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Abstract
This paper compares some of the key machinability aspects acquired duringmilling of Ti6Al4V titanium alloy with uncoated and
coated cryogenically treated end mills. Tool wear, coefficient of friction, cutting force, and chip morphology were the major
criteria considered. Ti6Al4V is one of the titanium alloys that are widely used in aerospace and biomedical applications; however,
it has a poor machinability and tribological properties. To evaluate the performance of cryogenically treated end mills, milling
operations using a force dynamometer and dry sliding tests were conducted. The milling operations were conducted with a
cutting speed of 90 m/min, a feed rate of 0.11 mm/tooth, a 1-mm axial depth of cut, and a 10-mm radial depth of cut under dry
cutting conditions. The dry sliding tests were conducted using a tribometer with a ball-on-disk geometry under 10 N load and a
speed of 5 cm/s. The milling test results showed that flank wear, chipping, and tool breakage were the wear mechanisms of the
end mills. The cutting force measurements and the dry sliding tests showed that the cutting force and friction force values
decreased when the cryogenic treatment time increased. As a result of the study, tools treated cryogenically for 36 h showed the
best performance for the cutting force, friction force, and tool wear criteria. These improvements were characterized with
hardness, fracture toughness, scanning electronmicroscope (SEM), energy-dispersive spectroscopy (EDS), and X-ray diffraction
(XRD) analyses.
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1 Introduction

Tool life plays a critical role in increasing productivity in the
machining industry and thus has important economic value.
To increase tool life, a widely used method is heat treatment;
for example, Khan and Ahmed [1] used cryogenic cooling,
and Zhang et al. [2] applied cryogenic treatment to cutting tool
materials for the machining process. Ti6Al4V titanium alloy is
widely used in aerospace and biomedical applications (and it
accounts for more than 50% of all titanium alloys) because of
its good strength-to-weight ratio under high temperature and
its high corrosion resistance [3–5]. However, Ti6Al4V

titanium alloy is a difficult-to-machine material because of
its low Young’s modulus, high chemical affinity, and low
thermal conductivity [6–9]. For machining of Ti6Al4V titani-
um alloy, cutting tools with sharp cutting edges must be used,
and some properties, such as high wear resistance and hot
hardness, must be improved.

Kalyan Kumar and Choudhury [10] and Podgornik et al.
[11] have determined that cryogenic treatment is one of the
treatment methods that can improve cutting tool properties,
such as the wear resistance, fracture toughness, and tool life
their materials. Senthilkumar et al. [12] indicated that the re-
sidual stresses were increased by the cryogenic treatment
method. In addition, they determined that the toughness of
the material was not significantly influenced by cryogenically
treated samples with respect to conventional heat-treated
samples.

By using the cryogenic treatment on Fe-based alloys, the
transformation of the retained austenite to martensite and the
formation of fine carbide particles occurred. Das et al. [13]
used cryogenic treatment on AISI D2 tool steel for different
treatment times (0, 12, 36, 60, and 84 h) to find the optimum
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treatment time for obtaining the maximum wear resistance. A
pin-on-disk test machine was used to determine the optimum
wear resistance. They found that the 36-h cryogenic treatment
was the best treatment time. The wear resistance of AISI D2
tool steel cryogenically treated for 36 h was 76.2 times higher
than that of a conventionally treated tool. Amini et al. [14]
investigated the effects of different treatment times (24, 36,
48, 72, 96 and 120 h) on the mechanical and microstructural
changes of AISI D3 tool steel. They found that the optimum
treatment time was 36 h for obtaining the higher hardness and
carbide percentage values.

According to the findings of Gill et al. [15], by using the
cryogenic treatment on cemented carbides, the following oc-
curred: the formation of fine carbides (M6C type: Co3W3C
and M12C type: Co6W6C), the development of a homoge-
neous distribution of carbide particles and the change of resid-
ual stress and cobalt phase transformation (α-Co to ε-Co).
Özbek et al. [16] studied the cryogenic treatment of different
holding times (12, 24, 36, 48, and 60 h) of tungsten carbide
inserts to reduce tool wear. Co6W6C carbide precipitation was
found on the 12- and 24-h treated samples according to the
XRD profiles. Because of the cryogenic treatment, the wear
resistances of the inserts were improved up to 29% in flank
wear, and the 24-h cryogenically treated samples showed the
best wear resistance. Yong and Ding [17] investigated the
effect of cryogenic treatment on WC-Co inserts with different
holding times (2, 4, 8, 24, and 72 h). The wear resistances of
cryogenically treated samples were higher than those of un-
treated samples. They found that improvement of the mechan-
ical properties of cryogenically treated samples was achieved
by the mechanism of residual compression stress and phase
transformation of cobalt. Gill et al. [18] implemented the cryo-
genic treatment at temperatures of − 110 and − 196 °C on
TiAlN-coated tungsten carbide inserts and found that the en-
hancement of tool life was 25.53% for inserts treated at the
temperature of − 110 °C compared to untreated inserts. In
addition, they determined that the cryogenic treatment at the
temperature of − 196 °C weakens the adhesion bonding of the
coating. Thakur et al. [19] investigated the effect of post-
treatments on the performance of tungsten carbide insert dur-
ing the turning of Inconel 718. They found that the wear
resistance of cryogenically treated inserts was improved and
that the cutting force values of cryogenically treated inserts
were lower than those of untreated inserts.

Few studies are available in the literature on the cutting
performance of cryogenically treated cutting end mills on
the milling of Ti6Al4V under dry cutting conditions. This
study aimed to investigate the effect of cryogenic treatment
of coated and uncoated end mills on the milling performance
and determine the optimal condition in face milling of
Ti6Al4V titanium alloy. The mechanical and tribological be-
haviors of the cryogenically treated tools are also studied via
cutting force and friction force.

2 Experimental procedure

Face milling tests were performed via a Makino GT8 milling
center with a maximum speed of 5000 rpm. The samples used
in the milling operation were Ti6Al4V titanium alloy blocks
and tungsten carbide end mills with 325 and 1546 HV micro-
hardness, respectively. A schematic drawing of the Ti6Al4V
blocks (6.08 Al, 3.89 V, 0.17 Fe, 0.02 C, 0.001 H, 0.02N, 0.06
O and balance Ti), tungsten carbide end mills (WC-10%Co),
and the up-milling process with dimensions are shown in
Fig. 1.

Two types of coated (AlCrN and AlTiN) and uncoated
WC-10% Co carbide tools with four flutes were used in the
experiments. For the milling tests, three types of end mills
were cryogenically treated at a temperature of − 196 °C for
12 h (CT12), 24 h (CT24), and 36 h (CT36) using a program-
mable cryogenic system. For comparison with the treated
samples, one group of end mills was not cryogenically treated
(CT00).

The milling tests were conducted by dry cutting at a cutting
speed (Vc) of 90 m/min, a feed rate (Fz) = 0.11 mm/tooth, and
depth of cut (DOC) = 1 mm. The cutting forces were mea-
sured with a Kistler 9257BA stationary dynamometer
mounted under the workpiece (Fig. 2). The three-axis force
signals were acquired by Dynoware software. The total cut-
ting force (FT) was obtained according to the following equa-
tion:

FT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2
x þ F2

y þ F2
z

q
N½ � ð1Þ

The wear properties of WC-10% Co end mills were char-
acterized by using the dry sliding ball-on-disk test. Before the
dry sliding tests and SEM examinations, the samples were
cleaned for 30 min in an ultrasonic cleaner using acetone
and ethanol. Dry sliding tests were performed using a CSM
tribometer with a ball-on-disk geometry. The balls (3 mm in
diameter) used in the experiment were made of WC-6% Co.
The tribological tests were conducted in an air-conditioned
environment (25 ± 2 °C temperature and 30 ± 2% relative hu-
midity) under a load of 10 N at a speed of 5 cm/s and over a

Fig. 1 Up milling with the dimensions of the materials
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total sliding distance of 1 km. The prepared disks from the end
mills were polished with 1-μm diamond suspension, and their
surface roughnesses (all samples Ra = 0.02 μm) were mea-
sured using a Mitituyo SJ-400 surface profilometer to mini-
mize the effect of asperities on the wear tests. The friction
force and the coefficient of friction (COF) values of the sam-
ples were obtained via the tribometer during the tests.

The microhardness values were measured with 30 kg loads
according to the ISO 3878 standards (FV800, Future Tech).
The fracture toughness KIC(30 kg) was obtained via the
Palmqvist method, which uses the corner crack length of a
Vickers hardness indentation (Fig. 3). The following equation
was applied to determine the KIC values:

KIC ¼ 0:0028

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HV

P
∑l

� �s
MNm−3=2
h i

ð2Þ

where HV is the Vickers hardness, P is the applied load (N),
and l is the crack length (mm).

A Zeiss-Supra 50VP scanning electron microscope was
used to observe the wear mechanisms and the microstructure
of the WC-Co end mills. An EDS was used for elemental
analysis of the materials. The phase compositions of cryogen-
ically treated and untreatedWC-Co endmills were determined

using an X-ray diffractometer (PANalytical—Empyrean) with
Cu Kα radiation. To avoid WC phase diffraction peak inter-
ference to Co phase in X-ray diffraction analysis, the WC-Co
tungsten carbide was electrolytically etched in a solution con-
taining NaOH and K3Fe(CN)6 at 4 V and 0 °C.

3 Results and discussions

3.1 Microstructure and phase analysis of end mills

Cemented carbides have three main phases in the microstruc-
ture: α phase (tungsten carbide), β phase (cobalt binder), and
η phase (multiple carbides of tungsten and binder). An SEM
image of tungsten carbide is shown in Fig. 4. As shown in the
figure, the light gray WC particles are surrounded by dark Co
binder phase, and no η phases were observed after cryogenic
treatment, as indicated in references [20, 21].When theW-Co-
C equilibrium diagram is examined, the element of C must
have a composition of approximately 5.4% or less for the eta
phase to form in the structure because the eta phase does not
occur if this ratio is exceeded. In addition, the formation of eta
phases is avoided because the eta phases are so brittle [20].
Accordingly, the presence of the eta phase in the construction
will negatively affect the life of the cutting tools. Figure 5
shows EDS analysis of the CT00 sample; the W, Co, and C
amounts are 84.34, 10.13, and 5.53 wt%, respectively.

XRD patterns of the samples are marked in terms of differ-
ent cryogenic treatment conditions in Fig. 6a, b. In the XRD
results, each cryogenic treatment results in identical peak po-
sitions, with the intensity of the peaks varying depending on
the cryogenic treatment time, as shown in Fig. 6b. After se-
lective electrolytical etching, the peaks of the WC phase were
corroded to explore the binder phase. It is known that the
crystal structure of Co is fcc (α-Co) at a temperature higher
than 417 °C; at a temperature below 417 °C, the crystal struc-
ture is hcp (ε-Co), and cobalt phase transformation (α-Co to ε-
Co) occurs by using cryogenic treatment to WC-Co end mills
[2]. The amounts of the Co phase in all of the samples

Fig. 3 Diagram of the cracking system obtained using the Vickers
hardness test-Palmsqvit method Fig. 4 SEM image of CT00

Fig. 2 Schematic drawing of the Kistler dynamometer during milling
operation
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cryogenically treated at different times were determined by
Rietveld analysis. The amounts of the Co phase in the cryo-
genically treated and untreated samples are shown in Table 1.
It is seen that after cryogenic treatment of WC-Co end mills,
the amount of ε-Co is increased. Thus, it is concluded that
cryogenic treatment affects the allotropic transformation of
Co.

3.2 Mechanical properties

The microhardness and fracture toughness measurements of
the untreated and cryogenically treated samples are shown in
Fig. 7. There were no significant changes in the hardness
values of all the samples. The fracture toughness values of
the CT12 and CT24 samples were higher than that of the

CT00 sample by 4 and 5%, respectively. When analyzing
the CT36 sample, the values of hardness and fracture tough-
ness were almost the same as that of the CT00 sample. It was
seen that the hardness values were slightly increasing with
increasing cryogenic treatment time. Yong and Ding [17] de-
termined that the hardness and fracture toughness values of
tungsten carbide tools were not affected significantly by cryo-
genic treatment. They reported that the hardness values of
24-h and 72-h cryogenically treated tools increased approxi-
mately 2.4%. Vadivel and Rudramoorthy [22] stated that the
toughness of cutting tools was not significantly affected by
cryogenic treatment. Gill et al. [23] applied cryogenic treat-
ment on the tungsten carbide inserts; the hardness was im-
proved by only approximately 5%. Previous studies have
shown that there is no significant change in hardness and
toughness values. This observation can be explained as fol-
lows: the grain size or shape does not change in the micro-
structure by cryogenic treatment. Saito et al. [24] stated that
the factors for determining the hardness of the sintered car-
bides are the size, the distribution of WC particles, and the
amount of Co. After the cryogenic process, some alpha phase
in the Co structure is transformed into the epsilon phase. Thus,
the change in the hardness and fracture toughness values with
cryogenic treatment found in this study is in agreement with
the literature.

3.3 Sliding wear properties

The friction forces of cryogenically treated and untreated sam-
ples are given as a function of sliding distance for a 5-cm/s
sliding speed under a contact load of 5 N, as shown in Fig. 8.
The curves show some stages with fluctuations. In the first
stage, the friction force values were increased for

Fig. 6 XRD patterns of samples. a Before electrolytical etching. b After
electrolytical etching

Fig. 5 EDS analysis of cemented
carbide (10% Co)

Table 1 Rietveld
analysis results (wt%) for
the samples

Sample Phase

α-Co (fcc) ε-Co (hcp)

CT00 85.91 14.09

CT12 81.12 18.88

CT24 73.49 26.51

CT36 66.04 33.96
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approximately 15 m sliding distance, and then, the values
were decreased. This is related to a mechanical polishing ef-
fect between asperities of the counter surface [25]. At the
beginning of the sliding tests, the asperities of surfaces were
touching each other to inhibit sliding motion. During the tests,
the asperities of the surfaces were crushed under the load;
thus, the friction force values and the surface roughness were
reduced in the second stage (15–250 m). In the third stage
(after 250 m), some fluctuations were observed with different
sizes because of the hard WC debris from the contact surfaces
and asperities. Kagnaya et al. [26] explained these fluctuations
as being caused by the debris acting as a third body in the
contact surfaces during sliding motion. In this case, the resis-
tance of friction may occur and increase the instantaneous
coefficient of friction.

As shown in Fig. 8, the COF and the friction force values
are changed by the cryogenic treatment. Increasing the cryo-
genic treatment time from 12 to 36 h, cobalt phase transfor-
mation (α-Co to ε-Co) occurred, thereby improving the coef-
ficient of friction and the friction force values; this

improvement is related to the Co phase crystal structure.
Mezenes et al. [27] explained that metals with a hexagonal
crystal structure have a limited number of slip systems com-
pared to those with a face-centered cubic structure. Friction
depends on how easily a material can undergo plastic defor-
mation; thus, metals with a hexagonal crystal structure have
lower friction coefficients than face-centered cubic and body-
centered cubic metals. The lowest values of the COF and the
friction force were found in the CT36 sample. It is also seen
that there were not many fluctuations in the curve of the CT00
sample compared to the other curves. It is considered that the
cryogenic treatment affected the crystal structure of the sam-
ples and perhaps caused the formation of ε-Co. The debris
might be affected by new formations, resulting in the observed
fluctuations.

3.4 Cutting performance

The milling tests were performed using the coated and uncoat-
ed tools at a 90-m/min cutting speed and a 0.11-mm/tooth feed
rate. The graphs are plotted in Fig. 9 based on the data record-
ed by a stationary dynamometer for multiple passes of the
milling process. Each group of peaks indicates a cutting force
value corresponding to a single pass of the cutting tool. The
cutting forces in the Fx, Fy, and Fz directions are shown in Fig.
9. Note that the dominant cutting force is Fx because the Fx
values increased during the number of passes in the milling
tests, whereas the Fy and Fz values exhibited almost identical
trends.

The cutting forces of the coated and uncoated tools with
different cryogenic treatment times are shown in Fig. 9 and
Table 2. Data for the conditions of uncoated tools with 12, 24,
and 36 h of cryogenic treatments are shown in Fig. 9a–c,
respectively. The Fy and Fz cutting force values show an al-
most identical trend with the number of cutting passes for all
conditions. However, the Fx values are found to vary accord-
ing to the number of cutting passes. The variation of the peak
forces could be attributed to the tool wear, the work-hardened
material, and the thermal effects of the tool-workpiece inter-
face [28]. This tendency is explained by Khanna and Davim
[29] as follows: the machining becomes highly adiabatic for
titanium alloys because of their low thermal conductivity, and
the heat-generated zone cannot be carried away during the
very short interval of time during which the material passes
through this zone. At the beginning of the first cutting pass,
the cutting edge of the tool was sharp, and the cutting force
values fluctuated over a very small range. In the next cutting
pass, the fluctuation of the cutting force values increased be-
cause of the tool wear, in agreement with the results of Zhang
et al. [30]. During the milling tests of Ti6Al4V titanium alloy
with end mills, the cutting edges of the tool lost their sharp-
ness, and a higher friction coefficient and larger contact area of
the tool/workpiece interfaces are generated [31]. As a result,Fig. 8 COF and friction force values of samples

Fig. 7 Hardness and fracture toughness values of end mills

Int J Adv Manuf Technol (2018) 95:2989–2999 2993



Fig. 9 The cutting forces of
different tools. a CT12-uncoated.
b CT24-uncoated. c CT36-
uncoated. d CT36-AlCrN. e
CT36-AlTiN

Table 2 Different test values of the cutting tools

Samples Cryogenic treatment
(− 196 °C)

Cutting parameters Coefficient
of friction

Average values of
cutting force (N)

Notch wear
(μm)

Time (h) Cutting speed
(m/min)

Feed rate
(mm/
tooth)

Depth of
cut (mm)

CT12-uncoated 12 90 0.11 1 0.249 339.9 116.1

CT12-AlCrN 12 90 0.11 1 – 315.6 83.0

CT12-AlTiN 12 90 0.11 1 – 317.8 185.3

CT24-uncoated 24 90 0.11 1 0.232 327.4 164.7

CT24-AlCrN 24 90 0.11 1 – 300.1 87.2

CT24-AlTiN 24 90 0.11 1 – 302.3 110.1

CT36-uncoated 36 90 0.11 1 0.193 306.5 66.2

CT36-AlCrN 36 90 0.11 1 – 291.1 46.4

CT36-AlTiN 36 90 0.11 1 – 354.4 154.0
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the cutting forces obtained are greater. The cutting force am-
plitudes increased in the 12- and 24-h cryogenically treated
samples at the fourth pass and fifth pass, respectively. It was
considered that the serious variations in the cutting force am-
plitude in the 12- and 24-h cryogenically treated samples at the
fourth and fifth passes were related to tool cutting edge break-
age or dulling of the cutting tool. Alternatively, the amplitude
of cutting force of the 36-h cryogenically treated sample was
found to be more stable and lower than those of the 12-h and
24-h cryogenically treated samples. From Fig. 9d, e, the cut-
ting force of the CT36-AlCrN sample was found to be more
stable and lower than that of the CT36-AlTiN sample. A pre-
vious study [32] revealed that the vibration increases the fluc-
tuations of cutting force in milling, resulting in cutting tool
edge microchipping and thus reduced tool life. To achieve
long tool life for productive milling operation on Ti6Al4V
alloy and to prevent cutting edge breakage, the vibration/
cutting force of the tool should be kept lower.

The average values of all total cutting forces are given in
Table 2. It was seen that increasing the cryogenic treatment
times from 12 to 36 h positively affected the coated and un-
coated tools, except the situation of the CT36-AlTiN sample.
For this situation, it was considered that the AlTiN coating
was adversely affected by the 36-h cryogenic treatment. In
the study of the cryogenic treatment of TiAlN-coated cutting
tools, Gill et al. [18] reported that the coating-substrate inter-
facial adhesion bond was weakened by the cryogenic treat-
ment (at −196 °C with 38 h) via the materials with different
coefficients of expansion, resulting in degraded cutting perfor-
mance of the cryogenically treated cutting tools. Nouari and
Makich [33] stated that, for the same cutting conditions, the
cutting forces obtained with the coated tool when machining
Ti alloy are smaller than those obtained with the uncoated
tools. However, in this study, the CT36-uncoated tool shows
smaller cutting force values than the CT12-AlCrN-,

CT12AlTiN-, and CT36-AlTiN-coated tools, likely because
36-h cryogenically treated uncoated cutting tools are compa-
rable to coated tools. It was also considered that the friction
force and the COF values obtained by the sliding tests and the
cutting force obtained by the milling tests were affected sim-
ilarly by the cryogenic treatment, particularly for the uncoated
tools.While increasing the cryogenic treatment time from 12 h
to 36 h, the cutting force, friction force, and COF values de-
creased. It could be said that the friction force and COF values
are related to the cutting force, and if the friction force and
COF values are decreased, then the cutting force will be
decreased.

3.5 Chip formation

In milling operations, chip formation plays an important role
in terms of the surface finish and the tool life. Chip formation
is dependent on the factors (such as the tool geometry, the
milling parameters, the hardness of the workpiece and the
machining environment) that affect the surface quality [34].
Figure 10 depicts the chip macro-images obtained after the
last pass of different cryogenically treated and coated-
uncoated tools. No significant difference was seen in the chip
morphology with changes in the cryogenic treatment time and
different coating conditions. However, there was a noteworthy
change in the chip morphology in the CT24-uncoated tool
(Fig. 10b) and the CT36-AlTiN coated tool (Fig. 10e). After
machining with these tools, some chips were found to be
longer and more twisted than the chips of the other conditions.
The reason for the longer chips was believed to be the very
high friction that led to the increased heat generation when
cutting the material, and the chips were adhered each other.
Figure 9b–e shows that in the last pass, the amplitudes of the
cutting forces were higher and were not stable because of the
adhered chips. Strano et al. [35] observed a transition from a

Fig. 10 Chip morphologies (after
machining eight passes) of cutting
tools. a CT12-uncoated. b CT24-
uncoated. c CT36-uncoated. d
CT36-AlCrN coated. e CT36-
AlTiN coated
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short helical chip to a twisted type when machining Ti6Al4V
alloy with the increase in tool wear. CT36-uncoated (Fig. 10c)
and CT36-AlCrN (Fig. 10d) tools showed smaller chips be-
cause, for the given conditions, the CT36-AlCrN- and CT36-
uncoated tools showed better wear performance and average
values for the cutting forces. In a recent study, Mo et al. [36]
stated that AlCrN coatings showed better friction and wear
properties than AlTiN coatings. Thus, it is possible to con-
clude that CT36-AlCrN- and CT36-uncoated tools showed
lower coefficients of friction, and this lower friction may af-
fect the chip morphology and wear properties.

3.6 Tool wear examination

Non-uniform wear at the flank face was found under severe
cutting conditions. In almost all cutting conditions, the tool

failed by notch wear at the location of the DOC line, thus
affecting the tool life. In addition to wear mechanisms, flank
wear, tool breakage, chipping, and built-up edges (BUE) for-
mation were revealed in the SEM images. The depth of notch
wear was used in the determination of the tool life because
notch wear was the dominant tool failure mode.

Figure 11 and Table 2 (numerical values of tests data) show
the change in notch wear for different cryogenic treatment
times and coated-uncoated conditions after the eighth pass of
machining. It was seen that AlCrN coating showed better
notch wear resistance in all samples with different cryogenic
treatment times. The best result for the notch wear resistance
was seen in the case of 36 h of cryogenic treatment time with
AlCrN coating; in addition, the uncoated tool for the same
cryogenic treatment time showed the next best result. It could
be seen that the uncoated tool with 36 h of cryogenic treatment
showed better performance than the 12- and 24-h cryogeni-
cally treated and coated tools and the 36-h cryogenically treat-
ed AlTiN tool.

During end milling, the tool life depends on chipping, cracks,
and breakage of the cutting edge rather than other cutting pro-
cess, such as turning and drilling, because the tool cutting edge
enters and exits from the workpiece several times during the
milling operation [37]. Wang et al. [38] stated that the residual
stress of the coating, mechanical impact, thermal stress, and fa-
tigue cracks affects the peeling of the coating and that the peeled
coating initiated the breakagemechanism of coated carbide tools.
In Fig. 12, notch wear could be seen near the DOC line, and the
BUE was observed at the lower part of the notch wear.

In the machining of titanium alloy, because of the low
thermal conductivity and the high temperature between the
chip and the cutting edge, the chips adhered to the cutting

Fig. 12 SEM images of cutting
tools. a CT36-AlCrN. b CT36-
AlTiN. c CT36-uncoated

Fig. 11 Depth of notch wear of the cutting tools
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edge easily, and the interface of the tool and chip was welded,
as shown in Fig. 12. The EDS analysis of the worn tools is
shown in Fig. 13. It was also seen that the adhesion and the
BUE formation occurred in the cutting edge of the tool. Kasim
et al. [39] stated that the maximum chip thickness formed near
the DOC line. At this location, the BUE occurred because of
the stress on the cutting edge. As a result of the break-off, the
BUE suffered from the pitting problem. The chipping was
formed by pitting, and the chipping and abrasive wear in-
creased the notch wear.

4 Conclusions

In this research, the effects of cryogenic treatment time on the
wear behavior and the cutting performance of WC-Co tung-
sten carbide tools in face milling of Ti6Al4V titanium alloy
were investigated. The results can be summarized as follows:

& XRD results revealed that amount of ε-Co increased after
cryogenic treatment.

& The hardness and the fracture toughness values of tung-
sten carbide tools were not significantly affected by the
cryogenic treatment.

& By increasing the cryogenic treatment time from 12 to
36 h, the cobalt phase transformation (α-Co to ε-Co)

occurred, thereby improving the coefficient of friction
and the friction force values. In addition, the cutting force
values of uncoated tools decreased when the cryogenic
treatment time increased.

& Flank wear, chipping, built-up edge, and tool breakage are
the main wear mechanisms during machining of Ti6Al4V.

& Based on examination of cryogenic heat-treated cutting
tools, the uncoated cutting tools were found to provide
comparable improvement to that of the coated tools.

& The best results against notch wear and cutting force from
the performance tests were obtained on the CT36-AlCrN
(36 h) tool.
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