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Abstract The damage-tolerant titanium alloy TC21 is
used extensively in important parts of advanced aircraft
because of its high strength and durability. However,
cutting TC21 entails problems, such as high cutting
temperature, high tool tip stress, rapid tool wear, and
difficulty guaranteeing processing quality. Orthogonal
turn-milling can be used to solve these problems. In this
study, the machinability of TC21 in orthogonal turn-
milling is investigated experimentally to optimize the
cutting parameters of orthogonal turn-milling and improve
the machining efficiency, tool life, and machining quality
of TC21. The mechanism of the effect of turn-milling
parameters on tool life is discussed, the relationship
between each parameter and tool life is analyzed, and the
failure process of a TiAIN-coated tool in turn-milling is
explored. Experiments are conducted on the integrity of the
machined surface (surface roughness, metallographic
structure, and work hardening) by turn-milling, and how
the parameters influence such integrity is analyzed. Then,
reasonable cutting parameters for TC21 in orthogonal turn-
milling are recommended. This study provides strong
guidance for exploring the machinability of difficult-to-
cut-materials in orthogonal turn-milling and improves the
applicability of orthogonal turn-milling for such materials.
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1 Introduction

As a damage-tolerant titanium alloy, TC21 has better
mechanical and technical properties than medium-strength
titanium alloys TC4 and TA15; TC21 has high strength,
high toughness, high damage tolerance, good fatigue
performance, simple heat-treatment process, good forge-
ability, and excellent welding performance [1-3]. Thus,
TC21 is used extensively in the important parts of
advanced aircraft that require high strength and durability,
such as the middle and back fuselage, wings, and
undercarriage.

However, the machinability of TC21 must be improved
before this alloy can be used widely in other aerospace
applications, but only a few studies have been conducted
on the machinability of TC21 thus far. Using the same tool
and cutting parameters, Shi et al. [4,5] experimentally
showed that the tool life of milling TC21 is around a third
of that of milling TC4. Sun et al. [1,6] studied the
machinability of turning and plunge-milling TC21; they
found that its machinability is inferior to that of TC4 and
recommended suitable machining parameters. Zhang et al.
[7] experimentally studied the cutting force and tool wear
of dry high-speed milling. Their results showed that the
cutting force in milling TC21 is much higher than that in
milling TC4. They concluded that TC21 is harder to mill
than TC4, and the main tool wear mode of a TIAIN-TiN-
coated carbide tool is crater wear at the flank.

Between TC4 and TC21, the latter has higher strength,
hardness, and impact toughness and lower thermal
conductivity and contraction of the cross-sectional area.
This combination of physical characteristics and the
basket-weave microstructure of TC21 make the cutting
force and cutting temperature of TC21 higher than that of
TC4 and its cutting machinability worse than that of TC4
[6,8]. The cutting of TC21 is affected by high cutting
temperature, high tool tip stress, rapid tool wear, and low
processing quality.

For rotating parts with typical mechanical structures
(e.g., slender rods and undercarriage), the poor cutting
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machinability of TC21 and the weak rigidity of structures
cause problems during cutting, such as easy machining
deformation, reduced tool life, low processing quality, and
low machining efficiency. These restrict the aerospace
applications of TC21. The following approaches can be
used to make TC21 easy to cut: Optimized tool construc-
tion, use of advanced tool materials, improved design of
the cooling medium and cooling equipment, unconven-
tional cutting technology, and appropriate heat treatment.
Several of these approaches require re-developed tools and
extra equipment, and others are difficult to control. In
addition, the improved machinability of TC21 is unstable
when certain methods are utilized, thereby making these
methods difficult to implement in factories.

Through the combination of a slowly rotating workpiece
and fast-rotating, straight-line motion of the milling cutter,
turn-milling can realize high-efficiency machining, which
offers improved machined surface integrity, prolonged tool
life, and increased machining efficiency to many materials.
Schulz and Spur [9] and Schulz and Kneisel [10] were the
first to propose turn-milling. They investigated the use of
the carbide tool P20/30, CBN, and a composite ceramic
coating to cut bearing steel 100Cr6 (HRC=62) by turn-
milling, and they measured tool wear, the machined
surface roughness, and the surface morphology of the
workpiece. Their study showed that turn-milling offers
high-speed machining to a slowly rotating workpiece. The
machined surface roughness, R,, of the workpiece is less
than that obtained in turning and even equal to that
obtained in grinding. The results of Ref. [9,10] offer a new
method of cutting that is particularly suitable for parts that
require grinding after turning and provide guidance for the
turn-milling of difficult-to-cut materials and large thin-wall
rotary parts.

Choudhury and Mangrulkar [11] and Choudhury and
Bajpai [12] experimentally analyzed the machined surface
roughness (R,) of turn-milling in mild steel and brass
workpieces by using a high-speed steel milling cutter. The
results showed that the chips produced in turn-milling are
fewer than those produced in turning, so the value of R,
achieved by turn-milling is around one-tenth of that
achieved by turning. With the same material removal rate
(MRR) and feed, Ekinovi¢ et al. [13] experimentally
confirmed that turn-milling is particularly suitable for
processing normalized steel, ductile steel, and brass and
that the roughness values (R,, R, and R,,,,x) of turn-milling
are far smaller than those of turning. Pogacnik and Kopac
[14] optimized entry and exit conditions and avoided the
dynamic instability of turn-milling by using simulations
and tool wear measurements; compared with turning, turn-
milling offers easier high-speed cutting and lower surface
roughness at the same productivity. Zhu et al. [15] used
simulations and experiments to discuss the effects of
cutting parameters in turn-milling; their results showed that
using optimum cutting parameters results in high surface
quality with a tiny oil storage structure. Ratnam et al. [16]

studied machined surface roughness and hardness by
measuring the signal-to-noise ratio of the responses and
analyzing the variance; they showed that feed rate and tool
speed are highly significant for R, and that cutting depth
and tool speed are important for surface hardness.
Karagiizel et al. [17-20] analyzed the cutting forces and
cutting heat in turn-milling and optimized the processes.
They machined three difficult-to-cut-materials (Waspaloy,
Ti6Al4V, and Inconel 718) under dry, flood-coolant, and
minimum-quantity lubrication conditions. They showed
that turn-milling has the advantages of low temperature
and long tool life, thus making turn-milling suitable for
cutting difficult-to-cut-materials that have low thermal
conductivity. Niu et al. [21] used a box-counting method to
evaluate the surface quality of miniature parts machined by
turn-milling. The results indicated that low workpiece
speed, low feed rate per revolution, and proper cutting
depth result in improved surface quality. Berenji et al. [22]
considered the machined surface quality, cutting time, and
cost via turning and turn-milling experiments using two
difficult-to-cut-materials (AISI 316 stainless steel and
Waspaloy). Compared with turning, turn-milling offers
better machined surface quality, tool life, and machining
productivity. Benjamin et al. [23] investigated the surface
integrity of turn-milling in terms of roughness, imperfec-
tions, and compressive residual stress and found that
reasonable cutting parameters and tool clearance angle can
reduce the formation of surface imperfections.

These studies have shown that turn-milling demon-
strates advantages over turning when the aim is to machine
difficult-to-cut-materials. First, the interrupted cutting
process of turn-milling helps reduce the cutting tempera-
ture. Second, the small chip volume leads to low cutting
forces. Third, even with slow chuck rotation, turn-milling
offers easy high-speed cutting by using a high tool rotation
speed. These three reasons show that turn-milling has
higher cutting efficiency, better machined surface quality,
and longer tool life compared with turning in same material
removal, thereby making turn-milling suitable for machin-
ing difficult-to-cut-materials (e.g., stainless steel, Ti alloys,
and nickel alloys) and special rotary parts (e.g., slender
rods, thin-wall rotary parts, crankshafts, and turbine
blades) [24].

On the basis of the relative positions of the workpiece
and tool, turn-milling can be classified as (i) orthogonal,
(i1) axial, and (iii) tangential. Orthogonal turn-milling is the
most popular type because of the restricted tool length or
workpiece diameter. To cut TC21 via orthogonal turn-
milling, machinability, which involves tool life, machining
efficiency, and machined surface integrity, must be
investigated comprehensively. We therefore examine how
orthogonal turn-milling parameters affect tool life, and we
analyze the tool failure process and mechanism. We also
study the machined surface integrity, including surface
roughness, metallographic structure, and work hardening,
in orthogonal turn-milling. This study provides strong
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guidance for exploring the machinability of difficult-to-cut
materials in orthogonal turn-milling and helps improve the
applicability of orthogonal turn-milling to difficult-to-cut-
materials.

2 Experimental setup and procedures

2.1  Workpiece

The experimental material is TC21, and the diameter of the
experimental bar is 100 mm. As shown in Fig. 1, TC21 has
an initial basket-weave microstructure. The chemical
compositions of TC21 are given in Table 1 [6].
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Table 1 Chemical compositions of TC21 [6]

Composition Weight percent/wt.%
Al 6.78

Mo 2.87

Sn 2.32

Nb 2.31

Zr 2.19

Cr 0.77

Si 0.09

Ti Balance

Fig. 1 Microstructure of raw TC21.

2.2 Test equipment

The experimental machine tool is a Mazak Integrex 200-
IVST. The main parameters of the machine tool are as
follows: Maximum rotary tool spindle speed of
1200 r/min, rated power of 25 kW, and maximum feed
speed of 38 m/min. The experiment status is shown in
Fig. 2.

The experimental cutting tool includes a tool holder and
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10

120
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@

Fig. 2 Photograph of cutting via turn-milling.

an insert, as shown in Fig. 3. For the insert, the
specification is ISO standard R390-11 T3 O8E-PLW 1130
(Sandvik), the rake and clearance angles are 16° and 12°,
respectively, and the outer coating is TiAIN. For the tool
holder, the specification is ISO standard R390-020A22-
11M, and the cutting diameter is 20 mm.

In orthogonal turn-milling, the cutting process of the
bottom flank face of the tool forms the machined surface of
the workpiece Therefore, the wear of the bottom flank face

20

110

6o

3.59

(b)

Fig. 3 Dimensions of the insert and tool holder for turn-milling. (a) R390-11 T3 08E-PLW 1130 insert and (b) R390-020A22-11M tool

holder. Unit: mm.
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of the insert is used to determine whether the tool has failed
or not. Tool failure corresponds to a wear value exceeding
0.2 mm for regular tool wear or 0.4 mm for irregular tool
wear.

The flank wear value of the insert and the metallographic
microstructure of the machined surface are measured with
a KH-7700 digital microscope. Tool failure is measured
using a Hitachi S-3400 scanning electron microscope
(SEM) capable of energy-dispersive X-ray spectroscopy
(EDS). The microhardness of the machined surface is
measured using an HXS-1000A digital microhardness
tester, and the surface roughness is measured with a Mahr
M1 portable roughness meter.

2.3 Cutting parameters

As shown in Fig. 4, orthogonal turn-milling involves three
movements, namely, workpiece rotation, axial movement,
and tool rotation. Based on the direction and distance of the
workpiece and tool axes and the direction of y,, in Fig. 5,
the eccentricity in orthogonal turn-milling can be zero,
positive, or negative.

Axial movement

oftool —

Rotation motion
of tool

Rotation motion
of workpiece

Fig. 4 Three movements in orthogonal turn-milling.

As shown in Fig. 5 and Table 2, orthogonal turn-milling
involves more cutting parameters than turning does; /; is

the blade width of the tool, Z is the tooth number, r, is the
workpiece radius, and the other parameters are given in
Table 2.

3 Results and discussion

3.1 Failure of TiAIN-coated tool in orthogonal turn-milling
of titanium alloy TC21

3.1.1 Tool life

For the orthogonal turn-milling of TC21, Fig. 6 shows how
tool life depends on the cutting parameters. Given that the
wear of the bottom flank face of the tool is irregular, a wear
value greater than 0.4 mm is considered tool failure, and
the corresponding time is the tool life.

A comparison of tool life in down milling and up milling
is shown in Fig. 6(a). Down milling has a longer tool life
than up milling. The cutting thickness increases gradually
during the orthogonal turn-milling of TC21 in up milling.
Thus, the extrusion and friction between the cutting edge
and workpiece are aggravated when the cutting edge enters
the workpiece, and the titanium can easily stick on the
cutting edge. The impact of the cutting edge with the
adhesive titanium accelerates the tool wear because turn-
milling involves interrupted cutting. Hence, we recom-
mend down milling in orthogonal turn-milling.

Cutting force affects tool wear and can therefore be used
to evaluate the cause of changes in tool life. Cutting force
cannot be measured with a general dynamometer because
the tool rotates together with the workpiece in orthogonal
turn-milling. To solve this problem, the chip volume is
used to evaluate tool life because the former is proportional
to cutting force. An electronic scale with a precision of
0.01 g is utilized to measure the chip weight, and chip
volume ¥ is calculated indirectly by using the material

It

h b |

Fig. 5 Eccentricity of orthogonal turn-milling.

Table 2 Cutting parameters in the orthogonal turn-milling experiments

Tool speed 7/(r-min ") Workpiece speed 7,,/(rmin ")

Cutting depth a,/mm

Feed rate per revolution f/(mm-r ") Eccentricity e/mm

1500, 2000, 2500 2,5,8

0.5,1,1.5

2,4,6 -8,0,8
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Fig. 6 Effects of parameters on tool life in orthogonal turn-milling: (a) Down milling and up milling, (b) eccentricity e, (c) tool speed n,,
(d) workpiece speed ny, (e) feed rate per revolution f,, and (f) cutting depth a,.

density of the workpiece in orthogonal turn-milling. The
measured results are shown in the upper-right corner of
Fig. 6.

As presented in Fig. 6(b), tool life is longer with a
positive or negative eccentricity e than it is with non-
eccentric orthogonal turn-milling (e = 0). Chip volume V'is
1.11, 1.48, and 1.23 mm® for e = -8, 0, and 8 mm,
respectively. A large chip volume causes a large cutting

force in the same cutting time, so the cutting force is the
maximum for e = 0. A large cutting force aggravates the
tool wear process, thereby shortening the tool life. By
contrast, a large eccentricity means that the bottom of the
cutting edge has a large contact area with the workpiece;
this reduces the pressure on the tool surface and lengthens
the tool life. The tool life is the longest (i.e., 41 min) for

= —8 mm. Hence, we use ¢ = —8 mm in our subsequent
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orthogonal turn-milling experiments.

As shown in Fig. 6(c), with a, = 0.5 mm, f, = 4 mm/r, n,,
= 5 r/min, and e=— 8 mm, the tool life is 43 and 33 min
under n, = 1500 and 2500 r/min, respectively. When tool
speed n; is increased, the reducing chip volume decreases
the cutting force. In addition, increasing »; reduces the time
between the tool entering and leaving the workpiece,
thereby making the cutting process smooth and decreasing
the mechanical impact. These aspects help reduce tool
wear. However, increasing n; also increases the cutting
heat, which aggravates tool wear. Consequently, the above
combination of effects means that tool life does not
decrease considerably when 7, is increased.

As shown in Fig. 6(d), with a,= 0.5 mm, f, = 4 mm/r, n,
= 2000 r/min, and e=— 8§ mm, the tool life is 89 and
27 min under n,, = 2 and 8 r/min, respectively. The chip
volume increases with increasing n,,, and the cutting force,
mechanical impact, and temperature increase with increas-
ing ny. Hence, the tool life decreases.

As shown in Fig. 6(e), the tool life is 65 and 29 min at a
feed rate per revolution of f, = 2 and 6 mm/r, respectively.
The tool life decreases with f; for the same reasons that it
does so with n,.

As shown in Fig. 6(f), the tool life is 39 and 26 min
under a, = 0.5 and 1.5 mm, respectively. The tool life
decreases with a, for the same reasons that it does so
with n,,.

We experimentally explore the longer tool life under
orthogonal turn-milling than under turning, and the results
are shown in Fig. 7. We use three tool teeth with TiAIN
coating in orthogonal turn-milling for down milling, with
ny=2000 r/min, ny, =5 r/min, f, =4 mm/r, e= —8 mm, and
a, = 1 mm. The wear process of each tooth is different;
hence, to measure the tool life of orthogonal turn-milling,
we use the tooth of first to tool failure criteria. The
corresponding tool life is 79 min, and the MRR is
5 cm?*/min.

80

40

MRR = 5 cm’/min

Tool life/min

MRR = 3 cm®/min

20+

MRR = 4.8 cm*/min|

Orthogonal
turn-milling

Turning 1 Turning 2

Fig. 7 Tool life and material removal rate of turning and
orthogonal turn-milling for TC21.

We use the same coated tool for orthogonal turn-milling
and turning. The cutting parameters for the first turning
experiment are cutting speed v = 100 m/min, a, = 0.6 mm,
and feed rate /= 0.05 mm/r; the corresponding tool life is
63 min, and MRR is 3 cm®/min. The cutting parameters for
the second turning experiment are v = 80 m/min, a, =
0.6 mm, and = 0.1 mm/r; the corresponding tool life is
22 min, and MRR is 4.8 cm’/min. Orthogonal turn-milling
helps reduce the cutting force and temperature compared
with turning [19], so the tool life in orthogonal turn-milling
is higher than that in turning when cutting TC21 for a high
MRR.

3.1.2 Tool failure process

By experimenting with orthogonal turn-milling, we obtain
the following findings. During the initial stage of tool wear,
the wear of the flank face is even, no chipping or coating
shedding is observed in this area, and minimal chipping
and coating shedding occur on the rake face of the insert, as
shown in Fig. 8(a). As the cutting process develops, large
chips appear at the round corner of the rake face, the tool
wear at the round corner is enlarged, and the wear of the
entire cutting edge becomes uneven for the flank face, as
shown in Fig. 8(b). During the stage of rapid wear, the
cutting force and impact increase rapidly because the wear
and chipping of the insert’s round corner increase. The
continuous mechanical impact on the round corner of the
rake face leads to fragmentation, which influences the flank
face and leads to further fragmentation at the round corner
of the flank face. Then, the chipping of the insert corner
transforms into large fragmentation in a very short time, as
shown in Fig. 8(c).

In the orthogonal turn-milling cutting process, we can
assume that the workpiece is at rest and that the tool moves
spirally along the axis of the workpiece. As shown in
Fig. 9, when the tool moves from position 1 to position 2,
the intersected portion of the two tool positions and the
workpiece can be viewed as the geometrical shape of the
cutting layer in orthogonal turn-milling. On the basis of
this geometrical shape, the side and bottom cutting edges
participate simultaneously in the cutting, and the stress is
concentrated on the round corner of the insert; hence, tool
failure (e.g., fragmentation) easily occurs there.

3.1.3 Tool failure mechanism

To investigate the mechanism of tool failure in the
orthogonal turn-milling of TC21, the round corner of the
flank face is observed using SEM during the failure stage
of the insert. As shown in Fig. 10, several cracks are
parallel to the cutting edge, but no cracks are perpendicular
to the cutting edge. The cemented carbide of the base
material appears after tool failure. The cracks parallel to the
cutting edge are caused by mechanical impact, whereas
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Fig. 8 Failure process of the insert in orthogonal turn-milling (n, = 2000 r/min, n,, = 5 r/min, f, = 4 mm/r, e = -8 mm, a, = 0.5 mm).
(a) Cutting time = 17 min, flank-face wear of insert = 0.1 mm (20x); (b) cutting time = 24 min, flank-face wear of insert =0.17 mm (20 x);
(c) cutting time = 32 min, flank-face wear of insert= 0.28 mm (20x).

Position 2 of tool

Three-dimensional geometrical
shape of cutting layer

Fig. 9 Formation of the cutting layer in orthogonal turn-milling.

any cracks perpendicular to the cutting edge would be heat
cracks caused by a high cutting temperature. The absence
of the latter in the present case shows that the cutting
temperature is low in orthogonal turn-milling, and the heat
shock that causes heat cracks is avoided.

According to Fig. 8 and the correlative analyses, the

degree of failure at the rake face is higher than that at the
flank face. Consequently, the round corner of the rake face
is observed using SEM during the failure stage of the
insert, as shown in Fig. 11. As the fragmentation of the
round corner on the insert grows, the insert becomes
increasingly blunt, and the cutting force and temperature
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Flank face

Cutting edge /

$3400 20.0kV 11.9 mm x100 SE

(@ (b)

Cracks caused
by mechanical ©
/ impaCt N

$3400 20.0 kV 11.9 mm x300 SE

"500 um

©

Fig. 10 Scanning electron microscope (SEM) images of the round corner of the flank face in the failure stage of the insert. (a) Failed

tool; SEM image magnified (b) 100x and (c) 300x.

increase rapidly. Under high temperature and pressure, the
Ti alloy adheres easily to the tool mainly because the
former has lower hardness, higher chemical reactivity, and
stronger affinity than the latter. In the cutting process of
orthogonal turn-milling, the chips flow over the rake face
of the insert, thus generating high temperature and
pressure. Consequently, the degree of adhesive wear on
the rake face is higher than that on the flank face. When
adhesion occurs, stripping also does because of the
adhesive layer, thereby causing the adhesion wear that is
responsible for the failure of the cutting tool. Figure 11
shows the existence of some adhesive material and
stripping on the rake face, indicating the presence of
serious adhesive wear on the rake face of the insert in the
tool failure stage.

To explore the orthogonal turn-milling tool failure
mechanism further, we perform EDS at two points in
Fig. 11: Point 1 corresponds to the adhered Ti, and point 2
corresponds to a stripping location. The chemical compo-
sitions of the points are shown in Fig. 12 and given in
Table 3.

The EDS results show that point 1 corresponds to the
adhered Ti because its composition contains a large
amount of Ti. In the failure stage of the insert, the
cemented carbide of the base material has already appeared

$3400 20.0 kV 11.0 mm %500 SE

at point 1. The main elements of cemented carbide are C,
W, and Co, and those of TC21 are Ti, Al, Mo, and Sn
(Table 1). The Ti content of point 1 far exceeds that of
cemented carbide, thereby verifying the existence of
serious adhesive wear in orthogonal turn-milling.

Figure 12 and Table 3 show that the tool surface contains
C and Ti atoms. The intermittent cutting process of
orthogonal turn-milling causes a high cutting temperature
gradient at the cutting edge. With the high cutting
temperature gradient, the Ti atoms in the workpiece
material diffuse rapidly to the tool coating, where they
combine with C atoms of the tool coating material to form
a TiC layer. The combined effect of mechanical force and
impact strips this TiC layer from the tool surface, thereby
generating fresh diffusive wear [25]. However, because the
content of C atoms in the TiAIN tool coating is relatively
low, this diffusive wear has little influence on tool wear.

The presence of O atoms in Fig. 12 and Table 3 indicates
the existence of oxidation on the rake face of the insert.
The Al atoms of the insert spread outward and combine
with atmospheric O atoms to form a dense outer layer of
Al,O3. This shield prevents O atoms from spreading
inward into the coating, thus improving the antioxidant
properties of the tool coating. Meanwhile, the Ti atoms of
the tool coating spread inward and combine with

100 um

(b)

Fig. 11 Scanning electron microscope (SEM) image of the round corner of the rake face in the failure stage of the insert. (a) Failed tool

and (b) SEM image magnified 500 x.
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Fig. 12 Energy-dispersive X-ray spectroscopy of points 1 and 2 in Fig. 11. (a) Point 1 and (b) point 2.
Table 3 Chemical compositions of points 1 and 2
Chemical composition/wt.%
Point
Ti (6] Sn w C Co N Al

Point 1 93.28 2.45 1.67 1.43 1.04 0.13 0.00 0.00
Point 2 1.02 7.89 0.00 71.44 16.41 2.08 0.77 0.40

atmospheric O atoms to form an inner TiO, layer [25]. At
high cutting temperatures, the linear expansion coefficients
of this oxidation layer and the tool base material differ,
which causes heat stress and cracking and stripping of the
tool coating.

The cutting force and temperature increase as the tool
wear increases, and this increased stress and temperature
lead to serious adhesive wear between the tool and
workpiece. Under the influence of drastic mechanical
impact, the adhesive material is stripped, and the EDS
performed at a stripping location (point 2) shows many C,
W, and Co atoms and few Ti ones. This result indicates that
the cemented carbide of the tool base material appears at
this location after adhesion and stripping, and high stress
and temperature cause serious diffusion and oxidation
wear that aggravate the progress of tool wear.

3.2 Machined surface integrity in orthogonal turn-milling of
titanium alloy TC21

3.2.1 Analysis of surface roughness
The machined surface roughness, R,, in the axial direction
obtained for a workpiece using different cutting parameters
is shown in Fig. 13. Eccentricity e has a significant
influence on tool life. With increasing e, the bottom of the
cutting edge has a large contact area with the workpiece,
thus reducing the cutting force and cutting vibrations. This
condition leads to improved machining stability and
reduced R, (Fig. 13(a)).

For n, = 2000 r/min, an increasing n,, means that the
ratio A = ny/n,, decreases, and the chip volume increases.

This condition causes the machined surface profile to be
rugged, thereby increasing R,. Moreover, the high chip
volume increases the cutting force and vibrations and
worsens R,. In conclusion, A has a significant influence on
R, (Fig. 13(b)).

The effect of f, on R, is shown in Fig. 13(c). We have R,
= 0.25 and 0.30 um for f; = 2 and 6 mm/r, respectively,
which indicates that the effect of £, on R, is not significant.
MRR increases with f,, leading to an increase in cutting
force and R,.

3.2.2 Analysis of the metallographic structure

The specimens are machined via wire electrical discharge
machining, and the mirror effect of the cross section of the
specimens is obtained sequentially through rough grind-
ing, precision grinding, and polishing. The polished
surfaces are treated with a corrosive liquid (2% HF +
4% HNO;5 + 94% H,O0) for 15 s. Then, the metallographic
microstructure of the specimens is measured.

As shown in Fig. 14, we use cutting parameters that
correspond to either a short or long tool life (7) to obtain
clear views of the metallographic structure of the machined
surface layer. As shown in Figs. 14(a) and 14(b), with a
short 7, no obvious grain deformation (e.g., stretches,
recrystallization, and tears) is observed. The same applies
to the case of a long 7, as shown in Figs. 14(c) and 14(d).
Orthogonal turn-milling involves interrupted cutting and
high-speed machining, which result in reduced cutting
temperature and force; thus, grain deformations do not
form easily in the metallographic structure of the surface
layer.
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Fig. 14 Metallographic structure of the machined surface layer in orthogonal turn-milling. (a) @, = 0.5 mm, n, = 2000 r/min, n,, =
8 r/min, e = -8 mm, f, =4 mm/r, Z= 1, and 7= 27 min; (b) a, = 0.5 mm, n,= 2500 r/min, n,, = 5 r/min, e = -8 mm, f, = 4 mm/r, Z= 1, and
T'=33 min; (c) a, = 0.5 mm, n, = 2000 r/min, n,, = 2 r/min, e =—8 mm, f, =4 mm/r, Z= 1, and 7= 88 min; (d) a,= 0.5 mm, 7= 2000 r/min,

Ny =5 r/min, e = -8 mm, f, =2 mm/r, Z= 1, and 7' = 64 min.

3.2.3 Analysis of work hardening

As presented in Fig. 15, we use the cutting parameters from
Fig. 14 to check the microhardness of the machined surface
layer. The matrix microhardness of the raw TC21 alloy in
this experiment is in the range of 340 to 370 HV. The
experiments show that the microhardness of the machined

surface layer is also in this range. No obvious work
hardening is observed when using cutting parameters that
provide either a long or short tool life. In cutting with
orthogonal turn-milling, the cutting temperature is low,
which reduces the softening of the surface layer of the
workpiece. Moreover, the cutting force is low, so the grains
are unlikely to be deformed. For these reasons, no work
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Fig. 15 Microhardness of the machined surface layer in
orthogonal turn-milling.

hardening of the surface layer is observed, which is in
accordance with our analysis of the metallographic
structure.

On the basis of these discussions and the use of a tool
coated with TiAIN (one tooth) to cut a 100-mm-diameter
bar of TC21 alloy, our research shows that orthogonal turn-
milling is suitable for down milling and negative
eccentricity. For e = —8 mm, we recommend the following
orthogonal turn-milling parameters: (i) Tool speed n, =
1500 to 2000 r/min, (ii) workpiece speed n,, = 2 to 5 r/min,
(iii) feed rate per revolution f;, = 2 to 4 mm/r, and (iv)
cutting depth a, = 0.5 to 1 mm. The corresponding tool life
is 40 to 91 min, the MRR is 0.5 to 5 cm®/min, the surface
roughness is 0.12 to 0.53 pum, and no obvious grain
deformation and work hardening are observed.

4 Conclusions

With regard to increasing the tool life in orthogonal turn-
milling, down milling is better than up milling, and
negative eccentricity is better than either zero or positive
eccentricity. Tool life decreases when any of the cutting
parameters (7, a,, Ny, and f,) are increased. To improve the
machined surface integrity, we should use a large ¢ and a
small n,,. These parameters exert more influence than f,
does on the machined surface roughness. To reduce surface
roughness, we should increase n,. Moreover, to increase
machining efficiency, we should increase a, and f,. No
obvious grain deformation or work hardening is observed
in the experiments.

When using a TiAlN-coated tool to cut TC21 via
orthogonal turn-milling, tool failure is characterized by the
following: (i) Large fragmentation, (ii) the degree of failure
of the rake face is higher than that of the flank face, and (iii)
tool failure is generated easily on the round corner of the
tool. Adhesive wear plays a vital role as the wear
mechanism of the TiAlIN-coated tool for cutting TC21

via orthogonal turn-milling. Under mechanical impact
action, the combination of adhesive wear, diffusive wear,
and oxidation leads to increasingly serious tool damage,
which results in tool failure.

With the MRR of orthogonal turn-milling being higher
than that of turning, the tool life of orthogonal turn-milling
is higher than that of turning when cutting TC21. When
using a tool coated with TiAIN (one tooth) to cut a
100-mm-diameter bar of TC21 alloy with e = —8 mm, the
following orthogonal turn-milling parameters are recom-
mended: (i) Tool speed n, = 1500 to 2000 r/min, (ii)
workpiece speed n, = 2 to 5 r/min, (iii) feed rate per
revolution f, = 2 to 4 mm/r, and (iv) cutting depth a, = 0.5
to 1 mm.
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