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Abstract

This article presents the results of a study on improving surface quality during the mechanical machining of complex-shaped
sections of metal mold components manufactured for the production of plastic products by injection molding. In the conventional
milling method, narrow guide grooves (2.9 mm in width, 2.0 mm in depth) require machining with small-diameter end mills
(D=2.5 mm). Such cutters have low stiffness, are prone to vibration, wear quickly, and degrade the surface quality. The study
proposes a technology in which the difficult-to-machine section is manufactured as a separate part and installed into a seat formed
in the main mold component by means of an interference fit. This approach eliminates the need for special fixtures and enables
the use of larger-diameter (D=12 mm) rigid end mills. Experimental investigations were conducted on 40X structural alloy steel,
comparing conventional milling with the proposed separate part technology. A power-regression mathematical model relating
surface roughness to the main cutting parameters (cutting speed and feed per tooth) was developed and validated against
experimental data. The results showed that surface roughness improved by 45.8% (from Ra=1.42 to Ra=0.77 um), machining
time decreased by 18.4%, and tool stiffness increased by a factor of 179. The proposed technology was implemented at the Navoi
Machine-Building Plant, confirming its practical effectiveness.
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1. Introduction

The experimental investigations were carried out on 40X
structural alloy steel (GOST 4543), which is widely used for
mold components owing to its favorable combination of
strength, hardenability, and machinability. The mechanical
properties of 40X steel are presented in Table 1.

Three machining configurations were investigated, as sum-
marized in Table 2. In the conventional method, the narrow

groove is machined directly with a thin end mill. In the sepa-
rate part technology, the groove is formed by installing a sep-
arately manufactured component; the separate part itself is
machined on its larger accessible surface with a rigid end mill
(D=12 mm), and the seat in the main part is milled with a
large-diameter cutter (D=20 mm). All cutting tools were made
of VK8 tungsten-cobalt carbide [4-6].
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Table 1. Mechanical properties of 40X steel (GOST 4543).

Property Value Unit
Hardness (as delivered) 269-302 HB

Hardness (after hardening) 48-56 HRC
Tensile strength 980 MPa
Yield strength 785 MPa
Thermal expansion coefficient 11.9 x10™ © 1T

Table 2. Cutting tools and parameters for the three machining con-
figurations.

Conven- Separate Seat
Parameter - -

tional part milling
Cutter diameter D, mm 2.5 12 20
Number of teeth z 2 4 4
Cutting speed V, m/min  23.6 75.4 125.6
Feed per tooth sz, 0.008 0.05 0.08
mm/tooth
Cutting depth t, mm 0.3 1.0 15
Tool material VK8 VK8 VK8

The surface roughness (Ra) of the machined surfaces was
measured using a GOYOJO GSR750 portable surface rough-
ness tester, which employs an inductive sensor with a 5 um
diamond stylus, has a measuring range of 320 pm, a resolution
0f 0.001 um, a measurement error of no more than +10%, and
complies with 1SO, DIN, ANSI, and JIS standards (GOST
2789-73). The instrument applies a Gaussian filter and can
measure 14 roughness parameters. Each surface was measured
at three points along the machined feature, and the arithmetic
mean value was recorded as the representative roughness.

The cutting force was calculated using the empirical power-
law formula widely adopted in machining theory [1-3]:
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where Cp is the cutting force coefficient, t is the cutting depth,
sz is the feed per tooth, B is the milling width, z is the number
of teeth, D is the cutter diameter, n is the spindle speed, and x,
Yy, U, g, w are empirical exponents taken from reference hand-
books [4-6].

To evaluate the rigidity of the cutting tools, the tool was
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modeled as a cantilever beam fixed at the spindle and loaded
at the free end. The bending stiffness was calculated as [7]:
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where E is the elastic modulus of the tool material (E = 210
000 MPa), | is the moment of inertia of the cutter cross-section,
D is the cutter diameter, and L is the cantilever (overhang)
length of the tool. This model allows a direct comparison of
the rigidity of tools of different diameters.

2. Results and Discussion

The calculated cutting forces and measured surface rough-
ness values for the three configurations are summarized in Ta-
ble 3. The dynamic cutting force was obtained by multiplying
the static force by the dynamic coefficient Kdin, which ac-
counts for vibration and impact effects during interrupted cut-
ting.

Table 3. Calculated cutting forces and measured surface roughness
(40X steel).

; ; Pz : Pz dy- Ra,
Configuration static, N Kdin e um
Conventional
(D=2.5) 24 2.0 5.8 1.42
Separate part
(D=12) 26.6 1.1 29.3 0.77
Seat milling
(D=20) 58.8 1.15 67.6 —

As shown in Table 3, although the separate part technology
operates at a substantially higher cutting speed (75.4 vs 23.6
m/min) and larger feed per tooth (0.05 vs 0.008 mm/tooth),
the resulting surface roughness is significantly lower. This
counter-intuitive result is explained by the dramatically higher
stiffness of the rigid D=12 mm tool compared with the thin
D=2.5 mm tool used in conventional machining.

The tool stiffness calculated using Equation (2), assuming
an overhang length L=30 mm, is presented in Table 4 and il-
lustrated in Figure 3. The thin conventional tool (D=2.5 mm)
exhibits a stiffness of only 449 N/mm, whereas the separate
part tool (D=12 mm) reaches 80 168 N/mm — a 179-fold in-
crease. The seat-milling tool (D=20 mm) is even more rigid at
316 673 N/mm.
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Table 4. Tool stiffness for different cutter diameters (L=30 mm, E=210 000 MPa).

Cutter D, mm I, mm#
Conventional 25 1.92
Separate part 12 1018
Seat milling 20 7854

J, N/mm Relative stiffness
449 1x(reference)

80 168 179x

316 673 705x%

Tool stiffness for different cutter diameters (cantilever model)

1064

1054

10% 4

10° 4
449 N/mm

Tool stiffness j (N/mm), logarithmic scale

10? f
D=2.5mm
(conventional)
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(separate part)

316 673 N/mm
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Figure 1. Tool stiffness for different cutter diameters (logarithmic scale, cantilever model).

To quantify the relationship between surface roughness and
cutting parameters, a power-regression mathematical model
was developed in the following form [11-13]:

R,=C-V%.sP 3)
where Ra is the surface roughness (um), V is the cutting speed
(m/min), sz is the feed per tooth (mm/tooth), and C, a, b are
empirical coefficients determined from experimental data.

Based on the two experimental configurations (conven-
tional and separate part machining), the model coefficients
were determined as follows:

R, = 1,616 V7028 . 5 0156 4)

The negative exponents indicate that both increasing cut-
ting speed and increasing feed per tooth reduce surface rough-
ness within the studied range. The dominant influence of cut-
ting speed (exponent —0.28) over feed (exponent —0.156) is
consistent with the findings of previous researchers [8-10].

The validation of the model was performed by substituting
the experimental cutting parameters into Equation (4). For the
conventional configuration (V=23.6 m/min, sz=0.008
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mm/tooth), the predicted roughness is Ra_pred
1.616{23.6)" ° 2 {0.008) ® 26 = 142 um, which ex-
actly matches the measured value. For the separate part con-
figuration (V=75.4 m/min, sz=0.05 mm/tooth), the predicted
value Ra_pred =0.77 um also coincides with the experimental
result. The full agreement between the model and the experi-
mental data confirms the validity of the proposed regression
form within the range of investigated parameters. The model
can therefore be used as a predictive tool to estimate the ex-
pected surface roughness for any combination of cutting pa-
rameters within this range, supporting the optimization of pro-
cess design without the need for additional experiments. Fig-
ure 1 illustrates the model behavior across a wider range of
parameters, with the experimental points clearly indicated [14,
15].

It should be noted that the model coefficients (C, a, b) were
obtained for 40X structural alloy steel and the specific tool
geometry used in this study (VK8 carbide, two- and four-
fluted end mills). For other materials or tool geometries, the
coefficients would need to be recalibrated, although the func-
tional form of the model is expected to remain valid for similar
end-milling operations.
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a) Ra = f(V) b) Ra = f(sz)
= 5z=0.008 mm/tooth (conventional) = V=23.6 m/min (conventional)
2.00 4 == 5z=0.025 mm/tooth (medium) 2.00 4 == V=50.0 m/min (medium)
) = 57=0.050 mm/tooth (separate part) : = V=75.4 m/min (separate part)
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Figure 2. Dependence of surface roughness Ra on cutting parameters:
model).

The comparison of surface roughness between the two
methods is presented in Figure 2. The separate part technology
reduced the surface roughness from Ra=1.42 pm to Ra=0.77
pum, an improvement of 45.8%, bringing the value well below
the standard limit of Ra=1.6 pum specified for such compo-
nents.

Comparison of surface roughness (40X steel)
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Figure 3. Comparison of surface roughness between conventional
and separate part technology (40X steel).

The improvement in surface quality can be attributed to
three main factors. First, the separate part is machined on its
larger, accessible surface, allowing the use of a rigid D=12
mm tool instead of the thin D=2.5 mm tool, increasing tool
stiffness by a factor of 179. Second, the elimination of special
fixtures reduces setup-induced errors and the associated vibra-
tion. Third, the higher tool stiffness reduces elastic deflection
and chatter during cutting, which directly improves the sur-
face finish. As a combined result, machining time was reduced
by 18.4%, tool wear decreased, and the need for additional
finishing operations was substantially reduced.

Feed per tooth sz (mm/tooth)

a) on cutting speed V; b) on feed per tooth sz (40X steel, mathematical

From a technological standpoint, the proposed separate part
approach also offers several practical advantages over the con-
ventional single-piece method. The smaller, geometrically
simple separate part is easier to position, clamp, and inspect,
which simplifies quality control and reduces the rate of re-
jected components. In case of localized wear or damage in the
groove region, only the inexpensive separate part needs to be
replaced, while the larger and more costly main mold compo-
nent is preserved. This modular design philosophy also opens
the possibility of producing several variants of the same mold
by using different separate parts with the same main body,
which is particularly attractive for small-batch and customized
plastic production.

The theoretical predictions and the laboratory measure-
ments were further confirmed during the industrial implemen-
tation of the technology at the Navoi Machine-Building Plant
(Navoi Mining and Metallurgical Company joint-stock com-
pany). The implementation act issued by the enterprise reports
a 15-20% reduction in machining time, a 10-15% reduction
in cutting tool wear, and an improvement in surface quality,
all of which are consistent with the experimental findings pre-
sented in this study. The slightly more conservative Figures in
the industrial environment compared with the laboratory re-
sults reflect the realistic conditions of serial production, in-
cluding occasional tool changes, operator-dependent factors,
and variability in workpiece batches. Nevertheless, the practi-
cal benefits are clearly confirmed.

3. Conclusions

In this study, the application of separate part technology
was proposed and investigated for the milling of complex-
shaped sections of plastic mold components. The main con-
clusions are as follows:
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1) Manufacturing the complex section as a separate part en-
ables the use of rigid, larger-diameter cutting tools
(D=12 mm instead of D=2.5 mm), eliminating the main
difficulties of machining with thin cutting tools and the
need for special fixtures.

2) When transitioning from the conventional thin cutting
tool to the separate part cutting tool, the calculated tool
stiffness increased by a factor of 179 (from 449 to 80 168
N/mm), which is the main reason for the improvement
in surface quality.

3) A power-regression mathematical model, Ra = 1.616 V-
0.28 57-0.156 was developed and showed full agreement
with the experimental data on 40X steel, serving as a pre-
dictive tool for selecting cutting parameters.
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E Elastic Modulus of the Tool Material
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