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Abstract Titanium is attracting great attentions in aero-
space and medical applications where high surface quality
plays an important role in improving the product perfor-
mance. For developing nano-precision machining technol-
ogy for titanium, clarification of the nanometer-scale chip
formation mechanism is essential. In this study, the sur-
face formation mechanism of pure titanium in ultrapreci-
sion cutting tests using single-crystal diamond tools was
investigated. The results demonstrated that decreasing un-
deformed chip thickness from the micrometer scale down
to the nanometer scale had profound impacts on the shear
angle, specific cutting force, and chip morphology. Chip
tearing phenomenon occurred when undeformed chip
thickness is smaller than a critical value (~ 100 nm),
which significantly affected the chip morphology and ma-
chined surface integrity. In nanometer-scale cutting, tool
feed mark is no longer a major reason of surface rough-
ness; instead, material plucking, debris, scratches, and
chip adhesion influenced the surface integrity. The high
pressure generated in the nanometer-scale cutting caused a
hardness increase in workpiece material and promoted
workpiece material adhesion to the tool surface, as well
as tool wear.

Keywords Pure titanium . Ultraprecision cutting . Diamond
turning . Chip formation . Surface roughness . Tool wear

1 Introduction

Titanium is attracting more and more attentions in various
areas such as aerospace and medical applications [1, 2].
However, titanium is very difficult to machine owing to its
low thermal conductivity, high strength, and low modulus of
elasticity [3–5]. To overcome the difficulties in machining
titanium and its alloys, extensive studies have been done in
the past decades on their cutting mechanism. These researches
can be roughly classified into three main categories: first,
studies on fundamental cutting mechanism and chip formation
and their relationship to mechanical properties of titanium
[6–12]; second, researches on the optimization of machining
conditions to enhance the machinability of titanium [13–16];
and third, researches on tool wear mechanism and surface
integrity in titanium machining [17–20]. However, most of
the previous cutting experiments were conducted in the mi-
crometer scale or larger. The research work on the nanometer-
scale ultraprecision cutting of titanium is very limited.

Ultraprecision cutting, which is often referred to as single-
point diamond turning (SPDT), is an established technology
for manufacturing micro-structured surfaces with nanometer-
level form accuracy, high surface quality, and complex shapes.
Zareena and Veldhuis [21] investigated the tool wear mecha-
nism in ultraprecision cutting of titanium and Ti-6Al-4Vusing
single-crystal diamond tools. They found that high tempera-
ture and high pressure at the tool-chip interface initiated the
chemical interaction between titanium and diamond.
Schneider et al. [22, 23] analyzed the surface integrity in tita-
nium cutting using quick-stop orthogonal cutting tests and
considered the effect of undeformed chip thickness (ranging
from 0.1 to 10 μm) on cutting forces. Ruibin and Wu [24]
investigated the influence of machining parameters on surface
roughness and cutting forces. Colafemina et al. [25] studied
surface damage in machining of titanium and found the
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surface damage was due to the material delamination
phenomenon.

However, to date, there is no available literature on chip
formation mechanism in diamond turning of pure titanium
down to the nanometer scale. Regarding demands for nano-
precision surfaces that have rapidly increased in advanced
engineering fields, it is necessary to understand the cutting
mechanism in the nanometer scale. The aim of the present
research is to study the fundamental characteristics of cutting
mechanism and chip formation behavior in diamond turning
of titanium down to the nanometer-scale undeformed chip
thickness. For this purpose, the changes in shear angle, spe-
cific cutting forces, and chip morphology as undeformed chip
thickness decreases have been investigated. The key factors
affecting the chip integrity, surface quality, and tool wear have
been clarified.

2 Material and methods

2.1 Material

The workpiece material used in the experiments was an
alpha-type commercial pure titanium (sample size

20.0 mm × 15.0 mm × 10.0 mm) with purity of
99.8% and nominal max composition (wt%) given as
Fe, 0.25; O, 0.2; C, 0.08; N, 0.03; and H, 0.13.
Table 1 shows the mechanical properties of the titanium
samples.

2.2 Experimental setup and conditions

The machining experiments were carried out on a three-
axis control ultraprecision machine, NACHI ASP-15
(NACHI-FUJIKOSHI CORP). Figure 1 shows a sche-
matic diagram of the diamond turning setup. The ma-
chine has two perpendicular linear tables supported by
high-stiffness hydrostatic bearings driven by servomo-
tors. To prevent from backlash movements in the ma-
chine rotary table, the table is supported by hydrostatic
bearings and driven by a friction drive. The machine is
equipped with laser hologram scales to accurately posi-
tion all of these tables. The linear tables can be moved
at 1 nm per step and the rotary table is able to rotate
with an angular resolution of 0.00001°.

A workpiece holder was designed and fabricated to
fix the workpiece to the spindle. This holder uses a
sliding mechanism to adjusting the distance between
the workpiece and the center of spindle. The workpiece
was fixed using three screws to the holder which is then
vacuum chucked to the machine spindle, as shown in
Fig. 1. In addition, to keep dynamic balance during
spindle rotation, a metal piece was fixed on the opposite
side of the workpiece. A piezoelectric dynamometer
(Kistler 9256C2) was mounted below the tool to

Table 1 Mechanical properties of titanium workpiece

Ultimate tensile strength (MPa) 370

Yield strength (MPa) 300

Vickers hardness (HV) 145

Fig. 1 Schematic diagram of experimental setup Fig. 2 SEM micrograph and contour profile of a diamond tool edge
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measure cutting forces during the cutting tests. To guar-
antee the accuracy of the experimental results, all cut-
ting tests were repeated twice at the same conditions.
Commercially available single-crystal diamond tools
with a nose radius of 1.0 mm, tool edge radius of
~ 100 nm, and rake and clearance angles of 0° and
8°, respectively, were used in these experiments.
Figure 2 shows SEM images and contour profiling error
of a single-crystal diamond tool. The tool faces and the
edge are extremely smooth. The geometrical error over
a window angle of 100° is ~ 380 nm; thus, in the
actually used range of tool edge, the profile accuracy
of the tool is in the nanometric scale.

Four different feed rates, 1, 10, 50, and 100 μm/rev,
and two different depths of cut, 5 and 15 μm, were
used to cut eight concentric areas on each sample.
Since the distance of each area from spindle center is
different, spindle rotation rate was adjusted for each
area to get the same cutting speed (50 m/min) in all
tests.

In order to evaluate the machined surface texture, a
white light interferometer was used and the surface pro-
file was analyzed by the Talymap software (Taylor
Hobson Ltd.). A scanning electron microscope (SEM,
Model Inspect S50) was used to observe the chips, the
machined surfaces, and tool wear. Some of the SEM
images were then analyzed by the ImageJ software. To
evaluate micro-hardness variations, hardness measure-
ments were performed using a micro Vickers hardness
tester (Shimadzu HMV-G21S) by applying a load of
1 N for 10 s on selected specimens.

Fig. 6 FE simulations of strain rate distribution at three different depths
of cut: a = 2.0 × r (a), a = 1.0 × r (b), and a = 0.5 × r (c)

Fig. 3 Cutting model of a round-nosed tool

Fig. 4 SEM micrograph of chip (f = 100 μm/rev, a = 5 μm) used for
measuring chip thickness

Fig. 5 The variations in shear angle as hmax decreases
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2.3 Cutting models

Figure 3 shows a schematic model for diamond turning with a
round-nosed tool, where the maximum undeformed chip
thickness (hmax) is an important parameter to evaluate the
cutting performance. hmax can be calculated from the tool nose
radius R, depth of cut a, and tool feed rate f, using the follow-

ing equation when f <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ra−a2

p
[26, 27].

hmax ¼ R−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ f 2−2 f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ra−a2

pq
ð1Þ

When f ≥
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ra−a2

p
, however, hmax is equal to the depth

of cut (a).
For instance, at f = 1 μm/rev and a = 5 μm, the

undeformed chip thickness over the entire cutting re-
gion changes from 0 to 99 nm. Regarding machining
conditions used in this study, the maximum unde-
formed chip thickness ranged from 99 to 12,331 nm.

2.4 Finite element simulation

To assist understanding the material removal mechanism of
titanium, the cutting-induced pressure and strain rate distribu-
tions in the cutting area were investigated by using
AdvantEdge, a finite element (FE) machining simulation pro-
gram produced by Third Wave Systems, USA. Two-
dimensional simulations of orthogonal cutting were

performed; thus, the undeformed chip thickness was the same
as the depth of cut. The tool rake angle, relief angle, and
cutting speed used in the simulations were the same as those
used in the experiments. Using a tool edge radius smaller than
100 nm, as used in the experiment, was extremely time-
consuming in simulations, so an edge radius (r) of 400 nm
was used. Accordingly, larger depth of cuts (a) was used in the
simulation to keep the same ratio of depth of cut to edge radius
as that in the experiments. The modified power law constitu-
tive model was used to establish the material property model
for titanium.

3 Results and discussion

3.1 Shear angle

Shear angle can be found utilizing the measured chip
ratios using Eq. (2), which is derived from the ratio
(rc) of undeformed chip thickness (h) to the chip thick-
ness (l). Concerning the shear angle changes along the
round edge of the tool, in this study, shear angle was
calculated based on maximum chip thickness measured
using ImageJ software by analyzing the SEM images of
chips, as shown in Fig. 4.

φ ¼ atan rcð Þ ð2Þ

Fig. 7 SEM micrographs of chip obtained at hmax = 7405 nm ((a), (b)) and hmax = 1679 nm ((c), (d))
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As shown in Fig. 5, the shear angle decreases as hmax de-
creases; especially when hmax < 1676 nm, the shear angle
decreases sharply.

FE modeling of cutting at different undeformed chip
thicknesses also confirms that shear angle decreases as
hmax decreases, as presented in Fig. 6. The simulation
results also proved that as undeformed chip thickness
decreased, the narrow shear plane gradually converted
to a broad shear zone.

3.2 Chip morphology

Figure 7((a)–(d)) shows the chips obtained at hmax = 7405 nm
and hmax = 1679 nm, respectively. In the figure, chip edge
tearing phenomenon is observed. The chip tearing is more
significant in Fig. 7((a), (c)) (left side of chip) compared to
Fig. 7((b), (d)) (right side of chip). This result demonstrated
that a larger cutting width with smaller undeformed chip

thickness caused more severe chip tearing. Apart from chip tear-
ing, cracks were generated on the left side chip edge in Fig. 7((a),
(c)).

In order to understand the chip tearing phenomenon, the
change in cutting force direction with undeformed chip thickness
was calculated. Figure 8 shows the change of resultant force
angle with hmax. As undeformed chip thickness decreases, resul-
tant force angle (γ) increases from 36° at hmax = 12,331 nm to
57° at hmax = 99 nm. Similarly, as undeformed chip thickness
decreases from the uncut surface to the cut surface in Fig. 3, the
resultant force direction will change significantly.

Figure 9 shows a schematic three-dimensional model for
tool-workpiece contact area. While the area of the plane nor-
mal to principal force decreases from right side “II” to left side
“I,” the area of the plane normal to thrust force, which is
determined by tool edge radius, remains constant along the
tool edge. Thus, the resultant force in the region close to “II”
is mostly parallel to cutting direction, while that around “I” is
directed toward the workpiece surface.

The change of resultant force direction along the tool edge
as shown in Fig. 9 leads to different chip formation behaviors.

Fig. 10 Model for calculating specific cutting force

Fig. 11 Change of specific cutting force with hmaxFig. 9 Schematic model for tool-workpiece contact area

Fig. 8 Change of resultant force angle with hmax
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The force component vertical to the workpiece surface near
region “I” causes chip tearing (Fig. 7((a), (c))). However, the
force component parallel to cutting direction near region “II”
causes continuous chip flow (Fig. 7((b), (d))).

Next, the specific cutting force [28–30], i.e., the ratio of the
resultant force to the tool-workpiece contact area projected on
the plane normal to the resultant force (Fig. 10), was calculat-
ed using following equations.

Fsp ¼ F r

A0
r

ð3Þ

F2
r ¼ F2

c þ F2
t ð4Þ

tanγ ¼ F t

Fc
; tanα ¼ At

Ac
; A0

r ¼ Arcos γ−δð Þ ð5Þ

At ¼ r � 2πR
αþ β
360

� �� �
see Fig:23 að Þð Þ ð6Þ

Ac ¼ ∫
ffiffiffiffiffiffiffiffiffi
2Ra−a

p
f
2

R−
ffiffiffiffiffiffiffiffiffiffiffiffiffi
R2−x2

p
dx

� �
þ f � að Þ− ∫

ffiffiffiffiffiffiffiffiffi
2Ra−a

p þ f
f
2

R−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2− x− fð Þ2

q
dx

� �

¼ −
1

2
R2 arcsin

x
R

� �
þ 1

2
sin 2arcsin

x
R

� �� �� �
þ Rxþ C1

� �

þ f � a½ �− −
1

2
R2 arcsin

x− f
R

� �
þ 1

2
sin 2arcsin

x− f
R

� �� �� �
þ R x− fð Þ þ C2

� �

27½ �

ð7Þ

where Fsp is specific cutting force, Fr is resultant force, Fc
is principal force, Ft is thrust force, Ac is area normal to
principal force, At is area normal to thrust force and de-
rived from multiplication of tool edge radius (r) in the
width of chip, Ar is the resultant area of Ac and At, A’r
is area of Ar normal to resultant force, and γ and α are
angles between A’r and Ar and the vertical direction. It
should be pointed out that as tool wears out, the tool edge
radius increases, and consequently, cutting force increases.
To reduce the effects of tool wear on specific cutting force
results, a new tool was used for a very short cutting
distance (~ 75 m) for force measurement.

Figure 11 shows the results of specific cutting force
with respect to hmax. As hmax decreases, the specific
cutting force increases slightly, and then sharply in-
creases, especially when hmax approaches the sub-
micrometer level. This sharp rise in specific cutting
force at very small undeformed chip thickness contrib-
utes to the chip tearing phenomenon.

For the “II” side of the chip, instead of chip tearing, chip
edge wrinkle was observed at a small hmax, when a worn tool
was used. As shown in Fig. 12((a1), (a2)), chip wrinkle
is found at the upper side edge of chips formed at h-
max = 172 nm by a tool after a cutting distance of
250 m. In contrast, the chip generated by a tool after

Fig. 12 SEM micrographs of
chips formed by a tool after a
cutting distance of 250 m ((a1),
(a2)) and 75 m ((b1), (b2)) at
hmax = 172 nm
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a cutting distance of 75 m has no edge wrinkles, as
shown in Fig. 12((b1), (b2)). Chip wrinkling is a result
of local elongation of a chip due to high strain squeez-
ing, which is accelerated as the tool wears out.
However, the high-strain band is very narrow compared
with the “I” side, which is insufficient to cause chip
tearing.

After repetitive experiments and measurement of lengths of
torn edge and chip widths as shown in Fig. 13, it was found
that chip tearing occurred only when the undeformed chip
thickness is smaller than a critical value ~ 100 nm, which is
approximately equal to the tool edge radius of a commercially
available diamond tool.

Under a feed rate of 1μm/rev and a depth of cut of 5μm, the
maximum undeformed chip thickness was 99 nm; thus, chip
tearing occurred all over the tool edge, as shown in Fig. 14.

As undeformed chip thickness is further decreased
below a minimum chip thickness (tmin), a kind of tran-
sition to plowing occurs and no chip formation takes
place. To determine the minimum uncut chip thickness
experimentally, a set of experimental tests were carried
out at a feed rate of 0.2 μm/rev and different depths of
cut ranging from 0.5 to 50 μm to produce a maximum
undeformed chip thickness from 5 to 50 nm.

At a maximum undeformed chip thickness hmax = 10 nm,
small particles were generated, as shown in Fig. 15((a1), (a2)),
while no continuous chips were found. As hmax increased to
30 nm, short continuous chips were generated lamella structure
(Fig. 15((b1), (b2))). This result indicates that the minimum
chip thickness (tmin) is between 10 and 30 nm. Longer contin-
uous chips with regular lamella structures were observed at h-
max = 50 nm (Fig. 15((c1), (c2))). This indicates that when
undeformed chip thickness is less than 50 nm, the workpiece

material deformation is mainly plowing, where plastic defor-
mation occurs in a broad zone rather than a shear plane. Thus,
the stable formation of long and continuous chips becomes
difficult, causing the aforementioned chip tearing phenomenon.

Many researchers have proposed theoretical models to de-
termine the minimum uncut chip thickness [31–39]. Most of
these models are derived on the basis of friction coefficient
and tool edge radius. One of the widely used models, pro-
posed by Son et al. [40], is shown in Eq. (8).

tmin ¼ r � 1−cos
π

4
−
ρ

2

� �� �
ð8Þ

where tmin is the minimum chip thickness, r is the tool edge
radius, and ρ is the friction angle between the tool and the
workpiece.

Fig. 14 SEM micrographs of torn chip at hmax = 99 nmFig. 13 SEM micrograph of deformed chip profile (hmax = 7405 nm)
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The friction angle can be obtained by Eq. (9) [41]:

ρ ¼ αþ tan−1
F t

Fc
ð9Þ

whereα is rake angle (α = 0 in this study) and Ft and Fc are the
two force components which are easily measured when the
undeformed chip thickness is far larger than the tool edge
radius. In this study, using the relationship of principal and
thrust forces captured at hmax = 12,331 nm, a minimum uncut
chip thickness was calculated to be 10.71 nm, which is rough-
ly in agreement with experimental results.

Next, the chip tearing ratio (rct), which is the ratio of the
torn parts of chip formed under undeformed chip thickness of

100 nm to the total width of chip, was calculated. Figure 16
presents the results of rct factor. The rct shows the same trend
as that of specific cutting force shown in Fig. 11, indicating the
correlation of these two factors.

The detailed calculation procedures of the length of edge
where thickness is less than a value and chip tearing ratio (rct)
are given in the Appendix of this paper.

3.3 Surface topography and hardness change

Surface roughness was measured in three-dimensional forms
in which the average arithmetical deviation of area (Sa) was
calculated by using the TalyMap software. The Sa data

Fig. 15 SEM micrographs of
chips generated at hmax = 10 nm
((a1, (a2)), 30 nm ((b1), (b2)), and
50 nm ((c1), (c2))
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recorded according to feed rate and depth of cut during exper-
iments are presented in Fig. 17. From this figure, it can be seen
that Sa decreases as undeformed chip thickness decreases. A
surface roughness of 47 nm was obtained at a feed rate of
10 μm/rev. However, an inverse trend is observed at a feed
rate lower than 10 μm/rev.

In order to find out the reasons for the changes in Sa, SEM
observations and three-dimensional topography measure-
ments of machined surfaces were performed for each cutting
condition. Figure 18 shows SEM micrographs and three-
dimensional topographies of machined surfaces at three dif-
ferent feed rates. At high feed rate (100 μm/rev), the surface
roughness is attributed to the feed marks. When the tool feed
rate is smaller than 10 μm/rev, however, no tool feed marks
are seen. The surface roughness is due to non-periodical un-
evenness and surface protrusions.

Further examinations of machined surface samples show
that apart from tool feed marks, there are other types of fea-
tures influencing surface roughness, including material
plucking from workpiece surface, debris, scratches, and ad-
hered chips. As shown in Fig. 18, extremely small debris and
scratches are observed under all different feed rates. Plucking
of material from surface is observed at a higher feed rate
(Fig. 19(a)), whereas chip adhesion was observed remarkably
on machined surface at lower tool feed rate (Fig. 19(b)).

There might be two reasons for plucking. First, a small
part of workpiece material was peel off from its original
surface by the flank face of the tool. Second, built-up
edges were formed which produces unstable cutting and
deep material removal [20]. Scratches might be a result of
replication of the micro chippings on the tool edge. The
adhered chips on machined surface are presumably due to
the chip tearing phenomenon, as described in Section 3.2.
Due to the high pressure toward the workpiece surface at
an extremely small undeformed chip thickness, a part of
material cannot be completely removed as chip and in-
stead, remained on the surface as material adhesion. In
addition, debris on the machined surface might also be a
part of material separated from torn chips.

To illustrate the effect of high pressure on the deposition of
torn chips on machined surface, FE modeling were performed

at two different depths of cut. At a large depth of cut
(Fig. 20(a)), high pressure only exists in small regions of chip.
At a small depth of cut (Fig. 20(b)), however, cutting pressure
affects all chip thicknesses. Such a high pressure acting at very
fine chip thickness provides condition for some parts of chips
to stick on surface.

Figure 21 shows the back side of a chip formed at
hmax = 172 nm. Some parts of chip have been detached,
leaving holes on the chip. The detached parts of chips
might become debris or chip adhesion onto the ma-
chined surface.

In addition, cutting at low undeformed chip thickness has
great influences on the subsurface microstructure of work-
piece. As shown in Fig. 20(b), decreasing depth of cut will
increase residual stress on a machined surface. To verify this
effect, the Vickers hardness of the machined surface was mea-
sured. As shown in Table 2, the Vickers hardness exhibits a 15
to 30% increase after machining compared to that before ma-
chining (145 HV, Table 1).

3.4 Tool wear and material adhesion

Figure 22 shows SEM micrographs of the tool after
cutting of titanium for a cutting distance of 75 and
250 m. The hmax was changed from 99 to 12,331 nm
during this cutting distance; 96% of the cutting distance
was performed at a maximum undeformed chip thick-
ness of less than 500 nm. As shown in Fig. 22((a1),
(a2), (a3)), after just 75 m cutting, chips were welded
to the tool rake face. In nanometer-scale ultraprecision
machining, pressure significantly increases compared to
traditional machining, which promotes material adhesion
on tool. As the cutting distance increases (Fig. 22((b1),
(b2), (b3))), both the rake and flank faces are covered
by titanium adhesion, although the appearances of

Fig. 17 Surface roughness (Sa) ofmachined surface at different feed rates
and depths of cutFig. 16 Change of rct with hmax
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adhesion are different. At the same time, built-up edges
are found on the rake face side. Small flank wear lands
and a few micro chippings are also observed around the
tool edge. As tool wear increases, tool edge geometry
will change, leading to change in chip morphology, as
shown in Fig. 12.

Yang and Richard [6] indicated the high stress gen-
erated in machining titanium is one of main reasons for
the rapid wear of tools. Zlatin and Field [42] have
found that titanium chips have a strong tendency to
weld to the cutting edge, particularly after the tool starts
to wear. A localized region of high pressure at the tool-

Fig. 18 SEMmicrographs and three-dimensional surface topographies of machined surfaces at f = 100 μm/rev (hmax = 12,331 nm) (a1, a2), f = 10 μm/
rev (hmax = 1676 nm) (b1, b2), and f = 1 μm/rev (hmax = 172 nm) (c1, c2)
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workpiece interface also increases the reactivity of tita-
nium. The wear of a diamond tool is attributed to
graphitization of diamond [12, 21, 43, 44]. Qian et al.
[45] proved that contact pressure is an important param-
eter for diamond-graphite transformation. Liu et al. [46]
reported that TiC synthesis occurs when titanium and
graphite are interacted under high temperature and
pressure.

Figure 22((b1)) further shows that the width of flank
wear land increases from right side to left side. As shown
in Fig. 9, the left side of tool corresponds to the small
undeformed chip thickness area (“I” in Fig. 9), where
flank face wear is significant. For the right side corre-
sponding to “II” in Fig. 9, material adhesion on rake face

is more significant. With increasing tool wear, the tool-
workpiece contact area is increased due to reduced clear-
ance angle, which creates more rubbing of the workpiece
surface [18]. The built-up layer that is formed on the tool
flank face can push the tool off from its original route to
increase the surface roughness [47].

4 Conclusions

The chip formation behavior of pure titanium in nanometer-
scale ultraprecision diamond turning tests was investigated by
both experiments and FE simulation. The following conclu-
sions were obtained:

(1) There are remarkable changes in shear angle (around
90% decrease) and specific cutting force (about 300%

Fig. 19 SEM micrographs of
machined surfaces at
hmax = 12,331 nm ((a)) and
hmax = 172 nm ((b))

Fig. 20 FE simulation of pressure distributions at a = 2.0 x r (a) and
a = 0.5 x r (b) Fig. 21 SEM micrograph of the detached parts of a chip
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increase) as undeformed chip thickness decreases from
the micrometer scale to the nanometer scale.

(2) As unformed chip thickness decreases down to a critical
value (~ 100 nm), chip edge tearing becomes significant.
The ratio of chip tearing shows the same trend as the
specific cutting force.

(3) At an extremely small undeformed chip thickness, tool
feed mark is no longer a major factor of surface rough-
ness. Instead, material plucking from workpiece surface,
debris, scratches, and chip adhesion become important
factors. Chip tearing is a main reason for debris genera-
tion and chip adhesion.

(4) The Vickers hardness of workpiece surface exhibits a 15
to 30% increase after machining compared to that before
machining.

(5) Flank wear, micro chipping, and material adhesion on
tool surfaces are significant when cutting distance in-
creases, and the significance of each depends on the po-
sition on the tool edge.

Appendix 1 Calculation of chip tearing ratio (rct)

Figure 23(a, b) shows schematic illustration of undeformed
chip area at two different feed rates.

To calculate the length of chip edge (where thickness is less
than a desired value) on the “I” edge as shown in Fig. 23(a),
first, using Eq. (1), depth of cut at which chip thickness equals
the desired value can be obtained; then, this depth of cut can
be applied in following equations to calculate the length of
chip edge in “I” side as shown in Fig. 23(a).

L1 ¼ 2πR� αþ β
360

� �
ðA:1Þ

α ¼ arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2R−a2

p

R−a

 !
ðA:2Þ

β ¼ arctan

f
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2− f
2

	 
2q
0
B@

1
CA ðA:3Þ

When depth of cut calculated by Eq. (1) is less than a
critical value, which is unique for every feed rate and tool
nose radius, Eq. (A.1) is no longer valid. This critical
value can be calculated using f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ra−a2

p
which means

y = 0 and hmax is equal to the depth of cut (a) as shown in

Fig. 22 SEM micrographs of tool after a cutting distance of 75 m ((a1)–(a3)) and 250 m ((b1)–(b3))

Table 2 Vickers hardness (HV) of workpiece after cutting

a f

1 μm/rev 10 μm/rev 50 μm/rev 100 μm/rev

5 μm 181 191 188 192

15 μm 170 184 179 190
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Fig. 23(b). This critical depth of cut at feed rate of 50 and
100 μm/rev is 1.25 and 5.0 μm, while thickness required
is less than 100 nm. As a result, the starting point of edge
tearing is somewhere in the left side of critical depth of
cut (red dash line) as shown in Fig. 23(b). In this case,
length of chip edge can be calculated using following
equation.

L2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2− R−að Þ2

q
−
f
2

ðA:4Þ

To calculate the length of chip edge on the “II,” the follow-
ing equation can be used at all feed rates:

L3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
f 2−h2

q
ðA:5Þ

In order to calculate the total width of chip, the target value
can be set to be hmax in Eq. (1), and then using Eq. (A.1), the
total width of chip will be obtained.
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