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Abstract; The milling machinabilities of titanium matrix composites were comprehensively evaluated to provide a
theoretical basis for cutting parameter determination. Polycrystalline diamond (PCD) tools with different grain si-
zes and geometries, and carbide tools with and without coatings were used in the experiments. Milling forces,
milling temperatures, tool lifetimes. tool wear, and machined surface integrities were investigated. The PCD tool
required a primary cutting force 15% smaller than that of the carbide tool, while the uncoated carbide tool required
a primary cutting force 10% higher than that of the TiAIN-coated tool. A cutting force of 300 N per millimeter of
the cutting edge (300 N/mm) was measured. This caused excessive tool chipping. The cutting temperature of the
PCD tool was 20%—30% lower than that of the carbide tool, while that of the TiAIN-coated tool was 12% lower
than that of the uncoated carbide tool. The cutting temperatures produced when using water-based cooling and
minimal quantity lubrication (MQL) were reduced by 100 °C and 200 °C, compared with those recorded with dry
cutting, respectively. In general, the PCD tool lifetimes were 2—3 times longer than the carbide tool lifetimes.

The roughness Ra of the machined surface was less than 0.6 pm, and the depth of the machined surface hardened
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layer was in the range of 0. 15-—0. 25 mm for all of the PCD tools before a flank wear land of 0. 2 mm was reached.

The PCD tool with a 0. 8 mm tool nose radius, 0° rake angle, 10° flank angle, and grain size of (30+2) pm exhibi-

ted the best cutting performance. For this specific tool, a lifetime of 16 min can be expected.

Key words: titanium matrix composites; milling; machinability; cutting forces; cutting temperature; tool lifetime

and tool wear; surface integrity
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0 Introduction

As new metal matrix composites, titanium
matrix composites (TMCs) have been rapidly de-
veloped as replacements for titanium alloys. They
have been applied to aeronautics and astronautics,
and used in satellite, missile wing, aircraft land-
ing gear, and combustion chamber part applica-
tions. However, machining TMCs is challenging
because problems such as excessive tool wear,

poor surface finish, and low productivity are often
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encountered. Machining accounts for more than
60% of the total TMC part production cost. This
severely restricts their use in a variety of applica-

4] Therefore, it is important to reduce

tions
TMC machining costs by studying their machin-
abilities. However, investigations of TMC ma-
chining are still in their early stages despite sever-
al published articles addressing the issue. Earlier
studies showed that high speed steel tools are un-

suitable for cutting TMCs and that carbide tools

can be used only for rough machining, with very
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short tool lives (2—5 min
diamond (PCD) tools are also used to turn this
type of difficult-to-machine material with the aid
of laser heating™. Laser assisted machining
(LAM) can increase tool life by up to 180% when
working with 10—12 vol% of particles reinforced
Ti-6Al-4V  matrix

roughness increased by up to 15% ., tool diffusion

composites. The surface
wear increased, and tool lifetime decreased when
high cutting speeds and high laser power were ap-
plied. Unfortunately, despite its importance, in-
vestigations of TMC milling machinability have
not been performed until now. To better under-
stand the related milling problems, the influences
of tool materials, tool geometries, tool grain si-
zes, and cooling conditions on the cutting forces,
cutting temperature, tool lifetimes, and machined
surface quality are studied, and tool wear mecha-
nisms are analyzed. The objective of this study is
to provide a theoretical basis for the practical se-

lection of cutting parameters.

1 Experimental Materials and Proce-

dures

Titanium carbide particles and titanium bo-
ride whisker hybrid reinforced titanium matrix
composites with a reinforcement volume fraction
of 10% were adopted as the workpiece materials
(10% by volume (TiC, + TiB, )/Ti-6Al-4V).
The titanium carbide particle diameters ranged
from 1.5 ym to 20 pm and the titanium boride
whisker lengths varied from 35 pm to 80 pm
(Fig. .

Carbide tools and Supower™ PCD inserts
with grain sizes of 10, 25, and (30+2) pm were
used in the tests. The cutting tool details are lis-
ted in Table 1. The milling tests were performed
using an MIKRON UCP710 high-speed five-axis
vertical machine center in down milling mode*.

The cutting parameters were: cutting speed
of 100 m/min, feed rate of 0. 08 mm/tooth, ra-
dial cut depth of 1 mm, and axial cut depth of 3

mm. During dry cutting, a water-based coolant,

Fig.1 Microstructure of a (TiC, + TiB,)/Ti-6Al-4V

composite with 10 vol% particulate matter

and minimum quantity lubrication (MQL) were
tested.

A Kistler 9272 piezoelectric dynamometer
and the associated 5019A charge amplifier were
used to measure the three components of the cut-
ting force. F,, F,, and F. represent the force in
the feed direction/main cutting force and the

forces in the radial and axial directions, respec-

tively.
Table 1 Details of the cutting tools used in experiments
Tool
Tool Tool Tool Flank  Rake Trimming nose

grain angle/ angle/ Coating

size/pym () ) edge  radius/

number composition

mm
1 PCD 0 150 No 0.4 No
2 PCD 0 150 No 0.8 No
3 PCD %5 10 8 Yes 0.8 No
4 PCD 25 10 0 Yes 0.8 No
5 PCD %5 10 0 No 0.8 No
6 PCD 30+2 10 0 Yes 0.8 No
7 PCD 30+2 10 0 No 0.8 No
8 PCD 0 10 o0 No 0.8 No
9 %ﬁ% 0.5-2.0 20 25  Yes 0.8 No
10 %EE?E 0.5-1.0 20 25 Yes 0.8 TIAIN

A constantan thermocouple was used to
measure the workpiece milling temperature. As
shown in Fig. 2, a hot junction was formed with
the thermocouple when the tool cut the constant-
an and the workpiece material, while the cold
junction was far from the cutting zone. The elec-
tric potential signal generated between the hot

and cold thermocouple junctions was recorded

using an NI USB-6211 multi-functional signal ac-



No. 4 Huan Haixiang, et al. Milling Machinability of TiC Particle and TiB Whisker Hybrid--- 365

quisition system. The cutting temperature could
be calculated from the electric potential of the
workpiece-constantan thermocouple pair after cal-
ibration with a special calibration system (Fig.
3). This calibration was performed using a stand-
ard NiCr-NiSi thermocouple. Both thermocouples
shared a hot junction to ensure that they sensed
the same temperature during calibration. The
cold junctions of both thermocouples were main-
tained at room temperature. The temperature
differences between the hot and cold junctions
were determined by measuring the corresponding
electric potentials. The electric potential-temper-
ature graph shown in Fig. 4 was plotted after
measuring several different temperature/electric
potential pairs. That is to say, the temperature
can be determined based on any electric potential
measurement. The correlation associated with the
electric potential-temperature graph shown in
Fig. 4 is
Y =3.077 8 +26.086X — 0.278 5X* +

0.002 1X*° (D

where Y is the cutting temperature (°C) and X

the electric potential (mV).

Constantan

/—T" -

Cold junction

Hot junction

Workpiece A

/ Insulation layer

Fig. 2 Cutting temperature measurement during TMC

milling

A Hirox KH-7700 three-dimensional video
microscope was used to capture and measure tool
wear on the flank. Failure was assumed when the
flank wear land measurement (VB) was larger
than 0. 2 mm. Tool wear was observed using a
scanning electron microscope ( SEM, Hitachi
S-3400).

Surface roughness and micro hardness were

used to evaluate the machined surface quality.

Fig. 3 Apparatus and calibration samples
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Cutting temperature / °C
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Electromotive force / mV

Fig. 4  Calibration curve for (TiC, + TiB,)/Ti-6 Al-

4V-constantan thermocouple

The surface roughness was measured in the tool
feed direction using a Mahr Perthometer M1 sur-
face analysis instrument. The cut-off length was
set to 17. 5 mm. Hardness tests were conducted
using a HXS-1000A (Shanghai BM optical instru-
ments) micro hardness testing unit with a load of

100 g and 15 s time delay.

2 Results and Discussion
2.1 Cutting forces

Fig. 5 shows the cutting forces applied by the
PCD (No. 6) and carbide tools WMG40 (No. 9)
and WXN15 (No. 10). The main cutting force ap-
plied by the PCD tool is 780 N, which is 15% less
than the one required of the carbide tools, even
though the rake and flank angles of the carbide
tools are higher than those of the PCD tool. This
may be because the friction coefficient between
carbide and the TMCs is significantly higher than
that between PCD and the TMCs. In addition,
the carbide-TMC affinity is much stronger than
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the PCD-TMC affinity"""*).
that the main cutting force F, associated with the
uncoated WMGH40 tool is 940 N, which is 10%
higher than that of the TiAlIN-coated WXNI15

tool.

Fig. 5 also shows

1000 L_IF.
O F. 7
BRF,
800
z 7
5 600f
&
2 400}
200} %
L N iR

PCD(No. 6) WXN15(No. 9) WMG40(No. 10)
Fig.5 Cutting force by tool material (water-based cooling)

2.2 Cutting temperature
Tools No. 7, 8 (PCD tools) and No. 9, 10

(carbide tools) were used to investigate the influ-
ences of the tool composition and tool grain size
on cutting temperature. As seen in Fig. 6, the
cutting temperatures produced by the PCD tool
with (30+2) pm grains and the tool with 10 pm
grains are nearly identical (305 °C). This implies
that the grain size has little effect on the cutting
temperature. However, the tool composition in-
fluences the cutting temperature significantly. As
seen in Fig. 6, the cutting temperature for the un-
coated carbide tool is 460 °C, which is 15% and
439% higher than that for the TiAlN-coated car-
bide tool and the PCD tool, respectively. This re-
sult is attributed to the lower PCD friction coeffi-
cient and higher thermal diffusivity of TiAIN (the
thermal diffusivity of the TiAIN coating is 4. 5
times higher than that of the carbide ma-
trix) T,

In addition to the effect of the tool material,
cooling conditions significantly influence the cut-
ting temperature. Fig. 7 shows the effect of dry
cutting, as well as use of a water-based coolant
and MQL on the cutting temperature. The cut-
ting temperatures produced using the MQL and
water-based coolant are 100 °C and 200 °C lower,
respectively, than those produced during dry cut-
ting. Therefore, either the water-based coolant

or MQL can reduce the cutting temperature effec-

tively. However, the water-based coolant is bet-
ter. Fig. 7 also shows that the presence of a trim-

ming edge has no effect on the cutting tempera-

ture.
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Fig. 6 Cutting temperature by tool material (water-
based cooling)
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Fig. 7 Effect of cooling conditions and tool material on

cutting temperature

2.3 Tool life

Tool No. 1 through No. 4 and NO. 8 was
used to study the effects of tool nose radius, rake
angle, and flank angle on tool lifetime. The re-
sults are shown in Fig. 8. The wear rate of tool
No. 1 (tool nose radius=0.4 mm) was 1. 3 times
higher than that of tool No. 2 (tool nose radius
r=0.8 mm). By comparing the tool lifetime
graphs of tools No. 3 (rake angle=8") and No. 4
(rake angle=0°) (Fig. 8), it can be seen that the
lifetime obtained with the larger rake angle is on-
ly 1/3 of that obtained with a smaller rake angle.
By studying the tool lifetime graphs of No. 2
(flank angle=15") and No. 10 (flank angle=10°)

in Fig. 8, it is observed that the latter lasts 1. 3
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times longer than the former. Based on the above
results, it is inferred that larger nose radius and
smaller rake or flank angles provide longer tool li-
fetimes.

0.5

—4A—No.3

04+

0.3+

02 Ffmmfomimmimm e DT

o1 Tool failure criteria

Tool flank wear / (VB / mm)

1 L 1 1 J

0 2 4 6 8 10 12 14 16 18
Cutting time / min

0.0

Fig. 8 Effects of PCD tool geometries on tool lifetime

(water-based cooling)

To investigate the effect of tool grain size on
lifetime, tools No. 5 through No. 8 were used to
mill TMCs. The graphs of flank wear (VB) ver-
sus cutting time are shown in Fig. 9. Under iden-
tical cutting conditions, the tool with 25 pm
grains (No. 5) failed after cutting only for 2 min
while tools with grain sizes of (30+2) pm (Nos.
6, 7) and of 10 um (No. 8) performed well for
15, 16, and 11 min, respectively. Thus, the tool
with a grain size of (30+2) um exhibited the lon-
gest lifetime. Fig. 9 also shows that the presence

of a trimming edge has no effect on tool lifetime.
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Fig.9 Effect of PCD grain size and presence of a trim-
ming edge on tool lifetime (water-based cool-

ing)

Fig. 10 shows the lifetimes of PCD and car-
bide tools. The lifetimes of the PCD tools are 2—

3 times longer than those of the carbide tools.
This is because the hardness and thermal conduc-
tivity of PCD are higher than those of carbide by
cutting force 80-—120 times and 9 times, respec-

516] - Therefore, the cutting force and tem-

tively
perature associated with the PCD tools are signifi-
cantly lower than those produced by the carbide
tools (see Sections 2.1, 2.2).

0251

IS4 IS I
—_ —_ i
(=) W f=]

Tool flank wear / (VB / mm)
3

0.00L 1 1 1 1 1
0 2 4 6 8§ 10 12 14 16

Cutting time / min

Fig. 10 PCD and carbide tool lifetimes (water-based

cooling)

2.4 Tool wear mechanisms

With the PCD tools, the primary mecha-
nisms of tool wear and damage during TMC mill-
ing are abrasive wear, chipping, and detachment
of the tool material (the PCD grain or the adhe-
sive).

Typically, the PCD tool exhibits chipping or
micro-chipping during TMC milling. Fig. 11
shows the typical appearance of a chipped tool.
There are two causes of PCD tool chipping during
TMC milling. One is the relatively low impact re-
sistance of PCD, while the other is the very high
specific cutting force on the cutting edge. In Fig.
5, the cutting force reaches 300 N/mm. Thus.,
the material removal rate should be minimized
during TMC milling in order to improve the tool
lifetime.

An example of material detachment from a
PCD tool is shown in Fig. 12. Two types of mate-
rial detachment have been observed. The first is
plucking of diamond grains (from the PCD tool) .,
which is induced by the abrasive effects of hard
phases in the TMCs. The fine grooves on the
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(a) No.5 tool (b) No.4 tool

Fig. 11 Typical appearance of chipped PCD tools
(used in milling for 1 min with water-based

cooling)

Tool material detaching

(b) Rake face

Fig. 12 Typical detached PCD tool materials (No. 6,

used in milling for 11 min with water-based

cooling)

flank face shown in Fig. 12(a), result from abra-
sive wear, The other mechanism of detachment is
the loss of a piece of tool material (PCD grain and
binding material ), caused by adhesive wear.
Smearing and pitting on the rake face, which are
side effects of adhesive wear, are also shown in
Fig. 12(b). When milling the TMCs with a PCD
tool, the cutting force and temperature are high
(see Sections 3. 1 and 3. 2) and work hardening
can easily take place in the titanium matrix. Ac-

cordingly, a build-up edge forms on the tool face

(Fig. 13). Detachment causes the loss of tool ma-

terial or adhesive wear.

(a) Rake face

(b) Flank face

Fig. 13 Typical appearance of Ti matrix materials ad-

hered to a PCD tool (water-based cooling)

In addition to the chipping and abrasive wear
observed with PCD tools, the carbide tools often
exhibit micro-cracks and significant amounts of
peeling. Cracks due to mechanical (Fig. 14 (a))
and thermal fatigue (Fig. 14(b)) occur on the tool
nose when the carbide tools are etched and ultra-
sonically cleaned after cutting. Generally, me-
chanical fatigue cracks manifest parallel to the
tool nose while thermal fatigue cracks appear per-
pendicular to the cutting edge on the tool nose.
Mechanical fatigue cracks are caused primarily by
interruptions in cutting and load fluctuations
while thermal fatigue cracks are induced by peri-
odic thermal expansion and contraction during

milling™™ .

Mechanical fatigue crack

Thermal fatigue crack

100 pim

(a) No. 10 after 8.5 min

(b) No. 9 after 4.7 min
of cutting

of cutting
Fig. 14 Two types of micro-cracks on carbide tools af-
ter milling (TiC, + TiB, )/Ti-6Al-4V with

water-based cooling

The TiAlN-coated carbide tool (No. 10) can
also exhibit severe coating material peeling, as
shown in Fig. 15. This peeling occurs due to me-

chanical and thermal stresses and unequal expan-
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Fig. 15

Typical peeling of TiAIN coating from a car-

bide tool (after milling for 8. 5 min with wa-

ter-based cooling)

sion of the coating material and carbide matrix
due to differences in their thermal expansion coef-
ficients.

2.5 Machined surface integrity

2.5.1

Fig. 16 shows the roughnesses of the ma-

Surface roughness

chined surfaces obtained after milling using PCD
tools with varying grain sizes. The tool with
10 pm grains produces the lowest surface rough-
ness (Ra=0. 28 pm), followed by the tool with
(30+2) pm grains (Ra=0. 37 pm). The tool
with 25 pm grains produces the highest surface
roughness (Ra=0.42 pm). Thus, the tool grain
size has a significant effect on the machined sur-
face roughness. Generally, smaller tool grain si-
zes produce lower machined surface roughnesses.

0.50
0.45 |
0.40
035}
0.30 -
025
0.20
0.15
0.10 -
0.05 / / /
0.00

No.5 No.7 No.8

Surface roughness Ra / pm

Fig. 16 Effect of PCD grain size on machined surface

roughness (water-based cooling)

Fig. 17 shows the variation in machined sur-
face roughness with tool wear. The surface
roughness increases slowly (by 8%) when the
tool is in its initial stage of wear (VB ~0—0. 1
mm). However, the surface roughness increases
dramatically (by 30%) as the tool wear increases

when the VB is higher than 0. 1 mm. However,

the surface roughness is less than Ra=0. 55 pm
when the tool wear reaches the failure criterion

(VB=0.2 mm).

0.54
0.52
g osof
S o048}
2 0461
S o044}
ES
S 042t
[
% 0.40
i o
0'36 i 1 1 1 1 ]
0.00 0.05 0.10 0.15 0.20
Flank wear VB / mm
Fig. 17 Effect of tool wear on machined surface
roughness (water-based cooling)
2.5.2 Machined surface and subsurface micro-

hardness

Fig. 18 shows that the depth of the deforma-
tion hardening layer of a new tool is 0. 19 mm,
and that the average micro hardness of the de-
formation layer is 375 HV. When the tool wear
increases to VB of 0.2 mm, the depth of the de-
formation hardening layer increases by 40% to
0.27 mm and the average micro hardness of the
deformation layer reaches 395 HV. If higher cut-
ting speed is used, a soft layer is presented when
the tool is worn out. As shown in Fig. 19, a soft
layer 0. 12 mm in depth is found when a cutting
speed of 200 m/min is used and VB 0. 2 mm is

reached.

4507 —{—¥VB=0 mm

—O—VB=0.2 mm
400

350

300
Bulk hardness

Micro hardness / HV

250

200 . | L L )
0.0 0.1 0.2 0.3 0.4 0.5

Distance from the machined surface / mm

Fig. 18 Effect of tool wear on micro hardnesses of the
machined surface and subsurface (tool No. 6

with water-based cooling)
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—O—v =200 m/ min
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8 Bulk hardness
> 250}

200 1 1 1 1 )

0.0 0.1 0.2 0.3 0.4 0.5
Distance from the machined surface / mm
Fig. 19 Effect of cutting speed on micro hardnesses of

the machined surface and subsurface (VB =

0.2 mm, water-based cooling)

3 Conclusions

(1) The PCD tool clearly outperformed the
carbide tool in TMC milling. Under the selected
cutting conditions, the main cutting force exerted
by the PCD tool was 780 N, which was 15% less
than required for the carbide tool. The PCD tool
life was 2—3 times longer than that of the carbide
tool. The PCD tool cutting temperature was gen-
erally 20%—30% lower than that of the carbide
tool. The cutting force and temperature of the
uncoated carbide tool were 10% and 15% higher,
respectively, than those of the TiAlN-coated car-
bide tool. With the PCD tool, the cutting force
per unit length of the cutting edge was 300 N/
mm. The presence of such a large cutting force
was one reason for tool chipping.

(2) The PCD grain size and presence of a
trimming edge had weak effects on the cutting
force and temperature. The cutting force had a
significant effect on tool lifetime. Tools with lar-
ger nose radius along with smaller rake angles.,
flank angles, and grain sizes exhibited significant-
ly improved tool lifetimes. With PCD tools, the
main mechanisms of wear and damage were abra-
sive wear, chipping, and tool material detach-
ment. In carbide tools, cracking from mechanical
and thermal fatigue and excessive coating material
peeling provided additional failure mechanisms.

(3) Under dry cutting conditions, the PCD

tools operated at cutting temperatures of 500—

550 °C. With water-based cooling and minimum
quantity lubrication, the cutting temperature de-
creased by 100 °C and 200 °C, respectively.

(4) The machined surface roughness of the
PCD tool was less than Ra=0. 55 pm before the
flank wear VB exceeded 0. 2 mm. For all of the
PCD tools tested at a cutting speed of 100 m/
min, the depth of the machined, surface-hardened
layer remained in the range of 0. 15—0. 25 mm
before reaching the tool failure criterion. A soft
layer 0. 12 mm in depth was formed when milling
was performed with a worn tool and a cutting
speed of 200 m/min.

(5) The PCD tool with a 0. 8 mm tool nose
radius, 0° rake angle, 10° flank angle, and grain
size of (30+2) pum exhibited the best cutting per-
formance. The expected lifetime of this tool is 16

min.
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