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Abstract: The machining of titanium alloys always raises issues because of their peculiar chemical
and physical characteristics as compared to traditional steel or aluminum alloys. A proper selection
of parameters and their monitoring during the cutting operation makes it possible to minimize the
surface roughness and cutting force. In this experimental study, infrared thermography was used as
a control parameter of the surface roughness of Ti6A4V in dry finish turning. An analysis of variance
was carried out to determine the effect of the main cutting parameters (cutting speed and feed rate) on
the surface roughness and cutting temperature. In the examined range of the machining parameters,
cutting speed and feed were found to have a primary effect on the surface roughness of the machined
parts. Cutting speed also significantly affected the temperature of the cutting region, while feed was
of second order. Higher cutting speeds and intermediate feed values gave the best surface roughness.
A regression analysis defined some models to relate the cutting temperature and surface roughness
to the machining parameters. Infrared thermography demonstrated that the cutting temperature
could be related to roughness.

Keywords: infrared thermography; Ti6Al4V; process monitoring; dry finish turning; cutting
temperature; surface roughness

1. Introduction

In recent years, dry machining has had an increasing role in cutting operations to cope
with more severe environmental regulations and to reduce the costs of lubricant fluids.
Therefore, many efforts have been made to improve machining conditions, and advanced
cutting tool materials and optimized geometry have been designed to reduce friction at the
cutting region and, hence, to prolong tool life and improve the surface roughness of parts.
Titanium and its alloys are among the metals that suffer more from cutting conditions
because of their peculiar physical, chemical, and thermal properties, including low elastic
modulus, high chemical reactivity, and poor thermal conductivity [1,2]. These features
badly affect chip removal operations since they reduce the surface quality of machined
parts, limit production rates, and accelerate tool wear. For these reasons, abundant amounts
of lubricant fluids are often used to machine Ti-alloyed components, and many studies
have been focused on assessing the effects of lubrication conditions on machinability
and, especially, on improving tool life and workpiece surface quality [3–6]. The major
shortcomings of lubricant fluids are their harmful environmental impact, their potential
health hazards for human operators (i.e., aerosols caused by liquid evaporations during the
cutting process) [7], and their cost. Some studies have aimed at overcoming these issues
by adopting different approaches [8–12] based on the following: (i) more environmentally
friendly lubricants based on vegetable oils; (ii) minimum quantity lubrication (MQL) (i.e.,
the feeding of a properly metered amount of oil, as a liquid or spray, directly to the cutting
region); (iii) cryogenic lubricants (e.g., liquid nitrogen, mixtures of air and oil); and (iv)
dry machining.

Metals 2022, 12, 154. https://doi.org/10.3390/met12010154 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12010154
https://doi.org/10.3390/met12010154
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-9545-7833
https://orcid.org/0000-0003-0307-2344
https://doi.org/10.3390/met12010154
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12010154?type=check_update&version=2


Metals 2022, 12, 154 2 of 13

Dry machining is surely the most eco-friendly and safe solution because it does not
involve any sort of lubricant nor dangerous cryogenic means, and it also limits energy
consumption. The main drawbacks of the complete absence of lubrication are the more
limited tool life, cutting speed, feed, and feed rate as compared to traditional lubricant-
based machining processes. In addition, the high temperatures that can be reached at the
tool/workpiece interface have a harmful influence on the surface quality of machined parts;
for instance, owing to excessive tool wear or metal oxidation. For these reasons, the dry
machining of Ti6Al4V is normally a prerogative of finishing operations, which can allow
the obtaining of proper surface roughness without lubricants through the use of coated tool
inserts. Often, this is achieved with similar or even better results than under flood or mist
environments [10].

During the cutting process, almost all the energy involved during the plastic defor-
mation associated with the cutting phenomenon is dissipated as heat. In this regard, the
primary shearing zone has the largest effect, whereas the secondary and tertiary shearing
zones have a more limited influence. The friction between the tool and workpiece, and
the chip and the tool rake/flank, also contribute to raising the temperature in the cutting
region. The thermal effect has key importance in metal machining with tool life and surface
quality, which depend essentially on the maximum temperature achieved in the cutting
region. Several experimental and analytical methods have been used to determine cutting
temperature [13–15] with approaches based on metallurgical methods [16,17], thermocou-
ples embedded in cutting tools, and special powders [18], paints [19], and coatings [20].
In this regard, the real-time monitoring and assessment of cutting temperature through
infrared thermography is a promising solution to automate machining and predict the
surface quality of machined parts. This system uses thermal cameras to detect the tempera-
ture field generated during the cutting operation to evaluate the influence of machining
parameters (such as cutting speed, feed, depth of cut, and tool geometry) on friction at the
tool/workpiece interface, as well as on tool wear and surface roughness. A thermal camera
measures the cutting temperature through the heat radiation emitted by the cutting region.
Wide temperature ranges can be detected, from low (<30 ◦C) to high temperatures (up to
2000 ◦C), with elevated data acquisition up to thousands of Hz.

Infrared thermography has proven to be a useful tool to acquire further knowledge
on the mechanical and thermal aspects involved in the cutting process, which is helpful
in terms of controlling and optimizing the cutting performance and quality of the final
part [21,22]. Moreover, studies [23–25] have also demonstrated the usefulness of thermog-
raphy in monitoring indirectly tool wear, finding relationships between tool wear and
the temperature reached in the cutting region. Based on thermographic data and neural
networks, the degree of wear during a turning process can be assessed and classified auto-
matically [24]. Moreover, a similar tool could support the operator in the context of Industry
4.0 and collaborative design [26,27], and even inexperienced operators to predict possible
issues during cutting processes. Few works have attempted to use infrared thermography
as a tool for predicting surface roughness [25].

In this preliminary study, the influence of cutting speed and feed on the cutting tem-
perature and roughness of the machined parts was evaluated. An infrared thermography
technique was used to assess the maximum cutting temperature and its relationship with
the surface roughness of Ti6Al4V cylindrical parts in dry finish turning at varying cutting
speeds and feed levels. In that way, the monitoring of the maximum temperature could
be used to predict the surface roughness of the machined part and to prevent improper
cutting conditions such as those caused by excessive tool wear.

2. Materials and Methods

A commercial Ti6Al4V alloy was selected as the work material for the experimental
test. Table 1 reports the nominal chemical composition of the Ti6Al4V alloy, whereas its
main mechanical properties are listed in Table 2.
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Table 1. Nominal chemical composition of Ti6Al4V grade alloy.

Material Chemical Composition (%wt.)

Ti6Al4V
C Fe Al V Ti

<0.08 <0.25 6 4 bal.

Table 2. Mechanical properties of Ti6Al4V: yield strength (YS); ultimate tensile strength (UTS);
elongation at fracture (ef); HRC: Rockwell C hardness.

Material Mechanical Properties

Ti6Al4V
YS (MPa) UTS (MPa) ef [%] HRC

<0.08 <0.25 6 4

Dry finish turning cutting tests of Ti6Al4V were carried out on cylindrical bars with a
diameter of 45.5 mm using an industrial lathe. The cutting length was kept the same for all
the experimental runs. The cutting speed and feed were selected as machining parameters
to assess their effects on cutting temperature and surface roughness. Based on a series of
preliminary experiments, the adopted cutting speed ranged from 15 to 34 m/min, and the
feed ranged from 0.03 to 0.065 mm/rev. The depth of cut was kept constant at 0.5 mm for all
the experimental runs because this parameter is known to be less influential than the other
parameters. A total of 12 experiments were carried out according to the design of Table 3 to
determine the influence of the cutting parameters on the surface roughness of the machined
part, and then to relate the maximum temperature of the cutting region to roughness. The
machining settings (ranges of cutting speed 15–34 m/min, feed 0.03–0.1 mm/rev) used in
this study cover the possible range of the dry turning of the Ti6Al4V alloy. The highest
cutting speeds and feed values were characterized by significant tool wear.

Table 3. Cutting parameter settings used during the experimental tests. Depth of cut of 0.5 mm for
all the tests.

No. Run Cutting Speed
(m/min)

Feed
(mm/rev)

1 15 0.03
2 15 0.05
3 15 0.065
4 15 0.1
5 23 0.03
6 23 0.05
7 23 0.065
8 23 0.1
9 34 0.03
10 34 0.05
11 34 0.065
12 34 0.1

The cutting tools used in the experimental tests were the Sandvik Coromant mod.
Corturn 107 (ISO VBMT 11 03 02-MF 1125) with PVD (Ti,Al)N + (Al,Cr)2O3 coated carbide,
Figure 1. This tool combines a good abrasive wear resistance and toughness for the dry
finish turning of titanium alloys. New inserts were used in all the 12 experimental runs
under a dry cutting environment to make negligible the influence of tool wear on the
cutting temperature and surface roughness and, hence, to enable a comparison among the
samples machined at different cutting conditions. Each experimental run was repeated
three times to ensure consistent results.
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sheet of Ti6Al4V over a controlled burning flame at varying intensities (the radiant source 
was completely covered by the sheets) and distances to heat the sheets at different tem-
peratures. On the other side of the sheets were placed two thermocouples to measure tem-
perature and the camera to detect the thermal emission of the sheets. The emissivity was 
computed by matching the temperature field detected from the thermal camera to the 
temperature detected by the thermocouples. The laboratory tests showed that the emis-
sivity of titanium alloys remained constant at 0.31 without an appreciable variation from 
room temperature to about 500 °C (i.e., it varied by ±0.1 with an unclear trend in this 
range). This result is coherent with previous works that have determined no variations of 

Figure 1. (a) Schematic drawings of (a) the Sandvik Coromant mod. CoroTurn®107 cutting tool and
(b) the main geometrical features [28].

An IRtech mod. Radiamatic TImage Mk5 infrared (IR) thermal camera was used to
measure the temperature field at the cutting region. The thermal camera was equipped with
a thermal uncooled microbolometer sensor (focal plane array, FPA) with a 25 µm × 25 µm
size. The noise equivalent temperature difference (NETD) was 0.08 ◦C, while the spectral
range of detection was in the 7.5–13 µm interval. The frame rate of the thermal camera
was 120 Hz and the resolution of the detector was 160 pixels × 120 pixels. The camera
was equipped with a lens operating from 150 to 900 ◦C. The thermal camera was located
close to the cutting region, as illustrated in Figure 2. The temperature field was recorded in
steady-state condition to avoid transient temperature timespan at the beginning and the
end of the cutting operation.
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Figure 2. The experimental setup adopted during the dry finish turning tests of the Ti6Al4V cylindri-
cal parts.

The emissivity of the Ti6Al4V alloy was required to measure the temperature of the
workpiece during the machining experiments. It was evaluated from room temperature to
about 500 ◦C through a laboratory test. This test consisted of placing some pieces of a sheet
of Ti6Al4V over a controlled burning flame at varying intensities (the radiant source was
completely covered by the sheets) and distances to heat the sheets at different temperatures.
On the other side of the sheets were placed two thermocouples to measure temperature
and the camera to detect the thermal emission of the sheets. The emissivity was computed
by matching the temperature field detected from the thermal camera to the temperature
detected by the thermocouples. The laboratory tests showed that the emissivity of titanium
alloys remained constant at 0.31 without an appreciable variation from room temperature
to about 500 ◦C (i.e., it varied by ±0.1 with an unclear trend in this range). This result is
coherent with previous works that have determined no variations of titanium emissivity (a
consistent range of 0.30–0.35) from room temperature to about 800 ◦C [29–32].

For a given temperature measured by the thermocouples, the emissivity test was
repeated three times. For all the replications, ±10 ◦C was the maximum temperature
deviation measured by the thermal camera. Both the temperature and the humidity of
the environment were measured at the beginning of the experiment and assumed to be
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constant throughout the test campaign. The reflected temperature was determined using
the reflector method recommended by the ISO 18434-1 standard.

The surface roughness on the machined samples was evaluated as the average mean
height of the surface profile (Ra) using a stylus profilometer. Roughness measurements
were performed on metal surfaces obtained from three distinct tests performed for the
same cutting condition and then averaged for each experimental run.

An analysis of variance (ANOVA) was performed to assess the statistical significance
of the cutting speed and feed rate, and their influence on the maximum temperature reached
during dry turning and on the surface roughness of the machined parts. The statistical
significance of the machining parameters could be evaluated through either the F test or
the p-value test. In this ANOVA, the p-value was set at 0.05 to give a statistical significance
at a 95% confidence level. Finally, a relationship between the maximum temperature of the
cutting region and the surface roughness of the machined part was figured out at varying
cutting conditions.

3. Results and Discussion
3.1. Effect of the Cutting Parameters on Surface Roughness

The surface finish is a key factor in machining operations. It can influence the machin-
ing cost and the mechanical performance of the part, especially under dynamic loading
conditions (i.e., fatigue). Table 4 reports the average values of roughness obtained with the
experimental dry finish turning settings and the corresponding uncertainty computed as
the “maximum deviation” (reported in the table as “±the maximum deviation”) between
three replications and the average value for a given set of process parameters. The surface
roughness was in the range of 0.55–3.09 µm. The authors did not find an influence of
surface roughness on emissivity in such a narrow range of roughness values.

Table 4. Maximum temperature (Tmax) detected in the cutting region and surface average roughness
of the machined parts (Ra).

No. Run Cutting Speed
(m/min)

Feed
(mm/rev)

Tmax
(◦C)

Ra
(µm)

1 15 0.03 191 ± 6 0.98 ± 0.07
2 15 0.05 240 ± 13 1.70 ± 0.06
3 15 0.065 238 ± 10 1.86 ± 0.12
4 15 0.1 266 ± 11 3.09 ± 0.15
5 23 0.03 325 ± 10 0.80 ± 0.07
6 23 0.05 298 ± 11 0.60 ± 0.04
7 23 0.065 327 ± 18 0.83 ± 0.04
8 23 0.1 309 ± 14 1.77 ± 0.06
9 34 0.03 350 ± 16 0.95 ± 0.06

10 34 0.05 392 ± 13 0.59 ± 0.01
11 34 0.065 354 ± 15 0.55 ± 0.05
12 34 0.1 376 ± 8 1.17 ± 0.02

The results of the ANOVA analysis for the surface roughness are reported in Table 5.
The ANOVA on the raw data shows that the cutting speed and feed were statistically
significant (p-value < 0.0001) for the surface roughness. Both the cutting speed and feed
had a strong influence on this feature with a contribution (i.e., how much of the roughness
was caused by an individual cutting parameter) of 44.1% and 38.9%, respectively. It can be
observed that the combined effect of the cutting speed and feed also contributed (15.5%) to
the roughness of the machined parts.

Since the ANOVA analysis only provides the statistical significance of an input pa-
rameter but does not determine how it influences the response, the mean responses of
the cutting temperature and roughness values were computed to determine the influence
of these factors for the design of the experiment of Table 3. The means of the raw data
were computed by averaging the roughness and temperature values. The cutting param-



Metals 2022, 12, 154 6 of 13

eters that showed large differences in the temperature and roughness values identified
a considerable influence as their levels had changed. Figure 3a,b shows the means plots
that depict the variation of surface roughness against cutting speed and feed at varying
testing conditions. It can be noticed that increasing the cutting speed resulted in decreased
surface roughness, Figure 3a. This effect has been attributed by many authors [25,33–37]
to the formation of a build-up edge at the tool tip when machining at a low cutting speed.
In such conditions, there is a major tendency towards adhesion between the chip and
the tool tip. At higher cutting speeds, the cutting temperature increases, thus reducing
the tendency to the build-up edge. Other studies have also suggested that the increase
in temperature makes the metal softer and, hence, easier to cut [33,34]. Based on other
studies [38–40], the amount of the adhered workpiece material decreases with increasing
cutting temperatures, thus weakening the friction between the tool surface and the chip.
The thermal softening reduces the workpiece strength. Both of these aspects result in a
decrease in the cutting force. The decreasing cutting force leads to smaller tool vibrations,
thus improving surface roughness.

Table 5. ANOVA results for surface roughness. Dof: degree of freedom.

Parameter Sum of
Squares Dof Mean

Square F-Ratio p-Value Contribution
[%]

Main effects
A: cutting speed 8.242 2 4.121 505.2 <0.0001 44.1

B: Feed 7.275 3 2.425 297.3 <0.0001 38.9

Interactions
AB 2.943 6 0.4906 60.15 <0.0001 15.5

Residual 0.1957 24 0.00815 1.6

Total (Corrected) 18.66 35
Tabulated F-ratio at 95% confidence level: F0.05,2,24 = 3.04; F0.05,3,24 = 3.00; F0.05,6,24 = 2.50.
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The surface roughness deteriorated with the increasing of the feed, Figure 3b. The
surface roughness changed significantly when the feed was 0.1 mm, whereas its variation
was affected little at low feed values. This result is consistent with the conclusions of
Pervaiz et al. [10] and Azizi et al. [35]. Azizi et al. stated that the surface roughness
increases with the increasing of the feed, and surface roughness is very low at medium
cutting speeds. As the feed increases, the thickness of the non-deformed chip increases.
This causes an increase in vibration in the cutting tool and consequently negatively affects
the surface quality of the workpiece. Akkus et al. [41] also found that feed is an effective
parameter for surface roughness since it influenced the vibration of the tool during the
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cutting of Ti6Al4V alloy. The interaction plot in Figure 4 shows that the combined effect
between the cutting speed and feed occurred at the highest value of the feed, 0.1 mm/rev,
while it was negligible or absent for the lower values.
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Figure 4. Interaction plot of the combined influence of the cutting speed and feed on the
surface roughness.

The response surface model was used to determine how changes in variables affect the
response of interest. A two-order response surface regression equation in uncoded units,
which interprets the coefficients using the natural units of each variable, was used to relate
the surface roughness of the machined parts to the cutting parameters, as follows:

Ra (µm) = 3.551 − 0.2274 v + 8.49 f + 0.005097 v2 + 295.5 f2 − 1.305 v f (1)

where v is the cutting speed (m/min) and f the feed (mm/rev). The coefficient of deter-
mination (R-squared), which is a statistical measure of how close the data are to the fitted
regression line, was 96.2%. This equation was only valid within the process parameter
ranges of Table 3; outside this range, the corresponding results were not supported by
experimental data. The corresponding contour plot is shown in Figure 5 to point out
the dependency of the surface roughness on cutting speed and feed. The graph con-
firms that better roughness values could be obtained with intermediate feed, while larger
cutting speeds were required at increasing feed values. This result is consistent with
previous studies on the dry machining of titanium alloys. According to Sun et al. [38],
the tool nose curvature did not participate completely in cutting for a low feed rate of
0.05 mm/rev. Thus, the surface roughness initially decreased from about 1.1 to 0.9 µm
(cutting speed of 60 m/min and cutting depth of 1 mm) with the feed rate increasing from
0.05 to 0.065 mm/rev. For higher feed, the high tool wear was considered to be the main
cause for higher roughness values, with a roughness of about 1.4 µm at 0.1 mm/rev. Similar
results have also been found in [42,43].

3.2. Effect of the Cutting Parameters on Temperature

Figure 6 shows the typical thermographic image of the tool and workpiece captured
during dry turning. The formation of the chip did not allow the accurate measurement of
the temperature of the tool–workpiece interface since it either covered that region and/or
altered the local emissivity. In the latter case, the heat dissipated by the chip caused
an emission of light, which was reflected on the workpiece surface. This gave rise to a
noise, which was an unreal increase in temperature in the region where the light had been
reflected, with an ensuing incorrect thermal map. These artifacts were difficult to eliminate
in the post-processing phase; often, they could not be eliminated at all. In line with the
approach taken in similar studies, to overcome these issues, the maximum temperature
was evaluated as the temperature on the workpiece surface closest to the tool/workpiece
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interface (less than 0.5 mm of distance). An oval-shaped region of interest (ROI) was
placed on the workpiece, including both the cutting region (hotspot) and part of the uncut
workpiece, Figure 6. As soon as the chip detached from the workpiece, the maximum
temperature was measured in the ROI. The temporary absence of the metal chip made it
possible to avoid its light reflection, thus minimizing the effect of reflected temperature.
The maximum temperature measured in the cutting region at varying machining conditions
is reported in Table 4, with the corresponding uncertainty computed as the “maximum
deviation” (reported in the table as “±the maximum deviation”) between three replications
and the average value for a given set of process parameters.

Metals 2022, 12, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 5. Contour plot of surface roughness against cutting speed and feed, with experimental 
data. Red points refer to the roughness experimental data. 

3.2. Effect of the Cutting Parameters on Temperature 
Figure 6 shows the typical thermographic image of the tool and workpiece captured 

during dry turning. The formation of the chip did not allow the accurate measurement of 
the temperature of the tool–workpiece interface since it either covered that region and/or 
altered the local emissivity. In the latter case, the heat dissipated by the chip caused an 
emission of light, which was reflected on the workpiece surface. This gave rise to a noise, 
which was an unreal increase in temperature in the region where the light had been re-
flected, with an ensuing incorrect thermal map. These artifacts were difficult to eliminate 
in the post-processing phase; often, they could not be eliminated at all. In line with the 
approach taken in similar studies, to overcome these issues, the maximum temperature 
was evaluated as the temperature on the workpiece surface closest to the tool/workpiece 
interface (less than 0.5 mm of distance). An oval-shaped region of interest (ROI) was 
placed on the workpiece, including both the cutting region (hotspot) and part of the uncut 
workpiece, Figure 6. As soon as the chip detached from the workpiece, the maximum 
temperature was measured in the ROI. The temporary absence of the metal chip made it 
possible to avoid its light reflection, thus minimizing the effect of reflected temperature. 
The maximum temperature measured in the cutting region at varying machining condi-
tions is reported in Table 4, with the corresponding uncertainty computed as the “maxi-
mum deviation” (reported in the table as “± the maximum deviation”) between three rep-
lications and the average value for a given set of process parameters. 

The results of the ANOVA and the contributions of cutting speed and feed for the 
temperature are reported in Table 6. Both the process parameters were found to be statis-
tically significant, with the cutting speed being the main parameter influencing tempera-
ture (84.9%). The contribution of the feed was very limited (2.6%) for the examined setting 
levels and less than the combined effect of the cutting speed and feed (6.7%). 

Figure 5. Contour plot of surface roughness against cutting speed and feed, with experimental data.
Red points refer to the roughness experimental data.

Metals 2022, 12, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. Example of a thermographic image captured during the cutting process (with thermal map 
artifacts due to the light reflection from the chip). The figure also shows the oval-shaped ROI used 
for the temperature measurements. 

Table 6. ANOVA results for cutting temperature. Dof: degree of freedom. 

Parameter 
Sum of 
Squares 

Dof 
Mean 

Square 
F-Ratio p-Value 

Contribution 
(%) 

Main effects       
A:cutting speed 114,137 2 57,069 258 <0.0001 84.9 

B: Feed 4191 3 1397 6.32 0.0026 2.6 
Interactions       

AB 10,237 6 1706 7.72 0.0001 6.7 
Residual 5302 24 221   5.8 

Total (Corrected) 133,868 35     
Tabulated F-ratio at 95% confidence level: F0.05,2,24 = 3.04; F0.05,3,24 = 3.00; F0.05,6,24 = 2.50. 

The influences of cutting speed and feed on surface roughness of Ti6Al4V parts were 
determined through means plots, Figure 7. An increase in the cutting speed significantly 
increased the temperature from about 240 to 380 °C. Coherently with the contribution 
computed by the ANOVA, the effect of feed on temperature was much more limited. 
When the feed varied from 0.03 to 0.05 mm/rev, the increase in temperature was about 20 
°C on average. At higher feed values, the temperature did not change appreciably. Figure 
8 shows that there was always an interaction between the cutting speed and feed for the 
cutting temperature at varying factor levels. The combined effect was more evident at the 
lowest cutting speed, 15 m/min, with a temperature that increased from about 190 °C to 
270 °C when the feed increased from 0.03 to 0.1 mm/rev.  

  

Figure 6. Example of a thermographic image captured during the cutting process (with thermal map
artifacts due to the light reflection from the chip). The figure also shows the oval-shaped ROI used
for the temperature measurements.

The results of the ANOVA and the contributions of cutting speed and feed for the
temperature are reported in Table 6. Both the process parameters were found to be statisti-
cally significant, with the cutting speed being the main parameter influencing temperature
(84.9%). The contribution of the feed was very limited (2.6%) for the examined setting
levels and less than the combined effect of the cutting speed and feed (6.7%).
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Table 6. ANOVA results for cutting temperature. Dof: degree of freedom.

Parameter Sum of
Squares Dof Mean

Square F-Ratio p-Value Contribution
(%)

Main effects
A:cutting

speed 114,137 2 57,069 258 <0.0001 84.9

B: Feed 4191 3 1397 6.32 0.0026 2.6

Interactions
AB 10,237 6 1706 7.72 0.0001 6.7

Residual 5302 24 221 5.8

Total
(Corrected) 133,868 35

Tabulated F-ratio at 95% confidence level: F0.05,2,24 = 3.04; F0.05,3,24 = 3.00; F0.05,6,24 = 2.50.

The influences of cutting speed and feed on surface roughness of Ti6Al4V parts were
determined through means plots, Figure 7. An increase in the cutting speed significantly
increased the temperature from about 240 to 380 ◦C. Coherently with the contribution
computed by the ANOVA, the effect of feed on temperature was much more limited. When
the feed varied from 0.03 to 0.05 mm/rev, the increase in temperature was about 20 ◦C
on average. At higher feed values, the temperature did not change appreciably. Figure 8
shows that there was always an interaction between the cutting speed and feed for the
cutting temperature at varying factor levels. The combined effect was more evident at the
lowest cutting speed, 15 m/min, with a temperature that increased from about 190 ◦C to
270 ◦C when the feed increased from 0.03 to 0.1 mm/rev.
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The response surface regression equation in uncoded units, which relates the maxi-
mum cutting temperature with the machining parameters, was as follows:

T (◦C) = −112.4 + 23.26 v + 2093 f − 0.2830 v2 − 6599 f2 − 35.7 v f (2)

In this case, the coefficient of determination (R-squared) was 89.3%. This equation
was only valid within the process parameter ranges of Table 3; outside this range, the
corresponding results were not supported by experimental data. The effect of cutting speed
and feed on the temperature can be pointed out through the contour plots of Figure 9. As
expected, lower temperature values could be obtained when machining with the lower
cutting speed and feed values.
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Figure 9. Contour plot of the cutting temperature against cutting speed and feed, with
experimental data.

A multiple variable analysis was performed to define a relation between the cutting
temperature and the surface roughness. The matrix of Table 7 shows Pearson product
moment correlations between the cutting temperature and the surface roughness. These
correlation coefficients are a measure of the strength of the linear relationship between
the two variables. A p-value below 0.05 shows that the relationship between the cutting
temperature and roughness was statistically significant at the 95.0% confidence level. A
negative correlation coefficient indicates that an increase in the cutting temperature reduced
the surface roughness.
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Table 7. Correlation matrix between the cutting temperature and surface roughness. The number of
pairs of data values used to compute each coefficient are in parentheses.

Roughness Temperature

Roughness correlation −0.4490
sample size (36)

p value 0.0006
Temperature −0.4490 correlation

(36) sample size
0.0006 p-value

The scatterplot of Figure 10 depicts that the surface roughness improved with the
cutting temperature. As previously discussed, this could be related to the softening of the
material at higher temperatures and the absence of a build-up edge. From the examined
data, the use of infrared thermography could be a useful tool to monitor the cutting process
and, hence, to optimize machining parameters or to detect improper cutting conditions.
This study is going to be extended to examine further cutting conditions in order to establish
a strong model that could directly relate the cutting temperature to the surface roughness
of Ti6Al4V under dry finishing turning.
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4. Conclusions

In this study, the surface roughness and cutting temperature of dry finish turning of
Ti6Al4V were evaluated. Infrared thermography was used to detect the maximum temper-
ature of the cutting region. The relationships between the machining parameters and maxi-
mum cutting temperature and the surface roughness were determined through ANOVA.

Based on the experimental results, the main conclusions are summarized in the following:

- ANOVA showed that the machining parameters have a strong influence on the surface
roughness of Ti6Al4V alloy under dry finish turning, with the cutting speed having
primary effects on these factors;

- The cutting speed has a predominant influence on the cutting temperature, while the
effect of the feed is of second order;

- The examined experimental settings provide proper surface roughness. The roughness
values were reduced by half when the cutting speed moved from 15 to 23 m/min,
whereas it remained almost constant for larger cutting speeds. The best roughness
surface, of around 0.8 µm, was obtained when the feed was 0.065 mm/rev or lower;

- A regression analysis defined some models to relate the cutting temperature and
surface roughness to the machining parameters;
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- Infrared thermography made it possible to point out a direct relationship between the
cutting temperature and the surface roughness.

This study is going to be extended to examine further machining settings, including
different tool materials and geometries or the use of more or different sensors for tempera-
ture detection (e.g., two thermal cameras, one thermal camera and one pyrometer) to find
more accurate relationships between the cutting temperature and the surface roughness of
Ti6Al4V during dry turning. The use of infrared thermography can be effectively used to
aid in founding a database on the influence of temperature when using different cutting
parameters in machining operations. Moreover, there is a high potential for using this
technique in the monitoring of the cutting processes, tool wear, and surface roughness of
machined parts.
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