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In this study, surface roughness and cutting forces were experimentally investigated in a PMD 23 cold work
tool steel milled with multi-layer Al2O3+TiCN coated cutting tools. The effects of progress rate, cutting speed
and cutting depth on surface roughness and cutting forces were investigated. The Taguchi technique was used to
optimize the milling process. With this study, optimal machinability of PMD 23 cold work tool steel with multi-layer
Al2O3+TiCN coated tools was determined by Taguchi Grey based optimization technique. The optimum value is
obtained by Taguchi based Grey relational analysis when the machining parameters are as follows: 500 mm/min
feed, 3500 rpm spindle speed and 1.0 mm cutting depth (A1B3C2).
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1. Introduction

Materials with high strength have been obtained with
the developments in the material technology. The choice
of the appropriate cutting tool when removing the chip
over these materials is important for increasing effi-
ciency [1–13]. The choice of tool material and cutting
geometry is also very important. Even if the tool is se-
lected appropriately, the efficiency declines if the process-
ing conditions are out of standard. In order to perform
high-efficiency and economical processing, it is necessary
to carry out theoretical studies of each kind of material
and cutting tool to be processed [1, 2, 6–8, 10].

Among the manufacturing methods, cutting process-
ing methods have an important place. Milling is widely
used among cutting processing methods. There are many
methods of milling. One of these methods, the surface
milling, is the most commonly used type of swarf pro-
cessing. Surface milling can be done with penknives with
various properties, but it is common to process by using
insert tips. These tips have the ability to handle mate-
rials with different properties. It is important to achieve
high dimensional accuracy and geometrical properties.
In order to accomplish this, the PMD 23 material was
tested using different tips. This material is the cold work
steel of the powder metallurgy production. Its abrasion
resistance and toughness is several times higher than that
of the known 12% Cr steels. The features of the material
are more evident with punches and molds that are cut-
ting, punching, pressing, and blowing. It also gives very
good results in cutting tools such as milling, and reamer.
Compared to 1.3343, it has many times higher endurance
and can operate at higher speed.
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Austenitic stainless steels similar to this material are
made of chrome-nickel steels and provide very high cor-
rosion resistance. It is not recommended to use other
alloys for a wide range of excellent mechanical proper-
ties. The austenite group of stainless steels is a group
of non-magnetic materials and even though they are cold
strengthened for cold work, they cannot be hardened by
conventional heat management process [14]. AISI 304
Austenitic stainless steel is categorized under the group
of materials that are difficult to process. In the machin-
ing operations of Austenitic stainless steels, side abra-
sions, crater surfaces and irregular abrasions usually oc-
cur in the tool [15].

Such reasons as poor workability of this material, work
hardening rates, high unbreakable endurance, high ten-
dency power, high ductility and very low thermal con-
ductivity explain the situation [15, 16]. Work hardening
of this steel will cause an increase in tool abrasion and
tool damage. Reducing the effect of work hardening in
tool life can be achieved with a hard tool and a high
progression rate [17].

Milling of high-hardness steels causes the tool life to
decrease. In addition, there is occasional cooling rep-
etition throughout the shear, and periodic temperature
variation causes micro-cracks in the inserts. Therefore,
the thermal properties of tool materials, such as thermal
conductivity, are very important characteristics in milling
of hard materials. The measurement of the tool tempera-
ture is necessary to evaluate the feasibility of the tool for
milling. However, it is difficult to accurately measure the
temperature of the tool because the cutting tool rotates
at high speed and the measurement area is small.

In most of the literature, hardened steels are processed
at high speed. A large part of the literature related to
hardened steels refers to the AISI H13 hot working tool
steel, and this steel is used in the production of a wide
range of molds and in hot matrix forms [18–24].
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In this study, the machinability of PMD 23 material
was investigated using multi-layer Al2O3+TiCN coated
inserts with different progress and cutting depths. Tak-
ing into account the industrial conditions, the Taguchi
experimental design method was used to be able to carry
out these experiments in the most efficient way, consider-
ing the economic conditions and time constraints, as well
as to interpret the results correctly and to obtain the best
results with optimum experimentation. Through this
study, the optimal machinability of PMD 23 cold work
tool steel with multi-layer Al2O3+TiCN coating was de-
termined by Taguchi Grey based optimization technique.
The optimum value is obtained by Taguchi based Grey
relational analysis for the following machining param-
eters: 500 mm/min feed, 3500 rpm spindle speed and
1.0 mm cutting depth (A1B3C2).

2. Materials and methods

2.1. Materials

MD 23 cold-work tool steels are used in the mold indus-
try. PMD 23 cold-work tool steel has high temperature
stability, thermal conductivity, toughness and wear re-
sistance. Specimens used in the experimental study were
made of PMD 23 cold work-tool steel material, chemi-
cal composition and mechanical characteristics of which
are given in Table I and Table II, respectively. JOHN-
FORD VMC-850/550+APC CNC Fanuc 0T x-y-z axis
CNC Milling Machine with a motor power of 30 HP was
used in experiments.

TABLE I

Chemical composition of PMD 23 cold work-tool steel.

PMD 23 C W Cr V
Fe based 1.30 6.40 4.2 3.10

TABLE II

Mechanical characteristics of PMD 23 cold work-tool
steel.

Tensile
strength
[Mpa]

Yield
strength
[Mpa]

Elongation
[%]

Density
[kg/m3]

Hardness
[HB]

460 530–650 24 25–36 460

The following equipment was used in experiments;
JOHNFORD VMC-850/550+APC CNC Fanuc 0T x-y-
z axis CNC Milling Machine, multi-layer Al2O3+TiCN
coated inserts, MAHR-Perthometer surface roughness
tool for surface roughness measurement, KISTLER
9265B dynamometer for cutting force measurement and
KISTLER 5019b type charge amplifier. DynoWare soft-
ware was used for the analysis.

2.2. Method

Experiment was designed by using Taguchi technique.
This way it was possible to achieve more comprehensive
results with lesser number of experiments. In this case,

time and cost have been saved. As surface roughness of
the surface to be measured and cutting force rates are
required to be minimum in determination of the quality
characteristics, the principle of “the smallest is the best”
was used for the quality values expected to be found as
a result of the experiments. In this experimental study,
tool path, feed and cutting depths were chosen as param-
eters. Multiple-layer Al2O3+TiCN coated inserts were
used in all experiments. The parameters and their lev-
els are presented in Table III. L9 experimental design
together with surface roughness and cutting forces ob-
tained from the experiments are given in Table IV.

TABLE IIIExperimental variables.

Parameters
(A)
Feed

[mm/min]

(B)
Spindle speed

[rpm]

(C)
Cutting depth

[mm]
Level I 500 2800 0.5
Level II 850 3000 1.0
Level III 1200 3500 1.5

TABLE IV

L9 experimental setup, surface roughness and cut-
ting force values.

Exp.
no.

Variables (A) (B) (C)
Ra
[µm]

Cutting
force
[N]

1 A1B1C1 1 1 1 0.541 311
2 A1B2C2 1 2 2 0.335 353
3 A1B3C3 1 3 3 0.287 372
4 A2B1C2 2 1 2 0.703 469
5 A2B2C3 2 2 3 0.652 584
6 A2B3C1 2 3 1 0.675 417
7 A3B1C3 3 1 3 0.984 715
8 A3B2C1 3 2 1 0.896 598
9 A3B3C2 3 3 2 0.809 646

2.3. Taguchi based Grey relational analysis

The obtained experimental results and the determined
parameters were optimized with Grey based Taguchi
method. Using regression model, research was carried
out by calculating an equation between the dependent
and independent parameters. The Taguchi method uses a
special design of orthogonal arrays to study the entire pa-
rameter space with a small number of experiments only.

Experimental design was done using Taguchi method.
Hence, it was possible to reach more comprehensive re-
sults while doing less experiment. In this sense, time and
money have been used more efficiently [25–28]. While
the only outcome is optimized in the Taguchi method,
multiple outcomes can be optimized in a Grey relational
analysis [28]. In this study, Taguchi method was used
in the experimental design step. Grey relational analysis
method was used in the optimization step.

Optimization process of Grey relational analysis was
carried out in the following steps [28];
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1. Normalization of experimental results (the lowest –
the best)

2. Calculation the Grey relational coefficient

3. Calculation of the Grey relational degree

4. Determination of optimal experiment parameters

In the normalization step, the experimental results were
normalized using the below equation, according to “the
lowest – the best” principle

xi(k) =
max yi(k) − yi(k)

max yi (k) − min yi(k)
, (1)

where, xi(k) refers to the value of the i series and k row
after normalization process, min yi(k) refers to the min-
imum value of the i series, max yi(k) refers to the maxi-
mum value of the i series and yi(k) refers to the original
value of the i series and k row.

In the step 2, Grey relational coefficient was calculated
via Eq. (2);

ξi(k) =
∆ min +ζ∆ max

∆0i(k) + ζ∆ max
. (2)

Here, ζ is a distinguishing coefficient between 0 and 1,
∆0i is the amount of deviation between the reference se-
ries and the normalization values, ∆ min refers to the
minimum value of the deviation sequence from the ref-
erence series and ∆ max refers to the maximum value of
deviation sequence from the reference series.

In the step 3, Grey relational degree was calculated by
Eq. (3);

γi =
1

n

n∑
k=1

ξi(k). (3)

3. Results and discussion

Influence of the cutting parameters on surface rough-
ness (Ra) and cutting force (N) on milling of a PMD 23
mold steel with Al2O3+TiCN coated inserts are discussed
in this section.

3.1. Optimization of experimental results
for surface roughness and cutting force

Taguchi L9 experiment design, surface roughness and
cutting force values used in the experimental step are
shown in Table II. Grey relational analysis method
was applied to the experimental results shown in Ta-
ble IV, and the other steps (normalization, delta val-
ues, and Grey relational grade) results are given in Ta-
ble V. The Grey relational coefficients were calculated
using the Eq. (2).

The Grey relational degrees related to each experiment
result were calculated (Fig. 1) and the experiments re-
sults were ranked in order from highest Grey relational
degree. Results are presented in Tables V and VI.

As seen from the Tables V and VI, A1 (feed:
500 mm/min), B1 (spindle speed: 3500 rpm), and C2

TABLE V

Normalized data, delta values and Grey relational grade
for conventional insert tool.

Exp. Normalized Data Delta Values Grey rel. grade

no.
Cutting
force

Surface
roughness

Cutting
force

Surface
roughness

GRA
values

GRA
rank

1 1.000 0.636 0.000 0.364 0.789 3
2 0.896 0.931 0.104 0.069 0.853 2
3 0.849 1.000 0.151 0.000 0.884 1
4 0.609 0.403 0.391 0.597 0.508 5
5 0.324 0.476 0.676 0.524 0.457 6
6 0.738 0.443 0.262 0.557 0.565 4
7 0.000 0.000 1.000 1.000 0.333 9
8 0.290 0.126 0.710 0.874 0.389 7
9 0.171 0.251 0.829 0.749 0.388 8

Fig. 1. Grey relational degrees for each experiment.

(cutting depth: 1.0 mm) were selected as the optimal pa-
rameter levels. The optimal parameters levels correspond
to the lowest surface roughness and cutting force value.

The Grey relational degrees related to each experimen-
tal result were calculated and the experimental results
were ranked in order from highest Grey relational degree
to be presented in Table VI.

TABLE VI

Grey relational degrees of the factor levels of milling.

Levels
(A)
Feed

[mm/min]

(B)
Spindle

speed [rpm]

(C)
Cutting

depth [mm]
Level I 0.842 0.544 0.581
Level II 0.510 0.566 0.583
Level III 0.370 0.612 0.558

4. Conclusions

Useful results were obtained from this study in which
machinability of PMD 23 cold-work tool steel with multi-
layer Al2O3+TiCN coated cutting tool was investigated.
Criteria taken into account for machinability were surface
roughness and cutting force. Three control factors (feed,
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spindle speed and cutting depth), which are considered
to be effective for realization of these criteria at the ideal
conditions, were chosen at three different levels and ap-
plied in the experimental study. Results are summarized
as follows:

• The optimum value is obtained by Taguchi based
Grey relational analysis when the machining pa-
rameters are as follows: 500 mm/min feed,
3500 rpm spindle speed and 1.0 mm cutting depth
(A1B3C2).

• Taguchi method is beneficial for the experimental
design of the machinability of PMD 23 cold-work
tool steel alloy material. Having optimized the pa-
rameters, it is also fruitful for keeping the response
values at required levels.

• The test results prove the effectiveness of the wiper
inserts in providing excellent surface roughness.
The results also suggest that the use of the wiper
insert is an effective way to significantly increase
cutting efficiency without changing the machined
surface roughness in high feed turning operations.
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