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Abstract
The machining efficiency of hardened steel molds can be significantly improved through high-speed deep milling. However,
under these circumstances, the temperature and milling force increase greatly, and the end mills are subjected to rapid wear. A
feasibility study of the oil-on-water (OoW) method in the high-speed end milling of P20 hardened steel was conducted. The
experimental results show that the tool life of OoW is significantly longer compared with that of dry cutting and compressed air
cooling. Moreover, the OoWmethod promotes tool life under low- and high-speedmilling conditions. Thermal wear phenomena
(e.g., adhesion) are evidently suppressed, and the development of the milling force and tool wear is considerably slowed down in
OoW processing. The main reason for the excellent cooling and lubrication performance of the OoWmethod is that a two-layer
film (oil film + water film) is formed when the OoW droplets collide with the cutting interface. The evaporation of the water film
removes much heat and prevents the high-temperature failure of the oil film. Moreover, the single use of oil mist and water mist
leads only to a single-layer film, resulting in an evidently shorter tool life than that of the OoW method. In the OoW cutting
process, the chipping belt of the flank face is discontinuous, and the wear of the adhesion/attrition is less severe compared with
those of the other processing modes. In addition, the tool wear and chipping belt occur with a certain amount of material peeling,
and the thermal fatigue and mechanical behavior of the tool substrate in a certain temperature range are the main reasons for the
discontinuity of the chipping belt in the OoW process.
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Nomenclature
ap Axial depth of cut
ae Radial depth of cut
α Spraying angle
Vc Cutting speed
fz Feed per tooth
Ra Surface roughness
Fx Force in the x-direction
Fy Force in the y-direction
To Object surface temperature
Tj Coolant jet temperature
k Heat transfer coefficient
S Spalling width of materials

Df Depth of chipping on flank face
Dr Depth of chipping on rake face

1 Introduction

Hardened steel is a difficult-to-machine material with hard-
ness values ranging from 45 to 65 HRC. This material has
been widely used to manufacture molds owing to its good
wear resistance and high hardness. These hardened molds
are frequently processed with carbide spiral end mills. To ex-
ploit the side milling capability of the end mill and improve its
cutting efficiency, a deep axial depth of cut (ap) and a short
radial depth of cut (e.g., ae ≤ 1.0 mm) are often chosen in the
actual machining process [1]. The machining efficiency can
be remarkably improved by significantly increasing the axial
depth of cut ap of the end mill. This machining approach for
spiral end mills is known as “deep milling” [2]. Moreover, the
material removal rate can be significantly improved through
the high-speed deep milling mode. However, the temperature
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and milling force increase significantly with the milling of
hardened steel, which may lead to a rapid tool wear.
Therefore, investigating tool wear of different cooling
methods in the high-speed deep milling process of hardened
steel is important for mitigating tool loss and improving the
deep cutting capacity and machining efficiency.

Flood cooling has been widely used during turning and
milling to minimize the high temperature of the tool’s cutting
edge. However, it pollutes the environment and affects the
health of workers. Moreover, this method results in high pro-
duction costs. Dry cutting with a coated tool is the ideal meth-
od for hardened steel processing because it causes no contam-
ination and does not require additional auxiliary devices or
equipment during processing. Although the coating technolo-
gy has developed significantly, the rapid wear of coated cut-
ting tools remains a problem in the processing of difficult-to-
machine materials such as hardened steel. Compressed air
cooling is a pollution-free cooling method that is commonly
used in deep milling. Compared with dry cutting, compressed
air cooling can transfer the heat of the cutting area more ef-
fectively, thereby reducing the cutting temperature and
prolonging the tool life. However, because the heat transfer
coefficient of compressed air cooling is not sufficiently high,
the improvement of the tool life is limited. A better cooling
method must be determined through further research.

Some reinforced cooling methods, e.g., carbon dioxide
cooling, LN cooling, and cryogenic air cooling, are applied
to difficult-to-cut materials, as they can effectively lower the
temperature of the tool and workpiece, improve the cutting
surface quality, and reduce the tool wear. According to the
high-speed cryogenic finish machining experiment of titani-
um alloy Ti–6Al–4V by Schoop et al. [3], tool wear under
conventional flood cooling is more than 4–5 times higher
compared to the cryogenic conditions. Sun et al. [4] found
that applying cryogenic compressed air significantly increased
the tool life compared with dry machining. Further, the in-
crease in tool life is more significant at higher cutting speeds,
as the plastic deformation of the cutting edge occurring during
dry machining was suppressed by the cryogenic compressed
air cooling. Stephenson et al. [5] performed a rough turning on
the Inconel 750 alloy with supercritical CO2. The results in-
dicate that supercritical CO2 increases the tool life or the ma-
terial removal rate, compared to aqueous flood coolants, by
improving the lubricity and changing the dominant wear
mechanism from rapid notch wear to gradual crater wear and
chip hammering. Nevertheless, the three reinforced cooling
methods are costly both in usage and equipment.
Considering the expenditures, these forced cooling methods
are less recommended for adoption in the high-speed milling
of hardened steels.

Minimum quantity lubrication (MQL) is a green cooling
method developed on the basis of compressed gas. The mixed
atomization of compressed gas and micro-oil was sprayed to

the cutting zone to exert a good lubrication effect. To avoid oil
fog pollution, the oil flow rate is controlled to lower than
50 mL/h. Liao et al. [6] studied hardened steel high-speed
milling by applying the MQL method and found that using
MQL can delay the welding of chips onto the tool and, hence,
prolong the tool life when compared with dry cutting.
Khettabi et al. [7] investigated the performance of MQL and
the dry high-speed milling of aluminum alloys. Their results
indicated that the increase in the flow rate lubrication of the
MQL system decreased the cutting force and increased the
particle emission during the milling process. Ganguli and
Kapoor [8] investigated the effectiveness of an atomization-
based MQL spray system. The low-speed end-milling exper-
imental results showed that the MQL approach exhibited a
lower cutting force and a higher surface finish, and the tool
life was extended up to 75% over flood cooling.

MQL has good lubricating performance, but its cooling
effect is insufficient. In some high cutting heat processing
situations, MQL has the problem of high-temperature fail-
ure of lubricating oil. To solve this, a new method known
as oil-on-water (OoW) has been proposed. OoW uses
MQL for lubrication and the phase transformation of water
droplets for the improvement of cooling performance. The
OoW microdroplet gas jet is formed by mixed atomization
of micro-oil and a small amount of water with compressed
gas. Yoshimura et al. [9] developed an OoW nozzle sys-
tem. Its application to the grooving process in the produc-
tion line of engine primary bearings showed that the de-
veloped system can improve the tool life. In an experi-
mental study of turning an aluminum silicon alloy,
Itoigawa et al. [10] found that OoW yielded good lubrica-
tion performance if the appropriate lubricant, e.g., synthet-
ic ester, was used. According to the OoW turning experi-
ments for compacted graphite cast iron by Wang et al.
[11], a lower adhesion on both the tool rake and the flank
faces and a lower tool wear rate were obtained because of
the OoW’s combined effects of cooling and lubrication.
OoW is a promising green cooling method. However,
there is little literature on the research of milling under
OoW condition so far. This paper intends to apply OoW
to high-speed deep milling of hardened steel. The corre-
sponding machining effect and tool wear mechanism need
to be studied.

The interaction between the chip, tool, and workpiece
in the cutting process usually causes tool wear and break-
age. The wear/breakage mechanisms include abrasion, ad-
hesion, attrition, diffusion, thermal fatigue, mechanical
shocks, and chipping. Abrasion wear occurs when hard
particles of the workpiece and particles removed from
the tool rub against the tool flank or rake face.
According to Junior et al. [12], abrasion is the main mech-
anism in the beginning stage of tool life, and the abrasion
wear land generally displays scratches parallel to the
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cutting direction. In addition, adhesion is the welding of
the workpiece material onto the rake or flank face of the
tool; it occurs after the coating has worn out. Attrition is
closely connected to adhesion; it can be defined as the
cyclical adhesion and removal of chip/workpiece material
from the tool. During the process, some tool particles are
torn out, and rough tool surfaces are formed. Furthermore,
diffusion wear during cutting includes the transfer of
atoms between the chip/workpiece and tool; high temper-
atures have an important influence on diffusion wear.
According to Nouari and Ginting [13], the diffusion of
cobalt and carbon is typical when a carbide tool is used
for cutting; it may reduce the roughness and increase the
brittleness of the tool. During milling, the tool experiences
a great thermal shock and mechanical impacts in each
revolution, and cracks, chipping, and fractures are likely
to occur [14]. For hardened steel milling, most studies of
tool wear and damage mechanisms of coated carbide tools
have been conducted on dry cutting; however, few have
investigated MQL. Dolinšek et al. [15] performed hard-
ened steel high-speed milling experiments and discovered
that abrasion, oxidation, and adhesion wear are the major
causes of coated tool wear. Moreover, Wang et al. [16]
used two types of coated carbide tools to study the tool
wear mechanism in the high-speed milling process of
hardened steel. Their experimental results indicate that
the dominant wear patterns include rake and flank wear,
breakage, and microchipping. In the MQL-employed fin-
ish hard milling process with ball-nose end carbide cutters
in [17], the major tool damage mechanisms were notch
wear, adhesion, and chipping. Moreover, in an MQL cut-
ting study, Liao et al. [6] observed adhesion and groove
wear during the high-speed end milling of NAK80 hard-
ened steel. When the oil-on-water (OoW) cooling method
is used in the high-speed deep milling process of hardened
steel, the tool wear evolution and evolution mechanism
may be different from the ones previously mentioned.

In this study, the OoWmethod in a high-speed deepmilling
process was studied. The cooling effect, tool wear process,
and tool wear mechanism of the OoW process are discussed
with the commonly used dry cutting and compressed air
cooling methods. To the best of the authors’ knowledge, no
similar research study has been conducted. The remainder of
this paper proceeds as follows. Section 2 introduces the three
cooling approaches and experimental processes; Sections 3
and 4 discuss the experiment results, and Section 5 provides
the conclusion.

2 Experimental procedure

The machined material P20 mold steel (Table 1) is suitable for
large- and medium-sized precise molds with good hardness
and machinability. The material hardness can reach 50–
54 HRC after quenching, and the dimensions of the hardened
steel P20 workpiece are 25 mm× 90 mm× 300 mm.

Carbide four-flute spiral end mills (Table 2) manufactured
by Zhuzhou Cemented Carbide Cutting Tools Co., Ltd. were
selected to compare the cutting performances in different
cooling processes. The radial and axial rake angles of the tool
are 10° and 45°, respectively, and the elements in the tool
coating are Ti, Al, Si, and N. The microstructure of the carbide
substrate of the end mill is shown in Fig. 1a. The carbide
grains are very fine, and the sizes of most grains are below
0.8 μm. Moreover, the substrate of the cemented carbide tool
comprises mainly a WC hard phase, Co bonded phase, and
small amounts of Ti, Cr, and Nd carbides (TiC, CrC, and
NdC). These small carbide amounts improve the hardness,
strength, and wear resistance of the cemented carbide matrix.

The schematics of the different cooling mechanisms are
shown in Table 3. The OoW method and compressed air
cooling method share the same equipment, and the pres-
sures and flow rates of the compressed air are equal. In the
compressed air cooling method, the compressed air is di-
rectly sprayed with an air gun. In the OoW cutting meth-
od, micro-oil and small amounts of water and compressed
air are transported to an air gun and subsequently atom-
ized, mixed, and sprayed onto the tool. The key spraying
conditions (e.g., spraying angles) and oil–water proportion
are crucial for the cooling and lubrication performance.
The lubricant oil used in the OoW cooling method is syn-
thetic ester (2000-35) with a viscosity (40 °C) of 30 and
flash point of 300 °C.

The high-speed deep milling test was performed on the
MILLTAP 700 machining center (Fig. 2). After each mill-
ing process was completed, the flank wear of the cutting
tool was measured with a twin optics video system
(MARCEL AUBERT). To learn the microcosmic condi-
tions of tool wear and breakage, scanning electron micros-
copy (NanoSEM430) was used for further meticulous ob-
servation. The chip morphology was observed by a micro
three-dimensional (3D) scanner (Alicona). The cutting
force was measured using a three-axis dynamometer
(Kistler9257B) and a multichannel charge amplifier.

The primary cutting parameters are the hardened steel
milling parameters recommended by the factory (Table 4),

Table 1 Major chemical compositions and hardness of P20 steel

Workpiece material C Mn Cr Mo Si P, S Hardness

P20 0.28–0.4 0.6–1 1.4–2 0.3–0.55 0.2–0.8 < 0.03 HRC 50–54
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and the axial depth of cut was increased from 4 to 8 mm.
In actual high-speed milling processes, speeds in the range
of 100–200 m/min are more common. Based on this, the
machining experiments at this cutting speed range were
conducted with the same material removal amount per
tooth (fzapae). Machining was conducted through the dry
cutting, compressed air cooling, and OoW methods based
on two sets of cutting parameters. To improve the accura-
cy of the tool rotation and ensure the balanced wear of the
four cutting edges of the end mill, a precise shrink-fit
holder was employed. Moreover, climb milling was select-
ed for the experiments.

3 Experimental results and discussion

3.1 Determining the optimal spraying conditions
for OoW milling

On the experimental conditions, the oil flow rate was set
as 20 mL/h. Larger values may bring a risk of air pollu-
tion. In addition, a normal flow rate (90 L/min) was cho-
sen for the compressed air, similar to that in [9]. If the
flow rate of the compressed air is increased, the energy
consumption increases. Because the spraying angle and
water flow rate are important parameters, two related ex-
periments were conducted to optimize the two parameters.

3.1.1 Spraying angle

Figure 2 shows the spraying angle diagram. The vertical
spraying angle (α1) was set to 45° to spray the rake and
flank faces. Different horizontal spraying angles (α2) have
different effects during processing. Figure 2b illustrates
four different horizontal spraying angles. When the axial
depth of cut is short, the gas jet can easily reach and cover
the cutting zone of the tools. However, with a long axial
depth of cut (deep milling), the gas emitted at angles 2 or
4 is blocked by the surface of the workpiece and can
hardly reach the tool bottom. Thus, horizontal spraying
angles 1 and 3 were chosen for the experiment.

A comparative experiment was conducted between an-
gles 1 and 3, and the results are shown in Fig. 3.
Compared with angle 3, angle 1 can delay the process of
tool wear and improve the tool life by 34%. The experi-
mental results of López de Lacalle et al. [18] also proved
faster tool wear at angle 3. The reason may lie in two
factors. First, the direction of the air jet in the horizontal
spraying angle 3 is against the chip-flow direction. The
chip flow is impeded by the jet, which will introduce more
heat from the chips to the tool. Second, when blocked by
chips, the air jet cannot enter the cutting contact zone to
effectively cool and lubricate it. Consequently, the tools in
spraying angles 3 wear out more quickly than in spraying
angles 1.

3.1.2 Flow rate of water

The oil–water ratio is an important technological factor in
the OoW cooling method. At a constant oil flow rate, a

Fig. 1 Analysis of tool substrate of spiral endmill. aMicrostructure. bX-
ray energy-dispersive spectroscopy (EDS) results

Table 2 Parameters of end mill

Tool coating Tool matrix material Diameter Radial rake angle Axial rake angle Clearance
angle

Helical
angle

Number of teeth Model

Ti, Al, Si, N C, W, Co φ 8 mm 10° 45° 2° 45° 4 HMX-4E-D8.0
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Table 3 Cooling conditions

Cooling 

approach
Conditions Diagrammatic sketch Equipment

Dry 

cutting Natural cooling in air none
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proper water flow rate results in better lubrication and
cooling functions. Five water flow rates (50, 200, 500,
1000, and 2000 mL/h) were adopted in the OoW milling
experiments. The corresponding results are shown in
Fig. 4. The tool life at 200 ml/L is the longest. Only when
the water flow rate is set appropriately (200 mL/h in this
study), massive tiny OoW droplets, which can easily enter
and cool the cutting zone (Fig. 4b), can be formed and
distributed. Under this condition, the droplets present the
OoW state and yield a good lubricating effect. When the
water flow rate is very small (50 mL/h), the oil–water ratio
approaches 0.4. In this state and at high temperatures, the
atomized OoW droplets tend to boil and sputter.
Therefore, the cooling and lubrication effects are negative-
ly affected. Furthermore, when the water flow rate is high
(e.g., 1000 and 2000 mL/h), the atomized water droplets
encapsulate the oil (Fig. 4b), which weakens the lubricat-
ing effect. Under this condition, the droplets are large and
cannot be evenly dispersed on the tool surface; this may
result in a higher local thermal stress. In addition, tools
with high water flow rates (1000 and 2000 mL/h) experi-
ence more and stronger discontinuous chipping compared

with those at 200 mL/h. This phenomenon may be related
to the uneven thermal change and heat stress. When the
water flow rate is increased, the injection state approaches
the cutting fluid processing conditions. According to [6,
19], large temperature gradients and thermal stresses are
easily generated under the cutting fluid processing condi-
tions. However, according to the scanning electron mi-
croscopy (SEM) results of this study, tools treated with
1000 and 2000 mL/h do not exhibit thermal cracks per-
pendicular to the cutting edge, such as in [6, 19]; more-
over, only several mechanical cracks parallel to the cutting
edge were observed (Fig. 4c). The result may be related to
the tool material characteristics (Fig. 1). The thermal stress
is below the strength of the tool material and does not
cause thermal cracking. In the following section, the rela-
tionship between chipping, thermal stress, and the tool
material will be further discussed.

3.2 Cutting at a low speed (130 m/min)

3.2.1 Tool wear process

Figure 5 shows the tool flank wear with respect to the
accumulative cutting distance for the three machining ap-
proaches. The wear curve of the dry cutting method is
very steep. The initial, stable, and fast wear stages cannot
be clearly distinguished because tool wear exacerbates
very fast in the dry cutting process. The tool of the com-
pressed air cooling approach reaches a short steady wear
stage between the cutting distances 65 and 90 m after the
initial rapid wear; subsequently, the flank wear of the tool
increases dramatically, and catastrophic chipping occurs.
The tool of the OoW approach experiences a longer steady
wear stage at a cutting distance of 65–115 m; afterward,

Fig. 2 Spraying angles. a Spraying angle α1 in vertical plane. b Spraying
angle α2 in horizontal plane

Fig. 3 Comparison of tool wear of spraying angles 1 and 3 (Vc = 170 m/
min, fz = 0.0269 mm/z, ap = 8 mm, ae = 0.5 mm, water 200 mL/h, oil
20 mL/h)

Table 4 Cutting parameters

Vc (m/min) fz (mm/z) ap (mm) ae (mm) fzapae

170 0.0269 8 0.5 1.077

130 0.0337 8 0.4 1.077
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the tool undergoes a very fast wear stage, in which the
curve of the OoW method changes more slowly than those
of the other two methods. The maximal flank wear widths
VB of the three methods do not exceed the tool wear and
failure criteria of VB = 0.3 mm, and the main failure form
of the tools is catastrophic chipping; VB = 0.13 μm is
considered the critical value for the tool failure. The tool
life was found 90, 133, and 191 m at the cutting speed of
130 m/min for dry cutting, compressed air cooling, and
OoW, respectively. Owing to better thermal removal ef-
fect, the tool life of compressed air cooling increases by

48% compared with dry cutting. The tool life of OoW is
significantly longer than that of the other two methods.
Compared with dry cutting and compressed air cooling,
the tool life of OoW increases by 112 and 44%. The lon-
ger life is closely related to the better heat transfer and
lubrication effect of OoW.

3.2.2 SEM analysis of tool wear

Owing to the characteristics of the rake and clearance an-
gles of the spiral end mill (Table 2), the flank face exhibits

Fig. 4 Comparison of tool wear at different water flow rates and cutting
distance of 135 m (Vc = 170 m/min, fz = 0.0269 mm/z, ap = 8 mm, ae =
0.5 mm, oil 20 ml/h): a comparison of tool life; b OoW droplets at 50,

200, and 1000 mL/h; c discontinuous chipping of tool and cracks in
chipping belt at 2000 mL/h
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more severe wear than the rake face. Figure 6 shows a
SEM image of a failed tool used under the dry cutting,
compressed air cooling, and OoW methods. The flank
can be divided into three areas: zones 1–3. Zones 1 and
2 are the worn areas of the tool, and zone 3 is the area of
the flank that remained unchanged. Moreover, zone 1 is
the chipping belt, the main part of the flank wear land. The
chipping belts of zone 1 of the dry cutting and compressed
air cooling methods are relatively continuous, whereas the
chipping belt of the OoW approach is relatively discontin-
uous. The distinct adherent workpiece materials in zone 1
of the dry cutting method experience a higher cutting tem-
perature. Furthermore, there are less adhering workpiece
materials in zone 1 in the compressed air cooling and
OoW methods than in that of the dry cutting method. In
zone 2, ridges and grooves occur parallel to the direction
of the cutting speed for all three methods, which is a typ-
ical feature of abrasive wear. According to the EDS anal-
ysis, the main component of the surface ridges and
grooves is tool coating. The dry cutting method leads to
much adhering material in zone 2 compared with those of
the compressed air cooling and OoW methods. The adher-
ing material is the workpiece material according to the
EDS analysis. Zone 3 is the undamaged flank where the
tool of the dry cutting method exhibits some bulk bonds;
some of the fish scale-like bond widths are greater than
20 μm. By contrast, the compressed air cooling and OoW
approaches lead to less adhesion in zone 3, and most
bonds have a particle size of below 5 μm. In short, the
tool treated with the dry cutting method has more adhered
workpiece material in zones 1–3, indicating weaker heat
transfer and thermal removal capability and higher cutting

temperatures. The compressed air cooling and OoW ap-
proaches result in very light adhesion in zones 1–3 and
can control the cutting temperature better. The adhesion
degrees of the two methods are similar; however, in the
OoW method, the cutting distance is 58 m longer.
Therefore, the OoW approach has more effective heat
transfer and lubrication properties than the compressed
air cooling method.

3.2.3 Evolution of milling force

During the milling process, the sequence of milling force mea-
sured by the i time pausing the machining is Fd − i1, Fd − i2, ...,
Fd − in (d = x or y), and the effective mean force of the node is
calculated by the following formula:

Fd−inms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fd−i1

2þFd−i2
2þ:::þFd−in

2ð Þ.
n

r
ð1Þ

The following formula is used to analyze the range of the
node force:

Fd−irange ¼ Fd−imax−Fd−inms ð2Þ

Figure 7 shows the evolution of milling forces under
dry cutting, compressed air cooling, and OoW at the cut-
ting speed of 130 m/min. The y-direction force surpasses
the x-direction force, indicating that the former is the main
cutting force. Figure 7a is the first analyzed. At the begin-
ning of the cut, the milling forces under the three ap-
proaches are similar both in the x- and y-directions, so
the tools’ shear and friction are close to each other before
the coating’s worn out. The growth rate of cutting force of
dry cutting increases the fastest, OoW the slowest, and air
cooling is in between. Comparing Fig. 7a and Fig. 5, it can
be found that the change trend of milling is consistent with
tool wear. Therefore, the enhancing cutting force with in-
creasing cutting length is believed to be due to the evolu-
tion of tool wear and tool chipping. Owing to the better
thermal removal effect and lubrication ability of OoW
than dry cutting and air cooling, tool wear, chipping, and
adhesion can be controlled to some extent, which helps
delay the evolution process of milling force.

In Fig. 7b, the milling forces under the three approaches
show a slow downward trend in the steady and rapid tool wear
stages. This may be due to the factor that the tool material of
cutting edges gradually peels off as the tool wears.

3.3 Cutting at a high speed (170 m/min)

3.3.1 Tool wear process

Figure 8 shows the tool–flank wear curves under different
machining approaches. After the initial rapid wear, the

Fig. 5 Tool wear curve of hardened steel deepmilling of three methods at
130 m/min cutting speed
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tool in dry cutting reaches a short steady wear stage at a
cutting distance in the range 40–65 m. After that, the flank
wear of the tool increases drastically and catastrophic
chippings may occur. The tool in compressed air cooling
reaches a longer steady wear stage at a cutting distance in
the range 50–100 m, and then the tool undergoes very fast
wear. The tool in OoW experiences a very long steady
wear stage at a cutting distance in the range 40–140 m,
and then the accelerating tool wear leads to tool failure. In
the fast wear stage, the slope of OoW is smaller than that
of the other two methods. Owing to the good cooling and
lubricating effects of OoW, the development of tool flank
wear is effectively delayed.

When the tools of dry cutting, compressed air cooling,
and OoW fail, their flank wear value VB cannot exceed
the tool wear criterion of 0.3 mm. The main form of tool
failure is catastrophic chipping. When the tool fails, sparks
occur in the dry cutting and compressed air cooling cut-
ting. The tool life was estimated as 78, 113, and 210 m at
the cutting speed of 170 m/min for dry cutting, com-
pressed air cooling, and OoW, respectively. The tool life
of compressed air cooling is increased by 45% compared
with dry cutting. The tool life using the OoW method is
significantly longer than that for the other two methods.
Compared with dry cutting and compressed air cooling,
the tool life of OoW is increased by 169 and 86%, respec-
tively. In addition, compared with the properties at a low
cutting speed (130 m/min), the tool lives of the dry cutting
and compressed air cooling approaches are evidently re-
duced at a high cutting speed (170 m/min). However, the
tool life of the OoW approach is not affected by the cut-
ting speed. Hence, the OoW method has better cooling
and lubrication abilities.

3.3.2 SEM analysis of tool wear

At a high cutting speed, the cutting heat and temperature are
often high, and tool wear is more severe. This section de-
scribes the tool wear characteristics in more detail.

Figure 9 shows a SEM image of a failed tool for dry
cutting. The flank can be divided into three main areas:
zone 1, zone 2, and zone 3 (Fig. 9b). Zone 1 is the
chipping belt, which is the main part of the flank wear
land. In dry cutting, the chipping belt formed on the flank
face is relatively continuous (Fig. 9a). This is the area
where the blade cuts, squeezes, and rubs. Under high-
temperature and high-pressure conditions, the workpiece
material is easily welded within the chipping belt. The
enlarged views of Fig. 9d and f show that there are some
evident adhered materials in the chipping belt of zone 1,
which indicates the high cutting temperature. In zone 2,
some ridges and grooves parallel to the cutting direction
can be seen. This is a typical feature of abrasive wear. The

EDS analysis of the ridges and grooves in Fig. 9c and d
shows that the main component is the tool coating ele-
ment. Moreover, some evident adhered materials can be
seen in zone 2, which can be identified as the workpiece
material by the EDS analysis. The tip is a special area. By
analyzing the tool tip from Fig. 9b, it can be found that a
large amount of workpiece material was softened by high
temperature and then laterally flowed and bonded to zone
2 and zone 3, indicating a high tip temperature during
cutting. Zone 3 is the area of the flank that has not been
worn. It is shown in Fig. 9b with large fish scales, each
having a width of more than 20 μm. In addition, Fig. 9e
and f show the tool from another point of view, with sig-
nificant adherent workpiece material found on the
chipping belts and the flank and rake faces. Moreover,
the tool carbide substrate exposed by the adhered material
falling off (indicated by the red arrow) can been seen in
Fig. 9f. Some tool particles are torn out in this process. In
short, the adhesion phenomenon of dry cutting tools is
very prominent, indicating the weak thermal diffusion
and thermal removal ability as well as the high cutting
temperature.

Figure 10 shows n SEM image of a failed tool in com-
pressed air cooling cutting. Similar to dry cutting, com-
pressed air cooling cutting also had very clear zones 1, 2,
and 3. The chipping belt of zone 1 shown in Fig. 10a is
relatively continuous. In the enlarged view of Fig. 10c and
d, there are significant adhered materials (indicated by the
green arrow) in the chipping belt of zone 1, which can be
known as the workpiece material by EDS analysis. The
tool substrate exposed by the adhered material falling off
(indicated by the red arrow) can also be clearly seen in
Fig. 10c. Some tool particles are torn out in this way.
Figure 10c shows the very distinct ridges and grooves in
zone 2, whose subject is tool coating according to the EDS
analysis. And there is a small amount of adherent work-
piece materials in zone 2, lighter than that of dry cutting.
In Fig. 10b and d, the workpiece material softened by the
high temperature and then laterally flowed and bonded to
the surface of the tool can be seen at the tool tip, covering
zone 1 and zone 2 and extending to zone 3, but the adhe-
sive degree was not as severe as that of the dry cutting.
Zone 3 is the unworn area of the flank face. Zone 3 shown
in Fig. 10b and d has some adhered workpiece materials,
whose amount is smaller than that of dry cutting, and the
size of most bond is less than 10 μm. Overall, the adhe-
sive phenomenon of the cutting 113-m tool in compressed
air cooling method is slightly lighter than the cutting 78-m
tool in dry cutting, indicating that the former improves the
heat transfer to some extent. On the other hand, the com-
pressed air cooling method still showed obvious adhesion
during the tool rapid wear stage, which reveals its certain
limitations in thermal transfer and thermal removal.
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Figure 11 shows a SEM image of a tool of OoW at the
cutting length of 180 m. Zones 1, 2, and 3 can be clearly
identified. The discontinuous chipping belt shown in
Fig. 11a is different from that of the previous two
methods. From Fig. 11c and d, there is still a small amount
of adhesive workpiece materials (shown by green arrows)
in the chipping belt of zone 1, as well as the tool substrate
(shown by red arrows) exposing after the adhered work-
piece material is detached. Overall, the chipping belt had
significantly less adhesive than that of the other two
methods, which reflects the effective control of the cutting
temperature. From zone 2 of Fig. 11c and d, the ridges and
grooves caused by abrasive wear and the very small
amount of adherent materials are clearly visible. The

EDS analysis shows that the ridges and grooves are main-
ly tool coatings, and the adhered material is the workpiece
material. Besides, the number and size of the bonded
workpiece material in zone 3 (Fig. 11b) is significantly
smaller than that of the other two methods. In short, the
degree of adhesion from zone 1 to zone 3 of the OoW
mode is significantly less than those of dry cutting and
air cooling. These phenomena indicate better thermal
transfer and thermal removal capabilities of OoW than
the other two modes, as well as its effective control of
cutting temperature.

3.3.3 Evolution of milling force

Figure 12 shows the evolution of milling forces under dry
cutting, compressed air cooling, and OoW conditions. The
y-direction force shown in Fig. 12a evidently exceeds the
x-direction force in Fig. 12b. So the y-direction force is the
main cutting force. This result is consistent with what is
shown in Fig. 7.

Figure 12a is analyzed first. At the beginning of the cut,
the milling forces of the three approaches are similar both
in the x- and y-directions. Thus, the shear and friction of
the cutting tools under the three approaches are close to
each other before the coating has worn out. When the
cutting length exceeded 40 m, evident differences in the
milling forces starts to appear, which to some extent re-
flects that the cooling and lubrication effects of the air jet
begins to manifest after the coating has worn out. The
milling force of dry cutting increases very rapidly after
reaching the cutting length of 40 m, and it exceed 300 N
at the cutting length of 70 m. However, the milling force

Fig. 7 Milling force at the cutting speed of 130 m/min. a y-direction. b x-
direction

Fig. 8 Tool wear curves of hardened steel deep milling of the three
methods at 170 m/min cutting speed

�Fig. 6 SEM images of the worn tool of dry cutting, compressed air
cooling, and OoW. a–c Dry cutting at the cutting distance of 90 m. d–f
Compressed air cooling at the cutting distance of 133 m. g–i OoWat the
cutting distance of 191 m. Green arrows indicate the adhesion materials
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of the OoW mode increases very slowly and exceeds
300 N after the cutting length of 150 m. The milling force
variation range of compressed air cooling is between those
of dry cutting and OoW. Comparing Fig. 12a and Fig. 8, it

can be found that the change trend of milling is consistent
with tool wear. Therefore, the increase in the cutting force
with cutting length is believed to result from the evolution
of tool wear and tool chipping. Owing to better thermal

Fig. 9 SEM images of worn tool of the dry cutting method with a cutting
distance of 78 m. a Flank face of tool. b Flank face near the tip. c Partial
enlarged view. d Partial enlarged view. e Rake and flank faces and

chipping belt. f Partial enlarged view. Green arrows indicate adhering
materials, and red arrows indicate detachment of adhering materials
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removal effect and lubrication ability of OoW than dry
cutting and compressed air cooling, tool wear, chipping,
and adhesion are controlled to some extent, which delayed
the evolution of the milling force.

In Fig. 12b, the x-direction milling force of OoW did
not change significantly during the stable tool wear stage

(40–120 m), and exhibited a slow downward trend in the
rapid tool wear stage (120–180 m). This may be related to
the gradual peeling of the cutting-edge material, which
requires further analysis, to be addressed later. In the late
wearing stage of the tool in compressed air cooling and
dry cutting, the x-direction milling force did not decrease

Fig. 10 SEM images of worn tool of compressed air cooling method with a cutting distance of 110m. a Flank face of the tool. b Flank face near the tip. c
Partial enlarged view. d Partial enlarged view. e Rake and flank faces and the chipping belt. f Partial enlarged view

Int J Adv Manuf Technol (2020) 107:271–292 283



but showed a significant upward trend, which may be re-
lated to the increasing material adhesion.

4 Discussion

4.1 Cooling and lubrication of compressed air cooling
and OoW methods

4.1.1 Comparison of heat transfer coefficients of the three
methods

When the heat generated from the cutting zone is removed by
heat convection, the heat removal rate depends on the physical
ability of the coolant. Fourier’s law of conductive heat transfer
indicates that the heat flux (q) is given by

q ¼ kΔT ¼ k To−T j

� � ð3Þ

In this formula, To is the object surface temperature, Tj
is the coolant jet temperature, and k is the heat transfer
coefficient. According to Eq. (3), when the temperature
variation is constant, the heat removal capacity increases
with increasing heat transfer coefficient.

The heat transfer of the compressed air cooling ap-
proach is much greater than that of the dry cutting method.
The temperatures measured in [20, 21] for the dry cutting
approach provide evidence. The compressed air cooling
approach can reduce the cutting temperature by 15–25%
compared with that of the dry cutting method with differ-
ent cutting parameters [20, 21]. The OoW approach uses
compressed gas with the same pressure and flow rate as
the compressed air cooling method. For pure gas, the heat
transfers of the two methods are comparable. However,
the amounts of water and trace oil have to be considered
in the OoW method. When water is mixed with com-
pressed gas and becomes atomized to form a two-phase
jet, a heat transfer coefficient of approximately 22 times
that of the compressed gas approach can be obtained [22].

Fig. 11 SEM images of the tool of OoWmethod at a cutting distance of 180 m. a Flank face of the tool. b Flank face near the tip. c Partial enlarged view.
d Partial enlarged view
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Therefore, the heat transfer coefficients of the OoW, com-
pressed air cooling, and dry cutting methods decrease in
this order, and that of the OoW method is significantly
greater.

4.1.2 Cooling and lubricating of compressed air cooling
method

In deep-cut high-speed milling of hardened steel, shearing and
friction generate a large amount of cutting heat. Dry cutting
has lower heat transfer and the cutting heat removed by air is
also limited. Moreover, there is a gas barrier layer in high-
speed milling, and the chips are difficult to discharge. These
result in more heat accumulated on the tools. Thus, the tem-
perature of the cutting edge of dry cutting is relatively higher
with severe thermal wear such as adhesion. As shown in
Figs. 6 and 9, at both cutting speeds (130 and 170 m/min),
the flank face at zones 1–3 generates significant bonds.

To cool and lubricate the cutting tools and lengthen their
life in compressed air cooling and OoW, the following prereq-
uisites should be met first: the gas velocity is higher than the
peripheral velocity of the rotating tool, and the gas is able to
penetrate the tool/chip/workpiece interfaces. According to
López de Lacalle et al. [18] and An et al. [22], the injection
speed of the compressed gas can reach 120–300 m/s, which is
much faster than the cutting speed of 3 m/s. According to
Klocke et al. [23], whether the jet can intervene in the cutting
zone is closely related to the jet pressure. Klocke et al. [23]
presented the following formula:

F jet

Ajet
¼ 2� p−pambientð Þ ð4Þ

Equation (4) reveals that the mechanical pressure of the jet
depends exclusively on the jet supply pressure. High-pressure
gas is applied both in air cooling and OoW, whose mechanical
pressure is sufficient to break through the gas barrier layer
created by the tool’s rotation.

Owing to the high-speed and high-pressure features, the air
jet of the compressed air cooling approach can enter the cut-
ting interfaces between the tool and chips and the tool and
workpiece for effective cooling and lubrication. A significant
amount of heat is removed by the compressed gas, which
decreases the cutting temperature effectively. The direct ben-
efit of the low temperature in the cutting zone is the reduction
of diffusion and adhesion phenomena, which maintains the
strength and creep resistance of the cutting edge and, thus,
decreases the tool wear and breakage [20]. Compared with
those of the dry cutting method, the tool lives of the com-
pressed air cooling approach at 130 and 170 m/min cutting
speeds are 45 and 48% higher, respectively; this is the direct
result of the effective heat removal and temperature reduction
in the cutting zone. However, at higher cutting speed (170 m/
min), there is still evident adhesion at the later stage of tool
wear (Fig. 10), indicating certain limitations of the heat re-
moval capability in compressed air cooling.

4.1.3 Cooling and lubricating of the OoW method

In the OoW approach, oil, water, and gas are mixed to form
atomized jets. The high-pressure gas carrying atomized
microdroplets can break through the gas barrier layer into
the cutting contact zone. The water is mainly responsible for
cooling, which increases the heat transfer coefficient of the
OoW method significantly compared with that of the com-
pressed air cooling approach. The oil is mainly responsible
for lubrication, thereby reducing the cutting heat generation.
Owing to the good cooperation between the oil, water, and
gas, the OoW method exhibits an excellent thermal removal
ability, and the cutting temperature can be effectively con-
trolled at a lower level. The high-temperature wear mode of

Fig. 12 Milling force at the cutting speed of 170 m/min. a y-direction. b
x-direction
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the OoWapproach (e.g., adhesion) is significantly less severe
than that of the compressed air cooling approach. Based on the
good heat removal and lubrication abilities, the OoW method
delays the tool wear process and extends the tool life consid-
erably. At 130 and 170 m/min cutting speeds, the tool lives of
OoW are, respectively, 44 and 86% longer than those of the
compressed air cooling method. In addition, the tool life of the
OoW method is not affected by the cutting speed. At a high
cutting speed (170 m/min), the tool life of OoW is slightly
higher than the tool life at a low cutting speed (130 m/min)
(Figs. 5 and 8). However, the tool life of both dry cutting and
air cooling approaches is easily affected by the high heat
caused by the high cutting speed (Figs. 5 and 8). Evidently,
the OoW method exhibits a more excellent cooling and lubri-
cating performance and is suitable for cutting at high cutting
speeds.

Water and trace oils are indispensable in the OoW method.
If the oil mist (MQL) and water mist are sprayed separately,
the tool wear proceeds significantly faster than in the OoW
method, as shown in Fig. 13. The OoWapproach is evidently

superior to the separate use of water and oil mists, which
should be related to its special cooling/lubrication mechanism.

The cooling and lubricationmechanisms of the OoWmeth-
od can be explained with Fig. 14. The OoW approach results
in a high number of droplets. The body of each droplet is
composed of water, and the outer surface is covered by an
oil film. When these droplets collide with the hot tool face,
they are flattened owing to inertia, and their top membrane
breaks owing to the high tension and increasing temperature.
Subsequently, the droplets spill around and form a double-
layer film structure (Fig. 14b). When the oil film is applied
to the blade surface, the water film resides over the oil film.
Moreover, the oil film absorbs the heat of the tool, and the
water film absorbs the heat of the oil film. Because the flash
point of oil (300 °C) is higher than the boiling point of water
(100 °C), the water film evaporates after absorbing the heat.
This decreases the temperature of the tool and oil film and
prevents a high-temperature failure of the oil film.
Furthermore, the oil film on the blade surface is applied to
the cutting zone by capillary tubes to provide good lubrica-
tion. If the water flow rate is high, the OoW formation does
not occur; instead, a water-on-oil formation is created
(Fig. 14c). The water-on-oil droplets form a two-layer film
on the blade surface, and the oil film is stretched over the
water film. When boiled by the high temperature of the blade
surface, the water film generates bubbles that can break
through the oil film. This may cause the oil splash and de-
crease the lubrication effect. This explains why the tool treated
with the water-on-oil approach in Fig. 4 wears faster than the
tool treated with the OoW approach. When the oil and water
mists are sprayed separately, the droplets hit the blade surface
and form a single-layer film. A single-layer oil film is prone to
a high-temperature failure, and a single-layer water film ex-
hibits a very poor lubrication effect. Therefore, the tool lives
of the oil mist (MQL) and water mist methods are shorter than
that of the OoW approach (Fig. 13).

4.2 Evolution of tool wear and breakage in dry
cutting, compressed air cooling, and OoW cutting
methods

The milling process is a typical interrupted cutting method.
The tool is subjected to high cyclic thermomechanical impacts
and cyclic stresses in the high-speed milling process, resulting
in wear and breakage (e.g., abrasive wear, adhesive wear,
diffusion wear, chipping, and tip breakage) [16, 24, 25].
These wear and breakage forms may occur in the high-speed
deep milling by different cooling and lubricating methods in
this study. In both the steady and rapid wear stages of the three
processing methods, the tools have an evident chipping belt,
which occupies most of the flank wear band. Understanding
the formation and development of chipping belts is crucial for
understanding the tool wear and breakage mechanism.

Fig. 13 Comparison of tool wear under three conditions. a Water mist
and OoW. b Oil mist and OoW
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4.2.1 Main wear and breakage forms of dry cutting,
compressed air cooling, and OoW methods

Abrasion is one of the main tool wear mechanisms and can
promote the tool wear and chipping development significantly
[26]. All three cooling and lubrication methods exhibit signif-
icant abrasion on the tool flank faces and no evident abrasion
on the rake faces. On machined tools at the cutting speeds of
130 and 170 m/min (Figs. 6, 9, 10, and 11), ridges parallel to
the cutting direction can be clearly observed in zone 2 of the
flank face. This is a typical indication of abrasion wear. From
the EDS analysis, it can be determined that the grooves and
ridges of zone 2 are coating elements. There are no significant
grooves or ridges in the chipping belt of the flank zone 1.
From these phenomena, the role of abrasion wear in the de-
velopment of the wear belt can be concluded to consist mainly
of the following two aspects. First, coating wear is a prelude to
the formation of the chipping belt, whereas abrasion wear is
the main form of wear. Second, as the surface coating is grad-
ually worn and the tool substrate is gradually exposed, the
chipping belt is expanded accordingly. For the bare chipping

belt, abrasion may still play a role in its wear, but other wear
forms will gradually become dominant.

Adhesion is another main tool wear type. The dry cutting
and compressed air cooling methods result in significant ad-
hesion. Adhesion of the workpiece material can be observed
on the rake and flank face. As shown in Figs. 6, 9, and 10, in
dry cutting and compressed air cooling, certain adhered mate-
rials appeared on the rake face and more evident adhered
materials on the flank face. These adhered materials are diffi-
cult to remove with ultrasonic oscillation, reflecting that
strong bonds have been formed between the sticking sub-
stances and the tool. When the adhering materials are hit and
squashed by the tool during the re-entry into the workpiece,
tool wear and chipping become aggravated [27]. In the dry
cutting and compressed air cooling procedures, most adhesion
material resides mainly on the flank face than on the rake face
(Figs. 9 and 10). Therefore, there is a strong adhesion interac-
tion between the tool flank face and workpiece, which pro-
motes the development of the chipping belt of the flank face.
High cutting temperature provides a good environment for the
formation of adhesion. The dry cutting method results in a

Fig. 14 Analysis of cooling and lubrication performances. a Spraying atomized droplets. b OoW mode. c Water-on-oil mode
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higher cutting temperature, and more adhesives are found in
the chipping belt and its surrounding area, which eventually
leads to rapid tool failure. The limited heat transfer in the
compressed air cooling process makes it difficult to remove
the heat in the later tool wear stage effectively, thereby causing
evident adhesion in the chipping belt. In addition, in the dry
cutting and air cooling processes, the adhesion at the high
cutting speed (170 m/min) is more serious than that at the
low cutting speed (130 m/min). Hence, the high cutting tem-
perature is an important cause of adhesion.

Attrition is another wear type that is closely related to ad-
hesion. Both play important roles in the formation and devel-
opment of a chipping belt in the dry cutting and compressed
air cooling processes. Owing to the intermittent attachment
and detachment of the workpiece material, small fragments
of the tool material are plucked and removed by the irregular
attrition [28], thereby resulting in unevenly worn surfaces.
The attrition phenomenon can be seen on the flank face of
the tools treated with the dry cutting and compressed air
cooling methods. As shown in Figs. 9 and 10, rough attrition
regions (indicated by red arrows) occur in the chipping areas
and surrounding areas of the flank faces. Attrition is severe at
high cutting speeds and slight at low cutting speeds.
Therefore, high cutting temperatures are an important reason
for attrition.

Compared with the dry cutting and compressed air cooling
methods, the OoW approach exhibits a better heat removal
performance, which enables an effective control of the cutting
zone temperature.Whether at a low cutting speed (130m/min)
or high cutting speed (170 m/min), the adhesion/attrition is
much lower than those of the other two methods. Therefore,
compared with the other two methods, the effect of adhesion/
attrition in the development of the chipping belt in OoW is
weakened to a certain extent. However, as the cutting speed
increases, the adhesion/attrition may still play a role in the
development of the chipping belt in OoW.

Tool wear is accompanied by tool breakage. During the
formation and gradual expansion, the chipping/flaking belt
of the flank is also accompanied by spalling of the tool mate-
rial near the cutting edge. The material loss of the spiral end
mill is difficult to quantify by common methods. In this study,
through 3D tool scanning, a 3D model of the broken tool is
established, as shown in Fig. 15. Figure 15a slices the 3D
scanned tool through a plane perpendicular to the tool axis
to obtain a cross-sectional outline with four tips. For each
tip, extensions of the rake face curve and the flank curve are
made and intersect at a point. Three parameters can be defined
based on Fig. 15a: the spalling width S, chipping depth in the
flank faceDf, and chipping depth in the rake faceDr. The main
tip shapes of dry cutting, compressed air cooling, and OoW
are shown in Fig. 15b. In general, Df is greater than Dr, indi-
cating that flank wear is the main cause of tool wear and
breakage. In addition to the same form as is in dry cutting

and compressed air cooling, OoW has another major form,
which may be related to OoW’s lower cutting temperatures,
lighter adhesion, and stronger mechanical impact. The most
severe worn cutting edges of the failed tools in three methods
were quantitatively analyzed and the results are shown in Fig.
15c and d. Dry cutting, the worst cutting environment, pro-
duces the largest S value, and OoW with its good cooling and
lubrication produces the smallest. The spalling width of tool
materials is very large compared with the flank wear value
VB. The material peeling width is over 30% of the flank wear
band value VB. Evidently, during the development of the
chipping/flaking belt, the tool material is gradually lost, which
has an important impact on tool failure. In addition, tool
breakage has a significant influence on the milling force. In
Figs. 7b and 12b, the x-directionmilling force of the OoW tool
decreases gradually. This is probably the result of the tool
material loss. In addition, because the tool material is gradu-
ally lost, the degree of the cutting-edge passivation may grad-
ually increase, resulting in a gradual increase in the y-direction
milling force (Figs. 7a and 12a).

4.2.2 Generation and development of chipping belt

In dry cutting, compressed air cooling, and OoW, the main
part of the tool flank wear land is the chipping belt. Therefore,
the formation and development of the chipping belt is the key
to the wear and breakage process of the spiral end mill. The
formation and development of chipping is related to four types
of factors: (1) mechanical cracks [14], (2) thermal stress and
fatigue [27, 29, 30], (3) mechanical behavior of WC–Co com-
posites [31], and (4) adhesion/attrition and abrasion (see
Section 4.2.1). There are some differences in the factors that
form the chipping belt in the three cooling/lubrication
methods. Of the three methods, dry cutting and OoW repre-
sent two extremes. Dry cutting lacks cooling and lubrication,
leading to a high cutting-edge temperature and a small gradi-
ent of the cutting-edge temperature in interrupted cutting.
OoW has very good cooling and lubrication, and thus, its
temperature change gradient of the cutting edge in interrupted
cutting is larger. The characteristics of the air coolingmode are
between those of dry cutting and OoW. The following analysis
focuses on dry cutting and OoW.

In the dry deep-cut high-speed milling mode, the tempera-
ture gradient of the cutting edge at each turn of cutting in and
out is small. The chipping belt on the flank face exhibits good
continuity (Fig. 6a and Fig. 9a). In the early stages of tool
wear, abrasion is the primary form. In the stable stage of tool
wear, the bandwidth of the continuous chipping belt gradually
expands, and the adhesion/attrition gradually replaces abra-
sion as the main wear factor. In the fast wear stage, owing to
the high cutting temperature, the adhesion/attrition is particu-
larly serious, and the deteriorating diffusion and oxidative
wear also reduce the strength of the cutting edge. The cutting

Int J Adv Manuf Technol (2020) 107:271–292288



force is also relatively large at this stage (see Fig. 7 and
Fig. 12), and the tool is subjected to larger mechanical shocks.
Owing to the lack of cooling and lubrication during the entire
wear process, the chipping belt develops very quickly and is
accompanied by a certain amount of material peeling,
resulting in rapid tool failure.

Compared with dry cutting, there are two significant differ-
ences in the OoW cutting process. First, the cutting tempera-
ture is well controlled, and the effect of the adhesion/attrition
in the development of the chipping belt is relatively reduced.
Second, the generation and development of the chipping belt
has always been in a discontinuous state (Fig. 6a and
Fig. 11a). In the early tool wear stage of OoW cutting, discon-
tinuous microchipping gradually occurs, whose main reasons
can be found through exclusion analysis. First, the wear of the
tool coating and substrate is relatively light in the initial stage

of tool wear, and the effect of abrasion and adhesion/attrition
is also relatively small. Therefore, abrasion and adhesion/
attrition are not the main reasons for OoW’s discontinuous
microchipping. Second, in the initial stage of tool wear, the
differences in cutting force among the three methods are small
(see Fig. 7 and Fig. 12). Therefore, a mechanical shock may
have a certain impact on the discontinuous microchipping in
the OoW process; nevertheless, it is not the main reason.
Third, the other two possible factors, thermal fatigue and me-
chanical behavior of the tool substrate in a certain temperature
range, are difficult to exclude under existing experimental
conditions. During each turn of the OoW’s tool from cutting
out to cutting into the workpiece, the cutting edges are sub-
jected to OoW jet chilling, resulting in a large temperature
gradient and thermal stress. Owing to the helix angle influence
of end mill, different edge areas of the cutting edge gradually

Fig. 15 Quantitative analysis of tools at 170 m/min cutting speed. (a) 3D
scanning tool and contour curve of one cross-section; (b) Main shapes of
tips of dry cutting, compressed air cooling, and OoW methods; (c)

Comparison of spalling width of tool materials; (d) Ratio of spalling
width S to flank wear VB
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cutting into the workpiece at each turn will further increase
temperature differences and local thermal stresses in different
edge areas. Cyclic thermal stress can cause thermal fatigue,
thereby causing the cutting edge to be prone to discontinuous
microchipping. In addition, cemented carbide tools exhibit
certain brittleness in a temperature range (close to and below
500 °C) [31]. In this case, discontinuous microchipping can be
easily induced by a mechanical load. Thus, the thermal fatigue
and mechanical behavior of the tool substrate in a certain
temperature range are probably the most important reasons
for the discontinuous microchipping of OoW tools in the early
tool wear stage. As the wear process enters the stable tool wear
and later stages, the thermal fatigue and mechanical behavior
of the tool substrate in a certain temperature range remain two
of the important reasons for the OoW chipping expansion. In
addition to the comparison experiments of the OoW and dry
cutting methods (Figs. 6, 9, and 11), the comparative experi-
ments at different OoW water flow rates (Fig. 4) provide ev-
idence for the previously presented correlation analysis of the
chipping, thermal stress, and tool material properties.
Furthermore, no evident thermal cracks and only mechanical
impact cracks were found in the OoW failure tool (Fig. 4).
When the cemented carbide tool has ultrafine WC grains (Fig.
1), a high Co content, and trace amounts of Ti, Cr, and Nd
carbides (TiC, CrC, and NdC), its breaking strength is consid-
erably enhanced. Although the thermal stress generated in the
OoW process may be high, it does not exceed the breaking
strength of the existing tools and cannot directly induce coarse
thermal cracks. However, the thermal stress and a mechanical
shock can form complex internal stresses, which increase the
possibility of local material peeling.

The impact load promotes the development of a chipping
belt on the OoW tool after discontinuous chipping has formed.
When a portion of the discontinuous chipping area is located
at the cutting edge, the other portions of the edge protrude
correspondingly and must bear the entire milling force.
Therefore, the protruding portion is subjected to a significant-
ly increased mechanical stress. Yang et al. [32] studied the
edge chipping mechanism of ceramic material milling. The
edge chipping behavior of ceramics has similar mechanical
characteristics. Under a high mechanical stress, the material
protruding from the cutting edge peels off and reaches a tem-
porary balance. Subsequently, the local thermal stresses, ther-
mal fatigue, and mechanical stress again lead to the formation
of new chippings. This “protrude–peel off–balance–protrude”
cycle is accompanied by the development of a chipping belt
until the OoW tool failure occurs.

The workpiece surface roughness provides supporting ev-
idence for the previously presented analysis (Fig. 16). The
surface roughness refers to the unevenness of tiny peaks and
valleys on the machined surface. It is closely related to the
contact friction between the tool and workpiece. As a typical
characterization parameter for the surface roughness, Ra is the

arithmetic average of the distances from each point of the
cross-section contour to the datum line within the sampling
length. In this study, the surface roughness Ra was measured at
the half axial depth of cut. The surface roughness values Ra of
the three methods are similar at a cutting length of 1 m.
However, when the cutting edges form discontinuous
chipping, the workpiece surface roughness can be increased.
In the dry cutting process, the change in the temperature gra-
dient is minimal, the continuity of the chipping belt is the best,
and the surface roughness is the smallest. Moreover, the OoW
method results in the highest surface roughness at a cutting
length over 40 m. At cutting lengths of 90 and 140 m, the two
surface roughness values of the OoW method decrease sud-
denly, which corresponds to a brief equilibrium period when
the protruding material peels off the edge.

5 Conclusions

The feasibility of the OoW method in the high-speed deep
milling process of hardened steel with a coated carbide tool
was investigated in this study. The conclusions are as follows:

1. The spraying angle and flow rate of water are important
parameters that affect the tool life in OoW milling.

2. OoW has significantly better heat removal and lubrication
than dry cutting and air cooling. Compared with dry cut-
ting and air cooling, OoW considerably lengthens tool life
by 169 and 86% at the cutting speed of 170 m/min and by
112 and 44% at 130 m/min.

3. Water and trace oils are indispensable for the OoW meth-
od. When the OoW droplets collide with the cutting inter-
face, a two-layer film is formed. The evaporation of the
water film removes much heat and prevents the high-

Fig. 16 Comparison of surface roughness of dry cutting, compressed air
cooling, and OoW methods at 170 m/min cutting speed
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temperature failure of the oil film. When the oil and water
mists are sprayed separately, the droplets hit the blade
surface and form a single-layer film structure. The
single-layer oil film is prone to a high-temperature failure,
and the single-layer water film exhibits a poor lubrication
performance. Therefore, the tool lives of oil mist (MQL)
or water mist-treated samples are evidently shorter than
those of tools treated with OoW.

4. The chipping belt occupiesmost of the flank wear land. Its
formation and development are the key to the wear and
failure of the cemented carbide spiral end mill. The devel-
opment of tool wear and the chipping belt is also accom-
panied by a certain amount of material peeling loss.

5. The chipping belts of dry cutting and air cooling are both
in the continuous stage. Adhesion/attrition and abrasion
wear are the primary wear mechanisms. In OoW cutting,
the chipping belt is in a discontinuous state, on which the
effect of the adhesion/attrition is weaker compared with
that of the other two methods. The thermal fatigue and
mechanical behavior of the tool substrate in a certain tem-
perature range are the main reasons for the discontinuous
chipping belt in the OoW procedure. The increase in the
workpiece surface roughness confirms the discontinuity
of the chipping belt.
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