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This study investigated the effects of deep cryogenic treatment applied to M42 HSS drills on the tool wear, the tool life and the
surface roughness during the drilling of a Ti-6Al-4V alloy under dry and wet cutting conditions. Drilling tests were carried out
using untreated, cryogenically treated, cryogenically treated and tempered, and multi-layered TiAlN/TiN-coated HSS drills.
Four different cutting speeds ((6, 8, 10, 12) m/min) and a constant feed rate of 0.06 mm/r were used as the cutting parameters
and holes with a depth of 15 mm were drilled. At the end of the drilling tests, it was seen that the use of a coolant increased the
tool life and decreased the surface roughness. Among the four tools, the best results in terms of the tool life and surface
roughness were obtained with the multi-layered TiAlN/TiN-coated tool. The cryogenically treated and tempered drills exhibited
an increase of 87 % in the tool life compared to the untreated drills. Scanning electron microscope (SEM) and X-ray diffraction
(XRD) analyses showed that by reducing the size of the carbide particles in the microstructure, cryogenic treatment resulted in a
more uniform carbide distribution and in the transformation of retained austenite to martensite. This played an important role in
the increase in the hardness and wear resistance of the cutting tools.
Keywords: cryogenic treatment, microstructure, M42 HSS, drilling, tool life, surface roughness

V tej {tudiji je bil preiskovan vpliv globokega podhlajevanja svedrov M42 HSS na njihovo obrabo, zdr`ljivost in hrapavost
povr{ine med suhim in mokrim vrtanjem zlitine Ti-6Al-4V. Preizkusi vrtanja so bili izvr{eni z uporabo HSS neobdelanih,
podhlajenih, podhlajenih in popu{~anih ter svedrov z ve~plastnim nanosom TiAlN/TiN. Uporabljene so bile {tiri razli~ne hitrosti
rezanja ((6, 8, 10, 12) m/min) in konstantno podajanje 0,06 mm/r pri vrtanju 15 mm globokih izvrtin. Na koncu preizkusov
vrtanja se je pokazalo, da uporaba hlajenja s teko~ino pove~a zdr`ljivost orodja in zmanj{a hrapavost povr{ine. Med {tirimi
orodji je bil glede na njihovo zdr`ljivost in hrapavost povr{ine najbolj{i rezultat dose`en z orodji z ve~plastnim nanosom
TiAlN/TiN. Podhlajeni in popu{~ani svedri so imeli pove~ano zdr`ljivost za 87 % v primerjavi z neobdelanimi svedri. Analize
na vrsti~nem elektronskem mikroskopu (SEM) in rentgenska difrakcija (XRD) sta pokazali, da z zmanj{anjem velikosti
karbidnih zrn v mikrostrukturi pri podhlajevanju dobimo bolj enakomerno razporeditev karbidov, preostali avstenit pa se
pretvori v martenzit. To ima pomembno vlogo pri pove~anju trdote in odpornosti orodja za rezanje proti obrabi.
Klju~ne besede: obdelava s podhlajevanjem, mikrostruktura, M42 HSS, vrtanje, zdr`ljivost orodja, hrapavost povr{ine

1 INTRODUCTION

With the rapid development of technology, the past
few years have witnessed a rise in the expectations for
the products made of resistant, lightweight materials and
their production methods. In particular, the need for such
materials in the electronics, computer, automotive and
aerospace industries is increasing. Titanium and its
alloys meet a great many of these expectations due to
their low density, high resistance, and heat and corrosion
resistance.1–3 Among these alloys, all having different
properties, Ti-6Al-4V is the most widely used and it is
found in 60 % of industrial applications. This alloy has
the properties of high resistance to fatigue and corrosion
along with high strength and biocompatibility, and co-
vers a wide application field, primarily in the aerospace
industry.4 However, the Ti-6Al-4V alloy belongs to a
group of materials which are difficult to machine be-
cause of their high chemical reactivity and high tendency
to weld to the cutting tool,5 low heat conductivity, main-
tenance of strength at high temperatures and a low elasti-

city module. Furthermore, the production cost of these
materials is high and errors during machining can cause
serious increases in the cost of machining.6–10

The life of cutting tools plays a major role in in-
creasing the productivity and, consequently, it is an
important economic factor. In order to increase the life of
cutting tools, a common approach in the past was to
heat-treat the tool materials, thus providing a greater
control over the range of the properties that a given tool
material might have. In order to increase the life of
cutting tools and improve their properties, the con-
ventional heat treatment, applied especially to tool steel
and high-speed steel (HSS), has been a widely used me-
thod for many years.11 Cryogenic treatment is generally a
complementary treatment to the heat treatment applied to
increase the wear resistance of the materials exposed to
high wear conditions. It is also known as the cold or
subzero treatment.12 It is cheap and permanent; it is done
once and, unlike coatings, it affects the whole piece.13

Cryogenic treatment, depending on the temperatures
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applied to the material, is classified as shallow cryogenic
treatment (between –50 °C and –100 °C) and deep cryo-
genic treatment (lower than –125 °C).

After the conventional heat treatment, materials are
first held at the temperatures of shallow or deep cryo-
genic treatment (generally for 24 h) and then brought
gradually up to room temperature.14 In this way, the
formation of fine carbide precipitates, a uniform carbide
distribution and a conversion of the retained austenite to
martensite are achieved. Thus, significant improvements
are obtained in the mechanical properties of the materials
such as the hardness and wear resistance.15–17 Cryogenic
treatment, having been previously applied to tool/die
steels, is now applied to the cutting tools in the machin-
ing and, as a result, important developments have been
obtained in the tool wear, tool life and recovery of
cutting conditions. Studies on cryogenically treated
high-speed-steel tools show microstructural changes in
the material that can considerably influence the tool life
and productivity. In the literature, results showed
tool-life improvements ranging from 92 % to 817 % for
the cryogenically treated HSS tools in the industrial
use.13

The influence of deep cryogenic treatment on the
wear resistance and the tool life of M42 HSS drills with
a high-speed dry-drilling configuration of carbon steels
was studied and the experimental results indicated tool-
life improvements of 77 % and 126 % for cryogenically
treated and cryogenically treated + tempered drills, res-
pectively.16 The improvement in the wear resistance and
the significance of the treatment parameters for different
materials were investigated in another study. It was
found that cryogenic treatment provided an improvement
in the tool life of nearly 110 %. The tool-life improve-
ment was even higher with the use of TiN coatings.18

Compared to the other material-removal processes,
the drilling process has quite a wide application field.
Especially in the aerospace industry, drilling constitutes
a large portion of the material-removal processes, up to
40–60 %.19 In the literature, studies investigating the
machinability of titanium alloys are generally focused on
turning and milling while those dealing with drilling are
very limited.

In this study, cryogenic-treatment-induced changes in
the microhardness and microstructure of M42 HSS tools
and the effects of these changes on the tool wear, tool

life and surface roughness during the drilling of a
Ti-6Al-4V alloy were investigated. Furthermore, the ma-
chining performance of cryogenically treated tools was
examined in comparison with that of the untreated and
multi-layered TiAlN/TiN-coated tools.

2 EXPERIMENTAL METHODS

2.1 Drilling experiments

Drilling tests were carried out using a JOHNFORD
VMC 550-7.5 kW CNC vertical machining center under
dry and wet cutting conditions. Four different cutting
speeds (6, 8, 10 and 12) m/min were used for the experi-
ments and the hole depth and feed rate were kept con-
stant at 15 mm and 0.06 mm/r, respectively. The experi-
mental set-up is shown in Figure 1. For the workpiece
material, 100 mm × 80 mm × 15 mm blocks of the
Ti-6Al-4V alloy were used. Before the experiments, the
sample blocks were ground to eliminate the adverse
effects of any surface defects. The chemical composition
and mechanical properties of the workpiece material are
shown in Tables 1 and 2, respectively.

Table 1: Chemical composition of Ti-6Al-4V alloy (w/%)
Tabela 1: Kemijska sestava zlitine Ti-6Al-4V (w/%)

Ti Al V Fe O C N H
89.85 5.90 4.00 0.08 0.14 0.01 0.01 0.002

Table 2: Mechanical properties of Ti–6Al-4V
Tabela 2: Mehanske lastnosti zlitine Ti-6Al-4V

Tensile
strength (MPa) Yield strength

(MPa)
Elongation 5D

(%) Hardness (Rc)

900-1100 830 10 36

In the wet cutting experiments, a 6 % concentration
of a semi-synthetic emulsion was used as the coolant.
For the elimination of the twisting effect, the distance
from the tool holder to the drill tip was determined as 30
mm. This value was kept constant in all the experiments
in order to validate the obtained values. Three holes were
drilled under each machining condition for the compa-
rison of the surface-roughness measurements. The ave-
rage of each set of three measurements was used for the
comparison. As the initial condition of each test, a new
drill was used for each experiment. The surface rough-
ness of the machined holes was measured using a Mohr
Perthometer M1 portable surface-roughness tester for
each machining condition and the average values of the
surface roughness (Ra) were determined. In order to
measure the surface roughness, the Ti-6Al-4V alloy
blocks were sliced parallel to the hole axes and the
measurements were taken at three different points. The
average of these three measurements was used in the
evaluations.

For the tool-wear experiments, as various wear
mechanisms and types were formed on the drills and the
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Figure 1: Details of the experimental set-up
Slika 1: Podrobnosti eksperimentalnega sestava



cost of the workpiece was high, the following were
determined as the tool-life criteria:20

• the average non-uniform flank wear Vb = 0.15 mm
• the maximum flank wear Vbmax = 0.2 mm
• the chipping = 0.2 mm
• the out-of-corner wear = 0.2 mm
• the fracture or catastrophic failure

As soon as one of the criteria mentioned above was
realized, it was accepted that the tool was worn. A
professional hand-held digital microscope (Dino-Lite,
AM413ZT) and a JEOL JSM-6060 LV scanning electron
microscope (SEM) were used to determine the wear
mechanisms and types. Due to the limited amount and
high cost of the workpiece material, the tool wear
experiments were performed only at the cutting speed of
10 m/min. The tool life time was obtained by multi-
plying the total number of holes drilled by the drilling
time at which the tool reached one of the wear criteria.

2.2 Cryogenic treatment and tempering

A number of uncoated and coated drills (Guhring) of
a 5 mm diameter were cryogenically treated in order to
observe the effect of cryogenic treatment on the drilling
of the Ti-6Al-4V alloy with M42 HSS twist drills. Three
types of uncoated drills were used: untreated drills (U),
cryogenically treated drills (CT), and cryogenically
treated and tempered (at 200 °C for 2 h) drills (CTT).
Cryogenic treatment was not applied to the TiAlN/TiN-
coated drills in order to compare the performance of the
cryogenically treated material to that of the coated
material. The chemical composition and properties of the
M42 HSS twist drills used in the experiments are given
in Tables 3 and 4, respectively.

Table 3: Chemical composition of M42 HSS drills (w/%)
Tabela 3: Kemijska sestava svedrov M42 HSS (w/%)

C Cr Co Mo W V
1.1 4.2 8.0 10 1.8 1.2

Table 4: Properties of M42 HSS drills
Tabela 4: Lastnosti svedrov M42 HSS

Uncoated HSS
(U, CT, CTT) Coated HSS (U)

Tool material M42 M42
Tool reference DIN 338 DIN 338

Point angle 135 ° 135 °
Helix angle 35 ° 35 °
Diameter 5 mm 5 mm
Coating – Multi-layer TiAlN/TiN

Coating thickness – 4 μm
Hardness – 3600 (HV0.05)

The cryogenic treatment of the M42 HSS drills was
performed by gradually lowering the temperature from
room temperature to –145 °C at the cooling rate of about
1–2 °C/min, holding the drills at this cryogenic tempe-
rature for 24 h, and then raising the temperature back to

room temperature at the heating rate of 1–2 °C/min.
Figure 2 schematically illustrates the cryogenic treat-
ment applied to the M42 HSS drills. To verify the forma-
tion of fine and homogeneous carbide particles and the
transformation of the retained austenite to martensite, the
microstructures of the untreated, cryogenically treated,
and cryogenically treated and 2 h tempered drills were
observed via SEM photographs and X-ray diffraction
(XRD) profiles. The microstructure and phase distribu-
tion were characterized with SEM and the volume
fraction of the retained austenite was determined using a
GE-SEIFERT X-ray diffraction instrument with a Cr-K�1

X-ray source. From the X-ray diffractograms, the con-
tents of the retained austenite and martensite in the alloy
after different treatments were measured using the
ASTM E975-84 standard.21

3 RESULTS AND DISCUSSION

3.1 Evaluation of cryogenic treatment of drills

In the HSS tools the main alloying elements which
change the microstructure and the properties are C, Cr,
Mo, V, W and Co. Except for Co, these elements precipi-
tate in the microstructure and create carbides. Generally,
seven groups of carbides precipitate in high-speed steels:
(1) E carbide, Fe2.4C (hcp); (2) -carbide, M3C (Fe3C);
(3) MC or M4C3, (V4C3); (4) M2C, (W2C or Mo2C); (5)
�-carbide, M7C3 (Cr7C3); (6) �-carbide, M23C6 (Cr23C6);
(7) �-carbide, M6C (Fe3W3C or Fe4W2C), as expressed
in22. The M6C carbides were originally known as
high-speed steels and they are similar to the complex
surface-centered cubical carbides that are rich in tung-
sten and molybdenum and give red hardness to steel. The
distribution of these carbide particles in the microstruc-
ture, their size, their amount and the distances between
them affect the mechanical properties of the material.23

In this study, profiles were obtained from the XRD
analyses. These analyses were made to determine the
differences in the amount of the carbide present in the
cryo-treated (CT) and cryo-treated and tempered (CTT)
drills compared to the untreated (U) tool (Figure 3). For
the purpose of determining the residual-austenite vol-
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Figure 2: Details of the cryogenic-treatment process: a) schematic
configuration of the cryogenic-treatment system, b) cryogenic treat-
ment and tempering cycle used for M42 HSS drills
Slika 2: Podrobnosti postopka podhlajevanja: a) shematski prikaz
sistema za podhlajevanje, b) cikel podhlajevanja in popu{~anja, upo-
rabljenega pri svedrih M42 HSS



ume, the peaks in the austenite (A200 and A220) and
martensite (M200 and M211) planes were used. With the
cryogenic treatment and cryogenic treatment + tem-
pering, the austenite peaks in the A200 and A220 planes
decreased, while the martensite peaks in the M200 and
M211 planes increased. The volume proportion of the
retained austenite in the untreated tool was measured as
6.5 % and in the cryo-treated and cryo-treated + tem-
pered tools this proportion was 2.4 % and 1.8 %, respec-
tively. Therefore, the cryogenic and tempering treatments
played an important role in the transformation of the
austenite (retained in the structure after the conventional
heat treatment) into martensite. It is believed that the
transformation of the retained austenite into martensite
due to cryogenic treatment can provide significant im-
provements in the mechanical properties of cutting tools
such as hardness. This was verified with the positive
variations that occurred in the hardness and the micro-
structure.

After the cryogenic treatment, a Leica WMHT MOT
microhardness tester was used to measure the Vickers
HV microhardness on one cryogenically treated sample,
one cryogenically treated and 2 h tempered sample and
one untreated sample, with a minimum of eight inden-
tations in each sample and the average used for the com-
parison. In Table 5, the differences in the microhardness
values depending on the treatment applied to the M42
HSS tools are seen. On the untreated tool, the initial
hardness was 703 HV and immediately after the cryo-

genic treatment it became 742 HV. After the cryogenic
treatment, tempering was applied and the hardness was
measured as 718 HV. With the cryogenic treatment and
cryogenic treatment + tempering the percentages of the
increase in the hardness were 5.5 and 2.1, respectively. It
is thought that the increase in the hardness after the
cryogenic treatment is the result of the transformation of
the austenite retained after the conventional heat treat-
ment to martensite.15,24 Moreover, the influence of cryo-
genic treatment on the increasing hardness can be found
in the literature as well.13,25,26 Although hardness values
differ depending on the material type and application
method, increases in the hardness values of 1–3 HRC
can be obtained with the cryogenic treatment.16 The tem-
pering treatment caused some decrease in the hardness
compared to the cryogenic treatment; however, it was
observed that the hardness value was still higher than
that of the untreated tool. It was assumed that this de-
crease in the hardness was the result of the dissociation
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Figure 4: Microstructures of the drills: a) untreated, b) cryo-treated, c) cryo-treated and tempered
Slika 4: Mikrostruktura svedrov: a) neobdelano, b) podhlajeno, c) podhlajeno in popu{~ano

Figure 3: XRD profiles of HSS tools: a) untreated, b) cryo-treated, c) cryo-treated and tempered
Slika 3: Rentgenogram HSS-orodij: a) neobdelano, b) podhlajeno, c) podhlajeno in popu{~ano

Table 5: Microhardness and retained-austenite volume after different
treatment cycles
Tabela 5: Mikrotrdota in volumen zaostalega avstenita po razli~nih
ciklih obdelave

Cutting tools Retained austenite
(�/%)

Microhardness
(HV0.2)

Untreated 6.5 703
Cryo-treated 2.4 742

Cryo-treated and
tempered 1.8 718



of some MC (Mo, V, W, Cr) carbides and precipitate
phases.

In order to specify the changes in the microstructure
caused by the cryogenic treatment and cryogenic treat-
ment + tempering applied to the HSS tools compared to
the untreated tools, SEM microstructure photographs
were taken. The purpose of the microstructure examina-
tion was to explain the increasing hardness values and
the improved tool life. The cutting-tool performance
depends on the carbide properties in the microstructure.
The microstructures of the U, CT and CTT HSS tools are
shown in Figure 4. From the photograph of the untreated
HSS-tool microstructure (Figure 4a), it is clear that the
carbide particles in the matrix are large. As a result of
the cryogenic treatment and cryogenic treatment and
tempering, the carbide particles decreased in size and
exhibited a much better distribution (Figures 4b and 4c).
Cryogenic treatment and tempering may cause a further
increase in the particle volume fraction. Compared with
Figures 4a and 4b, in Figure 4c, it is possible to see a
decrease in the size of the particles and a more uniform
distribution of these particles due to the dissolution of
the precipitates and the fracture of large particles.

With the decrease in the size of the carbide particles
and their uniform distribution, the interior stresses in the
martensite structure are relieved and the micro-cracking
sensitivity is minimized, thus providing a significant
improvement in the hardness and wear resistance. The
precipitation of fine carbides as a result of cryogenic
treatment is responsible for the improvement in the wear
resistance.15 The increase in the microhardness as a
result of cryogenic treatment seems to confirm this
thesis. Uygur27 showed that there was a strong relation-
ship between the microstructure hardness and the wear
properties of steel. Cryogenic treatment provides not
only a carbide formation but also a uniform carbide
distribution.15,16 The tempering after the cryogenic
treatment provides the second carbide precipitation and
plays an effective role in relieving interior stresses.16

Thus, in this study, it was thought that non-uniform

carbides of different sizes were subjected to a size
reduction by the cryogenic treatment, and then the
tempering relieved the interior stresses.

3.2 Evaluation of the tool wear

A series of wear experiments was carried out in order
to compare the performances of the U, TiAlN/TiN-
coated, CT and CTT tools under dry and wet cutting
conditions. In the wear experiments, holes with a depth
of 15 mm were drilled at a cutting speed of 10 m/min
and a feed rate of 0.06 mm/r. Under dry cutting condi-
tions, the wear curve could not be obtained because the
tool was subjected to a catastrophic failure due to an
excessive adhesion without showing a regular wear ten-
dency. Figure 5 shows SEM images of the four different
tools tested under dry cutting conditions. It was clearly
observed that the high temperatures generated at the
cutting area due to a lower coefficient of the heat con-
ductivity of titanium in all of the drills caused a built-up
edge (BUE).28 Another BUE formation was observed at
the outer corners, in particular where the cutting speed
was at its maximum. This was because the outer-corner
area was subjected to the extensive heat and chemical
loads due to a greater heat generation. The adhesion ten-
dency was higher with the untreated tool although fewer
holes were drilled with it (Figure 5a). At the specified
cutting parameters, the uncoated (U) tool completed its
life after the drilling of four holes, the CT tool completed
it after five holes, the CTT tool after six holes and the
TiAlN/TiN-coated tool after seven holes. It was observed
that the lower heat conductivity and friction coefficient
of the coating reduced the friction at the tool-chip inter-
face and decreased the BUE formation.

Under wet-cutting conditions, a more regular wear
tendency was observed compared to dry cutting condi-
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Figure 6: Number of holes and flank wear for drills under wet cutting
conditions, at 10 m/min cutting speed and 0.06 mm/r feed rate
Slika 6: [tevilo lukenj in obraba bokov pri svedrih v mokrih razmerah
rezanja: hitrost rezanja 10 m/min, hitrost podajanja 0,06 mm/r

Figure 5: SEM images of drills tested under dry cutting conditions, at
10 m/min cutting speed and 0.06 mm/r feed rate: a) U, b) TiAlN/TiN,
c) CT, d) CTT
Slika 5: SEM-posnetki svedrov, preizku{enih v suhih razmerah,
hitrost rezanja 10 m/min in hitrost podajanja 0,06 mm/r: a) U, b)
TiAlN/TiN, c) CT, d) CTT



tions, and with the specified tool-wear criteria, the
flank-wear curve was obtained, depending on the num-
ber of holes. In Figure 6, under wet cutting conditions,
the differences in the number of holes and flank wear
among the four different tools, at the cutting speed of 10
m/min and the feed rate of 0.06 mm/r, are given. The
best performance in terms of the tool wear was obtained
with the multi-layered TiAlN/TiN-coated tool, followed
by the CTT, CT, and U tools, respectively. The U tool
reached a flank wear value of 0.15 mm at the 24th hole,
the CT tool at the 42nd hole, the CTT tool at the 44th hole,
and the TiAlN/TiN-coated tool at the 51st hole. At this
stage it is possible to state that cryogenic and tempering
treatments created a change in the microstructure and
provided an increase in the hardness, which had an
important influence on the tool life. In general, while the
TiAlN/TiN-coated, CT and CTT tools exhibited similar
flank-wear values up to the 27th hole, after this hole, a
wear difference began to be seen. In particular, the CT
and CTT tools reached the tool wear criterion with a
difference of a couple of holes.

In Figure 7, SEM images of the four different cutting
tools tested under wet-cutting conditions are shown.

From these images it can be seen that here the tool wear
is more regular in comparison with the dry cutting con-
ditions. The tendency to form an excessive BUE forma-
tion that was observed with dry cutting conditions was
minimized with the use of a coolant. It is known that
during cutting operations, the coolant forms a thin film
layer at the tool-chip interface and decreases the friction,
at the same time making the chip removal easier and
decreasing the temperatures at the cutting area,29 thus
delaying the wear of the cutting tool, compared to dry
cutting. It was seen that the effective wear type of the U
and TiAlN/TiN-coated tools was the outer-corner wear
(Figures 7a and 7b), while with the CT and CTT tools it
was the flank wear (Figures 7c and 7d). Furthermore, it
was observed that with the CT and CTT tools, the wear
at the outer corner did not form as rapidly as with the
untreated tool, but instead it followed a more uniform
feed along the cutting edges. This was thought to be the
result of the improvement in the wear resistance of the
cutting tool provided with the cryogenic treatment.

During the drilling of the Ti-6Al-4V alloy, a tool-life
curve was prepared to determine the effects of dry and
wet cutting conditions on the tool life (Figure 8). From
the curve, it can be seen that wet cutting conditions pro-
vided a significant increase in the tool life in comparison
with the dry cutting conditions. As the thermal properties
of Ti-6Al-4V are poor, the use of cutting fluids (or
coolants) is very important to improve the tool life3. The
highest tool life obtained under dry cutting conditions
was 2.7 min, while this value reached 19.9 min under
wet cutting conditions. At this stage, the importance of
using a coolant in the drilling of the Ti-6Al-4V alloy was
once more confirmed. Under dry cutting conditions, the
CT, CTT and TiAlN/TiN-coated tools exhibited life
increases of (25, 50 and 68) % compared to the U tool.
These values were (76, 87 and 112) % in the case of wet
cutting conditions. It is believed that cryogenic treatment
and cryogenic treatment + tempering have important
roles in reducing the size of carbide particles, providing
a uniform carbide distribution, transforming the retained
austenite to martensite and increasing the hardness and
wear resistance of cutting tools. The tool wear experi-
ments confirmed this as well.

The CTT tools provided an increase in the tool life of
20 % under dry cutting conditions and 7 % under wet
cutting conditions in comparison with the CT tools. The
TiAlN/TiN-coated drills exhibited the best performance
among the tested drills. It is thought that the TiAlN/TiN
coating has a multi-layer structure and a lower friction
coefficient and makes the chip flow more easily during
the cutting; due to these properties it has an important
influence on the increase in the tool life. Apart from that,
its high hardness and lower friction coefficient, com-
pared with the uncoated tool, affected the increase in the
tool life. It is interesting to note that the TiAlN/TiN-
coated tool had a longer tool life under wet cutting con-
ditions. This was believed to be a result of the solid
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Figure 7: SEM images of drills tested under wet cutting conditions, at
10 m/min cutting speed and 0.06 mm/r feed rate: a) U, b) TiAlN/TiN,
c) CT, d) CTT
Slika 7: SEM-posnetki svedrov, preizku{enih pri mokrem rezanju:
hitrost rezanja 10 m/min in hitrost podajanja 0,06 mm/r: a) U, b)
TiAlN/TiN, c) CT, d) CTT

Figure 8: Tool-life differences depending on cutting conditions for the
four tools at 10 m/min cutting speed and 0.06 mm/r feed rate
Slika 8: Razlike v zdr`ljivosti orodja v odvisnosti od razmer pri
rezanju pri {tirih orodjih pri hitrosti rezanja 10 m/min in hitrosti
podajanja 0,06 mm/r



lubricating property of the coating acting together with
the lubricating and cooling property of the coolant.

3.3 Evaluation of the surface roughness

Surface finish is also an important index of machi-
nability or grindability because the performance and
service life of the machined/ground components are
often affected by their surface finish, the nature and
extent of residual stresses and the presence of surface or
subsurface microcracks, if any. This is particularly
relevant when this component is to be used under dyna-
mic loading or in conjugation with some other mating
part(s).30 Figure 9 shows the differences in the surface
roughness (Ra) among the four different tools, depending
on the cutting speed and cutting conditions. For all four
tools, with the increase in the cutting speed, the Ra values
decreased up to the cutting speed of 10 m/min, but with
further increases in the cutting speed, some increase in
Ra was observed. It is thought that the decrease in Ra

values with the increase in the cutting speed was due to
the reduction in the BUE size with the temperature inc-

rease at the tool-workpiece interface.31 Moreover, it is
also believed that improved surface quality is influenced
by the reduced friction resulting from the higher tempe-
ratures at the contact area at the tool-workpiece inter-
face.32 The lowest Ra values among the four cutting tools
were obtained for the holes drilled with the TiAlN/TiN-
coated tools, followed by the CTT, CT and U tools,
respectively. This sequence shows a parallelism with the
one for the tool life. The average decreases in the Ra

values of (6.5, 10.4 and 15) % were obtained with the
CT, CTT and TiAlN/TiN-coated tools compared to the U
tools. With the TiAlN/TiN-coated tool, compared to the
other tools, less BUE formation and wear led to an im-
proved surface quality (Figures 5 to 7). It was seen that
the combination of the cryogenic and tempering treat-
ments was the second most effective procedure with
respect to improving the surface quality due to the
positive microstructural changes and the increase in the
hardness and wear resistance, surpassed only by the
improvement achieved with the TiAlN/TiN coating. Wet
cutting conditions provided important improvements for
all four tools regarding the trend toward reduced Ra

values. Under dry cutting conditions, the Ra values were
between 1.4 μm and 1.94 μm whereas under wet cutting
conditions, the values ranged from 0.95 μm to 1.4 μm.
The main reasons for the difficult machinability of the
Ti-6Al-4V alloy are its low heat-conductivity coefficient
and high chemical reactiveness. The use of a coolant
makes the chip removal easier, inhibits the heat forma-
tion in the cutting area, and decreases the BUE formation
to a large extent. Taken altogether, these factors increase
the surface quality in parallel with the increase in the
tool life.

4 CONCLUSIONS

From the observed performance of the U, CT, CTT
and TiAlN/TiN-coated M42 HSS drills in the machining
of Ti-6Al-4V, the following conclusions were drawn:
• Cryogenic treatment significantly improved the wear

resistance and tool life of M42 HSS drills under dry
and wet conditions in the drilling of the Ti-6Al-4V
alloy. Cryogenic treatment and tempering increased
the performance of the cutting tools.

• By reducing the size of the carbide particles, cryo-
genic and tempering treatment enabled their uniform
distribution and increased the concentration as well.
Furthermore, the treatment had an important influ-
ence on the transformation of the retained austenite to
martensite, a process which contributes to the abra-
sive-wear resistance as a result of the increased
hardness.

• The CT and CTT tools, unlike the U tools, exhibited
a performance approaching that of the TiAlN/TiN-
coated tools. It was seen that the use of a coolant also
had a significant influence on the increase in the tool
life and surface roughness. In dry cutting conditions,
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Figure 9: Different Ra values for the four tools, depending on cutting
condition and cutting speed: a) dry, b) wet
Slika 9: Razli~ne vrednosti Ra pri {tirih orodjih v odvisnosti od raz-
mer pri rezanju in hitrosti rezanja: a) suho, b) mokro



the CT, CTT and TiAlN/TiN-coated tools exhibited
an increase of (25, 50, and 68) % in the tool life,
compared to the U tools. Under wet cutting condi-
tions, these values were (76, 87 and 112) %. Under
dry cutting conditions, the effective wear types were
BUE and catastrophic failure, whereas under wet
cutting conditions, flank wear and outer-corner wear
were effective.

• The biggest advantage of cryogenic treatment com-
pared to coatings is its cheapness and its influence on
the whole piece of the material. In this study, the
results that were obtained showed that cryogenic
treatment, with some improvement, can serve as an
alternative to coatings.
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