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Abstract
This paper presents the study of the finishing, repair, and maintenance turning operations of gamma titanium aluminide 
(γ-TiAl) parts from the aeronautic industry, with the aim to evaluate different sustainable lubrication/cooling environments, 
including a newly developed synthetic ester water-based metalworking fluid (EcoMWF) to replace mineral-based MWF 
(MWF). The systems considered in this work are dry, cold-compressed air, minimum quantity lubrication (MQL), cryogenic, 
and flood on turning of a new and relatively low explored titanium alloy, γ-TiAl. Therefore, the influence of machining 
parameters and insert type on tool wear, surface roughness, roundness, and cutting temperature have been investigated for 
each environment. Results detailed in this study showed a significant influence of the lubrication/cooling systems on the 
machinability of γ-TiAl. The study also revealed that the sustainability of turning γ-TiAl could be improved under the cryo-
genic system and the new EcoMWF, keeping the same machining performance as common mineral-based MWF.
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1 Introduction

Gamma titanium aluminide (γ-TiAl), due to its excellent 
characteristics such as high elevated temperature strength 
and good oxidation resistance, has advanced applications in 
the automotive, aeronautic, and aerospace industries. The 

difference in the working temperature could be 50% higher 
compared to other titanium alloys used, such as Ti6Al4V [1]. 
Moreover, titanium aluminides have become an alternative 
to replace heavy materials such as nickel-based superalloy 
to allow mass saving [2], and during the last years, several 
industries are introducing and qualifying this new alloy to 
produce their components [3]. Nevertheless, this new light-
weight alloy is considered a difficult-to-machine material 
because of its low machinability rating [4]. The machining 
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cost can represent as much as 40% of the total cost of manu-
facturing the component [5].

The third generation γ-TiAl materials, including Ti-
43.5Al-4Nb-1Mo-0.1B (TNM-B1) with three phases 
γ + α2 + β/βo (Fig. 1), have high fatigue properties compared 
to the second generation Ti-48Al-2Cr-2Nb [6]. β-phase is 
stabilized by Nb and Mo addition, increasing the hardening 
effect of γ-TiAl but reducing diffusivity [7]. The manufac-
turing of γ -TiAl TNM-B1 parts is achieved via vacuum 
arc remelted (VAR skull melting) and subsequent centrifu-
gal casting in permanent molds. After, pieces are subjected 
to hot-isostatically pressed (HIP) thermal treatment and 
mechanical machining.

Reducing the rapid tool wear is essential to decrease 
manufacturing costs. The machining conditions for γ-TiAl 
are significantly lower than conventional Ti6Al4V alloy, 
with a typical cutting speed below 30 m/min, a feed rate 
between 0.05 to 0.10 mm/rev, and a depth of cut between 
0.3 to 0.7 mm even in finishing processes [4]. Metalwork-
ing fluid (MWF) is used to enhance the metal machining 
processes by providing boundary lubrication, dissipating 
heat, and removing chips from the cutting zone [9]. Due 
to its numerous advantages, the demand for MWF, mostly 
mineral-oil based, is constantly growing in the machining 
industry [10], reaching a global consumption of more than 
13,700 million tons with an annual increment of 1% in 2016 
[11]. Nevertheless, MWFs have been criticized due to their 
negative environmental impact and potential health hazards 
[12].

New approaches have been reported to overcome the 
drawbacks related to MWF. This includes, cryogenic cool-
ing, gaseous lubrication, dry machining, environmentally 
friendly MWF (EcoMWF), minimum quantity lubrication 
(MQL), and combinations of them [13]. There is a trend to 
reduce the MWF amount by dry machining or MQL, which 
has been demonstrated to have significant advantages in 
cutting operations of aluminum and steel alloys. However, 
several studies have shown that when machining titanium 
alloys in dry conditions, the absence of cutting fluid results 
in a higher temperature increase, which causes severe and 
premature tool wear and poor surface roughness of the work-
piece [14]. Moreover, chips or parts of the workpiece mate-
rial remain adhered to the tool.

In MQL, a minimum amount of fluid is supplied as oil 
droplets or air-oil mist into the cutting zone. Cutting fluids 
for MQL machining are commonly based on mineral oils, 
fatty alcohols, vegetable oils, or synthetic esters (chemically 
modified vegetable oils). Recent studies have shown that 
the addition of nanoparticles in the cutting fluid, such as 
molybdenum disulfide, boron nitride, graphite, metal nano-
particles, or carbon nanotubes, significantly reduces the tool 
wear and improves surface roughness by increasing the heat 
transfer due to an increase in the thermal conductivity of 
the fluid [15]. However, for difficult-to-machine materials, 
this lubrication/cooling system has a reduced performance 
to remove heat from the cutting zone, resulting in excessive 
tool wear. Therefore, the usage of MWF is still required [16].

There are very few investigations studying the effect of 
gaseous cooling in machining operations [17], none of which 

Fig. 1  Phase equilibria of γ-TiAl: a quasi-binary section, and b course of phase fractions with temperature [8]
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are related to the machining of γ-TiAl. Cold-compressed air 
(CCA) has a high cooling ability compared to other lubri-
cating systems, and its flow helps break the chips, remove 
them from the cutting zone, and collect them in dry form. 
However, they do not have any lubricating capacity [18]. 
Therefore, CCA is commonly applied along with MQL in 
the form of spray or mist.

For difficult-to-machine materials, such as Ti6Al4V, 
cryogenic cooling has proved to be a successful alternative 
to MWF, thanks to the low temperature of the medium [19]. 
Liquid nitrogen  (LN2) at − 196 ºC or liquid carbon dioxide 
 (CO2) at − 78 ºC applied in the cutting zone, absorb the 
heat generated during cutting, and evaporates, providing 
no pollutant residue on the workpiece, chips, and machine 
tool. Moreover, it is considered a clean and environmentally 
friendly lubrication/cooling system with lubrication capac-
ity by forming a gas layer between interfaces and providing 
significant benefits such as chip breakability, increased tool 
life, and surface quality improvement [20].

Regarding EcoMWF, vegetable oils and synthetic esters 
are considered potential alternatives to replace mineral oil-
based fluids due to their high biodegradability, low toxicity, 
and high performance [21]. For turning titanium alloys, the 
use of water-based MWF is preferred due to its excellent 
heat dissipating properties, the ability to provide a thin lubri-
cant film, and its cleaning capacity to remove chips [22]. 
However, there is relatively limited literature accessible 
describing lubrication and cooling performance obtained 
with vegetable oil or ester-based water-soluble MWF in the 
machining of difficult-to-machine materials.

Most of these alternative lubrication/cooling systems on 
machining titanium alloys have been conducted on Ti6Al4V, 
so additional research is needed on other commercial and 
experimental alloys. There is little literature found on the 
work related to turning γ-TiAl. According to previous 
research achievements, when machining γ-TiAl alloy, the 
workpiece can suffer several surface damages and micro-
structural alterations, such as microcracks, redeposited mate-
rials, plastic deformation, cavities, and heat-affected zones 
[23]. Priarione et al. [24] studied the surface integrity and 
tool life when machining Ti-43.5Al-4Nb-1Mo-0.1B (TNM) 
with cubic boron nitride and polycrystalline diamond (PCD) 
coated inserts under conventional MWF cutting (6% emul-
sion) and cryogenic cooling with  LN2. Results showed that 
under cryogenic cooling, PCD tool life was increased com-
pared to conventional MWF.

The significant influence of lubrication/cooling systems 
on the machinability of γ-TiAl alloys is shown by Kockle 
et al. [25]. The authors studied the effect of conventional 
MWF (6% mineral oil emulsion), MQL (vegetable oil with 
compressed air), dry, and  LN2 cooling on the surface integ-
rity and tool wear when turning Ti-45Al-2Nb-2Mn + 0.8 
with uncoated cemented carbide tools. Results confirm that 

dry condition is not appropriate for machining γ-TiAl. Com-
pared to conventional MWF, with MQL, a slight decrease of 
the tool wear and a reduction of approximately 30% of sur-
face roughness is achieved. However, the best results were 
obtained using cryogenic cooling.

To overcome these challenges of the machinability of 
γ-TiAl, this study responds to the need of replacing mineral-
based MWF in turning γ-TiAl by introducing a formula-
tion of a new sustainable ester-based water-soluble MWF 
(EcoMWF). It includes the evaluation of the performance 
obtained with an EcoMWF in comparison with conventional 
mineral oil-based water-soluble MWF and other green lubri-
cation/cooling systems such as dry, CCA, MQL, and cryo-
genic; under different cutting parameters during finishing, 
repair, and/or maintenance turning processes in workpieces 
of the aeronautic industry. The effects of the lubrication/
cooling systems, tool type (coated/uncoated carbide insert), 
and cutting parameters on the quality of the machined 
part (surface roughness and roundness), tool temperature, 
and tool wear have been studied with analysis of variance 
(ANOVA).

2  Experimental

2.1  Workpiece, Tools, and Equipment

A cylindrical bar of γ-TiAl was used to investigate the influ-
ence of lubrication/cooling systems and machining param-
eters on the horizontal turning, in particular, with a small 
depth of cut as the used in finishing, repair, and/or mainte-
nance operations. The workpiece used was a Ti-43.5Al-4Nb-
1Mo-0.1B alloy with 45 mm diameter and 250 mm in length. 
The turning tests were conducted on a parallel lathe (Pinacho 
model L-1/200). The selection of the cutting parameters for 
turning γ-TiAl is based on similar studies in the literature, 
referenced in Table 1.

Spindle speed, feed rate, and insert type were selected 
as input machining parameters in different conditions of 
lubrication/cooling systems, while surface roughness, tem-
perature, roundness, and tool wear were selected as response 
parameters. The experiments were carried out at two feed 
rates (0.14 and 0.28 mm/rev) and two spindle speeds (500 
and 800 rpm), whereas the other two cutting parameters 
were kept constant (depth of cut = 0.03 mm and machin-
ing length = 120 mm). The tools used in the research were 
uncoated cemented carbide (883) and physical vapor deposi-
tion (PVD) coated carbide tools (TS2500) from Seco Tools 
(CNMG120408-M1-883 and CNMG120408-M1-TS2500 
PVD manufacturer codes, respectively Fig. 2). A new insert 
cutting edge was used for each experimental run.

The influence of cutting parameters and different con-
ditions of lubrication/cooling systems on the cutting 
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temperature, surface quality, and tool were studied. Tem-
perature at the tool interface was measured using an Optris 
CT model LT pyrometer, and the approximate cutting tem-
perature was recorded. After the experiment, the surface 

roughness of each cut was measured Mitutoyo Surftest SJ 
401 profilometer. The arithmetic averaged surface roughness 
(Ra) was measured at 15 mm, 67 mm, and 110 mm.

The workpiece's roundness affects the dimension accu-
racy, the quality, and the suitability of the piece for assembly 
[29]. Roundness is the difference between the maximum and 
minimum radius. Based on the literature review, few studies 
report on the effect of cutting conditions on roundness in the 
turning of titanium alloys. In this study, the roundness was 
measured in the middle of the machined workpiece (60 mm) 
using Mitutoyo Roundtest RA-10.

The tool wear (Fig. 3) was analyzed using an optical 
microscope Euromex model ST, while the wear on the rake 
and flank faces of the inserts were measured using Tesa 
Visio DCC300. A detailed investigation of the worn tool to 
determine the main wear mechanisms during γ-TiAl turning 
under different lubrication/cooling systems was carried out 

Table 1  Cutting conditions for turning γ-TiAl alloy

vc cutting speed, ap depth of cut, f feed

References Alloy Machining parameters Tool Environment

Settineri et al. [26] Ti-48Al-2Cr-2Nb, Ti-43.5Al-
4Nb-1-Mo-0.1B, Ti-45Al-
2Nb-2Mn + 0.8

vc: 80 m/min;  ap: 0.25 mm; f: 
0.1 mm

Uncoated cemented carbide MWF

Kocke et al. [25] Ti-45Al-2Nb-2Mn + 0.8 vc: 80 m/min;  ap: 0.25 mm; f: 
0.1 mm

Uncoated cemented carbide MWF, cryogenic, dry, MQL

Cheng et al. [27] Ti-47.5Al-2.5 V-1Cr vc: 25–100 m/min;  ap: 0.15–
0.35 mm; f: 0.05–0.2 mm/
rev

Uncoated cemented carbide MWF

Sharman et al. [23] Ti-45Al-2Nb-2Mn + 0.8 vc: 25–40 m/min;  ap: 0.05–
0.1 mm; f: 0.05 mm/rev

Uncoated cemented carbide MWF

Yao et al. [28] γ-TiAl vc: 30–50 m/min;  ap: 
0.2–1 mm; f: 0.06–0.1 mm/
rev

PVD-coated carbide inserts –

Priarone et al. [24] Ti-43.5Al-4Nb-1Mo-0.1B vc: 80 m/min;  ap: 0.25 mm; f: 
0.1 mm

Cubic boron nitride and 
polycrystalline diamond 
(PCD)

MWF, cryogenic

Beranoagirre and 
López de la Calle 
[1]

Ti-44Al-6Nb-0.2C vc: 40–60 m/min;  ap: 
0.5–2 mm; f: 0.05–0.15 mm/
rev

Tungsten carbide MWF

Fig. 2  Geometry of the tested tools

Fig. 3  Microscopic image of TS2500 insert when machining at 0.14 mm/rev and 500 rpm: a tool wear, b rake, and c flank face
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using Scanning Electron Microscope (SEM, model JEOL 
JSM-6010LV). Finally, the software of design of experi-
ments was used to analyze the responses and determine the 
effect of the cutting parameters and the lubrication/cooling 
system, as well as the interactions among other factors.

2.2  Lubrication/Cooling Systems

The different cutting environments considered in this study 
include dry, cold-compressed air system (CCA), cryogenic, 
flood (12 l/min with EcoMWF and commercial MWF), and 
MQL (0.9 ml/min) (Fig. 4). For the CCA system, a Cold Air 
Gun Vortex system was used to achieve a cooling medium 
of − 16.7 ºC, measured at the injector exit point with Multi-
metrix DMM220. In cryogenic cooling trials, liquid nitrogen 
has been conditioned in a 180-l ranger at low pressure, and 
an  LN2 jet was applied on the insert.

EcoMWF for this study was formulated using a magnetic 
stirrer. A mixture of monoethanolamine (5.76 g), triethan-
olamine (5.64 g), and isononanoic acid (7.09 g) was added 
in deionized water and stirred for one hour. These raw 
materials have pH buffering capacity and are used to pro-
tect the workpiece and machine surface against corrosion. 
After, non-ionic surfactant (oleyl/cetyl propoxylated alcohol, 
13.12 g) and anionic surfactant (oleth-10 carboxylic acid, 
10.20 g) were used to reduce the surface tension of the fluid, 
to emulsify the ester in water, and to improve the lubricity 
of the cutting fluid [30]. A highly biodegradable trimeth-
ylolpropane trioleate ester (provided by Industrial Química 
Lasem, 6.44 g) and an eco-friendly phosphate ester (pro-
vided by Solvay, 12.14 g) were added to provide lubricity 
and anti-wear properties. Finally, 8.25 g of glycol was added 
to stabilize the mixture. The fluid was magnetically stirred 
at room temperature for two hours.

Before conducting experiments, the formulated EcoMWF 
and a commercial MWF (trade name Servol 634) contain-
ing mineral oil supplied by Brugarolas (Spain) were tested 

in Labtap G8 (Microtap, Munich, Germany) with Ti6Al4V 
workpiece at 300 rpm spindle speed and 6 mm depth of 
cut. In the experiments, the MWFs were diluted at 10% in 
deionized water. Observing the results shown in Fig. 5, the 
tapping torque of the formulated MWF remains below the 
commercial. The increase in tapping torque is attributed to 
the increase in tool wear for each consecutive run. Therefore, 
the formulated EcoMWF was expected to provide better 
anti-wear performance than the commercial mineral-based 
lube in titanium alloys.

Chemically modified vegetable oils and fatty alcohols are 
the most common products for machining with the MQL 
system [31]. In this study, for the MQL environment, a tri-
methylolpropane trioleate was used as the same ester oil to 
formulate the EcoMWF. Figure 4b shows the MQL exter-
nally connected setup with a flow of 0.9 ml/min.

Fig. 4  Experimental configura-
tions under different environ-
ments: a CCA, cryogenic and 
MWF fluid supply, and b MQL

Fig. 5  Tapping torque results with machining consecutive taps with 
the formulated EcoMWF and commercial MWF
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3  Results

The objective of this work was to investigate the effects of 
input parameters on the surface roughness and the roundness 
of the γ-TiAl workpieces as well as the temperature at the tip 
of the tool, under different environments produced by dis-
similar lubrication/cooling systems. The experimental data 
of the 2 (feed rate levels) × 2 (spindle speed levels) × 2 (insert 
type levels) × 6 (environment levels) = 48 cutting conditions 
are presented in the Appendix. Experimental data for the 
turning process of γ-TiAl.

Regarding the chips formed during machining, neither 
dry condition nor MQL systems could remove chips from 
the cutting zone, leading to an agglomeration of fine tita-
nium chips that are highly combustible, and even in some 
experiments, sparks occurred. This danger is present with 
high cutting temperatures as the chips retain the heat and, 
worse yet, when oil-based lubricants are used in the machin-
ing [10]. Using water-based MWF eliminates the danger of 
ignition while it removes the chips. In the case of CCA and 
cryogenic cooling cutting, chips become brittle and easy to 
break. Furthermore, they offer the advantage that chips can 
be collected in dry and clean form.

3.1  Tool Wear

Tool wear leads to decrease productivity while increasing 
machining costs. The inserts depicted in Figs. 6 and 7 show 
the microscopic images of the flank of the uncoated and 
PVD-coated insert, respectively, used in turning γ-TiAl at 
different cutting parameters with several lubrication/cooling 
systems. The examination of the inserts used for machining 
reveals that the lubrication/system and the insert type are the 
main parameters determining the tool life. Weather coated or 
uncoated, the cutting edge is characterized by clearly defined 
cracks.

At first glance, it is noticeable that the highest tool wear 
is achieved in dry conditions. Moreover, Fig. 8 shows the 
excessive wear on the rake face accompanied by discolora-
tion of the uncoated carbide tool and temperature contours 
of the PVD tool due to the elevated temperatures associated 
with dry lubrication. The results confirm that dry machin-
ing is not appropriate for turning γ-TiAl due to the extreme 
tool wear.

Table 2 shows the results of the statistical analysis of the 
flank wear for the linear model. The model F-values of 6.25 
implies that the model is significant. Spindle speed, insert 
type, and environment are significant model terms with p 
values below 0.0500.

Cu�ng parameters DRY CCA MQL CRYOGENIC ECO MWF MWF

f = 0.28 mm/rev
N = 800 rpm

f = 0.28 mm/rev
N = 500 rpm

f = 0.14 mm/rev
N = 800 rpm

f = 0.14 mm/rev
N = 500 rpm

Uncoated cemented carbide (insert 883)

Fig. 6  Microscopic images (objective × 0.75) of the flank of the uncoated insert used in turning γ-TiAl at different cutting parameters with differ-
ent lubrication/cooling systems
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Cu�ng parameters DRY CCA MQL CRYOGENIC ECO MWF MWF

f = 0.28 mm/rev
N = 800 rpm

f = 0.28 mm/rev
N = 500 rpm

f = 0.14 mm/rev
N = 800 rpm

f = 0.14 mm/rev
N = 500 rpm

PVD coated carbide (TS2500 )

Fig. 7  Microscopic images (objective × 0.75) of the flank of the PVD coated insert used in turning γ-TiAl at different cutting parameters with 
different lubrication/cooling systems

Fig. 8  Microscopic image of 
the insert during dry turn-
ing at 500 rpm and 0.28 mm/
rev: a uncoated insert (883) 
and b with PVD coated insert 
(TS2500)

Table 2  Linear ANOVA model 
for flank wear after turning 
process

The most significant parameters and values in the model are highlighted in bold

Source Sum of squares df Mean square F value p value

Model 4.12 8 0.5150 6.25  < 0.0001 Significant
A-feed rate 0.1796 1 0.1796 2.18 0.1480
B-spindle speed 0.9565 1 0.9565 11.60 0.0015
C-insert 1.00 1 1.00 12.14 0.0012
D-environment 1.98 5 0.3966 4.81 0.0016
Residual 3.22 39 0.0824
Cor total 7.33 47
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Figure 9 shows the tool wear using two different tools. 
Each bar represents a different combination of feed rate and 
spindle speed, with bars grouped according to the lubrica-
tion/cooling system. The wear is more pronounced on the 
flank face rather than the rake face. The analysis shown in 
Fig. 9a indicates that the uncoated carbide inserts used dur-
ing machining with MQL systems prolong the tool life. The 
high capability of the ester to form a lubricating film protects 
the surface from flank wear.

At low spindle speed (500 rpm), MQL, cryogenic, and 
EcoMWF are the lubrication/cooling systems that prevent 
further tool wear. Based on the experimental results, an 
increase in spindle speed tends to accelerate the flank wear. 
At these severe conditions, lubrication predominates over 
cooling capacity, with the lowest tool wear using MQL. The 
flank wear of uncoated carbide tools (883) is reduced using 
MQL. With this lubrication/cooling system, rake wear val-
ues of approximately 0.1 mm can be achieved.

The coating of the tool has a significant influence on its 
lifetime, especially in the case of flood systems, where the 
flank wear of the uncoated carbide tool is, in general, higher 
than PVD coated tool. The results indicate the benefits of 
MQL and flood systems in terms of tool life. At the low-
est spindle speed of 500 rpm, the results for low (0.14 mm/

rev) and high (0.28 mm/rev) feed rates are nearly identi-
cal for MQL and flood systems. When turning γ-TiAl with 
EcoMWF, the TS2500 insert shows reduced flank and rake 
wear, especially for 500 rpm and 0.28 rev/min, where 0.5 
 mm2 and 0.03 mm values are achieved, respectively. This 
empathizes the effectiveness of liquid fluid in reducing 
the tool wear due to its lubrication film formation, which 
improves the tool performance and hence, productivity.

In addition to the quantification analysis of the tool wear, 
the type of wear was studied using SEM. Due to the rela-
tively large number of variables considered in this research, 
the tools observed belong to a fixed cutting condition of 
spindle speed of 500 rpm and feed rate of 0.28 mm/rev. 
This was considered to be sufficient to study the impact of 
lubrication/cooling systems on tool wear. The wear on cut-
ting tools occurred on the flank face and rake face, although 
significant wear was produced in the region of the tool nose 
when turning under dry, cryogenic, and CCA systems. A 
lack of lubrication effect causes an increase of tool nose 
wear due to higher friction at the tool-chip interface [32]. 
CCA shows similar wear characteristics as cryogenic system. 
It is also observed that between flood systems, EcoMWF and 
MWF, there are no significant changes in the wear type.

Fig. 9  Tool wear at different 
cutting parameters with differ-
ent lubrication/cooling systems: 
a flank wear area of uncoated 
insert (883), b rake wear of 
uncoated insert (883), c flank 
wear area of PVD coated insert 
(TS2500), and d rake wear of 
PVD coated insert (TS2500)
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Figure 10 shows the wear types that occurred when turn-
ing γ-TiAl using uncoated carbide tools. The severity of tool 
wear caused catastrophic failure through edge fracture was 
noticed in all the tests. SEM observations of the damaged 
tools indicate that there is a high amount of adhered material 
onto the flank face. Compared to MQL, a smoother adherent 
layer is formed with flood systems.

Flank wear occurs on the flank face of the tool as a result 
of the friction between the newly cut surface of the work-
piece and the tool flank. The wear initiates at the cutting 
edge and grows perpendicular to the flank face. Moreover, 
hard particles are observed on the flank face. These particles 
may originate from the tool either by the chip formation or 
the workpiece. The high temperature and the high pressure 
during machining cause the welding of these particles to 
the adherent layers of the flank face. Due to the problem-
atic chip evacuation and low cooling effect of MQL, more 
hard particles weld to the cutting tool. During turning, chips 
rub in these adherent layers, yielding abrasive mechanisms. 
Abrasion could also have happened before adhesion, but, in 
most cases, it was not possible to observe it on the flank face.

From Fig. 11, the cutting edge crack is less for PVD 
coated carbide tools, although a high amount of adhered 
material is also observed in the flank face. Abrasive particles 
stick onto the tool surface and the adherent later. Examina-
tion of the worn coated tools revealed that the coating was 
removed from the substrate. Such delamination occurred 
with all lubrication/cooling systems used.

Adhesive wear takes place on both coating and substrate 
surfaces (Fig. 12). A possible explanation for this observable 
fact is that the workpiece material is adhered to the coating, 

followed by flaking. As turning progresses, the material con-
tinues to adhere to the uncoated substrate. When the coating 
is removed, the worn tool presents similar wear behaviors to 
uncoated carbide tools.

A lost of material on the tool rake face and the formation 
of craters is observed in all cases. Crater wear is a common 
type of wear when turning titanium alloys, due to the chemi-
cal affinity between the workpiece and the cutting tool mate-
rial [33]. Abrasive particles easily weld to the cutting edge 
and rake face leading through different wear types, espe-
cially with uncoated carbide tools. Figure 13 shows SEM 
images of uncoated and PVD coated tools after machining 
with MWF. Adhesion of workpiece material can be clearly 
seen on the worn area of the insert and that the coating has 
been flaking off.

3.2  Surface Roughness

The surface roughness of the workpiece was measured at 
110, 67, and 15 mm  (Ra1,  Ra2,  Ra3, respectively). Figure 14 
represents the surface roughness average obtained at dif-
ferent cutting parameters with coated and uncoated carbide 
tools for each length with each lubrication/cooling system. 
The surface roughness values obtained at the beginning of 
the turning operation  (Ra3) are the highest. As the turning 
progresses, the surface roughness improves. In terms of 
workpiece quality, it is undesirable to obtain very different 
roughness along the workpiece length, which would require 
an additional finishing operation. When machining with the 
coated carbide tool, these increments are more prominent in 
the case of CCA, MQL, and MWF.

Fig. 10  SEM images of the flank face uncoated carbide tool (883): a under MQL, b under cryogenic, c under MWF, d magnification of area 1, e 
magnification of area 2, and f magnification of area 3
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The surface roughness average of  Ra1,  Ra2, and  Ra3 (Ra) 
is used hereafter in the data post-analysis. The influence of 
varying the insert and environment on surface roughness 

average at different machining parameters is shown Fig. 15. 
It can be observed that using EcoMWF, the surface rough-
ness obtained is inside the aeronautic requirements (between 

Fig. 11  SEM images of the flank face coated carbide tool (TS2500): a under MQL, b under cryogenic, c under EcoMWF, d magnification of 
area 1, e magnification of area 2, and f magnification of area 3

Fig. 12  Flank face areas of the 
PVD tool with adhered mate-
rial: a on the coating and b on 
the substrate

Fig. 13  Rake face of the tool: 
a uncoated (883) and b PVD 
coated insert (TS2500)
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the range 0.8 μm to 1.6 μm), according to the general cri-
teria of the aeronautic industry [34]. In this case, only at 
the lowest cutting speed (500 rpm and 0.14 mm/rev) with 
the coated tool, the surface roughness is slightly below the 
desired values.

In general, when machining at 800  rpm, the surface 
roughness values are lower by increasing the feed rate. 
Whereas, at 500 rpm, slight differences among results can 
be seen when varying feed rates. Surface roughness varies 
significantly over the lubrication/cooling system used during 
machining without any apparent relation to tool wear.

Main differences among lubrication/cooling systems are 
observed when machining with the uncoated carbide insert 
(883) at high cutting speed (800 rpm and 0.28 mm/rev). 
Based on the results obtained, 0.14 mm/rev appears to be 
the optimum feed rate, where most of the surface roughness 
values are in the aeronautic requirements range. Compared 
to 883, after turning γ-TiAl with TS2500 insert, the lubrica-
tion/cooling systems influence is more significant. The use 
of MQL resulted in increased surface roughness.

3.3  Roundness

Roundness is a critical quality parameter during turning, 
influenced by radial force and elasticity of the material, and 
is indirectly associated with localized softening caused by 
localized heat generation [35]. Table 3 shows the ANOVA 
for the reduced two-factor model interaction (2FI) for round-
ness. An F value of 10.35 implies that the model is sig-
nificant. In this case, the feed rate, the environment, and 
its relationship with the insert type are the most significant 
model terms.

Figure 16 presents the influence of using various lubrica-
tion/cooling systems on roundness. By analyzing the results 
for roundness, different trends to those in surface roughness 
can be observed. When turning γ-TiAl with the uncoated 
carbide inserts (883), the roundness of the workpiece tends 
to vary depending on the machining parameters. The PVD-
coated tool (TS2500) achieved the best results, and they also 
show a workpiece quality increase by increasing the feed 
rate. By comparing flood systems, roundness values do not 

Fig. 14  Surface roughness 
values measured at different 
lengths versus environment 
with a insert 883 and b insert 
TS2500

Fig. 15  Surface roughness 
values, Ra, obtained at different 
cutting conditions for the differ-
ent lubrication/cooling systems 
tested: a uncoated insert 883 
and b coated insert TS2500. 
The red lines represent the 
range of the Ra values usually 
required in the aeronautic sector 
0.8 mm < Ra < 1.6 mm
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show significant changes between the commercial mineral-
based MWF and the EcoMWF.

3.4  Temperature

The temperature of the cutting tool depends on the heat 
generated during turning and the ability of the lubrication/
cooling system to dissipate heat. Figure 17 shows the cutting 
temperatures measured for each lubricating and machining 
condition. The bar chart indicates the increasing temperature 
during the turning process, with a maximum temperature of 
654 ºC in dry machining and a minimum of 11 ºC with the 
cryogenic system. As feed rate and spindle speed increase, 
machining times are reduced (shortened bars).

The temperature sensor cannot measure in MWF environ-
ment conditions due to the liquid blocks the measurement. 
However, the heat-affected zone on the coated tool and the 
white interface layer on the carbide tool, generated due to 
heat accumulation, is shown in dry, MQL, and CCA systems, 
but not on cryogenic and flood systems. The high-water con-
tent in EcoMWF and MWF allows removing heat from the 
machining operation, thus reducing the temperature.

The results of ANOVA for the linear model (Table 4) 
show the strong influence of the environment on the maxi-
mum temperature. The cryogenic system shows the lowest 
cutting temperatures measured.  LN2 absorbs the heat gener-
ated during the metal cutting and evaporates rapidly. In this 
media, the machining conditions where the tool tempera-
ture achieves the highest values (348 ºC) is at 0.14 mm/rev, 
800 rpm, and using the PVD coated insert.

The temperature of the tool, under CCA and MQL condi-
tions, stood at the lowest compared to dry ones. In dry con-
ditions, the absence of fluid neither lubricates nor removes 
heat from the cutting zone, increasing the temperature during 
turning and achieving maximum values of 654 ºC at 500 rpm 
and 0.28 mm/rev with the PVD coated insert. Compared to 
cryogenic, the MQL system has a reduced cooling capacity 
due to the low amount of fluid that reached the cutting zone 
and the low thermal conductivity of ester compared to water, 
causing the temperature to increase substantially.

Table 3  Reduced 2FI ANOVA 
model for roundness after 
turning operation

The most significant parameters and values in the model are highlighted in bold

Source Sum of squares df Mean square F value p value

Model 4811.65 18 267.31 10.35  < 0.0001 Significant
A-feed rate 368.02 1 368.02 14.25 0.0007
B-spindle speed 125.68 1 125.68 4.87 0.0355
C-insert 3.09 1 3.09 0.1195 0.7321
D-environment 1830.86 5 366.17 14.18  < 0.0001
BD 310.47 5 62.09 2.40 0.0610
CD 2173.53 5 434.71 16.83  < 0.0001
Residual 748.93 29 25.83
Cor Total 5560.58 47

Fig. 16  Influence of insert and 
environment on the round-
ness: a insert 883 and b insert 
TS2500
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Fig. 17  Influence of the lubrication/cooling system, tool, and machining parameters on the temperature of the tool

Table 4  Linear ANOVA model 
for maximum temperature 
achieved during the turning 
operation

The most significant parameters and values in the model are highlighted in bold

Source Sum of squares ff Mean square F value p value

Model 12.02 6 2.00 7.42 0.0001 Significant
A-feed rate 0.0097 1 0.0097 0.0358 0.8514
B-spindle speed 0.5507 1 0.5507 2.04 0.1655
C-insert 0.4911 1 0.4911 1.82 0.1894
D-environment 10.97 3 3.66 13.55  < 0.0001
Residual 6.75 25 0.2698
Cor Total 18.76 31
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4  Discussion

From the results shown above, the lubrication/cooling sys-
tem used on the machinability of gamma titanium alumi-
nides alloy has shown a high impact on tool wear, surface 
roughness, and roundness. The wear types usually observed 
when machining titanium aluminides include flank wear, 
crater wear, chipping, and fracture of the cutting edge [4]. 
The cutting tool presents different wear mechanisms depend-
ing on the tool areas. SEM observations indicate that the 
predominant tool wear mechanism is adhesion, followed by 
attrition of workpiece material on the flank and rake surface, 
which cause severe tool wear. Under all cutting conditions, 
the removal of tool material by the adherent material (attri-
tion) was observed on the cutting edge.

In most cases, the adhered layer was found mainly on the 
flank face rather than on the rake face. This suggests that the 
adhered material on the rake face had been removed, causing 
chipping of tool material. As wear increases, the tool is sub-
jected to more force and heat, leading to a higher tempera-
ture in the cutting zone and higher vibrations Many sparks 
are produced when flood systems are not used. Coated car-
bide tools show a low beneficial impact on the tool’s wear 
due to the severe crater wear that rapidly removes the coat-
ing, leading to an exposed substrate. However, the coating 
delays various wear types and helps increase tool life.

There is no clear relationship between surface roughness 
and tool wear. This performance can be explained, in part, by 
the increased edge radius, which can improve surface rough-
ness [36]. According to the study of Derani and Ratnam 
[37], a decrease in Ra is often interpreted as an improvement 
in surface roughness. However, as the authors explained, Ra 
can decrease due to gradual tool wear. During finish turning, 
the nose region of the tool engages the workpiece and shapes 
the surface profile. The theoretical surface roughness can be 
estimated by the following equation [9]:

where f is the feed rate and r is the tool nose radius.
There are two main reasons why surface roughness var-

ies during machining for a fixed feed rate. On one hand, the 
wear, chipping, or fracture at the nose region, changes the 
effective nose radius. On the other hand, the increase of the 
tool wear flank causes tool chatter and vibration that affects 
the surface quality of the workpiece [37]. During machin-
ing, the surface roughness values decreased. Initially, when 
the tool is new and, the nose radius is 0.8 mm, Ra values 
are close to the theoretical Ra. As cutting progresses, the 
insert tends to suffer excessive nose wear. The nose radius 
increases, and following Eq. 1, Ra decreases.

This also explains why the surface roughness values using 
cryogenic and CCA systems are lower than MQL and flood 
systems, especially when machining with the coated carbide 
tool. It is observed from Fig. 18 that the nose region of the 
tool is seriously damaged under cryogenic machining, those 
reducing the effective nose radius. However, it cannot be 
dismissed that other types of tool wear, the temperature on 
the cutting zone, chip flushing capability, and vibration, can 
affect the surface roughness of the workpiece. For instance, 
due to the lack of chip evacuation of MQL systems and the 
low plasticity of γ-TiAl alloy, the chip can scratch the work-
piece surface, leading to an increase of Ra values [28].

Considering both tool wear and surface roughness, when 
turning with TS2500 tool, EcoMWF offered the best perfor-
mance at 500 rpm and 0.28 rev/min. With 883 tool, the best 
alternative is the use of MQL at 800 rpm and 0.28 rev/min, 
flowed by CCA and EcoMWF at 500 rpm and 0.14 rev/min. 
The absence of lubrication and cooling functions during dry 
machining leads to higher friction and higher cutting tem-
perature, which results in severe tool wear and catastrophic 
failure. Under flood machining, metalworking fluids reduce 
the heat generated and remove abrasive particles from the 
cutting zone. Moreover, metalworking fluids form an organic 

(1)Ra = 0.032
f 2

r

Fig. 18  SEM images of tool rake face when turning γ-TiAl with uncoated carbide tool at 500 rpm and 0.28 mm/rev: a tool wear types, b under 
MQL and c under cryogenic
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film on the metal surface, thus reducing the cutting forces 
and tool wear [38]. Comparing the two metalworking fluids, 
EcoMWF showed lower tapping torque values than conven-
tional MWF (Fig. 4). When using MWF, the rapid tool wear 
increases the cutting forces measured during tapping, which 
is highly sensitive to lubrication [39].

During finish turning with MQL, an ester is supplied in 
the cutting zone. The ester adheres to the surface, forming a 
lubricant film, which reduces friction forces and tool wear. 
The high viscosity of the ester, compared to metalworking 
fluids, tends to resist the flow, thus providing a more effec-
tive lubricating at the tool-chip interface, which reduces fric-
tion and prevents rapid tool wear [40]. However, the poor 
chip evacuation and low cooling capacity cause higher sur-
face roughness values.

On the contrary, the use of  LN2 and CCA improves 
the effective cooling action due to the extremely low tem-
peratures. The fluid supply pressure removes the abrasive 
particles, although it is less efficient than flood systems. 
Compared to MQL, when turning with cryogenic and CCA 
systems, the flank wear increases, particularly with PVD 
coated carbide tools. This may be attributed to the lack of 
lubrication and the abrasive mechanism, which leads to flank 
and nose wear. The coating of the insert is removed and fol-
lowed by an abrasion of the base tool material and adhesion 
of workpiece.

The evaluation of the eco-efficiency of the lubrication/
cooling systems considers the technical and environmental 
impacts for each lubrication/cooling system. Additionally, 
some features should be considered, as the ability to remove 
chips, fire prevention, and its economic and environmental 
aspects. All the features of the generated data are rescaled 
within the range of 1 (worst) to 5 (best). All the indices 
in the radar chart (Fig. 19) have been considered of equal 
importance. From Fig. 19, the eco-efficiency of each lubrica-
tion/cooling system can be easily established.

Eliminating the lubrication/cooling system, as in dry 
machining, has shown a reduced capacity to remove heat 
from the cutting zone, resulting excessive tool wear and 

catastrophic tool failure. Moreover, its low chip evacua-
tion causes fire due to the agglomeration of metal particles 
and the high temperature in the cutting zone. In addition, 
although it is advantageous in terms of environmental impact 
because there is no fluid consumption and no fluid residue on 
the workpiece or chips to be treated, there is a high cost of 
tools due to their short life. Therefore, this analysis confirms 
that dry machining is not suited for turning γ-TiAl.

The application of cold-compressed air in turning γ-TiAl 
improves the cooling capacity, but not enough to avoid spark. 
Additionally, in terms of roundness and surface roughness, 
the workpiece quality is highly dependent on the cutting 
speed. CCA is considered one of the cleanest lubrication/
cooling systems.

Using cryogenic not only can reduce tool temperature but 
also enhance the workpiece quality.  LN2 absorbs the heat 
generated during cutting and evaporates without leaving a 
harmful residue. However, its reduced lubricating capacity 
results in excessive tool wear, regardless of the tool used. 
Despite the high electrical energy consumption to produce 
 LN2 [41], it is an alternative that may be of particular inter-
est in special operations.

To make a remarkable reduction in the MWF consump-
tion, MQL was studied. Due to its high affinity with the 
surface, it forms a lubricating film resulting in a reduction 
of tool wear. The biodegradable ester used as a lubricat-
ing fluid is consumed entirely during the turning operation, 
eliminating the need for fluid disposal. Nevertheless, like 
dry machining, there is a problematic chip evacuation which, 
together with the organic ester, increases the probability of 
fire hazard.

Flood system can effectively remove heat and chips 
from the cutting zone, resulting in longer tool life and pre-
vents sparking. The use of EcoMWF and MWF resulted in 
reduced surface roughness. Using EcoMWF, surface rough-
ness values are within the parameters of the aeronautic 
industry (0.8 mm < Ra < 1.6 mm). The presence of the tool 
coating appears to have a beneficial effect on tool wear and 
surface quality. Comparing the two flood systems, EcoMWF 

Fig. 19  Radar chart with the 
general perspective of the tech-
nical and environmental impact 
for each lubrication/cooling 
system with a uncoated carbide 
tool (883) and b PVD coated 
carbide tool (TS2500)
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formulation leads to reduced tool wear, enhancing the use of 
this system as an alternative to mineral-based MWF. Moreo-
ver, the properties of EcoMWF based on esters reduce the 
contribution to global warming compared to fossil carbon 
sources by nearly four times [42].

5  Conclusions

This work compares different sustainable lubrication/cool-
ing systems that can be employed in repair and maintenance 
turning operations of aeronautic industry workpieces made 
of γ-TiAl. In particular, the feasibility of using the EcoMWF 
developed ad hoc for this study. Tool wear, surface rough-
ness (in terms of Ra), roundness and cutting temperature 
have been analyzed as response variables. Following are the 
main conclusion drawn from this study:

• From the observations using SEM on the worn tools, it 
can be concluded that the tools failed primarily on the 
flank and rake faces of the insert. Crater, nose wear, and 
adhesion of material were observed. The underlying wear 
mechanisms responsible for these types of wear were 
characterized mainly as abrasive and adhesive, giving 
rise to attrition. Furthermore, due to the removal of the 
coating material, TS2500 fails similar to the uncoated 
tool 883.

• Tool wear could be a key performance indicator to com-
pare different lubrication/cooling systems, while sur-
face roughness data could lead to incorrect conclusions 
if other changes on the profile topography are ignored. 
Further work should include the study of the subsurface 
deformation and microstructure alteration of the work-
piece.

• The PVD-coated tool also shows promising results in 
the machinability of γ-TiAl. After turning γ-TiAl with 

TS2500 insert, flank wear is significantly lower than with 
the uncoated carbide tool (883), especially under MQL 
and flood systems.

• The statistical analysis showed that the lubrication/cool-
ing system is the most influential parameter in the turn-
ing process of γ-TiAl. Also, the interaction of environ-
ment and tool types has a significant influence on surface 
roughness and roundness.

• At all the cutting speeds, MQL has outperformed in terms 
of tool wear (flank and rake) compared to dry, cryogenic, 
and CCA machining conditions. Hence, flood systems 
(EcoMWF and MWF) performed the best machining for 
the turning of γ-TiAl within the selected range of cutting 
parameters and the TS2500 tool.

• Considering both tool wear and surface roughness, when 
turning with TS2500 tool, EcoMWF offered the best per-
formance at 500 rpm and 0.28 rev/min. With 883 tool, 
the best alternative is the use of MQL at 800 rpm and 
0.28 rev/min, flowed by CCA and EcoMWF at 500 rpm 
and 0.14 rev/min.

• Overall, the formulated water-based MWF with a syn-
thetic ester (EcoMWF) can be identified as a lubrica-
tion/cooling system to potentially enhance cutting per-
formance through tool wear reduction and surface quality 
enhancement, as at the same time the environmental and 
health are reduced.

The novelty of this work depends upon exploring some 
green lubrication/cooling systems to improve the machina-
bility of third-generation γ-TiAl and the formulation of a 
newly eco-efficient water-based MWF. Future research may 
focus on the machinability of hybrid lubricating/cooling 
systems such as MQL together with cold-compressed air or 
cryogenic cooling for gamma titanium aluminides.
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Appendix: Experimental Data 
for the Turning Process of γ‑TiAl

Run Insert f (mm/
rev)

N (rpm) Environment Ra at 110 mm 
Ra1 (µm)

Ra at 67 mm 
Ra2 (µm)

Ra at 15 mm 
Ra3 (µm)

Roundness 
(µm)

Tempera-
ture (ºC)

1 883 0.14 500 MQL 0.64 0.64 0.82 33.26 108.1
2 883 0.14 800 MQL 0.61 0.50 2.27 23.96 115.6
3 883 0.28 500 MQL 0.43 0.70 0.90 15.44 206.2
4 883 0.28 800 MQL 1.15 2.00 1.69 32.37 88.7
5 TS2500 0.14 500 MQL 1.18 1.50 1.53 45.81 74.5
6 TS2500 0.14 800 MQL 0.41 1.39 3.66 43.89 195.7
7 TS2500 0.28 500 MQL 0.63 1.22 2.70 38.42 105.8
8 TS2500 0.28 800 MQL 0.66 0.89 2.11 35.89 533.4
9 883 0.14 500 DRY 0.29 1.18 1.20 19.17 480.1
10 883 0.14 800 DRY 0.47 0.19 2.71 18.77 598.5
11 883 0.28 500 DRY 0.42 0.34 1.86 20.64 452.9
12 883 0.28 800 DRY 0.66 0.56 1.54 22.81 566.2
13 883 0.14 500 CCA 0.49 0.77 1.20 37.92 145.3
14 883 0.14 800 CCA 0.26 0.86 2.38 32.30 145.5
15 883 0.28 500 CCA 0.87 0.89 0.93 29.80 98.8
16 883 0.28 800 CCA 0.33 0.60 0.97 46.40 116.2
17 TS2500 0.14 500 DRY 0.52 0.39 0.42 29.79 487.4
18 TS2500 0.14 800 DRY 0.64 0.27 0.57 32.59 173.0
19 TS2500 0.28 500 DRY 0.35 0.22 0.89 27.67 654.0
20 TS2500 0.28 800 DRY 0.46 0.33 0.43 21.83 565.2
21 TS2500 0.14 500 CCA 0.28 0.40 0.48 50.80 104.3
22 TS2500 0.14 800 CCA 0.34 0.20 3.03 54.26 231.8
23 TS2500 0.28 500 CCA 0.33 0.36 1.54 45.27 115.3
24 TS2500 0.28 800 CCA 0.37 0.36 0.66 47.22 166.1
25 883 0.14 500 Cryogenic 0.34 0.55 1.91 37.50 73.4
26 883 0.14 800 Cryogenic 1.47 0.48 2.04 38.93 81.3
27 883 0.28 500 Cryogenic 0.46 0.46 1.18 33.10 40.6
28 883 0.28 800 Cryogenic 0.41 0.31 0.70 27.84 101.5
29 TS2500 0.14 500 Cryogenic 0.29 0.23 0.68 19.71 205.7
30 TS2500 0.14 800 Cryogenic 0.72 0.17 1.28 23.98 347.9
31 TS2500 0.28 500 Cryogenic 0.83 0.22 1.29 22.20 69.4
32 TS2500 0.28 800 Cryogenic 0.55 0.23 0.46 19.82 89.8
33 883 0.14 500 EcoMWF 0.48 1.25 0.83 47.31 -
34 883 0.14 800 EcoMWF 0.35 0.54 2.05 65.20 -
35 883 0.28 500 EcoMWF 0.64 0.72 2.51 33.08 -
36 883 0.28 800 EcoMWF 0.70 0.55 1.49 47.79 -
37 TS2500 0.14 500 EcoMWF 0.33 0.57 0.84 25.42 -
38 TS2500 0.14 800 EcoMWF 0.27 1.17 1.43 38.00 -
39 TS2500 0.28 500 EcoMWF 0.45 0.65 1.47 16.03 -
40 TS2500 0.28 800 EcoMWF 0.35 1.57 1.70 27.25 -
41 883 0.14 500 MWF 0.72 0.61 0.61 32.11 -
42 883 0.14 800 MWF 0.43 1.36 0.59 34.78 -
43 883 0.28 500 MWF 0.42 0.94 0.61 32.74 -
44 883 0.28 800 MWF 0.30 0.37 0.83 31.61 -
45 TS2500 0.14 500 MWF 0.46 0.46 2.83 35.70 -
46 TS2500 0.14 800 MWF 0.57 0.74 1.70 34.04 -
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Run Insert f (mm/
rev)

N (rpm) Environment Ra at 110 mm 
Ra1 (µm)

Ra at 67 mm 
Ra2 (µm)

Ra at 15 mm 
Ra3 (µm)

Roundness 
(µm)

Tempera-
ture (ºC)

47 TS2500 0.28 500 MWF 0.55 0.41 1.57 21.02 -
48 TS2500 0.28 800 MWF 0.54 1.27 1.96 26.05 -
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