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Cryogenic treatment enhances the properties of cutting tools. This study investigates the effects
of shallow and deep cryogenic treatments to TiAISiN coated tungsten carbide tool used in end milling
of maraging steel C300. Experiments are conducted in a three axis CNC vertical milling machine at
various spindle speeds using TiAISiN coated tool without cryogenic treatment (UCT), shallow (SCT)
and deep (DCT) cryogenically treated coated tools. The surface finish obtained during milling of slots,
built-up edge of tools and the tool wear are investigated and compared. With an increase in spindle
speed, SCT tool showed an improvement of 13.3% with UCT and 33.5% with DCT. Formation of
built-up edge on the cutting tools are also evaluated and compared. Tool wear is quantified, in which
SCT tool showed lowest tool wear in comparison with UCT and DCT tools.
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1. Introduction

Cryogenic treatment involves in exposing materials to
temperatures typically below —150 °C, for an extended period
of time. This technique improves the overall performance of
tool steels by modifying their micro structure. An increase
in carbide density and reduction in spherical diameter and
inter particle distance are reported due to deep cryogenic
treatment of cutting tools resulting in better hardness and wear
behavior!. Cutting tools made of Tungsten Carbide (WC-Co)
materials are commonly used for machining purposes. This
material influences the machining processes and tooling
costs positively. However, the tungsten-coated carbide tools
wear out rapidly? resulting in uneven tool wear and poor
surface quality. The build-up edge (BUE) on the tool flank
and crater face also affects the surface quality of the work®.
It is demonstrated that cutting tools subjected to cryogenic
treatment produce less heat and have low levels of friction.
The reduced friction lowers the cutting tool edges wear out
frequency and thereby increases the tool life*.

Cryogenic treatment of cutting tools and workpiece
material helps to improve the performance of cutting tools
during metal cutting while improving the weldability and
machinability of workpiece materials®. The critical cryogenic
process parameters studied by researchers includes the
influence of duration of soaking, soaking temperature and
rate of cooling and warming. The most common cryogenic
parameters identified are the soaking duration of 24 hours,
soaking temperature of —196 °C and a tempering temperature
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of'about 200 °C®. The effects of deep cryogenic temperature
on the mechanical properties of AISI 52100 bearing steel
were studied, where the effect of varying holding times
on the micro structure, fatigue strength, residual austenite
volume fraction, and residual stress values are analysed. It is
reported that the deep cryogenic treatment reduces unwanted
tensile residual stresses in materials and a more homogeneous
microstructure and finer carbide precipitation are observed’.

Maraging steel finds extensive applications in aerospace
industry and manufacturing. Cryogenic treatment process
imparts in maraging steels, a more consistent grain structure
improving their durability, improving the wear resistance and
reduces fatigue failures by relieving the residual stresses.
Cryogenic treatment changed the internal structure of material
and thus improved the mechanical properties. Deep cryogenic
treatment (DCT) (at-196 °C) on heat-treated high-speed steel
tools is found to have increased the tool hardness thereby
reducing the cost of AISI M2 and AIST H13 steel®.

Several studies have been reported on the performance
of beneficial coatings in milling of hard materials with
better tool life and surface finish. A comparison between the
performances of nanocomposite coated AITiN and AITiSiN
tools are made under different machining parameters of speed,
depth of cut and feed. An improvement in surface finish,
minimum cutting force and longer tool life are reported’.
DCT is found to have a significant effect on wear resistance
of TiAIN coated tools during the dry turning of 40Cr steel.
Itis reported that DCT coated tools significantly reduced the
cutting forces and cutting temperature in comparison with


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-4177-577X

2 Babu et al.

the uncoated and no cryogenic treated tools, at higher cutting
speeds. Machinability was also improved due to DCT'.
Performance of TiCN/AI203/TiN-coated tungsten carbide
tools subjected to SCT and DCT are evaluated. The DCT
tool has shown the best performance in terms of tool wear
and with good surface finish'!. Investigations were conducted
on the effect of cutting conditions on wear performance of
cryogenically treated tungsten carbide inserts in dry turning
of stainless steel. It is reported that material adhesion causes
the formation of built-up edge (BUE) on the cutting edges'?.
It is found that grain size of carbide inserts increases by 9%
due to cryogenic treatment. Reduced flank wear and crater
wear are observed. However, the notch wear was reported to
have occurred only at lower and medium cutting speeds and
feed rates. The wear rate of tungsten carbide inserts subjected
to cryogenic treatment with a binder content of 25% reduced
significantly due to the martensitic phase transformation of
the binder element was reported'.

It is observed that the microstructure and mechanical
properties of TiAlISiN nanocomposite coatings were
significantly affected due to the presence of Titanium content'.
High hardness of 66 GPa was attained through reactive DC
magnetron sputtering method. Life of end mill tungsten
carbide tools coated by TiCN and TiAICN are reported”.
The presence of coating is identified as a major parameter
among the factors including such as feed rate and spindle
speed that influenced the tool life. AICTN and AITiN coated
cemented carbide inserts subjected to cryogenic treatment
are used in the end milling of maraging steel under different
machining conditions'®. For different spindle speeds, the
inserts with coating showed better tool life and reductions
in cutting forces during milling. It is reported that a soaking
time of 24 hours and DCT of WC-Co inserts during dry end
milling gives better performance and good wear resistance
of maraging steel'’.

Studies have been reported on the effect of heat treatment
parameters on the tool life and surface roughness of dual phase
steel'®. The tool life and surface roughness are significantly
affected by the depth of cut and cutting speed. Studies have
also reported the wear behaviour of PVD coated TiAISiN
and TiAIN tools in milling operations of pre-hardened tool
steel’. TiAISIN coating out performed TiAIN coated tools
in milling. TiIAISIN coated tools provided better surface
finish of the machined surfaces. Wear behavior and cutting
performance of CrAISiN and TiAISiN hard coatings deposited
by cathodic arc deposition on cemented carbide cutting
tools for Ti alloys are reported?. The effects of shallow and
deep cryogenic treated carbide tools in C-65 steel turning is
reported to be enhanced in preliminary turning experiments
with varying cutting speeds®'. For relatively longer machining
times, it is shown that cryogenic treatment was effective
in reducing the surface roughness. The enhanced life of
cutting tool inserts is attributed to the cryogenic treatment
resulting in crystal structure changes in both the hard and
soft binder phase of tungsten carbide and the precipitation

Table 1. Elemental composition of work piece material.
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of phase carbides?'. Both the tools had high hardness after
high temperature annealing. It is more beneficial to deposit
coatings prior to cryogenic treatment that affects the tool wear
and surface finish. However, the commercial adoptability of
cryogenic treatment process is still in development stage for
the hard tool materials such as tungsten carbide. The surface
roughness while machining AISI cold work tool steel using
coated and uncoated carbide cutting tools subjected to deep
cryogenic treatment is evaluated. It is reported that under
the optimum turning conditions, the surface roughness is
0.37 wm and 0.40 pm, respectively?. It is observed that
the cryogenic treatment to the cutting tool improved the
surface roughness with lower R values than the untreated
cutting tools. Again, the surface roughness increased with
an increase in cutting speed and feed rate?.

The literature reveals that experimental results pertaining
to the performance comparison of shallow and deep cryogenic
treatment of TiAISiN coated tools in end milling of maraging
steel specimen is sparse. It is vital to investigate effects
of spindle speed on surface finish and wear resistance of
cryogenically treated tools with hard coatings. Moreover,
built-up edge formation in TiAISiN coated milling tool are
also not seen reported in literature.

Hence, this study aims to carry out the end milling of
maraging steel using shallow and deep cryogenically treated
TiAlSiN coated tool in a vertical CNC milling machine at
different spindle speeds. The surface finish, internal structural
changes of the cutting tools, formation of built-up edge and
the tool wear are studied. The results are compared with the
TiAISiIN coated untreated tool to investigate the influence
of cryogenic treatment in end milling tool performance.

2. Materials and Methods

2.1. Experimental procedure

The methodology adopted in this study along with the
sequence of operations is graphically shown in Figure 1.

2.2. Work piece and tool materials

In this study, the work material used is a hardened
maraging steel C300 conforming to ASTM AS538 in the
form of plate, which is forged and annealed. The work
material has dimensions of length, breadth and thickness
as 200 x 100 x 8 mm. Surface of the specimen was ground
to a finish of 0.2 mm. Specimen surface is cleaned with
acetone in ultrasonic bath and dried in hot air before each set
of milling operation. Table 1 shows the composition of the
work piece material evaluated through Energy-Dispersive
X-ray Spectroscopy (EDS).

The cutting tool used (Kennametal tungsten carbide-
cobalt alloy ISO CCMTO09T304LF) cutting tool inserts are
selected having a diameter of 6mm and four flutes with a total
length of 68mm. End-mills have 0.2 mm corner radius and
a rake and relief angle of 35° and 10°, respectively. Before

Element Ti Fe

Co Ni Mo

Weight% 0.48 68.01

8.16 17.33 6.02
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milling operation, all tools are ultrasonically cleaned in an
acetone bath for 10 min duration. EDS analysis is carried
out to obtain the chemical composition of the WC-Co alloy
used as the cutting inserts as reported in Table 2.

TiAlISiN coated end milling tools are used in this study for
performance evaluation. TiAISiN coating was commercially
deposited using the cathode pulsed arc deposition system.
Coating thickness is evaluated using Scanning Electron
Microscopy (SEM) and characterized using EDS analysis.

The following three types of cutting tools with nomenclature
shown in Table 3 are used in this study for performance

Table 2. Elemental composition of TiAISiN coated tools.

Element Line Type Weight% Atomic %
(0] K series 5.16 35.36
Co K series 10.38 11.88
w L series 84.46 52.76

Table 3. Details of specimen used in this study.

analysis in terms of surface finish obtained, built up edge
(BUE) and tool wear.

The photograph of uncoated tool, TiAISiN coated tool and
the SEM image of the coating with the measured thickness
of 2.1 pum is shown in Figure 2.

2.3. Cryogenic treatment

In this study, cryogenic treatment using liquid nitrogen is
used to obtain low temperatures. Liquid nitrogen is a colourless,
odourless, and non-toxic liquid that is obtained by cooling and
compressing air. Liquid nitrogen is used in this study due to its
ability to rapidly cool materials to very low temperatures while
enhancing the material properties. The cryogenic treatment
setup used in this study is shown in Figure 3.

The WC-Co alloy tool coated with TIALSIN is placed in
a specially designed cryo-chamber fitted with an atomizer.
A controlled flow of liquid nitrogen into the chamber ensures
a decrease in inside temperature at a constant rate inside the

Nomenclature Details of coating/heat treatment/cryogenic treatment
UCT TiAlISiN coated cryogenically untreated tungsten carbide tool
SCT6 TiAISiN coated and shallow cryogenically treated tungsten carbide tool (soaking at -145 °C for 6 hours)
DCT24 Ti Al Si N coated and deep cryogenically treated tungsten carbide tool (soaking at -196 °C for 24 hours)

Material Selection and Preparation |

y

i

TiAISIN coated Cryogenically treated
Tungsten Carbide tool

TiAISIN coated Untreated

Tungsten Carbide tool

| |

[ ocr2a [[ scre |

ucTt

| Characterization of Cryogenically Treated and Untreated Tool |

Milling of Maraging Steel C300 using the CNC milling machine in dry condition
Comparison of surface Roughness, Built up edge and Tool Wear

Figure 1. Methodology adopted in the present study.

Figure 2. a) Uncoated tool, b) TiAISIN coating deposited on the Tungsten carbide tool ¢) coating thickness measured using SEM back

scattering.
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Figure 3. Schematic layout of experimental setup.

chamber. The three phases of cryogenic treatment consist of
cooling, soaking and reheating. The cryogenic treatment is given
at a rate of rate of 1 °C/min to avoid potential microstructure
damage to the cutting tool. In shallow cryogenic treatment
(SCT) the material is held at a low temperature of -145 °C for
six hours and for DCT the material is held at a low temperature
0f =196 °C for 24 hours, to allow for the molecular transitions
to take place. The low temperature treatment changes the
material’s microstructure causing the transformation of
retained austenite to martensite reducing the internal stresses
and improve its ability to withstand external stresses without
cracking or breaking. The physical and chemical changes in
the material, such as the, the precipitation of fine carbides
and the reduction of residual stresses result in significant
improvements in the mechanical properties of the material such
as increased hardness, wear resistance, and fatigue strength.

The temperature is then slowly raised for the material
to reach the ambient temperature. The temperature is
measured using a T-type thermocouple (0.5% accuracy)
connected to the data acquisition system during the process.
The temperature profiles of SCT6 and DCT24 treatments
are shown in Figure 4.

2.4. Microhardness

Vickers microhardness values are measured on the surface
of'tools as per the ASTM E92-17 standard. A load of 0.5 kgf
is applied for 5 seconds on each sample at 5 different locations
and the average hardness values are reported

2.5 Milling experiments

A three-axis vertical CNC milling machine is used for
conducting the experiments. The milling operations to prepare
the slots of designated depth of 0.2 mm are carried out using
a four-flute UCT, SCT and DCT tools respectively. Spindle
speeds are kept at 4000, 3000, 2000 and 1000 rpm at a feed
rate of 320 mm/min. All the milling operations are carried
out in dry condition. Three sets of slots are machined using
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Figure 4. Temperature profile maintained during cryogenic treatment.

each type of the tool. One set of slots are machined using
untreated and uncoated tool as well. The slots 1,2,3,4 prepared
using UCT tool at various speeds 4000, 3000, 2000 and
1000 rpm respectively and slots prepared using DCT and
SCT tools are shown in Figure 5.

After the milling experiments, built up edges of the cutting
tool are analysed using EDS analysis and the tool wear was
observed through surface profilometry and quantified by
means of calculating wear volume.

2.6. Surface roughness

The surface roughness values of the machined surface
(R, and R)) are measured using the Mitutoyo Surftest SJ
210 machine. The cut-off length used was chosen as 4 mm,
and the measurements are made at four different locations
and the average values are reported.

3. Results and Discussion

3.1. Microhardness

Results of microhardness values of the tools and the
work piece material are reported in Table 4
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The microhardness on three different TiAISiN coated
tools; UCT, DCT24, and SCT6, are evaluated for their
hardness. Comparing these results, it can be seen that the
SCT6 tool exhibited the highest hardness with an increase
of 2.4% compared to the UCT tool. On the other hand, the
DCT24 tool showed a decrease in hardness of 6.1% compared
to the UCT tool. cryogenically untreated tool surface had
higher microhardness in comparison with deep cryogenically
treated tool. However shallow cryogenic ally treated tool
had highest hardness value. This is due to the densification
of'the cobalt binder after the cryogenic treatment which was
pronounced for the case of SCT tool. Whereas in the case of
DCT tool, compressive stresses in carbide phase and tensile
stresses in Cobalt phase has caused residual stresses which
reduced the microhardness.

UCT

3.2. Surface finish

Figure 6 presents the surface roughness values obtained
for the case four different specimen studied.

The surface finish improved as the spindle speed increased
for all the types of tools, i.e., UCT SCT6, and DCT24.
SCT6 tool demonstrated the best improvement in surface
finish compared to all other cases, particularly at lower rpm.
At lower rpm, the SCT6 tool improved the surface finish by
21.3% compared to the UCT tool, and 15.6% compared to
the DCT24 tool. At higher rpm, SCT6 tool still improved the
surface finish value by about 13.3% compared to the coated
untreated tool, and 33.5% compared to the DCT24 tool
respectively. After Cryogenic treatment, changes in crystal
structure happens in both the hard and soft binder phase of

uT

Figure 5. Slots prepared on the maraging steel using the end milling tools at various speeds.

20 R, Vs rpm 25 R, vs rpm
—UCT —SCT —DCT —UCT —SCT —DCT
1.5 2
_ £ 1.5
E, 1.0 =
1 € 1.0
0.5
0.5
0.0 0.0
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
rpm rpm
Figure 6. Variation of surface finish with cutting speed for different sets of cutting tools.
Table 4. Micro-hardness values in Vicker’s scale (HV).
Surface UCT DCT24 SCT6 Maraging steel 300
HV 1964.04 1844.4 2010.98 720
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tungsten carbide. This might have been responsible for the
enhanced surface finish in the case of SCT and DCT tools?!.

3.3. Characterization of cutting edges of tools

The elemental composition of cutting edges for different
tool surfaces are measured and compared using SEM-EDS
analysis and reported in Table 5. Moreover, the surface’s
microstructures of uncoated Tungsten-carbide tools are
shown in Figure 7 a-c.

Uncoated tools not subjected to cryogenic treatment has
microstructure consisting of . [Co], B [W]], and n (Co3W3C
and Co6W6C)-phases'*?*?, which can be identified through
SEM imaging. Cryogenic treatment refined the coarse,
randomly-distributed 1 phase particles to their stable form and
reduced the microscopic surface defects, thereby improving
the surface integrity as indicated in Figure 7b and c.

The surface microstructure of TiAlSiN coated cutting
tools of cryogenically untreated (UCT), shallow and deep
cryogenically treated tools are shown in Figure 8a-c.

TiAlSiN coatings have smaller grain size compared
to the tungsten carbide, which resulted in higher hardness
due to the hindrance to the dislocation movement. Residual
stresses are introduced during the deposition process of
TiAlISiN coatings and the cryogenic treatment relaxed these
stresses, leading to improved tool hardness and performance.
Further, the incorporation of Si and Al into TiAISiN coatings
enhanced the mechanical and wear behaviors through the

Materials Research

formation of tribo-films of alumina and silica. This has
significantly increased the wear resistance of TiAISiN coated
cryogenically treated tool.

During the deposition of TiAlISiN coatings, residual
stresses are introduced due to various factors, including
differences in the thermal expansion coefficients of the
coating and substrate, differences in the crystal structure
between the coating and substrate and the ion bombardment
during the deposition process. These residual stresses have
a significant impact on the performance of the coating and
the substrate, including adhesion of coating, wear resistance
and fracture resistance.

There is a risk that the stress relaxation process may
cause cracking or delamination of the coating. This is because
during DCT process, the thermal stresses that are present
in the coating are reduced and this relaxation can lead to a
mismatch in stress between the coating and the substrate,
leading to cracking and delamination, by which coating gets
deposited onto the non-cutting edge of the tool.

3.4. Formation of built-up edge

The built-up of edge (BUE) is a common issue during
the metal cutting operations that can negatively impact the
tool performance and lifespan. Figure 9 depicts the built-up
edges of milling tools.

Surface treatments such as SCT and DCT can improve
the wear resistance and toughness of cutting tools, reducing

Table 5. The elemental composition of cutting edges for different tool surfaces.

Element Line Type UCT Weight% SCT Weight % DCT Weight %
N K series 11.25 19.82 16.53
(0] K series 15.34 1.69 14.62
Al K series 1.67 6.95 1.88
Si K series 6.01 70.61 5.85
Ti K series 65.05 0.93 61.12
Co K series 0.66 0.45 0.38
Total: 100 100

0083 1544 SEI 20kV

20kV  X1,500

n-phase

X1,500 10pm 0089 1544 SEI

20kV  X1,500 10pm 0089 1444 SEl

Figure 7. SEM images of the surface microstructure of tools a) WC-Co cutting tool without any coating b) tool subjected to SCT and c¢)

tool subjected to DCT.
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Figure 8. SEM images of the surface microstructure of TiAISiN coated cutting tools, a) UCT b) SCT and ¢) DCT.

500um 0089 13 42 SEI X40

20kV X40

Built up edges

Figure 9. Built up edge of the end milling tools.

the development of BUE and other wear-related issues.
However, the DCT process can also induce residual stresses
that may lead to cracking of the cutting edges of TiAISIN
coated tools, highlighting the importance of the post-treatment
process for cutting tools.

The BUE is a phenomenon that occurs during cutting
operations when work material welds onto the edge of the
cutting tool due to the high cutting pressure. This welding
action can cause a buildup of material on the tool edge,
which can negatively impact the cutting performance of
the tool. However, the flow of chips generated during the
cutting process can help to remove the built-up edge over
time. As the chips flow over the surface of the tool, they
can gradually remove the material that has accumulated
on the tool edge.

EDS analysis of the cutting edges of the tools showed
the presence of oxygen, indicating the formation of oxide
films. The formation of alumina and silica tribo-films have
significantly increased the wear resistance of coated tools.
These tribo- films are also responsible for the wear protection
of the TiAISiN coatings which has resulted in a better surface
finish on maraging steel. Overall, the incorporation of Si
and Al and the formation of tribo-films are found to be the
key factors in improving the hardness and wear behavior
of TiAISiIN coated tools.

In the case of SCT tool, the BUE removal process is found
to be more efficient due to the improved wear resistance of the
tool. Additionally, the reduction in BUE helped to mitigate

500pm

500um 0089 1342 SEI

0089 13 42 SEI 20kV X40

the development of crater wear, chipping, and notch wear,
resulting in improved tool life and performance. In the case
of DCT, the tool’s improved toughness and wear resistance
helped to prevent the formation of BUE during cutting.

3.5. Tool wear

The surface topography of the UCT, DCT and SCT
tool surfaces before and after milling operations are shown
in Figure 10. It is observed that the average roughness of
tool surfaces measured at three different locations are 0.82,
0.91 and 0.88, 0.66, 0.52 and 0.38 um respectively for UCT,
DCT and SCT tools respectively.

Tool wear is quantified by computing the volume loss
measured using microscopic images of the worn surfaces
and the volume is calculated using the 3D surface profile.
For this purpose, average surface profile heights are calculated
corresponding to each line data which is multiplied by the
area under measurement, which is 500 x 500 um? as indicated
in Figure 8. After each set of experiment, average values are
calculated and reported in Table 6.

In the case of the SCT6 tool, it is observed that the
tool wear is less compared to the UCT and DCT tools.
This is attributed to the improved mechanical and physical
properties of the SCT tool resulted due to the cryogenic
treatment. In addition to the TiAISiN coating, cryogenic
treatment refined the microstructure of the tool, leading to
improvement in wear resistance.



Babu et al.

Materials Research

Figure 10. Surface profiles of cutting tools a) UCT, b) SCT and c¢) DCT tools before and (d-f) after milling experiments.

Table 6. Tool wear expressed as wear volume loss.

Average surface roughness (um)

Tool/ Treatment Method Before milling experiments After milling experiments Wear volume (mm’)
UCT 0.82 0.57 0.625 X 10*
SCT6 0.85 0.66 0.475 X 10+
DCT24 0.88 0.53 0.875 X 10*

4. Conclusions

Tungsten carbide end milling tools are coated with
TiAlSiN and then subjected to shallow and deep cryogenic
treatment. Maraging steel has been machined using untreated
tool (UCT) shallow and deep cryogenically treated tools (SCT
and DCT). Surface finish, built-up edges and tool wear are
assessed to evaluate the performance of milling tools with
TiAlISiIN coating and cryogenic treatment.

Following conclusions are drawn from the studies:

1.

The microhardness on three different TIAISIN coated
tools; UCT, DCT24, and SCT6, are evaluated for
their hardness. It is observed that the SCT6 tool
exhibited the highest hardness with an increase of
2.4% compared to the UCT tool. On the other hand,
the DCT24 tool showed a decrease in hardness of
6.1% compared to the UCT tool.

It is found that the surface finish improved as the
spindle speed increased for all the types of tools,
i.e., UCT SCT6, and DCT24. In these, SCT6 tool
demonstrated the best improvement in surface
finish compared to all other cases, particularly at
lower rpm. At lower rpm, the SCT6 tool improved
the surface finish by 21.3% compared to the UCT
tool, and 15.6% compared to the DCT24 tool. At
higher rpm, SCT6 tool improved the surface finish
value by about 13.3% compared to the UCT and
33.5% compared to the DCT24 tool respectively.

The Formation of Bult-up edge was reduced in
the case of SCT tool in comparison with UCT and
DCT tools.

The formation of alumina and silica tribo-films
has been found to have significantly increased
the wear resistance of cryogenically treated and
TiAISiN coated tools.

Wear rate of SCT tool was lowest in comparison
with UCT and DCT tools in that order.
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