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A COMPARATIVE STUDY ON CUTTING TOOL PERFORMANCE IN HIGH-SPEED FACE-MILLING
OF HARDENED TOOL STEELS

In this study cutting speeds and tool life constants for seven different cutting tools are investigated while high-speed face
milling of four different much used hardened tool steels.1.2379 and 1.2080 cold-work tool steels, 1.2344 hot-work tool steel and
1.2738 plastic mold steel were machined with PVD TiN coated ceramic, PCBN, PVD TiN coated carbide, PVD TiAIN coated
carbide cermet, CVD TiN-TiCN-Al,O5 coated carbide, uncoated carbide and uncoated cermet cutting tools. Wear of cutting
tools measured for all species after every pass. Also, the tool life constants for each tool materials are calculated and are given
for convenient tool material. Generally, PCBN tool gave the best results in high-speed face milling of all hardened tool steels.
Unexpectedly uncoated carbide and uncoated cermet gave useful results while high-speed face milling of hardened 1.2344 hot-

work tool steel.
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1. Introduction

In metal cutting operations most important decision to be
taken is the selection of the appropriate cutting tool. Two dif-
ferent methods for appropriate cutting tool selection are used
according to a metal cutting methods such as turning, milling,
and workpiece material. One of these methods is selecting the
appropriate cutting tool after experimental study. The other
method is selecting the appropriate cutting tool according to
Taylor Equation tool life constants which will give the convenient
tool life and cutting speed [1]. The first method is an expensive
and time-consuming method. In the other method, Taylor Equa-
tion, determining tool life constants is an important matter. The
reference tables for the constants are mostly created for low and
moderate cutting speeds for machining processes.

High-speed machining of hardened steel is an important
subject for industrial applications. Using the cutting tool ef-
ficiently is one of the most important subjects for all machining
operations. Considering the tool life of the cutting tool right ob-
tains lower tool cost, dimensional accuracy, and desired surface
roughness. Hence determining the suitable tool and correct tool
life constant is very important. Especially parallel to the devel-
opments in cutting tool materials high-speed machining become
more important as can be seen from the literature because of its

advantages. These advantages are high metal removal rates, low
cutting forces, good surface quality and integrity, reduction in
cutting tool variety [2], dissipation of heat with chip removal
resulting in a decrease in workpiece distortion [3]. Thus, final
finishing operations are usually decreased or sometimes elimi-
nated resulting in lower manufacturing costs [4]. In contrast
the advantages, there are some disadvantages of high-speed
machining which will have to be taken precautions about. These
disadvantages are high tool wear, requirement of expensive tool
materials, advanced coatings, precision tool holder tapers, costly
machine tools and control systems [2].

Because of the disadvantages, tool wear measurement or
prediction is an important matter for high-speed machining ap-
plications. Literature investigation about high-speed machining
of hardened tool steels shows that especially tool performances of
the different tools comparison are made while machining hard-
ened tool steels such as AISI D2 cold-work tool steel [5-13], AISI
H13 hot-work tool steel [3,6,14-21], AISI H11 tool steel [22],
AISI A2 tool steel [23] and AISI P20 [24], AISI D3 [25-27]. Most
of'the studies on high-speed machining made for end milling ap-
plication [3-27]. There is a review on the processing of hardened
steels. In this review, it was stated that there is not enough study
about tool wear and tool life [28]. There are some studies about
wear mechanisms in high-speed machining [29], temperature
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measurement when high-speed machining of hardened tool steel
[30], chip formation in high-speed milling [31], performance
evaluation of different coating materials while high-speed ma-
chining [32] and high-speed five-axis milling of hardened tool
steel. There is a deficiency for face milling applications. There
are only a few studies about face milling operations [33-39].
For smart manufacturing prediction of cutting tool wear during
milling process are made using artificial intelligence techniques
[40]. There is a short review about future trends in high speed
milling of metal alloys [41].

The aim of this research is making a comparative evalua-
tion about the high speed machining performances of different
cutting tools, determining the right cutting speed and tool life
constants while high-speed face milling of hardened tool steels.
In this study, seven different cutting tool materials were tested
for four different hardened tool steels till finding the appropri-
ate cutting tool and cutting speeds. Then tool life constants are
determined for each cutting tool material. Tool life constants
tables which will be created for high-speed machining will ob-
tain time possession for academicians and industry. Especially
automatic tool changing systems with smart features will be
held in the machine tools industry. Because in unmanned digital
factories the decisions will be taken according to datas from the
smart manufacturing systems. And determining the tool life of
cutting tools will become more important in the coming years
for machine learning applications.

2.2. Cutting Tools

The cutting tool is determined according to ISO 8688-1:
“Tool life testing in milling-Part1: Face milling” [42]. Face mill
has 125 mm diameter and inserts coded as SPAN 1203 EDR.
The axial rake angle is 0°, radial rake angle is 8° and approach
angle of the tool is 75°. Insert geometry of cutting tool is also
designated in ISO 8688-1: SPAN 1203 EDR.

In this research eligible cutting tool for machining hardened
tool steels is determined. For determining appropriate cutting tool
material seven different tool materials have been tested. These
cutting tool materials and their coatings are given in TABLE 2.

Dry face milling tests were carried out on a Mazak
VTC-20B vertical machining center. After every cutting pass
wear of insert was examined with Scherr Tumico 98/0001 tool-
maker’s microscope and surface roughnesses were measured
with Hommel Tester T1000.

2. Materials and method

TABLE 2
Cutting tool materials and their coatings
Tool Cutting Tool Coating
Number Materials Method Material

Tool 1 Coated Ceramic PVD TiN
Tool 2 PCBN Uncoated —
Tool 3 Coated Carbide CVD TiN-TiCN-Al,04
Tool 4 Coated Cermet PVD TiAIN
Tool 5 Coated Carbide PVD TiN
Tool 6 Carbide Uncoated —
Tool 7 Cermet Uncoated —

2.1. Materials

Hardened tool steels, most commonly used by manufactur-
ers in industrial operations are chosen for this research. These
materials are 1.2379 (AISI D12/DIN X155CrVMol2-1) and
1.2080 (AISI D3/DIN X210Cr12) cold-work tool steel, 1.2344
(AISTH13/DIN X40CrMoV5-1) hot-work tool steel and 1.2738
(AISI P20/DIN 40CrMnNiMo8-6) plastic mold steel. Chemical
composition and hardness of the materials are given in TABLE 1.
Materials with the dimensions of 100x200x300 mm are hardened
to 55, 56 and 58 HRC.

2.3. Experimental design

Cutting parameters controlled according to the tool-work-
piece couple is determined as mentioned in the standard. In the
standard, there are two relationships between the parameters.
Axial depth of cut (a,) must be 8 times feed rate (f.) and radial
depth of cut (a,) must be 0.6 times diameter of the face mill (D).

According to the tool manufacturer catalog and relation-
ships between the parameters at ISO 8688-1, axial depth of cut
is determined as 0.25 mm, radial depth of cut as 75 mm and
feed rate as 0.032 mm. The cutting parameters for experimental
design are given in TABLE 3.

TABLE 1
Chemical composition and hardness of the materials TABLE 3
1.2379 1.2080 1.2344 1.2738 Cutting parameters
(AISIDI12) | (AISID3) | (AISIHI3) | (AISI P20)
Hardness 56 HRC 55 HRC 58 HRC 55 HRC Cutting parameters Values
% C 1.55 2.00 0.38 0.38 Feed rate (mm/rev) 0.032
% Si 0.25 0.25 1.10 0.30 Radial depth of cut (mm) 75
% Mn 0.35 0.30 0.40 1.50 Axial depth of cut (mm) 0.25
%V 0.95 _ 0.95 _ Cutting speeds (m/min) Variable
% Cr 11.80 11.50 5.20 2.00
% Mo 0.80 — 1.40 0.20 Experiments are taken place for determining appropriate cut-
% Ni — — — 1.10 ting tool and cutting speed while machining hardened tool steels.



To obtain this purpose, the experiments are realized for each
cutting tool with at least five different cutting speeds. Tool life
criteria are taken according to flank wear mechanism. When mean
flank wear reaches at 0.3 mm or maximum flank wear reaches at
0.6 mm it is assumed that the tool has lost its sharpness and could
not work properly. Maximum cutting speed is decided according
to obtain at least five-minute tool life. Then the cutting speed is
reduced degree by degree until obtaining maximum twenty-five
minute tool life as explained in ISO 8688-1 [42]. Experiments
were repeated until reaching satisfactory results about the cutting
speed range and to form the required graphics for calculating the
tool life constants. Afterward with the tool lives (7} — T}), match-
ing the cutting speeds (v.; — v ) tool life constants are calculated
according to Taylor Equation given by Eq. 1:

vexT"=c (1)
va X T\"=vaxT)'=c
logv,; + n.logT| =logv,, + n.logT,
ny 5 = (logve, —logve,)/(logT) — logT)
ny 3 = (logv,s —logvey)/(logT, — logTs)

g1 i = (logv — logve, 1)/(logTy 1 —logTy)
n= (nl,z + n2,3 + n3’4 + n4’5 F oeeeeeene + nk_]’k)/k—l

Then c is calculated from Eq. 1.

In the Tool and Manufacturing Handbook [43] as the appli-
cation of the economic model, the tool life is given for 7= 30 min
and 7 = 90 min for the cutting tool materials. In this article,
the economic cutting speed for 7= 30 min and 7'= 90 min are
calculated with the use of “n” and “c” values which are found
after the experimental work from Eq. 2.

Ve = (2)
T=30>v,=—
30"
T=90—>v, =——
90"

3. Results and discussion

After the experimental work performed with seven different
cutting tools, the results are evaluated in terms of surface rough-
ness, tool life, appropriate cutting speeds and tool life constants
for each tool. These results are discussed for each material.

3.1. Hardened 1.2379 cold work tool steel

While machining hardened 1.2379 cold work tool steel only
PCBN gave best results. In terms of tool life, other six tools worn

7

at the beginning of the first pass. The tool lives which are meas-
ured against different cutting speeds and the tool life constants
which are calculated according to are given in Fig. 1. After the
pre-experiments for this material couples, five convenient cutting
speeds are chosen as can be seen in Fig. 1. The range is varying
between 100 and 500 m/min. Tool life of the PCBN has decreased
50% with the increasing cutting speeds. The cutting speed that
is calculated for one minute tool life “c” is 2617 m/min and tool
life constant “n” is 0.986. Tool life graphics for this material
couple are given in Fig. 1.
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Fig. 1. Tool life vs cutting speed. (Tool 2 — PCBN for hardened 1.2379
cold-work tool steel)

3.2. Hardened 1.2080 cold work tool steel

Investigating the appropriate cutting tool for hardened 1.2080
cold work tool steel, the same results which were found for 1.2379
cold work steel have been obtained. Except PCBN, other six tools
failed at the beginning of the first pass. The tool life which is
measured against different cutting speeds and tool life constants
which are calculated according to Eq. 1 are given in Fig. 2.

After the preliminary study, five convenient cutting speeds
are determined as can be seen in Fig. 2. The cutting speed range
is varying between 100 and 900 m/min. In the milling of 1.2379
cold work steel, the upper value was 500 m/min with 5.33 min
tool life. Also in the milling of 1.2080, the convenient cutting
speed is ascending to 900 m/min with 4 min tool life. Tool life
of the PCBN has decreased dramatically with the increasing
cutting speeds. Tool life of the PCBN for 100 m/min cutting
speed is 32 min, whilst for 900 m/min cutting speed, tool life
is only 4 min. The tool life constants, that is calculated for
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one-minute tool life “c” is 3855 m/min and “»” is 1.077. The
tool life-cutting speed and logarithmic tool life-cutting speed
graphics are given according to results that were taken from the
experiments in Fig. 2.
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Fig. 2. Tool life vs cutting speed. (Tool 2 — PCBN for hardened 1.2080
cold-work tool steel)

3.3. Hardened 1.2344 hot work tool steel

Four different cutting tools gave satisfactory results for
investigating of the appropriate cutting tool for hardened 1.2344
hot work tool steel. Other three tools failed on the first pass. The
tool lives which are measured against different cutting speeds
and tool life constants which are calculated for each cutting
tool according to Eq. 1 are given in Fig. 3. Firstly, the cutting
tool performance of PCBN is explained. After the experimental
work for this material couples, five convenient cutting speeds
defined between 100 and 700 m/min as can be seen in Fig. 3.
In the milling of 1.2080 cold work steel, the lower value was
100 m/min with 32 min tool life. Also in the milling of 1.2344
hot work tool, steel tool life that is measured for 100 m/min
cutting speed is ascending to 54 min. Tool life of PCBN has
decreased dramatically with the increasing cutting speeds. Tool
life of the PCBN for 100 m/min cutting speed is 54 min whilst
for 700 m/min cutting speed tool life is only 4 min. The tool
life constants, that is calculated for one-minute tool life “c” is
5154 m/min and “n” is 0.969. The upper value of tool life of
PCBN is 13.5 times greater than the lower range while the cut-
ting speed is only 7 times greater than the other. It is seen from
the Fig. 3. that five convenient cutting speeds between 50 and
250 m/min are chosen after the experiments with CVD coated

carbide. Tool life of the CVD coated carbide has decreased well-
proportionally with the increasing cutting speeds. Tool life of the
CVD coated carbide for 50 m/min cutting speed is 55 min whilst
for 250 m/min cutting speed tool life is only 11 min.
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Fig. 3. Tool life vs cutting speed. (PCBN, CVD coated carbide, uncoated
carbide and uncoated cermet for hardened 1.2344 hot-work tool steel)

The tool life constants, that is calculated for one minute tool
life “c” is 2946 m/min and “n” is 1.005. Cutting tool performance
of uncoated carbide has the same attitude as uncoated cermet. The
experimental results from the cutting tests for this material cou-
ples, five convenient cutting speeds between 25 and 125 m/min
are chosen as can be seen in Fig. 3. Tool life of the uncoated
carbide and uncoated cermet has decreased well-proportionally
with the increasing cutting speeds. Tool life of the uncoated car-
bide and uncoated cermet for 25 m/min cutting speed is 110 min
whilst for 125 m/min cutting speed tool life is only 22 min. The
tool life constants, that is calculated for one minute tool life “c”
is 2923 m/min and “n” is 1.007. The tool life-cutting speed and
logarithmic tool life-cutting speed graphics of all cutting tools
appropriate for machining hardened 1.2344 hot-work tool steel
are given in Fig. 3.

In the face-milling of 1.2344 hot work steel, the high-
est cutting speed was used with PCBN, 700 m/min of cutting
speed with 4 min tool life. The highest cutting speed that was
reached with PCBN is approximate 3 times greater than CVD
coated carbide and 5 times greater than uncoated carbide and
uncoated cermet. The highest tool life, 110 min, was obtained
with uncoated carbide and uncoated cermet while machining
with 50 m/min of cutting speed. The comparison made at the



same speed, 100 m/min, the highest tool life was obtained with
PCBN, 54 m/min while other cutting tools have the half of
PCBN’s tool life of 27 m/min.

3.4. Hardened 1.2738 plastic mold steel

The experimental results from the cutting tests for hardened
1.2738 plastic mold steel, two different cutting tools, PVD TiN
coated ceramic and PCBN, gave useful results. Other five tools
failed. The tool lives which are measured for different cutting
speeds, the cutting parameters used for machining and tool life
constants which are calculated according to Eq. 1 are given for
each cutting tool in Fig. 4. First, the cutting tool performance of
PVD TiN coated ceramic is given in Fig. 4. After the experiments,
five convenient cutting speeds between 200 and 1000 m/min are
defined as can be seen in Fig. 4. Tool life of PVD TiN coated
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Fig. 4. Tool life vs cutting speed. (PVD TiN coated ceramic and PCBN
cutting tools for hardened 1.2738 plastic-mold steel)

9

ceramic cutting tool has decreased well-proportionally with
the increasing cutting speeds. Tool life of this cutting tool for
200 m/min of cutting speed is 70 min, whilst for 1000 m/min of
cutting speed, tool life is only 2.66 min. The tool life constants,
that is calculated for one minute tool life “c” is 2204 m/min
and “n” is 0.493. Five convenient cutting speeds for PCBN are
defined as can be seen in Fig. 4. The range is varying between
100 and 500 m/min. Tool life of the PCBN has decreased well-
proportionally with the increasing cutting speeds. Tool life of
PCBN for 100 m/min of cutting speed is 108 min, whilst for
500 m/min of cutting speed, tool life is only 5.33 min. The tool
life constants, that is calculated for one minute tool life “c” is
2250 m/min and “n” is 0.697. The tool life-cutting speed and
logarithmic tool life-cutting speed graphics of all cutting tools
are drawn according to results that were taken from the experi-
ments and are given in Fig. 4.

In the milling of 1.2738 plastic mold steel, the highest cut-
ting speed can be used with PVD TiN coated ceramic cutting
tool, 1000 m/min with 2.66 min tool life. Maximum speed used
for PVD TiN coated ceramic cutting tool is approximate 2 times
greater than PCBN’s. The highest tool life, 108 min, was obtained
with PCBN while machining at 100 m/min of cutting speed. The
comparison made at the same speed, 200 m/min, the highest tool
life was obtained with PVD TiN coated ceramic cutting tool,
70 min tool life while PCBN has 56 min of tool life.

3.5. Overall results

After the experimental works, which are taken with seven
different cutting tools, first of all, the appropriate cutting tools
for each hardened tool steel were found. Appropriate cutting
tool for machining hardened cold-work tool steels, 1.2379 and
1.2080, is PCBN. While machining 1.2344 hot-work tool steel
four different cutting tools can be used. These are PCBN, CVD
coated carbide, uncoated carbide and uncoated cermet. Two dif-
ferent cutting tools, PVD TiN coated ceramic and PCBN can be
used for machining of hardened 1.2738 plastic mold steel. These
overall results are given in TABLE 4.

TABLE 4

Appropriate cutting tools for each hardened tool steel

\ Cold-Work Tool Steel |

Hot-Work Tool Steel | | Plastic Mold Steel |

Hardened 1.2379 Hardened 1.2080
(AISID12) 56 HRC (AISI D3) 55 HRC
+ PCBN * PCBN

Hardened 1.2344 Hardened 1.2738

(AISI H13) 58 HRC (AISI P20) 55 HRC

* PCBN * PCEN

* TIN-TiICN-ALO; * TiN coated ceramic
coated carbide

* Uncoated carbide
* Uncoated cermet
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TABLE 5
Tool life constants
Tool Life Constants Cutting Speeds
Material Cutting Tool Calculated Taken fr."“‘ % deviation For 30 i For 90 o
graphic tool life tool life
n ¢ n ¢ n ¢ vc(30 min) vc(% min)
Hardened
PCBN 0.986 2617 0.993 2636 -1 -1 91 31
1.2379
Hardened
areene PCBN 1.077 | 3855 | 1.056 | 3884 | 2 1 99 30
1.2080
PCBN 0.969 5154 0.739 1964 24 62 191 66
Hardened CVD TiN+TiCN+Al,05 coated WC 1.005 2946 1.000 2747 0 7 97 32
1.2344 Uncoated WC 1.007 2923 1.000 2747 1 6 95 31
Uncoated Cermet 1.007 2923 1.000 2747 1 6 95 31
PVD TiN coated Ceramic Ceramic
Hardened (ALOy/TICN) based Ceramic 0.493 2204 0.538 2100 -9 5 412 240
1.2738 PCBN 0.697 2250 0.538 1348 23 40 210 98

Then the calculations are held to find the tool life constants
according to Eq. 3. Verifying the results, v¢" graphics are drawn
with the aim of experimental data. From the graphics, another n
and ¢ constants are found and the deviations between them
are calculated and are given in TABLE 5. According to these
results, PCBN is not an appropraite cutting tool for high-speed
face milling of hardened 1.2344 hot-work tool steel and 1.2738
plastic mold steel.

4. Conclusion

Tool life estimation is a very important matter for smart
changing cutting tool systems in the unmanned digital factories.
Appropriate cutting tools for high-speed face milling of hardened
tool steels, for cold-work tool steels, is PCBN with the speed of
91 m/min for 1.2379 and 99 m/min for 1.2080. Uncoated carbide
is an appropraite cutting tool for 1.2344 hot-work tool steel with
the speed of 95 m/min. PVD TiN coated ceramic cutting tool
can be used for 1.2738 plastic mold steel is with the speed of
412 m/min. This speed is extremely high speed for machining
of hardened tool steels and is extremely high from the catalog
value of the cutting tool.

Generally, PCBN tool gives satisfactory results in high-
speed face milling of hardened cold-work tool steels for which
were tested.

In the machining of hardened tool steels, uncoated carbide
and cermet cutting tools are not suggested. Unexpectedly un-
coated carbide and uncoated cermet gave useful results while
high-speed face milling of hardened 1.2344 hot-work tool steel
with lower cutting speeds such as 50 or 100 m/min. Tool life
for suggested cutting speed, 50 m/min is 55 min. and cutting
speed for one minute tool life is 2923 m/min. Another interest-
ing result is usage of uncoated carbide and cermet cutting tools
for 1.2344 hot-work tool steel. These tools gave same results
as CVD coated carbide while machining of 1.2344 hot-work

tool steel. Tool life with both coated and uncoated cutting tool
is 27 min for 100 m/min of cutting speed. According to this
result for a lower price, uncoated cutting tools are more useful
than the coated carbide while high-speed face milling of hard-
ened 1.2344 hot-work tool steel. The suggested cutting tool for
machining of hardened tool steels, PCBN gave lower tool life
values than expected. Tool life with PCBN cutting tool is 54 min
for 100 m/min of cutting speed, while tool life for both coated
and uncoated carbide is 27 min. Comparing the price of PCBN
and uncoated cutting tool, the price of PCBN cutting tool is
10 times greater than the price of uncoated cermet and carbide
cutting tools. Also, tool life of PCBN cutting tool is 2 times
greater than the tool lives of uncoated cutting tools. Looking
at the price-tool life equilibrium uncoated carbide and cermet
cutting tools are more convenient than the PCBN and coated
carbide cutting tools.

In contrast to the workpiece hardness, the hardest tool steel,
1.2344 hot work tool steel, could be machined with a larger
number of cutting tool materials. It is thought to be related to the
chemical composition given in TABLE 1. The hardened material
1.2344 has the largest Si %. It is seen that % Si has a positive
contribution to machinability in the milling of hardened tool
steels.

In general 1.2738 plastic mold steels has the best machina-
bility among this materials. In milling operations ceramic cutting
tools is not preferred because of its brittleness in intermittent
stock removal. In high speeds operations, as intermittent stock
removal at high speeds approaches continuity, ceramic cutting
tool gave good results.
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