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Abstract
This research studies the energy consumption and wear mechanism of carbide cutting tools in dry machining of Ti6Al4V 
alloy. In the first phase of experiments, full factorial design experiments were employed to study the tool wear rate (R) and 
specific cutting energy (SCE) with respect to the machining conditions (cutting speed and feed rate). Results showed that 
machining responses such as tool wear and energy consumption are affected by cutting conditions, thus requiring investigation 
to understand the wear mechanisms. Therefore, in the second phase, additional experiments were performed to investigate the 
tool-workpiece interactions at the cutting conditions reported to have low, moderate, and high tool wear. It was revealed that 
strong adhesion and material transfer between the tool and workpiece caused high wear. Electron dispersive X-ray spectros-
copy (EDX) analysis of worn tools showed that the transfer of tungsten (W) and cobalt (Co) to the workpiece and titanium 
to the tool surface is the primary cause of tool deterioration. As a result, diffusion and dissolution have degraded cutting 
performance and weakened the tool edge, leading to rapid wear. Furthermore, worn tools resulted in relatively higher energy 
consumption per unit volume of material removed at the tooltip. The degradation of cutting performance and weakening of 
the tool edge results in rapid wear and higher energy consumption. The study suggests that minimizing tool wear is crucial 
for energy reduction, improved sustainability, and cleaner production goals in dry machining of titanium-based alloys.
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Abbreviations
Pact  Actual cut power
Pair  Air cut power
r  Chip compression ratio
h2  Chip thickness after the cut
CNC  Computer numerical control
V  Cutting speed
d  Depth of cut
EDX  Energy dispersive X-ray
f  Feed rate

VB  Flank wear
MRR  Material removal rate
NC  Numerical control
rpm  Revolutions per minute
SEM  Scanning electron microscopy
SCE  Specific cutting energy
h1  Undeformed chip thickness
R  Wear rate parameter
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1 Introduction

Modern manufacturing industries are striving to reduce costs, 
improve part quality, and minimize the environmental impact 
of their processes, including the use of eco-friendly cutting 
fluids. Achieving long-term production goals and improv-
ing machining performance metrics, such as tool wear, tool 
life, and part quality, are critical to meeting these objectives 
[1]. However, energy consumption in machining processes 
requires special attention since operators may use carbon-
intensive operational parameters. Machining titanium alloys 
is particularly challenging due to their difficult nature, includ-
ing high strength-to-density ratios, corrosion resistance, 
chemical reactivity, and high hot hardness [2]. These prop-
erties make titanium alloys preferred in medical, aerospace, 
and offshore applications. Among titanium alloys, TiAl4V 
is the most commonly produced (α+β) alloy, accounting for 
half of the produced tonnage. Various grades of uncoated 
carbide are typically used to cut these alloys, but improving 
their machinability remains a key challenge for both indus-
tries and researchers. This requires the use of modern tooling 
and effective process parameters to mitigate the impact of 
machining parameters on critical machining responses.

Machining is a critical requirement in most production 
industries, including aerospace, automotive, and biomedi-
cal, due to the need for complex, high-quality parts. Despite 
the wide use of turning and milling processes, there is still 
a need to improve the quality and accuracy of the parts as a 
part of constant process improvement. As a result, most of 
the recent researchers have focused on improving the cut-
ting process, including the type of tools used [3], increasing 
production rates, and developing new methods and strate-
gies for high-speed machining under dry, wet, and cryogenic 
conditions [4]. About 25% of the global energy consumption 

accounts for the industrial sector with the machining pro-
cesses a potential contributor in manufacturing settings [5]. 
The industrial sector energy consumption in the UK that 
includes manufacturing, construction, and mining is esti-
mated to be 17% of the final total energy consumed. This 
shows a huge potential for energy savings in the manufac-
turing sector [6, 7]. Manufacturing energy use accounts for 
a large component of the UK’s greenhouse gas emissions, 
accounting for roughly 10%. It is therefore crucial to reduce 
energy consumption in industrial processes to help achieve 
the country’s carbon reduction targets. To address this, 
recent research has focused on improving machining perfor-
mance through better tool materials, increased productivity, 
and eco-friendly technologies to achieve greener, healthier, 
and safer operations [8]. Many parameters, such as dry and 
minimum quantity of lubricant (MQL) machining, nanoflu-
ids, biodegradable vegetable oils, and cryogenic lubrication, 
enhance part quality and improve machining performance 
while reducing environmental damage and production costs.

Dry machining is an effective method for achieving 
cleaner production goals and reducing the harmful effects 
of cutting fluids [9]. However, the tool chip interface in dry 
machining experiences high temperatures and complex inter-
actions, resulting in accelerated tool wear. The heat and fric-
tion at the interface become even more complex and intensive 
when cutting titanium-based alloys at high cutting speeds. 
Previous studies have focused on wear phenomena in machin-
ing Ti6Al4V alloys and reported that WC-Co tools show bet-
ter hardness, wear resistance, and chemical inertness, making 
them widely used in machining titanium alloys [10]. There-
fore, an uncoated carbide tool was used in this study.

Tool wear is critical in controlling other properties when 
machining titanium alloys. Previous studies have dem-
onstrated that wear can impact energy consumption and 

Fig. 1  Machining setup for turn-
ing experiments
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identified it as a possible way to control other machining char-
acteristics [11, 12]. Common wear morphologies reported in 
titanium machining using uncoated tools include crater and 
flank wear well as tool chipping and plastic damage [13]. To 
improve the shop floor machining environment in terms of 
part quality, production cost, and cutting energy used in the 
process, wear mechanism analysis is critical. While most stud-
ies have discussed the types and nature of wear mechanisms 
that can occur when cutting a variety of materials, includ-
ing aluminum, steel, and titanium alloys, it has been widely 
reported that the latter has a high reactivity with the tool mate-
rial [14–16]. Diffusion and dissolution are the primary sources 
of tool wear when machining titanium-based alloys, and some 
authors suggest a combination of adhesion, attrition, and dif-
fusion wear [17]. Others have proposed that at higher cutting 
condition, an attrition wear mechanism controls the flank and 
rake crater, while a diffusion wear mechanism controls them 
at medium-to-high cutting rates. [18]. Diffusion and chemi-
cal wear are also considered the main causes of deterioration 
when machining titanium alloy with a cemented carbide tool. 
Carbon diffusion causes worn flank and rake regions, and tita-
nium reacts with carbide to generate TiC, which has a strong 
deformation strength and can be applied as a tool protection 
layer [16]. Several papers have also discussed the application 
of scanning electron microscopy (SEM) in combination with 
X-ray energy-dispersive spectrometry (XEDS) to examine the 
as-worn tools.

Achieving sustainability in machining processes involves 
improving process characteristics such as tool wear, rough-
ness, cutting forces, and energy efficiency. Machine tools 
have been identified as the primary energy consumer in 
manufacturing environments, making it crucial to study tool 
wear mechanisms in titanium alloy machining to understand 

Fig. 2  Tool wear with respect to the cutting conditions

Fig. 3  SCE with respect to the cutting conditions

Fig. 4  Surface plots and main 
effect plots for tool wear and 
SCE
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energy consumption [19, 20]. The effect of tool vibration and 
force signal is another important factor to consider during 
machining, particularly for hard-to-cut materials. Numerical 
and experimental results were reported to optimize process 
parameters for reduced power consumption, cutter vibration, 
and forces [21], and thus methodologies were also proposed 
for tool vibration-based wear and surface roughness estima-
tion [22]. Improving machining performance and understand-
ing the complexity of the interaction at the tooltip requires a 
comprehensive investigation of wear mechanisms. Thus, this 
research aims to investigate the effect of cutting conditions 
on tool wear and energy consumption and analyzes the tool 
wear mechanisms in uncoated tools after turning Ti6AL4V 
alloy using SEM/EDX and to correlate tool wear with process 
energy consumption. Analysis of the tools with SEM/EDX 
enables visualization and distribution of reaction products of 
the flank wear region occurring at different cutting speeds for 
dry machining titanium using uncoated tools. Furthermore, 
high tool wear cutting conditions were identified, and tool 
wear, specific cutting energy, and chip characteristics were 
evaluated. The study is significant for achieving improved 
tool life and energy consumption in the dry machining of 
titanium-based alloys using uncoated carbide tools.

1.1  Research motivation

This study builds upon a previous investigation focused on 
developing wear and energy maps, characterizing cutting 
conditions in regions of high, low, and moderate wear and 

energy [19]. The current study explores a deeper under-
standing of wear phenomena by investigating the interac-
tion between the tool and workpiece. It specifically exam-
ines the transfer of elements between the tool and workpiece 
and its impact on energy consumption. Understanding the 
tool work interaction under a dry-cutting environment will 
lead to a better understanding of the materials transfer for 
tool materials selection and possible tool coatings devel-
opment. The result of this study is valuable for optimizing 
dry-cutting parameters, leading to potential benefits in tool 

Table 1  Analysis of the chemical composition of Ti-6Al-4V (weight 
%)

Ti V Al Fe Cu Cr

89.44 4.2 5.7 0.15 0.003 0.0023

Table 2  Full factorial 
experiments for wear and 
energy analysis

Sr. # Cutting 
speed (m/
min)

Feed rate 
(mm/rev)

1 50 0.12
2 50 0.16
3 50 0.2
4 50 0.24
5 75 0.12
6 75 0.16
7 75 0.2
8 75 0.24
9 100 0.12
10 100 0.16
11 100 0.2
12 100 0.24
13 125 0.12
14 125 0.16
15 125 0.2
16 125 0.24
17 150 0.12
18 150 0.16
19 150 0.2
20 150 0.24

Fig. 5  Additional cutting 
conditions selected for turning 
Ti6Al4V [19]
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cost reduction and energy consumption, especially in the 
machining of titanium-based alloys.

2  Experimental section

The study involved conducting turning experiments on 
solid bars of Ti6Al4V alloy using uncoated H13-grade car-
bide inserts. The chemical composition of the workpiece 
alloy used for turning tests is presented in Table 1. A full 
factorial design of experiments (Table 2) was employed 
for turning experiments selected from the range of cutting 
parameters recommended by the tool manufacturer. All 
experiments were conducted at a constant depth of cut of 
1 mm.Experiments were performed under dry conditions 
as it allows to explore the inherent difficulties associated 

with titanium alloy machining, contributing valuable 
insights into the effects of dry machining on the material. 
Dry machining is also regarded as the cleanest approach 
to machining, as it does not require cutting fluid during 
the operation. In recent years, there has been an increasing 
awareness of health and environmental issues, leading to 
the implementation of new legislations and stricter rules to 
achieve cleaner production and minimize harmful effects. 
As a result, it has a reduced impact on environmental deg-
radation due to the absence of cutting fluid application.

The machining setup used for conducting turning experi-
ments is shown in Fig. 1. The ISO 3685 single-point testing 
standard was used to measure the maximum flank wear (VB 
max) of 0.6 mm and the average flank wear (VB) of 0.3 mm 
for the tool’s useful life [23]. Following each cutting pass, 
the optical microscope was used to inspect the cutting inserts 
and determine the flank wear based on the ISO Specifica-
tion. Equations (1) and (2) were then used to estimate the 
wear rate (R).

Here, ls is the spiral cutting length, t is the machining 
time, and Vc is the cutting speed.

Equation (2) gives the actively engaged cutting time.

where D is the workpiece diameter, l is the axial length of 
the cut, and f is the feed rate.

The monitoring of energy consumption during the cut-
ting process was carried out using the method of estimat-
ing the difference between the air cut power and the actual 
cutting power, as outlined in Eqs. (3) and (4). The experi-
mental setup utilizes a Power Analyzer CW 240-F from 
YOKOGAWA Electric Corporation to measure the cut-
ting power during machining experiments shown in Fig. 1. 
The power analyzer delivers values for power, current, and 
voltage through probes attached to the control panel. This 
methodology has been widely used in previous research 
studies to measure energy consumption during machining 
operations [4, 24, 25].

(1)R = log
[

VB∕ls
]

= log
[

VB∕1000tVc

]

(2)t = πD1∕1000fVc

Table 3  Tool wear and SCE values obtained from the experiments

Sr. # Cutting speed 
(m/min)

Feed rate 
(mm/rev)

Wear rate, R SCE (J/mm3)

1 50 0.12 −6.17 0.95
2 50 0.16 −6.07 0.93
3 50 0.2 −6.00 0.91
4 50 0.24 −5.84 0.85
5 75 0.12 −6.13 1.07
6 75 0.16 −6.03 1.10
7 75 0.2 −5.99 1.08
8 75 0.24 −5.9 1.05
9 100 0.12 −6.14 1.13
10 100 0.16 −6.01 1.09
11 100 0.2 −5.81 1.08
12 100 0.24 −5.78 1.08
13 125 0.12 −6.13 1.14
14 125 0.16 −5.93 1.11
15 125 0.2 −5.77 1.13
16 125 0.24 −5.45 1.12
17 150 0.12 −5.96 1.17
18 150 0.16 −5.8 1.15
19 150 0.2 −5.45 1.14
20 150 0.24 −5.31 1.13

Table 4  Analysis of variance 
for wear

Source DF Seq SS Contribution Adj SS Adj MS F-value P-value

Cutting speed (m/min) 4 0.8498 32.79% 0.8498 0.21244 11.43 0.000
Feed rate (mm/rev) 3 1.1472 44.27% 1.1472 0.38241 20.58 0.000
Error 32 0.5947 22.95% 0.5947 0.01859
Lack-of-fit 12 0.2379 9.18% 0.2379 0.01983 1.11 0.403
Pure error 20 0.3568 13.77% 0.3568 0.01784
Total 39 2.5917 100.00%
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The chip compression ratio was also measured for all 
the samples by determining the chip thickness after the cut 
(h2) and chip thickness before the cut (h1). In the case of 
single-point turning, the uncut chip thickness value is the 
same as the feed rate. The values were then used in Eq. (5) 
for the compression ratios [26, 27].

Additional experiments were later carried out to vali-
date and investigate cutting conditions from published 
data and listed under Sec 3.1. To further investigate the 
tribological interactions in the regions of interest, cutting 
conditions were selected based on the published maps for 
dry machining of Ti6Al4V, traversing the low, moderate, 
and high tool wear regions. Worn inserts were then exam-
ined under optical and electron microscopes for SEM/
EDX analysis of transfer between the tool material and 
the workpiece alloy.

3  Results and discussions

The results obtained for tool wear and energy consump-
tion as a result of the full factorial experiments are 
presented in Table 3. The wear rate (R) was calculated 
based on the maximum wear (VBmax) measured from a 

(3)Pcut = Pactual − Pair

(4)SCE = Pcut∕MRR

(5)Compression ratio, r =
h2

h1

microscope embedded with a digital camera. It can be 
seen from Fig. 2 that the tool wear rate increases with 
increasing the cutting speed and feed indicated by the 
negative value of R, the higher the negative value the 
lower the tool wear. Analysis of the SCE is also important 
in comparing the energy response of a machine tool. The 
effect of cutting conditions on the SCE of the machine 

Table 5  Analysis of variance 
SCE

Source DF Seq SS Contribution Adj SS Adj MS F-value P-value

Cutting speed (m/min) 4 0.282240 87.55% 0.282240 0.070560 77.43 0.000
Feed rate (mm/rev) 3 0.010990 3.41% 0.010990 0.003663 4.02 0.016
Error 32 0.029160 9.04% 0.029160 0.000911
Lack-of-fit 12 0.008960 2.78% 0.008960 0.000747 0.74 0.700
Pure error 20 0.020200 6.27% 0.020200 0.001010
Total 39 0.322390 100.00%

Table 6  Cutting conditions selected for SEM/EDX analysis

Sr. # Cutting speed (m/min) Feed (mm/rev)

1 50 0.2
2 52.5 0.2
3 55 0.2
4 62.5 0.2
5 72.5 0.2
6 75 0.2

Fig. 6  a SEM micrograph showing the elemental mapping performed 
using line scan analysis. b Elemental mapping performed on the used 
insert with counts per second (CPS) against the position across the 
line
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tool is shown in Fig. 3. The effect of feed on the SCE 
is widely reported for aluminum and titanium alloys 
[28–30]. It can also be argued that an increase in the feed 
rate leads to higher cutting loads and an improved material 
removal rate, resulting in lower energy consumption per 
unit of material removal. This is because, at higher feed 
rates, the machining mechanics shift towards an effective 

shearing mechanism rather than a rubbing mechanism, 
reducing energy consumption [7, 31]. It was observed 
that the energy consumption is also mainly affected by 
the increase in the cutting speed as also reported in the 
literature [32, 33]. The tool wear and energy are further 
analyzed in the following sections.

Tables  4 and 5 present the analysis of variance 
(ANOVA) for the data processed using statistical analysis 
in MINITAB®. The results indicate that the tool wear rate 
is significantly influenced by both cutting speed (33%) 
and feed rate (44%). For specific cutting energy (SCE), 
cutting speed is the most significant factor, contributing 
to 88% of the variance. These findings are also illustrated 
using main effect plots, displaying data means and surface 
plots (Fig. 4). Furthermore, the main effect plot for SCE 
reveals an increase with the rise in cutting speed and a 
decrease with an increase in the feed rate. Conversely, 
for tool wear, an increase is observed with higher cutting 
speed and feed rate.

Table 7  Wear rate of cutting conditions selected for BUE and line 
scan analysis

Sr. # Cutting speed 
(m/min)

Feed (mm/rev) Wear rate Wear region

1 50 0.2 −6.00 Low
2 52.5 0.2 −5.83 High
3 55 0.2 −5.74 High
4 62.5 0.2 −5.68 High
5 72.5 0.2 −5.67 High
6 75 0.2 −5.99 Moderate

Fig. 7  Elemental mapping of the cutting edge of used tools obtained from line scan using SEM/EDS
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(f) 75, 0.2

100 µm

Fig. 7  (continued)
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3.1  Analysis of tool wear

To further analyze the tool wear, cutting conditions were 
selected from published data that were reported to have 
shown low and high tool wear during machining Ti6AL4V, 
as highlighted by the map in Fig. 5. The experiments in 
Table 6 were selected from the cutting speeds known for 
high tool wear, necessitating investigation using SEM/EDX 
to understand the tool-work interaction at the cutting zone. 
To cover all three wear zones (low, moderate, and high), 
the conditions for investigation were selected as shown in 
the blue highlight. These experiments were performed after 
each run, and the worn tools were analyzed using SEM to 

investigate the wear patterns. The results of the tool wear 
rate estimated from the cutting tests are presented in Table 6. 
To investigate the tool-chip contact zone, the TESCAN 
VEGA3 SEM was utilized. Due to the high reactivity of 
titanium alloys with most tool materials and other elements, 
elemental mapping on the rake face was performed using 
energy-dispersive X-ray spectroscopy (EDX). The SEM 
analysis revealed that titanium adhered to the tool, forming 
a build-up edge at all cutting conditions.

To examine the worn inserts, a line scan was conducted 
using the methodologies previously described by research-
ers [1, 7, 8] (Fig. 6a). The SEM micrograph revealed the 
adhesion of the material, and Fig. 6b shows the correspond-
ing composition. The graph presents the weight percentage 
distribution of various elements detected across the flank 
side and provides a visual representation of the composition 
in count per second (CPS) against the scanned flank land.

The SEM and elemental mapping results of the used 
inserts, for cutting conditions as listed in Table 7, are 
presented in Fig. 7a-f. As previously reported [34, 35], 
due to the titanium alloy’s adhesive tendency and reac-
tive nature with the cutting inserts, a significant amount 
of workpiece material transfer onto the tool was observed 
during the EDX analysis of the wear land for all cutting 
conditions. In all the graphs, the transfer of titanium from 
the workpiece to the wear zone was noticeable. However, 
the cutting inserts used for the turning experiments cor-
responding to the avoidance zone (Fig. 7b-d) exhibited a 
higher tendency to adhere to the cutting tool edge, result-
ing in a high tool wear regime. On the other hand, the low 
wear and moderate wear cutting conditions (left and right 

Fig. 8  Increase in adhesion of 
titanium (a) and Vanadium (b) 
on the flank face

Fig. 9  Transfer of aluminum and nitrogen from the workpiece to the 
tool surface

Fig. 10  Reduction in the per-
centage of cobalt and tungsten 
(a) and carbon (b) from the tool 
surface
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Fig. 11  SEM images of the tool 
wear from low (a), moderate (b, 
c), and high (d) wear conditions

(a) V= 50 m/min, f = 0.2 mm/rev

(b) V= 55 m/min, f = 0.2 mm/rev

(c) V= 62.5 m/min, f = 0.2 mm/rev

(d) V= 75 m/min, f = 0.2 mm/rev
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points to the avoidance zone) resulted in the least adhe-
sion, respectively. Thus, the workpiece material adhesion 
in the avoidance zone caused the high wear of the tools in 
the cutting speed range of 52.5–72.5 m/min and feed of 
0.20 mm/rev on the wear map. This also agrees with the 
results reported by similar researchers [36, 37].

The investigation of the tribological interactions at the 
tool-chip region revealed the transfer of various elements 
between the tool and the workpiece. To investigate this 

further, a cutting condition (V = 72.5 m/min and f = 0.2 
mm/rev) was selected, and detailed analysis showed an 
increase in the atomic concentration of titanium and vana-
dium from the workpiece onto the tool, as demonstrated 
in Figure 8a, b. Furthermore, an increase in the amount of 
atmospheric aluminum and nitrogen was observed in the 
wear region, indicating the formation of TiN or TiAlN, 
among other elements [16].

Figure 9 shows the increase in the atomic concentra-
tion of aluminum and nitrogen. In contrast, the percent-
age of carbon, tungsten, and cobalt decreased on the tool 
surface, indicating the transfer of the tool material to the 
workpiece, as shown in Fig. 10a, b. Line scan tests for 
all examined inserts revealed that the mass percentage of 
carbon fell in flank regions, indicating substrate adhesion. 
Therefore, it can be inferred that the high wear of the cut-
ting tools during titanium machining is due to their reac-
tive nature with the tool material, resulting in diffusion and 
dissolution that degrade cutting performance and weaken 
the tool edge [36]. As a result, this phenomenon is the 
primary source of rapid wear in the avoidance zone.

3.2  Wear modes

One of the main problems of tool wear and failures in tita-
nium machining is attributed to the material adhesion on 
the tool’s surface accelerated by the chemical instability 
and chip material adhesion. This is accelerated by the com-
plex wear phenomenon and the temperature effects at the 
chip tool interface [15]. In recent studies, important wear 
mechanisms reported for machining Ti6AL4V alloy include 
adhesion and abrasion, dissolution and diffusion, attrition, 
chipping, and plastic deformation [16]. Adhesion of mate-
rial to the tool’s flank and rake surface cause high friction 
due to direct contact resulting in more severe adhesion and 
abrasion layer [17].

The SEM images of the cutting condition in the avoid-
ance region were analyzed to identify the wear mechanisms. 
Figure 11 displays the flank surface of the tool, where low, 
moderate, and high worn tools were observed, indicating 
the presence of a complex wear phenomenon at the tool-
chip interface. The cutting conditions (avoidance zone) 
showed severe marks of chip adhesion and high chemical 
instability, which promoted tool wear at cutting conditions 
(Fig. 11b, c). Titanium adhered to the tool surface under 
all conditions, but it was more apparent in the high wear 
conditions. Many researchers including the current work 
have reported that materials transfer between the tool and 
work occurs as a result of elemental diffusion and chemical 
reaction of the titanium during the machining process, [15, 
18]. Additionally, the cutting edge is chipped off, with some 
abrasive marks present, which has been reported by other 
researchers for uncoated tools [38]. The uncoated tools’ 

Fig. 12  Chip segment showing after cut chip thickness

Table 8  Values of SCE and r corresponding to the selected zone on 
the wear map

Sr. # Cutting speed 
(m/min)

Feed (mm/rev) SCE Chip 
compression 
ratio

1 50 0.2 0.90 2.54
2 52.5 0.2 0.94 2.60
3 55 0.2 1.03 2.66
4 62.5 0.2 1.06 2.78
5 72.5 0.2 1.08 2.81
6 75 0.2 1.09 2.93

Fig. 13  Effect of chip compression on SCE at different cutting speeds
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wear is caused by material adhesion-dissolution, poor tita-
nium conductivity, and complex phenomena at the cutting 
zone, resulting in adhesive wear being the primary cause of 
high tool wear in the avoidance region [39]. This has also 
affected the cutting mechanics, forces, and energy during 
material removal, which will be discussed in the following 
sections.

3.3  Analysis of chip formation and SCE

Chip produced in the machining process was collected 
and the cross-section of the chip samples after grinding 
and polishing was also analyzed in optical and SE micro-
scopes. Chip compression (r) refers to the deformation 
of a chip during the cutting process. Therefore, this ratio 
can be utilized to determine chip generation efficiency, 
shear angle, pressures, and energy consumption in a cut-
ting cycle [40]. A bigger r number usually corresponds 
to a narrower shear plane angle, resulting in more energy 

consumed throughout the operation. The chip compression 
ratio was measured using Eq. (5) from the ratio of the chip 
thickness after the cut (h2) to that of uncut chip thickness 
(h1) [19], shown in Fig. 12.

Table 8 shows the chip compression ratios and the specific 
cutting energy consumed during the experimental runs. The 
specific energy consumption at the tool tip increased with an 
increase in the cutting speed and accelerated wear. The change 
in SCE as a result of an increase in chip compression ratio is 
shown in Fig. 13. Thus, the ratio can also be used as a true 
representation of the external work and true plastic deforma-
tion caused by the tool that represents energy spent in cutting 
[41]. Moreover, the chip morphologies of the cutting conditions 
selected showed that shear banding occurred under all the cut-
ting speeds while dry machining Ti6Al4V alloy as shown in 
Fig. 14. Thus, it can be summarized that the increase in the wear 
rate in the avoidance zone has also affected the chip geometry, 
compression ratios, and corresponding SCE consumption during 
the machining process.

Fig. 14  Segmented chips of 
Ti6Al4V under different cutting 
conditions

Cutting 
Condition 
(m/min)

Cutting
Condition
(m/min)
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Machine tools and machining process dynamics are cru-
cial for optimizing the manufacturing processes to meet 
end-user requirements such as precision, cutting perfor-
mance, and productivity. Many factors can affect a particu-
lar machining process; however, during the actual process, 
the dynamic cutting forces, chatter, machining dynamics, 
tool wear, and energy consumption are essential in machin-
ing studies as highlighted in Fig. 15. Optimal chatter-free 
conditions can be found for any machining process char-
acterized by stability charts. It has been reported that the 
chatter and vibration change with the change in the tool wear 
resulting in cutting instability [42]. The current study has 
only considered the effect of wear on energy consumption 
in turning titanium alloy. It is important to mention here 
that the tool wear and cutting energy are also influenced by 
dynamic cutting forces, torques, and chatter that vary during 
the process, impacting the complex phenomenon relating 
to tool-work interaction, stability, and surface roughness. 
As a result, tool wear characteristics must be considered in 
machining and thus further efforts are needed to optimize 
these diverse responses to improve process efficiency and 
production quality.

4  Conclusions

This research aimed to investigate the energy consump-
tion and wear mechanisms in uncoated tools after turning 
Ti6AL4V alloy using SEM/EDX and to correlate tool wear 
with process energy consumption.

• Cutting conditions have a key role in the energy con-
sumption and life of the tool in machining titanium 
alloys.

• The high wear of cutting tools during machining of 
titanium-based alloys is due to the reactive nature of 
titanium with the tool material, leading to the diffusion 
and dissolution of tool material and degradation of cut-
ting performance.

• The transfer of tool material to the workpiece was con-
firmed through SEM/EDX analysis, with an increase in 
the atomic concentration of aluminum and nitrogen and 
a decrease in the percentage of carbon, tungsten, and 
cobalt on the tool surface. Line scan tests also revealed 
substrate adhesion in the flank regions, further support-
ing the wear mechanism.

• The analysis of the tools with SEM/EDX enabled visu-
alization and distribution of reaction products of the 
flank wear region occurring at different cutting speeds. 
By identifying regions of high tool wear rate and exam-
ining the material transition between the tool and work-
piece, the study shows that avoiding cutting conditions 
in the high-wear region can lead to cost and energy 
benefits in machining titanium-based alloys.

• The findings suggest that the high wear rates in the 
avoidance zone not only affect tool wear but also have 
an impact on chip morphology and energy consumption 
during the machining process. The study can also guide 
the development of suitable tool coatings and lubrica-
tion strategies for improving tool life and sustainability 
in titanium machining.

Fig. 15  Key factors for 
machinability analysis
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• The identification of the avoidance zone on the pub-
lished wear and energy maps can help machinists avoid 
the cutting conditions corresponding to high-wear 
regions and achieve cost and energy benefits in machin-
ing titanium-based alloys.
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