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A B S T R A C T

Porous titanium presents unique material properties with a wide variety of mechanical and biomedical appli-
cations. Porous titanium components fabricated by near net-shape technologies require further machining
processes to improve the surface quality and form accuracy, and in turn, the added value of the products. In this
work, major factors dominating the surface integrity in ultraprecision cutting of porous titanium using single-
crystal diamond tools were investigated. The results demonstrated that the presence of pores significantly
changed mechanism of cutting. The chip morphology and surface topography depended on pore size and un-
deformed chip thickness. At an extremely small undeformed chip thickness, a majority pores were closed due to
the welding phenomenon, leading to a sharp drop of surface porosity. In contrast, large pores cause craters on
the machined surface and segmentation of chips and protruding lamella, especially at a large undeformed chip
thickness. A coolant could lubricate the tool-workpiece interface and the shear deformation, which decreased
cutting forces. On the other hand, the rapid cooling effect enhanced the work hardening effect and increase the
hardness of the machined surface. Tool wear in cutting porous titanium is suppressed compared with that of pure
titanium, especially in wet cutting.

1. Introduction

Titanium is an attractive material due to its unique properties such
as high strength, light weight, thermal stability, and exceptional cor-
rosion resistance. These excellent properties make titanium and its al-
loys useful in biomedical, chemical and petrochemical applications and
aerospace and marine industries. With the introduction of metal foams
in medical technology within the last decades, porous titanium has
received great interest. Porous titanium is a potential material for
various dental and orthopedic applications due to its excellent bio-
compatibility properties. In biomedical applications, in addition to re-
quirements for complex shapes, surface integrity, microstructure, and
porosity significantly influence the adherence between an implant and
a neighboring bone, as well as their biocompatibility [1–3]. High-pre-
cision fabrication technologies, such as ultraprecision cutting, are ex-
pected to meet these requirements and open new technological possi-
bilities for manufacturing this class of products.

A few researches have been carried out on the cutting mechanism of
porous titanium. Abolghasemi Fakhri et al. [1] proposed an image
analysis approach to optically consider the porosity in milling process
of porous titanium, with emphasis on cutting force monitoring. The
result showed the possibility of estimating the area of porous material

removal from the optical image. Bram et al. [4] monitored cutting force
during grinding and face milling of sintered titanium foam to in-
vestigate the surface quality and tool wear. However, to date, there is
no available literature on the mechanism of cutting of porous titanium
at a maximum undeformed chip thickness of submicron level or
smaller.

In an extremely small machining scale, the machining mechanism of
a porous material is distinctly different from that of a non-porous
continuous material. Chen et al. [5] investigated the effects of tool
geometry, tool material properties and machining parameters on the
surface porosity of porous tungsten. Schoop et al. [6] machined porous
tungsten and tried to control brittle microfracture to obtain a suitable
surface porosity. Pusavec [7] used a multi-objective optimization model
based on genetic algorithms to achieve the best machining performance
in porous tungsten cutting under cryogenic conditions by predicting the
optimal input cutting parameters. In a previous study by the present
authors, diamond turning experiments of porous silicon have been
performed to investigate the fundamental mechanisms of material re-
moval and surface formation. The results showed the possibility of
generating a nanometer-level surface flatness with open pores [8]. In
addition, the possibility of diamond turning porous carbon for direct
fabrication of precision air bearing surfaces was demonstrated [9].
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In this study, the cutting mechanism and surface integrity in ultra-
precision machining of porous titanium have been investigated and
compared with those of pure titanium. For this purpose, the effects of
cutting parameters, coolants, and pore size on chip formation, surface
topography, surface hardness, and tool wear have been studied. The key
factors affecting the machined surface integrity of porous titanium have
been identified. The findings from this study will establish process
criteria for the ultraprecision manufacturing of porous titanium func-
tional products for biomedical applications, and so on.

2. Experimental and simulation procedures

2.1. Material

Porous titanium blocks (sample size: 20.0mm×15.0mm×10.0mm)
with purity of 99.8% were used as workpiece. For comparison, pure

Table 1
Chemical compositions of porous titanium.

Purity% Fe% O% C% N% H%

99.8 0.04–0.25 0.1–0.2 0.0–0.08 0.0–0.03 0.01–0.13

Fig. 1. Schematic diagram of experimental setup.

Fig. 2. Cutting model for a round-nosed tool.

Table 2
Machining conditions.

Depth of cut (a) 5, 15 μm
Feed rate (f) 1, 10, 50, 100 μm/rev
Cutting speed (v) 50m/min
Spindle rotation (n) 252–176 rpm
Maximum undeformed chip thickness (hmax) 99–12331 nm

Fig. 3. Cutting forces of pure titanium (Ti) and porous titanium (PTi) in dry condition at
depth of cut (a) 5 μm and (b) 15 μm.
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titanium blocks with the same size were also machined. The chemical
compositions of both pure titanium and porous titanium were the same, as
shown in Table 1. The porosity of the porous titanium samples used in the
experiments was ∼30%, with pore size ranging from a few nanometers to
∼100 μ. The titanium sample has ultimate tensile strength of 370MPa,
yield strength of 300MPa and hardness of 145HV.

2.2. Experimental setup

Face turning was performed using a three-axis control ultraprecision
machine, NACHI ASP-15 (NACHI-FUJIKOSHI CORP). The machine has
two perpendicular linear tables supported by high-stiffness hydrostatic
bearings driven by servomotors. To prevent from backlash movements
in machine rotary table, it is supported by hydrostatic bearings and
driven by a friction drive. The machine is equipped with laser hologram
scales to accurately position 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 piezoelectric dynamometer (Kistler
9256C2) was mounted below the tool holder to measure cutting forces
during the cutting tests. Fig. 1 shows a schematic diagram of the ex-
perimental setup.

A workpiece holder was designed and fabricated to fix the work-
piece to the spindle using a sliding mechanism to adjust the distance
between the workpiece and the center of the spindle. The workpiece
was fixed using three screws to the holder which is then vacuum
chucked to the machine spindle. A metal piece was fixed on the op-
posite side of the workpiece to keep dynamic balance during spindle
rotation. To guarantee the accuracy of results, all machining tests were
repeated twice at the same conditions.

Fig. 4. Changes of specific cutting force with hmax.

Fig. 5. Changes of shear angle with hmax.

Fig. 6. Schematic illustration of pore deformation in cutting porous tita-
nium.
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In order to evaluate the machined surface texture, a white light
interferometer was used and the surface profile was analyzed by the
Talymap software (Taylor Hobson Ltd.). A scanning electron micro-
scope (SEM, Model Inspect S50) was used to observe the chips, the
machined surfaces and tool wear. SEM images of the machined surface
were then used for analyzing the surface porosity using the ImageJ
software. To evaluate surface 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.

2.3. Cutting tool and cutting model

In this study commercially available single-crystal diamond tools
with a nose radius of 1.0mm, rake and clearance angles of 0° and 6°,
respectively, were used in the experiments. In ultraprecision diamond
turning with a round-nosed tool, the maximum undeformed chip
thickness (hmax) is an important parameter to evaluate the cutting
performance. Fig. 2 shows a schematic model for diamond turning with
a round-nosed tool. hmax can be calculated from the tool nose radius R,
depth of cut a and tool feed rate f, using the following equation when

< −f Ra a2 2 [10,11].

= − + − −h R R f f Ra a2 2max
2 2 2 (1)

When ≥ −f Ra a2 2 , however, hmax is equal to the depth of cut (a).

2.4. Machining parameters

Four feed rates and two depths of cut were used to cut concentric

areas on each sample. Since the distance of each area from the spindle
center is different, spindle rotation rate was adjusted for each area to
get the same cutting speed in all tests. Table 2 shows the machining
parameters of experiments. In addition, experiments were performed
under dry cutting conditions and wet conditions using a coolant, re-
spectively. As coolant, CASTY-LUBE® B-905, a fatty acid ester, with a
density of 0.8782 (15 °C) g/cm3 was used in the form of mist jet.

2.5. Finite element simulation

To assist understanding the material removal mechanism of porous
titanium, the material deformation in the cutting area was simulated by
using AdvantEdge, a finite element (FE) machining simulation program
produced by Third Wave Systems USA. Two-dimensional simulations of
orthogonal cutting were performed, thus, the undeformed chip thick-
ness 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 (r) smaller than 100 nm, as
used in the experiment, was extremely time-consuming in simulations,
so an edge radius of 400 nm was used. Accordingly, depth of cuts (a)
were also enlarged in the simulation to keep the same proportion of
depth of cut to edge radius as that in experiments. The coefficient of
friction between tool rake face and chip used in the FE simulations was
0.7, which was obtained from in micrometer scale cutting experiments
of titanium. For workpiece and tool meshing, the minimum element
size was set to 100 nm. The mechanical properties such as ultimate
tensile strength, yield strength and hardness used in the simulations
were the same as those of as-received titanium samples. The modified
power law constitutive model, which was defined by the AdvantEdge

Fig. 7. SEM micrographs of back sides of chips at (a) hmax=1676 nm, (b) hmax=12331 nm in cutting porous titanium, and (c) hmax=1676 nm, (d) hmax=12331 nm in cutting pure
titanium.
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Fig. 8. SEM micrographs of chips generated in
porous titanium cutting at (a) hmax=4999 nm and
(b) hmax=949 nm. For comparison, chips generated
in pure titanium cutting at (c) hmax=4999 nm and
(d) hmax=949 nm are also shown.
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Fig. 9. FE simulations of chip formation behavior near a pore
(a=2r).
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software, was used as the stress-strain constitutive of workpiece mate-
rial.

3. Results and discussion

3.1. Cutting force characteristics

Fig. 3 shows the principal force (Fc), thrust force (Ft) and resultant
force (Fr) during machining titanium (Ti) and porous titanium (PTi) at
two depth of cuts.

The figure indicates the decrease of resultant force as feed rate
decreases. There is also an increase in cutting forces as depth of cut
increases from 5 to 15 μm. Comparison of cutting forces between pure
titanium and porous titanium shows that, although the magnitude of
cutting forces of pure titanium is about 15% greater than that of porous
titanium at a high feed rate (100 μm/rev) and depth of cut (15 μm), this
percentage becomes zero at a low feed rate (1 μm/rev). The gap in
cutting force between pure titanium and porous titanium is caused by
the pores which reduces the effective volume of deformed material.

Fig. 4 shows the results of specific cutting force with respect to hmax.
As h max decreases, the specific cutting force increases slightly in the
micro level, and then sharply when h max approaches the submicron
level. The sharp rise in specific cutting force at an extremely small
undeformed chip thickness contributes to chip tearing phenomenon in
pure titanium cutting [12]. As the ratio between the undeformed chip
thickness and the tool edge radius decreases, the size effect in specific
cutting force is predominant, as known in traditional metal cutting
[13–20]. Decreasing this ratio also leads to an increase in fluctuation of

specific cutting force, as shown in Fig. 4, due to the pores and saw-
toothed chip formation. The specific cutting force in porous titanium
cutting is slightly lower than that in pure titanium cutting due to the
existence of pores and the different disappear as h max decreases.

3.2. Chip morphology

Next, the shear angle φ, which is defined as the angle between the
shear plane and the cutting direction, was derived from arctangent of
the ratio (rc) of undeformed chip thickness (h) to the chip thickness (l),
which were experimentally measured from SEM photographs of the
chips, as shown in Fig. 5. Although the shear angle for porous titanium
demonstrates a similar trend to that for pure titanium workpiece with
respect to undeformed chip thickness, the shear angle of porous tita-
nium is larger than that of pure titanium. The difference of shear angle
is ∼10° under the present conditions.

The significant difference in shear angle between pure titanium and
porous titanium is due to the presence of pores. This difference can be
explained based on deformation process of pores in the shear zone.

The presence of pores causes the edge-induced stress to be released
as it reaches a pore leading to decreasing specific cutting force down to
20% in micro-scale cutting as it is already shown in Fig. 4. Decreasing
specific cutting force is the main reason of increasing shear angle in
porous titanium cutting [21,22]. However, as undeformed chip thick-
ness decreases to the nanometer scale, shear angle gap vanishes and
specific cutting force increases due to the welding phenomenon (see
more in Section 3.3).

The pores can be divided into two categories respecting to their

Fig. 10. SEM micrographs of front sides of chips of (a) porous titanium and (b) pure titanium at the same undeformed chip thickness (hmax=172 nm).
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Fig. 11. SEM micrographs of machined surface of porous titanium at (a) hmax= 12331 nm, (b) hmax=1676 nm, and (c) hmax= 172 nm.

Fig. 12. Image-processed results for calculating surface porosity on the machined surface of porous titanium at hmax= 12331 nm.
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sizes: pores smaller than undeformed chip thickness and pores bigger
than undeformed chip thickness, the ratio of which decreases as un-
deformed chip thickness decreases.

Fig. 6 is a schematic illustration of the deformation process of pores
in porous titanium cutting. A square element is used to present a pore,
which is deformed into a rhombus after passing through the shear

plane. Fig. 6a shows the deformation of a pore with size less than un-
deformed chip thickness. The pore is remained inside the chip after
deformation, and the ratio of d’ to d”, which indicates pore close, de-
creases with the shear angle. Thus, the pores with size less than un-
deformed chip thickness tend to be closed due to shear deformation.
The possibility of air entrainment in the chip is very low owing to the
fact that most of the pores in porous titanium are interconnected. The
effect of pores also depends on the depth of pore in the workpiece.
Fig. 6b illustrates two pores with the same size as that in Fig. 6a but at
two different locations. For the pore near the workpiece as indicated by
“II”, the pore remains in the chip as an opening on the chip surface;
while for the deeper pore indicated by “III”, the bottom part remains on
machined surface leading to an open cavity on the surface, and the top
part causes an opening on the back side of the chip. In addition to the
effect of shear deformation on deformation of pore, the chip-tool fric-
tion has profound influences on the deformation of pore, as indicated
by pore “III”. Interface friction in chip-tool contact zone causes the top
part of pore “III” to be closed. Where a pore is very large, as indicated
by pore “IV” in Fig. 6c, the pore not only causes a big opening on the
machined surface but also leads to chip segmentation.

Fig. 13. Change of porosity percentage with hmax.

Fig. 14. FE simulations of cutting behavior near pores (Mises stress) at (a) a= r and (b) a=2r.
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Fig. 7a and b show the back sides of chips generated in the cutting of
porous titanium in comparison with chips generated in cutting of pure
titanium (Fig. 7c and d). It is clear that the chips of pure titanium have
very smooth surfaces, whereas those of porous titanium are rougher
and contain many opening pores and chip tearing phenomenon found
in pure titanium cutting (Fig. 7c) [12] takes place at a small h max for
porous titanium too (Fig. 7a). Compared to pure titanium chips
(Fig. 7c), the porous titanium chips are torn more significantly (Fig. 7a),
indicating that the presence of pores increases the possibility of chip
tearing.

Differences were also confirmed on the front sides of the chips. As
shown in Fig. 8, the chips of porous titanium have sharp segments
protruding from the surface. This kind of chip segmentation might have
been caused by the big pores indicated by “IV” in Fig. 6c. The pores
induce big gaps inside chips which terminates shear deformation of the
material. As a result, the chip will be segmented and the material will
protrude out of the gap without shear deformation. Although, the
segment protruding phenomenon does not occur on the back side of the

chip due to chip-tool friction. The protruding chips are distinguished
from the regularly segmented chips by the features that the protruding
chips are generated randomly and separated with each other; whereas
for the regularly segmented chips, the lamella structures are long and
uniform along the chip width. By comparing Fig. 8a and b, it is seen
that the chip segment protruding phenomenon becomes insignificant as
undeformed chip thickness decreases. For pure titanium, however, as
shown in Fig. 8c and d, the chips have regular lamella structure without
segment protrusion.

Fig. 9 shows FE simulation of cutting process near a pore the size of
which is twice of the depth of cut. In the simulation, the formation of
protruding chip segments can be confirmed. As tool tip feeds toward
pore, the deformation occurs on pore edge close to the tool, while other
edge is not influenced (Fig. 9a and b). This results in a kind of disorder
in continuous chip generation and induces a big gap inside chips which
terminates shear deformation of material leading to the protruding
material out of the gap (Fig. 9c and d). It should be noted that when
large saw-toothed chips are generated, the location of pore associated
with saw-toothed chip formation will affect the chip shape and the
timing of protruding generation.

As undeformed chip thickness decreases to hmax=172 nm, the effect
of pores on chip formation has become more obvious, as shown in
Fig. 10. Chip tearing in porous titanium cutting are more significant
than those in the cutting of pure titanium. The pores might become
sources for chip tearing. The chip tearing phenomenon has a remark-
able impact on machined surface topography at extremely small h max

[12].

3.3. Machined surface topography

Fig. 11 shows SEM micrographs of the machined surface of porous
titanium. It is seen that as h max decreases, more pores are closed. At an
extremely small h max (172 nm), almost no open pores are observed on
the machined surface (Fig. 11c). Analyzing the SEM images using Im-
ageJ software indicates a surface porosity of ∼29% at
hmax= 12331 nm. Fig. 12 shows an example of SEM image processed to
calculate the area ratio of surface pores by the ImageJ software.
However, the surface porosity decreases to ∼1% at hmax= 172 nm as
shown in Fig. 13. During cutting, only the porosity of the surface layer

Fig. 15. FE simulations of cutting behavior near pores (Pressure) at (a) a= r and (b) a=2r.

Fig. 16. Cutting forces of pure titanium (Ti) and porous titanium (PTi) in wet condition at
depth of cut (a) 5 μm and (b) 15 μm.

Table 3
Vicker hardness (HV) of machined surface.

f

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

Ti-Dry 15 μm 173.1 181.1 181.2 189.4
Ti-Coolant 175.8 191.1 197.2 191.1
Increase% 1.6 5.5 8.8 0.9
Ti-Dry 5 μm 182.2 192 185.3 189.1
Ti-Coolant 183.4 193.5 192.9 190.9
Increase% 0.7 0.8 4.1 1.0
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is changed while the internal region is unaffected, thus the surface
porosity evaluated by area fraction is considered in this study instead of
volumetric porosity.

Two factors might have affected the phenomenon of pore closing:
the high shear stress induced by tool edge, and chips embedding into
the pores. The tool-induced high shear stress causes extensive plastic
flow of material beneath the tool edge, leading to pore closing. The
detached parts of chips might enter the pores and embedded after tool
pass, causing pore closing.

Fig. 14 shows FE simulations of cutting behavior around a square-
shape pore at two different depths of cuts (a). In this case, the pore is 5
times bigger than the tool edge radius (r). When the tool tip feeds

toward an edge of a pore at extremely small undeformed chip thickness
(Fig. 14a), the tool-induced high pressure pushes the chip to reach the
other side of the pore. Due to high contact pressure, interfacial welding
phenomenon occurs between the chip and workpiece surface, which
leads to pore closing and boundary generation as shown in Fig. 11b2
and c2. As shown in Fig. 15a, the pressure in the contact area between
the chip and the workpiece is more than 500MPa, which is higher than
the yield strength (300MPa) of pure titanium, and thus able to cause
interfacial welding. The torn chip accelerates the process entering chip
into pores and welding phenomenon. At higher undeformed chip
thickness, however, welding phenomenon does not occur due to the fact
that chip generated is more uniform and stress is not concentrated

Fig. 17. Schematic illustration of coolant effects.

Fig. 18. SEM micrographs of tool tip in cutting of porous titanium for a cutting distance of 100m at (a) dry (b) wet conditions.
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compared to low undeformed chip thickness, thus pores remain open,
as shown in Fig. 14b and Fig. 15b.

The welding phenomenon occurring in cutting porous titanium may
justify the reason why there is no significant difference in cutting forces
between pure titanium and porous titanium at extremely fine un-
deformed chip thickness (Fig. 3).

3.4. Coolant effects

Fig. 16 shows the results of cutting force measurements during
machining of both pure titanium and porous titanium in wet cutting
using coolant.

Compared with dry cutting (Fig. 3), wet cutting decreases cutting

force slightly. The use of coolant might have two double-face effects on
cutting force. One is the lubrication effect, i.e., the coolant can pene-
trate the pores and lubricate both the tool-workpiece interface and the
shear deformation zone along the shear plane, and in turn, decreases
cutting forces. The other is the cooling effect on work hardening, which
increases cutting forces. Large-strain deformation enhances strength
and hardness in machining titanium [23]. This work hardening process
will be affected by temperature, so that resulting surface hardness will
change with temperature. Using coolant causes rapid cooling and en-
hances the work hardening effect. Fig. 17 shows a schematic model for
coolant effects on the cutting process.

Tables 3 shows the results of micro Vickers hardness for the ma-
chined surface of pure titanium at different depths of cuts. The results

Fig. 19. SEM micrographs of tool tip in cutting of porous titanium for a cutting distance of 1 km at (a) dry (b) wet conditions.

Fig. 20. SEM micrographs of tool tip in cutting of porous titanium for a cutting distance of 2 km at dry condition.
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demonstrate that a ∼9% increase in surface hardness occurs after wet
machining. This phenomenon might be explained by the effect of
coolant on cooling rate of the machined surface. Kitagawa et al. [24]
recorded a temperature between 800 and 900 °C in cutting area during
continuous cutting of titanium alloys at a cutting speed of 50m/min.
After tool passes, the coolant penetrates the fresh surface and increases
the cooling rate that may increases surface hardness.

3.5. Tool wear

Fig. 18 is the SEM micrographs of the tool edges after cutting of
porous titanium for a cutting distance of 100m. The h max was changed
from 99 nm to 12331 nm during this cutting distance, and 96% of the
total cutting distance was performed at a maximum undeformed chip
thickness less than 500 nm. As shown in Fig. 18a, material adhesion on
the tool face in porous titanium cutting is lower than those in pure
titanium cutting [12]. This might be due to the lower density of porous
structure and the lower contact pressure at the tool-workpiece inter-
face. Using a coolant helps to lubricate the interfaces of tool rake face
and chip, flank face and machined surface, and thus decreases the
quantity of material adhesion on those tool faces, as shown in Fig. 18b.
Nevertheless, the coolant cannot penetrate into the tool tip region
during the cutting process due to the high cutting speed, thus the ma-
terial adhesion near the cutting edge (tool tip) is almost the same.

In order to investigate tool wear characteristics in porous titanium
cutting, the tools were observed for different cutting distances. Before
observation, in addition to washing in alcohol, tools were cleaned using
an ultrasonic cleaning with acetone to remove any adhering debris.

As shown in Fig. 19a, a micro chipping was observed after a cutting
distance of 1 km in dry cutting. The cutting distance for micro chipping
occurrence is longer than that of pure titanium cutting at the same
condition [12]. Next, experimental tests were repeated in a wet con-
dition by applying the coolant. Observations showed that material ad-
hesion on tool faces sharply decreased compared to dry cutting
(Fig. 19b).

As cutting distance increases to 2 km (Fig. 20), the process of
forming built-up-edge led to extensive micro chippings and premature
failure of the tool. That means the more pores were closed due to higher
pressure induced by the dull tool tip during the cutting process.
Moreover, the debris adhesion also increased.

The results demonstrate that the tool wear in ultraprecision cutting
is concentrated to tool edge, which is different from micrometer-scale
cutting where flank wear land and crater wear on rake face are domi-
nant [25–27].

Titanium has high chemical reactivity with many cutting tool ma-
terials. As a result, cutting tools wear very rapidly due to the highly
localized stress and strong adhesion at the tool-chip interface (rake
face) and tool-workpiece interface (flank face) close to tool cutting edge
[28,29].

The graphitization of diamond in the cutting of titanium using
diamond tool has been investigated by many researchers. They showed
that cutting pressure and temperature promote graphitization re-
markably [30–33]. In ultraprecision machining, pressure significantly
increases as undeformed chip thickness decreases that may cause rising
localized stress and accelerate tool wear.

4. Conclusions

The mechanism of cutting and surface integrity in the ultraprecision
diamond turning of porous titanium was investigated under various
conditions. The following conclusions were obtained:

(1) The presence of pores significantly changes mechanism of cutting in
porous titanium compared to pure titanium. The chip morphology
and surface topography depend on pore size and location.

(2) At an extremely small undeformed chip thickness, pores smaller

than undeformed chip thickness will be closed due to the shear
deformation inside chips, while larger pores cause segmentation of
chips and protruding lamella. Pores also act as sources for chip
tearing and crack propagation.

(3) As undeformed chip thickness decreases, most pores will be closed
on the machined surface due to the welding phenomenon, leading
to an average porosity drop from ∼30% to 1%. Larger pores,
however, will remain open on machined surface at a larger un-
deformed chip thickness.

(4) The use of coolant has double-face effects on cutting force. Coolant
penetrates the pores and lubricates the tool-workpiece interface and
the shear deformation, and in turn, decreases cutting forces. Using
coolant also causes rapid cooling, enhances the work hardening
effect and increase machined surface hardness.

(5) Tool wear in cutting porous titanium is suppressed compared with
that of pure titanium, especially in wet cutting.
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