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Abstract: Titanium aluminides are being explored as potential materials for the aeronautical sector.
However, their application is limited by the high costs of processing and their difficulties in machining.
This research evaluates the effectiveness of the minimum quantity lubrication technique (MQL) on
the turning process of Ti48Al2Cr2Nb aluminide in terms of tool wear, tool life, cutting forces, surface
integrity, and temperature. It was found that MQL conditions can improve the process efficiency,
reducing the thermally induced wear mechanisms and enlarging the tool life compared to dry
machining. Furthermore, it allows the cutting speed to be incremented, leading to lower processing
times. However, MQL seems to not be effective in the reduction of the strain-hardening effect near the
machined surface and, although the number of microcracks is reduced, defect-free surfaces cannot be
obtained. Moreover, similar microstructural alterations as for dry cutting were detected. The best
cutting conditions in terms of surface quality were assessed using the central composite face (CCF)
design and surface response methodology. Optimization of the surface roughness under industrially
viable cutting conditions was achieved with an average surface roughness value, Ra, of 0.29 µm (feed
rate of 0.05 mm/rev, a cutting speed of 54.6 m/min and a depth of cut of 0.125 mm).

Keywords: MQL; titanium aluminides; machining; surface integrity

1. Introduction

Titanium and titanium alloys are considered key materials for aerospace and auto-
motive applications due to their attractive properties, such as low density, good corrosion
resistance, and high strength-to-weight ratio. Traditionally, Ti6Al4V has been extensively
implemented in aeronautical parts, being about 50% of all titanium alloys used [1]. Nev-
ertheless, this alloy is not able to be used in hot parts of aero engines (combustors and
turbines) because temperatures in these zones can reach higher than 600 ◦C. For these
applications, nickel-based superalloys are currently preferred, thanks to their excellent
resistance to high-temperature conditions [2].

In recent decades, intermetallic titanium aluminides have gained interest as possible
substitutes for nickel-based superalloys in high-temperature applications due to their
offering a combination of appropriate features. These alloys show high specific modulus
and specific strength for temperatures higher than 600 ◦C and good oxidation resistance.
In comparison to Ti6Al4V, whose creep limit is about 385 ◦C, titanium aluminides exhibit
a creep limit higher than 1000 ◦C [3,4]. Moreover, titanium aluminide density is about
4 g/cm3, about half that of superalloys, which results in a weight reduction, leading to
important fuel consumption savings. In contrast, titanium aluminides exhibit low ductility
(<2%) and fracture toughness at room and low temperatures [5].

Among the different aluminides, γ titanium aluminides (TiAl alloys), whose aluminum
content ranges between 46 and 66% are usually preferred [6]. In particular, Ti48Al2Cr2Nb
alloy stands out, showing increased ductility at lower temperatures compared to other
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TiAl alloys, despite its inherent brittle behavior, thanks to the addition of chromium. Some
specific parts of aero-engines have already been successfully manufactured and imple-
mented with this alloy [7]. Nevertheless, because of the absence of processing methods
suitable for materials with limited ductility, the applicability of TiAl alloys is restricted [8].
Manufacturing processes such as casting [9], powder metallurgy, ingot metallurgy, vacuum
arc remelting (VAR), and, thanks to the recent advance of additive manufacturing [10,11],
electron beam melting (EBM) [12], are applicable. The major disadvantage of these manu-
facturing procedures is that the part surface quality and the geometrical precision achieved
do not fulfill the challenging specifications of the aeronautical sector [13]. Hence, it is
imperative to undergo some finishing machining processes to fulfill the necessary criteria.

Nevertheless, TiAl alloys are reported as hard-to-cut materials, exhibiting extremely
low machinability that leads to rapid tool wear, high cutting forces, and consequently, some
damage to the machined parts’ surface quality. Their low thermal diffusivity favors the
temperature increment in the cutting area, and the chemical affinity and friction coefficient
with cutting tools material promote adhesive and abrasive wear phenomena, leading to a
reduced tool life [14]. Moreover, the brittle behavior of TiAl alloys affects chip formation,
resulting in a short tool-chip contact area that encourages the plastic deformation of the
cutting edge and promotes the surface microcracking of the machined part.

Although some research can be found in the literature regarding the experimental and
analytical evaluation of traditional machining processes such as turning [15], drilling [16],
and milling [17] on titanium aluminides, the number of studies is quite low in comparison
to other titanium alloys, so further efforts are needed to find the best cutting conditions.
Most of the studies completed on turning conclude the need to perform the process with
low cutting speeds, avoiding thermal increase and rapid deterioration of the tool [18]. This
sometimes leads to non-productive times for the industry with low efficiencies. Although
most authors have focused on evaluating the performance of carbide tools, some attempts
have been made with PCD tools, reporting a slight increase in tool life, which, together with
the high cost of these inserts, is still far from being a viable option [19]. In a recent study, it
has been shown that geometrical optimization of the tool by increasing the clearance angle
to decrease the frictional effects on the tool flank allows the cutting speed to be increased
by 50% while controlling tool wear [20].

In terms of part surface integrity, microcracking has been reported as the most impor-
tant issue. Beranoagirre et al. [21] reported that the limitation of superficial cracks induced
by machining is crucial for the performance of titanium aluminide parts since they can
cause catastrophic failure of the material. In this aspect, Yao et al. [22] concluded that the
feed rate and the depth of cut strongly influence the surface quality; meanwhile, the cutting
speed does not show a remarkable effect, due to the brittleness of TiAl alloys. Recently,
Wang and Liu [18] established that reducing the feed rate and the depth of cut helps im-
prove the surface quality. Only some authors have reported crack-free surfaces, favored by
thermal-softening derived from high-speed machining [23]. Nevertheless, uncontrollable
tool wear takes place which renders the process inoperative.

Residual stress generation and the hardening tendency of titanium aluminides during
machining operations, because of the high cutting forces and high friction coefficient, have
also been evaluated [22]. In contrast to most metals, the predominant force is the radial
component, known as the repulsion force, which is proof of low machinability [14]. The
hardening effect on the machined subsurface is due to the plastic lamellar deformation
and the ability of TiAl alloys to maintain mechanical strength at high temperatures [24].
Hardened layer depths of 300 µm have been observed with compressive stresses higher
than 500 MPa. The increment of the flank wear promotes the mechanical and thermal
loads to be increased, leading to higher residual stresses [25]. However, the occurrence of
compressive stresses can be taken as advantageous in the case of fatigue-stressed parts.

To control tool wear and avoid superficial damage to the workpiece, different lubrica-
tion strategies have been employed. Traditional flood lubrication has not been reported
as effective in tool wear control, since severe thermal shocks could accelerate tool wear.
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Priarone et al. [26] found reduced tool life when applied to wet machining compared to dry
conditions. Moreover, the environmental implications arising from the substantial amount
of pollutants generated emphasize the necessity of addressing coolants and lubricants as
mandatory topics [27].

The minimum quantity of lubrication technique, consisting of applying a small quan-
tity of lubricant, in the form of atomized droplets, mixed with air has been identified
as an environmentally sustainable solution [28]. Some efforts have been developed in
titanium aluminide machining. Priarone et al. [29] highlighted MQL efficiency for the
milling process but found it ineffective for turning, due to the lack of cooling effect. Klocke
et al. [30] established that similar results were obtained under MQL and flood conventional
lubrication. However, none of these investigations was performed with an optimized tool
geometry. Only the combination of high-speed machining strategy and MQL condition was
conducted to crack-free surfaces. Despite this, there was deformation of subsurface lamel-
lae. Nevertheless, as mentioned above, excessive tool wear took place. In the same research,
Klocke et al. [30] compared MQL and cryogenic lubrication techniques, although the effi-
ciency of the last one in titanium alloy machining processes is unclear, with contradictory
results for tool life.

In previous research [31], the application of MQL and cryogenic lubrication techniques
on TiAl alloys was evaluated in terms of economics and industrial sustainability. MQL
was reported as the more sustainable technique, thanks to the lower impact on the carbon
footprint, while cryogenic lubrication leads to excessive LN2 consumption which generates
a high environmental impact. For this reason, and given the lack of studies on the opti-
mization of the MQL technique on titanium aluminides, more research effort is needed
on this topic, especially on the fundamental aspects of tool wear and surface integrity
of the machined parts. In this sense, this research aims to analyze the influence of MQL
lubrication on the turning process of Ti48Al2Cr2Nb aluminide for the optimum cutting
conditions found in previous research. The effectiveness is analyzed in terms of tool life,
cutting forces, surface quality, microstructural alterations, and subsurface hardening, com-
paring the results with dry cutting. Furthermore, the performance of using biodegradable
olive oil is analyzed, ensuring environmentally sustainable conditions.

2. Materials and Methods

Tests were conducted on Ti48Al2Cr2Nb alloy via turning processes. The chemical
composition is detailed in Table 1. The workpieces, 57 mm diameter rods, were initially
manufactured using a vacuum arc furnace and then subjected to hot isostatic pressing (HIP)
to improve microstructure uniformity and reduce porosity defects.

Table 1. Ti48Al2Cr2Nb chemical composition (wt%).

Ti Al Nb Cr C H N O

59.10 33.45 4.72 2.51 0.005 0.001 0.007 0.045

The cylinders were machined on a semi-automatic lathe Microcut H-2160 (Buffalo Ma-
chinery Co., Ltd., Taichung, Taiwan) equipped with a variable frequency drive to select the
cutting speed level required for each trial. TNMG 160408-SM H13A uncoated carbide tool with
a radius, re, of 0.8 mm was selected. According to previous research [20], MTJNR 2525M 16M1
tool holder from Sandvik Coromant (Sandvik Corp., Stockholm, Sweden). A custom-made
shim was utilized to set the back rake angle precisely, leading to γy = 0◦, and a back clearance
angle αy = 15◦, through which the optimal cutting parameters were identified.

To assess the effectiveness of both lubrication conditions, dry and MQL long-distance
experiments were conducted, maintaining a constant feed rate (f = 0.1 mm/rev) and depth
of cut (ap = 0.25 mm) while adjusting the cutting speed within the range of 50 m/min to
70 m/min. Although the ratio ap/re is lower than that recommended by the manufacturer
(2/3), ap = 0.25 mm is the maximum one for the machine under reasonable conditions. In
the case of MQL conditions, refined olive oil was opted for due to its high biodegradability
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and wide availability. Utilizing a Steidle Lubrimat L60 device (Steidle GmbH, Leverkusen,
Germany), the cutting oil was atomized directly onto the rake face, as depicted in Figure 1. A
flow rate of 25 mL/h was maintained, accompanied by an air pressure of 4 bar, representing
an intermediate value within the maximum possible flow rate range of the instrument.
Tests persisted until the tool breakage, which was determined by a flank wear criterion
of Vb = 0.100 mm. The evaluation of flank wear occurred every 200–250 m of cutting
length using an Olympus SZX7 stereomicroscope. The three components of the cutting
force were continuously registered by using a three-axes dynamometer equipped with
four strain-gages load cells, manufactured by the research team and validated for previous
research [32]. The tool-workpiece contact temperature was evaluated by applying the
natural tool-workpiece thermocouple technique. This technique consists of using the
workpiece and the tool as the pair constituting the hot extreme of the thermocouple. By
using a thermometer unit, the thermocouple effect between the hot and the cold extremes
was registered. In this way, the cutting area was the hot joint; meanwhile, the areas far
from that zone, tool holder and tool machine, constitute the cold extreme. This technique
requires a specific calibration methodology. More details about the use of this procedure
for Ti48Al2Cr2Nb-WC/Co pair can be found in specific research [33].
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Figure 1. Detail of the MQL nozzle placement.

The cutting speed’s influence on surface integrity, subsurface hardening, and mi-
crostructural alterations was analyzed under MQL conditions. The analysis was performed
at the beginning of the machining (within the first 10–20 cm) when the tool can be consid-
ered new. The surface quality was observed by using a scanning electron microscope (SEM).
To assess the subsurface alterations, the cylinders were transversally cut using wire-EDM
to avoid overheating. The samples were first sanded, later polished, and finally etched for
5–10 s with a solution of 1 mL of HF, 1 mL of HNO3, and 1 mL of acetic acid in 100 mL of
solution volume. Knoop microhardness tests with a load of 50 g were carried out every
10 µm from the machined surface up to a distance of 300 µm.

Afterward, a series of short tests, up to 15 mm of feed length, were performed for
the MQL condition to map the effect of the cutting variables (cutting speed, feed rate, and
depth of cut) on the surface roughness, looking for the optimal conditions in terms of
average surface roughness, Ra. The surface roughness was analyzed by using a roughness
profilometer FormTalysurf50 (Taylor Hobson Inc., Leicester, UK) and processed using the
specific Talymap Gold 6.1 software. Three random trajectories of 4 mm long were measured,
reducing the influence of local individual defects. The roughness profile was separated
from the wavelet profile using a 0.8 mm Gaussian filter. A central composite face (CCF),
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with three factors at two levels of design, was used for the optimization trials. A total
number of 18 randomized runs (14 runs in the design and 4 center points), were carried
out. Table 2 summarizes the input factor and their corresponding levels used in the design
of experiments. For these cases, the tool wear was evaluated after each trial to ensure that
no significant flank wear was modifying the cutting results. The cutting edge was changed
every 3 trials.

Table 2. Cutting conditions for short-turning tests under MQL condition.

Test Cutting Speed (m/min) Feed Rate (mm/rev) Depth of Cut (mm)

1 70 0.05 0.375
2 60 0.10 0.250
3 70 0.15 0.375
4 70 0.10 0.250
5 60 0.10 0.250
6 50 0.05 0.375
7 60 0.05 0.250
8 50 0.05 0.125
9 70 0.05 0.125
10 70 0.15 0.125
11 60 0.10 0.125
12 50 0.15 0.375
13 60 0.15 0.250
14 60 0.10 0.250
15 50 0.10 0.250
16 60 0.10 0.375
17 50 0.15 0.125
18 60 0.10 0.250

3. Results and Discussion
3.1. Tool Wear and Tool Life

Figure 2 shows the tool wear evolution under dry and MQL conditions for each cutting
speed evaluated. As noted in previous studies, variations in cutting speed play a crucial role
in the progression of flank wear, primarily driven by the elevation of cutting temperature.
This leads to an accelerated wear phenomenon, as evidenced by the final increase in the
wear rate in the wear curves. Comparing both lubrication conditions, MQL is effective in
the reduction in the wear rate, leading to an increment of the tool life for all cutting speeds,
as shown in Figure 2b. The wear rate is reduced for all cases. This phenomenon can be
attributed to the lubricating properties of the olive oil. The oil droplets effectively reach
the cutting zone, creating a lubricating film at the interface between the workpiece flank
and the tool, as well as at the chip-tool interface. Furthermore, the inherent brittleness of
the alloy results in chip fracturing without deformation, facilitating easy removal from
the cutting zone and enhancing the ability of the oil to reach the contact area, thereby
increasing its lubricating effectiveness. Figure 3 shows the tool wear morphology at the
end of the tool life for a cutting speed of 50 m/min. As reported in previous research [20],
the primary wear mechanisms observed are adhesive and abrasive wear. Adhesion of the
titanium aluminide onto the flank face of the tool is prominently visible, accompanied by
the formation of a built-up layer (BUL) covering a portion of the rake face. In comparison,
the BUL appears thinner in the case of Minimum Quantity Lubrication (MQL) compared to
dry machining. However, the main effect benefit of MQL is seen in the rake face of the tool.
The oil film helps reduce the friction in the chip–tool interface, reducing the sliding zone in
the fake face. It also limits abrasive effects.
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Figure 3. Tool wear morphology at the end of the tool life for Vc = 50 m/min case under MQL and
dry conditions (f = 0.1 mm/rev and ap = 0.25 mm).

According to Figure 2b, the impact of the Minimum Quantity Lubrication (MQL)
condition becomes increasingly significant as the cutting speed increases. At 50 m/min,
60 m/min, and 70 m/min, the tool life is extended by 1.3, 2, and 4.1 times, respectively,
compared to dry cutting. This indicates the potential of MQL for higher cutting speeds,
resulting in reduced machining times when employing the MQL technique. A similar trend
was found by Priarone et al. [34]. In comparison, they achieved a tool life of around 40 min
when machining the same alloy at a cutting speed of 50 m/min, feed rate of 0.1 mm/rev,
and depth of cut of 0.3 mm (ap = 0.25 mm in this study). However, this decreased to less
than 10 min when the cutting speed was increased to 60 m/min. They utilized a flow
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rate of 115 mL/min of an emulsion mist (5% oil in water). Worse results were found if oil
was used. This means that the combination of effective lubrication with optimized tool
configuration can double the tool life, even if the cooling capacity of the oil is lower than
that of the emulsion mist.

3.2. Temperature

Although the MQL technique is not focused directly on temperature reduction, it was
found that the reduction in friction allows the cutting temperature to be reduced by about
100 ◦C. Due to the difficulty of measuring the cutting temperature because of the high
values existing, which is in the upper limit of the thermocouple working range, it was
decided to evaluate and compare the temperature when the cutting is interrupted. Figure 4
shows the tool-workpiece temperature due to the friction and ploughing phenomena on the
flank face of the tool once the feed rate is removed, maintaining the tool in contact while the
cylinder is rotating, according to the methodology established in previous research [33]. The
heat is only generated in the third deformation zone (flank wear band), so the lower values
found for the MQL condition imply a reduction in the friction phenomenon in that zone
thanks to the effective lubrication. According to the natural thermocouple principle [33],
the tool and workpiece must be in contact, closing the electrical circuit and registering the
electromotive force as a function of the difference between the hot and cold junctions. If the
thermocouple can measure the contact temperature, it means that the oil lubrication film is
not continuous in the flank wear band, since oil is not electrically conductive. This result
suggests that a discontinuous film is deposited, removed, and redeposited again with each
pulse of the microlubrication system.
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Furthermore, the temperature increment during the test is so much lower for MQL
conditions than for dry cutting. This result is consistent with the lower wear rate obtained
under MQL conditions. Probably, the final wear of the insert is mostly due to mechanical
loads, affected by cutting forces and machining length, rather than thermal effects due to
temperature, contrary to dry machining. Comparatively, dry turning at 70 m/min is not
possible, since the cutting temperature is always higher than 900 ◦C. For MQL conditions,
that temperature is never reached.

3.3. Cutting Forces

Figure 5 shows the cutting force evolution for each cutting speed under dry and
MQL machining. The highest forces are the tangential and radial components, with the
axial component being much lower. The high magnitude of the radial force, comparable
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to the tangential component, is due to the machining occurring only at a small area on
the nose radius because of the lower depth of cut used in the experiments, so the chip
area/tool-workpiece contact length relationship is low [35].
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It is observed that the lubrication condition does not have an influence on the initial
cutting forces at the beginning of the machining operation when the insert is new. This
means that the specific cutting energy required to remove the chip does not change with
the lubrication. Only some differences are found for the axial components, being lower
for MQL cases. Nevertheless, the low values of this component are within the limit of
the measuring device range, which means that the small differences may be due to the
measurement process.

Comparing both lubrication conditions, the increment of the three components is lower
under MQL conditions than for dry cutting. This result is more remarkable comparing
the radial component, which is more influenced by the evolution of the flank wear. This
is consistent with the linear relationship between the flank wear and the cutting forces
reported by other authors [36]. Since the tool wear progression is lower thanks to the
effective lubrication, the increment of the cutting forces is reduced. Furthermore, lower
cutting force values obtained for similar flank wear conditions indicate that the normal
stress in the tool-workpiece contact interface is lower under MQL conditions. This also has
a beneficial reciprocal effect in reducing wear.

3.4. Subsurface Microhardness, Microstructural Alterations and Surface Integrity

Figure 6 shows the microhardness profile of the machined parts up to 300 µm from
the machined surface under MQL conditions. The oscillations observed are due to the
sensibility of the measuring method, and according to the experimental procedure and the
equipment used the error is considered to have an upper limit of about 17%. Nevertheless,
the hardness trends observed are clear and the oscillations are meaningless. A hardening
effect is induced by the machining operation, reaching values up to double the bulk value
near the machined surface. This effect is reduced as the distance from the surface increases.
Similar results were obtained by other authors for different machining processes of titanium
aluminides [37]. This effect is due to the lamellar deformation along the cutting speed
direction near the surface, as shown in Figure 7. The capacity of strain hardening of
titanium aluminides at high temperatures has been reported in the literature. However, it
causes a lack of ductility in the subsurface proximities.



Metals 2024, 14, 399 9 of 14

Metals 2024, 14, 399 9 of 14 
 

 

hardening of titanium aluminides at high temperatures has been reported in the literature. 

However, it causes a lack of ductility in the subsurface proximities. 

 

Figure 6. Knoop microhardness profile induced by the machining operations (f = 0.1 mm/rev and ap 

= 0.25 mm). 

It was found that the cutting speed does not have a remarkable influence on the hard-

ening effect, reaching the same maximum value for all cutting speeds experimented. Prob-

ably, the plastic limit capacity of the alloy is consumed for all conditions. The effect of the 

speed increment is only noticeable in a slight hardness increase at 50 µm–100 µm from the 

machined surface. Nevertheless, the same tendency is found in the first 50 µm, where the 

most important variations take place. 

Compared to previous results obtained in other research focused on dry turning, 

similar microhardness profiles indicate that lubrication has a low influence in this aspect, 

as lamellar deformation occurs locally near the surface, reaching the same hardness val-

ues. 

As observed in Figure 7, no noticeable differences in the subsurface microstructure 

alterations are found with the cutting speed, which is consistent with the microhardness 

profiles. The duplex microstructure consisting of γ-equiaxial grains and lamellar grains of 

the phases γ and α2 can be seen, being the last ones responsible for the lamellar defor-

mation. Similar microstructure alterations were observed under dry machining [20]. 

Regarding surface integrity, the workpieces seem to be relatively undamaged. How-

ever, some microcracks are observed, as depicted in Figure 8, which is due to the brittle 

behavior of this alloy. The microcracks are oriented transversely to the feed marks. This 

indicates that the surface breakage is produced perpendicular to the direction of the cut-

ting speed due to the excessive lamellar deformation generated. Although these defects 

are found for both lubrication environments, MQL reduces the density of microcracks in 

comparison to dry machining, as can be observed in Figure 8 The density of defects at 50 

m/min is 143 defects/mm2 for dry machining and 87 defects/mm2 for MQL. The reduction 

in friction and the normal stress in the tool-workpiece contact benefit the lower number 

of defects. Furthermore, increasing the cutting speed decreases the occurrence of defects, 

mostly when a cutting speed of 70 m/min is used and the surface appears visibly 

smoother, finding only 37 defects/mm2 (57 defects/mm2 at 60 m/min). 

Figure 6. Knoop microhardness profile induced by the machining operations (f = 0.1 mm/rev and
ap = 0.25 mm).

It was found that the cutting speed does not have a remarkable influence on the
hardening effect, reaching the same maximum value for all cutting speeds experimented.
Probably, the plastic limit capacity of the alloy is consumed for all conditions. The effect of
the speed increment is only noticeable in a slight hardness increase at 50–100 µm from the
machined surface. Nevertheless, the same tendency is found in the first 50 µm, where the
most important variations take place.

Compared to previous results obtained in other research focused on dry turning,
similar microhardness profiles indicate that lubrication has a low influence in this aspect,
as lamellar deformation occurs locally near the surface, reaching the same hardness values.

As observed in Figure 7, no noticeable differences in the subsurface microstructure
alterations are found with the cutting speed, which is consistent with the microhardness
profiles. The duplex microstructure consisting of γ-equiaxial grains and lamellar grains of
the phases γ and α2 can be seen, being the last ones responsible for the lamellar deformation.
Similar microstructure alterations were observed under dry machining [20].

Regarding surface integrity, the workpieces seem to be relatively undamaged. How-
ever, some microcracks are observed, as depicted in Figure 8, which is due to the brittle
behavior of this alloy. The microcracks are oriented transversely to the feed marks. This
indicates that the surface breakage is produced perpendicular to the direction of the cut-
ting speed due to the excessive lamellar deformation generated. Although these defects
are found for both lubrication environments, MQL reduces the density of microcracks in
comparison to dry machining, as can be observed in Figure 8 The density of defects at
50 m/min is 143 defects/mm2 for dry machining and 87 defects/mm2 for MQL. The re-
duction in friction and the normal stress in the tool-workpiece contact benefit the lower
number of defects. Furthermore, increasing the cutting speed decreases the occurrence of
defects, mostly when a cutting speed of 70 m/min is used and the surface appears visibly
smoother, finding only 37 defects/mm2 (57 defects/mm2 at 60 m/min).

Nevertheless, the MQL technique does not permit obtaining totally defect-free surfaces,
which can be a key factor for parts that will operate under fatigue conditions because
microcracks can be a potential point for failure initiation.
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3.5. Surface Roughness Statistical Analysis

According to the central composite face design developed, a surface response method-
ology has been applied, fitting the quadratic model to the experimental data, Equation (1).
The good correlation between the experimental values and the fitted model is described by
R2 = 0.89. The 4D contour plots of average surface roughness, Ra, are shown in Figure 9.

Ra = 0.94 − 0.066Vc + 13.89f + 6.75ap + 0.000671V2
c − 30.0f2 − 7.66a2

p − 0.024Vc · f − 0.0466Vc · ap + 1.95f · d (1)

The surface roughness is most strongly affected by the feed rate, followed by the
depth of cut. As observed in Figure 9, the increment of the feed rate from 0.05 mm/rev
to 0.10 mm/rev and 0.15 mm/rev, increases the surface roughness levels (clearly see the
different color levels). This result is expected according to the cutting mechanics and
the cutting theory. In Figure 10a, the effect of the feed rate and the cutting speed on
surface roughness for a depth of cut of 0.25 mm can be observed. Ra values lower than
0.5 µm can be obtained for the lower feed rate. However, the Ra values are doubled for
0.1 mm/rev and are tripled for 0.15 mm/rev. On the other hand, the cutting speed has a
low influence on Ra, as shown in Figure 10b. Variations lower than 0.1 µm are found in the
range between 50 m/min and 70 m/min. Other authors have reported the low influence
of cutting speed when machining titanium aluminides due to the brittle behavior of these
alloys [22]. Nevertheless, a beneficial effect is found when the cutting speed rises from
50 m/min to 60 m/min, reducing the Ra values, being the most appropriate range in terms
of surface roughness, independently of the depth of cut and feed rate employed. Anwar
et al. [35] reported that the increment of the cutting speed, leading to cutting temperature
increases, results in enhanced plasticity and reduced brittleness of the TiAl alloy, improving
the surface roughness. However, a further increase in the cutting speed leads to excessive
temperatures with an adverse effect on the surface quality. For that reason, cutting speeds
higher than 60 m/min always led to surface worsening.
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According to the 4D contour plots of Figure 9, the lower Ra values are found for
specific combinations of depth of cut and cutting speed. Nevertheless, the same tendency
is found for each feed rate level. First, the increment of the depth of cut from 0.125 mm
to 0.25 mm leads to higher Ra values, independently of the other two variables analyzed.
Secondly, increasing the depth of the cut up to 0.375 mm favors the reduction in the surface
roughness.

The lowest Ra value is 0.29 µm, obtained for the lowest feed rate of 0.05 mm/rev,
cutting speed of 54.6 m/min, and depth of cut of 0.125 mm. Furthermore, for this feed rate,
the 18% cutting speed-depth of cut combinations leads to Ra values lower than 0.4 µm, the
tolerance limit imposed by the rigorous demands of the aerospace sector [37].
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4. Conclusions

In this research, the effectiveness of the minimum quantity of lubricant technique was
evaluated for the turning operation of Ti48Al2Cr2Nb aluminide. It was compared with dry
machining in terms of tool wear, tool life, cutting forces, and temperature. Furthermore, the
effect of the cutting parameters on the surface quality was analyzed by means of surface
response methodology, mapping the average surface roughness, Ra, as a mean surface
quality indicator. The following are summarized as more detailed results:

1. MQL has been recognized as an effective technique for reducing tool wear, attributed
to the lubricating effect of oil in the cutting area. As a result, the tool life is incremented,
up to 80 min when a cutting speed of 50 m/min is selected. Furthermore, MQL
conditions make it possible to perform the process at 70 m/min, for which the tool
life is four times higher than for dry cutting.

2. The discontinuous oil film deposited in the tool-workpiece interface shows a bene-
ficial effect in temperature reduction for all cutting speeds experimented on. As a
consequence, the thermally induced wear mechanisms are limited, reducing the wear
rate. The adhesive wear on the flank face of the tool is reduced and the abrasion
phenomenon on the rake face is limited.

3. The initial cutting forces take similar values under dry and MQL conditions. Never-
theless, their evolution with the increment of the flank wear is lower for MQL than for
dry machining, which suggests that the contact normal stress in the tool-workpiece
interface is reduced.

4. A strain hardening effect was detected near the machined surface, induced by the
lamellar deformation along the cutting speed direction. Values up to double the bulk
hardness are reached for all cutting speed values. However, MQL is not effective in
this respect.
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5. Some microcracking was found for both lubrication conditions. Nevertheless, MQL
has been reported to be effective in reducing the number of surface defects. Increasing
the cutting speed also decreases the number of microcracks.

6. The statistical analysis for the surface quality of the machined parts under MQL
conditions shows that the feed rate is the most influential variable, being that the
effect of cutting speed is very low. The effective combination of depth of cut and
cutting speed allows Ra values below 0.4 µm to be obtained. The optimum Ra was set
at 0.29 µm, for a feed rate of 0.05 mm/rev, a cutting speed of 54.6 m/min, and a depth
of cut of 0.125 mm.
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