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Abstract The main objective of this paper is to develop the
relationship between microstructure and machinability of tita-
nium alloy Ti-6A1-4V which is given heat treatment beyond [3
transus temperature, with the help of milling experiments
using polycrystalline diamond (PCD) tools. Two of the spec-
imens were solution treated at 1050 °C/1 h. After the treat-
ment, one of the specimen was cooled in water while the other
specimen was air-cooled, followed by aging treatment at
550 °C/4 h. The third specimen was used in as-received con-
dition (casted). Cutting speed, feed rate, and depth of cut were
varied, and their effects have been analyzed on cutting forces,
vibration amplitude, temperature, and tool wear for all the
three specimens. The results have shown improved and better
machinability for the specimen which was cooled in air after
the solution treatment with PCD tools. This behavior of the
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alloy is mainly attributed to formation of homogeneous lamel-
lar .+ 3 Ti-6Al-4V microstructure. Although, the air-cooled
specimen has higher hardness than the as-received specimen.
But, the former alloy’s fine homogeneous and lamellar o+ 3
Ti-6Al-4V microstructure as compared to the microstructure
of the latter specimen (irregular a+ 3 Ti-6Al-4V structure)
and absence of o’ secondary precipitate (found in water-
cooled specimen) has helped in giving improved performance.
Thus, from this study, it can be concluded that machinability
of titanium alloy Ti-6Al-4V can be further improved with
controlled heat treatment process using PCD tools.

Keywords Heat-treated titanium alloys - Polycrystalline
diamond inserts - Machinability - Vibration - Cutting forces -
Tool wear

1 Introduction

Due to poor machinability of titanium alloy Ti-6Al-4V [1-3],
new titanium alloys are being developed having better
strength and machinability. However, Ti-6Al-4V is still widely
used in the aerospace industry. Many researchers are trying to
apply different innovative techniques like different heat treat-
ment cycles, cutting tool material, and cutting processes in
order to improve its machinability. Some of these methodolo-
gies are discussed here:

Carbide base tool materials are most often employed for the
machining of titanium alloys because of their low cost and
availability in almost any form. But usually very low cutting
speeds are employed to avoid rapid wear of cutting tool be-
cause of their low hot strength and poor thermal conductivity.
In the literature, some authors [3—5] have investigated the
effect of various coating layers on machinability of Ti-6Al-
4V by studying tool wear, vibration, thermal characteristics,
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cutting forces, and surface roughness concluding that no con-
siderable improvement in machinability is obtained with this
approach. This has ultimately resulted in the use of super hard
cutting tool materials. Among various super hard cutting tool
materials, polycrystalline diamond (PCD) tool has shown sig-
nificant improvement in machinability, tool life, and surface
quality as reported in literature [6—13]. However in these stud-
ies, parameters like microstructure and hardness of alloy have
not been considered which also have great effect on machin-
ability. Although, there are a number of studies where authors
have investigated the effect of microstructure and hardness on
the machinability of titanium alloys. In most of the cases,
titanium alloy Ti-6Al-4V has been used in annealed or in as-
received conditions and its machinability has been compared
with other heat-treated titanium alloys with carbide tools.
Some of these are explained below in detail:

Kosaka and Fox (2004) and Kosaka et al. [14, 15] investi-
gated the machinability of Ti-6Al-4V in as-received condition
and compared the results with other titanium alloy Ti54M in
different heat-treated conditions and found that machinability
of Ti54M is better than Ti-6Al-4V because of better micro-
structure of former alloy. Khana et al. [16] evaluated the ma-
chinability of Ti54M alloy in different heat-treated conditions
and compared the results with Ti-6Al-4V in annealed condi-
tion by varying cutting speed and feed rate. The authors con-
cluded that Ti54M alloy has the highest cutting forces in the
aged condition due to high hardness, whereas in annealed or in
as-received condition machinability of Ti54M is better than
Ti-6Al-4V because of better microstructure of TiS4M alloy.
Similar experiments were carried out by Khana and Sangwan
[17], where they used .+ (3 alloy Ti54M and /3 alloy Ti 10-2-3
and investigated the machinability of two alloys in as-received
condition and compared the results when the two alloys were
used in annealed and in solution-treated-plus-aged condition.
Cutting speed and feed rate was varied and their effects on
cutting forces and temperature were observed. From the study,
it was found that in solution-treated-plus-aged condition, both
alloys showed poor machinability while in annealed and in as-
received condition, Ti54M alloy showed superior machinabil-
ity due to its better microstructure. Rahim et al. [ 18] compared
the performance of two titanium alloys, namely Ti54M and
Ti-6Al-4V, in drilling with carbide tool at lower cutting
speeds. From their research, authors found that the tool used
in drilling for Ti-6Al-4V has higher tool life. Vanktesh et al.
[19] analyzed the machinability of two titanium alloys vis-a-
vis Ti54M and Ti-6Al-4 V from low cutting speed to higher
cutting speed in orthogonal turning process with carbide tools.
Authors concluded that at higher cutting speed, the machin-
ability of Ti54M is better than Ti-6Al-4V. Armendia et al. [20]
in their research work concluded that due to better microstruc-
ture of Ti54M alloy, its machinability is better than Ti-6Al-4V.
Azam et al. [21] studied the effect of microstructure of high-
strength low alloy steel grade on surface roughness in turning
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with varying cutting parameters and developed the prediction
model using ANOVA analysis. The authors concluded that
machinability is greatly affected by heat treatment process.

The abovementioned studies suggest that machinability
greatly depends on the work material microstructure which
in turn greatly depends on the heat treatment process. The
machinability of Ti54M was concluded better than Ti-6Al-
4V in as-received or annealed condition due to better micro-
structure of former alloy. On the other hand, in solution-
treated-plus-aged condition (below ( transus temperature)
poor machinability was exhibited by all the titanium alloys
with carbide tools due to their increased strengthening effect.
Furthermore, the case studies in literature studying the effect
of cutting tool material on machinability of titanium alloy Ti-
6Al-4V in as-received condition have shown dominance of
PCD tools. Since PCD tool has higher hot strength, higher
thermal conductivity, and low wear rate, therefore, it is neces-
sary to testify its effectiveness on machinability of titanium
alloy Ti-6Al-4V in different heat-treated conditions.
Moreover, in most of the published literature where heat treat-
ment effect has been investigated, the solution treatment of
alloys has been carried out well below the (§ transus
temperature.

Thus, there is a need to explore machinability of heat-
treated titanium alloy Ti-6Al-4V with PCD tools beyond 3
transus temperature which can have a strong effect on alloy’s
microstructure and ultimately affecting its machinability. The
objective of the research, variables studied and parameters to
be investigated are highlighted in Fig. 1.

2 Experimental plan and setup

To study the effectiveness of PCD tool on machinability of
heat-treated titanium alloy, elaborate experiments were per-
formed on titanium alloy Ti-6Al-4V in as-received and two
different heat-treated conditions. The details on experimental
setup, workpiece specifications, cutting tool specifications,
and cutting parameters are discussed in the following sections:

2.1 Machining setup details

Experiments were performed on five-axes high-speed vertical
machining center, DMU60 Mono Block having max. rpm of
18,000 and spindle taper of HSK 63 A, which is a dynamically
balanced spindle system. A typical experimental setup is
shown in Fig. 2.

A workpiece was clamped on a three-directional force mea-
suring equipment, Dynamometer (Kistler 5070) through spe-
cially designed fixture for measuring cutting forces. Two
three-directional accelerometers were mounted on the work-
piece and a machine spindle, as shown in Fig. 2, to record the
vibration signals during machining, and the signals were
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analyzed on a dynamic cutting software, LMS. A thermal
imaging camera R300 InfRec infrared camera was used for
measuring the average cutting temperature of the cutting zone.
A toolmaker microscope and a scanning electron microscope
(SEM) were used to study the wear mechanism of the inserts
used in the experiments.

2.2 Workpiece specifications

To study the effect of microstructure and hardness of Ti-6Al-
4V on its machinability, workpieces in rectangular shape of
size 35x25x80 mm received in cast conditions were heat
treated at two different conditions. The two specimens were
solution treated at 1050 °C/1 h followed by aging at 550 °C/
4 h. One of the heat-treated specimen was allowed to cool in
air after solution treatment while the other was cooled in water
and the third workpiece was used in as-received condition to
obtain different microstructures and hardness. The hardness
values of all three specimens were recorded by Tukon 2500-
6 Knoop/Vickers automated hardness tester. For as-received

Fig. 2 Experimental setup
End Mill
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performance of PCD
tools on machinability of
titanium alloy Ti-6Al-
4V in different heat
treated conditions and

its improvements

A 4

=
_>[ Cutting Forces h g
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Optimal machining conditions
better machinability and tool life

sample (alloy-A), it was measured as 320~345 HYV;
365~390 HV for the heat-treated-air-cooled sample (alloy-
B), and 410~430HV for the heat-treated-water-cooled speci-
men (alloy-C).

The microstructure of all three specimens was analyzed
using SEM as shown in Fig. 3. Fine lamellar oc+ 3 structure
has been obtained for the alloy-B, which is attributed to a slow
cooling rate of the air as shown in Fig. 3b. Figure 3a shows the
microstructure of alloy-A. It has two phases o« and 3 solution
in which o phase has a coarse lamellar structure mutually
connected in basket weave form and in between thin (3 phase
lies. The microstructure of the alloy-C is shown in Fig. 3¢, the
specimen has acicular o' martensite phase, formed due to
rapid cooling in water [22].

2.3 Cutting tool details
Two fluted end mill of diameter 16 mm was used in all

the experiments. A PCD insert brazed on carbide substrate
having a nose radius of 0.4 mm, clearance angle of 11°,
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on spindle & System
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Imaging Computer
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System dynamometer
(Hardware) —
v
Computer
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Fig. 3 Titanium alloy Ti-6Al-4V
microstructure

a) As-received alloy

radial rake angle of 15°, and axial rake angle of 0° was
used in all the experiments.

2.4 Details on machining parameters

Cutting parameters, namely, cutting speed, feed per tooth, and
axial depth of cut were varied and their effect on cutting
forces, vibration, temperature, and tool wear for all three Ti-
6Al1-4V alloy specimens have been studied. Up milling strat-
egy was used in all the experiments. Each experiment was run
for an average of 5 min. For every experiment, a new insert
was used and each experiment was repeated twice in order to
minimize the uncertainties in the measurements. The average
value of the maximum values recorded during each experi-
ment was used for further analysis. The radial engagement of
tool was kept constant at 2 mm for all the experiments. Five
levels of each variable have been used in the experiments in
order to study in detail the effect of each parameter by varying
only one parameter at a time and other two being constant.
First five experiments show the level of cutting speed used in
the experiments where axial depth of cut and feed per tooth
were kept constant. Then, the next five experiments show the
level of feed per tooth used to analyze its effect at a constant
cutting speed and axial depth of cut. Similarly, in the last five
experiments, only the axial depth of cut was varied to study its
effect only. The parameters are shown in Table 1.

3 Results and discussion

Experimental results for cutting forces, vibration, temperature,
and tool wear for three different titanium alloy Ti-6Al-4V
specimens are discussed here.

3.1 Analysis of cutting forces

Cutting force is an important machinability evaluation param-
eter as it can predict how long the tool will work efficiently
and provide good surface quality. According to Anayet et al.
[23], cutting forces are greatly influenced by the cutting pa-
rameters. Therefore, it is important to study the behavior of
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b) STA alloy cooled in air

c) STA alloy cooled in water

three Ti-6Al-4V specimens (alloy-A, alloy-B, and alloy-C) at
various cutting parameters in order to find optimal cutting
conditions. Cutting forces were recorded for all the experi-
ments with dynamometer (Kistler 5070). For the analysis,
the main cutting force, calculated from the average measured
forces of feeding directional (Fy) and tangential directional
(Fy) forces, has been selected and results are plotted in
Fig. 4. The plotted results show the average values taken of
the maximum forces recorded during each experiment with
standard deviation of £12 N.

It has been observed that cutting force values are in rela-
tionship with alloy microstructure and then with hardness.
Lower values are obtained for alloy-B attributed mainly to
fine regular lamellar oc+ 3 Ti-6Al-4V microstructure.
Although hardness values of alloy-B are slightly higher than
the hardness of alloy-A, coarse lamellar « structure of alloy-A
compared to fine regular lamellar o+ 3 Ti-6Al-4V micro-
structure mainly results in higher forces. For alloy-C, the
highest forces have been observed at all the conditions

Table 1  Details on cutting parameters used in the experiments

Experiment Cutting speed, Feed per  Axial depth Material

no. V¢ (m/min) tooth, f, of cut, removal
(mm/tooth) a,(mm) rate (mm>/min)

1. 100 800

2. 120 955

3. 150 0.10 1.0 1194.26

4. 170 1353.5

5. 200 1592.35

6. 0.05 597.1

7. 0.07 836

8. 150 0.10 1.0 1194.26

9. 0.12 1433.12

10. 0.15 1791.4

11. 0.2 238.85

12. 0.5 597.13

13. 150 0.10 1.0 1194.26

14. 12 1433.12

15. 1.5 1791.4
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Fig. 4 Main cutting force for three different Ti-6Al-4V specimens at
various cutting conditions

studied. The main reason for such behavior of the alloy seems
to be the presence of ' martensite phase in microstructure
along with the highest value of hardness. The coarse micro-
structure during machining requires higher shear energy to
remove the metal and results in higher forces. The formation
of o’ martensite phase due to a fast cooling rate of water,

interference with dislocation of « particles and increased
strengthening effect along with the higher hardness are the
main causes for higher forces of alloy-C. The results depict
that performance of PCD tool is more dependent on the mi-
crostructure of the alloy as lower values are achieved for the
alloy having better microstructure (alloy-B). Therefore, if bet-
ter microstructure could be achieved through a controlled heat
treatment process, then moderate increase in hardness value
can be compensated with higher thermal conductivity and
higher hot strength of PCD tool which could not be possible
with carbide tools [16, 17] where the alloy with higher hard-
ness has poor machinability irrespective of its microstructure.

Results also show that cutting forces are strongly influ-
enced by increase in axial depth of cut and feed per tooth.
Cutting forces rise to great extent with the increase in axial
depth of cut and feed rate with more strong influence of axial
depth of cut than feed per tooth. Slight or moderate increase in
cutting force values has been observed with increase in cutting
speed once cutting speed used in excess of 150 m/min. The
main reason for such a phenomenon is related to couple effect
of increased feed rate and rotational speed which when com-
bined with higher axial depth of cut and feed per tooth results
in such behavior. Similar results were also achieved in exper-
imental work of [9] where a higher vibration amplitude was
observed at higher cutting speed even though feed per tooth
and axial depth of cut were constant. The higher depth of cut
and feed rate at higher cutting speeds creates extra load on the
cutting edge, thus causing increase in the shear energy and
moderate increase in cutting forces.

3.2 Analysis of vibration on spindle and workpiece

Vibrations during machining greatly affect the tool life, sur-
face quality of the component being machined, and also the
life of the machine tool spindle itself. Therefore, it is important
to study the behavior of the alloy’s microstructure and hard-
ness on vibrations produced during machining with PCD tool.
Vibration amplitude was measured during experimentation for
the spindle and workpiece with three-directional accelerome-
ters mounted on the spindle and workpiece. The average
values of maximum vibration amplitudes occuring in feeding
(X-direction) and tangential (Y-direction) directions measured
during experimentation for each test are used for further anal-
ysis, and the results are plotted in Fig. 5. The max. standard
deviation for each average result is within +0.18 g.

The plots of vibration amplitude in feeding and tangential
cutting direction represent the average values of maximum
vibration amplitudes recorded during each experimentation
every time with a new insert. Results obtained for the vibra-
tion amplitude as shown in Fig. 5 above are in compliance
with those obtained for the cutting forces, i.e., alloy’s micro-
structure and hardness have key influence on the vibrations
amplitude as well. Figure 5 shows the vibration values
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Fig. 5 Vibration amplitude in feeding and tangential cutting direction

measured through the accelerometer mounted on the spindle
surface, whereas the vibration amplitude was also measured
on the workpiece surface through the accelerometer mounted
on the fixture plate but those results are not shown here be-
cause of two reasons. Firstly, vibration amplitude measured
was quite low as compared to vibration amplitude measured
through the accelerometer mounted on the spindle and sec-
ondly, in most of the cases, a similar trend as shown in Fig. 5
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was observed. The results have shown PCD insert superiority
for alloy-B inspite of moderate increase in hardness. This be-
havior is mainly attributed to homogeneous lamellar o+ 3
formed due to (-annealing (solution treatment beyond f3
transus temperature, followed by air cooling). With this mi-
crostructure, the amount of shear energy required for remov-
ing material is evenly distributed over the cutting edge, thus
resulting in better machinability results. The higher strength
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and thermal conductivity of PCD tool is another reason of
superior performance for (3-annealed alloy. Results have
shown that vibration amplitude increases more rapidly once
the higher cutting speed is used in combination of higher feed
rate and depth of cut. Higher influence is seen for axial depth
of cut and feed per tooth in terms of vibration amplitude, and
moderate or low increase has been seen for the cutting speed.
For cutting speed initially when varied from 100 to 150 m/
min, there is very low increase in vibration amplitude but once
cutting speed is used in excess of 170 m/min, higher increase
has been observed which shows that at higher cutting speed,
PCD tool also vibrates at higher amplitude; but with the alloy
having better microstructure, this phenomenon seems to be in
well-acceptable limits (amplitude of 2.1 g for alloy-B as com-
pared to 2.3 g for alloy-A and 2.8 g for alloy-C). The increase
with cutting speed at constant feed per tooth and axial depth of
cut is mainly attributed to the use of higher depth of cut and
feed rate, and when the combination of these high cutting
parameters combines with a higher cutting speed, the insert
experiences more load to remove the material and hence vi-
brates at higher amplitude. Similar observations have been
also reported in the research work of [24].

3.3 Analysis of temperature

The energy required to convert the metal into chips is mostly
converted into heat. This heat is transferred through

Fig. 7 Thermal images with
InfRec R300 thermal imaging
camera and analyzing results in
InfRec NS9500 Standard
Analyzer

zone

Exit Angle

9,57

kpi : \\ Cutting zoomed cutting
workpiece £ Cutting oo

conduction to chip, cutting tool, workpiece, and cutting fluid.
The amount of heat transferred to chip, cutting tool, work-
piece, and cutting fluid depends upon the physical and chem-
ical properties of cutting tool, cutting fluid, workpiece mate-
rial, and cutting conditions being employed. The cutting tem-
perature on tool edge is also an important machinability eval-
uation parameter as higher temperature can cause rapid wear
of the cutting tool and can also result in poor surface quality.
Therefore, it is important to know the temperature in the cut-
ting zone. However, in the milling process, due to rotary
movement of the tool, temperature is continuously changing
on the tool edge and it is not possible to accurately measure
the cutting temperature at the tool edge representing the actual
heat generated in the shear zone. Despite this fact, it is still
important to establish a relationship between the alloy’s mi-
crostructure and cutting parameters with temperature, even
though this temperature may not be the exact temperature
and will only represent an average temperature of the cutting
zone due to disturbances that occurred in the milling process.

To study the thermal behavior of the three different titani-
um alloy Ti-6Al-4V specimens at various cutting conditions,
temperature in the cutting zone has been measured using ther-
mal imaging camera R300 InfRec infrared camera. The use of
a thermal imager for measurement of temperature in the cut-
ting zone is quite known among the research community. It
can be used to measure the temperature in the range of —40 to
2000 °C with an accuracy of +2 %, sensitivity and spatial

Fixed measured point,a
Emissivity=0.03

(a) thermal image before cutting (b) thermal image during cutting, exp#5
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Fig. 8 Average temperature at various cutting conditions for three Ti-6A1-4V specimens

resolution of 0.05 °C and can take image at a frame rate of
760 Hz with InfRec Analyzer NS9500 Standard package. The
experimental setup to measure the temperature is shown in
Fig. 2. A fixed point near the cutting edge in the cutting zone,
as shown in Fig. 6 which could represent the average cutting
temperature in the cutting zone, is selected for measurement.
Several readings were taken during each experiment, and for
every experiment, the reading representing the true cutting
edge temperature involved in cutting is further selected for

Fig. 9 Wear of PCD tool for
three work specimens after test
#05

(a) Wear of alloy-A
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the analysis. To assure the measurement accuracy during ex-
perimentation, it has been tried to keep the same measuring
time during each cycle so that the measured point in the cut-
ting zone could be at the same distance in the cutting zone.
The infrared image of static milling system during experimen-
tation and before cutting is shown in Fig. 7 and shows the
temperature measured on the fixed point in the cutting zone
representing the average temperature of the cutting zone.
Emissivity which has an important role in determining actual

(b) wear of alloy-B (c) wear of alloy-c
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Fig. 10 Wear of PCD tool for
three work specimens after test
#10

(a) wear of alloy-A

temperature in the cutting zone was known by matching the
temperature with a known temperature, and average emissiv-
ity value used in the temperature measurement for PCD tool
was around 0.03.

The average temperature values measured during each ex-
periment for the three Ti-6Al-4V specimens are shown in
Fig. 8. The max. error bar calculated for each measurement
is well within +13 °C.

Results plotted for temperature analysis, as shown in Fig. 8,
represent the temperature measured in the cutting zone at a
fixed point which can depict the average temperature of the
tool rake face. The Fig. 8 shows that with the increase in
cutting speed, feed rate, and depth of cut, the tendency in heat
generation also increases, which is mainly due to increase in
shearing energy, increase in the contact area in the cutting
zone, and increase in the friction due to increase in the inter-
face between the tool forward-facing cutting plane and work-
piece. The results show that due to higher thermal conductiv-
ity of PCD insert, a very low temperature has been measured
for all three specimens at every cutting condition studied as
compared to the carbide tools [16, 17]. However, an unclear
difference in the results of temperature measurement for alloy-
A and alloy-B has been observed, in contrast to considerable
difference reported for the two alloys in the results of cutting
forces and vibration amplitude (Section 3.1 and 3.2). The rea-
son for this phenomenon could be due to the error in thermal
measurements with thermal imaging camera which can occur
because of decrease in elastic modulus of elasticity at higher
temperatures [25]. Fluctuation in tool-chip interface due to
rotary movement of the cutting tool is also another possible
cause for this uncertainty in the thermal measurement system.
However, a higher temperature has been measured for the

Fig. 11 Wear of PCD tool for
three work specimens after test
#14

(a) wear of alloy-A

(b) wear of alloy-B

(c) wear of alloy-c

alloy-C at all the cutting conditions, though the difference is
not as high as in cutting forces and vibration amplitude results,
arguably due to the abovementioned possible errors in the
temperature measurement system. It has been observed that
at combination of higher cutting speed, feed rate, and depth of
cut, the higher temperature has been measured for alloy-C,
and the difference with other two alloys is also quite signifi-
cant. This shows that increased hardness and strengthening
effects of alloy-C as compared to the other two alloys and
the presence of o’ martensite phase in its microstructure cause
interference with dislocations of « particles and thus create a
higher rubbing effect and produce higher friction during cut-
ting and ultimately result in higher heat generation. This phe-
nomenon becomes dominant enough at higher cutting condi-
tions to be captured through infrared camera.

3.4 Tool wear mechanism analysis

Tool wear for all the inserts used in experiments has been
analyzed with optical microscope and SEM, while wear land
has been measured with the ToupTek microscope software.
EDAX analysis of the worn cutting edge has been carried
out to study the type of chemical reactions that occurred on
the cutting edge for the inserts used on all three types of work
specimens.

Figures 9, 10, 11, and 12 show the wear of PCD insert at
the end of experiment #5, 10, 14, and 15, respectively, for the
three work specimens. The results show that excessive wear
has been occurred for alloy-C and alloy-A than alloy-B at all
the cutting conditions studied. The higher cutting forces, tem-
perature, and vibrations caused the higher wear for the alloy-C
and alloy-A. Wear mechanism is mostly dominant by the

(b) wear of alloy-B

(c) wear of alloy-c
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Fig. 12 Removal of PCD insert
from substrate for three work
specimens after test #15

(a) wear of alloy-A

abrasion, chipping, and adhesion of the work material to the
tool mainly due to increase in friction resulting in excessive
heat generation and ultimately causing cutting tool wear.

Among the cutting conditions studied, it has been observed
that wear of the PCD insert is most affected by the depth of cut
as clear from Figs. 11 and 12. Removal of the PCD insert from
the substrate has been observed for all three work specimens at
experiment #15 (a,=1.5 mm) after an average of about
2.8 min of cut, which is mainly due to higher cutting forces,
vibration amplitude, and higher temperature as well. EDAX
analysis of the PCD insert near the worn cutting edge at rake
face used in experiment #5, 10, and 14 has been carried out to
study the adhesion of work material particles, and possible
chemical reactions for all three work specimens and results
are shown in Figs. 13, 14, and 15.

The EDAX analysis of worn inserts is carried out for ana-
lyzing the residual components on tool material which are
resulted due to chemical reaction on the inserts with work
material during cutting, and it reveals that more titanium par-
ticles are diffused into the PCD insert at higher cutting speed
for alloy-A and alloy-C as compared to alloy-B. Moreover,
this increase is more dominant for experiment #14, which
shows that the effect of axial depth of cut is also more prom-
inent in the adhesion of work material. This phenomenon
usually occurs at temperature in excess of 500 °C [10] which
shows that temperature at the tool-chip interface zone experi-
enced temperature around this range for PCD insert. For alloy-
B, which has a fine regular lamellar oc+ 3 Ti-6A1-4V micro-
structure, intensity of adhesion of work material is quite less
showing that once a better microstructure is obtained after
controlled heat treatment process, better results can be ac-
quired for the machinability of titanium alloy Ti-6Al-4V with
PCD tool and moderate increase in hardness can be compen-
sated with superior properties of PCD tool.

Average flank wear (V) has been measured with ToupTek
microscope software at the end of every experiment for the
PCD inserts used for machining of the three work specimens,
and results are plotted in Fig. 16.

Figure 16 shows the plots of tool wear at the end of each
experiment, i.e., 300 s of cutting for all three specimens and
about 168 s for experiment #15. It can be seen from the graphs
above that tool wear is higher for alloys-A and C as compared
to alloy-B which depicts that lower cutting forces, vibration,
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(b) wear of alloy-B (c) wear of alloy-c

and temperature values helped in getting higher tool life for
alloy-B at all the cutting conditions studied. The higher tool
life for alloy-B is attributed to fine regular lamellar oc+ 3 Ti-
6Al-4V structure achieved through controlled heat treatment.
The tool wear is higher at higher cutting conditions especially
when depth of cut is used in excess of 1.0 mm and feed rate
above 0.1 mm/tooth. The tool wear is almost linear with the
increase in cutting speed up to 150 m/min, but above this
speed, a slight exponential trend is observed especially for
alloy-C and alloy-A.

4 Conclusions

To analyze the effect of microstructure and hardness on the
machinability of titanium alloy, Ti-6Al-4V with PCD tool has
been evaluated in end-milling process. The cutting parame-
ters, namely, cutting speed, axial depth of cut, and feed rate
were varied; their effects have been studied on cutting forces,
temperature, vibrations, and tool wear for two different heat-
treated titanium alloys; and results are compared with titanium
alloy in as-received condition. Results drawn for the study are
summarized below:

1. PCD insert has shown improved performance when
employed in machining of an alloy which was cooled in
air after solution treatment followed by aging process as
compared to other two specimens of titanium alloy Ti-
6Al-4V. The main reason for better performance is attrib-
uted to formation of homogenous lamellar oc+ 3 Ti-6Al-
4V structure due to a slow cooling rate of air. The increase
in hardness of alloy-B as compared to alloy-A does not
hinder its machinability because of superior properties of
PCD tool as far as homogeneous microstructure is there.

2. Poor machinability was exhibited in all cutting conditions
when PCD tool was employed in machining of alloy-C
which was cooled in water after solution treatment follow-
ed by aging process. Formation of o' martensite phase in
its microstructure and the highest hardness after solution
treatment and aging due to fast cooling rate of water are
mainly attributed to such behavior of the alloy.

3. Results reveal that all the machinability evaluation param-
eters studied are strongly influenced by the axial depth of
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cut and feed rate. While cutting speed has slight or mod-
erate effect up to speed of about 170 m/min, when cutting
speed used in excess of 200 m/min and combined with a
higher feed rate and depth of cut, all the evaluation

parameters increase with a slightly higher ratio with more
increase for alloy-A and alloy-C. The higher influence of
axial depth of cut and feed rate is further confirmed when
PCD insert was removed from the substrate for all three
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Fig. 15 EDAX analysis of PCD tool for three work specimens after test

#14

alloys when axial depth of cut was used in the excess of
1.5 mm, feed of 0.1 mm/tooth, and cutting speed of
150 m/min. The forces and the vibrations have the highest
values at this cutting condition as well.
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Fig. 16 Max. wear land (VB) of PCD insert at the end of experiments for
all three specimens

4. From the results, it can be concluded that machinabil-

ity of titanium alloy Ti-6Al-4V can be further im-
proved with PCD tools with controlled heat treatment
process as explored in this study. An improvement of
about 10 to 20 % has been observed in terms of tool
life and productivity by increasing the cutting speed
on the homogeneous microstructure Ti-6Al-4V heat-
treated alloy.
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