter, for the case
of elastoplastic materials were numerically extracted by Larsson et al. [47] and Gian-
nakopoulos et al. [38]. Moreover, scale factors were carried out so as to investigate bulk
materials [31,32,39] and coated material [45]. To this end, researchers [32] have developed
a comprehensive analytical approach, and several investigations were conducted on the
basis of the dimensional analysis of sharp indentation. The results from the aforementioned
approach showed that Kick’s Law is a constitutive factor of the dimensional analysis of
sharp indentation.

The scope of the present paper is to develop an innovative multiscale finite element
methodology simulating the nanoindentation test which accounts for the different material
phases, as they are described in [48], in order to define the macroscopic mechanical response
of nanocrystalline materials. Through the aforementioned model, the nanoindentation
behavior of nanocrystalline materials was extracted, and the corresponding macroscopic
mechanical behavior was evaluated via the implementation of an inverse analytical algo-
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rithm. By utilizing a homogenized RVE for the last simulation in conjunction with the
inverse algorithm, we are able to predict the macroscopic mechanical response.

2. Modelling

2.1. Analytical Approach

As referred to above, the nanoindentation method is a very attractive testing procedure
to obtain the mechanical properties of such kinds of materials as nanocrystalline metals,
which are difficult to produce in large quantities, leading to the need for the mechanical
characterization of small-volume specimens. The uniqueness of the nanoindentation
technique relies on the extracted results which come from the P-h diagram. More specifically,
the estimation of the contact pressure between the nano-indenter and the target material—
and the resulting hardness—comes from the measurement of the contact area between said
parts in terms of the indentation load and penetration depth. A continuous data acquisition
in the loading phase of a typical indentation test is involved. In the following unloading
part of the P-h diagram, the Young’s modulus and Poisson ratio of the indented material
can be exported at the early stages of the unloading phase because of the strain relaxation
within the material [49,50]. Furthermore, material features like residual stress [46,51],
initial plasticity [51–53], creep [54], and hardening [55] are very important parameters
for property extraction in the nanoindentation testing method. Additionally, the surface
deformation around the plastic deformation induced by the nano-indenter creates sink-in
and pile-up residual strains, which are very important for the mechanical characterization
of the target material [56]. The aforementioned alteration of the surface plays an important
role in determining the contact area, and is also an effective factor for the definition of
material properties like the strain-hardening behavior [57,58].

According to the literature for the indentation testing method, a nanoindentation test
is commonly known for the creation of a non-uniform stress field at the surface of the target
material, which leads to the average calculation of induced stresses [59]. The mean value
of stresses in terms of von Mises stress, according to Meyer′s hardness [49,59], is defined
utilizing the Tabor Relation [59–61]:

σ ≈ H
3

, (1)

H =
P
A

, (2)

where H is the resulting hardness, P is the applied force of the nano-indenter on the target
material, and A is the contact area of the Berkovich nanoindenter. The indentation area is
calculated taking into consideration the geometry of the nanoindenter’s tip and the pileup
or sink-in that take place around the tip, as shown in Figure 1.

Figure 1. Indentation geometry showing the pile-up and sink-in.
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The mathematical expressions followed for the calculation of the projected contact
area of the nanoindenter are presented in Equation (3) for the case study of a Berkovich
indenter’s tip [62], and in Equation (4) for the case study of the spherical indenter’s tip:

A = 24.5hc
2 + Chc, (3)

A = π
(

2Rhc − hc
2
)

, (4)

where hc is the penetration depth of the indenter tip into the target specimen, C is a constant
for the case of Berkovich indenters (150 nm) referring to the geometrical features of the
specific indenter [62], and R refers to the curvature of the nanoindenter. The penetration
depth of the indenter’s tip was calculated according to the contact mechanics’ analytical
expressions (Figure 1) [49,59,63]:

hc = h − hs = h − δ

(
Pmax

S

)
, (5)

S =
dP
dh

, (6)

where h is the overall displacement of the nanoindenter; δ is a geometric constant parameter
referring to the geometrical characteristics of the indenter’s tip, which is equal to 0.75 for
Berkovich indenters; the variable hs describes the displacement of the target material’s
surface during the nanoindentation load, taking into account the pile-up and sink-in
deformation mechanisms; and S is the stiffness at the unloading phase. At this point, it is
of paramount importance to mention that the stiffness at the unloading step is defined by
the incline of the P-h diagram (an indicative plot is shown in Figure 2).

Figure 2. Indentation load–penetration depth curve from an indentation test.

It is noteworthy to mention that Equations (2)–(6) were from research papers in
the frame of homogeneous materials. Based on this aspect, extensive work needs to be
carried out so as to verify the effectiveness of the proposed mathematical procedure on
heterogeneous materials like the nanocrystalline tungsten–copper materials produced and
tested in the present paper. The selection of the tungsten–copper alloy was made in the
frame of the European FET-Open project ICARUS [64] due to its inherent thermodynamic
stability for aerospace applications. Moreover, the strain rate of the indentation at the
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surface of the target material is also non-uniform, and it leads to the creation of the
corresponding non-uniform stress field, as referred to above. It is of paramount importance
to define the mean deformation rate as the rate of the complete penetration depth into the
target material over the current total displacement of the indenter [60]:

.
ε =

.
h
h

(7)

2.2. Numerical Model

For the purpose of the nanoindentation simulation of a nanostructured material, a
FE-based model was utilized. The recommended numerical methodology is utilized on
RVEs with a nanocrystalline morphology. The numerical methodology is presented in the
flowchart of Figure 3. The methodology begins with the computer tomograph YXLON
FF35 CT (YXLON International GmbH, Hamburg, Germany) and X-ray diffraction images
(Bruker D8 Discover, Bruker Corp., Billerica, MA, USA), and evolves with the image
analysis and the multi-level simulation [48].

 

Figure 3. Flowchart of the methodology.

As it is commonly known, RVE is the smallest numerical volume for any material
in which a macro-mechanical property can be defined through a multi-scale modelling
approach. Due to the microscopic size of representative-volume elements, the detailed
morphology of the materials’ microstructural characteristics can be modelled. The analysis’
objective is focused on the development of a numerical procedure via the parametric
interaction representing the geometrical characteristics of nanostructured metals. The
presumptions and the extensive numerical methodology used in the present work are
described extensively in [48,65], on account of the completeness of the paper. The nanocrys-
talline materials are heterogeneous materials due to their discrete areas showing different
physico-chemical and mechanical properties at the microscale level. Based on this paradox,
the mechanical response, taken by the proposed numerical methodology shown in [48,65],
is the homogenized average medium of the equivalent heterogenous nanocrystalline mate-
rial. More specifically, in [48,65], the presumptions were applied for the investigation of
mechanical behavior of a fully dense, nanocrystalline material under uniaxial compressive
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loading, so as to extract the stress–strain response of an equivalent homogenized material
from the heterogenous RVE (see Figure 4) at the nanoscale level under compression loading.
In the present publication, we follow strictly the above-said numerical methodology by
extending it to the application of a nanoindentation testing method, so as to define the
mechanical response of nanocrystalline metals at the microscale level.

Figure 4. The representative volume element of a tungsten–copper nanocrystalline alloy.

The finite element modeling of the nanoindentation test was developed utilizing
Abaqus CAE (Computer Aided Engineering) (Dassault Systemes Simulia Corp., Provi-
dence, RI, USA). The model was developed in three dimensions consisting of 2 objects,
a representative pyramidal-like indenter with the real dimensions of Berkovich indenter
and a cube representing the specimen with dimensions of 5 μm × 5 μm × 3 μm (Figure 5).
The indenter was modeled to be rigid. The definition of elastoplastic response of cubic
specimen was achieved by using the innovative nanoscale numerical model which was
described above [48]. The material properties applied to the cubic specimen were extracted
from the RVE as the homogenized average medium. The aforementioned mechanical
properties were achieved by applying a compressive loading on the RVE. Additionally,
a surface-to-surface frictional contact with a coefficient of 0.1 was implemented for the
indentation model. Several numerical investigations have shown that the frictional coeffi-
cient between the indenter and target material is an insignificant parameter regarding the
experimental nanoindentation outcomes. In the present work, the influence of the frictional
contact was taken into account in the numerical model in order to develop numerically the
same experimental conditions, with the ultimate goal of the maximum similarity between
the numerical model and the experiments. Regarding the numerical parameters, the target
material was meshed with 62,000 hexahedral elements of type C3D8R (eight node), with a
dense mesh at the area of the target material directly beneath Berkovich’s tip. Moreover,
the indenter had a constant penetration speed of 5.5 nm/s until it reached the load of
15 mN, in the loading phase, which is a pre-defined setup parameter. After this step, the
indenter was removed from the target material with a constant speed of 16 nm/s in the
unloading phase. At this point, it is important to mention that the ratio of the cube’s height
to the maximum penetration depth is approximately equal to 8 in the current model, so
as to reduce computational time. From the scope of parametric study, higher ratios of
10 and 20 were also investigated, and the results presented an insignificant divergence in
the resulting P-h diagram compared to that of the ratio of 8.
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(a) 

 
(b) 

 
(c) 

 
 
 
 
 

(d) 

Figure 5. Three-dimensional finite element model of the nanoindentation: (a) the dimensions of the target material, (b) the
dimensions of the Berkovich indenter, (c) the meshed model and (d) the meshed Berkovich indenter.

The main advantage of the numerical nanoindentation models is that they are able
to acquire the load-versus-depth curve of a specified reference point by continuous data
acquisition throughout the duration of the simulation, just as during an experiment in situ.
Furthermore, another important aspect that should be mentioned is that the proposed nu-
merical methodology has taken into account the importance of the dimensional definition
of the indented cube. In this way, the boundary effects are eliminated on the nanoinden-
tation model, and the assumption of a continuous medium was validated. During the
setup of the FE parameters, one of the most important boundary conditions applied in this
model is the fixation of the target material’s base so as to ensure an ideal indentation test.
A second important boundary condition applied is the constraint of the nanoindenter in
such a way that the nanoindenter is fixed to allow motion in the vertical direction.

2.3. Inverse Analysis Algorithm

A comprehensive analytical methodology for instrumented indentation was identified
in this paper, which allows us to define the mechanical properties of materials by using a
Berkovich nanoindenter. The current paper is focused on the development of an inverse
analysis algorithm so as to obtain the material properties via nanoindentation tests and
numerical nanoindentation models. Figure 2 shows the P-h curve for a Berkovich indenter.
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In the loading phase, it seems that the curve is in consistency with the relation P = Ch2,
where parameter C is responsible for the indentation curvature. This curvature represents
the resistance of the target material to the indentation effect. Additionally, the calculated
pressure of contact, pav = Pmax/Amax, could be determined with the hardness of the target
material, where Pmax is the maximum applied force for the indentation. The Pmax provides
the necessary energy to the nanoindenter to penetrate the target material by a depth of
hmax, by that means creating the Amax (the maximum projected contact area on the surface
of the target material). Elastoplastic FE models with a Berkovich indenter, conducted on
the present paper utilizing computational analyses comparable with those presented in
reference [38], also show that

hr

hmax
= 1 − d∗S, (8)

where d* = 4.678 for the case of a Berkovich indenter. Equation (8) is in rational accor-
dance with the experimental observations of Breval and MacMillan [66]. Taking into
consideration the true contact area on three-dimensional numerical models and the strain
hardening effects imposed on pile-up and sink-in strains, the subsequent mathematical ex-
pression, which correlates Amax with hmax, was obtained for the case study of elastic–plastic
materials [30,38]:

Amax

h2max
= 9.96 − 12.64 ∗ (1 − S) + 105.42(1 − S)2 − 229.57(1 − S)3 + 157.67(1 − S)4, with S =

pav

E∗ (9)

The aforementioned mathematical expression is a polynomial regression to the calcu-
lated values of Amax/h2

max. In Equation (9), the resulting Young’s modulus of the Berkovich
nanoindenter–target material system, E*, is derived as:

E∗ = 1
c∗
√

Amax

(
dP
dh

)
, (10)

where dP/dh is the incline of the P-h diagram at the unloading phase from Pmax, while the c*
parameter is equal to 1.167 for the case study of the Berkovich nanoindenter. Furthermore,
the ratio of the residual penetration depth hr to the maximum depth of indentation, hmax, is
typical of the magnitude of strain hardening and plastic deformation [41,67,68]:

σ0.29 − σy

0.29E∗ = 1 − 0.142
hr

hmax
− 0.957

(
hr

hmax

)2
(11)

In the aforementioned Equation, σy refers to the yield strength, while σ0.29 refers on
the indicative plastic strain of 0.29 for the target material in uniaxial loading.

At this point, it is noteworthy to mention that the combination of Equations (8) and (9)
gives an important relationship which correlates Amax with hmax. Using the aforementioned
combined mathematical expression, we are able to extract the true contact area from the
P-h diagram without the need of any visual examination. Knowing that

Pmax ≈ Chmax
2, (12)

we can calculate the parameter C so as to use it into the following equation, which comes
from 3D numerical simulations of elastic–plastic nanoindentation, in addition to the corre-
sponding experiments [36,38,42,67,68]:

C =
P
h2 = M1σ0.29

{
1 +

σy

σ0.29

}{
M2 + ln

E∗

σy

}
(13)

The constants in this mathematical expression are M1 and M2, where M1 is equal to
6.618 and M2 is equal to −0.875 for the case study of a Berkovich indenter [40].
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With all of the values calculated using the above-said analytical expressions, the strain
hardening exponent can be easily calculated by applying the subsequent equation:

n ≈ ln
{

σ0.29 − ln
(
σy
)}

/5 (14)

3. Experimental

3.1. Materials

To begin with, the tungsten–copper alloy system was selected for the present investi-
gation. As mentioned above, the selection of the present alloying element combination was
made in the frame of the European project ICARUS [64], which was focused on the investi-
gation of coarsening-resistant alloys for aerospace applications. The alloy consisted of 75%
tungsten and 25% copper in weight. For this material composition, two different types of
tungsten–copper alloy were produced in terms of the resulting microstructure. Both types
were manufactured using the same powders originating from the same powder batch.

The coarse-grained tungsten–copper specimens (cW-Cu) were fabricated through the
simple mixture of the as-received commercial powders of tungsten and copper elements
without any grain refinement process being involved. Additionally, the well-known
manufacturing approach consisting of cold pressing, hot isostatic pressing (HIP) (University
of Miskolc, Miskolc, Hungary) and heat treatment was implemented so as to obtain the
consolidated specimens. The coarse-grained tungsten–copper specimen has an average
grain size of 150 nm.

On the other hand, the high energy ball milling (HEBM) (MBN Nanomaterialia S.p.A.,
Treviso, Italy) method was utilized in order to mill tungsten and copper powders, achieving a
nanocrystalline morphology with a grain diameter of 100 nm. The nanocrystalline tungsten–
copper powders used for the production of the alloy will be referred in the following
as W-Cu. Following the same consolidation technique of the cW-Cu specimens for the
production of the corresponding W-Cu specimens, the fabrication method of cold pressing,
hot isostatic pressing (HIP) and heat treatment was implemented here again. An extensive
description of the produced materials’ microstructures and their resulting imperfections
(pores and impurities) can be found in [48]. The above-mentioned production of the
two types of tungsten–copper alloys was performed by the company MBN Nanomaterialia.

3.2. Nanoindentation Test

Nanoindentation refers to a variety of hardness tests which are applied on a small
scale. Penetration is perhaps the most common way of checking the mechanical properties
of materials facilitated by high-precision instrumentation in the nanometer scale. In 2008,
the ISO/TR 29381 was published, allowing for the evaluation of the tensile properties of
metallic materials by instrumented indentation [69].

A nanoindentation device was developed at the Physical Metallurgy Laboratory, and
is presented in Figures 6 and 7. The device performs testing using a Berkovich, Vickers, or
Knoop diamond, or 0.5–2 mm indenters. The travel distance of the workbench can reach
50 by 140 mm, guided by specially developed computer software. The height of the optics is
measured by means of a laser distance meter coupled with a rotary encoder attached to the
fine adjustment dial of the microscope. The accuracy of the device in the XY direction is in
the order of 1 μm. The applied load can vary from 1 to 1000 mN with a resolution of 0.1 mN,
strictly following the ISO 14577 [70]. The measurement consists of two stages: the loading
phase and the unloading phase. During the loading, force is applied gradually to the
diamond indenter, and as it penetrates the test piece, the depth measurement is recorded.
During the unloading, a residual depth remains due to the plastic deformation of the
sample, which depends on the properties of the material, the size of the applied force, and
the geometry of the indenter. The maximum indentation depth fluctuations measured on
the same sample are mainly induced by different contact conditions between the indenter
tip and the tested surface due to roughness [71]. The roughness effect can be confronted
with the execution of an appreciable number of measurements to attain the stabilization of
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the maximum indentation depth’s mean value [71]. The proper preparation of the examined
specimens is a meticulous and time-consuming process that ensures the repeatability and
robustness of the results, while eliminating those parameters that could tamper with
the outcome due to mishandling or human error. The mounted samples were gently,
mechanically ground and polished in several sequential steps employing a BUEHLER
VanguardTM 2000 (Lake Bluff, IL, USA) automatic sample preparation system [72]. The
mechanical grinding took place in several sequential steps, starting with coarse grinding
discs (60 grit) and ending with finer ones (1600 grit). The polishing was obtained by
employing an aqueous suspension of fine alumina powder with a particle size of 0.3 μm
applied on the respective polishing cloths. In this work, 50 nanoindentation tests were
performed on each specimen to eliminate roughness effects.

  

Figure 6. Nanoindentation test of nanocrystalline specimens according to ISO 14577.

 

Figure 7. Specimen’s fixation for the nanoindentation test.

The evolution of FEM-based algorithms in the evaluation of nanoindentation results
offers advanced capabilities in the determination of the exact contact between the indenter
and the test piece, thus allowing the accurate calculation of the material’s hardness and
the stress–strain curve. The FEM model simulating the nanoindentation procedure and
the actual indenter tip geometry, introduced in [72], can be applied to calculate the contact
geometry during the loading and the shape of the surface impression after unloading. The
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“SSCUBONI” algorithm employed for the continuous simulation of the nanoindentation
enables the extraction of materials’ stress–strain laws. FEM-supported methods offer
advanced capabilities in the determination of mechanical properties, such as the Young’s
modulus, yield and rupture strength. Stress–strain curves of various materials—such as
cemented carbide, ceramics and hardened steels—determined by a FEM-based algorithm of
nanoindentation can be applied in FEM-supported simulations of micro- and macro-scale
indentation procedures to allow the capture of the material response at various scales [73].

4. Results

The indentation force (P)–penetration depth (h) curves obtained using a Berkovich
indenter tip, after a set of 50 measurements that were statistically evaluated to present the
averages for the cW-Cu and the W-Cu type of alloy are presented in Figure 8, as well as
the scatter of the measurement at the maximum indentation depth. As shown in Figure 8,
the coarse-grained tungsten–copper alloy (cW-Cu) exhibits a higher penetration of about
400nm depth at an indentation load of 15 mN [73,74] compared to that of nanocrystalline
the tungsten–copper alloy (W-Cu), which presents a penetration depth of about 250 nm at
the applied penetration load of 15 mN, correspondingly. The aforementioned outcomes are
reasonable due to the fact that the Hall–Petch effect governs this type of material, and the
yield stress is increased by decreasing the grain size. Thus, the nanocrystalline specimen
shows a higher “resistance” to the indentation effect and to plastic deformation.

 cW-cu W-cu 

Min. Depth (nm) 352 224 

Aver. Depth (nm) 407 258 

Max. depth (nm) 522 284 

(a) (b) 

Figure 8. (a) The experimental results of cW-Cu and WCu specimens in accordance with ISO 14577, and (b) the scatter of
the nanoindentation results.

4.1. Validation of the Numerical Nanoindentation Model

Using the numerical multiscale model, the homogenized nanoindentation response of
the fully dense, indented material was calculated for the case of a coarse-grained W-Cu
(cW-Cu) material, and is shown in Figure 9. In this Figure, the computed P-h curves of a
fully dense, nanocrystalline material using two Berkovich indenters—one with a sharp tip
and one with a rounded tip with a roundness of 100 nm—are displayed and compared to
the respective experimental curve. The geometrical features and the material properties
applied on the cubic specimen are described extensively in [48]. The divergence of the
numerical outcomes from the experimental result is negligible because the nanoindentation
model does not take into account any defect (like pores) which might be located in the
microstructure of the specimens. The aforementioned assumption of the absence of defects
on the numerical model leads to the simulation of a fully dense, homogeneous-like material
which may be different from that reality. On the other hand, the existing impurities or
pores are mostly located at the lower layers of specimens, and as a result the nanoindenter
cannot reach it through the nanoindentation test due to the very small indentation depth.
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This phenomenon leads to the prediction of a nanoindentation response of a fully dense
material without microstructure irregularities.

Figure 9. Comparison of the experimental result of the cW-Cu specimen with the numerical results
utilizing sharp and rounded Berkovich indenters.

Taking for granted the above assumption, the only parameter which plays an im-
portant role on the definition of the nanoindentation response is the sharpness of the
nanoindenter. In terms of the tip sharpness, both the tungsten–copper alloys and their
corresponding numerical results (Figures 9 and 10) present the same tendency. More
specifically, the numerical results of the sharp Berkovich indenter present the higher pen-
etration depth of both materials. This phenomenon is reasonable due to the extensive
stress concentration beneath the Berkovich tip. The sharper the tip, the higher the stress
concentration factor is. On the other hand, the implementation of a rounded tip of the
Berkovich indenter is a more realistic approach due to the unavoidable degeneration of
the nanoindentation apparatus through its extensive usage. The above fact is logical,
and the effect of the indenter’s sharpness on the mechanical response in nanoindentation
experiment was reported in [75]. Taking this aspect for granted, the numerical results of
the rounded Berkovich indenter tend to show the most reliable nanoindentation behavior.

Figure 10. Comparison of the experimental result of a W-Cu specimen with the numerical results of
a fully dense model utilizing sharp and rounded Berkovich indenters.
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To sum up, the experimental P-h curve better reflects the nanoindentation behavior
of a fully dense material than of a material with an extensive porosity like the examined
specimens in this paper. The proposed numerical methodology shows a very good conver-
gence with the nanoindentation test. On the other hand, utilizing the inverse algorithm as
it is shown in Section 4.2, the macroscopic compression behavior obtained by the inverse
algorithm of the numerical nanonindentation results will differ from the experimental
compression tests examined in [48] because it does not take into account the inherent
defects (impurities and pores) of the microstructure.

4.2. Comparison of Nanoindentation Experimental Results Utilizing the SSCUBONI Algorithm

Implementing the SSCUBONI algorithm, the resulting representative von Mises stress–
strain curves of the cW-Cu and W-Cu specimens from the nanoindentation tests are shown
in Figures 11 and 12, respectively. The aforementioned curves are compared to those of the
compression tests for the same batches.

Figure 11. Comparison of the S-S curves of the experimental compression test with the corresponding
inverse SSCUBONI-based experimental test for the cW-Cu specimens.

Figure 12. Comparison of the S-S curves of the experimental compression test with the corresponding
inverse SSCUBONI-based experimental test for the W-Cu specimens.
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As can be seen from both Figures, the inverse experimental nanoindentation results
present a remarkable deviation from the compression test of the cW-Cu and W-Cu coun-
terparts. More specifically, in Figure 11, the inverse SSCUBONI nanoindentation curve
exhibits a Young’s modulus of 200 GPa and a yield stress of 1340 MPa, while the corre-
sponding compression curve shows a Young’s modulus of 180 GPa and a yield stress of
450 MPa. Moreover, in the case of W-Cu specimens (Figure 12), the inverse SSCUBONI
curve from the experimental nanoindentation curve shows a Young’s modulus of 250 GPa
and a yield stress of 2.8 GPa, while the respective compression curve for the case of the
W-Cu specimen exhibits a Young’s modulus of 220 GPa and a yield stress of 1150 MPa.

It is evident that the deviation of the inverse experimental nanoindentation outcomes
from the experimental compression results is appreciable but reasonable. The porosity
effect is the main characteristic which relies on the aforementioned deviation. As was
already explained above, the nanoindenter penetrates the target material at a contact area
of a few nanometers for an indentation depth of some nanometers. The contact area of the
nanoindentation is extremely small compared to the volume of the specimen, and as a result
the obtained experimental results reflect a nanoindentation behavior of a homogeneous-like
material excluding all of the present heterogeneities into its microstructure by extracting a
nanoindentation behavior of an ideal material. This procedure leads to unreliable results
in the case of a material with several defects or impurities in its microstructure. The
experimental test is not able to perceive the extensive presence of pores which are located in
the lower layers. In our case, the experimental P-h curve better reflects the nanoindentation
behaviour of a fully dense material than that of a material with an extensive porosity like
the examined specimens of the current project.

4.3. Comparison of Numerical Nanoindentation Results Utilizing the Inverse Algorithm

In an effort to predict the macroscopic material properties via the nanoindentation
testing method, an inverse algorithm was proposed and utilized in this paper. The macro-
scopic mechanical responses of the experimental results and the numerical outcomes of
nanoindentation models were calculated for the case of a cW-Cu material and a W-Cu mate-
rial, and they are shown in Figures 13 and 14, respectively. As can be seen, the experimental
nanoindentation results obtained from the SSCUBONI algorithm show an appreciable
convergence with the corresponding numerical nanoindentation results obtained by the
proposed inverse algorithm.

Figure 13. Comparison of the S-S curves of the experimental compression test with the corresponding
inverse numerical nanoindentation results and the inverse SSCUBONI-based experimental test for
the cW-Cu specimens.

64



Metals 2021, 11, 1827

Figure 14. Comparison of the S-S curves of the experimental compression test with the corresponding
inverse numerical nanoindentation results and the inverse SSCUBONI-based experimental test for
the W-Cu specimens.

Both of the inverse analysis algorithms seem to be efficient in converting the pene-
tration load–indentation depth curve to stress–strain curves, but the proposed multiscale
nanoindentation model in conjunction with the inverse algorithm provides an advantage to
the scientific community because it is able to predict the macroscopic mechanical response
of any nanocrystalline material without executing any experimental test. However, it is
noteworthy to mentioned at this point that the porosity effect is a crucial parameter for
the mechanical behavior. For the aforementioned reason, the numerical multiscale nanoin-
dentation methodology implementing the porosity effect for the case study of porous
nanocrystalline alloys in combination with the proposed inverse analysis algorithm needs
to be developed so as to predict the macroscopic mechanical response more efficiently.

5. Conclusions

Herein, a methodology was developed for the simulation of the nanoindentation
testing of fully dense nanocrystalline materials utilizing a combination of numerical and
analytical approaches. The numerical nanoindentation outcomes correlate very well with
the experimental nanoindentation results, which validates the proposed methodology in
terms of simulating the nanoindentation test. However, in the scope of the prediction
of mechanical properties at the macroscale level, the proposed methodology shows an
appreciable divergence with the experimental compression tests due to the porosity effect.
For the aforementioned reason, it is of paramount importance that the proposed multiscale
numerical methodology be modified so as to take into account the porosity effect. Addi-
tionally, a thorough investigation of the proposed methodology has to be carried out by
applying different indentation loads, through numerical simulations and experimental
tests, and by testing various specimens with different alloying elements, compositions and
grain sizes so as to be validated for any alloy. Considering the above, it can be stated that
the proposed numerical approach in conjunction with the inverse algorithm represents a
preliminary contribution towards the development of a numerical nanoindentation model,
and may serve as the basis for the development of large-scale models to be applied in the
quality control of the mass production systems of the aforementioned promising materials
in the near future.
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Abstract: The recent environmental/health and safety regulations placed restrictions of use of
hazardous substances on critical manufacturing sectors and consumers’ products. Brass alloys
specifically face a challenging issue concerning the elimination of lead (Pb) which has been a critical
element affecting both the machinability and overall quality and efficiency of their manufacturing
process. The adaptation of novel materials and processing routes in the green economy constitutes
a crucial decision for competitive business and industry growth as a worldwide perspective with
substantial industrial and social impact. This paper aims to review the emergent innovative and
sustainable material solutions in the manufacturing industry, in line with environmental regulations,
by highlighting smart alloy design practices and promoting new and innovative approaches for
material selection and manufacturing process optimisation. In this review we analyse the processing,
structure and machinability aspects of leaded brasses and underline the major guidelines and research
methodologies required to overcome this technical challenge and further improve the mechanical
properties and machinability of lead-free brass alloys. Various alloying and processing strategies were
reviewed together with the most important failure types, as they were extracted from the existing
industrial and technological experience, covering more than 20 years of research in this field.

Keywords: leaded brasses; lead-free brasses; eco-friendly; machinability; brass failures; design-of-
experiments

1. Introduction

Cu–Zn alloys (brasses) are widely used industrial materials because of their superior
properties such as high corrosion resistance, low friction coefficient, non-magnetism, good
plastic deformability (forgeability) and machinability [1–4]. Lead (Pb) has been commonly
added to brass alloys to ensure pressure tightness and improve the machinability of the
alloy, directly affecting cutting-tool life [5–7]. Owing to its low solidification temperature,
lead acts as a filler for micropores that form during casting. Subsequently, these lead parti-
cles improve the machinability of brasses through their dual functionality as a lubricant
and a stress concentration point, promoting the formation of small discontinuous chips
and minimising tool wear [8]. As such, leaded brasses have seen use in a wide range of
applications such as the base screw machine material for architectural hardware, cosmetics,
musical instruments, screw machine parts, valves, fitting and general fasteners, while also
being extensively used for plumbing applications [9]. Nevertheless, the health hazards asso-
ciated with lead resulted in the implementation of stricter regulations for permissible lead
content levels in brass products. More specifically, as leaded brasses have been extensively
used for plumbing applications, particulate lead could be traced in drinking water due to
the gradual corrosion of the brass components. Additionally, particles originating from
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solders used in plumbing led to the further contamination of the potable water supply. The
gradual intake of particulate lead would elevate the blood lead levels, eventually leading
to poisoning with devastating effects to human health. These include slower cognitive de-
velopment in children, hypertension and even renal failure [10–16]. Thus, the development
of lead-free brasses became a focal research point to ensure compliance with the regulatory
standards and improve quality of life [17,18].

From a purely manufacturing–economic standpoint, substitution of lead-containing
brass with a lead-free alternative does not appear to be an economically viable option, but it
is technically possible, satisfying the requirements of the enforced legislation [19]. As such,
efforts were made into incorporating soft second phase particles (SPPs) in the microstructure
of copper–base alloys to attain the positive effects of Pb. Soft SPPs reduce shear ductility
allowing for the formation of small chips, resulting in lesser machining power demands
and a temperature reduction in the cutting tool, extending tool life. Such particles also
reduce the shear strength of the brass at the secondary shear zone through the provision of
internal lubrication, improving surface finish and further reducing the forces applied on
the cutting tool [20]. In turn, this challenge sparked significant interest for the development
of brass systems that enable the formation of said particles through the incorporation of
various alloying elements such as bismuth (Bi), graphite, magnesium (Mg) silicon (Si), tin
(Sn) and titanium (Ti) [21–23]. C. Yang et al. proposed the development of novel brass
compositions by including beta (β) phase stabilisers and solid-solution strengtheners while
simultaneously reducing the Zn content to enable the manifestation of high-strength and
proper machinability [24]. The main drawback of these design routes however is the
deviation from standardised compositions, requiring for additional approval requirements
by International Organizations and Regulatory Authorities to be adopted in the supply
chain. An alternative pathway towards improving the machinability of lead-free brasses
through optimising the heat-treatment process of standardised compositions was proposed
and investigated by Toulfatzis et al. [25]. This is achieved through a partial or complete
suppression of the beta (β) to alpha (α) phase transformation by water quenching post heat-
treating, resulting in beta-dominant microstructures. This microstructural modification
allows for a shift in the fracture mechanism enabling intergranular fracture, thus promoting
easier chip breaking and lower power consumption [26]. However, although interesting
in nature, both approaches to this technical challenge are still in their infancy and require
further development before they meet industrial implementation. It is thus equally as
important to investigate both novel alloy design approaches that yield suitable material
properties and their viability for incorporation in an industrial manufacturing process.

The primary microstructural features of conventional and modern brass rods have
been extensively highlighted and discussed in relation to behaviour during machining [27].
Factors such as the chip size, cutting tool type and wear, cutting force, surface roughness
and testing methodology play an important role in the optimisation of cutting processes
in terms of time and cost [28–30]. In this direction, optimisation algorithms have been
applied to investigate the optimal number of passes and the corresponding parameters
such as speed, feed rate and depth of cut in each pass for multi-pass and multi-criterion
plain turning problems [31]. This optimisation could be achieved by fractional factorial
designs, preventing any potential complications arising from the use of analysis of variance
(ANOVA) even in small samples [32,33]. The machinability of various alloys can also
be reviewed, evaluated, and optimised using neural networks; however, noise factors
generated during the machining process are known to cause errors in such computational
efforts [34,35]. Therefore, it becomes clear that a precise data extraction process needs to be
facilitated, minimising the relevant noise factors to enable more advanced computational
tools. As such, the introduction of automated image processing tools would be beneficial
to aid the data acquisition process especially in cases where segmented chip formation is
observed [36]. The methodology of Taguchi Design of Experiments (DOE) applied using
orthogonal arrays is very efficient in statistics for small sampling rates, constituting an
optimisation technique for improving reliability [37,38]. Fractional factorials in robust de-
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sign methodology designs have been extensively reviewed by Arvidsson and Gremyr [39].
The fundamental principle of robust design is to improve the quality of a product through
minimising the property variation causes without their exclusive elimination [40]. This
can be achieved by a joint product-process optimisation to disassociate the end-properties
from the various causes of variation. As reported by Manna and Bhattacharyya, these
causes were affected due to the noise factors associated with parameter design [40]. In
their work, the signal to noise factor was used as a measure of the quality, and orthogonal
arrays were used to study many design parameters simultaneously. Various examples
of similar scientific work based on the practical design of experiments (DOE) methodol-
ogy have been published in recent years [41]. These investigations considered the size of
the experiments, the applied design, the number of factors that influenced the response
variable and the sector of application of the experimental design. Viles et al., presented a
real case of design of experiments focusing on the preliminary stages of experimentation,
e.g., how to choose the best response analysis, how to evaluate the crucial factors and
what the data sample collection should be [42]. Engineers may encounter key barriers in
their trial to use DOE methodologies, so an exhaustive literature review was performed
to classify these barriers [43]. Numerous scientific articles have verified that there is a
gap between theoretical development of DOE and its effective application in industry [44].
Therefore, a simple methodology was proposed to facilitate the implementation of DOE in
companies, through a framework that follows the traditional DMAIC (Define–Measure–
Analyse–Improve–Control) steps of ‘Six Sigma’ as a generic problem-solving methodology.

In this paper, a brief and concise review of conventional leaded (Pb-ed) as well as
modern lead-free (Pb-free) brass alloys was realised, evaluating the alloys in terms of their
microstructure, mechanical properties and machinability. The principles governing the
manifestation of an optimal combination of properties in leaded brasses are laid out in
detail to be used as a foundation for novel lead-free brass development, evaluation and
optimisation. Furthermore, the state of the art concerning novel lead-free brass design is
presented and summarised to facilitate the benefits and drawbacks associated with each
material design approach. We believe that highlighting the efforts of various research
groups around the globe concerning brass design, thermomechanical processing and
machining is a crucial step for tackling this critical technical challenge. The introduction
of innovative and sustainable material solutions in the manufacturing industry that are
aligned with environmental/health and safety regulations. To the best of the authors’
knowledge, no such updated and comprehensive review focused on machinable brass
alloys has been published so far. The authors’ team incorporate long term expertise in the
field of research of copper and copper alloys processing and properties counting more than
20 years, where a considerable amount of papers have been published and reviewed in the
current study.

2. Chemical Composition of Leaded and Lead-Free Brass Alloys

The elemental chemical analysis of the alloys presented within our work and the
related references are listed in Tables A1–A9 (Appendix A).

3. Microstructure, Mechanical Properties and Processing Relationships

3.1. Leaded Brasses
3.1.1. Microstructure

The phase structure of leaded (Pb) brass alloys is governed by a variety of mechanisms.
As mentioned previously, Pb addition in conventional brass alloys serves to improve their
machinability. Pb preferred accumulation sites are mainly the α/β interphase boundaries
(Figure 1). Depending upon the casting and thermomechanical process (TMP) parameters,
Pb as a liquid phase during metal forming tends to reduce its surface energy by attaining a
spherical shape [27]. To further minimize their interfacial energy. the Pb globules coalesce,
forming coarse islands arranged at the α/β interfaces. Pb coalescence increases mean
particle size and reduces the Pb particle distribution density, with an adverse effect on
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machinability [27]. On the contrary, fine and uniform lead distribution enables superior
machining behaviour through better chip fracturing and minimises tool wear, while an
increased volume fraction of Pb or a non-uniform particle distribution may cause surface
cracking during hot working due to hot-shortness [45]. However, hot shortness can also be
induced from the excess heat generated in the brass billet from the friction between the brass
billet and the container during the extrusion process [25]. As mentioned, the α/β interphase
boundaries constitute high interfacial energy sites and thus potential Pb accumulation
areas [27,46,47]. When machined, an (α + β)-brass has better chip breaking properties than
a pure α-alloy. Further machinability improvements are attained by increasing the length
of interphase boundaries, which in turn depends on the β-phase content and the size of
the α-phase crystals. Higher β-phase volume fraction and finer α-crystals (for a constant
α-phase content) tend to create longer interphase boundaries acting as Pb concentration
sites [27,48]. Therefore, lower temperatures would be used during an extrusion process to
enable the formation of extended α/β interfaces, an increase in strength and improve the
machinability [47,48]. As Pb forms near the end of the solidification process, its particle
size and distribution are primarily affected by the casting and solidification conditions,
while the phase structure (volume fraction, grain size) is mainly influenced by the extrusion
conditions (e.g., temperature, extrusion ratio, speed and cooling rate) [49].

Figure 1. (a) Optical micrograph and (b) SEM micrograph showing the typical microstructure of
CuZn39Pb3 (CW614N) brass [50].
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3.1.2. Thermomechanical Processing

The sawing performance of brass bars (CuZn39Pb3) and its relationship to Pb particle
size, distribution and the phase structure was reported in a previous study [49]. In this
work the presence of β-phase reduced the overall ductility of the alloy and therefore en-
hanced the segmentation of the machining chips. Holler et al. examined the influence of
the extrusion parameters on the phase structure in CuZn40Pb2 [51]. They showed that the
percentage of β-phase decreased with an increasing billet temperature and extrusion ratio,
while the grain size decreased with decreasing billet temperature and increasing extrusion
ratio. Both the grain size and β-phase fraction were less influenced by the extrusion speed.
Nevertheless, a study by Loginov et al. concluded that brasses with compositions similar
to those mentioned above could benefit greatly from increasing the extrusion temperature
to 780–800 ◦C as the TMP would be taking place entirely within the beta single phase
region ensuring better property uniformity [52]. Kunčická et al. further highlighted the
importance of maintaining controlled manufacturing processes by studying the failure of
CuZn40Pb2 brass fittings from a computational and experimental standpoint. They un-
veiled that an inhomogeneous temperature profile during the manufacturing process may
produce residual stresses in the cooler regions and initiate undesired phase transformations
which eventually lead to the manifestation of forming defects [53]. In another case, they
investigated a hot-die forged component [53,54]. There, failure originated from a region
characterised by plastic flow instability and inhomogeneous stress distribution deeming
the area prone to the generation of defects. The cracked region was also characterised by a
localised depletion of β phase in favour of the formation of the α phase, thus decreasing
the ductility. Sub-micron oxide particles were also present within the crack which were
detrimental for the ductility and the cohesive toughness of the material [55].

According to Pantazopoulos and Vazdirvanidis, the beta (β) phase formed in the
CuZn39Pb3 alloy may exhibit a characteristic plate-like type morphology possessing differ-
ent orientations among the various grains [27]. Such morphological characteristics may
be considered beneficial for chip-breaking during the machining process. Chandra et al.
investigated the intergranular and interphase cavitation in binary alpha/beta brass at
600 ◦C during superplastic deformation [56]. The process of cavitation was associated with
grain boundary sliding. Cavity nucleation occurred at points of stress concentration and
such as the sliding interfaces between α–β boundaries rather than on α–α and β–β inter-
faces [56]. Hentati et al. investigated an incidence of cracking of CuZn39Pb2 during hot
forging [57]. The forgeability of the alloy was significantly affected by the work hardening
capacity. A decrease in ductility was observed as a result of work hardening and α-phase
size reduction during a hot stamping process at 750 ◦C. Microhardness tests confirmed
that stamping increased the brass hardness, while the size of α-phase also decreased. The
reduction in α-crystal size and subsequent hardness increase degraded the ductility of
the material, causing cracks during the forming process. Such cracks could have been
caused from residual stresses generated during TMP. On the other hand, a heat treatment
at 300 ◦C for 1 h had a positive contribution in both tackling the cracking problem and
enabling an increase in elongation to fracture up from 22% to 28% [57]. Blaz et al. showed
that the reduction in the flow stress during hot deformation of a CuZn39Pb3 alloy resulted
from dynamic recovery and dynamic recrystallisation occurring during operation above
~677 ◦C [58]. Fine Pb particles did not fully inhibit the grain coarsening during dynamic re-
crystallisation at higher deformation temperatures. During hot deformation above ~727 ◦C,
α → β phase transformation was found to overlap with the structural softening process,
resulting in effective grain coarsening followed by effective flow stress reduction. All of
the cases presented here further strengthen the fact that attaining a proper microstructure,
appropriate mechanical properties and avoid in-process defects or failures heavily depends
on the careful control of the TMP.
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3.1.3. Mechanical Behaviour

Pantazopoulos and Toulfatzis studied the mechanical behaviour and fracture mech-
anisms of conventional leaded brasses [59]. A comparison between the CuZn39Pb3 and
CuZn36Pb2As brasses showed that the former contained a significantly higher volume
fraction of the β-phase than the latter. The beta (β)-phase (CuZn) is an ordered intermetallic
phase possessing a body-centred cubic (BCC) crystal structure. This phase is characterised
by a higher hardness but less ductility compared to the α-phase which refers to a Cu-based
solid solution with the face-centred cubic (FCC) crystal structure. Therefore, the CuZn39Pb3
brass which is a dual phase (α + β) brass containing ~35% β-phase exhibits higher strength,
hardness and lower total elongation than the near single α-phase CuZn36Pb2As brass.
As expected, the CuZn39Pb3 brass had higher yield strength and tensile strength, but
lower elongation compared to the CuZn36Pb2As brass [46]. Upon investigating the side
views of the fractured specimens in tension, a ductile fracture mechanism was uncovered
in both compositions. The reduction in area was also higher in the CuZn36Pb2As brass
compared to CuZn39Pb3, indicating that post-uniform elongation was more pronounced
for the CuZn36Pb2As brass [46]. This deviation between the two specimens was attributed
to a more extended region of non-uniform elongation in the case of the CuZn36Pb2As brass
and was indicative of pronounced post-necking deformation during tensile testing. As
the microstructure of the aforementioned specimen consisted primarily of α-phase grains
with a uniform distribution of a small percentage of β-phase, it was found to be more
resistant to micro-void growth and coalescence under tri-axial stress leading to substan-
tially higher post-uniform elongation and higher reduction of area during necking [59].
Hardness measurements indicated a more homogeneous hardness profile (lower hardness
gradient) to CuZn39Pb3 brass compared to the CuZn36Pb2As brass [46]. In this research,
the CuZn39Pb3 alloy was characterized by higher hardness values (core ~136 to surface
~149 HV) as compared to CuZn36Pb2As (core ~104 to surface ~136 HV). The topographic
features of tensile fracture surfaces of CuZn39Pb3 and CuZn36Pb2As alloys were studied
using Scanning Electron Microscopy [59]. In this study, a mixed-mode fracture combining
dimple formation and planar faceted fracture induced by a quasi-cleavage process was
identified in the case of CuZn39Pb3 alloy. On the other hand, the CuZn36Pb2As alloy
exhibited a typical ductile fracture consisting of fine equiaxed dimples. Pantazopoulos
investigated the mechanical properties of the CuZn39Pb3 leaded brass [8]. Appreciable
ductility was observed prior to fracture through the formation of a localised neck. The
subsequent fracture was primarily ductile, and the resulting matched surfaces consisted
of interconnected shear cracks. The final metal forming process, cold drawing, led to
hardness inhomogeneities due to heterogeneous plastic deformation between the surface
and core [8]. Tensile testing at higher temperatures during quasi-static and static loading
revealed that the flow stress decreased proportionally to the testing temperature which
was expected. The presence of brittle phases (such as β′) together with their morphology
is also related to better machinability [60]. Nevertheless, a significant decrease in the
ductility between 200 and 400 ◦C was observed, owing to the partial or complete melting
of Pb [46].Moreover, the strain rate sensitivity index increased proportionally to the test-
ing temperature without enabling relevant increases in ductility to take place due to the
hot-shortness mechanism [61].

Generally, copper alloys tend to exhibit a reduction in ductility between 300 and 600 ◦C
through a phenomenon called intermediate temperature embrittlement (ITE). This is due to
a change in the involved fracture mechanism from transgranular to intergranular fracture
as exposure to intermediate temperatures enables grain boundary voiding. Eventually,
the ductility of the alloy is restored once the intermediate temperature range is exceeded,
enabling dynamic recrystallisation and an operative grain boundary mobility. This effect is
enhanced by the presence of alloying elements in the grain boundaries that reduce their
structural integrity by encouraging void generation and growth along grain boundaries [62].
In the case of leaded brasses, however, this effect is further amplified due to the synergistic
effect of liquid metal embrittlement (LME) where, as previously seen, the partial or complete
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melting of lead may introduce a liquid phase between crack faces. As such, the local
cohesion of the alloy is modified and the kinetics of dynamic embrittlement related to
ITE are accelerated as the presence of the liquid phase promotes the rapid diffusion of
impurities and void mobility within the grain boundaries [62,63].

The mechanical behaviour of CC763S brass during cyclic loading was investigated
by Flegeau et al. under torsional stress. They pinpointed that the fracture mechanism
consisted of both ductile and brittle characteristics, with crack growth taking place along
α/β grain boundaries where the concentration of intermetallic compounds and pores
was the highest. Generally, a higher dislocation density was identified in the interphase
α/β boundaries, while α grains remained relatively vacant of dislocations. Subsequently,
the interphase boundaries were deemed as the crack nucleation points [64]. In their
investigation, Johansson et al. also highlighted the interesting mechanical properties of
the CW724R brass compared to the CW614N. The alloy was characterised by Rp0.2 and Rm
values of 441.4 MPa and 811.9 MPa, respectively, compared to 254.9 MPa and 561.5 MPa for
the high-lead counterpart while retaining similar levels of ductility.

3.2. Eco-Friendly Brasses (Pb-Free)
3.2.1. Novel Lead-Free Brasses

The absence of Pb and potentially other alloying elements directly affects the mi-
crostructure of Pb-free brasses. As such, the introduction of soft intermetallic phases
that could imitate the effects caused by Pb particles in leaded brasses became a focal
research point. The addition of iron (Fe) alongside silicon (Si) was investigated by Johans-
son et al. [65], attempting to formulate a low-Pb variant of the CW614N brass. Although,
the Fe4Si intermetallics were formulated, their intergranular precipitation points did not
enable similar effects as in the case of Pb to come into play [65]. Atsumi et al. investigated a
high-strength brass (Cu-40% Zn) alloy with magnesium (Mg) fabricated through a powder
technology process to uncover the effect of the Mg addition on the microstructural prop-
erties of extruded α–β duplex brass alloys [23]. In this work, pre-mixed Cu-40% Zn alloy
powder with 0.5–1.5 mass% pure Mg powder (Cu-40% Zn + Mg) was consolidated using
spark plasma sintering (SPS). The SPSed Cu-40% Zn + Mg specimens consisted of α–β
duplex microstructure containing Mg(Cu1-xZnx)2 intermetallic compounds (IMCs) with a
mean particle size of 10–30 μm. Initially, Mg was completely dissolved in the α–β duplex
phases through a heat-treatment at 700 ◦C for 15 min. Thus, to disperse fine IMCs on α–β
duplex phase matrix, the SPSed Cu-40% Zn + Mg specimens were pre-heated to achieve
a solid solution condition and were afterwards immediately extruded. They studied the
tensile properties of the extruded Cu-40% Zn + 1.0% Mg brass and reported an average
yield strength (YS) of 328 MPa, ultimate tensile strength (UTS) of 553 MPa and elongation
of 25% [66]. The extruded Cu-40% Zn + 1.0% Mg alloy outperformed the conventional
binary brass alloy, exhibiting 229 MPa yield strength (YS) and 464 MPa ultimate tensile
strength (UTS). The strengthening mechanism of this wrought brass alloy was attributed
to the grain refinement due to the pinning effect produced by the fine Mg(Cu1-xZnx)2
precipitates forming at interphase boundaries. The extruded specimen exhibited fine α–β
duplex phases containing very fine precipitates of the above Mg(Cu1-xZnx)2 IMCs with
0.5–3.0 μm in diameter [66]. The fracture surfaces of both extruded specimens consisted
of fine dimples owing to the evident extremely fine α–β duplex phase structures. The
hills and valleys of the extruded Cu-40% Zn fracture surface indicated that the crack paths
preferentially followed the primary powder particle interface region. On the other hand,
such hills and valleys were never observed in the extruded Cu-40% Zn + 1.5% Mg specimen;
however, some fine particles were observed on the fracture surface [66]. Atsumi et al. also
investigated the microstructural properties of the Cu-40Zn-0.5Ti ternary alloys having
undergone a solid solution treatment [23]. The specimen was pre-heated at 700 ◦C for
15 min and subsequently extruded consisting of a fine and uniform α–β duplex phase
structure with an average grain size of 2.14 μm. Furthermore, fine Ti-based particles with
a mean size of 0.5 μm were densely dispersed in the matrix [23]. Atsumi et al. reported
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that the extruded Cu-40%Zn-0.5 Ti alloy had a mean yield strength of 304 MPa, ultimate
tensile strength of 543 MPa and elongation of 44% [23]. Cu-40%Zn-0.5Ti brasses revealed
satisfactory strength and good ductility. The high strength of the wrought brass alloy was
mainly due to the fine grain size of α and β phases caused by the precipitation of fine
Ti-based particles at the grain boundaries [23]. In a previous research Li et al. reported that
remarkable grain-refinement and strengthening effects were achieved by the addition of Ti
to 60/40 brass through a powder metallurgy process route [67]. However, Ti segregated
to the powder particle interface at elevated temperatures, significantly deteriorating the
mechanical properties of the BS40–1.0Ti. To inhibit this segregation behaviour of the Ti in
the BS40–1.0Ti, the addition of Sn was investigated. Ti was incorporated in the formation of
CuSn3Ti5 particles at the grain boundaries, rather than segregating at the powder particle
interface, leading to significant grain refinement and enabling strengthening effects on
the BS40–0.6Sn1.0Ti brass. These results showed that the introduction of Sn via powder
metallurgy to BS40–1.0Ti brass can effectively impede the segregation of Ti and stabilise
the mechanical properties at high processing temperatures [67].

An investigation attempting to introduce both Ti and graphite (Gr) to the Cu-40Zn
brass showed that the sole addition of Gr to the alloy would yield a better cutting perfor-
mance alongside a progressive deterioration of the mechanical properties. Nevertheless,
the combination of both additives should enable precipitation and dispersion strength-
ening mechanisms to manifest through the formation of nano Ti clusters and Cu2Ti4O
particles, thus maintaining reasonable mechanical properties [68]. The concept of Gr glob-
ules incorporation as a microstructural constituent was previously studied by Zhuo et al.
through the introduction of cementite (Fe3C) particles in the alloy and a subsequent heat
treatment to enable the Fe3C to undergo a graphitisation process [69]. Si has also been
extensively investigated as an alloying addition to replace Pb. It acts as a β and β′ phase
stabiliser and enables the formation of Widmanstätten-type α phase nucleating from the β

interface. Moreover, conducting a solution heat treatment followed by water quenching
would further suppress the diffusional nature of the β → β′ transformation, resulting in
a martensitic transformation instead. The ease of this process is directly related to the
Si content. This concept was explored by Alirezaei and Doostmohammadi and used to
design a high-hardness Cu30Zn-Si brass [70]. For the design of novel Pb-free brasses the Zn
equivalent rule has been used extensively to predict the formulating phases in said alloys
(Equation (1)) [24,71].

X(%) = 100%
(CZn + ∑ Ci ·Kk )

(CZn + CCu + ∑ Ci ·Kk )
(1)

where X% is the fictitious zinc equivalent, CZn and CCu the Zn and Cu contents in the
specific alloy of interest and ΣCi·Ki the sum of the products of content Ci and the fictitious
Zn equivalent Ki of each alloying element. As such, dual phase or single-phase brasses can
be designed and compositionally fine-tuned to achieve an ideal combination of properties.
Yang et al. used this approach to design an α + β Cu-39Zn-Si-Al brass and manufacture
it through low-pressure die casting (LPDC). By altering the processing parameters, they
were able to significantly alter the average grain size of the β phase and the morphology of
the α phase. Their investigation led to the design of a microstructure consisting of fine β

grains and a higher content of rod-like or granular α phase allowing for the manifestation
of superior mechanical properties, namely a YS of 359.8 MPa, UTS of 598.9 MPa and
an elongation of 15%. Nevertheless, the present composition has not been evaluated in
terms of machinability [72]. Expanding upon the concept of Al and Si-containing brasses,
D. Suksongram et al. sought to create a high-hardness dual-phase β + γ CuZnSiAlSn brass
through the addition of antimony (Sb). According to their research, increasing amounts
of Sb up to 1.5 wt.% would enable the inter and intragranular formation of increased
amounts of γ phase to the β phase resulting in a significant hardness increase. This could
be attributed to an increased solid solution strengthening effect taking place due to the
incorporation of Sb within the γ phase. Nonetheless, upon reaching 2.0 wt.% Sb content, a
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high-Sb intermetallic phase would form, reducing the hardness of the investigated alloying
system by roughly 17% [73].

Chandra et al. found that both the ductility as well as the flow stress of α–β brass is
significantly affected by the addition of Cerium (Ce) [74]. Ce decreased the solubility of Zn
in the α (FCC) phase between 475 ◦C and 675 ◦C, consequently shifting the α/(α + β) region
of the phase diagram towards lower Zn concentrations. More specifically, the addition
of 0.07 wt.% of Ce decreased the α/β ratio from 70:30 to 55:45, improving the ductility
and decreasing the flow stress up to a factor of three, at the tested temperature range.
Moreover, the hindering effect of Ce addition on Zn solubility indirectly contributed to
an expected increase in stacking fault energy (SFE) of the α-phase, improving dislocation
mobility. Atsumi et al. investigated the mechanical properties of the high-strength, Pb-free
machinable α–β duplex phase Cu–40Zn–Cr–Fe–Sn–Bi alloys [75]. The extruded Cu–40Zn–
Cr–Fe–Sn–Bi alloys consisted of α–β phases containing the fine, uniform Cr–Fe IMCs and
Bi particles. The average yield strength (YS) and ultimate tensile strength (UTS) of the
extruded Cu–40Zn–Cr–Fe–Sn–Bi alloys were 288 MPa and 601 MPa, respectively. These
alloys exhibited YS and UTS that were 29% and 40% higher than that of conventional
machinable brass Cu–40Zn–Pb alloy. The extruded Cu–40Zn–Cr–Fe–Sn–Bi alloys also
maintained 75% of the machinability of the Cu–40Zn–Pb alloy [23]. Fontaine and Keast,
compared a lead-free Bi-containing brass (EnviroBrass C89520) to a conventional brass
C84400 [5]. In this work, the large difference in grain size was attributed to the dependence
of grain growth on alloy chemistry, while the excess concentration of Sn around the particles
and at the grain boundaries was due to ‘coring’, a well-documented phenomenon. However,
the presence of Sn prevented the segregation of Bi to the grain boundaries and inhibited
hot-tearing phenomena during processing involving Bi segregation. It was not clear at
this stage how the presence of Sn prevented the segregation of Bi. Either the wetting
behaviour of Bi was different in a Cu–Sn alloy than in pure copper or an excess of Sn at the
boundaries prevented the segregation of Bi. Scanning transmission electron microscopy
(STEM) coupled with electron dispersive X-ray spectroscopy (EDS) did uncover traces of
Bi segregation at the boundaries in the brass, even though Bi segregates strongly in pure
copper alloys [5]. Further analysis regarding the Bi addition as a possible replacement
for Pb was conducted by Thomson et al., who modified the C93700 to replace Pb with
Bi. Bi was noted to accomplish a similar role as that of Pb in the present alloying system.
Indeed, Bi proved to be a possible replacement, achieving similar mechanical properties as
the Pb case. Increased amounts of Bi would be detrimental for the mechanical properties
instead. Nevertheless, the morphological characteristics of Bi deem it inferior to Pb by
comparison, specifically for bearing applications. The Pb-containing alloy also exhibited
greater fatigue resistance compared to the Bi cases. Lastly, tribological testing showed that
the Bi-containing compositions induced higher friction forces than those encountered in the
Pb-containing alloy. However, the friction forces of the Bi-containing compositions showed
less fluctuation compared to that encountered in the Pb-containing alloy [76].

Basori et al. modified the Cu-29Zn brass through the addition of manganese (Mn).
The progressive addition of Mn increased the volume fraction of the β-phase in the mi-
crostructure as Mn acts as a β-phase stabiliser. Furthermore, the increased Mn content had
a minimal effect on twin formation during deformation, while dislocation motion through
slip was inhibited due to the pronounced solid solution strengthening effect of Mn [77].
Quan Li et al. showed that the microstructure of the hot extruded Sb-Mg lead-free brass
was composed of α, β phases and (Sb, Mg)-containing intermetallic compounds [78]. In
this research, the developed Sb-Mg brass was compared to the HPb59-1 brass (CuZn40Pb2)
in terms of its mechanical properties and was found to be a suitable replacement, reducing
the cost and environment impact of the material. Basori et al. noted that in the Cu-29ZnMn
system, the progressive addition of Mn was directly associated with an increase in hardness,
Rp0.2 and Rm. An unexpected trend was obtained regarding the maximum elongation of
the samples where Mn additions over 3 wt.% would reduce negatively impact ductility.
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Nevertheless, an addition of up to 3 wt.% Mn had a positive effect instead. This was
attributed to the increased β-phase presence at higher Mn contents [77].

3.2.2. Conventional Lead-Free Brasses—Microstructure and Mechanical
Properties Optimisation

Toulfatzis et al. studied the fracture behaviour of lead-free brass alloys for machining
applications [79]. In this work, the mechanical behaviour under static and dynamic load-
ing of three lead-free brass alloys CuZn42 (CW510L), CuZn38As (CW511L) and CuZn36
(C27450) lead-free brass alloys in comparison to the conventional CuZn39Pb3 (CW614N)
leaded brass alloy was studied. The fractographic evaluation was performed on impact
tested brass samples to identify the involved fracture mechanisms and their relation to the
alloy microstructure. The action of the dimpled fracture mechanism was evident to all the
studied alloys; however, the dimple size and distribution exhibited a considerable variation
signifying differences in the evolved plastic deformation prior to failure. The largest dim-
ples were detected in the case of CW511L and C27450 alloys, which is consistent with their
higher values of impact energy and fracture toughness. In this study, it was also shown that
the CuZn42 (CW510L) lead-free brass alloy is a potential candidate in replacing the conven-
tional CuZn39Pb3 (CW614N) leaded brass, combining high tensile strength and tolerable
fracture toughness, due to the high presence of the β-phase in the alloy microstructure.
The fracture toughness of CW510L and CW511L lead-free alloys, after post-processing heat
treatment, was assessed via impact and Crack-Tip-Opening-Displacement (CTOD) testing
and presented in Ref. [80]. Moderate improvement in impact energy and CTOD values
were obtained for heat treated CW510L brass, showing a salient fracture mode, exhibiting a
dominant intergranular crack propagation [80]. Similarly, Kozana et al. manufactured a
CuZn39 alloy using various casting techniques. They observed significant differences in
the hardness and Rm values of all samples while the only condition altered was the casting
mould [81]. G. Iecks et al. carried out investment casting trials on the C35ZA and C30ZA
alloys with the addition of aluminium (Al). Due to the segregation of the alloying elements,
a finer microstructure was formed with greater hardness compared to other regions of
the casting. A thinner cast component exhibited a fine β-phase Widmanstätten structure
because of the higher cooling rate. The fineness of Widmanstätten structure is also directly
affected by the Al content resulting in variations of hardness [82].

Microstructural evolution studies during severe plastic deformation (SPD) conditions
are also important to discern the characteristics and evolution of the phases evident in
dual phase brasses throughout the thermomechanical processing of the material [83]. Dhin-
wal et al. investigated the microstructural changes of a dual phase brass during severe
plastic deformation (SPD). The α phase formed mechanical twins with each successive
pass resulting in a more random crystallographic texture. The β-phase grains formed
an interconnected structure. The overall grain size of the material was also significantly
reduced [84]. Kozana et al. attempted to manipulate the microstructural characteristics
of the CW511L brass using different casting moulds. Due to the differences between the
moulds in terms of the heat transfer coefficients, various microstructures were obtained,
the point of variation being the average grain size of the constituent microstructural fea-
tures [81]. Toulfatzis et al. attempted to modify the microstructure of the CW510L, CW511L
and C27450 brasses to improve their machinability by retaining an increased metastable β-
phase fraction. This was accomplished by heat treating the alloys at temperatures between
700 and 850 ◦C for 60–120 min and then immediately subjecting the material to a water
quench to suppress the β to α phase transformation. In turn, the increased volume fraction
of β phase allowed further strengthening of the alloy at the cost of ductility. Specifically, in
the case of the CW510L the amount of β phase present in the microstructure increased from
60% to 100%, whilst reaching 35% and 20% from an initial 5% and 2% for the CW511L and
C27450 brasses, respectively, under the ideal heat treatment conditions (Figures 2 and 3, see
Ref. [25]). As previously encountered in research investigating similar para-equilibrium
conditions, Widmanstätten α-phase was present in the case of CW510L [85].
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Figure 2. Optical micrographs of the (a) CuZn42, (b) CuZn38As, (c) CuZn36 alloys before heat-
treating and (d) CuZn42, (e) CuZn38As, (f) CuZn36 alloys after the heat-treatment process [25].

Figure 3. SEM micrographs on longitudinal sections showing the microstructures of (a) CuZn42,
(b) CuZn38As and (c) CuZn36, after the selected heat treatment condition [25].

3.3. Failure Types Encountered in Leaded and Lead-Free Brass Components

As a wider range of brasses becomes integrated into the production line, the matter of
component failure and the underlying principles dictating the manifestation of such inci-
dents need to be highlighted. Generally, different types of brasses are more susceptible to
different modes of failure owing to their processing route or service life and are extensively
analysed in the work by Pantazopoulos [86] and Gupta et al. [87]. However, failure modes
that are particularly related to the chemical composition of brasses are further expanded
below to provide a potential alloy design direction.

3.3.1. In-Process Failure Modes

The failure of brasses during their thermomechanical processing can be attributed to
factors owing mostly to the parameters involved in the casting, extrusion or cold-drawing
process [86]. Nevertheless, there are also cases that are dependent exclusively on the alloy
composition, with the most prominent one being hot-shortness.

Hot-Shortness

Hot-shortness occurs during the extrusion process in cases where the extrusion tem-
perature is amplified due to the friction between the billet and the container. In turn, this
causes SPPs with a low melting point such as Pb particles and regions exhibiting notable
chemical segregation to partially melt or become hot short resulting in the possible for-
mation of tears in close proximity to the metal surface [45,86,88]. In cases where novel
brass compositions are designed, aiming to replace the Pb particles with a different type of
SPPs, this failure mode becomes particularly important. This becomes apparent in cases
where Pb has been replaced by Bi. As Bi migrates to the grain boundaries and has a low
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melting point overheating the brass component can yet again cause hot-shortness [89–92].
Therefore, a suitable SPP melting point needs to be one of the main points of alloy design
to pre-emptively address hot-shortness. This can also be entirely circumvented through
the complete elimination of SPPs in cases where the machinability of the brass would not
be compromised.

3.3.2. In-Service Failure Modes

Brass components tend to fail during service mostly due to corrosion-related phe-
nomena that are evident in most alloying systems. However, the increased Zn content
of brasses can lead to the manifestation of mechanisms almost exclusive to brasses such
as dezincification or enhance certain types of corrosion leading to failure such as stress
corrosion cracking (SCC) [93,94].

Dezincification

Dezincification may occur during the exposure of brass components to saline and
water environments (Figure 4). The mechanism is based upon the selective leaching of
Zn due to the electrochemical potential formulating through the interaction between Zn
and Cu atoms. This process is facilitated either through the exclusive interaction of Zn
with oxygen or chloride ions present in water or through the combined oxidation of both
Cu and Zn leading to the eventual establishment of an equilibrium between Cu ions and
metallic water and the subsequent deposition of metallic Cu on the brass surface. Therefore,
the base material is depleted of Zn leading to the formation a porous Cu-rich layer in the
form of red patches on the surface of the material. Dezincification has devastating effects
on the mechanical properties of the brass component. This corrosive mechanism can be
inhibited from an alloy design perspective through the introduction of tin and arsenic
as alloying elements or by controlling the Zn content as this effect is most prominent in
brasses containing between 15 and 30 wt.% Zn [86,87].

Figure 4. (a) BSE SEM Micrograph showing the dezincification area of a brass component. (b) Detail of
(a) [93].

80



Metals 2022, 12, 246

Stress Corrosion Cracking (SCC)

Stress corrosion cracking consists of the formation of intergranular cracks propagating
through a metallic material due to the combinatory effect of high residual stresses alongside
exposure to a specific corrosive medium and alkalinity. SCC manifests through the selective
corrosion of the base material along the more chemically active paths such as interphase
and grain boundaries compromising the material integrity in said points. Upon exposure
to additional external stresses, cracks form along the compromised regions leading to
the formation of additional free surfaces where the corrosion products are deposited and
further accelerate the process. SCC occurs mostly in dual-phase brasses with a Zn content
around 20–40 wt.%. This failure mode can be avoided by subjecting the component to a
low-temperature heat-treatment to erase residual stresses caused by the manufacturing
process in the component. In addition, laser shock peening has been proven to improve the
SCC resistance of the material by introducing compressive stresses. Furthermore, protective
coatings can be employed to further enhance the corrosion resistance of the material. As
the Zn content range where this effect occurs is extensive, there are limited alloy design
strategies that can be employed as of yet to alleviate SCC in brasses [86,87,95,96]. The frac-
ture caused by SCC usually follows an intergranular path with multiple branching patterns.
Typical SCC fracture surfaces and the corresponding EDS spectrum of a machinable brass
component are presented in Figure 5 [93].

Figure 5. (a,b) Backscattered Electron (BSE) micrographs showing the fracture surface of a brass
component showing intergranular morphology, (c) EDS spectrum of the fracture surface showing the
presence of oxides. See Reference [93].
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4. Machinability Evaluation

4.1. Chip Formation and Tool Wear
4.1.1. Leaded Brasses

Toulfatzis et al. investigated the machinability of CuZn39Pb3 and CuZn36Pb2As
brasses [46]. In this research, machinability was assessed qualitatively and quantitatively
by evaluating the chip size and morphology, and the corresponding cutting tool wear
land, employing a single point turning technique according to ISO 3685 [97]. Experimental
results indicated that the most critical factors affecting the chip formation quality during
brass bar machining were the type of copper alloy used (CuZn39Pb3 and CuZn36Pb2As
alloys) and the cutting speed, while it was not found to be sensitive to depth of cut and
feed rate variations [46]. It was evident that a significant variety of chip morphology was
produced by changing the turning conditions. The single needle, feathery and continuous
helical were representative forms that constituted a qualitative indicator of the machining
process performance [46]. The formation of shorter chips resulted in better surface finish,
lower tool wear and ease of operation, allowing higher cutting speeds, while chip fracturing
and removal led to the reduction in tool–chip contact, minimising the risk of built-up edge
formation [46].

Gane has shown that the addition of a small quantity of Pb to brass was very effective
in reducing friction, both in cutting experiments and in simple sliding-friction experi-
ments [98]. In addition, the ductility of brass was substantially reduced when Pb was
present. Both these factors contributed to the considerable improvement in machining
properties observed in lead-containing alloys. The reduced friction on the rake face of the
tool decreased the specific cutting energy by a factor of about two. As a result, the tool
temperature decreased and the tool life improved [98]. As the Pb particles became finer
(less than 5 μm) and their distribution more homogeneous, chip-breaking during cutting
became more pronounced, and, as a result, machinability improved. Chip fracture in short
pieces allows for ease of machining operation; maximum productivity, lower cutting forces,
better surface finish of the workpiece, closer tolerances of the final component and less
tool wear, thus longer tool life [98]. Preliminary machinability tests were performed by
Pantazopoulos in turning operation [8]. The turning speed was up to 395 rpm (the linear
speed was up to 0.165 m/s) using a cemented tungsten carbide insert as a cutting tool. The
chip size tended to increase by increasing the depth of cut, while no appreciable changes
were recorded by changing the feed rate. The depth of cut was constant within the turning
cycle (i.e., 0.4, 1.0, or 3.0 mm). The horizontal advancement of the tool per revolution was
defined as a function of the feed rate (0.25 or 0.50 mm/rev) [8]. Morphological observations
of the produced chips, using optical microscopy, indicated the absence of a flow-zone.
Segmented chips with intense shear fractures were produced during turning as a result
of the dual phase microstructure (α–β) and the distribution of Pb particles at interphase
boundaries. The presence of Pb decreased friction and temperature at the tool–workpiece
interface, therefore increasing tool life [8]. Cutting tool wear was principally controlled
mainly by the cutting speed and depth of cut used during machining experiments while
it appeared to be less sensitive to feed rate or the type of copper alloy variations [46].
Adhesion and sticking of the workpiece debris on the flank face intensified at higher cutting
speeds. Moreover, the flank zone revealed several typical wear features, such as abrasive
marks and chipping (edge fracturing), of increasing severity as the cutting speed increased
(from 2000 to 4000 rpm) [46].

As such, chipping caused the edge fracture of the machining tool, impairing cutting
edge sharpness and leading to tool blunting. This type of tool failure increased cutting
forces, resulting therefore in further degradation of the machining performance (longer
chips, higher fluctuations and chattering, part distortion), causing serious defects on the
machined surface quality. Severe damage phenomena such as thermal cracking or flaking
were not observed in this study [46]. Toulfatzis et al. determined the optimum cutting
conditions using non-parametric design of experiments methods applied in turning pro-
cesses of leaded brass bars (CuZn39Pb3 and CuZn36Pb2As) for industrial applications [46].
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Non-linear fractional factorial designs for the nine-run, three-level, four-factor saturated
orthogonal array (L9 = 34) were applied to collect sufficient data to investigate the multi-
response optimisation of two main machinability quality characteristics such as the chip
morphology and cutting tool wear. The study suggested that concurrent multi-response
optimisation gave rise to no specific effect. These optimal settings of the cutting parameters
for chip morphology could also be used for cutting tool wear optimization. Confirmation
experiments seem to verify the conclusion of this work [46].

Hassan et al. evaluated the influence of cutting parameters such as cutting speed,
feed rate and depth of cut in C34000 leaded brass using an analysis of variance (ANOVA)
methodology [99]. The purpose of ANOVA was to identify the important parameters
for predicting material removal rate. Feed rate was found to be the most significant
factor and its contribution to material removal rate was 42.77% within a 95% confidence
interval. As such, the feed rate was the most significant factor affecting the material removal
rate. The interaction between cutting speed and feed rate was found to be significant
with a contribution of 7.75%. The best results for optimal material removal rate were
achieved when C34000 leaded brass was machined at a cutting speed of 55 m/min, using
a depth of cut of 0.2 mm and a feed rate of 0.35 mm/rev. Johansson et al. investigated
brasses with both higher and lower Pb content. It was observed that the machinability
of the conventional leaded brass exceeded that of its lower Pb content counterparts by
a significant margin. It was however mentioned that the machinability of the CW724R
brass was tolerable compared to the original CW614N, while also exhibiting interesting
mechanical properties [65]. Thus, the importance of Pb as an addition cannot be overlooked
as it directly affects the machinability of the material to a significant extent.

4.1.2. Eco-Friendly Brasses (Pb-Free)

The design criterion for the Pb-free brasses typically concerns the introduction of a
soft intermetallic phase uniformly dispersed within the material. Upon contact with the
cutting tool, the intermetallic particles should act as a stress concentration point, leading to
the segmentation of the formulating chip. Li et al. studied the influence of Ti addition on
lead-free brasses [67]. They showed that BS40-2.2Bi alloy exhibited an excellent machin-
ability compared to the Cu40Zn3.2Pb conventional leaded brass. The average drilling time
increased with increasing Ti content from 0.3 wt.% to 1.0 wt.%. BS40-2.2Bi with 1.0 wt.%
Ti addition could not be penetrated by drilling for more than 180 sec. The different chip
morphologies obtained during drilling operations were used to evaluate the machinability
of the alloys produced. Compared with the chip shape of the conventional leaded brass
(Cu40Zn3.2Pb), BS40-2.2Bi exhibited a different morphology due to the substantial brit-
tleness of Bi affecting the fracture behaviour of the chip and the Ti addition to BS40-2.2Bi,
affecting the chip geometry considerably, which transformed into a continuous spiral shape
when the Ti content increased to 0.5 wt.% [67].

As the phase diagram indicates, both antimony (Sb) and magnesium can be dissolved
partly in copper forming intermetallic compounds with copper [78]. If these intermetallic
compounds were dispersedly distributed in the Cu-Zn system, such particles or strips
would disturb the metallic matrix continuity and make the chips rupture easily. Thus,
the cutting performance of the brass would be improved without the addition of Pb.
Additionally, the particles in Sb-Mg brass are not expected to produce stress concentration
during forming as they deformed plastically during extrusion, while improving the cutting
performance and mechanical properties of the alloy [78].

Toulfatzis et al. evaluated the machinability of the CuZn42, CuZn38As and CuZn36
lead-free brasses, comparing them to the conventional leaded CuZn39Pb3 brass [25]. Their
results reinforced the perception that an increased volume fraction of β-phase would enable
the generation of micro-cracks during the machining process owing to the formation of
shear bands. Nevertheless, the chip segmentation process was predominantly controlled
by the distribution of Pb particles. Expanding upon this concept, by subjecting the Pb-free
alloys to a series of heat treatments (at 775 ◦C for 60 min for CuZn42 and at 850 ◦C for 2 h for
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CuZn38As), a higher volume fraction of β-phase would be stabilised in room temperature
as previously discussed. As such, a mild improvement in machinability was to be expected.
Indeed, the alloys showed an improvement in machinability relevant to the increased
volume fraction of the β-phase and, specifically in the case of the CuZn38As alloy, surpass
the conventional leaded counterpart in terms of surface quality [20,21,25,35]. The chip
morphologies of the heat-treated lead-free brass alloys compared to the as received ones are
depicted in Figures 6 and 7, while the typical characteristic topographic patterns obtained
by optical profilometry is presented in Figure 8.

Figure 6. Chip morphology of the as-received (AR) and heat-treated (HT) CW510L-CuZn42 (a,b),
CW511L-CuZn38As (c,d) and C27450-CuZn36 (e,f) brass alloys [25]. Note: the decrease in Class
number denotes improvement in chip morphology [25].

Nobel et al. also studied the machinability of various lead-free alloys, i.e., CW510L,
CW511L and CW724R, correlating their machinability to the use of different cutting tool
materials [100]. CW724R lead-free silicon brass, in comparison to other lead-free brasses,
such as CuZn42 (CW510L) and CuZn38As (CW511L), showed improved machinability
concerning chip formation. However, CW724R caused higher tool wear due to the abrasive
nature of the Si-rich κ-phase when used alongside a TiAlN-coated carbide tool. In this study
the CW510L machining performance using various cutting tools with different coatings
(TiAlN, TiB2, DLC, CVD-diamond) was investigated. Adhesive and abrasive wear was
reduced by using DLC-coating among the tested PVD-coated tool systems. An additional
improvement of cutting performance was achieved using CVD-diamond coating which
exhibited exceptional abrasive wear resistance, while adhesion on the rake and flank face
was minimised. Polycrystalline diamond tools (PCD) provide another alternative with
significant abrasive wear resistance and low adhesion properties. However, the production
demand for long tubular chips restricts the use of PCD tools and poses the need for the
manufacture of such tools with favourable chip breaking geometry.

Experiments and simulations were implemented by Laakso et al. in order to in-
vestigate the effects of different cutting parameters on chip morphology of a low-lead
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brass [101]. This low-lead brass is not standardised but is compositionally close to the
standard CuZn38As (CW511L) lead-free brass. Based on these simulations and experiments
it was found that the use of a positive rake angle (+5◦), high cutting speed (300 m/min) and
low cutting feed rate (0.1 mm/rev) improved chip breakage from a continuous chip to a
chip of an average length of 4 mm. High cutting speeds favour chip breakage by increasing
chip brittleness due to the suppression of softening effects at high strain rate conditions.
Minimisation of cutting force and friction force is achieved by using a positive rake angle
(e.g., +5◦). Reduction in friction could be realised by decreasing of tool–chip contact area
by decreasing feed rate and/or depth of cut. Finite Element Modelling (FEM) simulations
agreed with the above results. Furthermore, in a very recent work, the influence of Zn
equivalent on the evaluation of chip morphology and machining surface quality of free
cutting silicon brasses were investigated by adding Pb replacers (Si and Al elements) [24].

Figure 7. Optical micrographs showing the morphology of chips generated during the machining
process of (a) CuZn42, (c) CuZn38As, (e) CuZn36 alloys before heat-treating (AR) and (b) CuZn42,
(d) CuZn38As, (f) CuZn36 alloys after the heat-treatment process, HT [25].
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Figure 8. Surface topography derived from profilometric measurements: (a) CW510L, as received,
(b) CW510L, heat-treated, (c) CW511L, as received, (d) CW511L, heat-treated, (e) C27450, as received
and (f) C27450, heat-treated [25].

The introduction of additional alloying elements may also enable the stabilisation
of various primary phases (i.e., the presence of α, β or γ phases in the Cu-Zn system) at
equilibrium. This effect can be expanded further through TMP, directly affecting the fracture
behaviour and consequently, the chip-breaking properties and machinability performance
of novel compositions [102,103]. Taha et al. showed that, as the Si content increased from
0 wt.% to 1 wt.% in modern lead-free brasses (CuZn40), tool wear slightly increased as
well [104]. This was attributed to the decreased volume fractions of the softer phase α and
the respective increase in the harder phase β. In Si-containing brass alloys, the detrimental
effect of β phase on tool wear has been confirmed. The increase in Si content, from 1 wt.%
to 4 wt.% Si, led to a moderate increase in tool wear due to the increased volume fraction
of brittle λ, η, and χ intermetallic phases, albeit no significant effects of hardness and
microstructure changes were observed. It was also seen that chip formation changed from
continuous to discontinuous type with decreasing cutting speed [104]. However, decreasing
the cutting speed is recommended as a method to achieve the desirable discontinuous
chip type as it results in lower productivity. By adding 4 wt.% Si to the unleaded CuZn40
brass, the chip formation process changed from the undesirable continuous type to an
acceptable long bevel and cylindrical long types. It was clearly shown that the chip type
was affected by the formation of hard secondary λ-phase precipitates rather than the
variation in mechanical properties [104]. Scientific research revealed the benefits of the
recycled bismuth–tin (Bi-Sn) solder addition in the lead-free brass alloy Cu-38Zn-0.5Si by
reducing the chip-size morphology [105]. The improvement of chip-breaking efficiency
was attributed to the presence of the κ-phase in CuZn21Si3P, as opposed to the effect of the
α-phase in CuZn38As brass. Likewise, the high percentage of β-phase in the microstructure
of CuZn41.5 resulted in the reduction in chip morphology. The influence of the coating type
(TiN, TiAlN, TiB2 and DLC on carbide tools) as well as the use of polycrystalline diamond
(PCD) tools on chip formation and workpiece quality was analysed for the evaluation of
machinability in three low-lead brass alloys (CuZn38As, CuZn42 and CuZn21Si3P). The
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machining problems were diminished using a diamond-like carbon coating, especially
through the reduction in the friction in the secondary shear zone [106]. A machinability
comparison between leaded (CuZn39Pb3) and lead-free brass (CuZn21Si3P) alloys was
implemented in a relevant work concerning tool wear during machining. Machining of
the lead-free brass alloy (CuZn21Si3P) resulted in longer chip size and, eventually, higher
tool-wear rates using cemented carbides. The use of coating on carbide tools, e.g., (Ti, V, Zr,
Hf, Nb, Ta), was recommended as a possible solution for overcoming excessive tool-wear
rates [107,108]. In terms of the chip morphology specifically, high-Si brasses are generally
found to produce discontinuous chip types while a lower Si content is associated with better
tool interaction and superior surface quality with the added benefit of greater mechanical
properties. Nevertheless, the produced chip is of the discontinuous type for the low-Si
brasses investigated in the present study [104].

4.2. Cutting Force and Surface Roughness

Vilarinho et al. uncovered several relationships concerning the influence of the chemi-
cal composition and the hardness on the different components of cutting forces [109]. The
suggested empirical relationships considered both the well-established effect of Pb on
the machinability behaviour already shown by several authors and the effect of various
alloying elements usually present in brass composition. Conventional alloys (CuZn36Pb3,
CuZn39Pb3), with and without additional alloying elements, showed lower values of
cutting forces (Fz) than the modern brass alloys of the studied ternary systems, Cu-Sn-Zn,
Cu-Al-Zn and Cu-Fe-Zn [109]. However, in some cases conventional alloys exhibited
similar or higher values of feed and depth forces in relation to modern brasses. The cut-
ting forces used for machining modern brass alloys of the ternary systems studied in this
work were affected by the type and content of each alloying element. Comparing the
development of residual stresses on the CuZn21Si3P and CuZn39Pb3 brasses showed the
retainment of lower residual stresses in the Si-containing alloy and achieving better abra-
sion resistance, although higher cutting forces were required. This could also point towards
better fatigue and stress-corrosion cracking resistance, but additional investigations are
required [110]. When comparing the machinability conventional leaded brasses to their
Pb-free counterparts, it becomes apparent that in both cases the depth of cut and feed rate
are the most vital parameters influencing the resulting cutting force and surface roughness.
The optimisation of said parameters enables the control of both machinability criteria and
thus their investigation is of the utmost importance [111]. Scientific research revealed
the benefits of the recycled Bi-Sn solder addition in lead-free brass alloy (Cu-38Zn-0.5Si)
by reducing the required cutting forces in machining [105]. The influence of the coating
type (TiN, TiAlN, TiB2 and DLC on carbide tools), as well as the use of polycrystalline
diamond (PCD) tools on machining forces, was analysed to evaluate the machinability
in three low-lead brass alloys (CuZn38As, CuZn42, and CuZn21Si3P). The machining
problems were diminished using a diamond-like carbon coating, especially through the
reduction in the friction in the secondary shear zone [106]. Machining the lead-free brass
alloy (CuZn21Si3P) required higher cutting forces using cemented carbides. As such, the
use of coating on carbide tools such as (Ti, V, Zr, Hf, Nb, Ta) N was recommended as a
possible solution for reducing the cutting forces [107,108].

Concerning the alloys of the Cu–Sn–Zn system, the lowest values of cutting and feed
forces were obtained for Sn contents that led to a dual-phase β–γ microstructure. On
the other hand, the presence of Al in alloys of the Cu–Al–Zn system had the opposite
effect to that of Sn, rising the cutting force as its content increased [109]. In this ternary
system, the highest values of cutting force Fz were always obtained for alloys with a β–γ
or pure β structures. Regarding Cu–Fe–Zn alloys, no relationship was found between the
Fe content and the machinability parameters. Additionally, no significant correlations were
made between the cutting forces and the chemical composition when expressed in terms of
effective Cu content. However, a minor correlation between the feed force and the effective
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Cu content on conventional alloys was established, although the authors indicated that
further studies would be needed to confirm this behaviour [109].

Gaitonde et al. employed Artificial Neural Networks (ANN) to study the effect of
cutting speed, feed rate and the required amount of minimum quantity of lubrication (MQL)
on two aspects of machinability, namely the specific cutting force and surface roughness
in turning of CuZn39Pb3 brass using a K10 carbide tool [112]. In their study, a multilayer
feed forward ANN was employed trained by EBPTA (Error-Back Propagation-Training
Algorithm). The training patterns required for an input–output database generation were
obtained through turning experiments conducted as per Full Factorial Design (FFD). 3D
surface plots were generated to analyse the interaction effects of process parameters and
the following conclusions were drawn from the present investigation. The minimum
specific cutting force existed at high MQL (160–170 mL/h) with medium range of cutting
speed (210–220 m/min), Additionally, the specific cutting force was found to be minimal
at a higher feed rate (0.20 mm/rev) with a low MQL (100 mL/h). The specific cutting
force was highly sensitive to feed rate variations for all values of MQL. The minimum
surface roughness resulted in high MQL (160–180 mL/h) with low cutting speed values.
Lastly, the surface roughness sharply increased with increasing feed rate irrespective of
MQL [94]. They employed the Taguchi method to determine the optimal process parameters
for simultaneously minimising the surface roughness and specific cutting force during
turning of CuZn39Pb3 brass with a K10 carbide tool [111,112]. In this work, the optimum
amount of MQL and the most appropriate cutting speed and feed rate were determined
using Analysis of Means (ANOM) and the relative significance of the parameters was
identified through ANOVA. The ANOM on multi-response S/N ratio indicated that an
optimum MQL of 200 mL/h, cutting speed of 200 m/min and a feed rate of 0.05 mm/rev
was necessary to simultaneously minimise surface roughness and specific cutting force.
ANOVA illustrated that feed rate was the most dominant parameter followed by MQL and
cutting speed in optimising the machinability characteristics. ANOVA also showed that the
error contribution was 0.55%, which clearly indicated the absence of the interaction effects
of process parameters on optimisation of multiple performance characteristics. Lastly,
validation experiments confirmed that the additive model was adequate for determining
the optimum quality characteristics at the 95% confidence interval. Utilising ANOVA
as means of analysis and optimisation was also explored in the work of Toulfatzis et al.
towards the improvement of machinability in CuZn42, CuZn38As and CuZn36 compared
to a conventional CuZn39Pb3 brass. To reduce the volume of experiments required for the
machinability trials, a DOE Taguchi method in conjunction with ANOVA was used. As such,
their statistical analysis converged on the use of a standard L16 orthogonal array. Their work
further demonstrated the efficiency of ANOVA in identifying the contributions of individual
machining parameters towards the optimisation of the cutting force within 90% accuracy
and, to a lesser extent, the surface roughness. Furthermore, the S/N response diagrams
showed that the depth of cut would be considered the most significant factor in the
machining process which was backed up through ANOVA [50]. Plots of S/N response and
data means for cutting force and surface roughness are presented in Figures 9 and 10 [50].
As was confirmed by the ANOVA results, the depth of cut is the most influential factor for
cutting force (Pp = 64.3992%) while feed rate is the most influential factor (Pp = 55,3085) for
surface roughness, see Tables 1 and 2 [50].

Taha et al. investigated the machinability based on surface quality and cutting forces
in lead-free silicon brass alloys [104]. In this work, the ease of machinability was derived
from the machined surface quality. This was evaluated by measuring the machined average
surface roughness (Ra) at selected cutting conditions using H20 and H123 tools. Evidently,
for all Si-containing brass alloys investigated, Ra was almost independent of depth of cut.
Ra increased as the cutting feed increased and gradually decreased as speed increased.
Minimum values of Ra were observed for leaded brass, followed by 1 wt.% Si and 2 wt.%
Si Alloys, and finally the leaded brass C37700. Even higher Ra values were observed for
3 wt.% Si and 4 wt.% Si alloys [104]. The Ra was found to increase by 40% as the silicon
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content increased from 1 wt.% to 4 wt.% Si. For all leaded and unleaded alloys, cutting
forces were proportional to the depth of cut.

In both cases, the machining behaviour was attributed to increased resistance of chip
formation as a result of the increase in the volume of the material removal. The cutting force
increased with increasing cutting speed up to a maximum of 50 m/min. This was attributed
to the increase in friction on the tool face caused by the chip flow. Further increase in speed
led to the decrease in cutting force, which was attributed to the increase in the cutting
temperature at high speeds, which in turn resulted in the decrease in the friction forces and
shear strength of the material due to thermally induced softening. Moreover, leaded brass
exhibited the lowest cutting force value due to the reduction in the coefficient of friction
between the chip and the tool face caused by the lubricating effect of Pb. The maximum
cutting force was measured for 1% Si and was attributed to the highest alloy strength [104].

Figure 9. Diagrams showing the responses of (a) S/N ratios and (b) data means when evaluated
against the cutting parameters which optimise the cutting force [50].
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Table 1. Analysis of variance (ANOVA) for the cutting force [50].

Factor Degrees of
Freedom

Sum of
Squares

(SS)

Corrected
Sum of

Squares (SS′)
Variance

Percent
Contribution

Pp (%)
Rank

Cutting Speed 3 19.0425 18.8254 6.3475 3.5728 4
Depth of Cut 3 339.5408 339.3238 113.1803 64.3992 1

Feed Rate 3 108.0831 107.8660 36.0277 20.4715 2
Material 3 58.8660 58.6489 19.6220 11.1308 3

Error 19 1.3746 2.2428 0.0723 0.4257
Total 31 526.9070 526.9070 100.0000

Figure 10. Diagrams showing the responses of (a) S/N ratios and (b) data means when evaluated
against the cutting parameters which optimise the surface roughness [50].
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Table 2. Analysis of variance (ANOVA) for the surface roughness [50].

Factor Degrees of
Freedom

Sum of
Square

(SS)

Corrected
Sum of

Squares (SS′)
Variance

Percent
Contribution

Pp (%)
Rank

Cutting Speed 3 7.3498 3.5422 2.4499 0.9460 4
Depth of Cut 3 91.6606 87.8530 30.5535 23.4625 2

Feed Rate 3 210.9051 207.0974 70.3017 55.3085 1
Material 3 40.4101 36.6025 13.4700 9.7753 3

Error 19 24.1149 39.3453 1.2692 10.5078
Total 31 374.4404 374.4404 100.0000

4.3. Employment of Vibrational Analysis towards Machinability Evaluation

An emerging trend towards achieving a proper surface finish alongside good economic
performance concerns the use of vibrodiagnostics to evaluate the machined components
integrity. The term vibrodiagnostics refers to the analysis of the vibrations generated during
the machining process. As different materials are characterised by different mechanical
and microstructural properties, these variations cause the manifestation of vibrational
differences during the cutting process. Specifically, in cases where the workpiece contains
for example hard intermetallic phases or inclusions, these irregularities may cause the
formation of unwanted vibrations which, in turn can contribute towards an increased
oscillation compared to that of a uniform material. Furthermore, tool wear can also be
identified through vibrodiagnostics as the geometry of the cutting tool edge is altered
during the machining process, generating vibrational differences compared to the initial
ones. Thus, by analysing the vibrational characteristics of the cutting process both the
workpiece and cutting tool characteristics can be optimised to enable more efficient machin-
ability [113–115]. P. Monka et al. applied such methodologies to optimise the cutting
parameters for novel milling tools. In this case study, an S-grade sintered carbide with
an AlTiN physical vapor deposition (PVD) coating was used to machine a 16MnCr5 steel.
Their analysis pointed at the potential for tool optimisation through modifying the tool
geometry [116]. In another study, vibrodiagnostics were used to evaluate the tap failure
during internal threads machining. Specifically tailored towards tool behaviour prediction,
their analysis showed that cutting tool wear was not affected only by the cutting speed but
the angle of the tap as well [117]. Similarly, vibrational studies can be used to unveil the
tribological characteristics of the newly formed material surfaces [81].

5. Conclusions and Further Research

The development of eco-friendly brass alloys constitutes a critical research field with
significant industrial and environmental impact going forward. Brasses are used in a
wide range of applications ranging from plumbing fittings to architectural hardware and
decorations. This is due to their superior machinability and corrosion resistance compared
to most other industrial materials. The machinability of said alloys has been heavily de-
pendent on the incorporation of Pb, which has traditionally been the key to their success.
However, as Pb is currently a heavily regulated substance due to environmental and health
concerns its substitution is of paramount importance. Through this review we explored
the various ways research has progressed relating to the assessment and resolution of
the aforementioned challenge. Two primary approaches for solving this problem were
evaluated. The design of novel brass compositions and a compositionally invariant route
dependent on a series of heat treatments. Compositional modification aims to replicate
the beneficial effects of Pb through the incorporation of second phase particles, while the
alternative route is intended to stabilise the β-phase. Overall, in terms of mechanical prop-
erties, novel compositions were shown to exhibit much improved mechanical properties
compared to the conventional ones. The flexibility pertaining to the inclusion of a wide
variety of alloying elements enables various strengthening mechanisms to manifest. Simi-
larly, the β-stabilised heat treated Pb-free conventional compositions showed an increase
in hardness and strength at the expense of ductility compared to conventional leaded
compositions. Regardless, most of the novel compositions were characterised by mediocre
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machinability compared to conventional leaded brasses, rarely combining both acceptable
mechanical properties and machinability. On the contrary, the heat treated conventional
Pb-free compositions showed a degree of machinability similar to the leaded compositions,
while retaining a good combination of mechanical properties and fracture resistance. It
has thus become clear that both approaches are characterised by complementary benefits.
As such, we believe that the optimal way towards the next generation of lead-free brasses
lies in the development of alloys that can utilise a combination of both aspects of design.
Therefore, we recommend the following pathways for further applied research, aiming at
the optimisation of the design and processing routes of lead-free copper alloys to surpass
the properties and functionality of the conventional leaded brasses satisfying in parallel the
requirements of environmental protection, human health and sustainable development:

(a) The compositional and microstructural design of novel lead-free alloys through com-
putational techniques such as ab initio calculations, CAPHAD (calculation of phase
diagrams) approaches alongside general thermodynamic/kinetics and finite element
modelling. Such approaches could assess novel compositions in terms of their thermo-
dynamic stability, constituent phases, mechanical properties and corrosion resistance
without the expense of physically manufacturing the alloys. Furthermore, these com-
putational approaches could be used alongside experiments to validate and assist in
optimization of the thermomechanical processing route of discovered compositions.

(b) Simultaneous “multi-objective” optimisation of the major quality characteristics (chip
morphology, power consumption, cutting force and surface roughness) utilising ad-
vanced statistical techniques, such as Desirability Functions (DFs) for the machinabil-
ity of lead-free brass alloys. The optimisation and validation of the cutting conditions
in industrial scale for the fabrication of exemplary final brass industrial component
by using complex machining operations (such as CNC machining center).

(c) Application of on-line monitoring techniques (e.g., vibration sensors/vibrodiagnostics)
might be also employed to forecast the cutting tool durability and service lifetime. In
addition, the incurred cutting mechanisms could be further predicted and quantified
using appropriate numerical simulation by Finite Element Analysis/FEA software.

(d) Comparative studies concerning the elemental leaching effects between novel lead-
free brasses and conventional leaded brasses. This is especially crucial in cases where
new alloying additions have been introduced and the resulting alloys have not been
investigated in terms of their corrosion performance. This research must be carried
out to conduct a risk assessment type study aiming to acknowledge and minimise
any impact of these new compositions may have on human health and environment.
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Appendix A. Chemical Composition of Machinable Brass Alloys

Table A1. Conventional leaded brass compositions.

Conventional Leaded Brasses

Alloy Composition Ref.

CuZn40Pb [4,7]
CuZn39Pb3 [8,19,26,27,29,45–50,58,59,64,78,82,104–106]
CuZn40Pb2 [51–55]
CuZn40Pb3 [6,7]
CuZn40Pb4 [7]
CuZn39Pb2 [47,48,57,102]

CuZn36Pb2As [46,50,59]

Table A2. Conventional lead-free (Pb-free) brass compositions.

Conventional Lead-Free Brasses

Alloy Composition Ref.

CuZn42 [25,30,79,80,91,104]
CuZn41.5 [31]
CuZn40 [7,23]
CuZn38 [25]

CuZn38As [24,25,31,50,80–82,92,93,104]
CuZn38Sn [81]

CuZn37 [108]
CuZn36 [25,50,79]
CuZn32 [64]

CuZn21Si3P [19,30,65,100,106–109]

Table A3. Novel brass compositions with an increased aluminium (Al) content (alloying elements
expressed in wt.%).

Novel Brass Compositions–High Aluminium (Al) Content

Cu Pb Ni Fe Sn Zn Al Si Ref.

Bal. - - - - 37.6 3.68 - [109]
Bal. 2.32 0.24 0.33 0.53 32.67 2.88 0.06 [109]
Bal. - - 0.028 - 30.2 1.66 - [82]
Bal. - - 0.03 - 33.7 1.51 - [82]
Bal. - - 0.033 - 34.2 1.49 - [82]
Bal. - - 0.032 - 34.5 1.48 - [82]

Al addition improves corrosion resistance, mechanical properties and in significant amounts can produce a
lightweight effect. Al also affects the stability of α/β/γ phases.

Table A4. Novel brass compositions with an increased lead (Pb) content (alloying elements expressed
in wt.%).

Novel Brass Compositions–High Lead (Pb) Content

Cu Pb Ni Fe Sn Zn Al Si Ref.

Bal. 4.23 0.24 0.33 1.08 32.28 1.57 0.06 [109]
Bal. 3.5 - - - 39.6 - - [61]
Bal. 3.04 0.02 0.17 0.06 37.96 0.02 - [3]
Bal. 2.9 - - - 38.8 - - [85]
Bal. 2.6 - 0.2 0.2 39 0.02 - [48]
Bal. 2.46 0.25 0.34 0.55 33.63 0.8 - [109]
Bal. 2.43 0.24 0.33 0.54 33.15 2.01 0.06 [109]
Bal. 1.65 0.25 0.36 0.54 33.75 0.84 0.1 [109]
Bal. 1.46 - 0.114 0.096 35.02 0.503 - [33]
Bal. 1.45 - 0.116 0.096 34.89 0.506 - [33]
Bal. 0.95 - 0.07 - 38.77 1.01 - [109]
Bal. 0.909 - 0.095 0.104 39.1 0.59 - [33]
Bal. 0.894 - 0.095 0.104 38.97 0.594 - [33]
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Table A5. Novel brass compositions with an increased tin (Sn) content (alloying elements expressed
in wt.%).

Novel Brass Compositions–High Tin (Sn) Content

Cu Pb Fe Sn Zn Ref.

Bal. 0.02 0.03 17.37 27.49 [103]
Bal. 0.01 0.04 13.89 26.74 [103]
Bal. - 0.06 11.36 26.72 [103]
Bal. 0.02 0.04 8.02 28.16 [103]
Bal. 0.02 0.05 5.43 28.63 [103]
Bal. - - 5.3 39.33 [109]
Bal. - - 1.0-4.0 38 [21]
Bal. - - 3.84 39.61 [109]
Bal. - 0.04 3.16 28.57 [103]
Bal. - - 1.78 31.53 [109]
Bal. - - 1.39 31.9 [109]
Bal. - 0.03 1.2 28.8 [102]
Bal. - - 0.95 34.22 [109]
Bal. - - 0.85 32.11 [109]
Bal. - - 0.78 39.93 [109]
Bal. - - 0.76 38.2 [109]

Sn addition may promote the formation of β′ enhancing both the machinability and hardness.

Table A6. Novel brass compositions with an increased bismuth (Bi) content (alloying elements
expressed in wt.%).

Novel Brass Compositions–High Bismuth (Bi) Content

Cu Fe Sn Zn Bi Si Cr Ref.

Bal. 0.22 0.58 40.83 2.85 - 0.22 [75]
Bal. - - 40.19 2.20 - - [17]
Bal. 0.23 0.6 40.64 2.02 - 0.26 [75]
Bal. - 2 38 2.00 0.5 - [105]
Bal. - 1.5 38 1.50 0.5 - [105]
Bal. - 1 38 1.00 0.5 - [105]
Bal. 0.23 0.60 40.81 0.99 - 0.26 [75]
Bal. - 0.7 38 0.80 0.5 - [105]
Bal. - 0.3 38 0.40 0.5 - [105]
Bal. - - 29.2 0.27 - - [77]

Bi addition operates similarly to the Pb addition, improving the machinability through chip segmentation and
providing cutting tool lubrication.

Table A7. Novel brass compositions with an increased titanium (Ti) content (alloying elements
expressed in wt.%).

Novel Brass Compositions–High Titanium (Ti) Content

Cu Pb Fe Sn Zn Si Ti Ref.

Bal. 0.02 0.09 0.03 39.6 - 1.03 [65]
Bal. - - 0.65 40.1 - 1.03 [67]
Bal. - - - 41.2 - 0.99 [67]
Bal. 0.16 0.58 0.41 38.9 0.13 0.71 [65]
Bal. - - - 39.0 - 0.50 [23]

Ti addition induces CuxTiy type particle precipitation, thus increasing the mechanical properties through precipi-
tation hardening and acting as a grain refiner.
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Table A8. Novel brass compositions with an increased silicon (Si) content (alloying elements ex-
pressed in wt.%).

Novel Brass Compositions–High Silicon (Si) Content

Cu Pb Ni Fe Sn Zn Al Si Ref.

Bal. - - - 1.04 34.78 - 3.68 [109]
Bal. - - - - 31.91 3.37 3.37 [109]
Bal. 2.27 0.25 0.4 0.53 31.77 0.8 2.34 [109]
Bal. 0.01 - 0.01 - 31 - 2.2 [73]
Bal. - - - - 39.77 - 1.73 [108]
Bal. 0.01 - 0.04 - 29 - 1.65 [73]
Bal. - - - - 35.98 1.6 1.6 [109]
Bal. - - - - 40.55 - 1.21 [109]
Bal. - - - - 39.49 1 1.11 [24]
Bal. - - - - 39.73 0.7 1.1 [71]
Bal. - - - - 38.42 0.68 1.1 [24]
Bal. - - - - 38.44 1.09 1.09 [109]
Bal. - - - 0.5 42 0.5 1 [73]
Bal. - - - - 38.37 0.34 0.95 [71]
Bal. - - - - 39.37 0.18 0.95 [24]
Bal. 0.01 - 0.04 - 30 - 0.93 [70]
Bal. - - - - 40.43 0.38 0.87 [71]
Bal. - - - - 38.75 0.9 0.85 [24]
Bal. - - - - 40.9 - 0.83 [102]
Bal. - - - - 39.13 0.69 0.78 [24]
Bal. - - - - 38.64 0.51 0.78 [72]
Bal. - - - - 36.92 0.27 0.78 [71]
Bal. - - - - 33.68 0.2 0.73 [71]
Bal. - - - - 38.91 0.5 0.69 [24]
Bal. - - - - 39.29 0.54 0.54 [109]
Bal. - - - - 38 - 0.5 [105]
Bal. - - - - 37.69 0.49 0.49 [109]
Bal. - - - - 40.67 - 0.34 [102]

Si addition produces fine intermetallic particles, improving machinability and mechanical properties. Si also
affects the stability of the α/β/γ phases in brasses.

Table A9. Novel brass composition with an increased content in antimony (Sb), graphite, magnesium
(Mg), manganese (Mn), carbon (C) and cerium (Ce) (alloying elements expressed in wt.%).

Novel Brass Compositions–Uncommon Alloying Element Additions
(Sb, Graphite, Mg, Mn, C, Ce)

Cu Fe Sn Zn Al Sb Bi Graphite Si Mg Mn Cr C Ce Ref.

Bal. 0.095 - 30.1 - - 0.173 - - - 1.26 - - - [77]
Bal. 0.063 - 29.1 - - 0.2 - - - 3.48 - - - [77]
Bal. 0.096 - 29.6 - - 0.204 - - - 5.83 - - - [77]
Bal. - - 35 - 0.0–

2.34 - - - 0.0–
1.79 - - - - [22]

Bal. - - 40 - - - 0–1.0 - 0.3–
1.9 - - - - [68]

Bal. - - 40 - - - - - 1 - - - - [59]
Bal. - - 39.2 - - - 0.0–1.0 - - - - - - [1]
Bal. 4.78 - 38 - - - - - - - - 0.22 - [69]
Bal. - - 38.6 - - - - - - - - - 0.07 [74]
Bal. - 0.5 41.6 0.5 0.4 - - 1 - - - - - [73]
Bal. - 0.5 41 0.5 1 - - 1 - - - - - [73]
Bal. - 0.5 40.6 0.5 1.4 - - 1 - - - - - [73]
Bal. - 0.5 40 0.5 2 - - 1 - - - - - [73]
Bal. 0.22 0.59 40.86 - - - - - - - 0.34 - - [75]

Sb addition improves machinability by promoting the formation of β′. Produces intermetallic particles which
compromise the mechanical properties but further improve machinability. Graphite addition acts similarly to Pb,
thus increasing machinability and providing cutting tool lubrication. Mg addition improves machinability by
promoting the formation of β′. Produces intermetallic particles which compromise the mechanical properties
but further improve machinability. Mn addition promotes the formation of β′ thus increasing the mechanical
properties and machinability. C addition operates similarly to graphite, as in the relevant research [68] it was
incorporated in the form of Fe3C and underwent a graphitisation process. Ce addition reduces the flow stress of
the brass.
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53. Kunčická, L.; Jambor, M.; Weiser, A.; Dvořák, J. Structural factors inducing cracking of brass fittings. Materials 2021, 14, 3255.
[CrossRef] [PubMed]
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Abstract: In this study, new multicomponent Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe, Co, and Ni,
denoted as Fe59, Fe54Co5, and Fe54Ni5, respectively) bulk metallic glasses (BMGs) with excellent cor-
rosion and wear resistances were synthesized using the J-quenching technique and fluxing treatment.
The synthesized Fe-based BMGs possessed a large glass-forming ability, and the maximum diameters
of the Fe59, Fe54Co5, and Fe54Ni5 glassy alloy rods reached 5.5, 4.5, and 4.0 mm, respectively. The Fe59

BMG had a wide supercooled liquid region of 65 K. Potentiodynamic tests in 3.5 wt.% NaCl solution
showed that the corrosion resistances of the synthesized Fe-based BMGs were relatively better than
that of the 316L stainless steel. The Fe59 BMG had the highest corrosion resistance, with the lowest
self-corrosion current density in the order of 10−8 A·cm−2. Wear tests showed that the synthesized
Fe-based BMGs exhibited excellent wear resistances, and the wear rate of the Fe59 BMG was as low as
approximately 1.73 × 10−15 m3·N−1·m−1. The rare-earth-element-free Fe-based BMGs, especially the
Fe59 BMG, have a low cost, large glass-forming ability, and excellent wear and corrosion resistance,
which make them good candidates for wear-and corrosion-resistant coating materials.

Keywords: Fe-based bulk metallic glasses; glass forming ability; corrosion resistance; wear resistance

1. Introduction

Fe-based bulk metallic glasses (BMGs) have gained substantial attention in recent
decades owing to their low cost and unique performance, such as high strength and hard-
ness, excellent wear and corrosion resistance, and excellent soft magnetic properties [1–4].
The strength of Fe-based BMGs is generally higher than 2 GPa, which currently exceeds
the strength of high-strength steel; in particular, the compressive fracture strength of a
Fe33.5Co33.5Nb6B27 BMG reaches 4.84 GPa [5]. Owing to their high strength, the micro-
hardness of the Fe-based BMGs is larger than that of the Zr- and Cu-based BMGs, and
their wear resistance is three orders of magnitude higher than that of the Zr- and Cu-based
BMGs. Additionally, owing to their unique amorphous structure, Fe-based BMGs exhibit
a chemically homogeneous single phase and high atomic reactivity, which results in the
formation of an extremely uniform and stable passive film on the surface of the alloys;
thus, Fe-based BMGs have higher corrosion resistances compared with their crystalline
alloy counterparts. For example, Li et al. reported an Fe59Cr12Mo3.5Ni5P10C4B4Si2.5 BMG
with excellent corrosion resistance, with Icorr and Ecorr values of 2.47 × 10−7 A·cm−2 and
−0.22 V, respectively [6].
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Owing to their low cost, ultra-high strength, and excellent wear and corrosion re-
sistance, Fe-based BMGs have been considered good candidates as wear-and corrosion-
resistant coating materials [7]. It has been extensively reported that alloying elements
can significantly influence the corrosion and wear properties of Fe-based BMGs. Cr and
Mo are the most effective elements for providing a high passivation ability for Fe-based
BMGs [8,9]. Cr can form a dense and stable hydrated chromium oxyhydroxide passive film
on the surface of alloys to prevent corrosion within the alloys [10]. Generally, the higher
the Cr content, the better the corrosion resistance of Fe-based BMGs. However, when the
Cr content is greater than 15 at.%, further increasing the Cr content does not significantly
improve the corrosion resistance of the Fe-based BMGs but increases the material cost. The
effect of Mo on the protective ability of the passivation layer is weaker than that of Cr.
However, Mo can promote the enrichment of Cr in the passive film, thereby enhancing the
corrosion and pitting resistances of Cr-containing Fe-based BMGs. However, the excess
addition of Mo is detrimental to the corrosion resistance of Fe-based BMGs [11]. Recently, it
was found that the substitution of Fe with a similar element, such as Ni or Co, can produce
positive effects on the glass forming ability (GFA) and the mechanical and magnetic prop-
erties of Fe-based BMGs. For example, the substitution of 20 at.% Ni for Fe in Fe80P13C7
BMG resulted in an increase in the critical diameter (Dc) from 2.0 mm to 2.3 mm for full
glass formation and a significant increase in room-temperature compressive plastic strain
from 1.1% to 11.2% [12]. The room-temperature compressive plasticity of Fe80P13C7 BMG
improved from 1.1% to 3.0%, and the saturation magnetization increased from 1.45 T to
1.55 T due to the replacement of 10 at.% Fe with Co [13]. Based on the above considerations,
new Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe, Co, and Ni) BMGs were successfully prepared
in this study, and the corrosion and wear properties of the present Fe-based BMGs were
systematically investigated.

2. Materials and Methods

Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe, Ni, and Co) alloy ingots were prepared by torch-
melting a mixture of Fe3P pieces (99.5 mass% purity), Cr powder (99.9 mass% purity), Mo
powder (99.9 mass% purity), Fe powder (99.9 mass% purity), Si powder (99.99 mass%
purity), boron pieces (99.95 mass% purity), graphite powder (99.95 mass% purity), Co
powder (99.9 mass% purity), and Ni powder (99.7 mass% purity) under a high-purity Ar
atmosphere. All the as-prepared alloy ingots had a mass of 2 g. Subsequently, the ingots
were purified through a fluxing treatment at an elevated temperature of approximately
1450 K for 2–3 h under a vacuum of ~50 Pa, in which a mixture of B2O3 and CaO with a
mass ratio of 3:1 was used as the fluxing agent. After the fluxing treatment, the alloys were
subjected to the J-quenching technique [14–16]. Consequently, Fe54M5Cr15Mo6Si2B4P10C4
(M = Fe, Ni, and Co) alloy rods with diameters ranging from 1.0–6.0 mm and lengths of
several centimeters were prepared.

The amorphous nature of the specimens was examined using an X-ray diffractometer
(XRD, Bruker D8 Discover, Bruker Inc., Karlsruhe, Germany) with Co Kα radiation. The
thermal behavior of the specimens was examined through differential scanning calorimetry
(DSC, NETZSCH DSC 404F1, NETZSCH Inc., Selb, Germany) at a heating rate of 0.33 K/s
under an Ar atmosphere. The corrosion behaviors of the specimens, as well as that of
316 stainless steel, which was used for comparison, were evaluated through electrochemical
measurements (Zahner Zennium X, Zahner Inc., Kronach, Germany). This was conducted
in a three-electrode cell using the glassy rod alloy specimens as the working electrode,
a saturated calomel electrode as the reference electrode, and a metal platinum electrode
as the counter electrode. The working face of the samples was polished to a mirror
face using sandpaper, and the non-working parts were sealed with epoxy resin. The
potentiodynamic polarization curves were measured in a 3.5% NaCl solution at room
temperature with a potential sweep rate of 1 mV/s after immersing the specimens for
approximately 30 min to stabilize the open-circuit potential. Electrochemical impedance
spectroscopy (EIS) measurements were carried out in a frequency range of 10 kHz to
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10 mHz, using a sinusoidal potential perturbation of ±10 mV relative to the OCP. The fitting
of EIS data was operated by using the software ZSimpWin (3.60, AMETEK Inc. Middleboro,
MA, USA). The surface morphology of the specimens after immersion was observed
using scanning electron microscopy (SEM, SU8010). The chemical states of the surface
elements of the specimens after polarization were analyzed using X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific Inc., Waltham, MA, USA)
with a monochromatic Al Kα X-ray source (hν = 1486.6 eV). The binding energies were
calibrated using carbon contamination with a C 1s peak value of 284.8 eV. The Vickers
hardness (HV) of the specimens was measured at a load of 200 g and dwell time of 15 s
using a microhardness test instrument (MT-401MVA, BangYi Co., Shanghai, China). Prior
to testing, the specimens were polished to a mirror face using sandpaper and cleaned with
alcohol, and the average of ten measurement values was taken as the final hardness value
for each specimen. Tribological tests of the specimens were conducted under ambient
conditions using a pin-on-disc tribometer (CSM, Graz, Austria) with a pin-on-disk contact
geometry; a GCr15 (860HV) plate with a diameter of 60 mm was used as the counter body.
A normal load of 7 N and a total sliding distance of 5000 m with a sliding speed of 1.8 m/s
were adopted for all the tribological tests. The wear rate was calculated using Equation (1).

V =
Δm
PSρ

=
m1 − m2

PSρ
(1)

where V is the wear rate, Δm is the wear mass loss, m1 and m2 are the masses of the
sample before and after the test, respectively, S is the sliding distance of the sample, p
is the load, and ρ is the density of the test sample, which was measured using density
testing equipment (Micromeritics, AccuPyc-1340, Micromeritics Inc., Atlanta, GA, USA).
The surface and subsurface morphologies of the worn tracks were observed using scanning
electron microscopy (SEM, Hitachi s4800, Hitachi lnc., Tokyo, Japan). The topography and
chemical composition of the worn surfaces were examined using energy-dispersive X-ray
spectrometry (EDS HORIBA 7593-H, HORIBA lnc., Tokyo, Japan).

3. Results and Discussion

3.1. Material Preparation and Glass Forming Ability (GFA)

The XRD (X-ray diffraction) patterns of the as-prepared Fe54M5Cr15Mo6Si2B4P10C4
(M = Fe, Ni, and Co) glassy alloy rods with critical diameters (Dmax) for glass formation
are shown in Figure 1a. There was only a broad diffraction peak and no detectable sharp
crystalline peaks in the XRD patterns of all the specimens, indicating the fully amorphous
structure of the specimens [17]. Among the present Fe-based BMGs, the Fe59 alloy had
the largest GFA with a Dmax of 5.5 mm, and the substitution of Fe with 5 at.% Co or Ni
degraded the GFA of Fe59 alloy; the Dmax of Fe54Co5 and Fe54Ni5 alloys were 4.5 and
4.0 mm, respectively [17]. Figure 1b shows the DSC curves of Fe54M5Cr15Mo6Si2B4P10C4
(M = Fe, Ni, and Co) BMGs at a heating rate of 0.33 K/s. The DSC (Differential scanning
calorimetry) curves of all specimens exhibited a distinct glass transition, followed by a
supercooled liquid region and multistep crystallization peaks. The thermal parameters
associated with the glass transition temperature (Tg), crystallization temperature (Tx), and
supercooled liquid region (ΔTx = Tx − Tg) are summarized in Table 1. It can be seen that
the substitution of Co and Ni for Fe led to a decrease in the Tg and Tx of the Fe-based
BMGs. The Tg of amorphous alloys mainly depends on the atomic bonding strength among
the constituent elements, which can be evaluated through the mixing enthalpy between
the constituent elements. It is suggested that the dominant short-range order unit for
Fe-metalloid amorphous alloys can be characterized as solute-centered atomic clusters, in
which the metallic atoms are located on the shell and the metalloid atoms are located in the
center [18]. The mixing enthalpies between Fe and the metalloid elements Si, B, P, and C
are −35, −26, −39.5, and −50 kJ/mol, respectively; those between Co and the metalloid
elements are −38, −24, −35.5, and −42 kJ/mol, respectively; and those between Ni and
the metalloid elements are −40, −24, −34.5, and −39 kJ/mol, respectively [19]. Except
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for Si, the mixing enthalpies between Fe and the metalloid elements were more negative
than those between Co/Ni and the metalloid elements, which could be the reason for the
decrease in the Tg and Tx of the Fe59, Fe54Co5, and Fe54Ni5 alloys. It was also observed that
the ΔTx of the Fe59, Fe54Co5, and Fe54Ni5 BMGs decreased. Inoue suggested that a wider
ΔTx reflects a better GFA [20], which may account for the compositional dependence of
Dmax of the Fe-based BMGs in this study. Additionally, it can be noted that the ΔTx of the
Fe59 BMG reaches 65 K, indicating an extremely high thermal stability.

 

Figure 1. (a) XRD patterns and (b) DSC curves of as-prepared Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe,
Ni, and Co) glassy alloy rods with the critical diameter (Dmax) for glass formation. Photos of (c) Fe59,
(d) Fe54Co5, and (e) Fe54Ni5 glassy alloy rods with the Dmax values.

Table 1. Summary of the critical diameters for glass formation (Dmax), thermal properties, and the
GFA indicators of Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe, Ni, and Co) glassy alloy rods determined from
the DSC curves at a heating rate of 0.33 K/s (Tg: glass transition temperature, Tx: onset crystallization
temperature, ΔTx = Tx − Tg).

Alloys
Dmax
(mm)

Tg
(K)

Tx
(K)

ΔTx
(K)

Fe59 5.5 768 833 65
Fe54Co5 4.5 765 805 40
Fe54Ni5 4.0 762 800 38

3.2. Corrosion Resistance

To evaluate the corrosion resistance, electrochemical measurements of the Fe-based
BMGs were performed in a 3.5 wt.% NaCl solution at room temperature. Figure 2 shows
representative potentiodynamic polarization curves of the Fe59, Fe54Co5, and Fe54Ni5
glassy alloy rods. The self-corrosion current density (Icorr) and self-corrosion potential
(Ecorr) obtained using the Tafel extrapolation method are listed in Table 2.

Table 2. Electrochemical parameters derived from potentiodynamic polarization curves and EIS
analysis of the Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe, Co, and Ni) BMGs and 316L stainless steel (Ecorr:
self-corrosion potential, Icorr: self-corrosion current density, Rs: solution resistance, Rt: charge transfer
resistance, Ru: charge transfer resistance, Qt: non-ideal capacitance, Qu: non-ideal capacitance).

Alloys
Ecorr

(V)
Icorr

(×10−8 A·cm−2)
Rs

(Ω·cm2)
Rt

(×106 Ω·cm2)
Ru

(×106 Ω·cm2)
Qt

(×10−5 μF·cm2)
Qu

(×10−5 μF·cm2)

Fe59 0.12 8.4 1.71 0.64 1.8 3.59 9.37
Fe54Co5 −0.19 8.6 1.67 0.76 1.68 3.16 4.12
Fe54Ni5 −0.18 38.3 0.85 3.06 0.82 2.87 2.99

316L −0.29 98.5 1.16 0.0000013 0.049 2.79 5.28
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Figure 2. (a) Potentiodynamic polarization curves in 3.5 wt% NaCl solution at room temperature
for Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe, Ni, and Co) glassy alloy rods and 316L stainless steel;
(b) Nyquist plots and the corresponding equivalent circuit (inset) for fitting the impedance spectra of
Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe, Co, and Ni) glassy alloy rods and 316L in 3.5 wt.% NaCl solution
at room temperature.

Figure 2a shows the potentiodynamic polarization curves in 3.5 wt.% NaCl solution
exposed to air at room temperature for the Fe-based glassy alloy rod specimens as well
as the 316L stainless steel (316L) for comparison. The self-corrosion potential (Ecorr) and
self-corrosion current density (Icorr) of the specimens listed in Table 2 were obtained from
the potentiodynamic polarization curves using the Tafel extrapolation method. Compared
with the 316L, the Fe-based BMGs exhibited a more positive Ecorr, lower Icorr, and a more
stable and wider passive region, indicating a relatively higher corrosion resistance and
superior passive film protection. Among the Fe-based BMGs used in this study, the Fe59
BMG exhibited the highest corrosion resistance, with the lowest Icorr and Ipass in the order
of 10−8 and 10−7 A/cm2, respectively. Further, the potentiodynamic polarization curve
of the Fe59 BMG had a smooth shape, as shown in Figure 2a, indicating that a stable
passivation layer was formed on the surface and tiny pit corrosion occurred during the
entire measurement period. However, few sharp peaks were found in the curves of the
Fe54Co5 and Fe54Ni5 BMGs, as shown in Figure 2a, indicating that pit corrosion occurred
during the measurement period; evidence of pit corrosion is shown in Figure 3. It is worth
noting that the corrosion resistance of the Fe59 BMG was better than that of most reported
Fe-based BMGs, of which Icorr is usually in the order of 10−6~10−7 A/cm2. For example, it
has been reported that a Fe36Cr23Mo10W8C15B6Y2 BMG possesses good corrosion resistance
with an Icorr of 6.16 × 10−7 A·cm−2 and Ecorr of −0.275 V [1]. Compared with this Fe-based
BMG, the Fe59 BMG exhibited a lower Icorr but contained less Cr and Mo. This result may
be related to the metalloid elements in the alloys, which can significantly influence the
corrosion properties of Fe-based BMGs [4]. For example, Si can improve the passivation
ability and corrosion resistance of Fe-based BMGs, which can be attributed to the formation
of a dense and stable passive film rich in Si and Cr- oxides [21]. The Fe43Cr16Mo16C10B5P10
BMGs exhibited a wide passive region, indicating a higher corrosion resistance compared
to that of the P-free metallic glass [22].
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Figure 3. SEM micrographs of the electrochemical corroded surfaces of the Fe59 BMG (a), Fe54Co5

BMG (c), Fe54Ni5 BMG (e), and 316L (g), respectively, and (b,d,f,h) are corresponding partial enlarged
views.

Figure 2b shows the Nyquist plots of the Fe-based BMGs and 316L in 3.5 wt.% NaCl
solution at room temperature. The Nyquist plots of all samples show a double capacitive
loop, implying two time constants in the electrochemical measurements. The semicircle
diameter in the Nyquist plots of the Fe59, Fe54Co5, and Fe54Ni5 BMGs and 316L stainless
steel decreased, implying that their corrosion resistances also decreased. An appropriate
equivalent circuit for fitting the impedance spectra is shown in Figure 2b, where Rs is the
solution resistance; Rt and Ru are the charge transfer resistances; and Qt and Qu represent
the possibility of non-ideal capacitance. These fitting parameters are listed in Table 2. The
Rt values of the Fe59, Fe54Co5, Fe54Ni5 BMGs, and 316L stainless steel decreased. It is
known that a larger Rt implies better corrosion resistance [23], and thus, the results of the
EIS measurements agree well with those of the electrochemical measurements.

Figure 3 shows the SEM micrographs of the electrochemical corroded surfaces of the
Fe-based BMGs and 316L specimens. There were a few pitting pits and a film rupture zone
on the surface of the Fe59 BMG specimen, as shown in Figure 3a,b, revealing the excellent
corrosion resistance of the Fe59 BMG. It can be seen in Figure 3c,d that there were pitting
pits with diameters of approximately 4 μm and of a few nanometers on the surface of the
Fe54Co5 BMG specimen. Compared with the Fe59 and Fe54Co5 BMGs, there were more
and larger pitting pits and more corrosion products on the surface of the Fe54Ni5 BMG
specimen, as shown in Figure 3e,f, which could be attributed to the sharp peaks in the
potentiodynamic polarization curve of the Fe54Ni5 BMG shown Figure 2a. The surface
of the 316L specimen was completely damaged, covered with a thick layer of polarized
product, and had huge pitting pits caused by a severe corrosion, as shown in Figure 3g,h.
The observed electrochemical corroded surfaces of the specimens confirmed the results of
the electrochemical and EIS measurements.

To better understand the effect of the elements on the corrosion mechanism of the
Fe-based BMGs, an XPS (X-ray Photoelectron Spectroscopy) analysis was performed to
characterize the chemical composition of the oxide films formed on the surfaces of the
specimens after electrochemical measurement in 3.5 wt.% NaCl solution. Figure 4 shows
the Fe 2p, Cr 2p, Mo 3d, Co 2p, and Ni 2p spectra of the Fe-based BMGs. The Fe 2p spectra
of the specimens comprised the peaks of Fe 2p1/2 and 2p3/2 corresponding to the peaks
of the metallic (Fe) and Fe2+, Fehy

3+, and Feox
3+ oxide (Feox) states of Fe [23–27]. The peak

intensities of Fem in the Fe54Co5 and Fe54Ni5 BMGs were relatively higher than that of the
Fe59 BMG. The Cr 2p peaks represented the metallic (Cr) and Cr3+ and Cr6+ oxide (Crox)
states of Cr [26,28–30]. Cr6+ dissolves in water and causes the corrosion current density to
increase; however, it has a self-repairing ability and can promote the formation of denser
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Cr2O3 to prevent chloride ions from penetrating into the internal damage [31,32]. As shown
in Figure 4b, the total area of the Cr 2p peaks in the Fe59 BMG was the largest, suggesting a
higher concentration of Cr on its surface than on the Fe54Co5 and Fe54Ni5 BMGs. The Mo
3d spectrum, consisting of the Mo 3d 3/2 and 3d 5/2 peaks, corresponded to the metallic
Mo and Mo4+ and Mo6+ oxide states [24,27,29,30]. The Fe54Co5 BMG had the highest
intensity of the low-valence Mo4+ peak on the surface, followed by the Fe59 and Fe54Ni5
BMGs. The Fe59 BMG had the highest intensity of the high-valence Mo6+ peak in the
surface film, followed by the Fe54Co5 and Fe54Ni5 BMGs. Mo can promote the enrichment
of Cr in the passive film and, consequently, enhance the corrosion resistance of amorphous
alloys [33–35]. The Co 2p spectrum consisted of the metallic Co (Com), Cohy

2+, and Coox
2+

peaks, as shown in Figure 4d. The Ni 2p spectrum consisted of the peaks corresponding to
the metallic Ni (Ni), Ni2+, and Ni3+, as shown in Figure 4e. It is known that Co and Ni are
more effective in providing a high passivation ability for alloys compared with Fe; however,
the corrosion resistance of the Fe-based BMGs in this study decreased with the substitution
of Co and Ni for Fe. This could be due to the small amount of crystallization in the Fe54Co5
and Fe54Ni5 BMGs owing to the lower GFA, which degraded their corrosion resistance.

Figure 4. XPS spectra of Fe 2p (a), Cr 2p (b), Mo 3d (c), Co 2p (d), and Ni 2p (e) in the passive films
on the surface of the Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe, Co, and Ni) glassy alloy rod specimens
after electrochemical measurements in a 3.5 wt.% NaCl solution.

The outstanding corrosion resistance of amorphous alloys is primarily influenced by
the stability of a uniform passive film. Figure 4b,c show that the Crox and Moox fractions in

107



Metals 2022, 12, 564

the Fe59 and Fe54Co5 BMGs in the surface film after the electrochemical test were apparently
higher than those in the Fe54Ni5 BMG. The enrichment of Crox and Moox was beneficial for
the modification of the passive film quality of the BMGs and thus improved the corrosion
resistance. The XPS results for the Fe59, Fe54Co5, and Fe54Ni5 BMGs were consistent with
the SEM morphology of the samples after the electrochemical test, as shown in Figure 3,
in which the Fe54Ni5 BMG exhibited a more severely corroded surface than the Fe59 and
Fe54Co5 BMGs.

3.3. Microhardness and Wear Resistance

The measured microhardness values (HV0.2) of the Fe-based BMG specimens are
listed in Table 3 and shown in Figure 5a. The Fe-based BMGs exhibited extremely high
microhardnesses, exceeding 1000 HV0.2. The microhardness values of the Fe59, Fe54Co5,
and Fe54Ni5 BMGs decreased in turn. Similar to the Tg of amorphous alloys, the hardness
of the alloys depends on the atomic bonding strength between the constituent elements;
therefore, the microhardness has a similar change trend as the Tg of the synthesized Fe-
based BMGs.

Table 3. Density, average microhardness, average COF, and wear rate of the Fe54M5Cr15Mo6Si2B4P10C4

(M = Fe, Ni, and Co) BMGs.

Alloys
Density
(g/cm3)

Average HV0.2 Average COF
Wear Rate

(×10−15 m3/N·m)

Fe59 6.62 ± 0.02 1105 ± 31 0.716 ± 0.034 1.73 ± 0.20
Fe54Co5 6.83 ± 0.02 1098 ± 17 0.795 ± 0.059 6.18 ± 0.28
Fe54Ni5 6.79 ± 0.01 1024 ± 22 0.727 ± 0.018 5.05 ± 0.24

 

Figure 5. (a) Microhardness, (b) average coefficient of friction (COF), and wear rate of the
Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe, Ni, and Co) BMGs.

Friction and wear tests of the Fe-based BMGs were performed using pin-on-disk
experiments, which were run against a GCr15 plate with a diameter of 60 mm and a
hardness of 860 HV under a constant normal load of 7 N, a rolling speed of 1.8 m/s, and a
sliding distance of 5000 m. The obtained average steady-state coefficient of friction (COF)
and the wear rate, which is calculated by Equation (1), of the Fe-based BMG specimens
are listed in Table 3 and shown in Figure 5b. Among the Fe-based BMGs, the Fe59 BMG
had the smallest wear rate of 1.73 × 10−15 m3·N−1·m−1, followed by the Fe54Ni5 BMG
with a wear rate of 5.05 × 10−15 m3·N−1·m−1; the Fe54Co5 BMG had the largest wear rate
of 6.18 × 10−15 m3·N−1·m−1. Furthermore, the wear rate of the Fe59 BMG was relatively
lower than those of the Fe54Co5 and Fe54Ni5 BMGs. The COF values for the Fe59, Fe54Co5,
and Fe54Ni5 BMGs under dry friction conditions were 0.716, 0.795, and 0.727, respectively.
It was clear that the wear rates of the Fe-based BMG specimens exhibited an obvious
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positive association with their COF under dry sliding conditions [36]. It should also be
noted that the wear rates of the Fe54Co5 and Fe54Ni5 BMGs were negatively correlated, but
not inversely proportional, with the microhardness. This indicates that the wear resistance
of the Fe-based BMGs cannot be simply determined by their hardness, as predicted by the
Archard equation.

Figure 6 shows the SEM (Scanning electron microscope) images of the worn areas of
the Fe59, Fe54Co5, and Fe54Ni5 BMGs. An EDS mapping test was performed on typical
regions of the worn surfaces; their chemical compositions are summarized in Figure 6c,f,i.
The worn surfaces of Fe59 exhibited various ploughed grooves parallel to the sliding
direction, with different widths and depths, which are typical features corresponding to
the abrasive-wear mechanism. In addition, as shown in Figure 6a,b, the worn surface of
the Fe59 BMG was covered with tribo-patches, in which a high fraction of oxygen was
observed through EDS (Energy Disperse Spectroscopy) mapping analysis, as shown in
Figure 6c. This result demonstrates the oxidation of the tribo-patches of the Fe59 BMG
during the sliding process. The worn surface of Fe54Co5, as shown in Figure 6d,e, exhibited
a smooth morphology covered with a uniform oxide film (Figure 6f), including some small
tribo-patches, indicating an oxidation wear mechanism. As shown in Figure 6g,h, the worn
morphology of the Fe54Ni5 BMG exhibited much wear debris with grain-like wear particles,
which resulted from a brittle failure characteristic, and many tribo-patches with diverse
widths and lengths, indicating an adhesive wear mechanism.

 

Figure 6. SEM images of wear surface morphology and EDS mapping of the Fe59 (a–c), Fe54Co5 (d–f),
and Fe54Ni5 (g–i) glassy alloy rod specimens.

4. Conclusions

In this study, a new series of rare-earth-element-free Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe,
Ni, and Co) BMGs were prepared, and the effects of Fe, Co, and Ni contents on the thermal
stability, corrosion, and wear resistances of the Fe-based BMGs were investigated. The
main results are as follows.

(1) Fe54M5Cr15Mo6Si2B4P10C4 (M = Fe, Ni and Co) bulk glassy alloy rods were success-
fully prepared using the J-quenching and fluxing techniques. The Dmax of the Fe59,
Fe54Co5, and Fe54Ni5 alloys reached 5.5, 4.5, and 4.0 mm, respectively.
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(2) The Fe-based BMGs exhibited high thermal stability, and the ΔTx of the Fe59 BMG
reached 65 K. The Tg, Tx, and ΔTx of the Fe-based BMGs decreased when Co and Ni
substituted for Fe.

(3) Electrochemical and EIS tests showed that, compared with 316L stainless steel, the
Fe-based BMGs exhibited excellent corrosion resistance in a 3.5% NaCl solution with
very low Icorr in the order of 10−8–10−7A/cm2. Among the Fe-based BMGs, the Fe59
BMG exhibited the highest corrosion resistance with the highest positive Ecorr, the
lowest Icorr, and the most stable and widest passive region.

(4) Friction and wear tests showed that the COF values of the Fe59 (0.716), Fe54Co5
(0.795), and Fe54Ni5 (0.727) BMGs under the dry-friction condition had slight differ-
ences. Among the Fe-based BMGs, the Fe59 BMG had the lowest wear rate of 1.73 ×
10−15 m3.N−1.m−1, followed by the Fe54Ni5 BMG with a wear rate of 5.05 × 10−15

m3.N−1.m−1 and the Fe54Co5 BMG with a wear rate of 6.18 × 10−15 m3.N−1.m−1.
SEM observation of the wear surface morphology indicated that the wear mechanisms
of the Fe59, Fe54Co5, and Fe54Ni5 BMGs were abrasive and oxidation, oxidation, and
adhesive and oxidation, respectively.

(5) The rare-earth-element-free Fe-based BMGs, particularly the Fe59 BMG, showed
potential as a coating material, owing to its combined advantages (low cost, large
GFA, and excellent wear and corrosion resistances).

Author Contributions: Conceptualization, G.Z., Q.L. and W.S.; methodology, G.Z. and J.T.; validation,
G.Z., Q.L. and W.S.; formal analysis, G.Z.; investigation, G.Z. and L.X.; resources, Q.L. and D.Z.; data
curation, Q.L.; writing—original draft preparation, G.Z.; writing—review and editing, G.Z., Q.L.,
W.S., C.Z., X.P., X.M. and J.Y.; visualization, G.Z.; project administration, Q.L. and W.S.; funding
acquisition, G.Z., Q.L. and W.S. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the University Science Research Planning Project of Xinjiang
Uygur Autonomous Region, grant number XJEDU2021Y008, the key University Science Research
Planning Project of Xinjiang Uygur Autonomous Region, grant number XJEDU2021I003, the Tianshan
Innovation Team Program of Xinjiang Uygur Autonomous Region, grant number 2020D14038, the
Xinjiang Autonomous Region Key Laboratory Open Fund, grant number 2020520002 and the “Talent
Projects” of Urumqi Key Training Object.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, X.; Lai, L.; Xiao, S.; Zhang, H.; Zhang, F.; Li, N.; Guo, S. Effect of W on the Thermal Stability, Mechanical Properties and
Corrosion Resistance of Fe-Based Bulk Metallic Glass. Intermetallics 2022, 143, 107485. [CrossRef]

2. Inoue, A.; Shen, B.L.; Chang, C.T. Super-High Strength of over 4000 MPa for Fe-Based Bulk Glassy Alloys in [(Fe1−xCox)0.75B0.2Si0.05]96Nb4
System. Acta Mater 2004, 52, 4093–4099. [CrossRef]

3. Madge, S.V. Toughness of Bulk Metallic Glasses. Metals 2015, 5, 1279–1305. [CrossRef]
4. Li, H.X.; Lu, Z.C.; Wang, S.L.; Wu, Y.; Lu, Z.P. Fe-Based Bulk Metallic Glasses Glass Formation, Fabrication, Properties and

Applications. Prog. Mater. Sci. 2019, 103, 235–318. [CrossRef]
5. Zhao, C.; Dun, C.; Man, Q.; Shen, B. Enhancement of Plastic Deformation in FeCoNbB Bulk Metallic Glass with Superhigh

Strength. Intermetallics 2013, 32, 408–412. [CrossRef]
6. Li, J.; Yang, L.; Ma, H.; Jiang, K.; Chang, C.; Wang, J.; Song, Z.; Wang, X.; Li, R. Improved Corrosion Resistance of Novel Fe-Based

Amorphous Alloys. Mater. Design 2016, 95, 225–230. [CrossRef]
7. Ndumia, J.N.; Kang, M.; Gbenontin, B.V.; Lin, J.; Nyambura, S.M. A Review on the Wear, Corrosion and High-Temperature

Resistant Properties of Wire Arc-Sprayed Fe-Based Coatings. Nanomaterials 2021, 11, 2527. [CrossRef]
8. Shi, M.; Pang, S.; Zhang, T. Towards Improved Integrated Properties in FeCrPCB Bulk Metallic Glasses by Cr Addition.

Intermetallics 2015, 61, 16–20. [CrossRef]
9. Suryanarayana, C.; Inoue, A. Iron-Based Bulk Metallic Glasses. Int. Mater. Rev. 2013, 58, 131–166. [CrossRef]

110



Metals 2022, 12, 564

10. Pang, S.J.; Zhang, T.; Asami, K.; Inoue, A. Bulk Glassy Fe–Cr–Mo–C–B Alloys with High Corrosion Resistance. Corros. Sci. 2002,
44, 1847–1856. [CrossRef]

11. Li, S.; Wei, Q.; Li, Q.; Jiang, B.; Chen, Y.; Sun, Y. Development of Fe-Based Bulk Metallic Glasses as Potential Biomaterials. Mater.
Sci. Eng. C 2015, 52, 235–241. [CrossRef] [PubMed]

12. Ma, X.; Yang, X.; Li, Q.; Guo, S. Quaternary Magnetic FeNiPC Bulk Metallic Glasses with Large Plasticity. J. Alloy Compd. 2013,
577, 345–350. [CrossRef]

13. Xu, K.; Ling, H.; Li, Q.; Li, J.; Yao, K.; Guo, S. Effects of Co Substitution for Fe on the Glass Forming Ability and Properties of
Fe80P13C7 Bulk Metallic Glasses. Intermetallics 2014, 51, 53–58. [CrossRef]

14. Qiang, L. Formation of Bulk Ferromagnetic Nanostructured Fe40Ni40P14B6 Alloys by Metastable Liquid Spinodal Decomposition.
Sci. China Ser. E-Tech. Sci. 2009, 52, 1919–1922.

15. Shen, T.D.; Schwarz, R.B. Bulk Ferromagnetic Glasses in the Fe–Ni–P–B System. Acta Mater. 2001, 49, 837–847. [CrossRef]
16. Zhang, L.; Ma, X.; Li, Q.; Zhang, J.; Dong, Y.; Chang, C. Preparation and Properties of Fe80−xNixP14B6 Bulk Metallic Glasses.

J. Alloy Compd. 2014, 608, 79–84. [CrossRef]
17. Nishiyama, N.; Takenaka, K.; Miura, H.; Saidoh, N.; Zeng, Y.; Inoue, A. The World’s Biggest Glassy Alloy Ever Made. Intermetallics

2012, 30, 19–24. [CrossRef]
18. Cheng, Y.Q.; Ma, E. Atomic-Level Structure and Structure-Property Relationship in Metallic Glasses. Prog. Mater. Sci. 2011, 56,

379–473. [CrossRef]
19. Takeuchi, A.; Inoue, A. Classification of Bulk Metallic Glasses by Atomic Size Difference, Heat of Mixing and Period of Constituent

Elements and Its Application to Characterization of the Main Alloying Element. Mater Trans 2005, 46, 2817–2829. [CrossRef]
20. Inoue, A. Stabilization of Metallic Supercooled Liquid and Bulk Amorphous Alloys. Acta Mater. 2000, 48, 279–306. [CrossRef]
21. Zheng, S.; Li, J.; Zhang, J.; Jiang, K.; Liu, X.; Chang, C.; Wang, X. Effect of Si Addition on the Electrochemical Corrosion and

Passivation Behavior of Fe-Cr-Mo-C-B-Ni-P Metallic Glasses. J. Non-Cryst Solids 2018, 493, 33–40. [CrossRef]
22. Pang, S.J.; Zhang, T.; Asami, K.; Inoue, A. Synthesis of Fe–Cr–Mo–C–B–P Bulk Metallic Glasses with High Corrosion Resistance.

Acta Mater. 2002, 50, 489–497. [CrossRef]
23. Yamashita, T.; Hayes, P. Analysis of XPS Spectra of Fe2+ and Fe3+ Ions in Oxide Materials. Appl. Surf. Sci. 2008, 254, 2441–2449.

[CrossRef]
24. Si, J.; Wu, Y.; Wang, T.; Liu, Y.; Hui, X. Composition-Controlled Active-Passive Transition and Corrosion Behavior of Fe-Cr(Mo)-

Zr-B Bulk Amorphous Steels. Appl. Surf. Sci. 2018, 445, 496–504. [CrossRef]
25. Hua, N.; Hong, X.; Liao, Z.; Zhang, L.; Ye, X.; Wang, Q.; Liaw, P.K. Corrosive Wear Behaviors and Mechanisms of a Biocompatible

Fe-Based Bulk Metallic Glass. J. Non-Cryst Solids 2020, 542, 120088. [CrossRef]
26. Gan, Z.; Zhang, C.; Zhang, Z.-R.; Chen, Z.-J.; Liu, L. Crystallization-Dependent Transition of Corrosion Resistance of an Fe-Based

Bulk Metallic Glass under Hydrostatic Pressures. Corros. Sci. 2021, 179, 109098. [CrossRef]
27. Li, Y.; Zhang, C.; Xing, W.; Guo, S.; Liu, L. Design of Fe-Based Bulk Metallic Glasses with Improved Wear Resistance. ACS Appl.

Mater. Inter. 2018, 10, 43144–43155. [CrossRef]
28. Si, J.J.; Chen, X.H.; Cai, Y.H.; Wu, Y.D.; Wang, T.; Hui, X.H. Corrosion Behavior of Cr-Based Bulk Metallic Glasses in Hydrochloric

Acid Solutions. Corros. Sci. 2016, 107, 123–132. [CrossRef]
29. Liang, D.; Wei, X.; Chang, C.; Li, J.; Wang, Y.; Wang, X.; Shen, J. Effects of W Addition on the Electrochemical Behaviour and

Passive Film Properties of Fe-Based Amorphous Alloys in Acetic Acid Solution. Acta Metall. Sin.-Engl. 2018, 31, 1098–1108.
[CrossRef]

30. Li, Y.; Wang, S.; Wang, X.; Yin, M.; Zhang, W. New FeNiCrMo(P, C, B) High-Entropy Bulk Metallic Glasses with Unusual Thermal
Stability and Corrosion Resistance. J. Mater. Sci. Technol. 2020, 43, 32–39. [CrossRef]

31. Wang, Y.; Jiang, S.L.; Zheng, Y.G.; Ke, W.; Sun, W.H.; Wang, J.Q. Electrochemical Behaviour of Fe-Based Metallic Glasses in Acidic
and Neutral Solutions. Corros. Sci. 2012, 63, 159–173. [CrossRef]

32. Xia, H.; Chen, Q.; Wang, C. Evaluating Corrosion Resistances of Fe-Based Amorphous Alloys by YCr/Mo Values. J. Rare Earth
2017, 35, 406–411. [CrossRef]

33. Tan, M.W.; Akiyama, E.; Habazaki, H.; Kawashima, A.; Asami, K.; Hashimoto, K. The Role of Charomium and Molybdenum in
Passivation of Amorphous Fe-Cr-Mo-P-C Alloys in Deaerated 1 M HCl. Corros. Sci. 1996, 38, 2137–2151. [CrossRef]

34. Tan, M.-W.; Akiyama, E.; Kawashima, A.; Asami, K.; Hashimoto, K. The Effect of Air Exposure on the Corrosion Behavior of
Amorphous Fe-8Cr-Mo-13P-7C Alloys in 1 M HCl. Corros. Sci. 1995, 37, 1289–1301. [CrossRef]

35. Souza, C.A.C.; Ribeiro, D.V.; Kiminami, C.S. Corrosion Resistance of Fe-Cr-Based Amorphous Alloys: An Overview. J. Non-Cryst.
Solids 2016, 442, 56–66. [CrossRef]

36. Hua, N.; Zhang, X.; Liao, Z.; Hong, X.; Guo, Q.; Huang, Y.; Ye, X.; Chen, W.; Zhang, T.; Jin, X.; et al. Dry Wear Behavior
and Mechanism of a Fe-Based Bulk Metallic Glass: Description by Hertzian Contact Calculation and FInite-Element Method
Simulation. J. Non-Cryst. Solids 2020, 543, 120065. [CrossRef]

111





Citation: Vazdirvanidis, A.; Rikos, A.;

Toulfatzis, A.I.; Pantazopoulos, G.A.

Electron Backscatter Diffraction

(EBSD) Analysis of Machinable

Lead-Free Brass Alloys: Connecting

Texture with Fracture. Metals 2022, 12,

569. https://doi.org/10.3390/

met12040569

Academic Editor: Shi-Hoon Choi

Received: 1 March 2022

Accepted: 25 March 2022

Published: 28 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Electron Backscatter Diffraction (EBSD) Analysis of Machinable
Lead-Free Brass Alloys: Connecting Texture with Fracture

Athanasios Vazdirvanidis, Andreas Rikos, Anagnostis I. Toulfatzis and George A. Pantazopoulos *

ELKEME Hellenic Research Centre for Metals S.A., 61st km Athens—Lamia National Road,
32011 Oinofyta, Greece; avazdirvanidis@elkeme.vionet.gr (A.V.); arikos@elkeme.vionet.gr (A.R.);
atoulfatzis@elkeme.vionet.gr (A.I.T.)
* Correspondence: gpantaz@elkeme.vionet.gr; Tel.: +30-2262-60-4463

Abstract: The current paper is related to the study of the microstructure and texture of two machinable
lead-free brass alloys, namely CuZn42 (CW510L) and CuZn38As (CW511L), which were evaluated in
the as-drawn and post heat treated condition. Electron backscatter diffraction (EBSD) was employed
for the examination of the brass rods’ crystallographic properties in order to correlate the effect of post
processing heat treatment on the evolution of phase structure and texture towards the interpretation
of dynamic (impact) fracture properties. It is shown that α- and β-phase volume fractions, mean grain
size, and grain boundary misorientation are the most influential factors altering the fracture resistance
of single- and dual-phase brass alloy rods. The role of grain boundary engineering, through the
formation of coincidence site lattice (CSL) boundaries and their evolution during thermomechanical
processing, is of major importance for the design of the mechanical behaviour of new eco-friendly
machinable brass alloys.

Keywords: brass; machinability; coincidence site lattice; grain boundary; EBSD; lead-free brass

1. Introduction and Literature Review

Brass alloys (Cu–Zn) are broadly used industrial metallic materials in domestic, me-
chanical, and electrical engineering as a result of their significant formability, corrosion and
mechanical resistance, electrical conductivity, and, of course, high machinability [1–3]. Lead
(Pb) is a basic alloying element of conventional brass due to its significant positive effect on
machinability, resulting in high lubrication activity at the tool/workpiece interface and in-
tense chip-fracturing, affecting the cutting tool service life and process [4–7]. However, the
use of brass as a component in drinking water installations has increased the demands for
the elimination of lead toxicity, inaugurating a new class of copper alloys, the eco-friendly
or lead-free/low-lead brass alloys. A simple version of lead-free/low-lead machinable
alloys include (almost) binary Cu–Zn systems, such as CuZn42 (CW510L) and CuZn38As
(CW511L) (see [8–10]). New eco-friendly systems containing various (micro)alloying el-
ements, such as Si, Ti, Bi, Sn, Mg, Sb, and Al aim, in their majority, to offer a significant
advantage in chip breaking, replacing Pb with other intermetallic or second-phase particle
constituents [11–17]. A recent review, summarizing the entire spectrum of such an extended
family of copper alloys, highlighting the various technical approaches and machinability
improvement strategies, outlines the necessity of the optimization of the manufacturing
process towards the fabrication of eco-friendly components, satisfying the requirement of
the relevant environmental and health and safety regulations [18].

Evidently, chip rupture constitutes a significant aspect of machinability performance
and it is strongly related to the fracture properties of brass alloys under different load-
ing conditions [7,19]. Therefore, the study of the fracture behaviour of leaded and lead-
free/low-lead brasses constitutes a significant element, not only for the insightful un-
derstanding of the role of microstructure (e.g., lead particle size and distribution, phase
structure, grain structure) on chip breaking, but also for the design and optimization of
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the machinability performance, without compromising the mechanical properties of the
fabricated components [20,21].

Failure and embrittlement mechanisms, such as intermediate temperature embrittle-
ment (ITE) and transgranular-to-intergranular fracture, together with properties-processing
relationships, have been extensively studied in brass alloys systems (see [22–26]). Among
the most typical failure mechanisms, dezincification, stress corrosion cracking (SCC), and
liquid metal embrittlement (LME) causing hot-shortness due to localized (intergranular) Pb
fusion and grain boundary decohesion are revealed in characteristic case histories studied
in the authors’ Institute, and representative works are shown in [27–29].

2. Background Information and Research Objectives

The microstructure of common brass alloys typically consists of one (single-phase,
α-brasses) or two (dual-phase, α + β brasses) phases, as is shown by the well-known binary
Cu–Zn phase diagram [30]. The α-phase is rich in copper, contains less than 37 wt.% zinc,
and has a face-centred-cubic (fcc) crystal structure. Single, α-phase alloys have moderate
strength and excellent formability at room temperature due to their low stacking-fault
energy (SFE < 10 mJ/m2) (see [31]). Therefore, they easily form twins and they can also
form coincidence site lattice (CSL) boundaries.

At a higher zinc content, the β-phase is formed, which possesses a body-centred-
cubic (bcc) crystal structure. The copper alloys which include a β-phase have excellent hot
workability and machinability. The β-phase is also referred to as an intermetallic compound
due to the almost 50–50 atomic stoichiometry of Cu and Zn. It is stable at 800 ◦C from 39 to
55 wt.% Zn and at 500 ◦C between 45 and 49 wt.% Zn [30].

Above the temperature of 470 ◦C, Cu and Zn atoms occupy random locations of the
lattice, forming a disordered structure which is known as the β-phase, but below this
critical temperature thermal vibrations are decreased and atoms take preferential sites,
forming a long-range ordered structure known as the β’-phase. This is constituted by
smaller regions of ordered structure called domains. Their boundaries are called antiphase
boundaries (APBs) and they can be only observed with transmission electron microscopy
(TEM). Quenching from the ordered β-phase region leads to fine domain size and increased
hardness. The CuZn or β’-phase belongs to B2 super lattice materials, having a structure
similar to that of FeAl [30,32].

Extrusion products with variable volume fractions of α- and β-phases can be produced
by altering extrusion temperature. Higher extrusion temperatures favour the formation of
a β-phase and result in alloys with a lower yield strength if the α-phase is considerably
coarsened [25].

It has been shown that grain boundary engineering (GBE) can be performed in fcc
metals of low stacking-fault energy (SFE) through thermo-mechanical processing (TMP) in
order to improve their mechanical properties. The proposed mechanism is the formation
of coincident site lattice (CSL) boundaries, through the development of annealing twin
boundaries with low values of Σ, such as Σ3 boundaries, and its variants, Σ9 and Σ27,
which together with low-angle grain boundaries (LAGBs; considered to have 5–15 degrees
of misorientation) are resistant to intergranular cracking in comparison to the more brittle
behaviour shown by high-angle grain boundaries (HAGBs), which have misorientation
values larger than 15 degrees [33].

It has been found that one reason for the more brittle behaviour of HAGBs could be
their tendency to attract segregated elements, as opposed to LAGBs and the CSL boundaries.
When a crack is formed, propagation is preferential through the network of HAGBs, while
the fracture mode can be altered from intergranular to transgranular when the crack meets
LAGBs and CSL junctions. The amount of CSL boundaries is also linearly increased
with decreasing mean grain size, enabling the manufacturing of fracture-resistant alloy
products [34].

In dual-phase brass alloys, the grain boundaries’ “character” should be evaluated
separately for the two distinct phases, since during deformation and post-processing
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annealing, the α- and β-phases show different tendencies in HAGBs formation, with
the α-phase exhibiting a high volume fraction of CSL boundaries, depending on the
thermo-mechanical process scheme and the β-phase random values of HAGBs, which are
considered of minor importance in GBE.

The current research is a follow-up work, aiming to shed light, using texture analysis,
on the alteration of fracture mechanics and failure mechanisms of environmentally friendly
brass alloys under different processing conditions, i.e., as-drawn and heat treated [35].

As presented in [35], apart from the benefits in machinability of CW510L (CuZn42)
and CW511L (CuZn38As) alloys provided by heat treatment through the increase and stabi-
lization of β-phase content, controversial results were obtained in impact toughness testing:

- The CuZn42 alloy shows an increasing tendency (from 47 to 52 J).
- The CuZn38As alloy shows a decreasing tendency (from 104 to 84 J)

The fracture surfaces of the respective Charpy specimens have also been studied in
detail in [35]. The CuZn42 alloy sample in the as-received condition exhibited a typical,
ductile fracture failure mechanism with multiple size dimples, while after the heat treatment
it principally showed an intergranular fracture topography, with minute dimples on the
grain facets. In the CuZn38As alloy sample, a fully ductile behaviour with multiple size
dimples and large, deep voids was observed in the as-received condition as compared to
the heat treated condition, where finer and shallower dimples were evident [35].

The present study is exclusively focused on electron backscatter diffraction (EBSD),
in order to seek potential fracture–texture relationships that could justify the eminent
evolution of fracture behaviour and crack propagation modes in the as-received and
heat treated brass alloys. More specifically, further attention was placed on the salient
interpretation of the observed “paradox” demonstrated by the CuZn42 sample, described
as follows:

“The CuZn42 alloy after heat treatment exhibited improved fracture toughness, even
though (i) the fully β-phase microstructure, established by the heat treatment, is expected
to induce to fracture toughness deterioration and (ii) the obtained impact fracture topog-
raphy presents an almost complete intergranular pattern which microscopically implies
to lower impact energy.”

On the contrary, in the CuZn38As sample, the anticipated decrease in impact energy
after the heat treatment was expected considering the attained phase transformations
and the observed fracture mechanism demonstrated by the obtained fracture morphology
which consists of smaller and shallower dimples.

To the best of the authors’ knowledge, there is no similar study concerning the investi-
gation and interpretation of the fracture mechanisms of low-lead/lead-free brass alloys
under various thermomechanical processing conditions (as-drawn and heat treated), us-
ing detailed texture and grain boundary analysis through electron backscatter diffraction
(EBSD) analysis.

3. Materials and Methods

3.1. Brass Alloy Samples

Two distinct lead-free brass alloys were employed for the present study, namely
CuZn42 (CW510L) and CuZn38As (CW511L). The chemical composition of the studied
alloy samples is shown in Table 1 (see also [35]).

The samples are originated from 35 mm diameter extruded and drawn rods of two
types of lead-free brass alloys, namely CuZn42 (CW510L) and CuZn38As (CW511L). The
CuZn42 alloy rod was heat treated at 775 ◦C for 60 min and the CuZn38As at 850 ◦C for
120 min and they were both water quenched for maximization of the β-phase percentage
and suppression of α-phase precipitation with the aim to improve machinability. A simple
schematic showing the heat treatment processes for the different brass alloys is illustrated in
Figure 1. The respective fracture surfaces after Charpy impact testing are shown in Figure 2.
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Table 1. Chemical composition of the brass alloy rods under examination (analysis by optical emission
spectroscopy, elemental contents are expressed in wt.%).

Alloy (Spec.
Limits)

Cu Sn Pb Fe Ni Al Sb As Zn

CuZn42
57.5 0.006 0.10 0.03 0.003 0.0002 0.003 0.001 42.4(CW510L)

EN 12164 57–59 0.30 max 0.20 max 0.30 max 0.30 max 0.050 max - - Rem.
CuZn38As

62.05 0.004 0.09 0.02 0.001 0.0002 0.003 0.03 37.8(CW511L)
EN 12164 61.5–63.5 0.10 max 0.20 max 0.10 max 0.30 max 0.050 max - 0.02–0.15 Rem.

Figure 1. Simple schematic diagram showing the performed heat treatment processes (blue blocks for
CuZn42 and orange blocks for CuZn38As alloy samples). Heat treatment conditions—CuZn42: 775 ◦C
for 60 min followed by water quenching; CuZn38As: 850 ◦C for 120 min followed by water quenching.

Figure 2. Macroscopic fracture surfaces after impact fracture toughness tests (Charpy) before and
after heat treatment of CW510L and CW511L brass alloys. The average values of the induced impact
energies are referred too.

3.2. Electron Backscatter Diffraction (EBSD)

EBSD analysis was performed in suitably sectioned impact-tested samples using
an EDAX Hikari XP camera (EDAX, Mahwah, NJ, USA) mounted on a JEOL IT-800 HL
(JEOL Ltd.,Tokyo, Japan) Scanning Electron Microscope (SEM), under 20 kV of accelerating
voltage. A tilt of 70 degrees, 4 × 4 binning, and various magnifications and step sizes,
depending on the grain size of the samples, prior to and following the heat treatment, were
applied to assist in microstructure (phase structure), texture, and grain boundary analysis
towards the interpretation of the alterations of fracture mechanisms.
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Visualization of the strains caused by the impact tests, near the fracture surfaces, and
examination of their distribution on the α- and β-phases, as well as the characterization
and calculation of misorientation between adjacent grains, were performed. In the relative
statistics, the 15◦ angle value was deployed as a distinction criterion of LAGBs from HAGBs.

Examination of the microstructure (phase structure) and fracture surface profile was
performed in cross-sections parallel to the extrusion direction. The automatic collection
and analysis of EBSD patterns was performed. Data mapping and information regarding
the orientation, phase distribution, grain size, morphology, grain boundary, and local
deformation of crystallographic regions was realized by using Orientation Image Mapping
Software (OIM Analysis, version, EDAX, Mahwah, NJ, USA).

Coincident site lattice (CSL) boundaries are special character boundaries. These
boundaries are classified in terms of Σ-values. The CSL boundaries are considered as
special due to the fact that they possess a given fraction of atoms in the grain boundary
plane which are coincident to both lattices which are separated by the grain boundary. The
Σ-value denotes the fraction of atoms in coincidence. The detection of CSL boundaries is
automatically performed by the OIM Analysis software.

The various EBSD settings used for the presented images/maps are summarized in
Table 2.

Table 2. List of settings (scanned area, magnification, step size) used for the collection of the relevant
EBSD patterns.

Figure Scanned Area (μm2) Magnification Step Size (μm)

Figure 3 707 × 693 100× 3
Figure 4 1780 × 2300 50× 7
Figure 5 400 × 500 150× 0.8
Figure 6 400 × 500 150× 2

Figure 7a,b 100 × 240 300× 1
Figure 7c 330 × 710 100× 2
Figure 8 140 × 150 370× 1
Figure 9 30 × 90 500× 0.3

Figure 10a 125 × 170 180× 0.4
Figure 10b 70 × 75 500× 0.3

Two representative EBSD scans per sample from the matrix in the as-drawn and heat
treated conditions are shown concerning the phase structure examination. The following
maps were acquired from each scan (the results are presented in Section 4.1):

• An inverse pole figure (IPF-Z) map and texture plot for representation of the prevailing
orientations. This was achieved after a 90◦ rotation of the original EBSD data, in order
to create an equivalent to the transverse section image. Transverse sections are typically
studied for the analysis of extruded and drawn products.

• Phase mapping for calculation of the relative α- and β-phase volume fractions.
• A grain boundary map for characterization of grain boundaries’ “character” and

misorientation values between neighbouring grains.

One additional scan per sample of the fracture surface profile after Charpy impact
testing in the as-drawn and heat treated conditions was performed and the retrieved results
were as follows (the results are presented in Section 4.2):

• Phase maps for the correlation of α- and β-phases with surface fracture topography.
• Kernel average misorientation (KAM) maps for representation of the residual strains

(deformation) underneath the fracture surface.
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4. Results

4.1. Microstructure and Texture Characterization
4.1.1. CuZn42—As-Drawn Condition

The texture and volume fraction percentages of the α- and β-phases in CuZn42 were
determined by EBSD (see Figure 3 and Table 3). A (111) fibre structure was exhibited by
the α-phase and a single (101) fibre with minor (335) preferred orientations structure was
observed by the β-phase (see Figure 3a,b). The results showed a 46 vol.% fraction for the
fcc (α-phase) and a 54 vol.% fraction for the bcc (β-phase) (see Figure 3d).

  

(a) (b) 

  
(c) (d) 

Figure 3. CuZn42 alloy in the as-drawn condition. (a) Inverse pole figure (IPF-Z) map and (b) texture
plots. (c) Misorientation and (d) phase maps. The α-phase is precipitated in various morphologies
from the β-grains. Note: CuZn (β-phase), Cu2Zn (α-phase). Unit: μm.

The α-phase appeared in various forms, mainly exhibiting an allotriomorphic mor-
phology nucleated on the β-phase grain boundaries, but also as coarse intra-crystalline
“islands”, typical of a slow cooling rate from a hot working temperature (Figure 3a). The
mean grain size of both the α-phase and β-phases was 25 μm. A large fraction (20%) of
the α-phase grains exhibited thermal or annealing twins. The microstructure was charac-
terized by the presence of almost exclusively high angle grain boundaries (see Figure 3c
and Table 4). No sub-grains (2–5 degrees) were detected, while low angle boundaries
(5–15 degrees) were almost null and were located exclusively on α–α interface boundaries
(see the green lines in Figure 3c). The high angle boundaries included 19% CSL boundaries,
consisting of 10% Σ3 and the remaining 9% distributed to other CSL categories. All CSL
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high angle boundaries were related to the α-phase, while approximately half of them were
located on α–β interphase boundaries, with the other half on α–α boundaries.

Table 3. Results of EBSD scans, % phase volume fractions, mean grain size, % twinned grains, and
mechanical testing data.

Alloy Metallurgical
Condition

Phases
Mean Grain

α-Phase
Charpy Test Results [35]Twinned

Size (μm) Grains

vol.% α vol.% β α β (%) Impact
Energy (J) Fracture mode

CuZn42
(CW510L)

As-drawn 46 54 25 25 20 47
Ductile,

dimpled fracture

Heat treated - 100 -
Macro (several
thousand μm,

i.e., mm)

52
Intergranular

(predominantly)

CuZn38As
(CW511L)

As-drawn 98 2 14 3 52 104
Ductile, dimpled

fracture (also including
large, deep voids)

Heat treated 86 14 23 6 21 84
Ductile, dimpled

fracture (mostly shallow
dimples)

Table 4. Results of EBSD scans, distribution of grain boundaries’ angles (%).

Alloy Metallurgical
Condition

Sub-Grain
Boundaries

Low
Angle

High Angle
CSL

(2–5◦) (5–15◦)
(>15◦)

CSL Rem. Σ3 Σ5 Σ9 Σ49 Rem.

CuZn42
(CW510L)

As-drawn 19 81 10 2 2 3 2

Heat treated 20 80 15 5 (Σ7, Σ15,
and Σ21)

CuZn38As
(CW511L)

As-drawn 1 17 33 49 22 3 8
Heat treated 22 7 21 50 8 1 2 8 2

4.1.2. CuZn42—Heat Treated Condition

After the heat treatment, the microstructure consisted merely of macroscopic size
(several thousand μm, i.e., mm) β-phase grains, while any α-phase precipitation had been
suppressed by the rapid water quenching (Figure 4 and Table 3). A double (101) and (113)
fibre structure was exhibited by the single β-phase alloy (Figure 4b). Exclusively high
angle boundaries were observed (Figure 4c). The β-phase exhibited poor quality in EBSD
scans in most of the grains, which rendered difficulties in processing the respective maps.
This could be attributed to (i) the disorder–order transformation which led to fine ordered
domain size and multiple orientations within a single grain or (ii) due to the minute lattice
parameters deviation between the β- and β’-phase, which could not be resolved by the
EBSD technique [36]. Interestingly, the examination showed that approximately 20% of the
grain boundaries were CSL, with the higher percentage being Σ3 and the remainder being
Σ7, Σ15, and Σ21 (Table 4). The coarse grain size is an indication of the exaggerated grain
growth which took place during the heat treatment of the brass rod.

The quality of the β-phase regions in the EBSD maps in the as-drawn condition was
higher than in the heat treated conditions, since any quenching effects resulting in fine
domain sizes were avoided.
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(a) (b) 

 
(c) 

Figure 4. CuZn42 alloy in the heat treated condition. (a) Inverse pole figure (IPF-Z) map and
(b) texture plot. (c) Misorientation map. The poor quality of the map was attributed to fine domain
size within the macroscopic β-phase grains. Unit: μm.

4.1.3. CuZn38As—As-Drawn Condition

The texture and microstructure of CuZn38As in the as-drawn condition is shown
in Figure 5 and the summary of the results are listed in Tables 3 and 4. The material
was strongly textured with the (001) direction oriented parallel to the extrusion/drawing
direction (Figure 5a,b). The microstructure consisted of partially recrystallized, equiaxed
α-phase grains with a 14 μm mean grain size with a 98 vol.% fraction, while the β-phase
was aligned parallel to the extrusion direction (longitudinal sections were performed). The
volume fraction of the β-phase was 2% and its mean grain size was 3 μm (Figure 5d). An
approximate 52% of α-phase grains exhibited thermal twins. A total of 1% of the grain
boundaries constituted subgrain boundaries (2–5 degrees), 17% consisted of LAGBs, and the
remaining 82% consisted of HAGBs (Figure 5c). The subgrain and LAGBs were detected
within α-phase regions and could be considered as an indication of a fully recovered
and partially recrystallized microstructure. The CSL fraction constituted 33% of the total
boundaries, which were mainly encountered in the α-phase twins and on α–β interface
boundaries in equal amounts. Approximately 22% of the total boundaries were Σ3, 3%
were Σ5, and the remaining 8% was distributed to other categories (see Table 4).

4.1.4. CuZn38As—Heat Treated Condition

The texture and microstructure of CuZn38As in the heat treated condition are shown
in Figure 6 and the results are summarized in Tables 3 and 4. The α-phase exhibited a (001)
and (335) double fibre texture with equal amounts of both directions while the β-phase was
strongly textured with prevailing (101) directions and minor (112) (see Figure 6a,b).
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(a) (b) 

  

(c) (d) 

Figure 5. CuZn38As alloy in the as-drawn condition. (a) Inverse pole figure (IPF-Z) map and
(b) texture plot. (c) Misorientation and (d) phase map. Note: CuZn (β-phase), Cu2Zn (α-phase).
Unit: μm.

 
(a) (b) 

  
(c) (d) 

Figure 6. CuZn38As alloy in the heat treated condition. (a) Inverse pole figure (IPF-Z) map and
(b) texture plot. (c) Misorientation and (d) phases map. Note: CuZn (β-phase), Cu2Zn (α-phase).
Unit: μm.
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After the heat treatment, the α-phase grains were coarsened, with a 23 μm mean
grain size, and the fraction of the twinned grains was reduced to 21% (see Figure 6 and
Tables 3 and 4). The β-phase percentage was increased to 14% and the banding morphology
was altered since a more uniform distribution of the β-phase was created. The β-phase
mean grain size was 6 μm, which was double the size of that prior to the heat treatment
condition, and it exhibited a plate-like, elongated morphology (Figure 6d). The grain
boundaries’ character was also significantly altered by the heat treatment, i.e., 22% of the
total boundaries were sub-grain boundaries, 7% were LAGBs, and the remaining 71%
were HAGBs. Among them, 21% was characterized as CSL boundaries, with Σ3 and Σ49
occupying 8% of the total boundaries each, Σ5 and Σ9 occupying 3% in total, and the
remainder being distributed to other categories (Table 4).

4.2. Microstructure Characterization of the Impact Specimens’ Fracture Surface Profile
4.2.1. Sample CuZn42—As-Drawn and Heat Treated Conditions

The profile of the fracture surface of the impact test specimen in the as-drawn condition
is shown in Figure 7a. The existence of micro-dimples was apparent as various size
protrusions, not exceeding 2 μm. These protrusions did not exhibit the same amount of
misorientation values in the KAM map, the latter being dependent on the phase where they
were formed. The higher values were found by dimples formed within α-phase regions
on the fracture surface or within the β-phase having a short distance from the α-phase, at
maximum up to 10 μm. The α-phase network presented high misorientation values in the
KAM map at even higher distances from the fracture surface.

(a) (b) (c) 

Figure 7. Phase and KAM maps of the fracture surface profile of Charpy impact tested CuZn42 alloy
samples: (a) phase map, (b) KAM map in the as-drawn condition, and (c) KAM map in the heat
treated condition. Unit: μm.

In Figure 7c, the fracture surface profile of the CuZn42 alloy sample after the heat
treatment is shown. It is typical of the occurrence of a brittle, intergranular fracture, with
the presence of mechanical twins formed during the impact test. Mechanical twins can be
produced in bcc metals under conditions of shock loading in decreased temperatures [31].
The “noise” in the map did not allow a definite recognition of deformed and non-deformed
areas, but other than the angle boundaries which were high angle and lead to local high
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misorientation values, a uniform distribution of lattice rotations was observed, close and
far from the fracture surface.

In Figure 8, lens-shaped twins are shown extending across the width of the grain
(deformation twins do not extend to adjacent grains). This is the main existing deformation
mechanism exhibited by the coarse, single β-phase brass alloy, since the crack tip created a
limited plastic zone size compared to the grain size, hindering the activation of multiple sets
of slip systems in adjacent grains, and dislocation emission was impeded by the existing
microstructural barriers, causing dislocation pile-up to the activated slip systems and grain
boundaries [37]. Twinning behaviour in bcc alloys is considered important in orientation
changes that enable the activation of new slip systems in order to allow deformation by slip.
In the intergranular crack, shown in Figure 8, on both the fracture surface and across the
secondary crack, no appreciable deformation has occurred, leading to the hypothesis that
mechanical twinning produced by the shock loading was the predominant deformation
mechanism, explaining the reason for the uniform misorientation values for the same grain
close and far from the fracture surface.

Figure 8. Mechanical twins developed on the fracture surface of β-phase grains after Charpy impact
test; CuZn42 alloy sample in heat treated condition, section transverse to fracture surface. Combined
image quality and IPF map. Unit: μm.

4.2.2. CuZn38As—As-Drawn and Heat Treated Conditions

The fracture surface profile of the sample in the as-drawn condition is shown in
Figure 9a,b. It manifested appreciable ductility and the coarse formation of dimples
reaching a size of 30 μm, which is multiple times the size of the dimples of the CuZn42
alloy in the same metallurgical condition. The equiaxed α-phase grains exhibited extensive
strain markings close to the fracture surface as a contributing mechanism to the energy
absorbance potential (Figure 10a). These constitute very fine deformation twins which are
observed as a major deformation mechanism in low stacking-fault energy alloys such as the
α-brass (20 mJ·m−2) [38]. The fine grain size of the α-phase grains contributed to improved
ductility and the respective high energy values in the Charpy impact test (104 J).

In the heat treated condition, the fracture surface was also deformed, showing the
presence of shallower dimples reaching a maximum size of 17 μm, since the more resistant
to deformation β-phase did not allow the development of coarser dimples (Figure 9c,d).
The α-phase grain structure, which was coarser (23 μm) than in the as-drawn condition,
negatively affected the material’s deformation capacity during the impact test, leading
to a lower energy absorption (84 J). Strain markings in the α-phase were also developed
close to the fracture surface and were more readily observed in the coarser α-phase grains,
especially in the heat treated condition (see Figure 10).
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(a) (b) (c) (d) 

Figure 9. Phase and KAM maps of the fracture surface profile of Charpy impact tested CuZn38As
alloy samples in the (a,b) as-drawn and (c,d) heat treated conditions. Unit: μm.

 
(a) (b) 

Figure 10. Strain markings close to the fracture surface of (a) CuZn38As as-drawn and (b) CuZn38As
heat treated alloy sample. EBSD image quality map. Unit: μm.

5. Discussion

The presented results, concerning the fracture behaviour of brass alloys, can be summa-
rized and classified in two main categories: single-phase alloys and dual-phase (α + β) al-
loys.

5.1. Single-Phase Alloys: CuZn42, Heat Treated and CuZn38As, As-Drawn Condition

The CuZn38As sample, in the as-drawn condition, possessed a higher amount of α-
phase (98 vol.%: it can be considered for simplicity purposes as a “single-phase” alloy) and a
finer grain size, rendering a high deformation and energy absorbance capacity. Moreover, it
contained the higher fraction of LAGBs and CSL boundaries (~50% in total), which promote
ductile, transgranular fracture modes. The high extent of strain markings formation was an
additional indication of a strained material with a high energy absorbance capacity.

124



Metals 2022, 12, 569

The opposite condition was observed by the CuZn42 alloy sample in the heat treated
condition, which showed a single β-phase structure and macroscopic grain size. These
attributes favoured the development of mainly brittle intergranular cracking.

However, the average impact energy value for CuZn42 at the heat treated condition
presented a slight increasing tendency (from 47 to 52 J; i.e., approximately 10%), compared
with the same alloy at the as-drawn condition. The fact that CSL boundaries were detected
(~20%) also led to the appearance of a minor transgranular crack propagation mode
in the heat treated CuZn42 alloy. In addition, the occurrence of mechanical twinning
constituted the dominant deformation mechanism of this sample with appreciable strain
energy absorption during the shock loading. The incremental tendency of impact energy
could potentially be explained by the following phenomena:

- The presence of a significant fraction of CSL boundaries a (total of 20%, including a
higher percentage of Σ3 boundaries up to 15%).

- The mechanical twinning of the bcc β-phase.

In addition, the higher impact energy can be also supported by the higher hard-
ness of the heat treated CuZn42 (fully β-phase) as compared to the as-drawn one, i.e.,
approximately 140 HV vs. 130 HV [35].

Grain boundaries are mostly influential on dynamic and static mechanical properties
behaviour and can act as preferred locations for crack initiation and propagation. HAGBs
hinder dislocation motion as a result of their high degree of misorientation, leading to dis-
location pile-up and localized stress concentration that can induce failure [39]. In contrast,
the slip systems of neighbour grains at LAGBs possess a higher alignment which favours
dislocation mobility and retain slip homogeneity across the grain boundaries. Conclusively,
LAGBs resist intergranular fracture, which tends to propagate along HAGBs [39].

5.2. Dual-Phase (α + β) Alloys: CuZn38As, Heat Treated Condition and CuZn42,
As-Drawn Condition

Concerning the samples of CuZn42 in the as-drawn condition and CuZn38As in the
heat treated condition, which constitute dual-phase alloys, the significant difference in
energy absorbance capacity and dimple size, which are indicators of higher plasticity (for
CuZn38As), seem to be related to the following factors (see also Tables 3 and 4):

1. The increasing volume fraction of the α-phase (the CuZn42 alloy contains 46 vol.% α-
phase and the CuZn38As alloy contains 86 vol.% α-phase) results in the amplification
of impact energy from 47 and 84 J, respectively.

2. A decreasing β-phase mean grain size (25 μm for CuZn42 and 6 μm for CuZn38As)
leads to a higher toughness (47 J and 84 J, respectively).

3. For the total amount of LAGBs plus CSL boundaries, a higher amount leads to a
higher impact toughness (19% for CuZn42 as compared to 28% for CuZn38As), which
promotes transgranular ductile fracture.

4. The existence of a subgrain structure (subgrain boundaries were mostly detected in
CuZn38As under the heat treated condition, summed up to 22%).

6. Conclusions and Further Research

From the crystallographic examination of the single- and dual-phase brass rods, the
following conclusions could be derived:

• There is a strong tendency for energy absorbance in Charpy impact tests to be related
to the amount of the sum of subgrains, LAGBs, and CSL boundaries. It is characteristic
that the CuZn38As alloy under as-drawn and heat treated conditions, possessing in
total 50% of the above interfaces, had the largest energy absorbance values (>80 J).

• Σ3 was the predominant type of CSL boundary occurring in all the studied metallurgi-
cal conditions: (i) extruded and drawn and (ii) heat treated in the single-phase region
and quenched.

• Post processing heat treatment led to a single β-phase structure for CuZn42 alloy and
a 12 vol.% increase for the β-phase in the CuZn38As alloy. The augmentation of the
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β-phase volume fraction inherits a negative effect on impact toughness for dual-phase
brasses (α + β brasses).

• The size of dimples and the prevalence of transgranular fracture mode in the Charpy
impact test specimens’ fracture surfaces are strongly related with the amount of the
α-phase volume fraction. Strain is also preferentially concentrated in α-phase regions
on the fracture surfaces compared with the more brittle β-phase. KAM maps are
advantageous in revealing the phases–strains relationships near the fracture surfaces.

• In the absence of an α-phase, as in the case of CuZn42-heat treated condition, the
fraction of dimpled fractures is negligible. On the other hand, in samples of CuZn42
in the as-drawn condition, CuZn38As in the heat treated condition, and CuZn38As in
the as-drawn condition, as the α-phase volume fraction increases, the size of micro-
dimples, viewed transverse to fracture surface sections, respectively increases.

• Interestingly enough, as it was obtained from the systematic impact energy results, the
presence of a full β-phase microstructure could have a potential beneficial contribution
to fracture toughness, due to the combination of higher hardness with the activation
of the mechanical twinning process under shock loading conditions, while the limited
size of the plastic zone ahead of the crack tip in combination with the coarse β-phase
grains promotes intergranular crack propagation.

• The increase of mean grain size of α- and β-phases offers a negative effect on strength
and impact toughness in CuZn38As brass.

• The texture of the α-phase in the as-received condition was different in the two
different alloys, a single (111) in CuZn42 and (001) in CuZn38As, revealing a process
and/or chemical composition relationship with the resulting texture. The dominant
texture of the β-phase was (101) in both alloys and metallurgical conditions.

The fact that CSL boundaries were also observed in the single β-phase CuZn42 heat
treated alloy, constituted mostly by Σ3 boundaries, offers a promising ground for further
research since the investigation of the influence of texture on single β-phase properties will
provide valuable knowledge towards the development of advanced copper alloys with
superior mechanical behaviour and machinability.
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Abstract: An analytical model of a steel strip under alternate bending/reverse bending during a roller
leveling process is developed. A combined isotropic/kinematic hardening model is implemented
through a combined hardening parameter. A formulation of the change of the effective stress as a
function of the change of the effective strain under cyclic loading is combined with the developed
analytical model to predict the stress distributions and residual curvature of a steel strip under
roller leveling efficiently and accurately. Dissimilar to the commonly used assumption of one
contact point between the stripe and the rolls, an effective radius modelling the wrap-around contact
characteristics is proposed. An arc contact of the strip around a roll is described by the contact
model. An oscillatory behavior of the residual curvature is observed when a range of roll intermesh
setting is considered. The contact model added to the analytical model may enhance the accuracy in
predicting the oscillatory behavior of the residual curvatures. A range of the roll intermesh setting
can be suggested by the developed model to obtain a flat strip after roller leveling.

Keywords: roller leveling; steel strip; combined hardening; analytical model

1. Introduction

Steel strips after rolling and annealing may possess defects such as wavy edges, center
buckles, cambers, and twists. The flatness defects can be corrected by leveling in steel mills.
Amor et al. [1] reported that shape defects of metal strips after rolling process or coiling
operation can be removed by leveling in order to meet the quality requirement. Customers
may cut the as-received flat stripes in order to achieve end functionalities. Unacceptable
shape defects found after cutting the strips are serious issues of concern raised by the
customers of steel mills. Li et al. [2] reported that these flatness/shape defects are mainly
due to residual stresses generated from rolling, annealing, leveling, coiling, etc. Morris
et al. [3] classified the shape defects into two categories—latent and manifest. Shape defects
of the latent category appear flat prior to cutting operation, whereas manifest defects, such
as wavy edges and center buckles, are visible in the coiled form. Conventionally, tension
levelers are used upstream to remove manifest defects. Roller leveling with lower line
tension and smaller rolls has been the essential step to flatten metal strips and attenuate
the effects of inhomogeneous distribution of residual stress in strips. Roller leveling is a
complex forming process involving multiple, alternate bending and reverse bending cycles.
In order to achieve more effective leveling operation without resorting to on site trial and
error approach, a lot of efforts have been devoted to the development of efficient, accurate
simulation tools for roller leveling.

Finite element analyses and analytical modeling are two main approaches adopted
to investigate the roller leveling process. Hira et al. [4] developed an analytical model for
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calculation of curling and residual stress of a strip in longitudinal and width directions
after tension leveling. Isotopic material hardening was considered in their model. Doege
et al. [5] analyzed a levelling process using the Euler–Bernoulli beam theory and a combined
isotropic and kinematic hardening model. Contact points between the strip and the rolls
were computed iteratively assuming that only one contact point between the roll and
the strip exists. They calculated the range of roll intermeshes for zero strip curvature at
the exit roll for a seven-roll leveling system. Details of the verification of their analytical
modeling were not described. Behrens et al. [6] developed an analytical model to find
suitable settings of a leveler for flat strips. Contact points between the metal strip and the
rolls were calculated by assuming that the curve of the strip was composed of arcs and
common tangents between two rolls. Lengths of several segments dissected from the strip
longitudinally were equalized with different plastic deformations to eliminate wave defects
of the strip. Dratz et al. [7] also adopted this common tangent contact condition to develop
their roller leveling model. Residual stress and curvature results of the strip after levelling
were not reported. The common tangent assumption contradicts with the fact that the
curvature between two rolls exhibits a nonlinear distribution. Liu et al. [8] developed an
analytical model to analyze the residual stress and curvature of a plate subjected to roller
leveling. Isotropic hardening was adopted in their model and a single contact between
the plate and each roll was assumed. Chen et al. [9] developed an analytical model of a
roller leveler for the strip with transverse and longitudinal wave defects. They divided
the strip longitudinally in order to find a suitable bending amount of the rolls to attain
equal length of each longitudinal section. Higo et al. [10] presented a theoretical model
for a roller leveler based on Euler–Bernoulli beam theory and a single point contact model
between a strip and each roll. They examined the influence of the exit roll intermesh on the
residual curvature of the strip.

Morris et al. [11] built a finite element model to analyze the deformed shape and
surface residual stress of a steel strip after a three-roll leveling process. They concluded
that kinematic work-hardening can represent the loading condition experienced during
tension levelling more closely than that of isotropic work-hardening by comparing model
predictions of the deformed shapes with experiments. Schleinzer and Fischer [12] presented
a finite element model for roller leveling of rails. Combined isotropic/kinematic hardening
was assumed for the material. A friction coefficient of 0.2 was used between the rail and the
rolls. Park and Hwang [13] conducted finite element analyses and experiments to examine
the residual curvature and stress distribution of strips after roller leveling. They verified that
the strips with various initial curvatures can attain residual curvatures with small deviation
given an optimum entrance roll intermesh. Huh et al. [14] built a finite element model for a
roller leveler in order to study the effects of process parameters on the curvature solution
of roller leveling. They identified the parameters with significant effects on the residual
curvature through a design of experiment approach. Roberts et al. [15] carried out a finite
element study to compare modeled curvature distributions with experiments of a two-roll
stretch-bending process. Their results showed that a reduction in the wrap-around contact
length was caused by decreasing intermesh. Jin et al. [16] conducted a three-dimensional
finite element analysis of a roller leveler. They presented residual stress distribution in the
strip. Kim et al. [17] developed a finite element model for a roller leveling process. They
implemented an implicit stress integration procedure in a constitutive material model which
can capture the material yield behavior and the Bauschinger effect during reverse bending.
Grüber et al. [18] employed a finite element analysis of roller levelling to determine several
combinations of roll intermeshes to attain a flat strip after levelling. They identified that the
roll intermesh of the center load triangle and the last load triangle of a seven-roll leveler is
crucial to reach desired values of flatness and residual stress distribution.

Leveler operators have relied on parameter settings for strips with various yield
strengths and through-gauges provided by leveler suppliers. Due to degradation of the
leveler through years of usage, empirical methods were used to fine tune the settings
for production. Although manifest defects appeared to be invisible after leveling, latent
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defects may still exist and cause the end products to fail to satisfy customer requirements.
Analytical solutions of residual stress and curvature of the roller leveling process are
necessary to provide rapid parameter settings to aid in its operation. In this investigation,
an analytical model for a nine-roll roller leveler is developed. The nine-roll cold leveler was
installed at the plate mill plant of the Chinese Steel Company for leveling heavy gauge steel
plates. One of the motivations of this investigation is to provide operational parameters for
the leveler to improve the quality of steel plates. Solutions of stress distributions after each
bending/reverse bending and residual curvature of the strip are obtained based on the
Euler–Bernoulli beam theory within a two-dimensional geometric framework. The material
hardening is implemented through a combined isotropic/kinematic hardening parameter.
Finite element analyses are carried out to verify the accuracy of the developed model.
Results of the stress distributions and residual curvature of a steel strip are compared with
the results based on the analyses. Finally, a roll intermesh range to produce a flatness
condition of the strip is presented.

2. Analytical Model

Figure 1 is a schematic of a nine-roll leveler. The strip has the thickness t, the length L,
and the width W. The rolls have a radius of R and a roll spacing of D. A strip enters the
entry roll from the left, undergoes alternate bending and reverse bending, then leaves the
exit roll. Flatness defects can be removed by the plastic deformation under the leveler rolls.
Partial reduction in the flatness defect is ensued by insufficient plastic deformation. The
intermesh settings, usually in a linear, declining trend, provide for the gradual flattening
of the shape defects as the strip travels through the leveler. The roll intermeshes p2, p4,
p6, and p8 are indicated in Figure 1. The value of the roll intermesh is positive when the
gap between the top roll and the bottom roll is larger than the strip thickness. In this
investigation, the amount of the roll intermesh is defined by the inclination angle θ of
the upper roll carriage and the roll intermesh at the next-to-last roll p8 as indicated in
Figure 1. The bottom rolls are fixed, and the top rolls are moved downward to specified roll
intermeshes. The width of the strip is assumed to be sufficiently large. Therefore, the strain
in the width direction is neglected, and the plane strain condition is considered. Since the
leveling process can be viewed as a series of three-point bending/reverse bending actions
with groups of three rolls, the analytical model of the roller leveling process is conducted
based on the framework of Euler–Bernoulli beam theory.

Figure 1. A schematic of a nine-roll leveler.

2.1. Material Model

In development of the analytical model, friction forces at the roll/strip interface,
tension forces in the strip, and gravity are neglected. Figure 2 schematically shows a
differential element of the strip. The strip has a thickness of t and a width of W. A Cartesian
coordinate system is also shown in the figure. x represents the longitudinal direction,
and y is along the thickness direction. The neutral axis is assumed to coincide with the
mid-surface of the strip. The origin of the y coordinate is at the middle of the beam as
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shown in the figure. ρ is the radius of the curvature of the differential element under the
moment loading M. Longitudinal strain εx is expressed as

εx = −κy (1)

where εx and κ [1/m] are the longitudinal strain and the curvature, respectively. In the
elastic regime, the longitudinal stress σx [N/m2] is related to the longitudinal strain εx by

σx = Eεx (2)

where E [N/m2] is the Young’s modulus. The material hardening behavior is given by an
exponential law

σ = σs + Qi

(
1 − e−biε

)
(3)

where σ [N/m2] and ε are the effective stress and the effective plastic strain, respectively. σs
[N/m2] is the initial yield stress. Qi [N/m2] and bi are the isotropic hardening parameters,
where Qi specifies the maximum change in the size of the yield surface, and bi defines the
rate at which the size of the yield surface changes as plastic straining develops. For uniaxial
loadings as the strip bending case, σ and ε can be taken as σx and εx, respectively. Relatively
large plastic deformation is considered for the roller levelling. This simplification of ε ≈ εx
contributes to a very small fraction of error to the results. Values of (Q1, b1) and (Q2, b2)
are obtained by fitting experimental stress–strain curve with Equation (3) for the first half
cycle and the second half cycle of the loading, respectively. Therefore, Q1 and b1 are used
to model the material hardening behavior in the first half loading cycle. Q2 and b2 are
adopted for the subsequent loadings. The bending moment M [N·m] of the cross section of
the strip is given as

M = −2W
∫ t/2

0
σxydy (4)

Figure 2. A schematic of a differential element of the strip.

The sign convention for the moment M and the curvature κ is related to the orientation
of the coordinate axes.

During the first bend loading, the material of the strip exhibits isotropic hardening
behavior. In the subsequent bend loadings, the material hardening of the strip is taken as a
combined isotropic/kinematic type. Zhang et al. [19] formulated the change of the effective
stress Δσ [N/m2] as a function of the change of the effective strain Δε under cyclic bend
loading as

|Δσ| =
⎧⎨
⎩

E|Δε| , |Δε| < |Δσ|lim
E

σs + Qi

(
1 − e−bi(|Δε|− |Δσ|lim

E )

)
, |Δε| ≥ |Δσ|lim

E
(5)
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where |Δσlim| [N/m2] is the elastic limit of the effective stress change at the stress reversal
point and can be written as

|Δσlim| = (1 + m)|σr|+ (1 − m)(2σs − |σr|) (6)

where |σr| [N/m2] is the magnitude of the effective stress at the point of stress reversal.
m is the combined hardening coefficient. m = 1 and m = 0 correspond to the isotropic
hardening case and kinematic hardening case, respectively, and 0 < m < 1 is for the case
of combined hardening. The value of m for each bending during the roller leveling is
calibrated by matching the stress–strain curves based on the model of Equations (1)–(6) to
the experimental measurements in the corresponding cycles over a strain range expected in
the roller leveling process. Kotov et al. [20] experimentally demonstrated the validity of a
kinematic hardening model of a steel strip under roller leveling.

2.2. Contact Model

Contact points between the strip and the rolls can be computed iteratively assuming
that only one contact point between the roll and the strip exists [5,10]. Behrens et al. [6]
and Dratz et al. [7] adopted the common tangent contact condition to develop their roller
leveling model. The single point contact and common tangent contact assumptions render
a simple means to model the contact between the strip and rolls. A line contact between the
strip and each roll is assumed in the initial modeling work here. In the two-dimensional
model considered in this investigation, the strip contacts with each roll tangentially as
shown in Figure 3. The expanded radius of the roll Re [m] is given as

Re = R +
t
2

(7)

Figure 3. Tangential contact condition of the strip with the rolls.

The tangent of the contact angle λi [rad] is the gradient of the longitudinal axis of the strip

tanλi =
dy
dx

∣∣∣∣
xi

(8)

where y(x) is the deflected curve of the longitudinal axis of the strip, (xi,yi) is the ith contact
point, and λi is the ith contact angle. The contact point (xi, yi) [m] is

xi = xc + Resinλi
yi = yc − Recosλi

(9)
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where (xc, yc) [m] is the coordinates of the center of the roll. Müller et al. [21] also used
the expanded radius of the roll to calculate the contact point between a strip and a roll
in a leveler.

A recursive scheme is adopted to calculate the curvature, bending moment, deflected
curve of the strip, and the contact points. Initially, the location of the contact points and the
curvature κi of the strip curve at the ith contact point are assumed. The bending moment
Mi at the ith contact point is computed using Equations (1)–(6). Based on the assumption
of a linear distribution of the moment between the contact points, the curvature of the
deflected strip curve is estimated. Using the curvature distribution κ(x), the deflected strip
curve y [m] is calculated by

y(x) = κ(x)dx + C1x + C2 (10)

where C1 and C2 are the integration constants, and can be determined by the known contact
points. A Newton–Raphson algorithm is used to obtain converged solutions of the deflected
strip curve, moment distribution, curvature distribution, and contact points that satisfy
both the Euler–Bernoulli beam theory and the geometrical constraints. Guan et al. [22]
adopted a similar curvature integration approach to find the contact points for a roller
leveler. They verified their model by comparing the deflection curves calculated by their
model with those from experiments.

2.3. Residual Curvature

The flatness of the strip after exiting the leveler is related to the residual curvature.
The bending and reverse bending cycle is repeated until the material reaches the last roll
in the leveler. The strip is free to rotate at the last roll where the bending moment applied
to the strip can be considered as zero. The internal stress distribution of the cross section
of the strip at the last roll should result in a zero-bending moment. This condition can be
enforced by imposing an artificial bending moment of the same magnitude but opposite
sign to the moment at the last roll before unloading. Assuming no reverse yielding during
unloading, the residual curvature κ′ [1/m] of the strip at the last roll can be expressed as

κ′ = κ − M
EI

(11)

where κ and M are the curvature and moment, respectively, before unloading, and I is the
second moment of inertia of the cross section of the strip. Hosford and Caddell [23] and
Guan et al. [24] also adopted this approach to calculate the residual curvature for beam
bending problems.

3. Finite Element Analysis

In order to examine the accuracy of the developed analytical model, a two-dimensional
finite element analysis of a roller leveler is carried out. A quasi-static condition is assumed
in the finite element analyses. Due to the sufficiently large width, the strain in the width
direction can be neglected, and the plane strain condition is considered in the finite element
analysis. Both the upper and lower rolls are modeled as rigid bodies. A strip and a nine-roll
leveler are shown in Figure 1. A Cartesian coordinate system is also shown in the figure.
The direction of the z axis is given by the right-hand rule. In this investigation, the strip is
moved forward by a displacement boundary condition and the bottom rolls are assumed
to be fixed in the x and y directions and free to rotate with respect to the z axis. The
displacements in the −y direction of the upper rolls are specified to represent the amount
of roll intermeshes, while their displacements in the x direction are constrained. As shown
in Figure 1, a uniform displacement is applied in the +x direction to the right edge surface
of the strip, and the displacement in the y direction for the right edge surface is constrained
to represent the strip travel horizontally along the +x direction.
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The commercial software, Abaqus (6.14, Dassault Systemes, Walthem, MA, USA), is
adopted to compute the stress and deformation of the strip during the leveling process.
Mises yield surface is used with the nonlinear isotropic/kinematic hardening model in
Abaqus. The nonlinear kinematic hardening component is modeled through the back
stress to describe the translation of the yield surface. The isotropic hardening component
is modeled through the equivalent stress as a function of the equivalent plastic strain to
define the size of the yield surface. The hardening law for the back stress α [N/m2] is

·
α =

C
σt
(σx − α)

·
ε

pl − γα
·
ε

pl
(12)

where C [N/m2] and γ are kinematic hardening parameters that are calibrated from

symmetric strain, cyclic test data. σt and
·
ε

pl
are the current size of the yield surface and the

plastic strain rate, respectively. Figure 4 schematically shows a stabilized cycle. The plastic
strain εpl is determined by

εpl = εx − σx

E
− ε0 (13)

where ε0 is the strain value of the intercept of the left half of the stabilized cycle with the
strain axis as shown in Figure 4. The value of α [N/m2] is given as

α = σx − σt (14)

where σt = (σ1 + σn)/2 is the current size of the yield surface. The stresses σ1 and σn are
marked in Figure 4. To solve the back stress hardening law of Equation (12) over this stabilized
cycle, with the first data point of σx = σ1 and εpi = 0, the expression of α [N/m2] is

α =
C
γ

(
1 − e−γεpl

)
+ (σ1 − σt)ε

−γpl (15)

Figure 4. A schematic of a stabilized cycle.

Data pairs of
(

α, εpl
)

extracted from the stabilized stress–strain curve are used to
calibrate values of the kinematic hardening parameters C and γ.

The isotropic hardening model of the Abaqus is defined as

σt = σs + Q∞

(
1 − e−bεpl

)
(16)
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where σt [N/m2] and σs [N/m2] are the current size and the initial size of the yield surface,
respectively, and εpl is the equivalent plastic strain. Q∞ [N/m2] and bi are the isotropic
hardening parameters of the finite element model. The isotropic hardening parameters are
calibrated from the data of the current size of the yield surface σt-equivalent plastic strain
εpl relation based on a symmetric strain-controlled cyclic experiment with strain range Δε
as shown schematically in Figure 4. For the ith cycle, the current size of the yield surface σt
[N/m2] is calculated by

σt = σ
p
i − αi (17)

where σ
p
i [N/m2] and αi [N/m2] are the peak tensile stress and the back stress, respectively,

in the ith cycle. αi [N/m2] is calculated by

αi =
σ

p
i + σn

i
2

(18)

where σn
i [N/m2] is the compressive stress with the same εpl value as the peak tensile stress

σ
p
i in the ith cycle. Since the value of the back stress αi in each cycle at a particular strain

level is nearly the same based on the model, αi is approximated by the values of σ
p
1 and σn

1 .
The equivalent plastic strain εpl corresponding to the ith cycle is

εpl =
4i − 3

2
Δεpl (19)

where Δεpl can be approximated by Δε − 2σ
p
1 /E.

Figure 5a is a mesh of the finite element model. Two-dimensional plane strain 4-noded
CPE4R element is employed in the model. The total number of elements is 8188. Figure 5b
is a close-up view of the mesh near a work roll. Ten elements are used in the thickness
direction of the strip in order to obtain an accurate solution of the stress–strain distribution.
The “analytical rigid surface” in Abaqus is used to model the rolls. Frictionless contact is
assumed at the interface between the strip and the rolls.

Figure 5. (a) A finite element model. (b) A close-up view of the mesh near a roll.

4. Analyses, Results, and Discussions

4.1. Analysis and Results of the Analytical Model

Figure 6 shows the stress–strain curves of a mild steel under a uniaxial, symmetric
strain-controlled, cyclic test. The strain range Δε is 0.015. Based on the first half of the
stress–strain curve of the first cycle, the calibrated values of the Young’s modulus E and the
initial yield stress σs are 219.8 GPa and 329.7 MPa, respectively, and Q1 and b1 have values
of 66.3 MPa and 742.7, respectively. The values of Q2 and b2 are calibrated as 128.3 MPa
and 604.7, respectively, based on the second half of the stress–strain curve of the first cycle.
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Figure 6. Stress–strain curves of a uniaxial, symmetric strain-controlled, cyclic test.

By specifying the combined hardening coefficient m, computational stress–strain
curves based on the analytical model of Equations (1)–(11) with the strain range Δε of
0.0015 can be obtained. For a nine-roll roller leveler, the total number of bends equals seven.
The values of the combined hardening coefficient m for the seven bends can be calibrated by
comparing the computational stress–strain curves with the stress–strain curves of the mild
steel shown in Figure 6 for the first seven bend loadings. Figure 7 shows the computational
stress–strain curves and the stress–strain curves of Figure 6. The computational curves
agree with those of the mild steel. The calibrated m values for the second to the seventh
bending are 0.0784, 0.2, 0.3, 0.4, 0.45, and 0.5, respectively. The hardening behavior of the
material for the first bending is taken as isotropic.

Figure 7. Stress–strain curves for calibration of the combined hardening coefficients.

Consider the case where the strip has the thickness t (=20 mm), the length L (=2480 mm),
and the width W (=100 mm). The radius R of the rolls is 85 mm. The roll spacing D is 150 mm.
The strip is taken as flat and free of residual stress. The upper roll carriage has an inclination
angle θ of 0.1◦ and the roll intermesh at the next to the last roll p8 ranges from −1.2 mm to
0.8 mm. Note that the value of the roll intermesh is positive when the gap between the top
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roll and the bottom roll is larger than the strip thickness. Therefore, a negative value of the
intermesh means the work roll plunges into the strip.

With p8 = −0.70 mm and the upper roll carriage inclined at the angle θ of 0.1◦, p2, p4,
and p6 have values of −2.32 mm, −1.78 mm, and −1.24 mm, respectively. Sixty divisions
are taken along the thickness direction of the strip for calculation of the stress and strain
distributions. Figure 8 shows the deformed strip between roll 1 and roll 9 based on the
analytical model. Figure 9a–c shows the distribution of the bending moment per unit
width, the curvature, and the deformed center line of the strip, respectively, between roll
1 and roll 9. The contact points between the strip and the rolls are marked by circles in
the figure. One hundred nodes are used between the contact points in the computations.
Figure 9a shows the linear distribution of the bending moment between the contact points.
At the entry roll and the exit roll, the values of the bending moment are zero. Figure 9b
shows the curvature distribution. Values of the curvatures are nearly two orders smaller
than the roll curvature 1.176 × 10−2 mm−1. The curvature of the strip at the exit roll has a
value of 3.054 × 10−5 mm−1. The positive value of the curvature indicates that the strip
is bent upward. Higo et al. [10] pointed out that the abrupt increase in magnitude of
the curvature near all contact points except the final one is due to the nonlinear material
hardening behavior. This is evidenced by the nonlinear sections of the moment–curvature
curves during the leveling process plotted in Figure 10. The moment and the curvature
are normalized by the maximum bending moment M0 and the maximum curvature C0 for
which elastic conditions hold, respectively.

Figure 8. The deformed strip between roll 1 and roll 9.

Figure 9. Distributions of (a) bending moment per unit width, (b) curvature, and (c) deformed center
line of the strip between roll 1 and roll 9.
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Figure 10. Normalized moment as a function of normalized curvature during leveling.

Figure 11a–c shows the stress distributions in the strip thickness direction when the
strip travels through the leveler. The results computed by the analytical model are displayed
by lines in the figure. Significant plastic deformations appear in the first three bends as seen
in Figure 11a. The fractions of the plastic deformation are nearly 40%, 50%, and 60% for the
first, the second, and the third bend, respectively. As the strip traverses through the fifth
roll and the sixth roll, the region of plastic deformation stays at 60% as seen in Figure 11b.
Figure 11c shows the stress distributions in the strip thickness direction at the eighth roll
and the exit roll. The stress distribution at the exit roll can be taken as the residual stress
distribution since the total moment applied to the strip at the exit roll is nearly zero. The
stress at the ith roll is calculated based on a linear superposition assumption. The remnant
stress of the cross section of the strip at the (i − 1)th roll and the loading stress at the ith
roll are superimposed to obtain the stress distribution at the ith roll. Guan et al. [25] also
adopted this stress inheritance law in their roller leveling model. Yonetani [26] reported
that the stress of a microscopic segment at the cross section in a uniaxial stress state satisfies
the linear superposition assumption. The uniaxial stress loading condition is also assumed
in the model considered in this investigation.

4.2. Analysis and Results of the Finite Element Model

Finite element analyses are carried out to verify the accuracy of the analytical model.
The material properties for the mild steel used in the finite element analyses are listed
in Table 1. The isotropic hardening parameters, Q∞ and b, and the kinematic hardening
parameters, C and γ, are calibrated from the uniaxial, symmetric strain-controlled, cyclic
test with the strain range Δε of 0.015 as shown in Figure 6. The calibration procedure is
described in Section 3.

Table 1. Material properties employed in the finite element analyses.

Property E (Gpa) σs (MPa)
Poisson’s

Ratio
C (Mpa) γ

Q∞
(Mpa)

b

Value 219.8 329.7 0.3 44,600.6 673.1 96.9 12.7

The strip is taken as flat and free of residual stress in the beginning of the leveling
process. Smith [27] reported that the initially flat condition is useful in the leveling analysis
since the incoming flatness defects of a strip may vary from one location to another, and
a strip generally has some initially flat area. Figure 12a shows the initial configuration
of the finite element model. A Cartesian coordinate system is also shown in the figure.
A displacement of 1200 mm in the +x direction is given to the right edge surface of the
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strip. The displacement equals the distance from the center of roll 1 to the center of roll 9.
Therefore, the cross-section A (marked in Figure 12a) travels from roll 1 at the beginning
of the analysis to roll 9 at the end of the analysis. The y-displacement of the nodes at the
right edge surface is constrained to represent the horizontal motion of the strip. Figure 12b
shows the deformed shape of the mesh when the cross-section A reaches roll 9. Then, the
constraints at the right edge surface of the strip are released for the strip to spring back.
Figure 12c shows the deformed shape of the mesh after spring-back.

Figure 11. Stress distributions of the strip at (a) rolls 2, 3, and 4; (b) rolls 5, 6, and 7; (c) rolls 8 and 9.
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Figure 12. (a) The initial configuration, (b) a deformed configuration before spring-back, and (c) a
deformed configuration after spring-back of the finite element model.

The stress distributions of the cross-section A at rolls 2–4, rolls 5–7, and rolls 8–9 based
on the finite element analyses are shown in Figure 11a–c, respectively. The results based
on the finite element analyses (FEA) are plotted with the markers in the figure. As shown
in the figure, the analytical results agree with the results of finite element analyses. The
discrepancy can be attributed to different contact conditions between the analytical model
and the finite element model. Multiple contact points between the strip and each roll are
observed in the finite element model. However, a single contact point between the strip
and each roll is assumed in the analytical model.

4.3. Residual Curvature

Flatness is an important factor to evaluate the strip quality after roller leveling pro-
cesses. The residual curvature of the strip at the exit roll can be used as a metric to evaluate
the strip flatness after leveling. Figure 13 shows the residual curvatures κ′ of the strip as a
function of the averaged intermesh based on the analytical model and the finite element
analyses. The averaged intermesh is the averaged value of the roll intermeshes, p2, p4, p6,
and p8, where p8 ranges from −1.2 mm to 0.8 mm. The residual curvature κ′ is an indicator
of the deviation of the strip from an initially flat surface at the entry roll. The curve with
the dash-dot line and the markers represent the results based on the analytical model and
the finite element analyses, respectively. The analytical predictions generally agree with
the finite element analyses for the averaged intermeshes ranging from −1.71 mm to 0.
As the averaged intermesh decreases from zero, the values of κ′ decreases. κ′ appears to
exhibit an oscillatory behavior when the averaged intermesh is less than −0.11 mm based
on the analytical model. As the averaged intermesh decreases further, the amplitude of
the oscillation of κ′ grows. When the averaged intermesh is less than −1.41 mm (analytical
predictions), κ′ has positive values of increasing magnitude. Five crossover points are
observed at the averaged intermesh of −0.36 mm, −0.61 mm, −0.86 mm, −1.11 mm, and
−1.41 mm (analytical predictions). Smith [27] reported that the several crossover points
with zero residual curvature underlie the reason why successful leveling can be achieved
by the series roll leveling process in practice.

In the analytical model, a point contact is assumed between the strip and each roll,
which means the strip does not wind around the work rolls. This contradicts with the
fact that multi-point contact between the strip and the roll predicted in the finite element
analyses. Morris et al. [3] reported that the wrap angle near the exit roll has a significant
influence on the flatness of the strip. Wrap-around contact length between the strip and
the roll may depend on the intermesh and roll spacing. In describing the arc of contact
of the strip around a roll, an effective radius can be assumed to model the wrap-around
contact characteristics. The concept of the effective radius is illustrated schematically in
Figure 14. Figure 14a shows the original contact model, where the strip contacts with roll i
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tangentially. Re is the expanded radius of the roll, which is defined by Equation (7). (xi,yi)
is the ith contact point, and λi is the ith contact angle. Figure 14b shows that the strip makes
contact elastically with roll i when subjected to an external force Fi. The circumferences of
the deformed roll and the original roll are represented by the solid line and the dashed line,
respectively, in Figure 14b. (x′ i,y′ i) is the ith contact point, and λ′

i is the ith contact angle
for the Hertz contact model. A local deformation is ensued to cause a reduction in the local
radius of roll i. The effective radius of the roll Rs is given as

Rs = Re − sFi (20)

where s is the contact compliance of roll i. The external force Fi is computed from the
moment distribution in the analytical model. Based on the Hertz contact model, the contact
point (x′ i, y′ i) is

x′ i = xc + Rssinλ′
i

y′ i = yc − Rscosλ′
i

(21)

where (xc, yc) is the coordinates of the center of the roll. As shown in Figure 14b, the
deformed center line of the strip based on the analytical model with the Hertz contact
compliance may be thought to have an arc segment bounded by the two virtual contact
points, U and V, wrapped around the circumference of the original roll i, shown as a
dashed circle in Figure 14b. When the contact angle λ′

i is very small which is the case in
the roller leveler, the line segment and the arc segment bounded by the two end points U
and V are approximately equal. The contact compliance of the rolls is taken as a fitting
parameter in the analytical model with the Hertz contact compliance to fit the analytical
predictions with the finite element computations. Yi et al. [28] considered the wrap angle
on a roll during a roller leveling process by fitting an arc curve around a roll. A parameter
determined by experiments is needed for curve fitting.

Figure 13. Residual curvature as a function of the averaged intermesh.

The residual curvatures κ′ of the strip calculated by the analytical model with the
Hertz contact compliance are plotted in Figure 13. The curves with the compliance s = 0
and 4 × 10−7 mm/N appear to envelop the results based on the finite element analyses.
The curve with the compliance s = 2× 10−7 mm/N may be able to predict the general trend
of the results based on the finite element analyses for the averaged intermesh ranging from
0 mm to −2 mm. The wrap-around contact condition between the strip and the rolls can be
manifested by the analytical model with the Hertz contact compliance within an acceptable
accuracy, compared with the results of the finite element analyses.
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Figure 14. Illustration of (a) the original contact model; (b) the Hertz contact model.

A series of simulations was run to calculate the residual curvatures κ′ of the strip with
an initial curvature κ0 based on the analytical model with the Hertz contact compliance
s = 2 × 10−7 mm/N. The initial stress in the strip is neglected without losing generality of
the residual curvature predictions. Mathieu et al. [29] considered initial flatness defects
in their finite element analyses of a leveling process. They introduced the flatness defects
in the strip which was free of stress. Figure 15 shows the residual curvature as a function
of the averaged intermesh for the strip with the initial curvature κ0 varying between
−1 × 10−4 mm−1 to 1 × 10−4 mm−1. As shown in Figure 15, at low levels of roll intermesh
(averaged intermeshes greater than −0.1), the residual curvatures κ′ for the three cases
of κ0 = −1 × 10−4 mm−1, 0, and 1 × 10−4 mm−1 deviate from each other significantly.
For the averaged intermesh in this level, the curve for the case of κ0 = −1 × 10−4 mm−1

oscillates mostly in the positive-curvature region (κ′ > 0), in contrast to the cases of κ0 = 0
and 1 × 10−4 mm−1, which oscillate between the positive κ′ region and the negative κ′
region. The initially bowed-down defect for the strip with κ0 =−1 × 10−4 mm−1 exits the
leveler with the residual curvature in the same direction for the averaged intermesh greater
than −0.71. As the extent of the averaged intermesh increases, the residual curvatures
for the three cases of κ0 = −1 × 10−4 mm−1, 0, and 1 × 10−4 mm−1 gradually converge
to the same values. For the values of the averaged intermesh less than −1.1, the curves
for the three cases appear identical, where two cross over points with the interpolated
averaged intermesh values of −1.46 and −1.13 were found. For the values of the averaged
intermesh less than −1.46, positive residual curvatures were produced. For the averaged
intermesh values within the interval of −1.46, −1.13, the minimum of the residual curvature
is −0.27 × 104 mm−1. In this region of the leveler settings, the residual curvatures of the
strip seem to be insensitive to its initial curvatures. This result can serve to the advantage
of leveler operators to obtain nearly zero residual curvature for strips with various initial
curvatures. Grüber et al. [18] also demonstrated robustness of the roll intermesh settings for
a roller leveler regarding a change in the initial curvature. In this investigation, the plane
strain condition is considered in the finite element analyses. The width-to-thickness ratio
of the strip considered in the analyses is 5. Carvalho et al. [30] reported that, in order to
develop near plain strain conditions, it is important to maintain a ratio of width-to-thickness
greater than 5.

A combined isotropic/kinematic hardening is implemented to describe the mate-
rial hardening of the strip in this investigation. Doege et al. [5] also adopted combined
isotropic/kinematic hardening for their leveling model, where mathematical formulations
of their hardening model were not presented. Detailed formulations of the hardening
model are provided in this investigation. Doege et al. [5] presented analysis results of their
model. Results of the stress distributions and residual curvature of a steel strip based on
our analytical model are verified by the finite element analyses. Doege et al. [5] computed
the contact points between the strip and the rolls by assuming only one contact point
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between the strip and each roll. An effective radius modelling the wrap-around contact
characteristics by the Hertz contact compliance is proposed to describe the arc of contact of
the strip around a roll. A roll inter-mesh range to produce a flatness condition of the strip
is presented based on the analytical model with the Hertz contact compliance.

Figure 15. Residual curvature as a function of the averaged intermesh for the strip with an initial curvature.

Indeed, the initial curvature considered in the model is the longitudinal wave defect
of a strip. Behrens et al. [6] sectioned a strip longitudinally and showed that the length
of all sections after leveling should be the same in order to remove a transverse wave
defect. Therefore, bendable rolls, as practiced in the industry, can be applied into a leveler
to cause various degree of plastic deformation in each longitudinal section to achieve equal
length. Chen et al. [9] developed an analytical model of a roller leveler with consideration
to the bending of the rollers to eliminate transverse wave defects. This approach can be
implemented in the analytical model to extend its applicability. Park and Hwang [13] slit a
strip longitudinally to calculate the initial curvature of each longitudinal section. Given
proper roll intermesh settings, the longitudinal sections with various initial curvatures can
reach similar values of residual curvature after leveling based on finite element analyses
and experiments. The results shown in Figure 15 based on the developed model also
provide evidence that the residual curvatures of the strips with different initial curvatures
can converge to the same value given enough amount of roll intermesh.

Given the multiple forming processes and complex machine settings involved in the
roller leveling, tradeoffs between a simple, efficient model and an elaborate, detailed model
should be balanced. Baumgart et al. [31] described that the effects of parts of the leveler,
such as support rolls, frames, posts, and adjustment screws, should also be considered in
order to obtain a more accurate leveler model. Wang and Li [32] reported that stiffness
of roll cassettes and leveler housing are important factors of the leveling process. In this
study, a relatively simple analytical model was developed based on the assumptions of
two-dimensional geometry, pure bending of the strip, and the uniaxial loading condition.
Compared to previously reported models, the Hertz contact compliance implemented in
the model relaxed the single point contact condition between the strip and the roll, and a
relatively accurate prediction of the residual curvature can be attained. The model could
serve as a guide in the development of strategies for effective adjustment of roller levelers.

5. Conclusions

An analytical model for analyzing the residual stress distribution and residual curva-
tures of a strip during roller leveling is developed. The model verified by the finite element
analyses is based on a simplified, two-dimensional geometric framework. The combined
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isotropic and kinematic material hardening model is implemented through a combined
hardening parameter. The stress distributions after each bending/reverse bending and the
residual curvature at the exit roll subjected to various leveler settings can be obtained by
the developed model. The model was further enhanced by considering a Hertz contact
model to eliminate the discrepancies between the model predictions and the finite element
analyses. Based on the analytical model with the Hertz contact compliance, a range of the
leveler settings can be determined to robustly obtain a strip with a nearly zero curvature at
the exit roll.

Analytical models with combined isotropic/kinematic material hardening for roller
leveling have been reported previously. A formulation of the change of the effective stress
as a function of the change of the effective strain under cyclic bend loading is adopted
in the developed analytical model with the combined hardening. The model is efficient
and accurate in predicting the stress distributions and residual curvature of a steel strip.
Unlike the assumption of a single contact point between the strip and the rolls, an effective
radius modelling the wrap-around contact characteristics by the Hertz contact compliance
is proposed in this investigation. An arc contact of the strip around a roll is described by
the Hertz contact model. A roll intermesh range to produce a flatness condition of the strip
can be obtained by the analytical model with the Hertz contact compliance.
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Abstract: Road maintenance and cleaning in winter are performed with ploughshares. Due to the fact
that the layer of snow and ice that is removed from the road surface contains various hard impurities,
ploughshares are exposed to high intensity abrasive wear. This article deals with the resistance to
abrasive wear of originally used ploughshare materials and the materials that were designed as a
suitable modification of the ploughshare to increase its service life. The chemical composition of
materials used to manufacture ploughshare components is unknown. For this reason, they were
analyzed with an ARL 4460 spectrometer, which was used to analyze the element content. The main
part of the research was focused on the abrasion resistance test, which was performed according to
the GOST 23.208-79 standard. Based on the chemical analysis, it was found that the basic body of
the ploughshare was made of S355J2G3 steel, and the raking blade material was made of 37MnSi5
steel. The original material (steel S355J2G3) of the ploughshare body as a reference standard was
compared to steel HARDOX 450. Furthermore, a sample made of the original material of the raking
blade (steel 37MnSi5) was used as a reference standard, the properties of which were compared to the
newly designed OK 84.58 and UTP 690 hardfacing materials. The parametric test method of statistical
hypotheses was also used to process and evaluate the weight losses of the selected materials.

Keywords: abrasive wear; wear resistance; ploughshare; hardfacing materials; hypothesis testing

1. Introduction

Forest roads are important in terms of making forests accessible for heavy machinery
and timber transportation. Therefore, it is necessary to maintain these roads both in summer
and winter. It is necessary to remove a layer of snow or ice from the road surface in the
winter time. Snow is removed from the road using a snow ploughshare. Since the removed
layer of snow contains various hard impurities, the ploughshares are exposed to high—and
especially abrasive—wear and their replacement is relatively economical. Therefore, it
is necessary to look for ways to increase their service life and examine their resistance to
abrasive wear.

Wear is one of the main factors affecting the performance and lifetime of the com-
ponents of various mechanisms [1]. Abrasive wear is one of the dominant and common
tribological wear processes [2–4] leading to expensive costs for repairing worn mechanisms
and replacing spare parts [1]. This wear is characterized by a reduction in the volume of the
material and a change in its shape, causing a decrease in work efficiency [5]. Wear caused
by shocks and abrasion by hard abrasive particles is a major problem in many industries,
especially in agriculture, forestry, mining, mineral processing, etc. [6,7].
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Abrasive wear occurs when a hard rough surface slides across a softer surface; in
this case, wear is defined as damage to a solid surface that generally involves the progres-
sive loss of material and is due to relative motion between that surface and a contacting
substance or substances.

The material from grooves is usually removed in the form of loose particles [8–10].
The material resistance against abrasive wear is higher with higher hardness [5,11].

This type of wear is caused by sharp particles that slide or flow over the metal
surface at different speeds and pressures, grinding the material from the surface like small
cutting tools. The harder the particles and the sharper their shapes, then the more intense
the abrasion is. Typical cases of abrasive wear are encountered in earthworks, material
transportation and agricultural equipment [12,13].

During abrasive wear, the material is removed from the surface when the stress in it
reaches a critical value. This local fracture stress can be achieved by one or more abrasive
particles coming into contact with the tool surface. Material that is not removed in this way
can be deformed due to abrasion as well as impact [14,15].

One of the very effective measures to increase wear resistance is to protect functional
surfaces with a suitable coating material [16]. Hardfacing is a commonly used method to
improve the surface properties of agricultural tools, mining components and soil prepara-
tion equipment, among others [17]. The alloy is applied to the surface of the base material
(usually on low-carbon or medium-carbon steels) by hardfacing in order to increase the
hardness and wear resistance without a significant loss in the ductility and toughness of
the base material [16,17].

Important factors that determine the resistance to abrasive wear include the hardness,
size, shape and intensity of the particles; as well as the hardness, shape, size and number of
hard phases and their distribution in the parent metal. Wear resistance increases with the
increasing hardness of hard structural components (carbides, borides, etc.) and with their
increasing share in the structure [9,12].

The main components of Fe-based alloys are chromium, molybdenum and boron,
which make Fe-based alloys resistant to wear. Wang et al. studied the microstructure,
hardness and wear resistance of Fe-based alloys by adding the elements ferrotitanium
(Fe–Ti), ferromolybdenum (Fe–Mo), ferrovanadium (Fe–V) and graphite, which were
applied by the arc welding process. The results showed that the hardness and resistance of
the hardfacing metal layer increase with an increasing proportion of Fe-Ti, Fe-V, Fe-Mo and
graphite. Their amounts must be controlled in the range of 8–10% graphite, 12–15% Fe-Ti,
10–12% Fe-V and 2–4% Fe-Mo. However, cracks begin to form in the layer of hardfacing
metal if the amount of Fe-Mo is more than 5% [18,19].

Xu et al. studied the effect of the carbide type on the resistance to abrasive wear at
different sizes and abrasive particle loads. The results showed that M6C carbides showed
higher resistance to wear by fine abrasive particles compared to M2C [20].

During impact wear, the material is exposed to impact and high pressure, due to
which it deforms or locally breaks—it can even crack. Due to the relatively high working
speeds of ploughshare vehicles, it is necessary to protect the ploughshare from the effects
of the impact of the ploughshare hitting with a solid obstacle, e.g., ice and abrasion by
mineral particles, gravel and stones [9,12].

For this reason, it is necessary to pay attention to the possibilities of increasing the life
of the blades and examine their resistance to abrasive wear, which was also the main goal
of the authors’ long-term research.

Based on the experience and study of already published outputs in the field, the au-
thors tried to bring new solutions to the issue [16,21]. To the best of the authors’ knowledge,
no relevant studies have yet been published that compare the resistance of a selected com-
bination of materials (37MnSi5, S355JG3 and HARDOX 450 steels, as well as OK 84.58 and
UTP 690 hardfacing materials) to abrasive wear. The achieved results will be contributing
and applicable not only to ploughshares, construction machines and forest manipulators,
but can also be used in the mechanical engineering, civil and mining industries.
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2. Materials and Methods

The ploughshare (Figure 1), the resistance of which to abrasive wear is the subject of
our research, is a commonly used tool for modifying forest roads during wintertime. The
ploughshare works in a heterogeneous environment, coming into contact with the road and
thus with snow, stones, mineral particles, gravel, sand, etc. First, the raking blade comes
into contact with the road. It is stressed by the impact of the first contact with the road and
with corrosion and abrasion during the raking. In addition, the rest part of the ploughshare
is also stressed because the accumulated snow, together with sand and gravel, creates a
force on the ploughshare body from the point of pick-up until it is pushed to the side of the
road. As a result, wear occurs due to abrasion and corrosion not only on the raking blade
but on the entire working part of the ploughshare (weldment).

 

Figure 1. The arrow ploughshare [22].

The basic dimensions of the currently used steel raking blades and their geometry,
symmetrically placed in the shape of an arrow on the front part of the tractors, are shown
in Figure 2. The values of these basic dimensions, declared by the manufacturer [23], are
listed in Table 1.

Figure 2. Basic dimension of steel raking blade.

Table 1. Basic dimension of steel raking blade [23].

A (mm) B (mm) α (◦) R/D (mm) E (mm) L (mm)

80–400 12–50 20.2–24 R3/5–12 3–28 6000–6300

2.1. Materials of Research Samples

The raking blades of the ploughshares can be attached to the ploughshare body (to the
base material of the ploughshare) in two ways:

• Threaded joint;
• Welded joint.
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Due to the rapid wear of the ploughshare and the need for its frequent replacement, the
operator of such ploughshares initiated research that would have increased their lifetime
and ensured greater efficiency in the use of funds spent on their purchase and replacement.

For the ploughshare that was the subject of the research, the raking blade was attached
by a weld, so it can be said that the ploughshare consisted of 3 main parts, namely the
basic ploughshare body, the raking blade and the weld (Figure 3a). There is a detail of the
raking blade which is that its significant damage due to the heterogeneity of the working
environment is visible in Figure 3b.

(a) (b) 

Figure 3. Part of the discarded ploughshare: (a)—main parts of the ploughshare; and (b)—detail of a
raking blade).

The chemical composition of materials used to manufacture ploughshare components
is unknown. From this concern, their elemental analyses were carried out using ARL 4460
spectrometer. The results of the chemical analysis of the individual parts of the originally
used ploughshare are shown in Table 2.

Table 2. Chemical composition of the individual parts of the original ploughshare.

Element C Mn Si Cr Ni Cu Mo P S Fe

Basic body of the ploughshare (wt.%) 0.2 1.4 0.3 0.04 0.055 0.16 <0.01 <0.005 <0.15 balance
Base weld metal (wt.%) 0.06 1.3 0.55 - - - - - - balance

Raking blade (wt.%) 0.33 1.24 1.36 - - 0.04 0.178 0.017 <0.15 balance

Based on the performed chemical analysis, it is possible to state that:

• The basic body of the ploughshare was made of S355J2G3 steel. It is the steel of the
usual quality for low temperatures with guaranteed weldability. It is used in parts
of equipment operating at temperatures up to −50 ◦C made of sheet metal with a
guaranteed value of notch toughness up to −50 ◦C. The yield strength is Rm = 355 MPa
and the ultimate tensile strength is Re = 470–610 MPa [24]. The chemical composition
of the tested steel, according to the data from the material sheet, is shown in Table 3;

• The base weld metal—an electrode for general use, suitable for welding carbon and
low-alloy steels—was used for welding the basic ploughshare body with a raking
blade. The weld metal of the electrode is tough and resistant to cracking [14];

• The raking blade was made of 37MnSi5 material (Wr. Nr. 1.5122). It is manganese-
silicon steel suitable for tempering. It is used on medium-stressed machine parts
and particularly wear-resistant road vehicle parts, e.g., shafts, axles, connecting rods,
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levers, bolts, etc. The ultimate tensile strength of 37MnSi5 steel is Rm = max. The
760 MPa and hardness 217 HBW [25]. The chemical composition of the tested steel,
according to the data from the material sheet, is shown in Table 3.

The ploughshare that was the subject of the research worked for 6–8 weeks. After
this time, the raking blade of the ploughshare was worn and unusable. The frequent
replacement of the raking blades caused economic and technical problems. Due to the
fact that the currently used ploughshare was functionally usable only for a short time and
did not meet the requirements for the lifetime of this type of product, it was necessary to
design a new solution that improved the situation. Based on the authors’ own research and
practical experience, as well as on the results described in the professional and scientific
literature presented in the Introduction, the following options are suggested to increase the
lifetime of the ploughshare and thus increase its resistance to abrasive wear (Figure 4):

(a) Change of ploughshare material for HARDOX 450 material;
(b) Application of the OK 84.58 hardfacing material to the exposed surfaces of the func-

tional parts of the ploughshare;
(c) Application of the UTP 690 hardfacing material to exposed areas of functional parts

of the ploughshare.

The first alternative solution was the idea of replacing the original ploughshare with
one compact body made of HARDOX material, replacing all three parts of the ploughshare:
the ploughshare body, the weld metal, and the raking blade. HARDOX steels are produced
in several designs. HARDOX sheets are considered a worldwide standard in the field of
abrasion-resistant steel due to their unique combination of hardness and toughness. The
hardness of this steel ranges from 400 HBW to 600 HBW. It is available in the form of sheet
metal in thicknesses from 0.7 mm to 160 mm but also in the form of tubes and rods [9,26].
HARDOX 450 material is an abrasion-resistant steel with excellent construction properties.
The hardness of this steel is 450 HBW, and the yield strength is Re = 1100–1300 MPa. HAR-
DOX 450 material is a well flexible material that has guaranteed weldability. It provides
good abrasion resistance and thus a longer lifetime. It has better wear resistance [27], higher
load capacity, and a longer lifetime compared to ordinary steel with the same hardness.
It is used in various components and constructions that are subject to wear [9,27,28]. The
chemical composition of HARDOX 450 material is shown in Table 3.

Figure 4. Suggested research solutions regarding the current state.

The second alternative solution was to apply a new layer in the form of a hardfacing
material to the original 37MnSi5 steel of the raking blade part (see Figure 4). Such a sample
with OK 84.58 hardfacing material (Figure 5a) was prepared in the company ŽOS Zvolen,
a.s. in a single layer by certified welders. The electrode was dried for 2 h at 200 ◦C without
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preheating the sample. The applied hardfacing voltage was U = 21.5 V and the hardfacing
current was I = 140 A. The stated parameters were chosen according to the experience of
experts from the company.

  
(a) (b) 

Figure 5. Sample with hardfacing materials; (a) OK 84.58; and (b) UTP 690.

The OK 84.58 electrode is a high-yield electrode for hardfacing functional surfaces
resistant to wear under simultaneous shock stress with the required partial corrosion
resistance, used, e.g., for parts of agricultural and forestry machines, mixers, transport
equipment, etc. It forms a martensitic structure after hardfacing. It is possible to treat
hardfacing materials by grinding [29,30]. The chemical composition of the OK 84.58
electrode is shown in Table 3.

The sample with hardfacing material UTP 690 (Figure 5b), prepared in the company
ŽOS Zvolen, a.s. by certified welders, was used as the third alternative solution (see
Figure 4). The hardfacing layer was applied to the original 37MnSi5 material of the raking
blade part. The electrode was dried for 2 h at 300 ◦C with the preheating of the sample to
230 ◦C. The applied hardfacing voltage was U = 21.5 V, and the hardfacing current was
I = 105 A. In this case, the parameters were also designed according to the experience of
the experts from the company.

The UTP 690 electrode is used for the repair and production of cutting tools, especially
for the restoration of cutting edges and work surfaces. The coating is highly resistant to
friction, compression and impact even at elevated temperatures up to 550 ◦C [31]. Using this
electrode, it is also possible to produce new tools by hardfacing on carbon and low-alloyed
base steels [31]. This forms a martensitic structure after hardfacing [16]. The chemical
composition of the UTP 690 electrode is shown in Table 3.

Table 3. Chemical composition of S355J2G3 [24], 37MnSi5 [25], HARDOX 450 [27] steels and OK
84.58 [29] and UTP 690 [31] hardfacing materials according to the datasheets.

Material Element (wt.%)

C Mn Si Cr Ni Cu Cr+Ni+Cu Ti P Mo B S V W Fe

S355J2G3 max.
0.20

max.
1.40

max.
0.55

max.
0.30

max.
0.30

max.
0.30

max.
0.70

max.
0.20

max.
0.03 - - max.

0.03 - - balance

37MnSi5 0.33–
0.41

1.10–
1.40

1.10–
1.40 - - - - - max.

0.035 - - max.
0.035 - - balance

HARDOX 450 max.
0.23

max.
1.60

max.
0.5

max.
1.20

max.
0.25 - - - max.

0.025
max.
0.25

max.
0.005

max.
0.010 - - balance

OK 84.58 0.67 0.70 0.7 10.40 - - - - - - - - - - balance
UTP 690 0.90 0.50 0.80 4.50 - - - - - - - - 1.20 2.00 balance

All samples, both standard (S355J2G3 and 37MnSi5) and reference ones (HARDOX, OK
84.58 and UTP 690), were prepared according to the GOST 23.208-79 standard by abrasive
water jet cutting technology (AWJM), machined by milling and ground by a magnetic
surface grinder for obtaining dimensions 30 mm × 30 mm × 10 mm and surface roughness
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Ra = 0.4 μm (Figure 6). OTTAWA SiO2 silica sand with a grain size of 0.1–0.3 mm was used
as an abrasive material [31]. The hardness corresponds to the hardness value according to
Vickers 500 HV and Rockwell 54 HRC.

 

Figure 6. Sample for abrasion resistance test with marked dimensions.

2.2. Testing Methods

There are several methods for testing the wear resistance of materials. Based on the
ploughshare operating environment, the method simulating its load in the laboratory
conditions at the Technical Faculty of CULS in Prague was chosen. The abrasion resistance
test was performed according to standard GOST 23.208-79—Ensuring wear resistance
of products. The wear resistance testing of materials by friction against loosely fixed
abrasive particles [32].

The principle of the method is to compare the loss of test material and the loss of
standard material under the same test conditions. The abrasive material used is elec-
trocorundum with a grain size of 100–250 μm [33] and with a maximum relative mass
moisture content of 0.15%. The standard further states that when assessing wear resistance
under specific wear conditions, it is permitted to use abrasive material corresponding to
the material used during operation but with a maximum grain size of 1.0 mm [32].

Each test sample (standard, test sample) is weighed before the test and placed in the
test equipment. Subsequently, the abrasive supply is started, and the rubber disc is pressed
against the test sample. A schematic diagram of test equipment for testing the abrasive
resistance of materials with a sample ready for testing is shown in Figure 7.

Figure 7. Scheme of the test equipment with a test sample [32].

The test equipment Tester T-07, ITC PIB Institution of Technology Radom and the
BT-16 Controller (Instytut Technologii Eksploatacji, Radom, PL) used in the presented
research are shown in Figure 8b,c, together with the scales (Figure 8a). Three samples were
used for each material. After each cycle, the sample was weighed three times on Kern
ABS analytical scales with a maximum weight of 120 g and an accuracy of g = 1.5 mg. The
parameters of the test equipment and samples are shown in Table 4.
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(a) (b) (c) 

Figure 8. Abrasion resistance and weight measuring equipment (scales); (a)—scales; (b)—abrasion
resistance equipment; (c)—detail of a driving gear with abrasive particles.

Table 4. Parameters of the test equipment.

Length of the Friction Path in One Cycle R (m) 153.6

Diameter of rubber cylinder D (mm) 48.9
Compression force F (N) 15.48

Cylinder revolutions in one cycle (revolutions) 1000
Abrasive material OTTAWA silica sand

The sample is taken and weighed again after passing the track. Weight loss was
calculated as a mean value based on the measurements of each sample.

The hardness coefficient KT (-) is calculated from Equation (1) [32] as follows:

KT =
H
Ha

(−) (1)

where H—standard material hardness, which is the reference sample (HRC), and Ha—
abrasive hardness (HRC).

The relative abrasion resistance is calculated from Equation (2) [12,32] as follows:

Ψh =
WhE

WhPV
(−) (2)

where WhE—weight loss standard (g); WhPV—a weight loss of the reference sample (g).

2.3. Evaluation Methods

TESCAN VEGA3 electron microscope (Tescan Orsay Holding, a. s., Brno, CZ) was
used for microscopy. The samples were etched in a solution of HNO3 in ethyl alcohol—2%
Nital and in etchant Cor (120 mL CH3COOH, 20 mL HCl, 3 g picric acid, 144 mL CH3OH).

The parametric test method of statistical hypotheses was chosen to verify the estab-
lished hypothesis of the weight loss of materials 37MnSi5, S355JG3, HARDOX 450 and OK
84.58 and UTP 690 hardfacing materials. STATISTICA 12 software (Version number 1.0-0,
StatSoft, Inc., Tulsa, OK, USA) was used to test statistical hypotheses.

The significance level of the test is chosen to be α = 0.05. It is necessary to test the
equality of the variances before testing the difference between the two means. Additionally,
therefore [34,35]:

H0 : σ2
1 = σ2

2 (3)
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against
H1 : σ2

1 
= σ2
2 (4)

where σ2
1 —variance of material weight loss values of standards S355J2G3, 37MnSi5;

σ2
2 —variance of material weight loss values of reference samples HARDOX 450 material,

OK 84.58 and UTP 690 hardfacing materials.
A test of the two means difference was then performed. The software calculates the

appropriate p-level. In order to verify the hypothesis on the basis of the graph, that the
average value of the weight losses of the standard material is greater or smaller than the
material of the reference sample. In this case, the software-calculated p-level must be
divided by 2, as the software works with two-way hypothesis testing.

If the value of the p-level is greater than α, then H0 is not rejected, and thus the equality
of the variances is confirmed. Conversely, if the p-level value is less than α, then H0 is
rejected in favor of H1.

3. Results and Discussion

3.1. Preliminary Research

Individual materials were analyzed in terms of microstructure during the initial phase
of the research. Figure 9a shows the microstructure of the standard material of 37MnSi5. The
samples were etched in a solution of HNO3 in ethyl alcohol—2% Nital. The microstructure
of the material was predominantly sorbite, referring to the fact that the raking blade was
heat treated-hardened and then tempered at a high temperature.

   
(a) (b) (c) 

  

 

(d) (e)  

Figure 9. Microstructure of the materials; (a) 37MnSi5; (b) S355J2G3; (c) HARDOX 450; (d) hardfacing
material OK 84.58; (e) hardfacing material UTP 690.

Figure 9b shows the microstructure of the S35J2G3 material. A ferritic-pearlitic struc-
ture was observed, with a predominance of ferrite, corresponding to the type of microstruc-
ture of structural low carbon steels. We used 2% Nital as an etchant. This part of the
ploughshare is not directly exposed to abrasion in contact with the road. It is a supporting
part for the raking blade connected to the base material by a weld. However, with a
larger amount of material to be cleaned, this part also comes into contact with the abrasive
particles but with a lower degree of attack on its surface and is thus exposed to an abrasive
load. The ferritic-pearlitic structure is characterized by a low degree of abrasive resistance.
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This was the reason for the idea of replacing such a weldment with one unit made of
abrasion-resistant material.

Figure 9c shows the microstructure of HARDOX 450 material. The sample was etched
with Cor etchant (120 mL CH3COOH, 20 mL HCl, 3 g picric acid, 144 mL CH3OH). The fine-
grained structure corresponds to the state after heat treatment-hardening and tempering,
which is stated and declared by the manufacturer in his technical sheet [27].

Figure 9d shows the microstructure of OK 84.58 hardfacing coating. The samples were
also etched with Cor etchant. The microstructure corresponds to the chemical composition
with a high Cr and medium C content. These elements create a precondition for the
formation of carbides and intermediate phases, hardening the softer ferritic matrix. This
increases the hardness and also partly the abrasion resistance while maintaining the good
toughness of the material.

Figure 9e shows the microstructure of the UTP 690 hardfacing coating. Samples were
also etched with Cor etchant. The microstructure of UTP 690 material is very similar
to the microstructure of OK 84.58 material. The hardfacing material UTP 690, with its
chemical composition represented by Cr and W, increases wear resistance and hardness.
The elements V and W refine the grain, which also promotes the abrasion resistance of
the material where V increases the toughness needed to balance the increased hardness
with carbides C, Cr and W. Compared to OK 84.58 hardfacing material, we can observe a
needle-like structure in the UTP 690 hardfacing material, which could better transfer the
loads that act on it and is thus a premise for better resistance to abrasive wear.

Microstructural analyses confirmed that the choice of hardfacing materials, which
due to their chemical composition, create different and more suitable structures than the
analyzed structures of the original ploughshare materials, was correct. This creates the
premise of better abrasion resistance and impact resistance on the ploughshare.

The hardness was measured after verifying the microstructure of the materials. Hard-
ness is the ability of a metallic material to resist the ingress of a foreign body. Therefore, the
hardness of the material is an important value providing information on the resistance of
the material to abrasive wear. At the same time, hardness values are needed to calculate
KT hardness coefficients. The hardness of steel 37MnSi5, S355J2G3, HARDOX 450 and OK
84.58 and UTP 690 hardfacing materials was measured according to Vickers and Rockwell.
Vickers hardness was measured according to the procedure stated in ISO 6507-1: 2018 [36]
with a Vickers 432SVD hardness tester. The duration of the load was t = 15 s, and the
loading force was F = 98.07 N. The Rockwell hardness was measured according to the pro-
cedure stated in ISO 6508-1: 2016 [37], with a UH250 hardness tester, and the loading force
was F = 1471 N. Vickers hardness was used because it is more sensitive to small differences
in material hardness. Rockwell hardness was used to better compare harder hardfacing
materials. The average values of measured hardnesses obtained from ten measurements
are shown in Table 5.

The measured hardness of 37MNsi5 steel (raking blade) was 538 HV0.5 and 50 HRC.
The hardness of S355J2G3 steel (raking blade body) was 168 HV0.5 and 18 HRC. During its
work, the ploughshare is stressed by abrasive wear not only on the raking blade but also on
its supporting part. The idea of modifying the ploughshare within the meaning of changing
the weldment into a solid piece of HARDOX 450 steel was based not only on removing the
connecting part acting as a notch under stress, but also increasing the hardness of the new
material compared to S355J2G3 material. The hardness of the HARDOX 450 material is
higher compared to the S355J2G3 material, its value according to Vickers is 519HV0.5 and
Rockwell is 45HRC. The aim of hardfacing additional materials to the raking blade was
to increase the lifetime of the raking blade (37MnSi5) of the ploughshare. The OK 84.58
hardfacing material was the same hardness as the 37MnSi5 material, and its value was
546HV0.5 and 50 HRC. Significantly higher hardness compared to the 37MnSi5 material
was achieved only by hardfacing material UTP 690, with which the hardness value was
677HV0.5 and 62 HRC. The results of the material hardness measurements predicted that
the UTP 690 hardfacing material could be a suitable solution for ploughshare modification.
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Table 5. Measured hardness values.

Hardness Type 37MnSi5 S355JG3 HARDOX 450 OK 84.58 UTP 690

Vickers hardness
(HV 0.5) 538 ± 40 168 ± 20 519 ± 30 546 ± 40 677 ± 40

Rockwell hardness (HRC) 50 ± 2 18 ± 2 45 ± 2 50 ± 2 62 ± 2

3.2. Abrasive Wear Resistance Analysis

The abrasion resistance test was firstly performed on standard samples of 37MnSi5
and S355J2G3 materials. Subsequently, the test was also performed on reference samples
made of HARDOX 450 steel and with OK 84.58 and UTP 690 hardfacing materials. In
Figure 10, samples after an abrasive wear test with traces of a rubber disc are presented.

Figure 10. Samples after abrasive wear test.

For each material, three samples were used for the abrasion test. After each cycle, the
sample was weighted three times on Kern ABS analytical scales, while the average values
of the weight losses that were used for the next processing are shown in Table 6.

Table 6. Average weight losses of 37MnSi5, S355J2G3, HARDOX 450 steels and OK 84.58 and UTP
690 hardfacing materials.

Tracked Distance
R (m)

Weight Loss (g)

37MnSi5 S355J2G3 HARDOX 450 OK 84.58 UTP 690

153.6 0.0062 0.0158 0.0133 0.0062 0.0022
307.2 0.0088 0.0223 0.0108 0.0075 0.0009
460.8 0.0067 0.0208 0.0091 0.0078 0.0013
614.4 0.0072 0.0145 0.0077 0.0062 0.001
768.0 0.0072 0.0126 0.0066 0.0078 0.0011
921.6 0.0043 0.0197 0.0069 0.0072 0.0010
1075.2 0.0042 0.0133 0.0081 0.0072 0.0008
1228.8 0.0098 0.0141 0.0076 0.0070 0.0009
1382.4 0.0053 0.0131 0.0067 0.0050 0.0012
1536.0 0.0056 0.0118 0.0068 0.0062 0.0012
1689.6 0.0061 0.0141 0.0072 0.0053 0.0038

Average weight loss Whi 0.0064 0.0157 0.0082 0.0066 0.0014

Equation (1) [16] was used to calculate the hardness coefficients KTE and KTV of the
standard materials 37MnSi5 and S355J2G3 and reference samples HARDOX 450, OK 84.58
and UTP 690 materials. The resulting values are shown in Table 7.

Table 7. Hardness coefficient values KT.

Sample Material 37MnSi5 S355J2G3 HARDOX 450 OK 84.58 UTP 690

Hardness coefficient KT 0.93 0.33 0.83 0.93 1.15
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If this coefficient is higher than 1, it is assumed that the material and the hardfacing
material can withstand abrasive particles. It is clear from the graph that the largest value
of the KT hardness coefficient was reached by the UTP 690 hardfacing material, namely
1.15. Other steels (37MnSi5, S355J2G3, HARDOX 450) and hardfacing material (OK 84.58)
reached a value of KT inferior to 1. The S355J2G3 material of the ploughshare body reached
the lowest value of KTE2 = 0.33 in comparison with all examined materials and the standard.
Based on this result, it would also be appropriate to consider changing the base material to
a HARDOX one.

The relative abrasion resistance Ψh was then calculated according to Equation (2) from
the weight losses of Wh. The relative resistance to abrasive wear was also calculated for the
S355J2G3 basic material of the ploughshare, as it is also exposed to abrasive wear during
raking [8]. The resulting values are shown in Table 8.

Table 8. Relative abrasion resistance Ψh.

Sample Material 37MnSi5 S355J2G3 HARDOX 450 OK 84.58 UTP 690

Relative abrasion
resistance Ψh

1 1 1.91 0.97 4.57

Materials 37MnSi5 and S355J2G3 have the value Ψh = 1 because they are standard
materials. The relative resistance to abrasive wear is the ratio of the weight loss of the
standard material to the weight loss of the material, respectively, of the reference sample. If
this coefficient is higher than 1, it is assumed that the material and the hardfacing material
of the reference sample can withstand abrasive wear better than the material of the standard
sample. Based on the test of resistance to abrasive wear, we can state that the sample from
HARDOX 450 material achieved almost twice as good results as the standard sample from
S355J2G3 steel.

As the abrasion resistance increases in direct proportion to the hardness of the mate-
rial [5,9] by using higher grade HARDOX abrasion resistant steel with higher hardness,
we can achieve even better abrasion resistance. With OK 84.58 hardfacing material, we
achieved almost the same resistance to abrasive wear as the standard sample made of
37MnSi5 material. The highest value of Ψh was reached by the UTP 690 hardfacing material,
up to 4.5 times higher than the 37MnSi5 standard material. Based on these results, we
can state that UTP 690 hardfacing material could be the most suitable for modifying the
ploughshare.

Figure 11 shows the box plots with 95% confidence intervals. In the first case (Figure 11a),
the weight loss values of S355J2G3 and HARDOX 450 materials were compared. It can be
stated from the graph that the average values of weight loss of S355J2G3 and HARDOX
450 materials are not the same. Based on these results, it can be assumed that HARDOX
450 material will have better resistance to abrasive wear.

In the second case (Figure 11b), the values of the weight loss of 37MnSi5 material and
OK 84.58 hardfacing material were compared. Based on the graph, it can be stated that the
average values of the weight loss of 37MnSi5 material and OK 84.58 hardfacing material
are almost the same, and thus hardfacing with such a hardfacing material on the exposed
parts of the ploughshare will not significantly increase the lifetime.

In the third case, the values of mass losses of the 37MnSi5 material and UTP 690
hardfacing material were compared (Figure 11c). A comparison of the graphs clearly shows
that the average values of weight loss of 37MnSi5 material and UTP 690 hardfacing material
that UTP 690 hardfacing material will have better resistance to abrasive wear.
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(a) (b) 

(c) 

Figure 11. Box charts: (a) weight loss of S355J2G3 and HARDOX 450 materials; (b) weight loss of
37MnSi5 material and OK 84.58 hardfacing material; and (c) weight loss of 37MnSi5 material and
UTP 690 hardfacing material.

3.3. Discussion

(a) Change of the S355J2G3 material of the supporting part of the ploughshare for the
HARDOX 450 material

Based on the results, we can state that HARDOX 450 material has significantly better
results compared to the S355J2G3 material of the basic ploughshare body. The hardness
of HARDOX 450 material was 45 HRC, and the hardness coefficient of KTV1 reached the
value of 0.83. The hardness of the basic body S355J2G3 material was 18 HRC, and the
hardness coefficient of KTE2 reached the value of 0.33. These two basic data provide us with
the initial information that HARDOX 450 material will better resist the abrasive particles
present during the work cycle than the S355J2G3 material of the basic ploughshare body.
The relative abrasion resistance Ψh1 reached the value of 1.91. Based on this datum, we
can say that HARDOX 450 material achieved almost twice as good results as the standard
sample No. 2 made of S355J2G3 steel. In this case, it would be appropriate to verify the
suitability of the higher class HARDOX material, e.g., HARDOX 550, which has higher
hardness.

(b) Hardfacing on the exposed part of the raking blade with the OK 84.58 hardfacing
material

Based on the results, we can state that the OK 84.58 hardfacing material achieved
almost the same results in comparison with the 37MnSi5 material of the raking blade. The
hardness of the raking blade 37MnSi5 material was 50 HRC, and the hardness coefficient
of KTE1 reached the value of 0.93. The hardness of the OK 84.58 hardfacing material was
50 HRC, and the hardness coefficient of KTV2 reached the value of 0.93. These two basic
data provide us with the initial information that the OK 84.58 hardfacing material will be
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worse as well as resist the abrasive particles present during the work cycle as a 37MnSi5
material. The relative resistance to abrasive wear Ψh2 reached the value of 0.97. Based on
this datum, we can say that the OK 84.58 hardfacing material achieved worse results by
only 3% compared to the 37MnSi5 standard material of the raking blade. These elements
create a precondition for the formation of carbides and intermedial phases hardening the
softer ferritic matrix. This increases the hardness as well as partly the abrasion resistance
while maintaining the good toughness of the material.

(c) Hardfacing on the exposed part of the raking blade with the UTP 690 hardfacing
material

Based on the results, it can be stated that UTP 690 hardfacing material achieved better
results compared to the 37MnSi5 material of the raking blade. The hardness of the UTP 690
hardfacing material was 62 HRC, and the hardness coefficient KTV3 reached the value of
1.15. These two basic data provide us with initial information that the UTP 690 hardfacing
material will better withstand the abrasive particles present during the working cycle. The
relative resistance to abrasive wear Ψh3 reached the value of 4.57. Based on this data, we
can say that the UTP 690 hardfacing material achieved more than 4.5 times better results
compared to the 37MnSi5 standard material of the raking blade. In this case, we can
state that the UTP 690 hardfacing material could significantly affect the lifetime of the
ploughshare. The hardfacing material of the UTP 690 coating with its chemical composition
represented by Cr and W increases wear resistance and hardness. The elements V and W
soften the grain promoting the abrasion resistance of the material, where V increases the
toughness needed to balance the increased hardness with carbides C, Cr and W. Compared
to the OK 84.58 hardfacing material to transfer the loads that act on it and is, therefore, an
assumption for better resistance to abrasive wear.

Based on the results, we can state that the hardness of the material strongly correlates
with the resistance to abrasive wear. The hardness of HARDOX 450 was almost 2.5 times
higher than S355J2G3. The relative abrasion resistance was almost twice as high for
HARDOX 450 as for S355J2G3. The hardness and relative abrasion resistance of the 37MnSi5
material and the OK 84.58 hardfacing material were almost the same. Compared to the
37MnSi5 material, the UTP 690 material achieved higher hardness and higher resistance to
abrasive wear.

4. Conclusions

Ploughshares are exposed to high wear, especially of the abrasive type, and their
replacement is relatively economical. For this reason, it is necessary to look for ways to
increase their lifetime and examine their resistance to abrasive wear.

When working with a ploughshare, it is not only the raking blade that wears rapidly
but also its supporting part which the raking blade welded to. The article analyzes three
ways to modify ploughshares. Based on the results, it is possible to state the following:

(a) The HARDOX 450 material achieved significantly better results compared to the basic
S355J2G3 material, not only in terms of hardness and hardness coefficient KT but also
in terms of relative resistance to abrasive wear, where the coefficient Ψh1 for HARDOX
450 material achieved almost twice as good results compared to the standard sample
from S355J2G steel;

(b) The OK 84.58 hardfacing material achieved almost the same results compared to the
37MnSi5 original material of the raking blade and therefore does not significantly
affect the lifetime of the raking blade on the ploughshares;

(c) The UTP 690 hardfacing material achieved more than 4.5 times better results than
the 37MnSi5 standard material of the raking blade, so it could significantly affect the
lifetime of the ploughshare. Compared to the OK 84.58 hardfacing material, we can
observe a needle-like structure in the UTP 690 hardfacing material, which could better
transfer the loads that act on it, and thus it is an assumption for the better resistance
to abrasive wear.
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Based on the results, the manufacturer of ploughshares was recommended to use
HARDOX 450 material as a basic material and UTP 690 coating material hardfacing on
exposed parts of functional surfaces as a suitable means of increasing the lifetime of
ploughshares.

In further research, it would be appropriate to also perform a test of resistance to
abrasive wear for abrasion-resistant HARDOX sheet but of a higher class, i.e., with higher
hardness, e.g., HARDOX 550 material, as well as for OK 84.58 hardfacing material which
would be hardfaced in several layers. Then, the most suitable adjustments would be
selected and tested under real operating conditions.
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Abstract: For the machining of long and narrow surfaces and when processing multiple pieces,
planing technology is used, the productivity of which can be higher than that of milling, although
it is relatively slow machining. The article aims to study the degree of influence of the geometry of
the tool (the angle of cutting-edge inclination and the angle of the tool-orthogonal rake), as well as
the cutting conditions (cutting depth and cutting speed) on the chip characteristics (temperature
and microhardness) in orthogonal and oblique slow-rate machining of steel 1.0503 (EN C45). The
experiments were carried out on specially prepared workpieces designed for immediate stopping of
machining. The results of the experiments were statistically processed, and behavioural models were
created for temperature and Vickers microhardness of chips for individual combinations of factors.
The obtained dependencies revealed how the geometry of the cutting tool and the cutting conditions
affect the temperature and microhardness in the cutting area and at the same time allowed the best
conditions for both orthogonal and oblique machining to be set up.

Keywords: planing; chip; Vickers microhardness; temperature; cutting conditions

1. Introduction

Cutting operations with relatively low cutting velocity include planing and broaching
technologies. Planing is a cutting process in which the formed chip is visible to the eye,
whereas in broaching, the chip generation process is hidden and invisible to the naked eye.
Therefore, it is possible to monitor the development of the temperature field in the area of
chip generation during planing with a temperature measuring device by laser aiming and
thus providing an approximate idea of the temperature generated not only during cutting
but also during broaching [1,2].

The planing process is one of the oldest among the so-called single-point machining
processes, used in the production of long cuts. This type of machining technology uses a
linear motion with a single-pointed cutting tool to create a flat surface. The cutting tool is
clamped in the tilting head, which prevents damage to the cutting edge when returning the
tool. Although the process seems to be easy, setting the cutting conditions is difficult [3–6].

During the planing, the workpiece moves linearly and is usually machined with
one tool. Because the large, heavy workpiece and table are in motion at relatively low
cutting speeds, planers come with several tool heads and multiple tools in one head [7].
In addition, many planers are constructed with tool heads to make cuts in both directions
of table movement [8]. Nevertheless, as mentioned above, since only single-pointed
tools and low cutting speeds are used, planing is classified as a low-productivity cutting
process compared to other cutting methods. However, when machining long and narrow
surfaces (such as guide rails, long grooves, etc.) and when cutting multiple pieces with a
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planer, the efficiency of this type of workpiece processing can be much higher compared to
milling [9,10]. The planing accuracy can reach IT9~IT8 and the surface roughness can be in
the range of Ra is 3.2~1.6 μm [11–13].

In spite of planing being considered an obsolete technology, for performing and ob-
serving experimental tests for machining at relatively low cutting speeds, planing appears
to be a very attractive machining process [14]. At slow-rate machining, the chip-formation
process can be observed in both cutting methods, orthogonal and oblique.

For orthogonal cutting (Figure 1a), it is characteristic that the cutting edge is perpen-
dicular to the direction of movement of the tool and wider than the width of the cut. The
shear force acts on a smaller area, so shear force per unit area is higher and the tool life
is shorter than obtained in oblique cutting [15,16]. The forces that occur in this type of
machining can be drawn in a plane, which is why it is also known as 2D machining [17].
If the angle between the cutting edge and the movement of the tool is not “right” (90◦), it
is an oblique cutting, which is also called 3D machining, because the cutting force is not
planar, but spatial and is represented by 3 components [18]. All these facts affect the cutting
conditions, tool life, durability as well as the quality of machined surface.

 

(a) (b) 

Figure 1. Principle of (a) orthogonal and (b) oblique machining.

In both types of machining, the chip resulting from the interaction of the tool with
the workpiece plays a crucial role in determining the properties of the machined surface
and tool life. Properties that reflect its behaviour in the shear plane (acceleration of shear
deformation, shear stress and shear angle) can also be represented by temperature and
microhardness [19,20].

Jain et al. [21] verified the degree of influence of shear strain accelerations on the
microhardness of chips during machining under the same cutting conditions. The basis of
the hypothesis was the fact that the acceleration of shear deformation controls machining
parameters such as tool-chip interface temperature, shear angle, tool wear, etc., and the
hypothesis was confirmed.

The process of chip development in high-speed machining of hardened steel was
studied by Wang et al. [22]. Research has confirmed that the formation of chips, when
cutting materials of different hardness, can be controlled by setting a suitable combination
of technological parameters. The hardness of the material as well as the local temperature
increases with increasing cutting speed. When the parameters are in equilibrium, the
deformation is concentrated in the shear zone and adiabatic shear occurs.

The effect of cutting conditions on the microhardness of the material in the cutting area
along with chip thickness was investigated by Alrabii and Zumot [23] in experimental tests.
They reported that microhardness increases with increasing cutting parameters (depth of
cut, speed and feed), but only to a certain extent. Above this level, an increase in cutting
parameters causes a decrease in microhardness.

The influence of changes in the microstructure of AISI 1045 steel on diffusion wear
during turning in a zone of chip formation as a function of variable cutting speed was
investigated Pu et al. [24]. The results of the research showed that with the cutting speed
increasing, the grain size of the various phases also increases.
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Response surface methodology was used in the study of Senussi [25] to specify the
root cause of an effect of the relationship between chip microhardness and input control
variables influencing the response as a 2D or 3D hypersurface. He stated that the combined
effect of cutting speed at its lower level, feed rate and cutting depth at their higher values
could result in increasing the microhardness of the chip.

Various approaches have been used by many researchers to study the effect of cutting
parameters on chip properties and behaviour. The issues of microhardness, temperature,
geometry and chip shape within analytical and numerical models have been developed in
several studies [26–30], however, the complexity of the chip generation process forced the
authors to simplify the simulation conditions, which, however, affected the accuracy of the
obtained results, which did not correspond to the real state.

It can be said that many studies were focused on the influence of cutting parameters
on microhardness and temperature evaluation in the past, but mostly the object of their
investigation was the machined material or the cutting tool. However, only a few studies
have addressed the microhardness and temperature of the chips generated during machin-
ing, but no study has compared the degree of influence of both the tool geometry (angle of
tool-cutting-edge inclination and angle of the tool-orthogonal rake) and the technological
conditions (depth of cut, cutting speed) on the chip characteristics (temperature and micro-
hardness) in orthogonal and oblique slow-rate machining of 1.0503 (EN C45) steel that is
included in the presented research. Based on the measured data, behavioural models were
created for the temperature and Vickers microhardness of chips at individual combinations
of the factors. The experiments were carried out on specially prepared workpieces designed
for immediate stopping of machining.

On the basis of the above, it can be said that the novelty of the research lies not only in
its complexity and the combination of included research factors (from the type of machining
and machined material, through the geometry of the tool to the technological conditions),
which according to the authors’ best knowledge have not yet been studied, but also in the
newly proposed methodology for obtaining chips in an attempt to bring the observed chip
samples as close as possible to the state in which they were created so that the texture of
such a chip corresponds to the current cutting speed.

2. Materials and Methods

Planing technology, in which the workpiece performs the main movement, was se-
lected for this study. In the experiments carried out as part of the presented research,
a planing machine HJ8A type (KOVOSVIT inc., Holoubkov; Czech Republic) shown in
Figure 2a was used. The process of planing of EN C45 steel is captured in Figure 2b. The
machine is designed for the production of medium-heavy workpieces in piece and series
production. The worktable has three levels of working and retraction speeds. The hydraulic
drive is equipped with two gear pumps with separate electric motors, electromagnetic,
hydraulic distribution and a combination of pump devices to change the speed levels of
the table. The crossbar with support is vertically adjustable on the stand. The planer has
two supports on the crossbar and one on the stands. Feeds and rapid feeds are controlled
by the slide box at the end of the crossbar, either hydraulically or electrically. The table feed
and the fast feeds of the crossbar, as well as the carriage, are controlled by the buttons from
the hanging control box.

No cooling medium was used during machining, as the tool path was relatively short
(about 200 mm), so there was no overheating of the tool and the material being processed.

Steel 1.0503 (EN C45), which is usually used in experiments as a standard [31], was
chosen as the machined material within the experiments. It is a medium carbon-unalloyed
structural steel that provides moderate tensile strength (in the range of 570–700 MPa),
Brinell hardness of 170–210 and a good wear resistance. The material can be processed
with hardening by means of quenching and tempering on focused and restricted areas.
C45 can also be instigated with induction hardening up to the hardness level of HRC
55. This grade is in majority situations delivered in an unattended heat treatment state
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i.e., normalized condition, although it can be furnished also in numerous heat treatment
variations. Machinability of C45 is equivalent to that of mild steel for example CR1 grade;
on the other hand weld ability is exhibited lower than that of mild steel [32]. Steel is suitable
for producing shafts of turbochargers, pumps, traction machines, electric motors, more
giant gears, screws, automobile crankshafts, connecting rods, steering levers, spring hinges
or pins. The chemical composition of machined 1.0503 (EN C45) steel is in Table 1.

 
(a) (b) 

Figure 2. Experimental device (a) HJ8A planer, (b) experimental processing of a workpiece made of
EN C45 steel.

Table 1. Chemical composition of the 1.0503 (EN C45) steel [33].

Steel C (%) Mn (%) Si (%) Cr (%) Ni (%) Cu (%) P (%) S (%)

EN C45 0.42–0.50 0.50–0.80 0.17–0.37 max. 0.25 max. 0.30 max. 0.30 max. 0.040 max. 0.040

The values of the cutting parameters (cutting speed vc, cutting depth ap) for experi-
mental testing were chosen based on the requirements of technical practice, whereas the
lowest cutting speed was given by the planer and corresponded to 60% of the machine’s
power. Values for cutting depth ap were set based on machine limitations for maximum
chip cross-section.

The planing necking tool type 32×20 ON 36550 HSS00 was used at orthogonal machin-
ing, whereas the straight roughing tool 32×20 ON 36500 HSS00 was employed at oblique
machining. The brazed high-speed steel tips with three different values of the angle of
cutting-edge inclination λs = 0◦, 10◦ and 20◦ were applied within experimental testing [33].

The cutting tools used in the experiments are shown in Figure 3, and the next tools’
characteristics are given in Table 2.

(a) 

 
(b) 

Figure 3. The cutting tools used at (a) orthogonal machining, (b) oblique machining.
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Table 2. Values of tool angles [33].

Type of Tool Angle Planing Necking Tool Straight Roughing Tool

Tool-cutting-edge angle κr 0◦ 60◦
Tool minor (end)-cutting-edge angle κr’ - 20◦

Tool-included angle εr - 100◦
The angle of the tool-orthogonal rake γo 8◦/12◦/16◦ 3◦/7◦/11◦

The angle of the tool-orthogonal
clearance αo

15◦/11◦/7◦ 15◦/11◦/7◦

The geometrical characteristics of the cutting tool were chosen in accordance with the
machined material and the characteristics of the planing process. This method of machining
requires the use of a more robust tool compared to turning. Increased robustness is required
from the point of view of a significantly more dynamic way of first contact between the
tool face and the workpiece [34]. The following requirements were also taken into account
when choosing the tool geometry:

• Compliance with the condition of the tool’s physical resistance to dynamic shocks
when entering the cut;

• The range of variable values ensuring the statistical significance of the experiment;
• The difference in the characteristics of the chip formation process for orthogonal and

oblique cutting.

According to the tool manufacturer’s recommendations, the rake angle when planing
type C45 steels is chosen in the range of 8◦–14◦, and the angle of tool-orthogonal clearance
αo for this type of steel is chosen in the range of 7◦–11◦ [35].

Considering all the demands and recommendations, the angle of tool-orthogonal
clearance αo, adopted the strategy of using the smallest value (7◦) in terms of production
recommendations and the other two values are in a linear series with an increment of 4◦
for the tools within the presented experiments.

Similarly, in the research, the angles of the tool-orthogonal rake γo were set up so
they reflected the requirement to ensure the lowest possible specific resistance, whereas
the maximum value was related to the bending stiffness of the cutting wedge. Specifically,
for the planing necking tool, an interval of three values graduated by 4◦ from the smallest
recommended value (8◦) was chosen for the angle of the tool-orthogonal rake γo. For
the straight roughing tool, the manufacturer’s recommended values of the angle of tool-
orthogonal rake γo were reduced due to an effort to increase the strength properties of the
tool tip and were used in gradations of 3◦/7◦/11◦. For this tool, for the same reason of
increasing the strength of the tip, the tool included angle εr in the value of 100◦ was used.

In order to observe changes in the chip formation zone, it was necessary to stop the
machining process and break the contact of the tool with the workpiece. For this purpose,
a methodology of immediate machining stop was developed based on the observation of
chip behaviour during face milling, in which the end of the chip breaks off when leaving
the cut. Observations have shown that the texture of such a chip corresponds to the actual
speed at the moment of interruption of the cut. This know-how led the authors to use it
in the presented research, and so they have developed a new methodology of obtaining
chip roots based on the special modifications of the machined sample. The principle of the
methodology is based on the designing of a specific workpiece (shown in Figure 4), and it
is described below.

After milling the grooves of 10 mm × 10.5 mm into a semi-finished product with
dimensions of 240 mm × 87.5 mm × 30 mm in the longitudinal direction, 11 protrusions
with a rectangular cross-section of 10.5 mm × 2.5 mm were created, and each protrusion
was used for a separate experiment.
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Figure 4. The principle of the methodology to immediately break the contact of the tool and the
workpiece for orthogonal cutting (1—cutting wedge of the tool, 2—the place of rupture of the sample,
3—a drilled hole reinforced with a metal rod due to the narrowing of the cross-section, 4—supporting
plate preventing the deformation of the final sample, 5—workpiece, 6—the final sample used for
observation after tearing away from the workpiece).

At the end of the sample, where the tool comes out of the grip, the protrusions were
undercut, and a plate was inserted into the resulting gap, which had the task of preventing
the deformation of the final sample. The most crucial role in the cutting interruption
process was played by a transverse hole with a diameter of 8 mm, which was drilled in
front of the reinforcing plate (from the point of view of the cutting direction) and which
was subsequently also reinforced with a metal rod. When the tool passed over the hole, the
cross-section narrowed, and the material was torn, and the end part of the protrusion was
thrown sharply in the direction of the tool’s movement at speed greater than the cutting
speed. The separated end parts together with the resulting chip served as samples that
captured the state of plastic deformation corresponding to the actual cutting speed.

An infrared thermometer UNI-T UT305C (Uni-trend Technology Co., Ltd., Dongguan
City, Guangdong Province, China) was employed to measure the temperature of various
surfaces by measuring the infrared radiation emitted from a focused surface and whose
specifications were sufficient for the experiments carried out in this research. Its basic char-
acteristics were: Temperature range −50~1550 ◦C; Accuracy ±1.8%; Repeatability ±0.5%;
Resolution 0.1; Response time 250 ms (95% of reading); Emissivity 0.1~1.0 adjustable; Laser
power <1 mW; Laser wavelength 630~670 nm; Spectral response 8~14 μm.

Since the temperature measurement was performed only on a cutting length of 200 mm,
it was assumed that the increase in temperature in the cutting area was directly proportional
to the increase in the size of the cutting path of the tool.

The obtained samples were cast in technical dentacryl, which has good insulating
properties, high mechanical strength and perfect thermal insulation. The cast samples were
ground using water, which had a cooling effect and thus prevented the sample from being
affected by heat. In Figure 5a, the ground and polished sample are shown. After polishing,
the samples were etched with Nital, which is a 2% solution of nitric acid HNO3 in ethyl
alcohol. After being etched on the surface, a sample structure of the material was observed
with the Platinum USB digital microscope UM019 (Shenzhen Handsome Technology Co.,
Ltd., Shenzhen, China) with a magnification of 25–220×. An example of an etched sample
is shown in Figure 5b.

Microhardness was measured with a Micro–Vickers hardness tester CV–403DAT
(Figure 6a) according to STN EN ISO 6507-1 standard. The measuring device involves a
microscopic and a static method expressed on Vickers or Knoop scales, with magnifications
of 200× and 600×. The microhardness measuring according to the Vickers method is deter-
mined by optical magnification by pressing a diamond regular quadrilateral needle with
a peak wall angle of 136◦ into the tested material and then measuring the diagonals per-
pendicular to each other after relieving the load. The loading force acts in a perpendicular
direction on the surface of the test specimen.
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(a) (b) 

Figure 5. Investigated sample of a chip, (a) ground and polished, (b) etched, magnified 200×.

 
 

(a) (b) 

Figure 6. (a) Micro–Vickers hardness tester CV–403DAT; (b) tested samples—imprint, magnification 600×.

Hardness measurements were performed in the area of the shear angle at a load of
200 gf (gram-force) for a dwell of 10 s. An example of the tested sample with an imprint
under 600× magnifications is shown in Figure 6b.

3. Results and Discussion

The experiments were carried out within the so-called “planned experiment” that
was designed at three levels (lower, basic, and upper). The temperatures were measured
in a cutting zone for orthogonal and oblique machining, and the micro-hardness of the
material was measured in the area where the shear angle was formed. Measured data
were evaluated through the statistical method using a regression function. Outliers from
each group of measurements were specified using Grubbs test criteria and were excluded
from further statistical processing of the results. Regression coefficients were calculated
by means of Matlab software, and their significance was examined according to Student’s
test criterion. The adequacy of the regression function was evaluated according to the
Fisher-Snedecor test criterion F < F0.05 (f 1, f 2), where the degrees of freedom f 1 = Nq (N is a
number of measures, q is a number of significant coefficients) and f 2 = N (m − 1), where m
is a number of assessed measurements within the Grubbs’ test [36–39].

The variables listed in Table 3 were considered within the experimental study, and the
codes for individual variables’ specific values are referred in Table 4.
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Table 3. The variables and the ranges of individual values [33].

Variables Symbols −1 −α 0 +α +1

Cutting speed (m·min−1) vc x1 6 8.25 10.5 12.75 15
Cutting depth (mm) ap x2 0.2 0.25 0.3 0.35 0.4

The angle of the tool-orthogonal rake—orthogonal cutting (◦) γo x3 8 10 12 14 16
The angle of the tool-orthogonal rake—oblique cutting (◦) γo (x3) 3 5 7 9 11

The angle of the tool-cutting-edge inclination (◦) λs x4 0 5 10 15 20

Table 4. The codes for specific values of individual variables.

Code Specification of Variables

−1 xmin
−α [(xmax + xmin)/2] − [(xmax − xmin)/2α2]
0 (xmax + xmin)/2

+α [(xmax + xmin)/2] + [(xmax − xmin)/2α2]
+1 xmax

Although the evaluation of tool wear was not the main goal of the research, it can be
said that the dominant mechanism of tool wear during planing in the experiments was
abrasive wear, which was manifested in the change of the geometry of the tool on the
flank surface.

3.1. Temperature Evaluation

To evaluate the behaviour of the temperature and the influence of the monitored
parameters on it, the regression dependencies for orthogonal machining of EN C45 steel
were expressed by Equation (1), and for oblique machining by Equation (2), and the
meaning of parameters x1 ÷ x4 is explained in Tables 3 and 4 above. The calculated Fisher–
Snedecor criterion [40] confirmed that the equations were functionally dependent and the
coefficients of determination of the relations were R2 = 0.90 and 0.91, respectively:

y = 3.4146 − 5.7289x1 + 6.0652x2 + 6.6299x3 + 0.1732x4 − 0.3957x1x2 + 0.3796x1x3+

+0.0634x1x4 − 0.3435x2x3 + 0.0202x2x4 + 0.0559x3x4 + 2.6854x2
1 + 5.0529x2

2 − 4.7508x2
3+

+0.0934x2
4

(1)

y = −2.415 + 5.9456x1 − 3.438x2 + 0.5381x3 + 0.1701x4 − 0.0292x1x3 + 0.0163x1x4

+0.2491x2x3 + 0.0355x2x4 − 0.0181x3x4 − 2.9253x2
1 − 3.0763x2

2 − 0.3104x2
3 + 0.0592x2

4
(2)

Using Equations (1) and (2), the temperature dependences on a combination of two
parameters were plotted out of four monitored (depth of cut, cutting speed, face angle and
inclination of the cutting edge of the tool) so that the behaviour of the temperature field
could be evaluated.

When orthogonal cutting of carbon steel EN C45 in the interaction of cutting speed
and cutting depth, the cutting depth had a more significant effect (Figure 7a). The cutting
speed had a much milder effect, and the highest temperature values were achieved at the
minimum cutting speed and the maximum values of the cutting depth. Conversely, in the
oblique cutting of carbon steel (Figure 7b), the maximum temperatures were reached at the
minimum cutting depth and the maximum cutting speed.

The influence of the angle of the tool-orthogonal rake and the cutting speed in orthogo-
nal cutting is almost equally important/intense (Figure 8a), whereas in oblique cutting, the
angle of orthogonal rake has an almost imperceptible effect compared to the impact of the
cutting speed (Figure 8b). In both cases, the maximum temperature values were reached
at the mean values of the angle of the tool-orthogonal rake, but as already mentioned,
the temperature reacts in the opposite way to a change in cutting speed. The maximum
temperature in orthogonal cutting is at the minimum cutting speed, and in oblique cutting,
it is at the maximum cutting speed.
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(a) (b) 

Figure 7. The graphs of the influence of cutting speed vc and cutting depth ap on temperature change
T, (a) orthogonal cutting; (b) oblique cutting.

  

(a) (b) 

Figure 8. The graphs of the influence of cutting speed vc and the angle of the tool-orthogonal rake γo

on temperature change T, (a) orthogonal cutting; (b) oblique cutting.

The influence of the angle of tool-cutting-edge inclination λs is almost undetectable;
the more significant impact on temperature has the cutting speed (Figure 9).

The influence of the angle of the tool-orthogonal rake on the temperature is more
evident in the orthogonal cutting of carbon steel (Figure 10a) than in oblique cutting
(Figure 10b), and the maximum temperature values are reached at their mean values. The
cutting depth has a more pronounced effect, and it is precisely in the opposite way. At
orthogonal cutting, the maximum temperature values are reached at the maximum cutting
depth values, and at oblique cutting, the maximum temperature is reached at the minimum
cutting depth. In both types of cutting, the angle of tool-cutting-edge inclination λs has
no noticeable effect on the change in cutting temperature compared to the cutting depth
(Figure 11).

The angle of tool-cutting-edge inclination at the orthogonal cutting of carbon steel
(Figure 12a) has an almost unnoticeable effect compared to the angle of the tool-orthogonal
rake. However, it is different at oblique cutting (Figure 12b), where maximum temperature
values are reached at the maximum angle of tool-cutting-edge inclination. The angle of the
tool-orthogonal rake had a more prominent effect in orthogonal cutting, but the maximum
temperature was reached at its mean values in both cutting methods.
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(a) (b) 

Figure 9. The graphs of the influence of cutting speed vc and the angle of tool-cutting-edge inclination
λs on temperature change T, (a) orthogonal cutting; (b) oblique cutting.

 
(a) (b) 

Figure 10. The graphs of the influence of the tool-orthogonal rake γo and cutting depth ap on
temperature change T, (a) orthogonal cutting; (b) oblique cutting.

 
(a) (b) 

Figure 11. The graphs of the influence of cutting depth ap and the angle of tool-cutting-edge inclina-
tion λs on temperature change T, (a) orthogonal cutting; (b) oblique cutting.
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(a) (b) 

Figure 12. The graphs of the influence of the tool-orthogonal rake γo and the angle of tool-cutting-
edge inclination λs on temperature change T, (a) orthogonal cutting; (b) oblique cutting.

On the basis of experiments aimed at determining the influence of the investigated
factors on the temperature of the chip, it is possible to evaluate achieved results from three
points of view:

• From the point of view of the cutting speed, the results of the research are characterized
for orthogonal cutting by a slight decrease in the temperature of the chip as the cutting
speed increases. From the point of view of theoretical and practical knowledge, such a
trend occurs at very high cutting speeds, when the chip removal speed from the cutting
site is significantly higher than the heat conduction speed in the machined material,
which is used in high-speed machining. In oblique cutting, the maximum temperature
of the chip is reached in roughly 2/3 of the range of cutting speeds, which decreases
slightly with the further increase in the cutting speed values. However, according to
theoretical knowledge, the trend should be rising. The deviation between the research
results and the theoretical starting point is probably caused by the influence of the
complexity of the experimental system, as well as the factors of the experimental
conditions that are uncontrollable.

• From the point of view of the change in cutting depth, significantly opposite tendencies
for orthogonal and oblique cutting occurred. With this phenomenon, it should be
noted that the temperature gradient in the graphical interpretation of the results is
about 45 ◦C for orthogonal cutting and about 15 ◦C for oblique cutting. The influence
of the cutting depth on the cutting temperature in orthogonal cutting represents
the current theoretical and practical knowledge very well—with increasing depth of
cut, the degree of deformation of the machined material increases, which outwardly
manifests as an increase in temperature in a geometric trend. In oblique cutting, this
experiment showed a trend of a slight increase in chip temperature while reducing its
thickness. This phenomenon is in contrast to the simplified theoretical model of cutting.
This opposite trend in the behavior of the acquired dependence can be explained by
the interaction of two factors causing a slight decrease in chip temperature when
increasing its thickness (influence i).

• From the perspective of the angle of the tool-orthogonal rake γo, the research results
indicate for orthogonal cutting that the maximum chip temperature is reached in
roughly half of the range of angles examined. This trend is most likely caused by the
interaction of influences of both used methodologies of experimental measurement and
data evaluation. In oblique cutting, the effect of the dependence of chip temperature
on the angle of the tool-orthogonal rake γo is insignificant, which is in accordance with
current knowledge.
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• The influence of the angle of tool-cutting-edge inclination λs on chip temperature is
almost undetectable in accordance with theoretical knowledge.

The influence of parameters on the maximum measured temperature during orthogo-
nal and oblique EN C45 machining is clearly shown in Table 5.

Table 5. Effect of parameters on the maximum measured temperature during orthogonal and oblique
machining EN C45.

Machining Type Tool-Cutting-Edge Angle (◦)
Cutting Parameters Temperature

vc (m·min−1) ap (mm) γ (◦) λs (◦) T (◦C)

orthogonal κr = 0 6 1 0.4 2 12 3 - 4 111.4
oblique κr = 60 15 1 0.2 2 7 3 20 4 103.5

1 significant influence; 2 the most significant influence; 3 little significant influence; 4 insignificant effect.

3.2. Vickers Microhardness Evaluation

Similar to the measured temperature results, as well as for the obtained HV microhard-
ness values, regression analysis was used to determine the dependencies on the investigated
parameters, which are expressed by Equations (3) and (4), for orthogonal and oblique cut-
ting, respectively. The reliability of the relations is R2 = 0.87 and 0.90, respectively. Plotted
dependencies of microhardness on different combinations of two parameters are shown in
Figures 13–18.

y = −0.0771 + 4.5677x1 − 0.484x2 − 0.2907x3 − 0.1027x4 + 1.2326x1x2 + 0.0893x1x3 + 0.0603x1x4

−0.0892x2x4 + 0.0476x3x4 − 1.8966x2
1 + 0.8444x2

2 + 0.1503x2
3 + 0.0208x2

4
(3)

y = −5.9254 − 2.2198x1 + 12.092x2 + 3.0554x3 − 0.2568x4 + 0.9296x1x2 − 0.0616x1x3−
−0.0356x1x4 − 0.6367x2x3 + 0.0233x3x4 + 1.4725x2

1 + 11.3708x2
2 − 2.1329x2

3 − 0.096x2
4

(4)

 
(a) (b) 

Figure 13. The graphs of the influence of cutting speed vc and cutting depth ap on change of
microhardness according to Vickers HV, (a) orthogonal cutting; (b) oblique cutting.

The microhardness in orthogonal machining (Figure 13a) is much more influenced
by the cutting speed than the cutting depth. In oblique cutting, it is precisely the opposite
(Figure 13b), and the cutting depth has a much more pronounced effect, and the greatest
micro-hardness is achieved at its maximum values.
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(a) (b) 

Figure 14. The graphs of the influence of cutting speed vc and the angle of the tool-orthogonal rake
γo on change of microhardness according to Vickers HV; (a) orthogonal cutting; (b) oblique cutting.

 
(a) (b) 

Figure 15. The graphs of the influence of cutting speed vc and the angle of tool-cutting-edge inclination
λs on change of microhardness according to Vickers HV; (a) orthogonal cutting; (b) oblique cutting.

  

(a) (b) 

Figure 16. The graphs of the influence of the angle of the tool-orthogonal rake γo and cutting depth ap

on the change of microhardness according to Vickers HV; (a) orthogonal cutting; (b) oblique cutting.
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(a) (b) 

Figure 17. The graphs of the influence of the cutting depth ap and the angle of inclination of the
main cutting edge λs on change of microhardness according to Vickers HV; (a) orthogonal machining;
(b) oblique machining.

  
(a) (b) 

Figure 18. The graphs of the influence of the tool-orthogonal rake angle γo and the angle of inclination
of the main cutting edge λs on change of microhardness according to Vickers HV; (a) orthogonal
machining; (b) oblique machining.

The dependencies on Figure 14 show that the angle of the tool-orthogonal rake during
orthogonal cutting (Figure 14a) affects the microhardness only imperceptibly compared to
the effect of the cutting speed, whereas during oblique cutting (Figure 14b) the intensity
due to the influence of the angle of the tool-orthogonal rake and the cutting speed is almost
the same. In orthogonal machining, the maximum values of microhardness were achieved
at the maximum values of the cutting speed and marginal values of the angle of the tool-
orthogonal rake. During oblique cutting, the maximum microhardness was achieved at the
minimum cutting speed and medium values of the angle of the tool-orthogonal rake.

The angle of inclination of the main cutting edge in both carbon steel cutting methods
(Figure 15) does not significantly affect the change in microhardness HV compared to the
cutting speed.

The effect of the thickness of the cut layer in interaction with the face angle on the
change of microhardness appears to be the same in orthogonal (Figure 16a) and in oblique
cutting (Figure 16b). In this case, the influence of the face angle is interesting, where in
orthogonal cutting the microhardness maxima are reached at its extreme values, in oblique
cutting at its mean values.
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The influence of the angle of inclination of the main cutting edge (Figure 17) is not
noticeable in both cutting methods due to the influence of the thickness of the cut layer,
which is very significant.

In the interaction of the tool-orthogonal rake angle and the angle of inclination of the
main cutting edge (Figure 18), the angle of inclination has a non-significant effect on the
microhardness change HV in both machining methods when compared to the effect of the
angle of the tool-orthogonal rake.

The results of research aimed at determining the dependence of chip microhardness
on selected factors of the cutting process pointed out that:

• The growing depth of the cut causes an increase in the rate of deformation in the
primary deformation zone, which leads to an increase in strengthening and therefore
of hardness. The increased rate of deformation, however, also tends to generate a
significantly greater amount of heat, which reduces the manifestations of strengthening
and thus microhardness. The experimentally obtained results are in accordance with
theoretical knowledge for both orthogonal cutting and oblique cutting.

• From the point of view of the cutting speed, the values of the theoretical microhardness
are achieved by a combination of two basic opposing phenomena—an increasing
cutting speed participates in a higher strengthening of the removed material, but at
the same time generates a greater amount of heat, which reduces the strengthening.
Then, the mutual combination of these two opposing events with material and process
properties participates in the final trend of microhardness dependence. For orthogonal
cutting, the dependence shows a maximum in about 2/3 of the cutting speed range
with a gradient of roughly 200 HV. In oblique cutting, the minimum microhardness of
the chip with a gradient of approx. 125 HV is achieved in approximately 1/2 of the
range of cutting speeds.

• From the perspective of the angle of the tool-orthogonal rake γo, the research results
point to insignificant changes in microhardness with respect to this angle for orthogo-
nal cutting. For oblique cutting, the trend of microhardness dependence on this angle
shows a maximum in roughly half of the range of investigated values with a gradient
of approximately 150 HV.

• The influence of the angle of tool-cutting-edge inclination λs on HV microhardness is
almost undetectable in accordance with theoretical knowledge.

The overview of the influence of selected parameters on Vickers microhardness in the
area of occurrence of the shear angle on samples made of carbon steel EN C45 is shown in
Table 6.

Table 6. Effect of parameters on the maximum measured temperature during orthogonal and oblique
machining EN C45.

Machining Type Tool-Cutting-Edge Angle (◦)
Cutting Parameters Microhardness

vc (m·min−1) ap (mm) γ (◦) λs (◦) (HV)

orthogonal κr = 0 15 1 0.4 2 8/16 3 20 4 550.6
oblique κr = 60 6 2 0.4 1 7 3 0 4 472.1

1 the most significant influence; 2 significant influence; 3 little significant influence; 4 insignificant effect.

4. Conclusions

Planing is one of the slow-speed machining types, and although it is a technology that
is rarely used today, its effectiveness for specific types of workpieces can be much higher
than that of milling. However, the phenomena taking place at slow-speed machining are
similar to, for example, broaching, but in this case the chip remains between the teeth of the
broaching mandrel and inside the workpiece, and therefore the process of chip formation
cannot be observed or investigated (or only under very complicated conditions).

The presented research aimed to analyse the influence of selected parameters on the
temperature during cutting operations performed at relatively low cutting speeds and
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to compare the results at orthogonal and oblique machining. The new methodology for
obtaining the chip root was designed so that the chip samples correspond as much as
possible to the conditions of the ongoing event and to the current speed at the given
moment of machining,

The experiment was designed by the orthogonal experimental composition plan of
the investigation through the “star points”. The effect of four parameters (cutting speed
vc, the angle of inclination of the main cutting edge λs, the depth of cut ap and the angle
of the tool-orthogonal rake γ) on temperature T (◦) and Vickers microhardness HV was
investigated in the area where the shear angle was formed.

Carbon steel EN C45, which is usually used in the experiments as a standard, was
tested in two types of cutting, i.e., orthogonal cutting with a planing necking tool and
oblique cutting with a straight roughing tool without cooling. Based on the measured
values, the statistical regression dependencies were compiled, where various test criteria
were used to verify the measured results, e.g., Grubbs criterion for detecting outlying
measured results or gross errors, Cochran’s criterion for homogeneity of variance, Student’s
test criterion for determining the significance of regression coefficients, Fisher-Snedecor
test criterion for confirming the adequacy of the statistical model. Subsequently, graphical
dependencies were constructed and evaluated.

Based on the dependencies of the temperature on the selected parameters on samples
made of carbon steel EN C45 in the area of occurrence of the shear angle, it can be concluded:

• The most significant influence has the cutting depth in both orthogonal and oblique
cutting, followed by the cutting speed, and the angle of the tool-orthogonal rake.

• The observations have shown that the influence of the angle of inclination of the main
cutting edge is inconspicuous (or almost non-existent).

• The maximum temperature was reached at the maximum cutting depth at orthogo-
nal cutting, in contrast to oblique cutting, in which the maximum temperature was
measured at the minimum cutting depth. In both cases of cutting at the maximum
temperature, the mean values of the angle of the tool-orthogonal rake played a role.

When evaluating the influence of selected parameters on Vickers microhardness, it
can be stated:

• The significance of the parameters for the change of the shear angle was manifested
differently. In orthogonal cutting, the highest microhardness was measured at the
highest cutting speed. In this case, the highest values of the cutting depth and the
angle of cutting-edge inclination were also acquired.

• During oblique cutting, the most significant influence on the change of microhardness
HV had the cutting depth.

Information on the temperature development in the chip and microhardness values
achieved under certain conditions indicate the suitability (or unsuitability) of choosing the
selected combination of technological parameters, and together with the geometry of the
tool, it is possible to subsequently increase/regulate the quality of the machined surface
and the service life of the tool.

Although in the presented experimental research, the effort was to capture as much as
possible the real state of the chip at the moment of separation from the machined surface
and to prepare samples not only for measuring microhardness, but in the future also for
observing microstructure changes, the authors realize that the machining process is so
complex that obtaining samples that would perfectly reflect the state of chip formation at a
given moment is almost impossible.
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30. Karmiris-Obratański, P.; Papazoglou, E.L.; Leszczyńska-Madej, B.; Karkalos, N.E.; Markopoulos, A.P. An Optimalization Study
on the Surface Texture and Machining Parameters of 60CrMoV18–5 Steel by EDM. Materials 2022, 15, 3559. [CrossRef]

31. Saez-de-Buruaga, M.; Soler, D.; Aristimuño, P.X.; Esnaola, J.A.; Arrazola, P.J. Determining tool/chip temperatures from thermog-
raphy measurements in metal cutting. Appl. Therm. Eng. 2018, 145, 305–314. [CrossRef]
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Abstract: This work investigated the lubricating and anti-wear properties of several sulfur addi-
tives for a nickel-based superalloy–tungsten carbide friction pair. Compared with PAO40 without
any active chemical compounds, the three kinds of sulfur additives could decrease the friction
coefficient from 0.2 to 0.1 and the wear volume by 90%. Sulfurized fatty acid ester had the best
performance under high temperature and heavy load with COF below 0.1 and the smallest wear
volume. Furthermore, the lubricating mechanism was investigated by XPS. The physical adsorp-
tive film and the tribochemical film together enhanced the friction-reducing and anti-wear perfor-
mances of the lubricants. This effective lubricant for Inconel 718 can be applied to the machining of
nickel-based alloy.

Keywords: Inconel 718; sulfur additives; boundary lubrication; wear mechanism

1. Introduction

Nickel-based superalloys such as Inconel 718 are widely used in aerospace, gas turbine,
nuclear, and automotive industries because of their excellent high-temperature mechanical
strength and corrosion resistance [1]. At the same time, nickel-based superalloys are
recognized as difficult-to-machine materials. These metals exhibit serious problems during
machining such as high cutting force, rapid tool wear, short tool life, and poor surface
quality of the machined surface due to the physical, chemical, and thermal properties of
metals [2–5]. Tungsten carbide tools are the first choice for their good thermal conductivity,
high strength, and poor affinity with nickel [6]. It is of great importance to understand the
relationship between nickel-based alloy and carbide material, especially the tribological
behaviors, to reduce tool wear and improve tool life. The use of suitable cutting fluids can
effectively improve the machining conditions of nickel-based superalloys [7–9]. The cutting
fluid acts as a lubricant to reduce friction and as a coolant to cool the temperature at the
cutting zone. The lubricating ability of a cutting fluid greatly influences the quality of the
machined surface, as well as the tool life [10,11].

The chemical additives in the cutting fluid can act with the metal surface at high
temperature and pressure; thus, a lubricant film is formed to reduce friction between the
rake face and chips, the flank face, and machined surfaces. Sulfur additives are well known
for their extreme-pressure performance and anti-wear characteristics [12–14]. The sulfur
compounds, under extreme-pressure conditions, undergo chemical decomposition causing
sulfur release (rupture of the R–S bond) and their reaction with the metallic surface that
promotes the formation of an inorganic iron sulfide layer [12,15]. Most of the cutting
fluids are designed for ferrous metals [11,16–18]. However, there is a matching problem
between the additives and the workpiece materials [19,20]. Whether these additives have
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the same reaction with nickel-based superalloys is not clear. Few scholars have studied
the lubricants for nickel-based alloy–tungsten carbide contacts. Moreover, metal working
fluid which consists of several chemically active additives has a very complex chemical
composition. The individual actions of each component are not easily identifiable. However,
it is necessary for new metals such as nickel-based superalloys whose characteristics
are very different from traditional ferrous metals. Therefore, it is important to separate
contributions from different types of additives to the lubrication so as to select the most
efficient lubricant molecules and optimize the components of the cutting fluid. This
work focuses on the lubricating effect of different sulfur additives for the nickel-based
superalloy (Inconel 718)–tungsten carbide (YG8) tribopair, and the lubricating mechanism is
further investigated.

2. Experimental Details

Inconel 718 is the most widely used superalloy. YG8 (WC-Co) tungsten carbide is the
optimal tool material for nickel-based superalloy machining. The specimen used in this
paper was bought from Hengshihui company, Jiangsu, China. Table 1 shows the chemical
composition of Inconel 718 superalloy. The main component is Ni (60.01 wt.%) followed by
Cr (17.28 wt.%) and Fe (15.58 wt.%). The Table 2 displays the mechanical parameters of
Inconel 718.

Table 1. Chemical compositions of Inconel 718 superalloy (wt.%).

Ni C O Al Ti Cr Mo Nb Fe

60.01 2.31 0.62 0.29 0.51 17.28 1.25 2.15 15.58

Table 2. The mechanical parameters of Inconel 718.

Young’s Modulus
(GPa at 20 ◦C)

Poisson’s Ratio Hardness (HRC) Yield Strength (MPa)

199.9 0.3 26.4 1035

The commercial sulfur additives were bought from Symarin company, Shanghai,
China. Each additive contained a different amount of sulfur in the molecule (by weight),
and the sulfur bonding mechanism was different in each additive. According to the
manufacturer’s data, the sulfur content of sulfurized olefin was as much as 40%, more than
that of sulfurized fatty acid ester (17%) and sulfurized lard (10%). The kinematic viscosity
of sulfurized olefin was much smaller than that of the other two kinds of additives for the
smallest molecular weight. Table 3 shows the available information about the lubricants.
Furthermore, PAO40, the viscosity of which is 396 mm2/s, was used as pure oil without
any active elements for comparison.

Table 3. The basic parameters of sulfur additives.

Name
Sulfur

Content
Kinematic Viscosity

mm2/s (at 40 ◦C)
Appearance

Flash
Point (◦C)

Sulfurized olefin 40% 45 pale yellow 150

Sulfurized fatty acid ester 17% 582 tan 210

Sulfurized lard 10% 900–1300 dark brown >160

The frictional tests were carried out utilizing a ball-on-disc apparatus SRV-IV (Optimol,
Munich, Germany) under different lubricating conditions. The schematic diagram of the
tester is displayed in Figure 1. The discs were Inconel 718 with a hardness of HRC 35. All
of the specimens were polished before frictional tests by an automatic polishing/grinding
machine, and a surface roughness (Sa) less than 40 nm was obtained. The counter specimen
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was tungsten carbide YG8 ball with a diameter of 10 mm and surface roughness (Sa) of
25 nm. The hardness of the carbide ball was 89HRA. The samples were ultrasonically
cleaned using acetone and ethanol and then ultrapure water successively, each for 10 min,
before tests. The upper ball slid reciprocally against the stationary disc with an amplitude
of 2 mm and frequency of 20 Hz for 5 min. Before the frictional test, plenty of lubricant was
dropped onto the surface of the disc, and the ball returned to yield a normal load of 100 N.

 
Figure 1. The schematic diagram of SRV-IV tribo-tester.

After the frictional tests, the morphology of rubbing surfaces was observed using a
LEXT™OLS5100 laser scanning confocal microscope (Olympus, Tokyo, Japan), and wear
volume is calculated. Each test was repeated three times, and the average values were used.
The relative errors were on the order of ±5%. A Quanta200 scanning electron microscope
(SEM) (FEI, Hillsboro, OR, USA) combined with energy dispersion spectrometry (EDS)
(FEI, Hillsboro, OR, USA) was used for the surface analysis of the investigated materials.
The chemical compositions of the worn surfaces were characterized using a PHI Quantera
SXM X-ray photoelectron spectrometer (ULVAC-PHI, Chigasaki, Japan).

3. Results and Discussions

3.1. Friction and Wear Properties Lubricated with Sulfur Additives

The curves of the friction coefficient and wear volume of the lower samples lubricated
by the four kinds of lubricants are shown in Figure 2. For PAO40, the friction coefficient
increased to 0.7 rapidly in the running-in period. Then, it decreased gradually and stabilized
at about 0.2 after 200 s. When using sulfurized olefin as lubricant, the initial friction
coefficient fluctuated to 0.17, before remaining stable at about 0.14 after 100 s. For sulfurized
fatty acid ester and sulfurized lard, the friction coefficients remained stable at 0.1 and 0.11,
respectively, until the end of the experiment. Compared with PAO40, the three kinds of
sulfur-containing additives could reduce the friction coefficient significantly for the nickel-
based superalloy. The friction coefficient of sulfurized fatty acid ester was the smallest,
while that of sulfurized olefin was 27% larger.

Considering that tungsten carbide is much harder than nickel-based superalloys, wear
occurs on the surface of the disc apparently while no wear is observed on the ball. After the
frictional tests, the remaining solution and debris on the wear track are washed away by
water and alcohol. From Figure 2b, it can be seen that the wear volume of the disc lubricated
by PAO40 was 2.4 × 107 μm3, about ten times that lubricated by the sulfur additives. Thus,
basic oil without any active chemical elements failed to lubricate nickel-based superalloy
under boundary lubrication. Compared with PAO40, the sulfur additives showed good
lubricating and anti-wear performance for the Inconel 718–tungsten carbide friction pair. It
is easy to generate inorganic protective films in the tribochemical reaction for an excellent
anti-wear effect. For sulfurized fatty acid ester and sulfurized lard, the wear volumes were
2.6 × 106 μm3 and 2.8 × 106 μm3, respectively. With sulfurized olefin lubrication, the wear
volume was 4.1 × 106 μm3. The relatively big wear volume is related to the long running-in
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period during the friction test. A lubricating film was formed, but it was not stable enough
to prevent direct contact between Inconel 718 and tungsten carbide completely during the
running-in period. It can be concluded that sulfurized fatty acid had the best lubrication
for Inconel 718 with the smallest COF and wear volume.

Figure 2. (a) Friction coefficients with (b) enlarged view, and (c) wear volume of the discs lubricated
by different lubricants (F = 100 N, f = 20 Hz, L = 2 mm).

The micro-morphology of the friction pairs was obtained by SEM as shown in Figure 3.
It can be seen that there were furrows on the surface of the superalloy discs and irregular
block materials on the surface of the balls lubricated by the three kinds of additives. From
Figure 3(a1), delaminated scars and abrasive particles can be seen on the surface of the disc
lubricated by sulfurized olefin. There were obvious furrows on the worn surface lubricated
by sulfurized lard (Figure 3(c1)). Furthermore, large dark blocky materials were detected
on the ball surface (Figure 3(c2)). The worn surface was compared to the smoothest with no
adhesive scar when lubricated by sulfurized fatty acid ester (Figure 3(b1)). However, there
were still patches on the surface of the ball (Figure 3(b2)). To ascertain the ingredients of
the materials on the surface (the red frame in Figure 3), EDS analysis was conducted. The
results show that the nickel-based superalloy on the ball surface was transferred from the
discs and adhered to the balls (Figure 3d). The materials on the balls were the same; thus,
the EDS result is listed once. The main wear mechanism of the superalloy was significant
adhesion, delamination, and ploughing. From the EDS results of the worn surface of the
discs, the sulfur element was detected, which did not belong to the alloy. This demonstrates
that sulfides formed on the metal surface during the friction process. However, the sulfur
contents on the surface of the discs lubricated by the additives were different, seen from
Table 4. The sulfur content of the worn surface lubricated by sulfurized olefin was the
highest (12.37%), while the adhesion on the ball was relatively mild. It should be considered
that the active sulfur content of sulfurized olefin was also the highest. The sulfur content
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of the worn surface lubricated by sulfurized lard was the lowest (1.34%) with the most
adhesive blocky material on the ball. For the sulfurized fatty acid ester, the adhesion on the
ball was significantly decreased compared with the sulfurized lard. This indicates that the
sulfide generated on the metal surface during the friction process played an important role
in reducing the adhesion of nickel-based superalloy to tungsten carbide ball during friction.
Sulfurized fatty acid ester contains active sulfur that can react with the metal surface at a
lower temperature; hence, the surface quality of the disc and the adhesion of the ball were
better than those lubricated by sulfurized lard. Meanwhile, the sulfurized fatty acid ester
molecule has a long carbon chain which helps to separate the two surfaces; thus, direct
contact was avoided compared with sulfurized olefin.

Figure 3. SEM morphology of the tracks on Inconel 718 and tungsten carbide ball lubricated by
(a1,a2) sulfurized olefin, (b1,b2) sulfurized fatty acid ester, and (c1,c2) sulfurized lard; (a3,b3,c3) EDS
spectrum of the red box in (a1,b1,c1); (d) EDS spectrum of the red box in (a2).
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Table 4. The elements content of the above EDS analysis.

Element
(wt.%)

Ni Fe Cr S C Al Si Ti Nb

(a3) 45.23 18.2 16.8 12.37 6.09 0.36 0.16 0.96 −
(b3) 43.71 17.67 16.75 2.71 6.75 0.37 0.97 0.87 10.19

(c3) 46.44 18.93 18.36 1.34 4.54 0.52 0.14 1.35 8.38

Element
(wt.%)

Ni Fe Cr Nb Ti C W O −

(d) 33.92 16.54 16.01 8.54 1.13 7.31 9.04 1.5 −

3.2. Temperature Effect

Temperature is very important for the chemical reaction of additives with tribo-surface.
The influence of temperature on the friction and wear behavior of Inconel 718 sliding against
WC-Co under the lubrication of sulfur additives was investigated. The experimental
temperature was increased to 150 ◦C with the other experimental parameters the same as
those in Section 3.1. Figure 4a shows the friction coefficient curve at 150 ◦C. For sulfurized
olefin, the fluctuation of the friction coefficient was reduced at the beginning of the test
compared with that at 30 ◦C. Furthermore, the friction coefficient stabilized at about 0.18
after 20 s. For sulfurized fatty acid ester and sulfurized lard, the friction coefficient remained
at 0.1 from the beginning to the end of the test without running-in time at 150 ◦C. This
indicates that the lubricant film formed rapidly and remained more stable under high
temperature as expected. The wear volumes of the Inconel 718 discs are shown in Figure 4b.
Compared with that at 30 ◦C, the wear volume of the discs with different sulfur lubricants
did not change much. The wear volume lubricated by sulfurized fatty acid ester was
slightly smaller compared to the other two kinds of additives. It can be seen that the sulfur
lubricants had very good temperature stability for nickel-based superalloys.

 
Figure 4. (a) Friction coefficients and (b) wear volume when lubricated by sulfur additives at 150 ◦C
(F = 100 N, f = 20 Hz, L = 2 mm).

The morphology of the lower disc and the upper tungsten carbide ball after frictional
tests at 150 ◦C was observed by SEM, and the pictures are shown in Figure 5. Compared
with 30 ◦C, the furrows on the surface of the discs decreased, especially for sulfurized
fatty acid ester and sulfurized lard (Figure 5(b1,c1)). This indicates that high temperature
promoted the formation of a lubricant film, thus increasing the surface quality of the
nickel-based superalloy. With respect to the surface of the balls, the adhesive materials
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were also decreased when lubricated by sulfurized fatty acid ester and sulfurized lard
(Figure 5(b2,c2)). However, the block material on the surface of the ball lubricated by
sulfurized olefin increased significantly, indicating that adhesion was aggravated, as seen
in Figure 5(a2). EDS analysis was performed on the wear scar of the nickel-based superalloy
and the adhesion area on the tungsten carbide (the red box in Figure 5). The dark materials
on the balls were the same; thus, the EDS results are listed once (Figure 5d). A nickel-based
superalloy was transferred from the disc and adhered to the ball. It can be speculated
that, under high temperature, the main wear mechanism of the superalloy was adhesion.
The elements content of the EDS analysis is listed in Table 5. From the EDS spectrum of
the surface lubricated by sulfurized fatty acid ester (Figure 5(b3)), it can be seen that the
peak of sulfur in the wear scar increased significantly and the sulfur content increased
from 2.71% (30 ◦C) to 16.33% (150 ◦C). The sulfide acted as an effective lubricant film,
which significantly decreased the adhesion on tungsten carbide balls and the ploughing on
nickel-based superalloy discs. For sulfurized lard, the sulfur content increased from 1.34%
(30 ◦C) to 5.43% (Figure 5(c3)), and the surface quality of the frictional pairs improved.
As for sulfurized olefin, the sulfur peak did not change very much, and the content of
sulfur was 11.63%. This indicates that high temperature did not promote the tribochemical
reaction of sulfurized olefin with nickel-based superalloy. Considering that the flash point
of sulfurized olefin is 150 ◦C, when the experimental temperature increased to 150 ◦C, the
sulfurized olefin began to volatilize continuously, and the material left in the friction area
was unstable. This led to the aggravation of adhesion at 150 ◦C lubricated by sulfurized
olefin. The flash points of the other two sulfur lubricants were both higher than 150 ◦C, and
the molecules remained stable with temperature increasing. Moreover, the tribochemical
reaction was promoted, leading to better surface quality and less adhesion.

Table 5. The elements content of the above EDS analysis.

Element
(wt.%)

Ni Fe S C Ti Cr Nb −

(a3) 41.8 16.12 11.63 6.22 0.72 16.26 3.68 −
(b3) 43.71 17.67 16.33 6.45 0.71 15.4 10.19 −
(c3) 47.56 17.7 5.43 4.35 0.81 17.27 4.16 −

Element
(wt.%)

Ni Fe Nb Cr Ti C W O

(d) 45.29 14.14 3.73 13.7 0.7 6.22 10 3.51

3.3. Load Capacity

The extreme-pressure performance of the lubricants is also an important index used to
measure the lubricating property. To illustrate the performance under extreme pressure,
the load slope test results of the three kinds of sulfur additives are shown in Figure 6a.
The test load increased from 100 N to1000 N in steps of 100 N. The friction coefficient
of sulfurized olefin fluctuated significantly with each load increase. For sulfurized fatty
acid ester and sulfurized lard, the friction coefficients remained stable at about 0.1 before
the load increased to 600 N. When the load was more than 600 N, the friction coefficients
had a little fluctuation. Thus, the load-bearing capacity of sulfurized fatty acid ester and
sulfurized lard was better than that of sulfurized olefin.

187



Metals 2022, 12, 1841

Figure 5. SEM morphology of the tracks on Inconel 718 and tungsten carbide ball lubricated under
150 ◦C lubricated by (a1,a2) sulfurized olefin, (b1,b2) sulfurized fatty acid ester, and (c1,c2) sulfurized
lard; (a3,b3,c3) EDS spectrum of the red box in (a1,b1,c1); (d) EDS spectrum of the red box in (a2).

The wear volumes of sulfurized fatty acid ester and sulfurized lard on nickel-based
superalloy under different loads were further tested. The experimental load was set to
300 N, 500 N, 700 N, and 900 N, and the results are shown in Figure 6b. When sulfurized
fatty acid ester lubricated the nickel-based superalloy, the wear volume increased steadily
with the increase in load. As for sulfurized lard, the wear volume had a larger increase
compared to sulfurized fatty acid when the load increased to 700 N. The big wear volume
was consistent with the large friction coefficient, indicating unstable lubricant condition.
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Figure 6. (a) Friction coefficient vs. time during a load slope test from 100 N to 1000 N and (b) wear
volume under different loads (f = 20 Hz, L = 2 mm, t = 25 ◦C).

3.4. Exploration of the Adsorption Characteristics

XPS is a practical method to clarify the chemical states of elements within the ad-
sorption film on the surface of tribopair. To further explain the lubrication mechanism
of sulfur additives for nickel-based superalloy, the worn surfaces were tested by XPS.
Figures 7 and 8 show the spectra of the several elements lubricated by sulfurized fatty
acid ester and sulfurized olefin. It can be observed that the peak shapes and binding
energies of the corresponding elements were similar. Therefore, the tribochemical reaction
processes were the same when sulfurized fatty acid ester and sulfurized lard were used
as lubricants for the nickel-based superalloy. Figure 7a shows typical XPS survey scans
inside and outside the wear track over a binding energy at the range of 0–1400 eV with the
lubrication of sulfurized fatty acid ester. The values were shifted 400,000 upward from the
second line to show a clear contrast. The peak intensities of Ni2p and Fe2p inside the wear
track are lower than those outside the wear track. Furthermore, a sulfur peak at 168 eV
appeared at the position inside the wear track, while no sulfur was detected outside the
track. This demonstrates that sulfide compounds remained after the frictional test when
lubricated by sulfurized fatty acid ester. Ni2p inside the wear track was apparently lower
than the substrate, which further demonstrates that some film existed on the wear track.
To further investigate the way in which the sulfide compounds acted with nickel-based
superalloy, detailed high-resolution XPS scans of Ni2p, Fe2p, S2p, and O1s were recorded,
and the results are shown in Figure 7b–e. The peak at 852.8 eV is Ni–S, and the peak at
855.2 eV is Ni–SO4 (Figure 7b). The peaks at 710.11 eV and 723.4 eV correspond to Fe–S and
FeSO4, respectively (Figure 7c) [11]. The S2p spectrum is shown in Figure 7d. The peak at
161 eV–162 eV corresponds to Fe–S, the peak at 162.8 eV corresponds to Ni–S, and the peak
at 169.7 eV is the metal sulfate [21]. The O1s spectrum is shown in Figure 7e. The peak at
531.7 eV corresponds to S–O in –SO4, and the peak at 530.2 is metallic oxide. Combining the
Ni2p, S2p, and O1s data, it can be inferred that NiSO4 may have existed on the surface of
the wear track. Compared with the S2p spectra on the surface lubricated by sulfurized fatty
acid ester, the peak intensities of Ni2p and Fe2p inside the wear track were higher when
lubricated by sulfurized olefin (Figure 8a). Moreover, the peak of metal sulfates was much
lower than that lubricated by sulfurized fatty acid ester (Figure 8c). It can be speculated
that the tribochemical reaction film on Inconel 718 surface lubricated by sulfurized olefin
was thinner than that lubricated by sulfurized fatty acid ester, leading to a higher COF and
bigger wear volume.

According to the XPS results, the lubricating mechanism of the sulfur additives for
Inconel 718–tungsten carbide contact can be summarized. In the frictional process, the
molecules adsorb on the metal surface to form a physical adsorption protective film. The
active element S reacts with the metal matrix Inconel 718. A tribochemical protective film
composed of high-toughness inorganic salts such as nickel sulfide and nickel sulfate is
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formed, playing a role in lubrication. The physical adsorptive film and the tribochemical
film together enhance the friction-reducing and anti-wear performances of the lubricants.

Figure 7. (a) XPS survey scans of Inconel 718 surface after tribological test: (b) Ni2p, (c) Fe2p, (d) S2p,
and (e) O1s inside the wear track lubricated by sulfurized fatty acid ester.
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Figure 8. (a) XPS survey scans of Inconel 718 surface after tribological test, (b) S2p, and (c) O1s inside
the wear track lubricated by sulfurized olefin.

3.5. The Improvement of the Cutting Fluid

The experimental results show that, for the nickel-based superalloy–tungsten carbide
friction pair, sulfurized fatty acid ester had the best lubricating and anti-wear performance
among the three kinds of extreme-pressure agents. The effect of sulfurized fatty acid ester
on the lubricating performance of some kind of cutting fluid without sulfur-containing
additives was tested. The cutting fluid was diluted to 5 wt.% with different content of
sulfur additives. The frictional experiments were completed, and the friction coefficients are
shown in Figure 9. The results show that the friction coefficient dropped to 0.133 with the
concentration of sulfurized fatty acid ester at 1 wt.%. When the concentration of sulfurized
fatty acid ester increased to 2%, the friction coefficient further dropped to 0.127. The ester
concentration was further increased to 3%, and the friction coefficient did not continue to
decrease and remained stable at 0.127. It can be seen that 2 wt.% sulfurized fatty acid ester
could successfully decrease the friction coefficient of the cutting fluid.
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Figure 9. The COF of some cutting fluids with different contents of sulfurized fatty acid ester
(F = 100 N, f = 20 Hz, L = 2 mm, t = 25 ◦C).

4. Conclusions

In the present work, the tribological performance of three kinds of sulfur additives for
the Inconel 718–tungsten carbide friction pair was investigated. The friction experiment
results showed that sulfurized fatty acid ester possessed excellent antifriction (COF 0.1)
and anti-wear performance (wear volume 90% smaller than that lubricated by PAO 40),
particularly at the high temperature of 150 ◦C and at heavy load. The lubrication mechanism
of the sulfur additives for the Inconel 718–tungsten carbide friction pair was investigated
using XPS. The physical adsorptive film and the tribochemical film together enhanced the
friction-reducing and anti-wear performance of the lubricants. This effective lubricant for
Inconel 718 can be applied to the machining of nickel-based superalloy.
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Abstract: This study aimed to investigate the effects of Thermal-Assisted Machining (TAM) on
SKD11 alloy steel using titanium-coated hard-alloy insert cutting tools. The microstructure, material
hardness, chip color, cutting force, chip shrinkage coefficient, roughness, and vibration during TAM
were evaluated under uniform cutting conditions. The machining process was monitored using
advanced equipment. The results indicated that thermal-assisted processing up to 400 ◦C did not
alter the microstructure and hardness of the SKD11 alloy steel. However, a significant variation in
chip color was observed, indicating improved heat transfer through TAM. The cutting force, vibration
amplitude of the workpiece, and surface roughness all decreased with increasing TAM. Conversely,
the chip shrinkage coefficient of the machined chips tended to increase due to the high temperatures.

Keywords: SKD11 alloy steel; machinability; thermal-assisted machining (TAM)

1. Introduction

The cutting mode and tool geometry parameters play a critical role in machining
techniques, especially when working with materials that are challenging to machine due to
their high hardness. These parameters affect various output parameters of the machining
process, such as cutting force, cutting heat, cutting tool wear, cutting process vibration,
surface roughness, and chip geometry. To improve productivity, part quality, and cost-
effectiveness, researchers are constantly seeking new technological solutions to support
the machining process, including the use of smooth cold techniques, new cutting tool
materials, vibration-assisted cutting, and thermal-assisted machining. Difficult-to-machine
materials, characterized by high hardness, good wear resistance, and little change in
mechanical properties at high temperatures, are widely used in various industries, such as
mechanical, automotive, aerospace, aviation, defense, medical, and electrical-electronics-
automation. Surveys have shown that over 30% of milling, turning, and drilling operations
are performed on such materials [1].

Thermal-assisted machining (TAM) is a machining process that involves heating the
workpiece before machining it using traditional or CNC machines. This technique has been
extensively used in industrial production since its introduction in 1945 [1,2]. Compared
to traditional machining methods, TAM offers several advantages, such as increased tool
life, reduced cutting force, decreased tool wear, and improved surface quality, resulting
in enhanced productivity [3–5]. TAM is suitable for both cutting processes (e.g., turning,
milling, drilling) and deformation processes (e.g., forging, stamping, drawing). Several
heating methods can be employed for TAM, including electrical current heating, laser
beam heating (LAM), plasma heating (PEM), furnace heating (FAM), and induction heating
(IAM). While each method has its own benefits and drawbacks, induction heating (IAM) is
particularly effective due to its high heating capacity, ease of use, and affordability, making
it a great choice for metalworking operations [6].
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Many studies have suggested eco-friendly dry and minimum quantity lubrication or
optimization to improve machining productivity, increase tool life, and enhance product
quality [7–9]. However, for challenging-to-machine materials, like those commonly used
in heavy-duty industries such as automotive, marine, and aviation, advanced machining
methods such as diamond grinding or discharge machining are often used but limited by
low material removal rates, expensive tools, and rapid wear [2]. Among these materials,
SKD11 Tool Steel is frequently utilized in mold and automotive sectors due to its hardness,
strength, and ductility [10]. Although traditional techniques like diamond grinding or
discharge machining are limited by high costs and specialized technologies, TAM has been
introduced as an innovative solution to the challenges of machining SKD11. Studies have
indicated that machining with TAM can reduce cutting forces by up to 40%, increase tool
life, enhance surface roughness by up to 50%, and increase material removal rate when
compared to machining at room temperature [11–13].

Recent research has shown that using thermal-assisted machining (TAM) can offer sev-
eral advantages, including improved tool life, enhanced productivity, and better working
conditions between the tool and workpiece [14–16]. Studies have revealed that workpiece
temperature is directly proportional to tool life and inversely proportional to cutting speed.
Induction heating has been investigated for milling titanium alloy Ti-6Al-4V, with heat
treatment significantly improving tool life and material removal rate, by up to 169.4%
at a temperature of 650 ◦C. However, heating above 640 ◦C may negatively impact the
workpiece’s mechanical properties, reducing machining efficiency [5,17]. Studies have
also shown that cutting and shear forces are inversely proportional to temperature, with
a 13% reduction in cutting force observed when machining at 500 ◦C compared to room
temperature. A novel approach to machining Inconel 718 was presented by Wang et al. [18],
which combines traditional turning, cryogenic enhanced machining, and plasma heating.
Cold working techniques can reduce the heat generated during cutting, enhancing the
cutting tool’s longevity. The implementation of this method has been shown to result in a
substantial enhancement of the machining process, with the surface gloss of the machined
material increased by a factor of 2.5, the required machining force decreased by half, and
the cutting tool’s lifespan prolonged by a factor of 1.7 compared to traditional machining at
room temperature.

Efficiently machining hard alloys has long been a challenge, but thermally assisted
machining (TAM) offers a promising solution. TAM involves cutting the material and then
softening it with an external heat source, which has been shown to reduce the hardness
and tensile strength of the workpiece material, thereby improving machinability [19].
Research indicates that TAM is linked to higher material removal rates, better control of
machining time, and improved surface finishes. TAM is particularly advantageous for
machining bio-implant titanium alloys, which require high precision. Hard steels can also
be successfully machined using TAM, resulting in lower cutting forces, increased tool life,
and higher material removal rates [20–24]. TAM can reduce cutting force amplitudes and
chip morphology changes, resulting in less vibration and better surface integrity. However,
machining certain hardenable steels, such as 1090 steel, can lead to increased cutting forces
due to phase transformation hardening when the laser-preheated part enters the cutting
zone. Softening the workpiece by reaching surface temperatures of 300–400◦C for an uncut
chip thickness of 0.05 mm, on the other hand, can reduce the magnitude and amplitude
variation of cutting forces, and limit the evolution of tool wear [25]. TAM also induces a
change in chip morphology from sawtooth to continuous, improving the surface finish.
While TAM can lead to higher cutting forces in some hardenable steels, it can also enhance
surface integrity [26].

TAM techniques have been extensively researched and used in production. However,
little is known about the use of magnetic induction heating for mold steel, particularly when
milling difficult materials like SKD11 steel, which is commonly used in industry. This study
aims to evaluate the influence of TAM on milling SKD11 steel and its effect on the material’s
machinability by analyzing cutting force, vibration amplitude of the workpiece, and surface
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roughness. This analysis provides a basis for selecting appropriate TAM process parameters.
A significant challenge when using electromagnetic induction heating in machining is its
application to large parts with varying sizes or complex shapes. This study proposes a
potential technological solution for processing difficult materials using electromagnetic
induction heating. The results demonstrate that the heating process effectively reduces
cutting force, cutting heat, and vibration during cutting, while improving the surface
quality of the workpieces. The findings of this study have practical implications and are
applicable to the manufacturing industry.

2. Experimental Setup

The ease or difficulty of processing a material is known as its machinability, which
can be evaluated using parameters such as tool life, MRR, cutting force, cutting process
vibration, and surface gloss of the machined material. The machinability of a material
is greatly affected by its microstructure, which can be further influenced by the cutting
mode. Therefore, it is essential to assess the machinability of materials during heating
processing and compare it to conventional machining to determine the impact of heating
on the machinability of SKD11 steel materials.

2.1. Schematic of Experimental System

This study establishes an experimental research model that is based on the research
objectives and the available experimental equipment, as depicted in Figure 2.

2.2. Materials and Testing Equipment

SKD11 steel is a frequently used alloy steel in mold processing, as defined by JIS-
G4404. This steel is notable for its hardness, strength, and ductility, and can maintain its
hardness even at high temperatures for an extended period, making it suitable for use in
the production of molds for extrusion, plastic injection, pressure, and components that
require specific performance characteristics. Table 1 presents a breakdown of the SKD11
steel components, expressed as a weight percentage (wt%).

Table 1. The chemical composition of SKD11 steel (wt%) [27].

C Cr Mo Si Mn Ni V

1.4–1.6 11–13 0.7–1.2 ≤0.6 ≤0.6 - 0.15–0.3

In this study, a machining experiment was conducted on SKD11 steel test specimens
using a Taiwanese MC500 milling machine. The billet was rough-worked and had dimen-
sions of 70 × 31 × 80 mm3, and a chamfer of 7 mm × 7 mm was applied for uniform
contact with the induction coil. For the milling process, a 40 mm face milling cutter was
used, equipped with a titanium-coated hard alloy insert manufactured by PRAMET, a
tool manufacturer from the Czech Republic. Specifically, the APKT 1604PDR–GM hard
alloy piece was utilized, with cutting edge parameters such as the rake angle, clearance
angle, and cutting-edge radius set at 24◦, 11◦, and 0.8 mm, respectively. Other geometric
parameters, including l = 16 mm, d = 9.44 mm, s = 5.67 mm, and d1 = 4.6 mm, were also
specified. No coolant was applied during the machining process. One significant challenge
in this research was the application of electromagnetic induction heating in machining, as
depicted in Figure 1d.
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. Components of the experimental system. (a) MC500 Milling Machine, (b) Sample Workpices,
(c) Hard Alloy Insert, and (d) Power Source-Frequency Generator.

The study utilized the Axiovert 25 CA optical microscope (Figure 3a) to examine
the microstructure of the material after heating at different temperatures and compare it
with the original sample. This microscope, specifically designed for materials research, is
used in conjunction with Image-Pro Plus image analysis software to analyze the material
phase. The study also employed the Brinell hardness tester (Figure 3b) to test the initial
and post-heating samples for hardness.
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(a) 

 
(b) 

Figure 2. Schematic of Experimental System. Schematic diagram (a) and experiment photograph in
working zone (b).
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(a) (b) 

Figure 3. Equipment used in the tests: (a) Axiovert 25 CA Optical Microscope, (b) Brinell Hardness Tester.

3. SKD11 Steel Material Machinability Results

3.1. Effect of TAM on Microstructure of SKD11 Steel

To conduct an accurate examination of the microscopic structure of materials, proper
sample preparation is crucial. The process of preparing metal samples involves multiple
stages, including cutting, grinding, polishing, and impregnation. Specimens are initially
machined following established standards to achieve a size that can be impregnated.
Figure 4 displays the experimental samples and their cross-sections for SEM examination.

Figure 4 illustrates the microstructural analysis of SKD11 alloy steel samples before
and after thermal-assisted machining (TAM) at different temperatures, using optical mi-
croscopy. Figure 4a presents an image of the microstructure of the original material sample,
while Figure 4b–d show images of the microstructure after TAM at different temperatures.
The analysis reveals that the microstructure of the samples after TAM at room temperature
and 400 ◦C is similar to that of the original material. Specifically, the microstructure of the
four samples includes white plates and bright round particles of chromium Cr7C3 carbides,
spherical dark dots of Cementite, and a light background of Pearlite. These observations
suggest that the microstructure of the specimen remains unchanged even when the temper-
ature is increased to 400 ◦C, which is below the phase transition temperature of 700 ◦C for
the SKD11 alloy steel [28].

3.2. Effect of TAM on Hardness

To evaluate the impact of elevated temperatures on workpiece hardness after heating,
the workpiece was exposed to the designated temperature and allowed to cool naturally via
exposure to ambient air. Surface hardness measurements necessitated meticulous sample
preparation, including cutting, grinding, polishing, and impregnation. In order to prevent
the influence of cutting heat, wire cutters were employed during sample cutting. The grind-
ing process aimed to minimize undulation caused by the varying hardness of structural
elements, while polishing removed any coarse grinding marks and scratches. Finally, defor-
mations from the cutting, grinding, and polishing stages were either eliminated or leveled
to a size sufficient for removal with an impregnating agent. Three hardness measurements
were taken on each sample using a Brinell hardness tester at distinct locations, as illustrated
in Figure 5. The results, presented in Figure 5, showed that increasing temperatures resulted
in decreased specimen hardness to 2–3 HB at 200 ◦C and 300 ◦C. However, at 400 ◦C the
sample demonstrated increased hardness compared to the other temperatures, although
this increase was not significant within the chosen experimental temperature range.
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(a) (b) 

  
(c) (d) 

Figure 4. Microstructure of Material Samples at Different Temperatures: (a) Room Temperature,
(b) 200 ◦C, (c) 300 ◦C, and (d) 400 ◦C.

Figure 5. Workpiece hardness after heating at different temperatures and natural air-cooling.
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3.3. Effect of TAM on Chip Color

The geometry and morphology of chips play a crucial role in assessing the machinabil-
ity of materials. Chip geometry affects cutting force, cutting heat, and tool wear, while chip
morphology provides valuable insights for milling tool design. Therefore, when analyzing
the impact of heating on the machinability of SKD11, examining chip formation is crucial.
Figure 6 shows chip images obtained during the milling of SKD11 steel under different cut-
ting modes and heating conditions. Figure 6a–d display chip formations during machining
at various temperatures. The formation of wire chips is due to the workpiece material’s
ductile properties. The chip color varies significantly, with the normal machining chip
appearing purple-black in color due to excessive cutting heat generated during machining
at room temperature (Figure 6a). In contrast, chips appear bright white (Figure 6b) and
yellow (Figure 6c) when machined at 200 ◦C and 300 ◦C, respectively. The chip appears
darker yellow when machined at 400 ◦C (Figure 6d). This variation can be attributed to
the uniform transfer of heat between the cutting tool, workpiece, and chip during heat-
ing processing. The high temperature reduces the material’s tensile strength, mechanical
strength, and yield stress, while increasing its deformation, improving heat transfer condi-
tions, and decreasing the bonding force between metal molecules [19,20]. As a result, chip
removal becomes easier, cutting heat is reduced, and chips appear light-colored during hot
machining. The results suggest that temperatures between 200–300 ◦C preserve the chip
color compared to the original substrate material.

Figure 6. Chip Formation at Different Temperatures: (a) Room Temperature, (b) 200 ◦C, (c) 300 ◦C
and (d) 400 ◦C.

3.4. Effect of TAM on Cutting Force

An experimental study was conducted to investigate the effect of elevated temperature
on cutting forces (F) during milling with identical cutting parameters at room temperature
and elevated temperature. The cutting force is a dynamic phenomenon and changes
throughout the machining cycle [29]. Figure 7 displays the cutting force transformation
with respect to tool distance during milling at room temperature (25 ◦C) and elevated
temperature (200 ◦C). The cutting parameters used were a cutting speed of 235 m/min,
feed rate of 305 mm/min, and cutting depth of 1.5 mm. The average cutting force (F)
was calculated from the component cutting forces (Ff, Fp, Fc) using Equation (1). Table 2
shows the component cutting force values and the average cutting force under conventional
machining and elevated temperature conditions. The results indicate that the Fp component
cutting force (direct force) has the largest value, while the radial force (Ff) and axial force (Fc)
have relatively smaller values. The average cutting force reduction at elevated temperature
compared to conventional machining is 37.5%, as determined by Equation (2)).

F =
√

Ff
2 + Fp2 + Fc2 (1)
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ΔF(%) =
FT − FR

FR
× 100% (2)

where FT represents the cutting force during heating and FR represents the cutting force
when machining at room temperature (T = 25 ◦C).

 

Figure 7. Cutting force during machining at room temperature and at elevated temperature (200 ◦C).

Table 2. Average cutting force at room and elevated temperature.

Temperature Ff (N) Fp (N) Fc (N) F (N)

Room 4.317 360.031 9.028 360.170

200 ◦C 8.958 214.583 9.071 214.962

The experimental results (shown in Figure 8) indicate a significant reduction in cutting
force (F) during machining at 200 ◦C compared to conventional machining. As the heating
temperature increased to 300–400 ◦C, the cutting force decreased at a slower rate. The
maximum reduction in cutting force (ΔF) was 65.1% during milling at 400 ◦C. This reduction
can be attributed to the weakening of the strength and bonding between metal molecules
due to the heating process, making the cutting process easier. Moreover, in the second
strain region, the compressive stress was found to decrease during heating, which led to a
decrease in cutting force.

3.5. Effect of TAM on Surface Roughness (Ra)

The surface quality of a workpiece is critical and influenced by various factors, includ-
ing the machining method, cutting tool geometry, and machining environment. Surface
roughness, in particular, is essential in determining the workability and performance of
the final product. This study used the average deviation criterion Ra to evaluate surface
roughness. According to ISO standards, Ra is the arithmetic average of the absolute values
of the profile over the reference length range (L = 250 μm) for machined surfaces with a
smoothness level of 8–11. The research investigated the effect of elevated temperatures
on Ra during Thermal Assisted Machining (TAM) while maintaining the same cutting
parameters, including speed, feed rate, and cutting depth, under various temperature
conditions. The method of surface roughness measurement is shown in Figure 9a, where
the measuring head moves perpendicularly to the machining trace, and each sample is
measured at three locations (1, 2, 3) to ensure reliability, within the reference length range
of 250 μm, as shown in Figure 9b,c. Results indicated that heating the workpiece before
machining significantly reduced surface roughness compared to conventional machining.
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This is because the thermal softening of the material results in increased smoothness and
stability during the cutting process.

ΔRa(%) =
RaR − RaT

RaR
× 100% (3)

where RaR and RaT represent the surface quality (Ra) at room and high temperature,
respectively.

 
Figure 8. The mean cutting forces and the corresponding reductions observed during machining at
various temperatures.

 
(a) 

Figure 9. Cont.
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(b) 

(c) 

Figure 9. Measurement of Surface Roughness with Equipment and Method (a) and Comparison of
Surface Roughness Profiles for Machining at Room Temperature (b) and 200 ◦C (c).

In Figure 10, the average Ra values for machining at various temperatures are plotted.
The decrease in Ra was calculated using Equation (3). The results indicate that there is an
inverse relationship between Ra and workpiece temperature. The greatest reduction in
roughness, 47.1%, was observed at 400 ◦C.

3.6. Effect of TAM on Cutting Vibration

To investigate the impact of temperature-assisted machining (TAM) on vibration,
experiments were conducted using the same cutting parameters of V, f, and t at 235 m/min,
305 mm/min, and 1.5 mm, respectively, but at various temperature conditions. The
vibration amplitudes in directions of (X, Y) as (AX and AY) were summed to obtain the
AXY using Equation (4).

AXY =
√

AX2 + AY
2 (4)

Figure 11 displays the vibration amplitudes at room temperature (a) and at 200 ◦C (b)
in directions of (X, Y). The analysis of the no-load and individual vibration data did not
indicate any resonance. The results showed that TAM reduced the vibration amplitude
compared to conventional machining. The reduction in cutting vibration amplitude (ΔAXY)

205



Metals 2023, 13, 699

during TAM, as compared to milling at room temperature, is calculated using Equation (5).

ΔAXY(%) =
AXY−R − AXY−T

AXY−R
× 100% (5)

where AXY-R, AXY-T represent the vibration amplitudes in directions of (X, Y) during ma-
chining at room and high temperature, respectively.

 
Figure 10. Surface Roughness and Reduction at Elevated Machining Temperatures.

  
(a) 

  
(b) 

Figure 11. The vibration results at room (a) and heating at 200 ◦C (b) in the X and Y directions.

Figure 12 illustrates the vibration amplitude and reduction in vibration amplitude
during SKD11 steel machining at various temperatures, as compared to milling at room
temperature. The results indicated that AXY decreased by 13.2% at 200 ◦C, 14.9% at
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300 ◦C, and 15.8% at 400 ◦C. These findings indicate increased stability during SKD11
steel processing when conducted at higher temperatures, due to the reduction in metallic
bond strength resulting in an easier cutting process. However, the reduction in vibration
amplitude did not exhibit a significant change when high temperature was used to facilitate
the cutting process.

 
Figure 12. Vibration amplitude and vibration amplitude reduction during machining at various
temperature conditions.

3.7. Effect of TAM on Chip Shrinkage Coefficient (K)

K is a vital parameter used to assess the plastic strain of a material during machining,
and it has a significant influence on the dimensional accuracy of the machined surface.
Several factors affect K, including the mechanical properties of the workpiece material,
cutting tool geometry, cutting mode, and other cutting conditions. This study aims to
analyze the impact of elevated temperatures on K and compare it to conventional machining
under the same cutting mode. The objective is to assess the material’s softening and
formability at high-temperature conditions. The chip shrinkage coefficient, computed
using Equation (6), is utilized to determine K.

K =
1000 · Q

ρ · L f · f · t
(6)

where Q and ρ represent the mass of chip (g) and the material density (g/cm3), respectively,
Lf is the chip cutting length (mm), and f and t are the feed rate (mm/rev) and cutting
depth (mm), respectively.

Figure 13 displays the chip shrinkage coefficient at different temperatures for the
machining process conducted at cutting parameters of V = 235 m/min, f = 305 mm/min,
and t = 1.5 mm. The results demonstrate that the chip shrinkage coefficient increases with
heating compared to conventional machining at room temperature. The increase in K,
denoted as ΔK, is calculated using Formula (7). The chip shrinkage coefficient experiences
a 27.6% increase when the workpiece is heated to 200 ◦C, and the maximum increase in
K of 46.5% is observed at a temperature of 400 ◦C. This trend suggests that an increase in
temperature enhances the cutting process by improving the chip shrinkage coefficient. The
observed phenomenon can be attributed to the material softening under high temperatures,
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resulting in weakened atomic bonds and increased metal deformation, leading to a higher
chip shrinkage coefficient.

ΔK(%) =
KT − KR

KR
× 100% (7)

where KT and KR represent the chip shrinkage coefficient during heating and at room
temperature (T = 25 ◦C), respectively.

 
Figure 13. Chip shrinkage coefficient and chip shrinkage increase during machining at various temperatures.

4. Conclusions

The aim of this study was to investigate and compare the effectiveness of using
electromagnetic induction heating versus conventional methods for machining SKD11
steel, a material that is difficult to cut. The study analyzed various output parameters,
including chip geometry, chip shrinkage coefficient, vibration amplitude, surface roughness,
and cutting force. Experimental results indicated that the TAM process did not alter the
material’s microscopic structure in the temperature range of 200 ◦C to 400 ◦C, and the
machined workpiece, cooled in air, maintained its original hardness. Additionally, the chip
geometry changed and cutting force significantly decreased, with a maximum reduction of
65.1%. The K value increased by 31.7%, while surface roughness decreased notably, with a
maximum reduction of 47.1% at 400 ◦C. Lower vibration amplitude also indicated a more
stable machining process compared to traditional methods. These findings demonstrate
the potential of this method to enhance machining performance and contribute to the
development of high-precision and high-efficiency machining processes for difficult-to-
cut materials.
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Abstract: The dynamic stability of the machining set and the entire cutting process, together with
the appropriate form of chips generated during machining under the given conditions, are the basic
prerequisites for autonomous machining in accordance with the Industry 4.0 trend. The research,
based on a newly designed method, aims to study the frequency response of the machining system
to different values of tool wear and cutting speed, which cause the worsening of the machined
parts’ quality and the instability of the whole cutting process. The new idea is based on the inverse
principle, in which the wear with various values of VB was artificially prepared in advance before
machining. Consequently, the effect of artificial wear and cutting speed on vibration and chip shape
characteristics were studied. Three types of brass alloys were used within the experiments as the
machined materials. Measured data were statistically processed and the desired dependencies were
plotted. Chips were collected for each combination of machining conditions, while the article presents
a database of the obtained chip shapes at individual cutting speeds so that they can be compared
and classified. The results showed that brass alloys CW510L and CW614N exhibit an average of
three times lower vibration damping compared to the CW724R alloy, while relatively good chip
formation was noted in the evaluated machining conditions even without the use of a chip breaker.
The problematic chip shape occurred only in some cases at the machining of CW510L and CW724R,
which cannot be generalized.

Keywords: artificial wear; vibration response; brass alloys; machining process; chip form

1. Introduction

Material removal has been a significant set of operations in production since the
beginning of the Industrial Revolution. Its importance is highlighted by the significant
contribution of machining to the development of the industry by enabling the development
of new, more precise and efficient technological solutions. This field includes concentrated
knowledge in a wide range of expertise—physical laws, chemistry, mathematics, material
sciences, technical sciences, economic disciplines, environmental research, and many others.

Cutting off the material rate (measured by the machined volume over time) and
durability of the cutting tool (represented by the duration of its work) are considered the
most important results of the cutting process [1–3].

The results of the cutting process are directly influenced by machining environment
variation, while the most important factors are [1]: Cutting tool; Workpiece; Machine Tool;
Technological Process; and Technological Settings.

Following the rules of economic efficiency, ecological reform demands, societal reg-
ulations, and high demands for constant refinement of production (micro and nano di-
mensions), the complexities of the above factors unite in a significant way. Therefore, the
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integrity of modern machining systems requires a very precise and demanding design and
formulation with optimization for the given production conditions [4,5].

In the finally determined production system (given mainly by the product, machine
tool, cutting tool, and process), only cutting factors can be used for the optimization of
efficiency and productivity (durability of cutting tool and material removal rate). Generally,
the basic cutting factors are depth of cut, feed, and cutting speed. However, the depth of
cut can be a factor related to machining efficiency that increases only in the case of small
series and piece production if it is not possible to provide material with dimensions and
shapes close to the manufactured product. In that case, it is an operation with an inefficient
use of input material, and such a production method would need to be optimized for the
application of more economical technologies. Therefore, it is not assumed that this factor
will be used for optimization. The general effect of depth of cut ap on durability T is shown
in Figure 1a [1,6].

   
(a) (b) (c) 

Figure 1. Influence of cutting parameters on tool life: (a) ap—depth of cut, (b) f —feed, (c) vc

—cutting speed.

Feed rate linearly affects productivity. However, its speed is limited by the required
quality parameters of the final surfaces, and therefore the value of this speed cannot be
increased without special solutions, e.g., smoothing geometry of the cutting tool, etc. The
general effect of feed f on durability T is shown in Figure 1b [1].

Cutting speed affects machining productivity in a linear relationship, but tool life,
expressed by cutting ability, is degraded exponentially. The relationship between these two
physical regularities of the cutting tool is determined by the kinematics of the machine tool
and the events (both physical and chemical) in contact between the tool and the machined
material. The general effect of cutting speed vc on durability T is documented in Figure 1c.
This dependence shows the region appropriate for the good relationship of cutting speed
and durability of the tool [1,7,8].

The next important parameter that enters the machining process is temperature. The
general regularities of the influence of the temperature reached at the point of the cut
on the nonlinearity of the course of the investigated factors are shown in Figure 2. The
temperature mainly depends on the type of machined material, the rate of deformation in
shear volume, the friction conditions on the front and back plane of the tool, and the cooling
characteristics of the process. All these physical factors are also influenced by variations in
other factors of the machining environment, as mentioned above.
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(a) (b) 

Figure 2. Regularities of the (a) cutting tool degradation and (b) removal rate—depending on the
temperature at the point of the cut.

The dependence of the achieved wear limit on the cutting speed is also a very im-
portant regulator of machining. The wear limit is the maximum value of admissible
degradation of the cutting edge, at which the admissible quality characteristic of the work-
piece surface by machining can still be achieved [9,10]. In the given conditions, wear of the
flank or face on the cutting tool depends not only on the type of machined material but
also on the proportion between feed and cutting speed. The dimensions of worn parts of
the tool are usually specified by [11]:

• VB—width of the wear area on the flank;
• KT—depth of wear groove on the face;
• KVs—wear of the tool corner by wear.

An effective machining process requires controlling and checking the tool’s wear
propagation. The best way of the wear propagation is uniform flank wear of the cutting
insert as shown in Figure 3.

Figure 3. Optimal wear of the cutting tool—uniform flank wear.

Tool wear is closely related to tool durability since it directly affects the tool’s durability
and life. Figure 4 presents the dependence of the decrease in durability on the cutting
speed for the determined wear limit and the area of degradation effects as a function of the
overall cutting time T on the cutting speed vc in logarithmic coordinates [12,13].

 
(a) (b) 

Figure 4. (a) Taylor tool-life curve, (log-log scale); (b) The wear and failure criteria for carbide inserts.
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Following the above it can be said that the joint action of a group of factors in the
production system (tools and tool materials, tool geometry, tool coating, and procedural
media), as well as groups of process factors (cutting speed, depth of cut, and feed) creates
the resulting heat generation and degradation indices of the tool. The intensity of abrasion
appears to be a relationship between a combination of processed material and cutting tool,
and in terms of the dependence of the tool wear on the achieved cutting temperature, it
shows quasi-static characteristics. The adhesion intensity slowly increases as the cutting
temperature increases and gradually decreases when the temperature of the diffusion
and oxidation processes is reached. The oxidation intensity begins to develop after critical
cutting temperatures and its magnitude stabilizes when the maximum saturation is reached.
The intensity of the diffusion processes is imperceptible at low cutting temperatures and
increases very progressively when the critical cutting temperature is reached.

Several studies have already dealt with machining process monitoring in which the
influence of cutting conditions on the machining set and system stability was investigated.
Dimla [14] identified that time domain features were deemed to be more sensitive to cutting
conditions than tool wear, whereas frequency-based features correlated well with the tool
wear and measured wear values correlated well with certain resonant peak frequencies.
Chuangwen [15] obtained results for 022Cr17Ni12Mo2 stainless steel where the root-mean-
square value of vibration acceleration signals increased with wear progression in general.
Bouhalais [16] confirmed a good match between high-frequency vibration components’
energy values and tool wear monitoring. Sridhar [17] found ten times larger vibration
amplitudes of a worn drill compared to a sharp one. Babu [18] found that the correlation
of experimentally measured tool wear with tool acceleration is practically feasible for
real-time flank wear prediction at any time. Antic [19] noted that most research studies
on the development of tool wear monitoring systems focus on the type of machining and
the machining process to which they are applicable. The types and types of input signals,
methods and techniques of signal processing and feature extraction are not primarily
considered. This approach limits the scope of the investigation. Data processing of the
instrument monitoring system proposed by Anticom includes these steps: signal acquisition
and processing; data classification by grouping into an input function; and definition of
tool wear status [19].

The study of the effect of conditions on the machining process and the durability of
the tool can generally be carried out by tests categorized into two groups: short-term and
long-term tests. Short-term durability tests are more commonly used in practice because of
shorter time and less amount of processed material, but also for efficiency and economy.
This testing is employed usually as the first step in checking the material of a workpiece or
as a quick comparison of the durability of the examined cutting tools with a standardized
etalon [20]. The principle of the short-term test, in which the material is removed by facing,
consists in machining a workpiece with a relatively large diameter (Dmax is about 300 mm).
The material is removed in the radial direction, i.e., from a pre-drilled coaxial hole in the
center of the workpiece towards the edge of the disc. This means that the cutting speed
gradually increases, and, at a specific Dn diameter, the cutting speed reaches the maximum
vn value at which the ability to cut the material is lost. Pastucha et al. [21] have proposed
a prospective variant to a short-term test, which is based on discontinuous cutting thus
leading to higher intensity of tool wear to make this method more effective. In this method,
the workpiece is radially placed on a large-diameter disk, while the cutting tool removes
the material from the workpiece in circular segments.

However, the short-term tests described above also have their weaknesses. Except
for certain short-term tests where the cutting speed is not constant, making it difficult to
evaluate the effect of cutting speed on tool wear, such types of tests are not applicable when
the workpieces with a larger diameter are for various reasons unavailable, or the turning
machine does not allow workpieces with such a large diameter to be clamped.

These disadvantages were taken into account in the present study, and in order to
eliminate them, the authors proposed a new methodology for investigating the appearance
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of tool wear that can be considered a novelty and a contribution of the authors to the
scientific field. Since the dynamic stability of the machining set and the entire cutting
process, together with the appropriate form of chips generated during machining under
the given conditions, are the basic prerequisites for autonomous machining in accordance
with the Industry 4.0 trend, it is, therefore, important to deal with this issue.

Manufacturing within Industry 4.0 is planned and programmed to perform tasks with
minimal human intervention, with autonomous manufacturing equipment varying greatly
in size and function, from drone inventory scanning to autonomous mobile robots for pick
and place operations. Equipped with cutting-edge software, artificial intelligence, sensors
and machine vision, the devices are capable of performing demanding and delicate tasks.
They should be able to recognize, analyze, and act on the information they receive from
their surroundings. It is very important to ensure that the manufacturing machines work
smoothly and that the impact of external conditions causing problems was eliminated
where possible. A number of such problems can be caused by inappropriate chip shaping.
Too short chips cause intermittent machining, which leads to micro-cracks on the cutting
edge and shortens the tool life. In terms of life, long chips are slightly more favorable. Long,
smooth-shaped chips show less micro-vibration when machining, which contributes to
improving the quality of the machined surface. For the cutting process itself, however, long
chips are also not suitable. Long chips can cause the cutting tool to become tangled and
lose its ability to cut. They may damage the machine tool, workpiece, and cutting tool, and
induce dangerous working conditions for operators. They can also cause problems with
jamming in the conveyor and outages in operation. Thus, inappropriate chip problems
can cause the cutting process not to be autonomous and will therefore not be suitable for
inclusion in the automated process.

Based on these trends in the automation of production processes and their require-
ments, the present research focused on knowing the frequency response of the system
for various tool wear values, resulting in deterioration of the quality of the processed
parts and unsteadiness of the whole cutting operation. Understanding and knowledge
of the behavior trend of vibration characteristics allow not only setting the most suitable
technological conditions for machining the given material and thus increasing the tool life
but also comparing the durability of the tool when machining selected brass alloys. The
new idea is based on the inverse principle, at which the wear with various values of VB
was artificially prepared before machining. Consequently, the effect of artificial wear and
cutting speed on vibration and chip shape characteristics were studied. The combination of
the studied parameters and the designed methodology that removes the disadvantages of
the traditional short-term tests is unique, so this approach can be considered a novelty and
the authors’ contribution to the research area.

2. Materials and Methods

2.1. Machined Materials

Two types of eco-friendly (CW510L and CW724R) and one conventional standard
(CW614N) brass alloy were selected as the material to be machined in this study.

Brass alloys are generally characterized by high thermal and electrical properties and
conductivity as well as excellent antibacterial properties. Therefore, they are widely used
in various industries such as electrical and electronic, automotive, and sanitary. Due to a
large number of cutting operations in the production of brass components, various alloying
elements improving machinability are usually added to brass. The most important element
in this context is lead, which improves machinability due to excellent chip breaking, low
tool wear and high usable cutting parameters. These aspects can be explained by two
basic phenomena. First, the solubility of lead in brass is very low, and consequently, lead
segregation occurs throughout the microstructure, especially at the grain boundaries. This
will significantly reduce shear strength, resulting in very good chip breaking. Second,
lead exhibits a low melting point Tm = 327.5 ◦C. During cutting, lead decreases the chip
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ductility while a thin, semi-liquid lead film reduces friction and thus cutting forces and
tool wear [22–25].

However, since Pb is currently a strongly regulated substance due to environmental
and medical concerns, its substitution is of primary importance. Stavroulakis [26] and his
team have proposed four directions for further applied research to optimize the design and
processing of alloys without lead so as to overcome the characteristics and functionality of
conventional lead brass, which meet the requirements of environmental protection, human
health and sustainable development.

Brass alloy CW614N is the standard leaded alloy for free cutting purposes, while
CW510L and CW724R are lead-free brasses with good machinability, belonging to the group
of so-called eco-friendly brass alloys since, for both environmental and health reasons, the
reduction of lead in brass parts has great importance [27,28]. The basic characteristics of
the brass alloys used in the study are given in Table 1 [29–31] and chemical compositions
are given in Table 2 [32,33].

Table 1. Basic characteristics of machined brass alloys data from [29–31].

Characteristic Unit
CW510L

(Material 1)
CW614N

(Material 2)
CW724R

(Material 3)

Tensile strength Rm (MPa) 478–484 [25]
220–500 [28] *

456 [25]
360–500 [28] *

654 [25]
500–670 [28] *

Yield strength Rp0.2 (MPa) 310–315 [25] 324 [25] 400 [25]

Hardness HB 134–157 [25]
90–160 [28] *

154 [25]
90–160 [10] *

210 [25]
130–220 [28] *

Elongation to break A (%) 25–29 [25]
5–20 [28] *

26 [25]
5–20 [28] *

21 [25]
10–15 [28] *

Thermal conductivity λ (W/mK) 113–139 [25]
139 [28]

123 [25]
113 [28]

35 [25]
35 [28]

* Depending on the method of production.

Table 2. Indicative chemical compositions of machined brass alloys (wt%) data from [32,33].

Cu Zn Pb Si As P

CW510L (Material 1) 57.38 42 0.07 - - -

CW614N (Material 2) 57.61 39 3.32 - - -

CW724R (Material 3) 75.86 21 0.02 3.4 - 0.05

The presence of lead (Pb) in conventional leaded brasses (typical composition range
~2.5–3.5 wt%) favors machinability and machining operations, since it results in chip
fracturing, enhances lubrication and reduces cutting force minimizing tool wear, see for
instance [23,26,32]. It can therefore be said that when replacing the original (leaded) brass
with environmentally friendly brass alloys, the conditions of machining deteriorate (due to
a decreasing amount of lead), which can virtually directly reduce the productivity of the
machining process by reducing technological factors (especially cutting speed and feed) to
ensure the required qualitative factors (surface roughness, dimensions) and the efficiency
of the process (durability of the cutting tool).

The workpiece was provided in the form of rods with a diameter of 35 mm and a
length of 400 mm (Figure 5a). The bar was clamped with a maximum overhang of 200 mm
to maintain the required rigidity and before measurements, it was finely machined to a
diameter of 34.6 mm. The machined bar after experimental testing is shown in Figure 5b.
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(a) (b) 

Figure 5. Workpiece (a) rods provided by the supplier; (b) machined part.

2.2. Machining Process Using the Newly Designed Artificial Wear Methodology

A newly designed methodology was used for the machining of brass alloys based
on artificial wear to find out the response of the cutting tool and the whole system to
machining under given conditions. The approach was selected because of the existing
settings, which were mainly connected to the small diameter of the supplied bars. A
diameter of 35 mm is not suitable for long-term testing as it does not enable reaching the
desired cutting speed, and when the diameter of the workpiece is becoming smaller, the
stiffness of the bar reduces very quickly [33–35].

A total of 80 pieces of cutting inserts were specially modified by the experienced
supplier, while the artificial tool wear VBartif was created only on the major flank of the
tool. A tool wear VB was chosen as the most important factor affecting the quality of the
machined surface and the dimensional accuracy of the machined component. The values
of artificial wear within the experiments were selected in a geometric series so that they
could capture critical values and which are reflected in vibrations. From the point of view
of the machined surface, VB = 0.4 mm wear is considered critical during finishing. In the
experiment, this range was doubled to better understand the behavior of the machining
system and its responses to machining with a worn tool.

At every new test, a cutting tip with a new cutting wedge was used, so one cutting
insert was active for four experiments (with different corners). The geometry of created
artificial wear VBartif, as well as the values of the VBartif (mm) and grinding depth H (mm)
for the individual cutting inserts, are shown in Figure 6a, while prepared cutting inserts are
shown in Figure 6b.

  
(a) (b) 

Figure 6. (a) Geometrical and dimensional characteristics of artificial wear; (b) Cutting inserts with
prepared artificial wear.

Durability evaluation, with a constant cutting depth ap = 1 mm, constant feed f = 0.06 mm,
and cutting speeds vc = 100, 150, 225, and 337.5 m/min, was realized according to the
relation of diameters to the artificial wears listed in Table 3.
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Table 3. Relation of artificial wear and the workpiece diameters used in machining.

Range of the Workpiece Diameters (mm) VBartif (mm)

34.6–32.6 0.84
32.6–30.6 0.52
30.6–28.6 0.33
28.6–26.6 0.21
26.6–24.6 0.13
24.6–22.6 0.08
22.6–20.6 0.05
20.6–18.6 0.00

As is seen from Table 3, the tool with the highest wear (0.84 mm) was used for turning
the workpiece with the largest diameter (34.6 mm) and the tool with a sharp wedge was
used for machining the smallest considered diameter (20.6 mm) to ensure the best possible
degree of stability.

ISO 3685 recommendations were used for the maximum extent of geometric and
dimensional characteristics of the cutting tool, including working conditions as the basis
for settings, given that a similar standard for turning brass alloys with single-point turning
tools is not available. The cutting tool consists of a cutting insert (type SCGW 12T304
K10) and a tool holder (type SSBCR 2525 M 12-M-A); the basic characteristics are shown in
Table 4. On every machined surface, a new corner of a cutting insert was used.

Table 4. Geometrical and dimensional characteristics of the cutting tool.

Geometrical and Dimensional Characteristic Value

Cutting insert

Rake angle γ 0◦
Clearance angle α 7◦

Cutting edge inclination angle λs 0◦
Tool cutting edge angle κr 75◦

Tool included angle εr 90◦
Corner radius rε 0.4 mm

Tool holder

Tool cross-section 25 × 25 mm
Insert shape Square
Insert size 12.7 mm

Insert thickness 3.18 mm

The universal CNC turning machine DMG MORI ecoTurn 450 was used for experi-
ments. A three-jaw chuck and a rotational tailstock were used for the workpiece clamping
and supporting as shown in Figure 7.

 

Figure 7. Positions of the individual items of the machining set.
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2.3. Measurement and Evaluation of Vibration Intensity

A very important accompanying factor of machining is the generation of vibrations.
Machining vibrations are forced and self-excited in general. For the safety of the process
and the quality of its outputs, it is necessary to monitor self-excited vibrations [36,37].

The self-excitation mechanism in the chip generation during cutting contributes signif-
icantly to the characteristic vibrational spectrum of the entire process. Chipping can cause
the edge fracture of the machining tool, impairing cutting-edge sharpness and leading
to tool blunting. This type of tool failure increased cutting forces, resulting therefore in
further degradation of the machining performance (longer chips, higher fluctuations and
chattering, part distortion), causing serious defects in the machined surface quality [38–40].
The friction on surfaces between the tool and machined material generated a dynamically
discontinuous process. Tool wear significantly affects these friction-induced nonlinear
vibrations and can be observed through the vibration characteristics of new and worn
cutting tools. The evolution of the vibration characteristics can be used for the tool wear
progress monitoring, too [41–43].

The advantage of installing a system for collecting and evaluating the vibration char-
acteristics of the machining system for monitoring the tool wear process is that it only
minimally interferes with the construction of the machine tool and the cutting tool, the mon-
itoring takes place in real time, and this system can also be used to identify the condition of
the machine tool.

The assessment of experiments focused on the vibration response analysis was per-
formed in the complex system (Machine tool—Cutting tool—Fixture—Workpiece), there-
fore the vibration characteristics of the process were examined over a wide range of
frequencies (0–25 kHz).

The acceleration sensor Wilcoxon Research WR-712F-M4 was fixed on the bottom of the
tool holder, on the opposite side as a cutting insert was attached. The location of the sensor
was selected as close as possible to the cutting edge and at the same time in such a way that it
was protected from being attacked by chips. A National Instruments PXI-4462 measurement
card and LabView software were used to collect and analyze vibration data [44].

An example of a vibro-diagnostics signal in the time domain obtained for one minute
of a running machining process is shown in Figure 8. Signals obtained by all measurements
were analyzed by the Fast Fourier Transformation (FFT) method. Figure 9 shows the same
signal as in Figure 8 but is processed using Fast Fourier Transform (FFT) to observe the
measured amplitudes in the frequency domain.

The frequencies at which the peaks occurred are the so-called natural frequencies
(indicated in Figure 9 with red crosses). These correspond to the resonant frequencies of
the individual elements of the complex machining set, which can seriously influence the
overall oscillating properties of the system.

Figure 8. Example of signal collected for the evaluation process (time domain).
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Figure 9. Example of the signal in the frequency domain processed using Fast Fourier Transformation.

To specify the effect of individual “components” of the machining set on the frequency
characteristics and their rigidity, a numerical modal analysis of individual components of
the set was performed using the software Ansys 2022 R2. Figure 10 shows a modal analysis
of a cutting tool with VBartif = 0.05 mm. (Note: The numerical analysis is not the goal of the
presented research, so the authors do not go into detail with the boundary conditions).

 
Figure 10. Numerical modal analysis of the cutting tool.

Based on the results, it was specified that, e.g., the peak highlighted in Figure 9 as the
“Cursor 3” corresponds to the cutting tool, since the first natural frequency of the cutting
tool identified by numerical analysis is close to 15,000 Hz (i.e., it was precisely 14,946 Hz
for the presented numerical model consisting of the cutting insert and the tool holder, the
back planar surface of which was fixed).

A mean value of amplitude as an output of measurement of accelerations was taken
into account to evaluate the vibration intensity at the given conditions (specified by the
alternate combination of cutting speed and tool wear, and constant parameters cutting
depth ap = 1 mm, constant feed f = 0.06 mm).

The measured data were statistically processed using multiple linear regression
methodology in this sequence of steps [45,46]:

• Exclusion of outliers through the Grubbs test;
• Computing the regression coefficients bi for a linear model with independent variables

VBartif and vc and their mutual interaction;
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• Diagnosis of outliers using residuals;
• Determination of significance of linear regression relationships;
• Generation of graphical representation of statistically processed data.

An example of the datasheet with processed statistical evaluation of measured data
realized in MATLAB software is shown in Figure 11.

 
Figure 11. The example of a datasheet with statistical evaluation of measured data.

2.4. Chip Form Evaluation

The form of the chip created in the cutting process is an essential feature of the process
evaluation. The chip form influences mainly [47,48]:

• The quality of the process—e.g., long-length chips can attack finished surfaces;
• The stability of the process—e.g., long-length chips do not leave the machine, fill the

working space of the machine, and can be wound on a tool or workpiece, and they
harm the cutting process itself;
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• The environmental effect of the production—e.g., small, broken chips are far easier to
handle, store, transport and recycle.

A very good system of chip form evaluation is given in ISO 3685. The standard
classifies the chip form from the following points of view [49]:

1. The first aspect of chip classification consists of the basic characteristics of the chip form:

(a) Shape characteristic (represented by the first number in the classification, e.g.,
1—Ribbon, 6—Arc, 7—Elementary);

(b) Chip form extended characteristics (represented by the second number in the
classification, e.g., 1—Long, or 2—Short, etc.);

2. The second aspect is the direction of chip movement (represented by the third number
within the classification; these can be numbers from 1 to 4, e.g., 1—from the workpiece
in the feed direction; etc.).

3. The third aspect is the area on which the chip breaks (represented by the third number
within the classification; there can be used numbers from 5 to 8; e.g., 7—broken against
the workpiece surface).

Following the above chip form evaluation characteristics, it is possible to state the
criteria for the chip form suitability, while several priorities are considered in the crite-
ria statement:

• Secure required quality characteristics of machined surface;
• Safety automatic chip removal from the machine tool working area;
• Efficient chip handling, storage and removal, etc.

The chip form suitability classification scale can be tailored to specific requirements,
e.g., Good/Acceptable/Unacceptable, etc.

In order to simplify the above-mentioned chip form evaluation approach by using a
binary scale for basic and extended chip form characteristics, for the sake of clarity and a
better summary of the characteristics of the created chip, the authors chose to divide the
chip form in the final statement into two basic groups:

- Favorable
- Unfavorable.

No chip breaker was used for the cutting tool used for evaluation.

3. Results and Discussion

3.1. The Influence of Tool Wear and Cutting Speed on the Intensity of Tool Vibrations

During the vibration measurements, many data were recorded that needed to be
processed. Therefore, they had to be studied using several practices and methods related
to the phenomena of wear with respect to the chosen scope of cutting speed [50]. The
most important analysis focused on increasing the credibility of durability assessment
was the determination of the “general intensity of the vibration intensity of the system”.
Specification of "intensity" had to take into account the vibro-diagnostic changes of the ex-
perimental system to determine the needed machining factors, since any change in spindle
rotation (due to the required cutting speeds) considerably affects the frequency range that is
interconnected with the tool wear rate and manifested in the machining characteristics [51].

Data recorded during measurements for individual brass alloys are shown in Figure 12.
At first sight, it is clear from the dependencies in Figure 12 that the vibration intensity

of the tool is different for each of the three tested materials. The mean value of the
vibration intensity under the given conditions was further considered when generating the
dependence of the amplitude on wear and cutting speed. A graphical representation of
statistically processed data (mesh color surface) is shown in Figure 13.
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(a) (b) 

(c) 

Figure 12. Measured vibrations in a time domain for individual materials; (a) CW510L; (b) CW614N;
(c) CW724R.

 

(a) (b) 

 

(c) 

Figure 13. Graphical interpretation of vibration relationship on cutting speed and artificial tool wear
for individual materials; (a) CW510L; (b) CW614N; (c) CW724R.
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The results of the vibration amplitude divided the materials into two groups:

I. Material 1 (CW510L) and Material 2 (CW614N) show relatively low sensitivity for
generating vibrations through tool wear;

II. Material 3 (CW724R) shows the higher vibration intensity generated by tool wear
at lower cutting speeds.

To analyze the behavior of vibrating responses of the machining tool during the
turning of individual brass alloys, the following statements can be made.

When machining CW510L brass alloy, the vibration amplitude value increased with
wear and the cutting speed increased. This logically expected fact may be attributed to the
heterogeneous structure of the material, made of a mixture of alpha and beta phases of
the alloy, and the resulting very good value ductility, which is about twice as high as the
remaining two compared materials.

From the strength characteristics (Rm/Rp0.2) point of view, this material is at the
lowest amplitude values of the materials studied, which certainly contributes to a more
suitable force ratio in the chip root and the creation of the lowest cutting resistance. In this
case, mechanical properties are very well correlated with the lowest hardness values of all
compared materials and the resulting effect on the nature of chip formation and vibration
generation. Excellent thermal conductivity is certainly included in the comprehensive ac-
tion of the external manifestations during machining—which is comparable to the thermal
conductivity of the CW614N material but is three times better compared to the CW724R.
This gives a prerequisite for better heat distribution to the chips and machined material.

Monitoring of the vibrations during the machining of the CW614N alloy showed that
the value of the vibration amplitude increased uniformly with increasing wear on the
tool flank area, but decreased with increasing cutting speed. This was probably caused
by the duplex microstructure of the material containing insoluble lead particles, which
take over the function of reducing the friction of the contact surfaces of the tool and at
the same time serve in the place of the cutting plane of the chip as non-cohesive particles,
ensuring very good conditions for breaking the chip. The CW614N alloy showed half
the ductility value compared to the CW510L material, which indicated its lower plasticity
and lower ability to dampen vibrations. From the point of view of strength characteristics
(Rm/Rp0.2), the CW614N alloy is at the middle values of the studied materials, which also
indicates the middle values of the strength ratios at the root of the chip and the degree
of cutting resistance. Even in this case, the mechanical properties were well correlated
with the average hardness values of the compared materials and the resulting effect on
the character of chip formation and vibration generation. Excellent thermal conductivity,
which is comparable to the material CW510L but is three times better compared to the
material CW724R, certainly entered into the complex action of external manifestations
during machining. This gives the assumption of a better distribution of heat to the chip
and the machined material.

From the dependence of vibration intensity of the CW724R brass alloy on the wear
and cutting speed it can be seen that the value of the amplitude decreased uniformly with
increasing wear on the back surface of the tool and with increasing cutting speed. This
resulted from the material’s complex heterogeneous structure in which, compared to other
materials, the content of silicon is high. The influence of silicon is manifested mainly by
increasing the strength characteristics of brasses, which causes this material to have the
highest. In the case of machining, the influence of silicon in the structure is also significant,
with considerable grinding action on the tool flank surfaces, and increasing the width of
the worn surface as a resulting effect of increasing the damping properties of this frictional
contact. The lowest thermal conductivity of the compared materials probably caused
a significant increase in temperature in the cutting plane of the chip, thus a substantial
increase in local plasticity, and considerably different vibrational manifestations of the
machining system.
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3.2. Evaluation of Chip Form

Waste material from machining (chips, residues) was collected separately for each
evaluated group of materials so that it could be recycled and thus ensure a higher degree
of environmental protection and non-contamination.

Results of chip evaluation within durability tests are summarized in Figure 14.

 
Figure 14. Evaluation of chip form produced during experimental verification.

It can be stated that the machined brass alloys have shown relatively good chip for-
mation. The problematic chip form occurred only in some cases of Material 1 (CW510L)
and Material 3 (CW724R) that is marked in Figure 14 in yellow with the statement “Un-
favourable chip form”.

For each combination of machining conditions (given by the type of brass alloy,
cutting speed and artificial wear), a representative sample of the removed material was
documented in the form of a chip, which was registered and stored in the authors’ internal
database. Figures 15–18 document the comparison of the resulting forms of chips arising at
individual cutting speeds.

From the practical point of view, based on the results related to the chip form originat-
ing at the machining of selected brass alloys, it can be said that there are good production
conditions in terms of chip shape since it was affected very little by the type of alloy. Un-
desirable areas of unsuitable chip forms can be easily adjusted by changing the cutting
conditions (cutting speed and feed) or—the best practical solution—by using a cutting tool
with a chip breaker.
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Figure 15. Comparison of chips originated at cutting speed 100 m/min.
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Figure 16. Comparison of chips originated at cutting speed 150 m/min.
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Figure 17. Comparison of chips originated at cutting speed 225 m/min.
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Figure 18. Comparison of chips originated at cutting speed 337.5 m/min.

4. Conclusions

Machining is a complex process involving many variables and parameters. In many
cases, the theoretically derived dependencies of the basic factors of the cutting process
optimization cannot be directly applied in specific production settings, because the bound-
ary conditions (properties of the processed material, product characteristics, machine tool
characteristics, process conditions, etc.) in real practice significantly change the expected
results. It follows that for each individual system (machine tool, cutting tool, and product),
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lengthy experimental verification and evaluation would be necessary, which is not possible
in practice due to the required high productivity and production efficiency.

A huge disadvantage of the classic approach when creating optimization models is
that, despite very precise preparation and processing of experimental results, it is not
possible to exclude the occurrence of random events that will significantly shorten the
life of some cutting tools and thus cause complications in production. Therefore, in real
production conditions, monitoring the response of the system to real stimuli appears to
be the most suitable way of monitoring the actual state of the cutting tool, to which the
presented research contributes to a large extent.

The primary objective of this research was to determine the level of vibration intensity
of machining in response to a particular tool wear while turning brass alloys, and thus
determine the level (borderline) at which the process is stable in the newly proposed
methodology with an inverse approach that is based on artificially generated tool wear
(prepared in advance in advance on the major flank). A supplementary part of the research
was the study of chip formation when machining brass alloys in the given machining
conditions, as this is directly connected to the wear of the tool. Specifically, the research
results can be summarized as follows:

• The collection and processing of the experimentally obtained data were carried out
using the standard steps of the multiple linear regression methodology to evaluate the
dependence parameters (vibration characteristic and chip shape characteristic) on the
experimental factors (cutting speed and artificial wear VBartif).

• Based on the measured data, the statistical dependences of the acceleration ampli-
tude (A) as a vibration characteristic on the experimental factors (vc, VBartif) were
determined—all at the required level of statistical reliability.

• CW510L and CW614N brass alloys were found to exhibit an average of three times
lower vibration damping compared to CW724R alloy.

• The CW724R brass alloy showed significantly steeper dependences of vibration gen-
eration in terms of changes in cutting speed and VBartif wear compared to the other
two materials.

• Differences in susceptibility to the generation of vibration manifestations are probably
caused by the structure of the evaluated materials.

• The evaluated material production conditions significantly affect the vibro-diagnostic
characteristics of the machining process, while for CW510L the slope of the dependence
of the amplitude on the cutting speed is opposite to that for the other two materials
(with increasing speed, the amplitude grew).

Regarding the evaluation of chip shape properties, it can be concluded:

• The experiments showed relatively good chip formation in the evaluated machining
conditions even without the use of a chip breaker.

• The problematic chip shape occurred only in some cases with material 1 (CW510L)
and material 3 (CW724R), which cannot be generally determined.

• From the point of view of suitable chip formation, the production conditions were
very little affected by the type of alloy.

• Undesirable areas of inappropriate chip shape can be easily adjusted in practical
applications by changing the feed, cutting speed, or—the best practical solution—by
using a cutting tool with a chip stiffener optimized for the given process.

In the near future, the authors would like to continue the research with the measure-
ment of cutting forces for the same or for a reduced experimental design.
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Abstract: Concentrated Solar Energy (CSE) processing is considered a promising renewable energy
source technique for elaborating thick, wear-resistant claddings onto metallic surfaces of large
dimensions that are expected to operate in heavy duty applications, such as excavator shovels,
mineral crushers, etc. However, the prediction of surface processing effects on the microstructure and
the properties of the main construction base metal are of crucial importance, as they are commonly
required in all surface modification techniques. Thus, the present study is focused on the inverse
thermal analysis and parametric modeling of heat deposition associated with CSE surface processing
of metals. In this preliminary attempt, experimental findings that concern the elaboration of TiC-
and chromium carbide-reinforced clads onto common steel base metals were used to quantify the
evaluation of the temperature histories within the volume of workpieces undergoing solar heating,
where direct temperature measurements contain uncertainties and/or are not even possible. Results of
prototype inverse thermal analyses of heat transfer in processed layer-substrate systems are presented,
demonstrating the general aspects of a parametric model for thermal analysis and simulation.

Keywords: inverse thermal analysis; parametric modeling; concentrated solar energy processing;
cladding; wear-resistant surface layers

1. Introduction

Concentrated Solar Energy (CSE), that is, the production of medium- to high-temperature
heat by means of movable mirrors that track the sun and concentrate its radiation on a focal
point/area has been proposed, among others, as a “green” technique for implementing surface
modifications of metallic substrates [1], leading to surface layers of superior performance
during operation via surface hardening [2,3], gas nitrating [4], cladding [5–8] and surface
alloying [7,9]. Almost twenty-five years ago, Flamant et al. [3] introduced solar processing to
perform such high temperature material treatments, documenting on technical and economic
data, when comparing concentrated solar beams to other nonconventional ones, namely laser
and plasma. Although the capital cost of such solar systems is higher than those of laser and
plasma sources, the higher overall energy efficiency and the feasibility of treating surfaces
of much larger dimensions are attractive, important features for considering concentrated
solar energy for applications in the specific field of surface modification of solids. Despite its
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233



Metals 2023, 13, 942

main disadvantage related to the sun availability [10], CSE remains a promising alternative to
conventional heat sources [11] for specific applications, such as cladding of large dimension
metallic surfaces.

The feasibility of CSE treatment in the field of materials science and metallurgy has
been proven for various processes and several materials. However, the heat effects during
the whole processing history of the treated material are still a matter of concern for the
relevant scientific community, since the metallurgical transformations take place not only
during solar exposure, but they last during cooling from above or near melting to ambient
temperature, controlling in this way the microstructure and the properties of both the
directly solar-treated layer, as well as those of the underlying material.

In the case of solar cladding process of AISI 316 stainless steel over AISI 1026 common
steel [12], the satisfactory agreement between experimental observations and numerical
simulation results carved out a solid base for further optimization of the solar cladding
parameters. More precisely, stainless steel powder was pre-deposited on the base metal
surface and the system was solar irradiated, whilst the temperature evolution of the
base metal was recorded in real-time by the aid of K-type thermocouples welded at three
different locations on the opposite side of the irradiated surface. These results, together with
the thermophysical properties of the material system, were used to develop and validate a
finite element model (FEM) that could reliably predict the level and extent of the thermal
fields that occurred during solar processing. Microscopic observations revealed, mainly,
the dendritic structure of the obtained clads and verified further the good agreement to the
numerical thermal model’s predictions.

In order to improve the homogeneity inside the test chamber for materials process-
ing [13], a numerical thermal model was developed, taking as main assumptions that heat
transfer occurs via: (i) conduction through the receiver plate; (ii) radiation between the
up-plate and the down-plate; (iii) natural convection between the plates and the surround-
ing medium. For the validation of the numerical model, two materials of vastly different
physical properties -thermal conductivity, specific heat capacity and emissivity- were used
as receivers (up-plates) under three set-up configurations and the temperature evolution
was recorded in real-time by the aid of a set of five K-type thermocouples placed at spe-
cific locations of the tested materials system. The combined evaluation of the numerical
simulation and experimental results revealed that the thermal fields developed during
solar irradiation are controlled by the thermal properties of both the down–plate and the
surrounding medium; thus, the optimization of a required solar processing is strongly
dependent on the proper selection of the set-up configuration and not exclusively on the
solar irradiation parameters.

In the case where solar processing incorporates melting of the irradiated materials,
as in welding [14], the thermal fields developed under the constraints imposed by the
particular experimental configuration and solar exposure parameters determine also the
microstructure obtained during materials re-solidification, as well as that of the heat affected
zone (H.A.Z.). In the case of solar sintering of Al2O3-based ceramics [15], high levels of
densification of the green bodies were achieved, which cannot be obtained by conventional
sintering in electric furnaces without applying pressure. The relevant dense microstructure
obtained was attributed to the high heating rates and short sintering duration during solar
treatment that restrained grain growth, whilst the use of a 95N2:5H2 mixture as surrounding
medium was found to result in pores elimination. Similar observations were reported in the
case of solar sintering of Ni-Zn ferrites [16]; compared to sintering in conventional electric
furnace, the solar-based technique led to ferrites of higher densification that influenced
both their mechanical and magnetic properties.

Solar sintering of bulk carbide-reinforced metallic-matrix composites [17] was achieved
by pre-mixing vanadium carbide and AISI M2 high speed steel powders, and successive
solar exposure using (a) Fresnel lens and (b) solar furnace, for various reinforcing parti-
cles percentages and treatment parameters. The experimental results revealed the high
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microstructural quality of the treated material and are significantly encouraging for per-
forming further such metallurgical processes via concentrated solar energy.

Finally, the particular thermal cycles during solar processing, that is, high heating rate
and controlled dwell time at a temperature level, as well as the thermal field implied in the
receiver’s volume allowed foaming of Al-Si precursors and led to stable porous metallic
structures, overcoming the common drawback of pore collapse when thermal treatment
takes place in electric furnaces [18].

Inverse analysis of volumetric heat-deposition processes [19–24], for example, weld-
ing [25,26], poses a specific problem, which follows from the unique characteristics and
relative complexity of such processes. These processes are typically characterized by re-
gions of volumetric heat deposition having complex shapes and heat-source-workpiece
interactions. Modeling and inverse analysis of thermal processes within these regions of
volumetric deposition, for example, inverse thermal analysis, remains an open problem,
distinct from other problems of inverse analysis. Heat-deposition fields, for example,
temperature fields, associated with these processes are a function of the nature of the
energy source interaction (or coupling) with the ambient medium. The general charac-
teristics of interactions between sources and ambient media, especially for the case of
energy-deposition processes such as welding, motivates a relatively well-defined pos-
ing of the problem for inverse analysis of deposition processes. This posing establishes
the need for parametric models of deposition processes whose formulations are optimal
for inverse analysis of complex source-ambient-medium interactions. For example, in-
verse thermal analysis of welding processes still remains an open problem, because of the
complexity of energy-source-workpiece coupling related to the wide range of different
welding processes [27].

The present study continues upon experimental research previously published by
members of the authors’ team [7,8], where the feasibility of using CSE technology for
the elaboration of wear-resistant surface layers has been proven. Nevertheless, the eval-
uation of the temperature field within the workpiece is the crucial factor that controls
the microstructure obtained in both the solar-treated surface layers and the underlying
metal and, thus, their mechanical properties that finally affect the machinability of the
so-treated workpiece using conventional tools, as well as the in-service performance of the
surface-treated mechanical components. For this purpose, the particular work—part of
which has been presented at the Advances in Welding & Additive Manufacturing Research
Conference [28]—is targeted to the inverse thermal analysis and parametric modeling
of heat deposition associated with the specific heat-deposition taking place during CSE
surface processing, in order to describe temperature histories within the volume of the
solar-treated workpieces, where direct temperature measurements contain uncertainties
and/or are not even possible.

2. Materials and Methods

The inverse thermal analysis developed is based on microscopic observations of two CSE-
treated materials systems, namely TiC and Cr3C2 powders pre-deposited onto similar carbon
steel substrates, at the installations of Plataforma Solar de Almería, PSA (Spain), in particular
at the horizontal solar furnace SF40 [29]. As mentioned above [7,8], the general aspects of
the surface solar processing have been described in detail in previous works. Carbon steel
(DIN 17100 St 37-2) specimens with dimensions 50 × 70 × 15 mm were used as base metals
on the polished surface on which the carbide powders were deposited, under preparation
conditions such that no interactions between the powder and the substrate material could
take place. More precisely, 3.37 g of TiC powder with a particle size distribution −149 + 74 μm
and 5.71 g Cr3C2 powder with a particle size distribution of −106 + 45 μm had been manually
deposited in the form of disks (∅35, thickness: 1.5 mm), prior to solar processing (Figure 1a).
The so-prepared specimens were placed at the center of the processing chamber (Figure 1b),
onto a thermal insulating Al2O3 support and exposed to concentrated solar energy (Figure 1c)
under continuous flow of Ar inert gas.
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Figure 1. Experimental details for the CSE processing aiming to surface cladding: (a) material
system to be solar-treated; (b) positioning of the prepared specimen in the processing chamber;
(c) experimental arrangement for solar processing.

For both material systems, the microscopic observations provide quantitative results
on both the extent and geometry of the surface layer that has been led to melting, and the
underlying Heat Affected Zone (H.A.Z.), as well as on the metallurgical reactions taking
place in the melt and its microstructure obtained during solidification.

3. Experimental Findings and Physical Model

The two material systems considered for prototyping solar-heating analysis in this
study exhibited extremely different behavior [7]. In the case of TiC powder (Figure 2), the
ceramic particles were dispersed in the liquid metallic matrix, without any metallurgical
reaction with it, leading to a “clear” surface composite layer after cooling to ambient
temperature (Figure 3). On the contrary, after sufficient solar exposure (Figure 4) the Cr3C2
particles were totally incorporated in the molten pool and diluted in it, leading to a new
surface alloy rich in Cr rather than to a surface composite layer (Figure 5).
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Figure 2. Solar processing of TiC/carbon steel system: (a) successive stages during solar processing
(dashed line: experimental measurements, reproduced from [7], license number: 5545980711788);
(b) half area of the solar-treated specimen obtained (stereoscope cross-section).

Figure 3. Optical micrograph of the solar-treated TiC/carbon steel system cross-section, where areas
of different microstructure can be clearly identified (middle of the CSE-affected area). Areas marked
as A, B and C on the left image, are presented in higher magnification at the right column.

237



Metals 2023, 13, 942

 
Figure 4. Solar processing of Cr3C2/carbon steel system: (a) successive stages during solar processing
(dashed line: experimental measurements, reproduced from [7], license number: 5545980711788);
(b) overall cross section of the solar-treated specimen obtained (stereoscope cross-section).

Figure 5. Optical micrograph of the solar-treated Cr3C2/carbon steel system cross-section, where
areas of different microstructure can be identified (middle of the CSE-affected area).

During solar treatment, the surface temperatures of irradiated specimens were moni-
tored in real-time via an optical pyrometer. It should be noted that with respect to inverse
thermal analysis, it is assumed that the measured temperatures are estimates, owing to
uncertainties due to liquid-surface movement during process-evolution and ambient vapor
in the sealed testing bell-jar chamber.

Based on the above experimental findings, a generic physical model describing phe-
nomena that take place during successive stages can be proposed (Figure 6):

• During heating at surface temperature below the melting temperature of the substrate
(Tmax: 1540 ◦C), the concentrated solar energy is absorbed only by the area covered by

238



Metals 2023, 13, 942

the black-colored ceramic particles, while it is reflected by the noncovered polished
surface of the base metal (Figure 6a).

• During heating at surface temperature above the melting temperature of the substrate,
the solar energy absorbed results in progressive melting of the underlying metal and
immersion of the pre-deposited powder in the melting pool (Figure 6b).

• Lasting the solar exposure of the workpiece, the depth of the melting pool increases
and the circulation currents in the ferrous melt lead to the homogeneous distribution
of the carbide particles in the liquid metal (Figure 6c). Depending on the nature of the
incorporated carbides, they either remain non-attacked (TiC case), or are diluted in the
molten steel (Cr3C2 case).

• During cooling to ambient temperature, the solidification of the melts follows the
thermodynamic path imposed by their chemical composition, whilst solid state metal-
lurgical transformations complete the final microstructure of the obtained solar-treated
surface, as well as that of the heat-affected area, H.A.Z., (Figure 6d). In both ma-
terial systems, the areas of dendritic growth (Figures 3 and 5)—at the bottom of
the re-solidified pool, in contact to the nonmolten base metal—are indicative of the
solidification starting points and the heat dissipation directions.

 
Figure 6. Simplified schematic representation of the successive stages that can be distinguished
during surface solar processing: (a) absorption of concentrated solar energy by the area covered by
the black-colored powder particles; (b) heat transfer to the metallic substrate and surface liquidation
of the volume wherein temperature exceeded its characteristic melting value; (c) immersion and
dispersion of the pre-deposited particles in the molten metallic pool; (d) re-solidified surface volume,
consisting of dispersion (case of TiC powder) or total dilution (case of Cr3C2 powder) of the ceramic
particles within the substrate metallic matrix and cooled to ambient temperature.
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This physical model (Figure 6) is applied to describe thermal phenomena taking place
during the particular solar processing. As depicted, the heat transfer associated with this
process is time-dependent and rather complex, as it is governed by the:

• nature of coupling between the surface-heating source and the workpiece that consists
of a powder layer onto a metallic substrate. This coupling is not purely diffusive, but
in principle, is a combination of Beer—Lambert-type volumetric energy deposition
and advection-diffusion of heat;

• thermal contact properties at the pre-deposited powder layer-metallic substrate interface,
• complexity of the metallurgical transformations taking place between the powder

layer and substrate materials;
• changes in volume and shape of the molten region that are produced by the dispersion

of the powder particles in the solar-affected region of the substrate materials.

It should be noted that the schematic description presented in Figure 6 does not
include the process phases of dilatation of the metallic substrate during liquidation of the
metal and shrinkage of the composite volume, which is the sum of layer and substrate
material volumes during re-solidification and cooling to ambient temperature.

4. Inverse Thermal Analysis

The posing of the associated inverse thermal analysis problem can be derived from
the above experimental observations, the surface temperature measurements and the
generic physical model described. Given the known qualitative characteristics of the solar-
heating process, thermal properties of the constitute materials, shapes and geometries of
the powder-layer-substrate system at onset of heating and the re-solidified region after
termination of process, and estimates of surface temperature as a function of time, the
first step is to construct a parametric model structured for input of this information for
prediction of temperature histories within the volume of processed workpieces. Then,
the inverse problem is solved accordingly, constrained by the resulting molten volume of
mixed material at the surface and estimated surface-temperature history, for the purpose
of controlling treatment depth as a function of irradiation time. In principle, treatment
depth would be defined by metallurgical transformations taking place within the volume
of mixed material during processing. Temperature histories calculated by inverse thermal
analysis would be used as input to transformation models and associated software for
prediction of metallurgical transformations [26]. The inverse problem, as defined by the
solar-heating process, consists of two separate parts, namely estimation of time-dependent
temperature fields during heating and cooling, each one associated with the respective
stage of the process. As revealed in what follows, more detailed information tends to be
available for inverse thermal analysis during the cooling phase, owing to its accessibility
by convenient measurement and post-process metallographic analysis.

Presented in this section is a parametric model for inverse thermal analysis of heat
transfer through a thin layer of surface material, and a volume of an underlying substrate
material, which is characteristic of the process considered here. This model, which uses the
heat-kernel solution of the heat-conduction equation as ansatz [27], is given by:

T(x, t) = C(t)G(x, xk, t) (1)

and
T(x = xk, t) = TSur f ace(t) (2)

for t < th, the heating period, and for t > th, the cooling period,

T(x, t) = C(th)G(x, xk, t) (3)
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where:

G(x, xk, t) =
1√

4πκut
exp

[
− (x − xk)

2

4κut

]
+

W0√
4πκut

exp

[
−
(
ximag

)2

4κut

]
(4)

for x ≥ xl :

G(x, xk, t) =
W1√
πκdt

exp

[
− 1

4t

(
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κd
+
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κu

)2
]

(5)

and for x ≥ xs :

G(x, xk, t) =
W1√
πκdt

exp

[
− 1

4t

(
x − xs√

κs
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xs − xl√
κd

+
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]

(6)

where the weight coefficients W0 and W1 are given by:

W0 =
ku
√

κd − kd
√

κu

ku
√

κd + kd
√

κu
(7)

and
W1 =

2kuκd√
κu

(
ku
√

κd + kd
√

κu
) (8)

The distance within the layered material from the surface (at xk) is (x − xk), and
the location of the interface between the thin-layer and the substrate is (xs − xk). The
quantities ku, ku are the estimated thermal conductivity and diffusivity of the thin-layer,
and ks is the thermal diffusivity of substrate materials, respectively. The quantities xl, kd
and kd are adjustable phenomenological parameters for modeling thermal coupling of layer
to substrate at their interface. Accordingly, the distance parameter xl is not associated
with an actual physical location within the layer system. For x < x1, ximag = x + xk − 2xl ,
which is also a phenomenological parameter, is not associated with the image-distance of a
physical location. Similarly, although kd and kd are formally conductivity and diffusivity,
respectively, they do not represent bulk material properties, relevant schema is presented
in Figure 7. The function C(t) is specified by the boundary and initial conditions defined by
Equations (2) and (3), respectively. Specifically, the model assigns two conditions during
heating, namely the measured surface temperature and the time period of heating, and one
after termination of heating, the time period of cooling. Equations (4)–(8) are the heat-kernel
solution to the heat-conduction equation for a one-dimensional system consisting of a layer
of a material of finite thickness, on a substrate of essentially infinite extent, where the layer
and substrate materials have different thermal properties [25], and there exists complex
coupling between the surface-heating source and workpiece, that can be a combination of:

• Beer—Lambert-type volumetric energy-deposition and advection diffusion of heat;
• differentiation of the thermal properties of the surface layer-substrate at the

contact interface;
• nonuniform mixing of layer and substrate materials;
• temporal changes of the volume and the exact shape of the molten pool.

This complex coupling is modeled via the adjustable phenomenological parameters xl,
kd and κd; whilst for the TiC/steel system, the estimated thermal properties and model pa-
rameters are: ku = 5.64 W/(kg ◦C), κu= 1.306 × 10−6 m2/s [30], κs = 1.483 × 10−5 m2/s and
xs = 1.5 mm, and those for the Cr3C2/ steel system are: ku = 15 W/(kg ◦C),
κu= 1.612 × 10−5 m2/s [31–34], κs = 1.483 × 10−5 m2/s and xs = 3.0 mm. For the analyses
whose results are shown in Figures 8–13, the quantity g is an adjustable coefficient for
assigning values to the phenomenological parameters kd and kd, which is completed by
scaling of measured thermal properties of material layers.
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The results of inverse thermal analyses for the solar processing of the TiC/common
steel system are presented in Figures 8–10, whilst those of the Cr3C2/common steel system
are presented in Figures 11–13. In all cases, the values of the adjustable phenomenological
parameters xl, kd and κd are provided in the figure captions.

Shown in Figure 8 are different volumetric temperature distributions at completion
of surface heating of the TiC/common steel system, which is on a timescale that is small
relative to that of heat conduction in the layered material (see inset of Figure 9b). As
indicated in Figure 8, the shapes of these temperature distributions are a function of
the phenomenological parameters xl, kd and kd. Referring to Figure 8, the temperature
distributions for xl = (70/100)1.5 mm and xl = (10/100)1.5 mm correspond, respectively, to
total and partial volumetric energy deposition.

Figure 7. 2D-Schematic representation of regions of the layered-system, and associated material
properties and phenomenological parameters for the 1D model defined by Equations (1)–(7).

 
Figure 8. Temperature field at end of heating period as a function of adjustable phenomenological
parameters xl, kd and κd (system TiC/common steel).
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Figure 9. Simulations for the system TiC/common steel at xl = (70/100) 1.5 mm: (a) heating period;
(b) cooling period [kd = g54.0 W/(kg. ◦C), κd = g1.483 × 10−5 m2/s, where g = 3 × 10−5].

 

Figure 10. Simulations for the system TiC/common steel at xl = (10/100) 1.5 mm: (a) heating period;
(b) cooling period [kd = g54.0 W/(kg. ◦C), κd = g1.483 × 10−5 m2/s, where g = 2.5 × 10−4].
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Figure 11. Temperature field at end of heating period as a function of adjustable phenomenological
parameters xl, kd and κd (system Cr3C2/common steel).

 
Figure 12. Simulations for the system Cr3C2/common steel at xl = (160/200) 3.0 mm: (a) heating
period; (b) cooling period [kd = g54.0 W/(kg−◦C), κd = g1.483 × 10−5 m2/s, where g = 3 × 10−5].
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Figure 13. Simulations for the system Cr3C2/common steel at xl = (25/200)3.0 mm: (a) heating
period; (b) cooling period [kd = g54.0 W/(kg−◦C), κd = g4.6 × 10−4 m2/s, where g = 3 × 10−5].

Shown in Figures 9 and 10 are heating and cooling periods for the TiC/common
steel system, corresponding, respectively, to total and partial energy deposition during
surface heating. Comparison of temperature histories shown in Figures 9 and 10 indicates
a relative insensitivity of temperature histories in terms of trend during cooling to the
range of volumetric energy deposition from partial to total. This result is significant in
that estimating the temperature distribution at completion of surface heating, because the
complexity of the solar heating process, consisting of multiple coupled physical processes,
poses a more difficult problem than estimating the temperature history in the layered
system, which is based on heat conduction alone. In particular, of significance is that the
temperature distribution at completion of surface heating provides a boundary condition,
in terms of the heat conduction equation [27], for prediction of temperature histories in the
layer system. There is a direct correlation between maximum temperature at layer-substrate
interface and the extent of energy deposition at the surface (see insets of Figures 9 and 10).

From a practical point of view, the feasibility of a quantitative analysis of temperature
fields developed during solar processing could be used as a useful tool for the prediction
of the microstructure of the solar-treated surface layers (e.g., top layer reinforced by a
dispersion of TiC particles, dendritic growth at the bottom melt pool area in contact with
the unmolten metal), the extent and the microstructure of the underlying heat affected
zone, as well as the solid state modifications of the base metal microstructure (e.g., stress
relief, grains growth).

The analysis whose results are shown in Figures 11–13, for the Cr3C2/common steel
system, follows the same procedure as above for the TiC/common steel system. Shown
in Figure 11 are different volumetric temperature distributions at completion of surface
heating of the Cr3C2/common steel system, ranging from partial to total volumetric energy
deposition. Referring to Figure 11, the temperature distributions for xl = (160/200) 3.0 mm
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and xl = (25/200) 3.0 mm correspond, respectively, to total and partial volumetric en-
ergy deposition. Shown in Figures 12 and 13 are heating and cooling periods for the
Cr3C2/common steel system, corresponding, respectively, to total and partial energy de-
position during surface heating. As for the previous analysis, comparison of temperature
histories shown in Figures 12 and 13 indicates a relative insensitivity of temperature histo-
ries with respect to trend during cooling to the range of volumetric energy deposition from
partial to total, and direct correlation between maximum temperature at layer-substrate
interface and the extent of energy deposition at the surface (see insets of Figures 12 and 13).

From a practical point of view, the verification of the quantitative description potency
in the case of Cr3C2 powder that is totally dissolved in the liquid ferrous matrix constitutes
strong evidence for the development of a generic model, valid for the quantitative descrip-
tion of solar surface processing of other pre-deposited carbide powder/base metal systems,
whatever the metallurgical reactions could be. Thus, such an inverse thermal analysis could
be applied as a prediction tool for optimising the solar processing parameters, in order
to control the microstructure and, consequently, the mechanical properties and in-service
performance of solar-treated material systems.

Overall, the energy deposition process is multiscale with respect to heat transfer,
owing to a region of rapid heating (top, directly irradiated layer) being coupled to one
of purely diffusive heat transfer (underlying workpiece volume), thus posing a specific
problem for inverse thermal analysis, as discussed above (see Figures 6 and 7). The
model, Equations (1)–(8), and simulations using this model, whose results are shown in
Figures 8–13, examines the nature of the coupling between two regions where heat transfer
occurs on different timescales, and is controlled by characteristics of their interface coupling.
The timescale and rate for heat transfer at the top layer can be estimated by in-situ surface-
temperature measurements and ex-situ optical microscopy observations of the volume
of the workpiece, while rate for heat transfer within the workpiece is predictable given
the thermal diffusivity and observed microstructural changes within the workpiece, see
Figures 2–5. The unknown characteristic of the layered system, to be estimated by inverse
thermal analysis, is the coupling between these regions.

What is known a priori concerning the thermal physics of interfaces between two materi-
als having different thermal properties is represented formally by the model Equations (1)–(8).
Considered in this model is that even for the ideal case, where thermal contact resistance
is not present, differences in thermal diffusivity are sufficient to induce reflected thermal
transport during time-dependent heat transfer across an interface [27]. For the nonideal case,
which should be assumed for the process considered here, contact resistance at the interface
will contribute to reflected heat transfer within the top layer. The characteristics of contact
resistance with respect to reflected heat transfer is by nature extremely complex, having multi-
variable dependence, and thus modelled using phenomenological parameters. The results of
simulations show that a range of reasonable estimated interface-coupling strengths, defined by
phenomenological adjustable parameters (see Figures 8 and 11), can be determined by inverse
thermal analysis, given the measured boundary constraints imposed by the top-layer and
workpiece regions. With respect to process control, these simulations show that characteristics
of the interface coupling are a significant controlling factor for heat transfer, as demonstrated
by comparison of Figures 9 and 12 to Figures 10 and 13, respectively, and thus may suggest
methods of process control in the future. Overall, the solar heating process is defined by rate
of solar-energy coupling to the top layer, and subsequently, coupling of this energy to the
workpiece, which is a function of interface heat-transport characteristics.

Recently, such an inverse analysis approach has been successfully adopted for the
evaluation of the solidification path of stainless steel melts [35] and microstructure modifi-
cations of Inconel 718 [36], both taking place during additive manufacturing via Selective
Laser Melting.
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5. Conclusions

The purpose of this study was to describe a generic parametric model for the estimation
of temperature histories within bi-material workpieces subjected to surface treatment
applying Concentrated Solar Energy. During solar processing, details on the exact amount
of the volumetric energy deposition within the workpiece are difficult to be determined.
Thus, reverse thermal analysis constitutes a powerful tool for describing quantitatively
the temporal and spatial temperature evolution, based on post-processing metallographic
observations of the microstructures obtained.

In summary, the CSE surface treatment of two carbide powder/common steel sys-
tems resulted in reinforced surface clads that have been previously proven to exhibit
acceptable machinability using conventional cutting tools and superior in-service wear
resistance. The present first attempt revealed the potential of applying reverse thermal
analysis and parametric modeling for the prediction of the temperature history within the
CSE-affected area and to correlate, by extension, the solar-layers performance to the solar
processing parameters.

Author Contributions: Conceptualization, P.P.P.; thermal analysis, S.G.L. and A.D.Z.; experimental
validation, A.G.M., I.G.P. and J.R.; metallographic observation, I.G.P.; solar processing, A.G.M. and
J.R.; initial manuscript preparation, S.G.L. and A.D.Z.; final manuscript preparation and editing, P.P.P.
All authors have read and agreed to the published version of the manuscript.

Funding: The experimental work received partial funding from EU-DG RTDs Programme “Solar
Facilities for the European Research Area—Second Phase –SFERA II” (projects: CarbiSol P1404300058,
P1503060136 and P1602050194). The work of S.G.L. was supported by a Naval Research Laboratory
(NRL) internal energy-deposition processes modeling core program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this article are available at request from the corre-
sponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pitts, J.R.; Tracy, E.; Shinton, Y.; Fields, C.L. Applications of solar energy to surface modification processes. Crit. Rev. Surf. Chem.
1993, 2, 247–269.

2. Rodríguez, G.P.; de Damborenea, J.J.; Vázquez, A.J. Surface hardening of steel in a solar furnace. Surf. Coat. Technol. 1997, 92,
165–170. [CrossRef]

3. Flamant, G.; Ferriere, A.; Laplaze, D.; Monty, C. Solar processing of materials: Opportunities and new frontiers. Sol. Energy 1999,
66, 117–132. [CrossRef]

4. Rodríguez, G.P.; Herranz, G.; Romero, A. Solar gas nitriding of Ti6Al4V alloy. Appl. Surf. Sci. 2013, 283, 445–452. [CrossRef]
5. Pantelis, D.I.; Psyllaki, P.; Sarafoglou, C. Surface alloying on cast iron using concentrated solar energy. Fonderie Fondeur Aujourd’hui

2002, 211, 23–33.
6. Mourlas, A.; Psyllaki, P.; Pantelis, D. Anti-wear TiC-based surface layers using concentrated solar energy. Key Eng. Mater. 2016,

674, 296–301. [CrossRef]
7. Mourlas, A.; Pavlidou, E.; Vourlias, G.; Rodríguez, J.; Psyllaki, P. Concentrated solar energy for in-situ elaboration of wear-resistant

composite layers. Part I: TiC and chromium carbide surface enrichment of common steels. Surf. Coat. Technol. 2019, 377, 124882.
[CrossRef]

8. Mourlas, A.; Pavlidou, E.; Vourlias, G.; Rodríguez, J.; Psyllaki, P. Concentrated solar energy for in-situ elaboration of wear-
resistant composite layers. Part II: Tungsten carbide surface enrichment of common steels. Surf. Coat. Technol. 2019, 375, 739–751.
[CrossRef]

9. Pantelis, D.I.; Griniari, A.; Sarafoglou, C. Surface alloying of pre-deposited molybdenum-based powder on 304L stainless steel
using concentrated solar energy. Sol. Energy Mat. Sol. Cells 2005, 89, 1–11. [CrossRef]

10. Fernández-González, D.; Ruiz-Bustinza, ĺ.; González-Gasca, C.; Piñuela-Noval, J.; Mochón-Castaños, J.; Sancho-Gorostiaga,
J.; Verdeja, L.F. Concerntrated solar energy applications in materials science and metallurgy. Sol. Energy 2018, 170, 520–540.
[CrossRef]

11. International Energy Agency. Renewable Energy for Industry: From Green Energy to Green Materials and Fuels. 2017. Available
online: https://www.iea.org/publications/freepublications/publication/ (accessed on 25 March 2023).

247



Metals 2023, 13, 942

12. Sánchez Bautista, C.; Rodríguez, G.P.; Ferriere, A. Numerical modelling of the solar cladding process. Surf. Coat. Technol. 2008,
202, 1594–1605. [CrossRef]

13. Li, B.; Oliveira, F.A.C.; Rodríguez, J.; Fernandes, J.C.; Rosa, L.G. Numerical and experimental study on improving temperature
uniformity of solar furnaces for materials processing. Sol. Energy 2015, 115, 95–108. [CrossRef]

14. Romero, A.; García, I.; Arenas, M.A.; López, V.; Vázquez, A. High melting point materials welding by concentrated solar energy.
Sol. Energy 2013, 95, 131–143. [CrossRef]

15. Román, R.; Cañadas, I.; Rodríguez, J.; Hernández, M.T.; González, M. Solar sintering of alumina ceramics: Microstructural
development. Sol. Energy 2008, 82, 893–902. [CrossRef]

16. Gutiérrez-López, J.; Levenfeld, B.; Várez, A.; Pastor, J.Y.; Cañadas, I.; Rodríguez, J. Study of the densification, mechanical and
magnetic properties of Ni-Zn ferrites sintered in a solar furnace. Ceram. Int. 2015, 41, 6534–6541. [CrossRef]

17. Herranz, G.; Romero, A.; DeCastro, V.; Rodríguez, G.P. Processing of AISI M2 high speed steel Reinforced with vanadium carbide
by solar sintering. Mater. Des. 2014, 54, 934–946. [CrossRef]

18. Cambronero, L.E.G.; Cañadas, I.; Martínez, D.; Ruiz-Román, J.M. Foaming of aluminium-silicon alloy using concentrated solar
energy. Sol. Energy 2010, 84, 879–889. [CrossRef]

19. Ozisik, M.N.; Orlande, H.R.B. Inverse Heat Transfer, Fundamentals and Applications; Taylor & Francis: New York, NY, USA, 2000.
20. Kurpisz, K.; Nowak, A.J. Inverse Thermal Problems—Computational Engineering; WIT Press: Boston, MA, USA, 1995.
21. Alifanov, O.M. Inverse Heat Transfer Problems; Springer: Berlin/Heidelberg, Germany, 1994.
22. Beck, J.V.; Blackwell, B.; St. Clair, C.R., Jr. Inverse Heat Conduction: Ill-Posed Problems; John Wiley & Sons Inc.: New York, NY,

USA, 1985.
23. Beck, J.V. Inverse Problems in Heat Transfer with Application to Solidification and Welding. In Proceedings of the 5th Conference

on Modeling of Casting, Welding and Advanced Solidification Processes, Davos, Switzerland, 16–21 September 1990.
24. Beck, J.V. Inverse Problems in Heat Transfer. In Mathematics of Heat Transfer; Tupholme, G.E., Wood, A.S., Eds.; Oxford University

Press: New York, NY, USA, 1998; pp. 13–24.
25. Lambrakos, S.G. Parametric Modeling of welding processes using numerical-analytical basis functions and equivalent source

distributions. J. Mater. Eng. Perform. 2016, 25, 1360–1375. [CrossRef]
26. Prosgolitis, C.G.; Lambrakos, S.G.; Zervaki, A. Phase-Field Modeling of Nugget Zone for a AZ31-Mg-Alloy Friction Stir Weld. J.

Mater. Eng. Perform. 2018, 27, 5102–5113. [CrossRef]
27. Carslaw, H.S.; Jaegar, J.C. Conduction of Heat in Solids, 2nd ed.; Oxford University Press: New York, NY, USA, 1986; p. 374.
28. Zervaki, A.D.; Mourlas, A.G.; Psyllaki, P.P.; Lambrakos, S.G. Parametric Model of Concentrated Solar Energy Surface Pro-

cessing. In Proceedings of the Advances in Welding & Additive Manufacturing Research Conference 2022, Miami, FL, USA,
13–16 June 2022.

29. Rodríguez, J.; Cañadas, I.; Zarza, E. New PSA high concentration solar furnace SF40. AIP Conf. Proc. 2016, 1734, 070028.
30. Shackelford, J.F.; Han, Y.-H.; Kim, S.; Kwon, S.-H. CRC Materials Science and Engineering Handbook, 4th ed.; Taylor & Francis: Boca

Raton, FL, USA, 2015; pp. 50, 263, 279.
31. Pankratz, L.B. Thermodynamic Properties of Carbides, Nitrides, and Other Selected Substances; US Department of the Interior, Bureau

of Mines: Washington, DC, USA, 1994; 696, p. 223.
32. Desorbo, W. Heat Capacity of Chromium Carbide (Cr3C2) from 13 to 300 ◦K. J. Am. Chem. Soc. 1953, 75, 1825–1827. [CrossRef]
33. Oriani, R.A.; Murphy, W.K. The Heat Capacity of Chromium Carbide (Cr3C2). J. Am. Chem. Soc. 1954, 76, 343–345. [CrossRef]
34. Kelley, K.K.; Boericke, F.S.; Moore, G.E.; Huffman, E.H.; Bangert, W.M. Thermodynamic Properties of the Carbides of Chromium; US

Department of the Interior, Bureau of Mines: Washington, DC, USA, 1944; 662, pp. 7–15.
35. Abolhasani, D.; Hossein Seyedkashi, S.M.; Kang, N.; Kim, Y.J.; Woo, Y.Y.; Moon, Y.H. Analysis of Melt-Pool Behaviors during

Selective Laser Melting of AISI 304 Stainless-Steel Composites. Metals 2019, 9, 876. [CrossRef]
36. Tabaie, S.; Rézaï-Aria, F.; Jahazi, M. Microstructure Evolution of Selective Laser Melted Inconel 718: Influence of High Heating

Rates. Metals 2020, 10, 587. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

248



Citation: Ishfaq, K.; Sana, M.;

Mahmood, M.A.; Anwar, S.; Waseem,

M.U. Evaluating Surface Quality of

Inconel 617 by Employing Deep

Cryogenically Treated Electrodes in

Surfactant-Added Dielectrics of

Transformer Oil. Metals 2023, 13, 1092.

https://doi.org/10.3390/

met13061092

Academic Editor: George A.

Pantazopoulos

Received: 8 May 2023

Revised: 2 June 2023

Accepted: 4 June 2023

Published: 9 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Evaluating Surface Quality of Inconel 617 by Employing Deep
Cryogenically Treated Electrodes in Surfactant-Added
Dielectrics of Transformer Oil

Kashif Ishfaq 1, Muhammad Sana 1, Muhammad Arif Mahmood 2,*, Saqib Anwar 3

and Muhammad Umair Waseem 1

1 Department of Industrial and Manufacturing Engineering, University of Engineering and Technology,
Lahore 54890, Pakistan

2 Intelligent Systems Center, Missouri University of Science and Technology, Rolla, MO 65409, USA
3 Industrial Engineering Department, College of Engineering, King Saud University,

P.O. Box 800, Riyadh 11421, Saudi Arabia
* Correspondence: mmahmood@mst.edu; Tel.: +1-573-341-4908

Abstract: Over the past few decades, better surface quality has remained of great interest to re-
searchers. It deteriorates the fatigue life of the workpiece. The criticality arises when a material of
greater strength is selected to work in high-temperature areas such as nickel (Ni)-based superalloys,
categorically Inconel 617. Conventional machining operations are not the best choice for the ma-
chining of this alloy because of its low density and greater strength. Therefore, electric discharge
machining (EDM) is generally engaged. Still, there is a great necessity to make a more reliable surface
using EDM, which performs better even in harsh working areas. Therefore, this study examined the
potential of deep-cryogenically treated electrodes under the modified dielectrics of transformer oil
in the said context, which has not been discussed so far. A set of 30 experiments was performed,
designed using the full factorial technique. Deep-cryogenically treated electrodes provided bet-
ter surface quality in comparison to the non-treated electrodes. Amongst the deep-cryogenically
treated electrodes, brass performed outstandingly and provided the lowest value of surface rough-
ness (SR), 6.65 μm, in the modified dielectric of transformer oil with Span 80. The surface finish
of deep-cryogenically treated brass is 28.72% better compared to the average value of the overall
deep-cryogenically treated electrodes. The lowest value of SR (8.35 μm) was gained by engaging
a non-cryogenically treated Cu electrode with a T-20–transformer oil-modified dielectric. The said
value of SR is 17.7% better than the highest value of SR achieved in the case of S-80–transformer oil
with a non-cryogenically treated Cu electrode.

Keywords: surface quality; cryogenic treatment; transformer oil; Inconel 617; surfactant

1. Introduction

Surface quality is an essential aspect of all machining processes, i.e., traditional, and
nontraditional. The better surface quality of difficult-to-machine alloys increased the fatigue
life of work in harsh cutting areas [1]. The material removal phenomena cause overlapping
craters in nontraditional machining operations, resulting in a rougher surface [2]. There is a
functional relationship between the roughness and the performance/functional properties
of the machined surface. The roughness of a machined surface has an important role in
determining the interaction between the surface and its functional environment. A rough
surface usually demonstrates a high wear rate and higher coefficient of friction than a
smooth surface. It influences the mechanical and chemical properties of the machined
component [3]. An increase in surface roughness (SR) upsurges the stress concentration
factor, leading to a decrease in fatigue strength [4]. Moreover, a high roughness value
promotes grain slip and crack initiation at the surface of the material [5]. The corrosion
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rate is also affected by a variation in this parameter. It has been reported that the corrosion
rate significantly improves as the arithmetic mean roughness (Ra)—one of the measures of
surface roughness—is increased [6].

During the spark-off time, eroded material resolidified on the workpiece’s surface,
forming a recast layer that increased the material’s SR. The SR parameter ‘Ra’ is termed
as the arithmetic average of the irregularities produced on the surface of the machined
specimen after the machining process. The recast layer showed different characteristics
compared to the original material. Properties such as brittleness and hardness of the
material after the recast layer are changed from the previous material [7]. Therefore, the
recast layer in the non-conventional machining process must be avoided so that the fatigue
life of work can be increased. Hard-to-cut Ni-based superalloys such as Inconel 617 are
widely used in aerospace, gas turbines, super boilers, aircraft, and combustion cans [8].
Ni-based superalloys are employed in the above fields due to their high stability under
vigorous cutting, strength, and low density [9]. Considering its unique properties, the
increased strength, low thermal conductivity, and rapid strain hardening make Inconel
617 difficult to machine using typical methods such as milling, drilling, and lathe [10]. A
non-traditional setup was built to process the Ni-alloy for this purpose. Electric discharge
machining (EDM), wire-EDM, electric discharge drilling, and milling are examples of
nonconventional processes [11,12]. Because of its new qualities, the EDM die sinker was
chosen over all other choices. One of the great benefits of EDM is that it can be used for
machining with a thin tool, resulting in precise geometric perfection as well as an excellent
surface quality that cannot be achieved using other traditional machining procedures such
as grinding [13]. As illustrated, regardless of mechanical properties, EDM can process
difficult-to-cut materials such as Inconel 617 [14,15].

EDM, or spark erosion, is preferred over older methods because it can precisely build
complicated morphologies, dies, and molds regardless of material type [16,17]. Researchers
say EDM can cut strong metals, alloys, and composites without respect to metallurgical
properties [18]. EDM uses repeated electric sparks between the workpiece–electrode gap to
melt and vaporize the material. Discharges create a plasma channel in the gap by ionizing
the dielectric fluid surrounding the electrode [12,19]. The tool’s surface is opposite the
object’s needed shape [20,21]. EDM requires dielectric fluid [22,23]. It cools the material
during pulse off-time and flushes debris/chips from the machined surface [24]. EDM uses
several dielectrics based on need. Dielectric fluids include mineral oils, hydrocarbons,
mineral seal oils, water-based dielectrics, water with and without additives, gaseous
dielectrics, and powder-added dielectrics. Dielectrics differ in material removal rate (MRR),
surface quality, wear ratios, and accuracy [25,26]. In EDM, kerosene oil is commonly
utilized as a traditional dielectric liquid. However, its high flammability, minimum cutting
rates, and poor performance as a result of material removal rate, tool wear rate, and
surface polish make it unsuitable for operating Inconel 617 using EDM [27]. As a result,
researchers have shifted their focus away from kerosene and onto another hydrocarbon-
based dielectrics, i.e., transformer oil, with a higher flash point, fire point, lower viscosity,
and higher thermal conductivity. Furthermore, transformer oil produces better results than
kerosene oil, but the MRR, tool wear rate (TWR), and SR obtained using it as EDM oil
are insignificant [28]. To overcome the said flaws, certain additives have been added to
increase the dielectric properties and the machine reactions.

To address the restrictions of poor surface quality, an electrically conductive metal
powder, such as alumina, copper, and silicon, is added to the dielectric fluid, reducing its
insulating property [29]. These conductive microparticles/nanoparticles operate as a bridge
when an appropriate voltage is supplied across the tool and workpiece material. Because
these powder particles are scattered, they form chains in several locations beneath the spark-
ing area, increasing the spark gap [30]. Fast sparking occurs when the number of sparks
per unit time increases, causing the workpiece material to be removed quickly [29,31]. By
expanding the plasma channel, added powder enhances spark density. As a result, regular
sparking occurs on the material. This uniform sparking contributes to the workpiece’s
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smooth surface finish [32]. However, the introduction of micro/nano-powder to the dielec-
tric medium experienced a serious difficulty of agglomeration, which curtailed sparking
through the dielectric medium and hence limited EDM performance [33,34]. The creation of
agglomeration during EDM reduces sparking, thereby affecting output results. Surfactants
lower dielectric medium surface tension and facilitate additive mixing and mobility [35].
Surfactants are hydrophilic and lipophilic surface-active substances [36]. Emulsifiers, which
are classified as a subgroup of the substance class known as surfactants, are also employed
in dielectrics to increase surface smoothness [37].

Poor surface finish during material EDM is the key concern. Surfactants and metallic
particles in dielectric media as well as electrodes treatment are used to solve the problem.
Deep-cryogenically treated (CT) electrodes during EDM have solved this problem in
previous investigations. Cryogenic treatment of electrodes increased wear characteristics
by eliminating poor surface finish [38]. Ozdemir [39] performed shallow CT high Cr-
Fe and low carbon cast steel at −84 ◦C and discovered improved wear characteristics.
Shallow cryogenic treatment improved microstructure, the study found. Senthilkumar
and Rajendran [40] found that cryogenic treatment on En 19 steel increased its wear
characteristics by 114% after shallow cold working and 214% after deep cold working.
Jamadar and Kavade [32] measured the SR of AISI D3 steel using a copper electrode in
EDM and aluminum powder particles in IPOL oil as a dielectric. At low peak current, higher
pulse on time, and six grams per liter of aluminum powder in the dielectric medium, the
SR of the steel improved significantly. Jafarian [20] used Inconel 718 alloy as base material
and EDM against a square copper electrode in kerosene oil as a dielectric. By increasing
the pulse on time from 120 to 240 μs, the machined specimen’s SR improved significantly,
according to the author. Kumar et al. [30] examined Inconel 718 alloy workpiece and
copper electrode EDM output responses. Stirrers suspended aluminum powder in EDM
oil. Suspended aluminum powder increased the specimen’s SR. The right current input
parameter improved MRR and TWR output responses.

Kolli and Kumar [18] used the Taguchi design of the experiment to determine how
the surfactant and graphite powder dispersed in dielectric medium-affected titanium al-
loy EDM against the copper electrode. The authors found that using the least surfactant,
graphite powder, and discharge current resulted in the best surface finish. Abdul Razak
et al. [41] investigated surfactant(s) addition during EDM of reaction-bonded silicon car-
bide against a copper electrode using EDM oil as the dielectric medium. MRR, SR, and
TWR were better with the surfactant Span 20 than Span 80. Adding 0.4 weight % to the
dielectric medium during EDM improved the surface finish. Li et al. [42] evaluated the
machining proficiency of EDM by taking Inconel 718 alloy as the workpiece and two dif-
ferent electrodes, namely simple copper and a modified electrode, i.e., Cu-SiC, during the
machining operation. The authors concluded that the modified electrode provided high
surface quality compared to the simple one when the machined specimen was testified. The
supremacy of EDM was examined by Wu et al. [43] by using SKD61 steel as the workpiece
material and copper as the electrode, and in addition, surfactant was added to enhance
the conductivity of the dielectric medium. The authors found that due to the addition
of the surfactant in the dielectric medium, the output response, i.e., MRR, increased by
40%, but when the optimal settings were engaged, the said response was enhanced by 80%.
The authors also claimed that the SR did not significantly deteriorate when MRR was of
greater value. Kumar et al. [38] used the cryogenic treatment on different electrodes to
determine tool life and study its effects on electrode materials. The cryogenic treatment on
the electrodes increased tool life by 92% and improved tribological characteristics (wear
and friction coefficient), hardness, and toughness. AbdulKareem et al. [44] examined the
effect of cryogenic treatment on a copper electrode during EDM of titanium alloy. By cryo-
genically treating the copper electrode, the electrical and thermal conductivities increased,
improving output responses.

Srivastava and Pandey [45] examined how cryogenic treatment affected a copper
electrode against high-speed steel during EDM of M2-grade steel. The authors found that
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cryogenic treatment on the copper electrode lowered EWR by 20% and improved surface
quality by 27% compared to standard machining. Ram et al. [46] examined the influence of
cryogenic treatment on a graphite electrode during the EDM of EN31 as the base material.
The authors found that the CT graphite electrode enhanced the surface finish of EN31 when
the machined specimen was testified, and statistical data approaches were engaged. Jaffer-
son and Hariharan [47] investigated the wear properties of different electrode materials,
i.e., tungsten, brass, and copper, against the workpiece material AISI304 during EDM. The
authors found that a CT tungsten electrode provided better microhardness, less TWR, and
better electrical conductivity compared to other electrodes.

Bartkowiak et al. [48] explored the surface topography of steel using graphite elec-
trodes during the EDM process and by utilizing motif and multiscale analyses. The
authors found that with the change in the machining parameters the surface topography,
i.e., craters, changed. Along with that, the authors also claimed that the discharge en-
ergy was the most influential effect, which results in the production of large amounts of
craters. Gogolewski [49] used spherical objects to assess the surface morphology of Ti
alloy-based powder prepared using additive technology. The surface morphology was
measured using a multiscale approach. The author claimed that the findings aid in the
advancement of cutting-edge diagnostic systems that can examine surface topography
swiftly and thoroughly across several phases of data collection and processing.

Based on the research discussed above, the effectiveness of surfactant-based dielectrics
using deep cryogenically treated (CT) electrodes is still to be determined. Additionally, the
surfactant(s) capacity for Inconel 617 EDM utilizing CT electrodes has not been thoroughly
discovered using transformer oil. The SR of a Ni-based superalloy using CT and non-deep
cryogenically treated (NT) electrodes in various dielectrics examined in this work will be a
great contribution to impeding the recast layer and obtaining a better surface finish during
the EDM process. The experiment used CT and NT electrodes with distinct dielectrics with
the addition of surfactants in transformer oil. Energy-dispersive X-ray spectroscopy (EDS)
analysis was also explored to investigate the deposition of materials on the workpiece
surface after EDM. The optimal dielectric and electrode are recommended and tested for
this project.

2. Materials and Methods

Using five tailored dielectric mediums, deep cryogenically treated (CT) and non-deep
cryogenically treated (NT) electrodes were tested against a Ni-based superalloy during
machining. Surface roughness (SR) was used to evaluate the most important process yield.
Optical microscopy was used to determine Inconel 617’s composition. SR was measured
in terms of arithmetic mean (Ra), which is a commonly used roughness parameter. The
selection of this parameter was based on the rationale that it provides the mean value of
surface asperities distributed about the mean line within the defined evaluation length. So,
this parameter shows a holistic picture of the surface’s quality. For each of the machined
cavities, roughness measurements were made at five different points. Considering that
the roughness values are closely related (standard deviation is small), an average of these
five points was used for further analysis. Table 1 lists the chemical composition of the
selected workpiece material and details the parameters kept constant in this study. These
parameters were kept constant, as the focus of the current research is to evaluate the impact
of nontreated and cryogenically treated electrodes on surface quality in EDM of Inconel-617
(IN617) under surfactant-based transformer oil dielectrics. Preliminary trials were carried
out to determine the values of these parameters. Those parametric levels were identified
for final experimentation, which ensures the availability of complete machining expression
on the workpiece surface. Minimum chance of arcing was another important consideration
that was kept in mind while finalizing the parametric values. A rectangular workpiece
with dimensions 60 mm × 60 mm × 5 mm was used for experimental investigation.
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Table 1. Chemical attributes of nickel-based superalloy and constant factor [50].

Element %Wt. Element %Wt. Constant Factors (Units) Values

Ni 44.5 B 0.006 Surfactant concentration (vol %) 6

Cr 20.0–24.0 S 0.015 Spark voltage (volts) 4

Co 10.0–15.0 Cu 0.5 Current (amperes) 10

Mo 8.0–10.0 Ti 0.6 Pulse off time (μsec) 26

Fe 3.0 Mn 1.0 Pulse on time (μsec) 100

Al 0.8–1.5 Si 1.0 - -

C 0.05–0.15 - - - -

This investigation used 9 mm diameter copper, brass, and graphite electrodes. Elec-
trode materials’ efficiency was tested before and after cryogenic treatment. The electrodes
were inserted in the nitrogen container and exposed to liquid nitrogen at −185 ◦C to cryo-
genically operate. Electrodes were held at this temperature for around 24 h to finish the
cryogenic process. Five dielectrics—transformer oil, Span 20+ transformer oil, Span 80+
transformer oil, Tween 20+ transformer oil, and Tween 80+ transformer oil—were tested
against three electrodes. Table 2 shows the surfactants’ main traits.

Table 2. Chemical and physical properties of surfactants [27,51,52].

Properties Chemical Formula
Molecular Weight

(g/mol)
Density (g/cm3

at 25 ◦C)
Flashpoint (◦C)

Hydrophilic-
Lipophilic Balance

(HLB) Value

T-80 C64H124O26 1309 1.08 148 15

T-20 C58H114O26 1227.54 1.095 >110 16.7

S-80 C24H44O6 428.60 1.068 186.2 4.6

S-20 C18H34O6 346.46 1.032 >110 8.6

Introductory tests determined how parametric settings affected the process. The
technique was developed during the first experiments and used for final experimentation
to match the workpiece’s complete machining impression. These traits also reduce tool
and workpiece burns. Table 3 lists the machine settings based on the experiments, Table 4
compiles the properties of electrodes [1,53] and Table 5 shows the properties of transformer
oil dielectric. Determining transformer oil dielectric surfactant concentration was crucial.
Preliminary experiments against the given selection criterion determined the final choice;
however, a literature introduction guideline was used. Early results suggest a surfactant
concentration of 6% for the criteria. A motorized stirrer tank was designed to mix surfactant
and transformer oil. The stirrer mechanism mixed dielectric and surfactant during the
experiment. Figure 1 shows an EDM machine (model: RJ230) used in this experiment,
while Figure 2 exhibits the cross-sectional views of the electrodes.

Table 3. Input parameters levels.

Input Variable Level 1 Level 2 Level 3 Level 4 Level 5

Treatment type NT CT - - -

Electrode type Copper Brass Graphite - -

Type of dielectric Pure transformer
oil

S-20–transformer
oil

S-80–transformer
oil

T-20–transformer
oil

T-80–transformer
oil
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Table 4. Physical and electrical properties of the electrodes [1,53].

Properties Copper Brass Graphite

Density (g/mm3) 8.904 × 10−3 8.55 × 10−3 1.77 × 10−3

Electrical resistivity (Ω.m) 1.96 × 10−8 4.7 × 10−7 60 × 10−5

Melting point (◦C) 1083 990 3350

Specific heat capacity (J/g ◦C) 0.835 0.380 7.1

Electrical conductivity (S/m) 59 × 106 16 × 106 0.3 × 106

Table 5. Properties of transformer oil and physical attributes of superalloy [8,54].

Properties Values Properties Values

Breakdown voltage (kV) 56.8 Density (kg/m3) 8360

Flash point (◦C) >140 Melting range (◦C) 1332–1380

Pour point (◦C) −40 Specific heat (J/kg C) 419

Viscosity (Pa-s) 7.9 × 10−3 Electrical resistivity (μ Ωm) 1.22

Density (kg/dm3) at 20 ◦C 0.81 - -

The investigation was carried out using a full factorial experimental approach.
Table 3 summarizes the input parameters with levels. Each test was machined 0.3 mm and
30 experiments were conducted. The first fifteen experiments used NT electrodes, and the
last fifteen used CT electrodes. Once the experiment had been conducted satisfactorily, the
output parameter was evaluated. The SR of the machined specimen was measured using
a surface roughness tester (Surtronic-128) manufactured by Taylor Hobson, as shown in
Figure 3. Before taking measurements, the instrument was calibrated using a standard
specimen provided by the manufacturer. Afterward, the machined specimen was placed
below the stylus probe of the equipment. It was ensured that the surface of the machined
specimen was parallel to the stylus. A cutoff length of 0.8 mm and an evaluation length
of 4 mm were used in this study to measure the roughness value. ISO-4287 roughness
standard was used for measurements. As in the current scenario, the designed diameter of
the machined cavity is 9 mm; therefore, the aforementioned cutoff length and evaluation
length were used, which is the closest match as per the ISO standard for surface roughness
measurement. The collected data were then analyzed using bar charts. Three-dimensional
surface profilometry graphs can been seen in the Section 3 to determine surface attributes.
Considering Inconel 617 EDM’s physical phenomena, results are described. The best
electrode material and most efficient dielectric were provided for the desired response
characteristics.
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Figure 1. Experimental setup of electric discharge machining.

 
Figure 2. Profile of used deep-cryogenically treated (a) copper, (b) brass, and (c) graphite electrodes.

Figure 3. Surface roughness meter.
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3. Results and Discussion

The machining performance of EDM of Inconel 617 in terms of surface roughness (SR)
is evaluated using deep-cryogenically treated (CT) and non-deep cryogenically treated
(NT) electrodes under different types of modified dielectric media to determine the effect
of machining on the Ni-based superalloy. The results pertaining to SR, along with results
due to NT electrodes, are presented in the form of bar charts, as shown in Figure 4.

Figure 4. Surface roughness comparison of distinct non-deep cryogenic-treated electrodes.

EDM was used to study the effect of regime change—dielectric medium and electrode
material in terms of surface roughness (SR)—on Inconel 617’s surface. In pure trans-
former oil, non-deep cryogenically treated (NT) Copper (Cu)-electrodes have the lowest
SR, 9.25 μm. The high flash point (140 ◦C) of transformer oil and the high breakdown
voltage (56.8 kV) of the dielectric utilized in this investigation explain the low SR in pure
transformer oil due to the NT Cu-electrode. The transformer oil’s high flash point prevents
erratic sparking and lowers the machined specimen’s SR. Figure 5a shows EDM-formed
shallow craters on an Ni-based superalloy. Additionally, the Taylor Hobson roughness
meter graph showed the machined profile’s low SR. The machining capability of EDM
was investigated using an NT graphite electrode in pure transformer oil. It was found
that the NT graphite electrode ranked second in achieving the minimum SR (9.95 μm)
during the cutting phenomenon of Ni-based superalloy. The reason for the second-highest
SR is due to the high pulse on time (100 μs), which leads to the generation of irregular
and nonuniform sparking. This irregular sparking produced deep craters on the surface
of Inconel 617 during EDM. The microscopic image shown in Figure 5c illustrates the
high SR and depicts the deep crater formed on the machined profile. The graph attached
below the microscopic image in Figure 5c demonstrates the peak values, which are an
indication of high SR. In pure transformer oil, the NT brass electrode had the highest SR,
10.75 μm. Pure transformer oil had the greatest SR value because brass has the lowest
melting point (990 ◦C) of the electrodes utilized in this investigation. The spark density
melts and solidifies Ni-based superalloy due to its low melting point. The phenomenon
increased the SR of the specimen due to the brass electrode, and the microscopic image
shown in Figure 5b indicates the presence of shallow and wide craters.
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Figure 5. Microscopic surface roughness of non-deep cryogenically treated (a) copper, (b) brass, and
(c) graphite electrodes in transformer oil.

S-20, a span representative, was studied for EDM using several NT electrodes. When
non-deep cryogenically treated (NT) copper (Cu) and graphite electrodes are machined
against Inconel 617 in S-20–transformer oil, they offer the same lowest value of surface
roughness (SR) 8.75 μm, which is 5.4% and 12.1% lower than in pure transformer oil. S-20
disperses dielectric molecules, which directly did not agglomerate the degraded particles
of the Ni-based superalloy, reducing the SR of NT Cu and graphite electrodes. The Cu and
graphite electrode and S-20 in transformer oil after EDM provide Inconel 617 with a low
SR. The SEM analysis is shown in Figure 6a, representing shallow craters that illustrate
better surface finish. EDM was used to measure SR using an NT brass in S-20–transformer
oil-modified dielectric. The NT brass provided the maximum SR, i.e., 11.0 μm, compared
to other electrodes, and an increment of 2.2% was found using S-20–transformer oil relative
to pure transformer oil. The reason for the increment in the SR is due to the NT brass
electrode employed possessing the low electrical conductivity of brass (16 × 106 S/m). Due
to the low electrical conductivity and low melting temperature (990 ◦C) of the brass, eroded
material melted and resolidified on the machined profile of the said superalloy. To justify
this, the specimen machined by the NT brass electrode was testified using SEM. The SEM
image shown in Figure 6b depicts the presence of the recast layer on the surface of Inconel
617. This recast layer is the primary reason for the increment in SR of the nickel (Ni)-based
superalloy even after the addition of surfactant. Figure 7 shows a 3D surface profilometry
of superalloy in S-20–transformer oil with NT brass, showing heightened peaks and valleys
and a higher average Ra.

 

Figure 6. SEM of nickel-based superalloy using non-deep cryogenically treated (a) copper, and
(b) brass electrodes.
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Figure 7. Three-dimensional profilometry in S-20–transformer oil using non-deep cryogenically
treated brass.

During Inconel 617 machining using S-80-transformer oil, the non-deep cryogenically
treated (NT) graphite electrode had the lowest surface roughness (SR), 9.5 μm. The rough
surface in S-80-transformer oil was 9.7% more uneven than the profile acquired in S-20–
transformer oil. NT graphite’s porousness and lower electrical conductivity (0.3 × 106 S/m)
explain why S-80’s modified dielectric SR was higher than S-20’s. Graphite’s characteristics
caused erratic sparking. Thus, irregular and nonuniform sparking at a high pulse on time
(100 μs) melts more material, but in pulse off time, this eroded material resolidifies on the
surface of Ni-based superalloy, resulting in poor surface quality. NT brass electrodes were
used to study EDM machining efficiency. The S-80–transformer oil-modified dielectric had
the second-lowest SR (9.85 μm). Compared to S-20–transformer oil, S-80–transformer oil
had 10.5% more designed surface. The reason for the greater surface finish in S-80 is linked
with its high flash point (186.2 ◦C) and that of the dielectric medium (140 ◦C); because of
the high flash points, the burning phenomenon did not take place and provided a greater
surface finish in the modified dielectric of S-80 surfactant. The NT copper (Cu) electrode
produced the highest SR (10.15 μm) in Inconel 617 machining using the S-80–transformer oil
dielectric. S-80–transformer oil’s SR was 13.8% higher than that of S-20–transformer oil due
to the NT Cu electrode’s rougher surface. Cu’s high electrical conductivity (59 × 106 S/m)
caused the NT Cu electrode’s high SR. The S-80’s poor surface quality was caused by the
NT Cu electrode’s increased electrical conductivity eroding more material from Inconel 617.

The representative of tweens, T-20, with varied NT electrodes machining nickel (Ni)-
based superalloy, was used to determine EDM’s proficiency. Figure 4 shows that the NT
Cu electrode had the lowest SR (8.35 μm) in the T-20–transformer oil-modified dielectric,
13.8% better than S-80. T-20 had the highest HLB (16.7), which lowered SR and improved
value compared to S-80 surfactant-based modified dielectric. Therefore, the higher the
HLB was, the lower the tension of the dielectric was, which resulted in the impeding of
the phenomenon of eroded debris agglomeration. SEM was performed on the machined
profile of Ni-based superalloy gained after engaging with the NT Cu and T-20 surfactant, as
shown in Figure 8a. The SEM image of the machined specimen shown in Figure 8. depicts
the shallow craters formed, which is an indication of good surface finish. Figure 9 shows
a 3D surface profilometry in T-20–transformer oil dielectric with NT Cu, showing short-
heightened peaks and troughs. The NT brass electrode had the second-lowest SR (8.8 μm)
in T-20–transformer oil during Inconel 617 machining. Compared to the machined surface
in S-80–transformer oil, a refined machined surface was achieved in T-20–transformer oil,
which was a 10.7% improved surface compared to the machined surface gained in the
case of S-80 with the same electrode. The reason for the low SR is due to the NT brass
electrode being linked with the said findings in the case of the NT Cu electrode and T-20
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surfactant. The machining performance of EDM due to use of an NT graphite electrode was
investigated against the work part and in the presence of the T-20–transformer oil dielectric
medium. The NT graphite provided the highest SR (10.15 μm), which was 6.4% higher than
the value achieved using S-80–transformer oil. The porous nature of NT graphite is the
primary reason for the highest SR even with the highest HLB of the T-20. This porosity of
the graphite electrode causes an agglomeration phenomenon that leads to the poor surface
finish in the modified dielectric of T-20. Moreover, the SEM image shown in Figure 8b
depicts the melts redeposited and deep craters that increased the SR of the base material.

 

Figure 8. SEM images of nickel-based superalloy using non-deep cryogenically treated (a) copper,
and (b) graphite electrodes in T-20 transformer oil.

Figure 9. Three-dimensional profilometry in T-20–transformer oil using non-deep cryogenically
treated copper.

The non-deep cryogenically treated (NT) graphite electrode had the lowest surface
roughness (SR) (8.4 μm) with Inconel 617 and T-80–transformer oil-modified dielectric
metal. T-80–transformer oil with NT Graphite had 17.2% lower machining performance
than S-80. Graphite had the greatest melting point (3350 ◦C) of all electrodes, which
lowered SR in T-80–transformer oil-modified dielectric. This high melting point prevented
electrode melting and vaporization, resulting in a high surface finish. Figure 10c shows
small, shallow craters on the machined specimen, indicating a higher surface quality. In T-
80–transformer oil, the NT brass had the second highest SR, 8.55 μm. The T-80–transformer
oil with NT brass yielded 2.8% less than the T-20–transformer oil dielectric medium. The
fact that greater surface finish was achieved due to NT brass electrode is due to brass
having lower electrical conductivity (16 × 106 S/m), and this lower electrical conductivity
incorporated with the second highest HLB value (15) of T-80 to flush away the eroded
material during the pulse-off time. In this way, solidification of worn debris is avoided,
which helps in achieving a better surface finish. Figure 10b shows a microscopic view of the
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nickel (Ni)-based superalloy’s machined profile with shallow craters. The potentiality of
EDM was tested in the presence of T-80–transformer oil dielectric medium and NT copper
(Cu). SR, 8.85 μm, was 5.60% larger than that achieved during machining using NT Cu
and T-20–transformer oil. The NT Cu electrode had high SR because Cu has high electrical
conductivity (59 × 106 S/m) compared to other electrodes tested in this investigation. Cu
sparks irregularly and erodes material due to its strong electrical conductivity. Figure 10a
shows deep and small superalloy craters.

 

Figure 10. Microscopic surface roughness of non-deep cryogenically treated (a) copper, (b) brass, and
(c) graphite electrodes in T-80–transformer oil.

The following is the overall summary of non-deep cryogenically treated (NT) electrode
performance during the EDM of nickel (Ni)-based superalloy. The NT copper (Cu) electrode
provided the lowest surface roughness (SR) (8.35 μm) in the T-20–transformer oil-modified
dielectric medium. The machined surface obtained in the presence of modified dielectric
medium (T-20–transformer oil) was 9.7% more improved and refined than the machined
profile achieved without the use of surfactant. The NT graphite electrode was observed as
ranking second in achieving the lowest SR (8.4 μm) in the presence of T-80–transformer oil
during the machining of hard-to-cut superalloy. An enhancement of 15.6% in the machined
profile was observed when the Inconel 617 was cut in the presence of modified dielectric
(T-80–transformer oil). The NT brass electrode achieved the lowest SR (8.55 μm) in the
same modified dielectric, i.e., T-80–transformer oil. It was found that if T-80–transformer oil
dielectric is used, then an improvement of 20.5% can be achieved in the machined surface
other than if the pure transformer oil dielectric is considered. The graph shown in Figure 11.
elaborates on the proficiency of NT electrodes in achieving the maximum and minimum
values of SR in different modified dielectrics.

The machining ability of EDM of Inconel 617 in terms of surface roughness (SR) was
investigated using deep cryogenically treated (CT) electrodes under different types of
modified dielectric media. The results pertaining to SR, along with results due to CT
electrodes are presented in the form of a bar chart, shown in Figure 12.
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Figure 11. Comparison of different non-deep cryogenically treated electrodes in various modified
dielectrics for maximum and minimum average surface roughness (Ra).

Figure 12. Surface roughness comparison of distinct deep cryogenically treated electrodes.

Different deep cryogenically treated (CT) electrodes and modified dielectrics were
used to investigate Inconel 617 surface roughness (SR) in EDM. Figure 12 shows that the
CT copper (Cu) electrode had the lowest SR of 8.3 μm in pure transformer oil compared to
other cryogenic electrodes. The SR value was 10.3% better than the NT Cu electrode with
the same dielectric medium. Cryogenic treatment refines the grain structure, preventing
erratic sparking and lowering SR, resulting in higher surface quality in pure transformer
oil. In pure transformer oil CT, copper achieved less SR, i.e., a better surface finish than the
non-deep cryogenically treated (NT) electrode. This is quite understandable considering
the phenomenon of crater size. Craters were larger and deeper on the surface machined
using the NT Cu electrode as compared to CT electrodes, as shown in Figure 13a. It is well
known that smaller crater dimensions result in a better surface finish [55]. Yildiz et al. [56]
also reported that the use of CT electrodes results in lower SR compared to NT electrodes.
The proficiency of EDM was evaluated using a CT brass electrode against work part 617
in pure transformer oil. It was found that the CT brass stood second in achieving the
lowest SR (10.05 μm) in the pure transformer oil. The machined surface achieved in the
case of CT brass and pure transformer oil dielectric showed a 6.5% improved machined
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surface compared to the NT brass electrode. The surface asperities achieved due to the
NT brass electrode were rougher and more crowded than the surface achieved in the case
of the CT brass electrode. Figure 13b depicts those asperities as more random and wider
in the NT scenario than the profiles achieved after the cryogenic treatment on the brass
electrode. CT graphite achieved the highest SR (10.65 μm) in pure transformer oil compared
to other CT electrodes. The reason for the high SR value due to the CT graphite electrode
is that the low electrical conductivity (0.3 × 106 S/m) is assisted by cryogenic treatment.
Moreover, the porous nature of the graphite electrode also improved due to said treatment,
and these two properties were enhanced and incorporated to uplift the outcome response.
The microscopic image shown in Figure 13c illustrates that even the CT graphite electrode
achieved a higher SR compared to the NT graphite electrode, but the burn marks were
reduced, which were produced by irregular sparking due to cryogenic treatment on the
graphite electrode.

Figure 13. Microscopic surface roughness of deep cryogenically treated (a) copper, (b) brass, and (c)
graphite electrodes in transformer oil.

S-20 with transformer oil as dielectric and various deep cryogenically treated (CT)
electrodes against an Inconel 617 work part were used to measure EDM potentiality. In
the modified dielectric, S-20–transformer oil, the CT copper (Cu) electrode had the lowest
surface roughness (SR), 9.1 μm. SR was 8.8% greater than CT Cu–pure transformer oil.
Cryogenic treatment helps Cu’s electrical conductivity (59 × 106 S/m) increase the SR
value. Due to the assistance of cryogenic treatment in conductivity, higher spark density
was produced during the pulse on time, and greater melting and vaporization occurred,
which led to a poor surface finish. The microscopic image shown in Figure 14a describes
the smaller but shallow crater formation on the surface of a Ni-based superalloy, which
is an indication of poor surface finish. SEM of the specimen, machined using a CT Cu
electrode in S-20–transformer oil dielectric, was performed, as shown in Figure 15a. The
SEM image also shows a little melt redeposited on the surface of the Inconel 617, which
is an indication of a greater surface finish. Figure 12 depicts that the CT brass electrode
achieved the second lowest SR with a value of 9.65 μm in the presence of S-20–transformer
oil and, compared to the values with pure transformer oil in CT brass and S-20–transformer
oil in non-deep cryogenically treated (NT) brass, improvements of 4.0% and 12.3% in SR
value were observed using the same electrode. The reason for achieving a better surface
finish is due to the CT brass electrode linked with the addition of S-20 in transformer oil.
The surfactant addition in the dielectric medium lowers the surface tension of the dielectric,
which incorporates flushing away the debris from the workpiece material. Due to this
recast layer, a better surface finish is achieved. Figure 14b depicts the more refined surface
of the specimen due to S-20 addition, and the cryogenic treatment on the electrode. The
performance of EDM was evaluated using CT graphite against the machining of the said
work part in S-20–transformer oil. CT graphite electrode achieved the highest SR value
in S-20–transformer oil, and there was an increase in the value of SR by 1.40% compared
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to the value gained in pure transformer oil. The reason for the increment in the SR due
to the CT graphite electrode is that the porous nature of graphite is improved by the
treatment and the conductivity of graphite is therefore assisted by the said treatment. These
characteristics are responsible for providing a poor surface finish. The microscopic image
shown in Figure 14c, describes the poor surface finish achieved in S-20–transformer oil due
to the CT graphite electrode. Taylor Hobson’s SR graph also depicts higher average surface
roughness (Ra) peaks, which is an indication of poor surface finish. The SEM shown in
Figure 15b illustrates the high deposition of melts redeposited that increased the SR of the
specimen. Figure 16 shows a 3D surface profilometry of Inconel 617 in S-20–transformer oil
dielectric with CT graphite, showing heightened peaks and valleys and a higher average
Ra value.

Figure 14. Microscopic surface roughness of deep cryogenically treated (a) copper, (b) brass, and
(c) graphite electrodes in S-20–transformer oil.

Figure 15. SEM images of nickel-based superalloy in S-20–transformer oil after the EDM using deep
cryogenically treated electrodes (a) copper, and (b) graphite electrodes.
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Figure 16. Three-dimensional profilometry in S-20–transformer oil using deep cryogenically
treated graphite.

It was revealed that the deep cryogenically treated (CT) brass electrode stood first
in achieving the lowest surface roughness (SR) value, and the minimum value of SR was
6.65 μm compared to other CT electrodes in the S-80–transformer oil. The reduction in SR
value was 31.1% and 32.5% compared to the value obtained using the S-20–transformer
oil in CT brass and S-80–transformer oil in non-deep cryogenically treated (NT) brass,
respectively. The reason for the improvement in the surface finish is linked to the high flash
point of S-80 (186.2 ◦C) and the high flash point of the transformer oil (144 ◦C). The high
flash point of the dielectric and surfactant impedes the flammability of the dielectric during
the pulse on time, and the surfactant’s addition curtails the surface tension of the dielectric.
These two characteristics of the dielectric and the surfactant incorporated uplifting the
surface finish of the CT brass electrode in the modified dielectric of S-80–transformer oil
during the EDM of Inconel 617. SEM was performed on the nickel (Ni)-based superalloy
after EDM due to the CT brass electrode in the modified dielectric T-80–transformer oil,
as shown in Figure 17a. The SEM result pertains that shallow craters were formed on
the surface of the machined specimen, which is an indication of an excellent surface
finish. Figure 18 shows a 3D surface profilometry in S-80–transformer oil with CT brass,
showing minor peaks and valleys. The CT copper (Cu) electrode, with the second lowest
SR (9.85 μm), determined the EDM performance. S-80–transformer oil had 7.60% more SR
than S-20. Cryogenic treatment helps Cu’s electrical conductivity (59 × 106 S/m) increase
the SR value. Due to the assistance of cryogenic treatment in conductivity, greater spark
density was produced during the pulse on time, and greater melting and vaporization
occurred, which led to a poor surface finish. The SEM image shown in Figure 17b depicts a
high volume of melts redeposited, which increased the SR and the basic reason for the high
SR of the machined specimen. The supremacy of EDM was evaluated using a CT graphite
electrode and workpiece, i.e., Inconel 617 in the presence of S-80–transformer oil dielectric.
It was found that the CT graphite electrode ranked third in maximum SR (10.60 μm), and
this value was 1.90% less than the value achieved in the S-20–transformer oil-modified
dielectric medium. The reason for the reduction in SR in the presence of S-80–transformer
oil-modified dielectric is that graphite has the highest melting point (3350 ◦C) compared to
other electrodes. This high melting point impeded the high melting and vaporization of the
electrode due to which a high surface finish was achieved. Moreover, the high breakdown
voltage of transformer oil (56.8 kV) was the other reason for the reduction in SR in the
S-80–transformer oil.
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Figure 17. SEM images of nickel—based superalloy in S-80–transformer oil after the EDM using deep
cryo-genically treated (a) brass, and (b) copper electrodes.

Figure 18. Three-dimensional profilometry in S-80–transformer oil using deep cryogenically
treated brass.

Machining proficiency of EDM was determined in tweens, i.e., T-20 with different types
of deep cryogenically treated (CT) electrodes against the machining of nickel (Ni)-based
superalloy. From Figure 12, the CT graphite electrode stood first in achieving the lowest
surface roughness (SR) (8.1 μm) in the presence of T-20–transformer oil-modified dielectric,
a 23.6% improved surface compared to the surface gained in S-80-Transformer oil. There
are possibly two reasons for the improvement in surface finish due to the CT graphite in the
presence of T-20–transformer oil. The first and foremost reason for the reduction in SR of the
Ni-based superalloy is linked with the highest HLB (16.2) of T-20. The high HLB value of
the surfactant resulted in a reduction in surface tension of the dielectric, and this reduction
in surface tension yielded a better mix of surfactant with the dielectric and greater flushing
of the eroded debris from the workpiece. The second reason for the improvement in the
surface finish was employed with the enhancement in the porosity of the graphite electrode.
These two properties integrated to uplift the surface finish of the Ni-based superalloy. The
microscopic image shown in Figure 19c describes the very small number of shallow craters
present on the machined surface of the Inconel 617, which is in favor of a greater surface
finish. The CT Cu electrode stood second in achieving the minimal value of SR (9.0 μm) in
the presence of T-20–transformer oil during the machining of Inconel 617. Compared to the
machined surface in S-80–transformer oil, an 8.62% refined and better-machined surface
was achieved in T-20–transformer oil. The reason for the better surface finish in the CT Cu
electrode is that cryogenic treatment enhanced the grain structure due to which a uniform
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sparking falls on the workpiece irrespective of the nonuniform sparking, which occurred
in the noncryogenic treatment. This phenomenon helps in achieving a better surface finish
due to cryogenic treatment in the modified dielectric medium. The microscopic image
shown in Figure 19a illustrates the small and shallow crater formation on the surface of
the said specimen. The machining performance of EDM due to the CT brass electrode was
investigated against the work part and in the presence of T-20–transformer oil dielectric
medium. The CT brass electrode achieved the highest value of SR (9.90 μm), which was
32.8% higher than the value achieved in S-80–transformer oil. The reason for the higher SR
due to the CT brass electrode is elaborated in earlier findings, and Figure 19b shows the
random, rougher surface obtained in the T-20–transformer oil scenario.

Figure 19. Microscopic surface roughness of deep cryogenically treated (a) copper, (b) brass, and
(c) graphite electrodes in T-20–transformer oil.

With a deep cryogenically treated (CT) graphite electrode and T-80–transformer fluid,
EDM outperformed Inconel 617 machining. CT graphite electrodes in T-80–transformer oil
had the lowest surface roughness (SR) value of 8.40 μm. T-20–transformer oil had 3.6% less
SR. The reason for the increment in the SR value is linked with the second highest value of
HLB (15) of T-80. The lower the HLB, the higher the surface tension and vice versa. T-20
has the highest HLB, so it achieved the lowest SR due to the CT graphite electrode. T-80
has a slightly lower HLB than T-20, so it achieved a slightly higher SR compared to T-20.
Figure 20c shows a rougher surface than T-20–transformer oil. The CT copper (Cu) electrode
had the second-lowest SR (9.40 μm) in T-80–transformer oil. Inconel 617 machined against
the CT Cu electrode increased SR by 4.3% compared to T-20–transformer oil. Cryogenic
treatment helps Cu’s electrical conductivity (59 × 106 S/m) increase the SR value. Due to
the assistance of cryogenic treatment in conductivity, higher spark density was produced
during the pulse on time, and greater melting and vaporization occurred, which led to a
poor surface finish. Figure 20a describes the smaller but deeper crater formation on the
surface of nickel (Ni)-based superalloy, which is an indication of poor surface finish. The
potentiality of EDM was observed in T-80–transformer oil using a CT brass electrode, which
ranked third in achieved the lowest SR with a value of 9.9 μm. T-20–transformer oil lowered
the SR by 3.5%. High HLB (15) and transformer oil flash point (144 ◦C) improve surface
finish. The pulse on time dielectric’s high flash point and surfactant reduces surface tension.
These two said characteristics of the dielectric and the surfactant facilitated uplifting the
surface finish of the CT brass electrode in the modified dielectric of T-80–transformer oil
during the EDM of Inconel 617. The microscopic image shown in Figure 20b depicts the
wider and shallow craters present on the machined specimen.
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Figure 20. Microscopic surface roughness of deep cryogenically treated (a) copper, (b) brass, and
(c) graphite electrodes in T-80–transformer oil.

The deep cryogenically treated (CT) electrode’s surface roughness (SR) results can be
interpreted as follows: The CT brass electrode achieved the lowest value of SR, i.e., 6.65 μm
in the S-80–transformer oil, against the machining of Inconel 617. This achieved value of SR
in the modified dielectric was a 33.8% improvement over the SR gained in pure transformer
oil dielectric. The second lowest value of SR (8.3 μm) was found against the CT copper
(Cu) electrode and in the presence of pure transformer oil during the cutting of Ni-based
superalloy. The surface achieved in pure transformer oil using a CT Cu electrode had a
10.3% more polished surface than the machined surface achieved in pure transformer oil
using an non-deep cryogenically treated (NT) Cu electrode. The CT graphite electrode
was last in achieving the lowest SR (8.4 μm) value in the T-80–transformer oil. The said
value achieved a more polished surface, i.e., 21.1%, than the machined surface did in pure
transformer oil. The graph shown in Figure 21 elaborates on the proficiency of CT electrodes
in achieving the maximum and minimum values of SR in different modified dielectrics.

Figure 21. Comparison of different deep cryogenically treated electrodes in various modified di-
electrics for maximum and minimum average surface roughness (Ra).

Energy-dispersive X-ray spectroscopy (EDS) analysis of the work part was performed
to investigate the overall presence of the various metals in the base alloy. By the continuous
dispersion of the dielectric fluid in the customized tank, the debris is flushed away from
the workpiece material. During the discharge gap, deposition of the eroded material on the
machined specimen occurs due to the incomplete flushing of debris from the workpiece
material. Thereof, a little amount of the material is solidified on the surface of the work
part from an electrode to the base material that is emersed in the dielectric medium. The
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EDS examination provided a detailed composition of the Inconel 617 before and after the
experimentation. Figure 22a,b depicts the EDS examination in terms of improved chemical
composition, quality, and quantity as well as the investigation of the recast layer of electrode
material on the surface of the Ni-based superalloy. When any surfactant is added to the
dielectric medium, and EDM is performed using the CT Cu electrode, then some of the
debris moves from electrode material to base material.

 

Figure 22. Energy-dispersive X-ray spectroscopy analysis of nickel-based superalloy (a) before EDM,
and (b) after EDM.

Figure 22a shows the EDS analysis of the Inconel 617 before EDM was performed
against the CT Cu electrode. The EDS examination discloses that before the machining, Ni,
Cr, and Mo were the major peaks of the other metals of the Inconel 617. However, when the
CT Cu electrode was engaged for the machining of Inconel 617, debris of the Cu from the
electrode to the workpiece material were observed. This is because, during the pulse on
time, high spark density is generated, which melts and vaporizes the minimum quantity of
the electrode material, and this eroded material solidifies on the surface of the base material.
Then, EDS analysis was performed after the EDM, and Figure 22b shows that Cu was the
peak constituent of the base material after Ni.

Statistical analysis for the evaluation of average surface roughness (Ra) was performed
and is shown in Figure 23. A residual plot indicates the fitness of the data either using
regression or analysis of variance. Studying the residual plots allows to see if the regular
least-squares assumptions were met. From the normal probability plot, there is a close
relationship between the observed data points of the response measure and the predicted
line, i.e., a linear relationship exists, which is the indication of less error in the observed
magnitudes of the response measure (surface roughness, SR). However, versus fits also
presents less randomness in values of magnitudes. Moreover, the histogram favors less
negative residual data.

If a comparison is developed between the current research findings and other research
conducted by various researchers, then it can be concluded that the surface finish achieved
by this study is 23.57% better than the highest magnitude of SR achieved using EDM of die
steel by Jamadar and Kavade [32]. Now, if the comparison is made between the highest
value of SR achieved in this study using the CT electrode, then it can be found that the
surface finish is still better by about 30.56% than the highest SR gained using EDM of
Inconel 718 by Jafarian [20].
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Figure 23. Statistical analysis of surface roughness.

4. Conclusions

The machining proficiency of electric discharge machining (EDM) of nickel (Ni)-based
superalloy in terms of surface roughness was examined using various types of modified
dielectrics of transformer oil along with different kinds of non-deep cryogenically treated
(NT) and deep cryogenically treated (CT) electrodes. The results were explained with
the help of process physics, the possible primary reasons, and Energy-dispersive X-ray
spectroscopy (EDS) analysis of the workpiece material. After studying the comprehensive
investigation of the effect of NT and CT electrodes under various modified dielectrics of
transformer oil, the following conclusions can be made:

• Brass excelled among CT electrodes, delivering the lowest surface roughness (SR)
(6.65 μm) in the modified dielectric of transformer oil (S-80). CT brass provides a sur-
face polish that is 28.72% higher than the average value provided by all CT electrodes.

• Across a range of changed dielectric media, CT electrodes outperformed compared
to NT electrodes in terms of machining performance, with an average of 1.2% higher
surface polish.

• The performance of CT electrodes was also examined using span and tween in
transformer oil. It was found that tweens had 4.1% better surface polish or less
SR than spans.

• CT copper (Cu) electrode in pure transformer oil achieves the lowest SR (8.3 μm),
which is a 10.3% better-machined surface compared to pure transformer oil in the NT
case. Similarly, average surface roughness (Ra) of 8.1 μm was achieved by using a CT
graphite electrode in T-20–transformer oil, which was a 23.9% improved surface finish
compared to the value obtained in pure transformer oil.

• In this investigation modified dielectrics, employed against NT electrodes in T-80–
transformer oil, yielded the lowest values of SR. Ra magnitudes obtained in T-80–
transformer oil during the EDM were lower by 4.32% for NT Cu, 20.5% for NT brass,
and 15.6% for NT graphite compared to pure transformer oil.

• NT Cu electrode and T-20–transformer oil dielectric yielded the lowest SR (8.35 μm).
The greatest SR for S-80–transformer oil with NT Cu electrode was 17.7% higher than
the T-20 value.

• In CT electrodes, span-based modified dielectrics performed 4.13% worse than tween-
based ones. Tweens perform better because their high flash points reduce flammability.
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• Similarly, the proficiency of tween-based modified dielectrics of transformer oil in NT
electrodes was witnessed as superior by 8.41% compared to the span-added dielectrics.

• NT Cu, graphite, and brass were machined to the lowest SR of 8.35 μm, 8.40 μm, and
8.55 μm in T-20-, T-80-, and T-80-modified dielectrics, respectively. SR values were
9.72%, 15.6%, and 20.5% higher than pure transformer oil.

• If a comparison is made between the current research findings with the other research
conducted by various researchers, then it can be concluded that the surface finish
achieved in this study is 23.57% better than the highest magnitude of SR achieved by
EDM of die steel. Now, if the comparison is made between the highest value of SR
achieved in this study using a CT electrode, then it is found that the surface finish is
still better by about 30.56% than the highest of SR gained by EDM of Inconel 718.

In this work, EDM of Inconel 617 was carried out using five dielectric media under
three different types of NT and CT electrodes. This work can be extended considering
the influence of added powder and machining responses for further improvement of the
process. Evaluation of a blend of dielectrics instead of single dielectrics is another valuable
possible future direction. Furthermore, a comparative assessment using a multiscale
approach is another area that can be explored. The measurement and analysis of other
roughness-related parameters such as Rz, Rp, RSM, etc., will be comprehensively explored
in future investigations.
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