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ABSTRACT
Manufacturing molds for plastic parts injection are a particular machining domain, where challenging 
materials, like AISI P20 steel, are forced to satisfy the highest surface quality requirements. Before mirror 
polishing, milling operation is a common and challenging task due to drilling and milling with the same 
tool. Thus, special cutting tools, like asymmetric indexable type, are often used. This tool presents two 
geometrically equal positive inserts – one placed horizontally and the other vertically – for the flexible 
machining of holes, cavities, floors, and walls. Rough-medium milling operations lead to a complicated 
relationship between cutting conditions and geometrical tool parameters, making it challenging to 
balance the tool life of both inserts. The novelty of this work is to propose a model for cutting force 
prediction with an asymmetric tool to explain the separated behavior of both inserts and determine 
a better compromise between cutting conditions and tool life. The experimental tests were done for 
model validation and then wear cutting tests for testing improved cutting conditions. The results 
predicted by the model proved that by changing the depth of cut from 0.3 mm to 0.8 mm, the wear in 
both inserts was more balanced, increasing chip volume up to 1.7 times.
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Introduction

The production of plastic parts is growing steadily for many 
years.[1] The real dimension of this remarkable increase is 
compared with the materials used to manufacture parts of 
a car produced in the 90s with respect to the parts manufac-
tured today, which fulfil similar functions. Many metal parts 
have been replaced by polymers, as is the case with bumpers. 
On top of that, methods of mass production of these pieces 
have been added in recent years, which are obtained by injec-
tion in very complex molds manufactured in tool steels.[2] 

Among the steels used for manufacturing dies for plastic 
parts injection, AISI P20 steel is the most widely used.[3] This 
kind of steel stands out mainly for its capability of being 
polished, where mirror polishing of the surface roughness is 
crucial for these dies. Also, highlight that the polishability 
improves significantly when the steel has a low content of 
inclusions (microstructural cleanliness), its microstructure 
and chemical segregation are homogeneous, and it is possible 
to obtain a high surface hardness, preferably above 40 HRC,[4] 

after the respective heat treatment.
Machining and polishing represent 80% of the total cost of 

plastic injection matrix production.[4] Injection dies for plas-
tic parts made of AISI P20 steel are made by EDM[5] and 
mainly machined by milling. These dies require machining to 
transform the starting material into a finished mold.[6] To 
reduce this percentage of cost, steel mills have developed two 
variants of AISI P20 steel, one designated as AISI P20 + S 
steel to improve machinability and the other designated as 

AISI P20+ Ni steel to increase its polishability.[7] For the first 
case, sulfur addition reduces wear on the edge of the tool 
tip.[8] Regarding free-cutting steels, where MnS in the micro-
structure is adhered to the leading face of the cutting tool, 
forming a tribofilm and acting as a solid self-lubricant.[9,10] 

Instead, the polishability of AISI P20 + S steel is significantly 
impaired. As for the second case, AISI P20+ Ni steel allows 
generating a substantial improvement of the polishability.[4] 

Consequently, manufacturers choose between the variant of 
AISI P20 steel with sulfur or with nickel depending on the 
type of piece to manufacture, the desired surface finishing and 
the number of pieces to produce. An increase in machinabil-
ity leads to a decrease in polishability and the other way 
around. There are also other alternatives to continue improv-
ing the properties of this material. Thus, Priyadarshini et al.[11] 

applied a cryogenic treatment to an AISI P20 steel and 
obtained a 28% improvement in the wear resistance measured 
in pin-on disk tests. Also, Park et al.[12] utilized a diode laser 
to modify the surface characteristics of an AISI P20 steel and 
the block-on-ring tests. They found a decrease in the friction 
coefficient from 0.5 to 0.33 compared with the untreated steel. 
In the same research topic, Yan et al.[13] used ball-on disk 
tests to study the influence of nitriding treatment on the 
surface modified by an ionic laser. They denoted 43% of 
wear when testing the surface without nitriding. High-feed 
milling is an option used in rough face milling to increase 
machining removal rate on flat surfaces with a large area, as 
for producing molds and dies, engine blocks, flanges, and 

CONTACT Antonio J. Sánchez Egea antonio.egea@upc.edu Department of Mechanical Engineering (EEBE), Universitat Politècnica de Catalunya, Av. D’Eduard 
Maristany, 16, Barcelona 08019, Spain

MATERIALS AND MANUFACTURING PROCESSES  
https://doi.org/10.1080/10426914.2021.1944199

© 2021 Taylor & Francis

http://orcid.org/0000-0002-7159-8199
http://orcid.org/0000-0001-8085-6869
http://orcid.org/0000-0002-0184-2168
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/10426914.2021.1944199&domain=pdf&date_stamp=2021-06-29


machine guide-ways.[14] High-feed milling allows maintain-
ing a high removal rate, employing a moderate cutting speed 
which produces a prolonged tool edge life.[15] Cut these dies 
is challenging due to the complex geometry, where at the 
beginning come from prismatic hardened and tempered 
blanks with an average hardness of 30 HRC and could be 
machined with coated hard metal inserts with ISO 
P quality.[16] Drilling these dies is also an essential operation 
since it allows to generate the holes that serve as guides of the 
die.[17] Arruda and coworkers[18] studied the process condi-
tions that allow the best degree of surface roughness to 
achieve using carbide spherical milling cutters, typical in 
finishing milling of cavities. The proper selection of the cut-
ting parameters in high feed milling is crucial for reducing 
machining time to reduce tool costs.[19] For instance, Abou-El 
-Hossein[20] investigated the cutting force in the end-milling 
operation of modified AISI P20 steel. They proposed a model 
to predict these cutting forces based on four inputs the cut-
ting speed, feed rate, radial depth, and axial depth of cut; 
although no similar works on predict cutting forces have been 
found for asymmetric tools in milling operations.

Despite that milling operation with asymmetric tools has 
not taken much attention in the literature, these tools present 
great versatility due to using high feed rates and increasing 
machining efficiency. For example, Zou et al.[21] investigated 
the milling an AISI D2 steel with an asymmetric carbide 
insert mill coated with TiNAl. They used comparable cutting 
conditions (condition 3) and observed a wear difference on 
the flank between the smaller and larger insert of the order of 
95% after removing 186 cm3 of chip. Recently, Plodzien 
et al.[22] studied the material removal rate, cutting forces 
and surface properties when using a conventional and an 
asymmetric milling cutter. They noted that an asymmetric 
cutter presented higher cutting forces and increased by twice 
the chip flow rate. Conversely, it was also denoted higher 
surface roughness due to higher vibration amplitudes that 
can alter the service life of this asymmetric tool. 
Nevertheless, the way these tools behave during cutting 
becomes complex to understand, leading to different wear 
mechanisms that take into account not only vibration. In 
light of all of this, the core objective of this work is to 
propose an asymmetric milling force model to predict cut-
ting forces in high feed milling of hard-to-cut material, like 
AISI P20. Thus, the proposed force model allows choosing 
the cutting conditions that improve the balance of tool 
degradation between the two oriented PVD-coated carbide 
inserts and extend their life service.

Materials and methods

This research motivation arises during the machining of AISI 
P20 + Ni steel molds intended for injecting plastic parts. 
Machining these molds is carried out on materials whose hard-
ness is around 30 HRC hardness. The semi-roughing milling 
process is done using a flexible asymmetric milling cutter 
having two inserts placed in horizontal (H-insert) and vertical 
(V–insert) directions (see Fig. 1). This type of tool is selected 
due to its flexibility in terms of machining operations. Indeed, 

it is capable of performing boring, face milling or squaring 
operations, among others.

After machining many molds with the following machining 
conditions: ap = .3 mm; ae = 18 mm; Vc = 700 mm/min; spindle 
speed of 1300 rpm and dry cutting condition, uneven wear 
occurs on the cutting edges of the inserts. The insert in the 
horizontal direction presented extensive wear of the tool tip 
compared to the insert oriented in the vertical direction. 
Figure 2 shows the difference in wear progression in the cutting 
edge of both inserts when used 0.3 mm of cutting depth (initial 
condition) for approximately 95 minutes. After that time, the 
H-insert presented significant wear in its cutting edge. Instead, 
the vertical insert did not reach the maximum flank wear 
criterium (VBmax) to replace the insert. The wear progression 
in the V–insert is less pronounced, one V–insert every three 
H-inserts leading to accelerated costs due to H-insert replacing.

The asymmetric tools with AlTiN coated inserts (type 
QOMT 1342 R-M2 and quality MP 6120 equivalent to ISO 
P20) and specific tool-holder (type AQXR25) were used 
during the experiments. The weight, volume, and density 
of the insert were 3.4 ± 0.1 g, 0.2471 cm,3 and 13.76 g/ 
cm3, respectively. The substrate has a hardness of 91.5 
HRA and a transverse rupture strength toughness of 2.5 
GPa. The milling tests were performed under the following 
conditions: milling cutter of 25 mm diameter with two 
coated carbide inserts, a spindle speed of 1300 rpm (Vc 
= 102 m/min), a feed rate of 700 mm/min (feed per tooth 
0.27 mm/v) and a milling width of 18 mm. Table 1 lists the 
main geometrical parameter of the used asymmetric cutting 
tool. Table 2 shows the chemical composition of the sub-
strate and coating used for the insert. Table 3 shows the 
chemical composition of the material to be cut (AISI P20 
+ Ni).[23]

Results and discussion

Cutting forces are modeled using a mechanistic method,[24,25] 

where cutting coefficients need to be calibrated. These models 
raise differential force elements in tool rotating system tra, 
which then need to be 1) integrated for the cutting length 
engaged in the cut and 2) transformed to an inertial system 
xyz. Besides, the contribution of the different inserts engaged 
during the cut needs to be considered.

Figure 1. Asymmetric cutting tool with two inserts: both inserts are similar but 
with a vertical and horizontal orientation.
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The cutting forces acting on an infinitesimal edge element 
are divided into shear and friction elements in the three- 
tangential, radial, and axial–directions: 

dFt;j ϕj; κ
� �

¼ Ktch ϕj; κ
� �

dbþ Kteds

dFr;j ϕj; κ
� �

¼ Krch ϕj; κ
� �

dbþ Kreds

dFa;j ϕj; κ
� �

¼ Kach ϕj; κ
� �

dbþ Kaeds

(1) 

For straight cutting inserts (κ = 90°), h is the theoretical and 
varying chip thickness computed as h = fz · sinϕj, while db is 
a discrete axial element (db = dz) necessary for the numerical 
integration. The accompanying term to friction contribution ds 
is the cutting-edge differential element.

The model raised here is built from the following 
assumptions:

(1) Asymmetric behavior means different cutting coeffi-
cients need to be calculated separately for the H- and 
V–inserts. Besides, each of the flutes presents its parti-
cular geometry.

(2) Torus end-mills: this due to the fact that we are con-
sidering depths of cut within the radius between the 
primary and secondary cutting edges. This also leads to: 
a) a varying side cutting-edge angle κj; b) varying or 
linear cutting coefficients.

Following this assumption, the differential force elements 
associated with the differential edge element (for any of both 
flutes) can be written as a function of z: 

dFt;j ϕj; z
� �

¼ Ktc;jfz sinϕjdz þ Kte;jds zð Þ

dFr;j ϕj; z
� �

¼ Krc;jfz sinϕjdz þ Kre;jds zð Þ

dFa;j ϕj; z
� �

¼ Kac;jfz sinϕjdz þ Kae;jds zð Þ

(2) 

where Ktc,j-Kte,j, Krc,j-Kre,j, and Kac,j-Kae,j refer, respectively, to 
the shear-friction pair of coefficients for each direction in the 
local system of the tool (and for each insert). Projecting these 
forces on the Cartesian axes, the calculation set leads to the 
cartesian cutting forces. The effect of side cutting-edge angle 
can be seen (see also Fig. 3b): 

dFx;j ϕj; z
� �

dFy;j ϕj; z
� �

dFz;j ϕj; z
� �

8
>>><

>>>:

9
>>>=

>>>;

¼

� cosϕj � sin κj sinϕj � cos κj sinϕj
sinϕj � sin κj cosϕj � cos κj cosϕj

0 cos κj � sin κj

2

4

3

5

dFt;j ϕj; z
� �

dFr;j ϕj; z
� �

dFa;j ϕj ; z
� �

8
>>><

>>>:

9
>>>=

>>>;

(3) 

Finally, the total cutting forces are calculated from the cutting 
forces acting all over the axial length and considering all the 
inserts engaged in the cut. 

Fxyz ϕj

� �
¼
XZ

j¼1

ðz2

z1

dFxyz;j ϕj; z
� �� �

(4) 

Figure 2. Wear at the cutting edge in the vertical and horizontal oriented inserts after 95 minutes of high feed milling with 0.3 mm of depth of cut.

Table 1. Geometric parameters of the asymmetric tool.

Insert
Diameter 

[mm]
Helix angle 

[°]
Corner radius 

[mm]
Starts at 
z [mm]

Rake angle 
[º]

H 25 17 0.8 0 0 (N)
V 25 18 0.8 0.15 negative

Table 2. Chemical composition of the substrate and coating.

Material %wt Ti %wt N % Al % C % W % Co

Coating 53.36 ± 2.23 24.20 ± 0.85 22.44 ± 1.80 – – - – – - – – -
Substrate – – - – – - – – - 12.85 ± 3.90 79.81 ± 3.95 7.35 ± 0.06

Table 3. Chemical composition of the material to cut (AISI P20 + Ni) .[21].

Material %wt C %wt Si %wt Mn %wt Cr %wt Mo %wt Ni

AISI P20 + Ni 0.38 0.30 1.50 2.00 0.20 1.10

MATERIALS AND MANUFACTURING PROCESSES 3



Figure 3 shows the main cutting parameters and local reference 
system tra for cutting forces, similar at both sides (inserts). The 
tool also presents an axial offset between both inserts: the 
starting z is zero for the H-insert while the V–insert begins to 
cut at 0.15 mm.

For the integration of differential cutting forces, tool local 
radius r(z) is defined for both tools. Considering the offset 
c between both inserts: 

Insert H ; r zð Þ ¼ ð0:5D � rεÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2
ε � ðz � rεÞ

2
q

(5a) 

Insert V ; r zð Þ ¼ ð0:5D � rεÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2
ε � ðz � ðrε þ cÞÞ2

q

(5b) 

Then, the local or instantaneous helix angle (dependent on z) is 
obtained from: 

ij zð Þ ¼ tan� 1 r zð Þ
D=2

tan βj

� �� �

(6) 

Finally, the side cutting-edge angle in the corner radius region 
is variable: 

κ zð Þ ¼ sin� 1 r zð Þ � ð0:5D � rεÞ

0:5D

� �

(7) 

For coefficients calibration, a set of 23 experiments were done 
to capture the effect of each of the inserts carefully. Figure 4 
presents the experimental acquisition of cutting forces with 
a Kistler dynamometer. Later, the insert edge is observed to 
determine the wear progression in both inserts. Table 4 list the 

Figure 3. (a) Cutting force trihedron in asymmetric cutter (full immersion, ae = D); (b) Detail of the corner radius.

Figure 4. Experimental setup to acquire cutting forces with a Kistler dynamometer.
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configuration of the cutting test to calibrate the cutting coeffi-
cients. These cutting tests were performed at two different 
depths of cut in the corner radius region.

After these cutting tests, the cutting coefficients can be 
calibrated specifically for each of the tools, see Table 5 and 
Table 6. It is noted a strong component in the axial direction 
for low depths of cut where the cutter rubs against the floor. 
A marked difference between the shear coefficients associated 
with the H- and V–inserts occurs in tangential and radial 
components. At low cutting depths, a high component in the 
tangential direction is noted for both tools and higher friction 
coefficients suggest intense friction and rubbing mechanisms. 
The V–insert tends to rub against the workpiece rather than to 
pure shearing. For higher cutting depths both coefficients tend 
to behave more similarly to each other. The ratio of the shear 
coefficients for the tangential component between the H- and 
V–inserts decreased from 1.67 to 1.22 and for the radial com-
ponent decreased from 1.74 to 1.18, when the depth of cut 
increase from 0.3 mm to 0.8 mm. Note also that the friction 
coefficients are significantly lower than the shear coefficient, 
even for a higher depth of cut (0.8 mm) smaller friction was 
observed. The shear coefficient values of the radial versus 
tangential follow the same trend as in grinding processes, 
where small depths of cut tend to generate greater radial 
stresses than tangential stresses.[26]

For validation purposes, the following cutting conditions 
were proposed with both inserts cutting simultaneously. Only 
the axial depth of cut and the feed per tooth is modified to 

determine its influence on the cutting forces. Table 7 exhibits 
the cutting parameters for the model validation. From the 
validation tests, it can be observed again that the H-insert 
present higher cutting forces than the V–insert. The model 
also captures this trend. Specifically, the model tends to over-
estimate the cutting forces at the V–insert. This is clearly seen 
for Fz component. A better agreement was satisfied for the 
high cutting depth. From the three components, the evolution 
of Fy-Fz is particularly well captured for the tested conditions. 
Figure 5 shows the modeled and experimental cutting forces 
in the three components for the two studied cases. The 
difference between both cases can be illustrated by represent-
ing the evolution of chip thickness during one period. 
Figure 6 shows that due to the axial offset in the V–insert, 
H-insert is forced to work much more for Case 1. 
Alternatively, when increasing the depth of cut, both inserts 
are cutting in a more balanced way.

Wear tests were also performed to track tool wear for 
the referred cutting conditions of depth of cut of 0.3 and 
0.8 mm, see Table 8. Figure 7 shows the wear progression 
at different machining periods for both inserts until reach-
ing the fracture of the H-insert, in particular about 60 and 
95 minutes for depth of cut of 0.8 and 0.3 mm, respectively. 
Also, tool degradation images are shown after 60 minutes 
of high feed milling for a depth of cut of 0.8 mm. These 
VBmax values were obtained by using scanning electron 
microscopy. The H-insert presented significant fractures in 
its cutting edge after that time, but the wear ratio between 
the two inserts was reduced about 2.9 times, from 9.67 (for 
ap = .3 mm) to 3.32 (for ap = .8 mm). A balanced wear rate 
was achieved for both inserts by adjusting the depth of cut 
cutting condition, even though the volume of chips 
removed increased by 1.68 times (from 359 cm3 in the 
initial condition to 604 cm3 in the proposed one) when 
the shear capacity limits of the inserts were reached. 
Therefore, depending on the specific requested cutting con-
ditions, the model clarifies a better margin between both 
tool progressions.

Conclusions

Asymmetric indexable mills are used because of their high 
flexibility in milling molds and hard materials, such as P20 
steel. These cutting tools lead to productive high-feed condi-
tions in a variety of operations types: contour milling, facing, 
or slotting with very different ranges of radial and axial cutting 
depths. This has strong consequences on the inserts’ tool life, 
which can be very different. This aspect is particularly impor-
tant in the milling of molds where tool wear progression needs 
to be controlled to save costs and part quality. In this study, 
a milling force model is proposed for the high feed milling of 
molds. First, cutting coefficients were obtained from 

Table 4. Experimental cutting tests for coefficients calibration.

Test #
Axial depth 
of cut (mm)

Radial depth 
of cut (mm)

Feed per 
tooth [mm/Z/ 

rev]
Feed speed 
[mm/min] Insert

1, 11 0.3, 0.8 18 0.10 130 H
2, 12 0.15 195
3, 13 0.20 260
4, 14 0.25 325
5, 15 0.30 390
6, 16 0.3, 0.8 18 0.10 130 V
7, 17 0.15 195
8, 18 0.20 260
9, 19 0.25 325
10, 20 0.30 390

Table 5. Cutting coefficients (c-shear cutting and e-edge/friction) for ap = .3 mm.

Insert
Ktc 

[MPa]
Kte [N/ 

m]
Krc 

[MPa]
Kre [N/ 

mm]
Kac 

[MPa]
Kae [N/ 

m]

H (ap = .3) 1073.1 89.38 1684.6 185.2 1509.2 302.1
V (ap = .3) 640.4 200.9 965.3 213.2 1513.1 459.4
kjH/kjV 

relation
1.67 0.44 1.74 0.87 0.99 0.66

Table 6. Cutting coefficients (c-shear cutting and e-edge/friction) for ap = 0.8 mm.

Insert
Ktc 

[MPa]
Kte [N/ 

m]
Krc 

[MPa]
Kre [N/ 

mm]
Kac 

[MPa]
Kae [N/ 

m]

H (ap = .8) 895.5 40.3 1891.9 182.3 691.0 140.5
V (ap = .8) 729.2 57.2 1601.8 171.2 740.4 106.7
kjH/kjV 

relation
1.22 0.70 1.18 1.06 0.93 1.32

Table 7. Validation tests: cutting conditions.

Test 
#

Axial depth of 
cut (mm)

Radial depth 
of cut (mm)

Feed per tooth 
[mm/Z/rev]

Feed speed 
[mm/min] Insert

1 0.3 18 0.20 260 H-V
2 0.8 18 0.25 260 H-V

MATERIALS AND MANUFACTURING PROCESSES 5



calibration tests. Then, the model was put to work to find a set 
of cutting parameters to get a better balance between both tool 
types. The main contributions are summarized as:

● A new milling force model for axisymmetric bull nose 
end mills was developed and proposed for a correct bal-
ance between cutting inserts. The model captures the 
behavior of both cutting tools, which were calibrated 
separately. A good agreement was found between mea-
sured cutting forces and modeled ones, specially at high 
cutting depths.

● The developed model proved its usefulness, as it was 
possible to balance the wear rate of the H-insert with 
respect to the V–insert. An increase of 1.7 times in the 
volume of chips detached was achieved when using 
a higher depth of cut of 0.8 mm. As predicted by the 
model, a more favorable set of cutting parameters 
allows for reduced tool costs and/or improved 
productivity.

● The cutting forces are related to chip thickness loads on 
both cutting tools with unbalanced cutting patterns that 

Figure 5. Model validation a. Case 1; b. Case 2.

Figure 6. Chip thickness evolution (1 period) a. Case 1; b. Case 2.

Table 8. H- and V–insert wear at VBmax for depths of cut of 0.3 and 0.8 mm.

Depth of 
cut (mm)

Insert 
Orientation

Time 
(min)

VBmax 
(μm)

Ratio of 
VBmáx (H/V)

Chip Removal 
volumen (cm3)

0.3 H 95 774 9.67 359.0
V 80

0.8 H 60 405 3.32 604.8
V 122

Figure 7. Wear progression for both inserts and tool degradation SEM images 
after 60 minutes of high feed milling with 0.8 mm of depth of cut.
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can be recognized by comparing the force profiles and 
peaks on both inserts. Accordingly, the wear ratio 
between inserts turned from 9.7:1 to 3.3:1 when the 
depth of cut was increased from 0.3 mm to 0.8 mm, 
which means unbalance wear reduction of three times.

Nomenclature

ae Radial depth of cut
ap Depth of cut
db Discrete axial element
dF Cutting forces acting on an infinitesimal edge element
VBmax Maximum flank wear criterium
Vc Cutting speed
κr Cutting edge angle
Kc Shear coefficients
Ke Friction coefficients
r(z) Tool local radius
tra Tool rotating system
xyz Inertial system
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