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The poor thermal conductivity and low elongation-to-break ratio of
titanium lead to the development of extreme temperatures (in
excess of 550 �C) localized in the tool–chip interface during
machining of its alloys. At such temperature level, titanium
becomes highly reactive with most tool materials resulting in accel-
erated tool wear. The atomization-based cutting fluid (ACF) spray
system has recently been demonstrated to improve tool life in tita-
nium machining due to good cutting fluid penetration causing the
temperature to be reduced in the cutting zone. In this study, the cut-
ting temperatures are measured both by inserting thermocouples at
various locations of the tool–chip interface and the tool–work ther-
mocouple technique. Cutting temperatures for dry machining and
machining with flood cooling are also characterized for compari-
son with the ACF spray system temperature data. Findings reveal
that the ACF spray system more effectively reduces cutting temper-
atures over flood cooling and dry conditions. The tool–chip friction
coefficient indicates that the fluid film created by the ACF spray
system also actively penetrates the tool–chip interface to enhance
lubrication during titanium machining. [DOI: 10.1115/1.4028898]
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1 Introduction

Titanium and its alloys possess unique physical and mechanical
properties such as high strength-to-weight ratio, strong fracture

and corrosion resistance, and biocompatibility that make them
ideal for a variety of engineering applications including aerospace
components, turbines, and biomedical devices [1]. However, the
poor thermal conductivity (10–30% of steel) and low elongation-
to-break ratio of titanium pose a serious challenge to machining
processes, as extreme temperatures develop within the small tool–
chip interface (e.g., one-third size of steel for the same cutting con-
ditions). At temperatures higher than 500 �C, titanium and its
alloys become highly chemically reactive with commonly used
tool materials leading to accelerated tool wear. Several cooling sol-
utions including flood cooling, high-pressure cooling, and cryo-
genic cooling have been applied to address this temperature issue
during titanium machining [1,2]. Nath et al. [2] recently proposed
the ACF spray system for titanium machining. They observed that
the system that uses a very small amount of cutting fluid (e.g.,
10–20 ml/min) improves tool life beyond flood cooling. While it is
believed that the tool life improvement results from fluid film pen-
etration of the cutting interface during titanium machining, the
change in the cutting temperatures and temperature gradient inside
the tool–chip interface caused by the fluid film penetration is
needed to be characterized for better understanding of the cooling
and lubrication mechanism of the ACF spray system.

Several cutting temperature measurement techniques including
the inserted thermocouple, the tool–work thermocouple, spectral
radiation thermography, and the recently proposed thin film ther-
mal sensor have been investigated for machining different materi-
als including titanium alloys [3–18]. The measurement of cutting
temperature during titanium machining is highly challenging
because of the smaller tool–chip contact size (about 0.5 mm in
most machining situations employed in Ti machining) [1,2]. The
smaller tool–chip interface is difficult to access with thermocou-
ples. Kitagawa et al. [10] measured the cutting temperature during
the turning of Ti–6Al–6 V–2Sn with and without flood cooling by
inserting a 25 lm diameter tungsten wire into a premachined
through hole in the tool perpendicular to the rake face 0.15 mm
from the cutting edge. Although this technique demonstrates the
feasibility of the inserted thermocouple technique in measuring
cutting temperature during titanium machining, a single tempera-
ture measurement cannot express the characteristics of the temper-
ature gradient around the tool–chip interface. El–Wardany et al.
[9] demonstrated that the inserted thermocouple technique can
measure the temperature at various locations of the tool–chip inter-
face for hard to machine materials. However, the chip-breaker that
is required to obtain the measurements interferes with the cutting
dynamics, chip formation, and the application of cutting fluid.

Klocke et al. [11] studied the cutting temperature during the turn-
ing of Ti–6Al–4 V using a two-color pyrometer. The temperature
was measured by a 0.5 mm fiber-optic wire inserted into a blind
hole with a final placement of 0.15 mm under the rake face and
0.41 mm from the major flank face. While this temperature mea-
surement technique is able to accommodate the application
of cutting fluid, the single temperature measured is outside the
tool–chip interface and is an average over the area of the exposed
end of the 0.5 mm diameter fiber optic wire. More recently,
Werschmoeller and Li [8] have proposed an embedded micro thin
film thermocouple to measure temperatures in the tool–chip contact
region, the technique, however, requires difficult and expensive
MEMS fabrication and cannot currently be completely embedded
in a conventional tool material like tungsten–carbide (WC).

The objective of this work is to determine the cutting tempera-
tures at various locations in the cutting zone during titanium
machining with the ACF spray system. The temperatures are
obtained both by inserting thermocouples in the contact region
and the tool–work thermocouple technique. The friction coeffi-
cients are also estimated from the force data to confirm the tem-
perature reduction due to effective penetration of cutting fluid,
thereby providing lubrication at the cutting interface.

The remainder of this work is organized as follows. Section 2
presents the experimental temperature measurement techniques
used to measure the temperature gradient in the tool–chip interface

1Present address: Mechanical Engineer, John Deere, Waterloo, IA 50704.
2Present address: Postdoctoral Fellow, George W. Woodruff School of

Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332.
3Corresponding author.
Contributed by the Manufacturing Engineering Division of ASME for publication

in the JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received
July 2, 2014; final manuscript received September 29, 2014; published online
December 12, 2014. Assoc. Editor: Y. B. Guo.

Journal of Manufacturing Science and Engineering APRIL 2015, Vol. 137 / 024502-1
Copyright VC 2015 by ASME

Downloaded From: https://manufacturingscience.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CiteSeerX

https://core.ac.uk/display/357619999?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


during titanium machining. Section 3 contains the experimental
results and discussions. Section 4 features concluding remarks.

2 Experimental Design and Procedure

The techniques to measure the cutting temperatures of the
tool–chip interface during titanium machining are described in
Sec. 2.1. The ACF spray system and the spray characteristics per-
tinent to this study are given in Sec. 2.2. The titanium machining
experimental design in terms of data collection equipment, and
the cutting conditions investigated are presented in Sec. 2.3.

2.1 Temperature Measurement Techniques

Inserted Thermocouple Setup. The tool–chip interface during
titanium machining is often observed to be about or less than
0.5 mm from the cutting edge [1,2]. In order to assess the cutting
temperature variation within this region, thermocouples need to
be placed at different locations within this narrow interface. In
this study, the thermocouples are inserted in the holes machined
by electrical discharge machining (EDM) perpendicular to the
tool flank, allowing thermocouple placement as close as 0.15 mm
from the cutting edge, as shown in Fig. 1.

Although, the temperatures inside the tool–chip interface are of
interest, thermocouple placement in the cutting interface risks imme-
diate damage from the chip formed during machining. To avoid
damage, the thermocouples are inserted into blind holes machined
into the WC tool inserts. The dimensions (i.e., a, b, c, and d in
Fig. 1) of these blind holes are chosen to control the position of the
thermocouple relative to the cutting edge and to maintain tool insert
strength post–EDM. Dimension “c” (see Table 1) was varied to
maintain a constant dimension “d” of 0.15 mm, as the distance from
the thermocouple tip to the major flank, “a,” was varied (see Fig. 1).

The thermocouples are rigidly positioned in the blind holes
using JB weld metal adhesive, as shown in Fig. 2. During machin-
ing, there is still a risk of chips being entangled with the inserted
thermocouple wire at the entrance of the blind hole (see Fig. 1)
and causing the thermocouple to be detached from the hole. In
order to better protect the thermocouple during machining, a cop-
per guard was placed over the wire, as shown in Fig. 2. The cop-
per guard was fixed to the tool with JB weld metal adhesive.
Several test runs were then conducted to ensure that the thermo-
couple maintained a consistent position throughout for at least
1 min of machining and exhibited consistency tool-to-tool. These
test runs also indicated that the tool becomes weakened by the

blind hole for distances to the major flank (i.e., “a”) less than
0.15 mm (see Fig. 1).

It is believed that there is a large temperature gradient along the
tool rake face due to the smaller size of the tool–chip contact and
poor conductivity of titanium [1,17]. Since it is difficult to mea-
sure the temperatures close to the cutting edge using the inserted
thermocouple technique, the tool–work thermocouple technique is
also utilized as it measures the average temperature of the entire
tool–chip contact region [19].

Tool–Work Thermocouple Setup. The tool–work thermocouple
temperature measurement technique assembles a thermocouple con-
sidering the tool and the workpiece as the two dissimilar metals. Dur-
ing machining, the tool rake face–chip interface becomes the hot
junction, as seen in Fig. 3. The thermoelectric voltage generated at
the cutting interface is then measured and is correlated to the cutting
temperature. Two lead wires complete the thermoelectric circuit,
connecting the machine housing and the tool to the oscilloscope
(Tektronix TDS 2024B) via the signal amplifier (Omega
OMNI–AMP–I) for thermoelectric voltage measurement. The tool is
electrically insulated from the turning machine by lining the tool
holder with high-temperature mica in order to prevent the thermo-
electric signal from being ground out. A brush junction (see Fig. 3)
was used to connect the tailstock to the signal amplifier, completing
the thermoelectric circuit. Parasitic thermoelectric voltages generated
at the lead wire–tool and the lead wire–workpiece junctions were
reduced by using alumel as the lead wire material and maintaining
constant junction temperature (room temperature about 20 �C) [19].

The thermoelectric circuit, composed of a WC tool and a
Ti–6Al–4 V workpiece for this study, must be calibrated in order to
associate the measured thermoelectric voltage to a given tempera-
ture from a heat source. During calibration, both the tool and the
workpiece were represented by 3.175 mm diameter WC and
Ti–6Al–4 V rods, respectively. The two rods were brazed together
at one end and were placed in a small furnace alongside a K-type

Fig. 1 Inserted thermocouple measurement setup

Table 1 Blind hole dimensions on the inserts

a (mm) b (mm) c (mm) d (mm)

0.15 1.25 0.47 0.15
0.25 1.25 0.49
0.35 1.25 0.51
0.45 1.25 0.53

Fig. 2 Inserted thermocouple with copper guard

Fig. 3 Tool–work thermocouple measurement setup
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thermocouple. The contact area of the brazing between the rods
was chosen to be approximately 1 mm2 to represent the similar size
order of the tool–chip interface area. Using an oxygen–acetylene
torch, the furnace containing the brazed end of the rods and the
K-type thermocouple were heated, and the thermoelectric voltage
was then measured across the ends of the rods outside the furnace
that are kept at room temperature (cold junction). The K-type ther-
mocouple was employed to measure the actual temperature at the
rod junctions inside the furnace. The resulting calibration curve
exhibits a nonlinear portion from about 0 to 1.20 mV, as seen in
Fig. 4. The cutting temperatures of interest in this study are above
250 �C; therefore, a line is fit to the linear section (i.e., beyond
1.20 mV) of the resulting calibration curve using the method of
least squares. Note that the error between the experimental data and
the fit line is found to be less than 5%.

2.2 ACF Spray System. The ACF spray system features two
coaxial nozzles of different diameters, as seen in Fig. 5(a), that are

used to dispense droplets of cutting fluid toward the tool–chip
interface [2]. Uniformly sized droplets (diameter in tens of lm)
produced by an ultrasonic atomizer flow through the droplet nozzle
at a low velocity, and then are entrained by the high-velocity gas
flowing though the gas nozzle to produce a focused axisymmetric
jet of droplets. This jet is impinged onto the stationary tool rake
face during turning experiments. The impact energy of the major-
ity of the droplets is controlled by the ACF spray parameters (e.g.,
gas velocity, impingement angle, flow rate, nozzle design, etc., as
seen in Fig. 5(b)) to obtain the “spreading” droplet impingement
regime, ideal for machining applications. The impinging droplets
of cutting fluid create a thin film that spreads toward the tool–chip
interface during machining, as shown in Fig. 5(b). It is believed
that the tool–chip interface penetration of the fluid film created by
the ACF spray system is the mechanism by which tool life is
improved [2,20,21]. In this system, two high-velocity gases, air
and a mixture of air–CO2 (at the volumetric ratio 66:34), were
used in order to determine the effect of gas composition and tem-
perature on cutting interface temperatures. Note that the impinging
temperature of air alone is about 18–20 �C as compared to that
about 2–3 �C with air–CO2 mixture. CO2 not only helps reducing
the dispensing temperature but also suppressing the smoke from
the cutting zone (due to its higher molecular weight than O2) dur-
ing titanium machining with the ACF spray system [2].

2.3 Experimental Design. Titanium turning experiments
were conducted on the Mori Seiki Frontier–I CNC lathe. Figure 6
depicts the experimental setup with the ACF spray system.
A Ti–6Al–4 V workpiece was turned using fresh Kennametal
K313 inserts at four combinations of feed rate (i.e., 0.15 and
0.2 mm/rev) and cutting speed (80 and 110 m/min). The depth of
cut was set as 1.5 mm in all tests. The tool inserts were set such
that the principle cutting edge angle (uo) and the orthogonal rake
angle (co) are 60 deg and 5 deg, respectively. The cutting condi-
tions were chosen to reflect those commonly used in industry for
high productivity [1].

Machining experiments for dry cutting and flood cooling were
also conducted for comparison to the ACF spray system in terms
of cooling and lubrication effectiveness. Flood cooling experi-
ments were conducted at a flow rate and pressure of about
1500 ml/min and 60 psi, respectively. The ACF spray system was
set with an impingement angle of 35 deg, a spray distance of
35 mm, a spot distance of 7 mm, a high-velocity gas pressure of
150 psi, and a flow rate of 20 ml/min (refer Figs. 5(b) and 6).
Water-soluble cutting fluid S-1001 at 10 vol. % dilution in water
was used in this study [2,22]. The thermophysical properties of
this fluid concentration at room temperature were measured as fol-
lows: density 1000 kg/m3, surface tension 32.2 mN/m, viscosity
1.68 cP, and thermal conductivity 0.506 W/m K [22].

Fig. 4 Tool–work thermocouple calibration curve

Fig. 5 (a) Schematic of the ACF spray system [21] and (b) ACF
spray parameters in turning setup [2]

Fig. 6 Photograph of the setup with the ACF spray system in
the CNC lathe
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The cutting temperatures are collected for two repeated experi-
ments of 15 s of cutting for each combination of feed rate and cut-
ting speed using both the tool–work and the inserted
thermocouple techniques to gather the mean cutting temperature
and the temperature gradient inside the tool–chip interface,
respectively. In order to calculate the tool–chip interface friction
coefficients, the cutting forces are also obtained in each trial using
a Kistler three-component force dynamometer (type 9121)
sampled at a frequency of 1 kHz through a National Instruments
data acquisition system (SCB-68) integrated with the LabVIEW

software.

3 Cutting Temperature Results

3.1 Tool–Work Thermocouple Results. The thermoelectric
voltage generated within the cutting interface during the machin-
ing experiments is measured using the tool–work thermocouple
technique, and is converted to temperature using the calibration
equation shown in Fig. 4. Figure 7 shows the averages of the cut-
ting temperature measurements from the two repeated tests con-
ducted with fresh tool in each test. The error bars represent one
standard deviation of measurement values. It is seen in Fig. 7 that
the ACF spray system more effectively reduces the mean cutting
temperature compared with dry cutting and flood cooling regard-
less of the type of the high-velocity gas or the cutting condition.
While comparing the high-velocity gases of the ACF spray sys-
tem, it is evident that the air–CO2 mixture far more effectively
reduces the cutting temperature than air alone.

The ACF spray system is also able to maintain large cutting
temperature reductions across the range of cutting conditions
investigated. Table 2 shows the percent reduction in average cut-
ting temperature for the three cutting fluid application methods in
comparison to dry machining at the same cutting conditions. The
percent reduction in cutting temperature for flood cooling is
between 1–3%, while the ACF spray system maintains 7–13%
reduction in cutting temperature across all cutting speeds and
feeds investigated.

3.2 Inserted Thermocouple Results. Although the tempera-
ture measurements from the tool–work thermocouple experiments
indicate that the ACF spray system can lower the cutting tempera-
ture by a greater amount compared with flood cooling, the temper-
ature reduction mechanism (i.e., tool–chip interface fluid
penetration) is not fully explained without an understanding of the
temperature gradient inside the tool–chip interface. Unlike the
tool–work thermocouple technique, the inserted thermocouple
technique allows for the measurement of cutting temperature at
different locations of the tool–chip interface. The tool–chip con-
tact length is first measured in order to ensure the thermocouples
are placed at desired locations of the tool–chip interface. Fresh
tools are used to turn Ti–6Al–4 V at each of the four cutting con-
ditions investigated. The rubbing marks left on the tool for each
cutting condition are measured to determine the tool–chip (T–C)
contact length (see Fig. 8). The lower feed of about 0.15 mm/rev
has a tool–chip contact length of about 0.26 mm, while the higher
feed of 0.2 mm/rev has a longer tool–chip contact length of about
0.33 mm. Thermocouples are positioned both outside and
inside the tool–chip interface (i.e., 0.45, 0.35, 0.25, and 0.15 mm
to cutting edge) to understand the temperature gradient within the
tool–chip interface during titanium machining.

As discussed in Sec. 2.1, K-type thermocouples inserted into
blind holes with varying depths relative to the cutting edge (see
dimension “a” Fig. 1) measure temperature at different locations
of the interface to build a map of temperature profile. The result-
ing temperatures for different cooling and cutting conditions are
shown in Fig. 9. The error bars represent one standard deviation
of measurement from two repeated tests conducted with fresh
tool. The temperature measurements demonstrate that while cut-
ting temperatures are relatively constant outside the tool–chip
interface, there is a severe increase in temperature within the cut-
ting interface as distance from the cutting edge decreases. The
increasing trend in cutting temperature is present for every cutting
condition and cutting fluid application method investigated.

Comparing temperature results across a range of cutting
conditions (see Fig. 9) re-enforces the observations made by the
tool–work thermocouple technique that flood cooling becomes
less effective in reducing cutting temperature at higher cutting
speeds and feeds in comparison to the ACF spray system. For the
least aggressive cutting condition (i.e., f¼ 0.15 mm/rev and
S¼ 80 m/min), only the ACF spray system with air–CO2 mixture
outperforms flood cooling in terms of temperature reduction
inside the tool–chip interface. However, for the most aggressive
cutting condition (i.e., f¼ 0.2 mm/rev and S¼ 110 m/min), the
ACF spray system outperforms flood cooling in terms of cutting

Table 2 Percent reduction in cutting temperature from dry
cutting

Cutting fluid application method

Cutting conditions
Flood
(%)

ACF air
(%)

ACF air–CO2

(%)

f: 0.15 mm/rev, S: 80 m/min 2.8 10.5 13.3
f: 0.2 mm/rev, S: 80 m/min 2.6 10.4 13.3
f: 0.15 mm/rev, S: 110 m/min 0.6 7.3 11.6
f: 0.2 mm/rev, S: 110 m/min 0.7 7.1 13.4

Fig. 8 Tool–chip contact length measurements

Fig. 7 Tool–work thermocouple temperature measurements
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temperature reduction regardless of the type of the high-velocity
gas used. Although the temperature for flood cooling is found to
be lower outside the tool–chip interface, the ACF spray system
more effectively reduces cutting temperatures within the tool–chip
interface where heat removal is the most critical to suppress tool
wear. Note that the ACF spray system consumes a very small
amount of cutting fluid (10–20 ml/min) as compared to flood cool-
ing (1–10 l/min) and, therefore, the fluid film cannot conduct heat
away from the tool outside the tool–chip interface.

The significantly lower temperatures at the tool–chip interface
measured by the inserted thermocouple technique indicate that the
ACF spray system actively penetrates cutting fluid in the form of
a thin fluid film (microscale) into the tool–chip interface to extend
tool life. This finding is in agreement with the recent study by the
authors [21], in which the thin fluid film produced by the ACF
spray system is characterized and modeled. The forming chip lift-
ing and falling during titanium machining was imaged. As seen in
Fig. 10(a), when the chip lifts, the fluid film of the ACF spray sys-
tem can easily penetrate into the tool–chip interface. The succes-
sive frame indicates that when the chip falls back to the rake face
of the tool, cutting fluid is excreted out from the tool–chip inter-
face at the cutting edge onto the minor flank of the tool (see
Fig. 10(b)). This means that the velocity of the thin fluid film was
fast enough to wet the entire interface in each chip lifting–falling
cycle. The physics-based fluid film model developed in Ref. [21]
also shows that the velocity of this fluid film is about 20 times
greater than what is necessary for complete fluid progression and
penetration (with its high dynamic pressure) of the cutting inter-
face for the same set of ACF spray conditions.

The presence of cutting fluid at the interface that reduces cut-
ting temperature can also be supported from the tool–chip friction
coefficient. Additional machining experiments using flood coolant
and the cutting conditions as a feed rate of 0.15 mm/rev, a speed
of 80 m/min, and a depth of cut of 1 mm were conducted and cut-
ting force data were collected. The friction coefficient was esti-
mated using the following relationship:

l ¼ Fzsinuosinco þ Fycosco

Fzsinuocosco � Fysinco

(1)

where l is the friction coefficient between the tool and the work-
piece, Fy is the feed force, Fz is the tangential cutting force, uo is

the principle cutting edge angle, and co is the orthogonal rake
angle [23].

Figure 11 compares the friction coefficient data using flood
cooling collected in this study with the data collected earlier by
the authors [24] using the ACF spray system with air–CO2

Fig. 9 Inserted thermocouple temperature measurements

Fig. 10 Chip lifting–falling cycle during titanium machining: (a)
Chip lifting allows thin film to penetrate (less fluid excretes) and
(b) chip falling causes more fluid excretion from the interface [21]
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mixture under identical machining conditions. Note that the cut-
ting forces were collected until the tool fails, defined as 0.6 mm of
maximum flank wear. Figure 11 exhibits that, for the first 4 min
of machining, there is no visible difference in friction coefficient
values between these two cutting fluid application methods.
However, the friction coefficient for flood cooling increases rap-
idly to a value of about 0.7 after just 4 min of machining, while
the ACF spray system with air–CO2 mixture sustains a friction
coefficient of 0.57 up to 10 min of cutting. This suggests that, with
the ACF spray system, there is an effective penetration of the cut-
ting fluid at the tool–chip interface, resulting in a prolonged tool
life.

4 Conclusion

• The cutting temperature in the tool–chip contact zone is

measured using the tool–work and the inserted thermocou-

ple techniques during machining of a titanium alloy,

Ti–6Al–4 V. The placement of thermocouples perpendicular

to the tool flank yields cutting interface temperature meas-

urements as close as 0.15 mm from the cutting edge.
• The tool–work thermocouple measurements indicate that the

ACF spray system reduces average cutting temperatures by

7–13%, whereas flood cooling reduces it by only 1–3% as

compared to dry machining.
• The temperature gradient along the tool–chip interface indi-

cates that the ACF spray system with air–CO2 mixture more

effectively penetrates the tool–chip interface during titanium

machining in comparison to flood cooling and the ACF

spray system with air alone.
• Tool life experiments reveal that, after 4 min of machining,

the ACF spray system with air–CO2 mixture has a lower

friction coefficient than flood cooling, and thereby enhances

tool life.
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