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Introduction. Unlike traditional manufacturing processes, additive manufacturing (4M) offers
improved efficiency while being environmentally friendly. A significant limitation hindering the adoption
of wire-based electron beam additive manufacturing (EBAM) technology is the relatively low quality and
high surface roughness of 3D-printed parts. The purpose of this study is to establish the optimal values
of milling process parameters (rotational speed, feed rate, and milling width) based on the simultaneous
evaluation of the surface roughness of the machined surface and the material removal rate. Methods and
materials. This study investigated specimens fabricated using EBAM technology. Uniaxial tensile tests were
conducted on an electromechanical testing machine. Cutting forces were determined with a Kistler 92578
dynamometer. Milling studies of EBAM 321 steel workpieces were performed on a semi-industrial CNC
milling machine. Results and discussion. It was shown that in order to increase the material removal rate and
reduce the cutting force on a milling machine without the use of coolant, it is recommended to increase the
milling speed, but not to increase the feed rate. To investigate the relationship between material removal rate
and surface roughness relative to milling parameters on a semi-industrial machine (with an average stiffness
of the portal frame), multiple linear regression models and nonlinear models based on feedforward neural
networks were employed. It was demonstrated that linear regression models are sufficient for predicting
optimal milling parameters. However, it should be noted that the study was conducted within a narrow range
of gentle machining conditions, with short processing times and without accounting for tool wear. Under
these constraints, the optimal milling parameters for EBAM 321 steel were predicted as follows: spindle speed
of 4,500 rpm, feed rate § = 404 mm/min, and cutting depth B = 0.43 mm, resulting in a predicted surface
roughness (Ra) of 0.648 um and a material removal rate of 695 mm?/min.
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fabricated by electron beam additive manufacturing. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and
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Introduction

Traditionally, stainless steels are classified into five categories: (/) austenitic, (//) ferritic, /I]) martensitic,
(V) duplex, and (V) precipitation-hardened. Among them, the austenitic steels are the most widely used
in terms of fabricated metal products [1]. 41ST 321 steel possesses excellent resistance to intercrystalline
corrosion and maintains stable functional properties at elevated temperatures. Therefore, it is often used
under severe conditions, such as high pressures, radiation exposure, and corrosive environments [2—3].

Unlike traditional subtractive manufacturing technologies, additive manufacturing (4M) offers several
advantages: reduced production time, increased material utilization rate, and the ability to create complex
internal structures within components. When applied to metallic materials, AM includes various methods:
Selective Laser Melting (SLM), Electron Beam Selective Melting (EBSM), Wire Laser AM (WLAM),
Wire Arc AM (WAAM), and Electron Beam Wire-Feed AM (EBWAM) [3—16]. Compared with WLAM and
WAAM, electron beam wire-feed AM (EBWAM) is characterized by a higher production rate (up to 12 kg/h
[7]), as well as reduced atmospheric contamination [8] and spatter of molten material [9, 10].

In recent years, additive manufacturing (4M) has rapidly expanded its application scope due to a range
of advantages. This production method enables the fabrication of complex-shaped parts with high precision
using various materials, from plastics to metals, while significantly reducing time and costs compared to
traditional manufacturing technologies [ 1-4]. Depending on the requirements for the final product, different
AM technologies are employed. Active development of AM leads to a reduction in product cost. It makes
rapid production possible for parts and workpieces with not only complex geometries but also simpler
shapes made of expensive materials [5—6]. Flanges made of heat-resistant materials are an example of such
parts. When using AM, there is no need to create holes through drilling; moreover, the volume of material
removed through subtractive processing is reduced. This economically justifies the application of AM. The
use of AM for manufacturing flanges allows them to be tailored to specific sizes, resulting in even greater
time and cost savings compared to the production of similar parts from wrought stock [7-9].

A specific limitation hindering the adoption of wire-based additive manufacturing technology is the
low dimensional (shape) accuracy and high surface roughness of as-built parts [14]. Powder-based additive
manufacturing technologies (specifically SLM) enable the production of parts with high dimensional
accuracy and low surface roughness. However, even they cannot match the surface roughness achieved by
finish turning and/or finish milling [16], necessitating post-process machining.

On the other hand, compared to powder-based processes, the wire-based AM methods, particularly the
EBWAM method, offer higher production rates and are better suited for manufacturing large-sized products
[6-10]. Consequently, parts produced by wire-based AM inevitably require subsequent machining. Thus,
the development of hybrid technologies that combine additive and subtractive manufacturing processes is
receiving significant attention in scientific and technical literature [16].

Additive manufacturing also offers advantages in customization, prototyping, and the fabrication of
complex geometries; however, it is generally unsuitable for large-scale mass production, which often requires
the use of expensive, dedicated multi-axis machining equipment. In contrast, semi-industrial (light-duty,
universal) milling machines are cheaper and more flexible to reconfigure compared to traditional industrial
equipment. They are typically used for small-batch, custom production or can be effective during the stage
of optimizing process parameters for post-additive machining.

Given the demand for wire-based AM technologies, the use of semi-industrial (light-duty, universal)
CNC milling machines within a unified technological cycle alongside 3D-printing systems appears
promising. This approach would not only allow for the adaptive selection of machining parameters for the
printed workpiece, primarily based on criteria for improving accuracy and reducing surface roughness,
but also enable the establishment of a correlation between the process parameters of AM and the resulting
machinability. The latter could also minimize the scope of required metallurgical investigations.

In this context, it is relevant to study the machinability of wire-feed electron beam additively manufactured
(EBAM) austentitic stainless steel 4151 321 and to determine the optimal cutting parameters when machining
on both industrial (including dry machining) and semi-industrial (universal, easily reconfigurable) CNC
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machines, for which the corresponding recommendations from cutting tool manufacturers cannot always
be directly applied.

The purpose of this study was to select the optimal values for the process parameters of finish milling
(spindle speed, feed rate, and depth of cut / cutting width) based on a simultaneous evaluation of the
machined surface roughness and material removal rate (MRR) during the machining of workpieces made of
EBAM AISI 321 austenitic stainless steel. To address the aim, the following objectives were set:

— assessment of mechanical properties of EBAM AISI 321 stainless steel;

— establishing a correlation between cutting speed and feed rate and the cutting force during dry
machining on a conventional (industrial) machine;

— establishing the relationship between the MRR and surface roughness and milling parameters during
machining on a semi-industrial large-format CNC milling machine with coolant, employing both multiple
linear regression models and non-linear models based on feedforward neural networks (FFNN).

Methods

AISI 321 steel wire with a diameter of 1.2 mm was used as the feedstock. In all cases, AISI 321 steel
plates, 5 mm thick, were used as substrates, which were initially ground and cleaned with acetone.

Samples were fabricated using an electron beam wire-feed additive manufacturing (EBWAM) facility
with a vacuum chamber volume of 8 m?, developed by
the Institute of Strength Physics and Materials Science
SB RAS [17]. A thick wall with dimensions of 85 mm
% 20 mm % 25 mm (Fig. 1) was built from the 1.2 mm
diameter wire at an accelerating voltage of 30 kV, a
chamber pressure of 5 x 107 Pa, a beam travel speed
of 400 mm/min, and a wire feed rate of 1,768 mm/
min. A circular beam oscillation pattern was applied
with a beam diameter of 4 mm at a frequency of 1 kHz.
The beam current was 75 mA for the first layer and

50 mA for all subsequent layers, with a layer height of Fig. 1. Photographs of the 3D-built
1 mm. The chemical composition of the wire is shown EBAM 0.12C-18Cr-10Ni-Ti sample
in Table 1.
Table 1

Chemical composition of the 0.12C-18Cr-10Ni-Ti stainless steel wire

Chemical composition, wt%
Fe Cr Ni Mn Ti Si Cu Mo Co
65.3 19.6 11.5 0.8 0.7 0.7 0.5 0.32 0.7

Microhardness was measured using an automated system based on an EMCO-TEST DuraScan-10
microhardness tester. Measurements were conducted according to the Vickers method under a load of 1 kgf
with a dwell time of 10 seconds. Uniaxial tensile tests were performed on a UTS-110M-100 electromechanical
testing machine. The crosshead speed was 2 mm/min.

Milling of the additively manufactured blanks under dry conditions was performed on a FU-251 (Russia)
milling machine. The cutting force was measured using a Kistler 9257B (Switzerland) dynamometer
(Fig. 2, a). Data analysis was conducted using DynoWare software. The dynamometer’s resolution is
7.5 N, with a linearity error of £0.005 %. Across multiple experimental runs (involving workpiece or tool
repositioning) under identical parameters, the measured force variation did not exceed 15%. In machining
processes, this represents acceptable repeatability, considering the complexity of the cutting process and
potential inhomogeneity of the workpiece material.
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a b
Fig. 2. General view of the setup fixed on the milling machine (a); milling scheme (b)

Fig. 2, b shows the milling parameters, including feed per tooth (f)), cutting speed (v,), depth of cut (ap),
width of cut (B), and the resultant cutting force (F). Solid carbide end mills (GESAC UP210-54-12030)
with a diameter of 12 mm were used. The helix angle was @ = 35°, the flute length was 30 mm, the overall
length was 75 mm, the rake angle (y) was 7°, and the clearance angle (o) was 5°.

Research on milling workpieces made of EBAM AISI 321 stainless steel with coolant was conducted
on a large-format PureLogic RM0813 CNC milling machine (Russia) (Fig. 3, @). This machine is designed
for milling, drilling, engraving, and cutting parts from non-ferrous metals and plastics, with the follow-
ing specifications: spindle power of 2.2 kW, working volume (X % Y x Z) of 1,300 x 800 x 200 mm, and
a positioning accuracy of 0.1 mm over 100 mm. Solid carbide end mills (ZC-CCT VSM-4E-D8.0) with
a diameter of 8 mm were utilized. The variable helix angle was @ = 38°/41°, the flute length was 20 mm,
the overall length was 60 mm, the rake angle (y) was 7°, and the clearance angle (a) was 10°. The surface
roughness (R)) of the milled side faces of the workpieces was measured using a TR200 (China) stylus pro-
filometer (Fig. 3, b). To enhance productivity and reduce cutting force when using coolant, higher values of
cutting speed and feed rate were employed.

The Taguchi method was used for designing the machining experiments. This method employs the
signal-to-noise ratio (S//V ratio) as an optimization criterion to evaluate the robustness and reliability of
output parameters (primarily surface roughness) and utilizes orthogonal arrays to minimize the number
of experimental runs [18, 19]. The Taguchi method is widely used to analyze the influence of various
process parameters on output quality characteristics [20]. An Ly orthogonal array was selected. The milling

a b
Fig. 3. The RM0813-0152 CNC machine (a); an example of the surface profile after milling (b)
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process parameters (factors: spindle speed n, feed rate S, and width of cut B) and their levels are presented
in Table 2. Three levels were chosen for each factor, which also determine the material removal rate (MRR).
The key output response was surface roughness (R ).

Table 2
Mechanical properties of the EBAM 0.12C-18Cr-10Ni-Ti sample
Samples Tensile strength, MPa | Yield strength, MPa | Elongation, % | Hardness, HV
EBAM 0.12C-18Cr-10Ni-Ti 570£10 208+10 70+2 19145
Wrought 0.12C-18Cr-10Ni-Ti 700 £ 10 250+10 63 +3 230 £5

Results and Discussion

The hardness and other key mechanical properties of the investigated samples are presented
in Table 2. The EBAM AISI 321 stainless steel exhibited high ductility (70 %), tensile strength (570 MPa),
and hardness (191 HV). The strength properties of the wrought AIS7 321 steel were higher than those of
the additively manufactured sample, which is attributed to the wrought condition, characterized by higher
ferrite content, finer grain, and a higher dislocation density [21]. For the EBAM sample, the layer-by-layer
deposition process involved multiple thermal cycles, leading to the formation of columnar grains. However,
the corrosion rate of the wrought A1S7 321 steel was approximately twice as high as that of the additively
manufactured steel.

Machinability Studies on a Stationary Milling Machine. As shown in Table 3, nine milling modes
were used to investigate the variation in cutting force for the EBAM AISI 321 stainless steel workpieces.
These modes included combinations of low speed with high feed, high speed with low feed, and medium
speed with medium feed.

The selection of milling parameters was based on the tool manufacturer’s recommendations. It should
be noted that using a high-performance milling regime (a high width-to-depth ratio, see Table 3) helps
reduce rapid tool wear.

Fig. 4, a shows the influence of different milling regimes on the cutting force for the EBAM AISI 321
stainless steel workpiece. The resultant cutting force (nyz), calculated as the vector sum, was used for
evaluation according to Equation (1):

Fyy = \/(F)I(nax)z . (}(ﬂ;rlax)2 . (FénaX)z , O

where Fis the maximum force value within the analysis interval.

Table 3

Parameters applied for studying the cutting forces during milling using the industrial machine
Number | Cutting speed V, m/min | Feed rate S, mm/min Width B, mm Depth t, mm

1 25 50

2 25 160

3 25 250

4 50 50

5 50 160 8 0,5

6 50 250

7 75 50

8 75 160

9 75 250

Vol. 27 No. 4 2025 %
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Fig. 4. The effect of different cutting modes on the cutting force (a); the effect of cutting speed and feed
rate on the cutting force during machining (b)

9

It was found that Mode No. 4 resulted in the smallest cutting force (nyz =188 N).

Fig. 4, b shows the influence of cutting speed (v,) and feed per tooth (f)) on the cutting force during
machining of the EBAM workpiece. It is evident that the strength and hardness of the additively manufactured
steel significantly affected the cutting force. Low cutting speed combined with high feed rate led to an
increase in cutting force, while high cutting speed with low feed rate reduced it.

Overall, two trends were observed: the cutting force decreased with increasing cutting speed and
increased with increasing feed rate. When the depth (ap) and width (B) of cut remain constant, a higher feed
rate increases productivity. Therefore, to machine EBAM AISI 321 steel with increased productivity and
reduced cutting force, a higher cutting speed should be used, while the feed rate should not be increased
excessively.

Machinability studies on the large-format RM0813 CNC milling machine. It is known that surface
roughness depends on numerous parameters, including cutting speed, feed rate, depth of cut, and tool wear
[22]. Table 4 shows the milling parameters used to investigate surface roughness (R,) and MRR, including
spindle speed (n), feed rate (S), and width of cut (B).

As noted earlier, machining on large-format CNC milling machines may be performed using regimes
that differ from the cutting tool manufacturers’ recommendations. Therefore, developing approaches to

Table 4

Milling parameters for the semi-industrial machine, determined using the 7aguchi method and
machinability assessment results

Number | SPEERSIN e | mm || roughness gy | VR i
1 1,000 200 0.1 0.46+0.02 80
2 1,000 400 0.3 1.2940.04 480
3 1,000 600 0.5 2.57+0.23 1200
4 2,500 200 0.3 0.59+0.03 240
5 2,500 400 0.5 4 1.01+0.04 800
6 2,500 600 0.1 0.88+0.04 240
7 4,000 200 0.5 0.63%0.03 400
8 4,000 400 0.1 0.40+0.01 160
9 4,000 600 0.3 0.75+0.03 720
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determine optimal milling parameters with minimal time and cost is highly relevant. Determining optimal
cutting parameters can be considered a task of finding milling regimes that satisfy an optimality condition.

The optimality criterion should provide a comprehensive assessment of both the milling process efficiency
and the finished product quality. Among the process characteristics, the material removal rate (MRR) was
analyzed, while product quality was characterized by the post-processing surface roughness (R,). Tool
wear, another critical characteristic, was excluded from these experiments as the selected regimes were
conservative and the testing duration was short. Consequently, the optimality criterion can be formulated as
a system of boundary expressions:

Ra(S,B,N) — min,
MRR(S B) — max. 2)

Based on expression (2), a more formal suboptimality criterion can be derived as a system of inequalities:

{ Ra(S,B,N) < R,,

MRR(S,B) > MRR. ©)

where E and MRR are the maximum allowable roughness and minimum required MRR, respectively.

The range of parameters (S, B, n) satisfying the system of inequalities (3) defines the region of subop-
timal parameters (SOP) [23].

The results of the acceptable milling parameters analysis are presented in Table 5. The used linear
regression (“Regress”) model had the following statistics: coefficient of determination R?=(0.884, normalized
mean square error NMSE = 0.214, and significance level p = 0.0089. Based on this model, predicted
roughness values were calculated within the allowable parameter range, the SOP satisfying condition (3)
was identified, and a response surface graph for this region was plotted (Fig. 5, a, ¢). Despite the obtained
high-quality metrics of the regression model, the hypothesis of a non-linear relationship between roughness
and milling parameters was subsequently tested.

Based on the data from the Lo Taguchi design experiments (see Table 4), the coefficients for the
multiple linear regression were calculated using the least squares method [24-26]. The resulting roughness
equation is:

R, =0.2014 - 0.00028 N +0.0021S +2.059B. (4)

As a non-linear modeling approach capable of generalizing experimental results, feedforward neural
network (FFNN) modeling was chosen [27-28]. The network architecture was selected following the
principle “from simple to complex”. The training dataset was formed from experimental data (Table 4)
with normalization of input and output values within the limits specified in Table 5. The best convergence

Table 5
Limiting ranges and suboptimality boundaries for the milling parameters
and analyzed characteristics
Permissible limits Suboptimality boundaries
Min Max Min Max

Parameter

Spindle speed &, rpm 500 5,000

Feed rate S, mm/min 100 800

Width B, mm 0.1 1
Characteristics

Surface roughness Ra, pm 0 4 - 0.8

MRR, mm’/min 0 2,000 300 -

Vol. 27 No. 4 2025 %
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c d
Fig. 5. Milling parameters and the SOP regions plotted using the linear regression model (a, c)
and the FFNN model (b, d) at p =300 mm’/min; Ra = 0.8 um (a, b) and Ra =0.6 pum (¢, d)

rate during training was achieved using the logarithmic tangent activation function and the Levenberg-
Marquardt optimization algorithm. The number of layers and neurons per layer was chosen based on the
analysis of the resulting model’s SOP.

Among all considered variants, a network with one hidden layer containing three neurons was selected,
as it demonstrated the simplest and most plausible SOP (Fig. 5, b, d). This model showed better agreement
with the training dataset compared to the regression model: MSE = 0.00049061, R?= 0.99504.

Comparing the obtained results, it was concluded that the FFNN model constrained the SOP region
from above with a surface that was close to linear but had a steeper slope for high roughness values

(E >(0.65 um). In other words, the FFFNN model included milling parameters with higher width of cut and

MRR values in the low-feed SOP region. For low roughness values (R_a < 0.65 pum), this non-linear surface

had the opposite effect: parameters with high width of cut and spindle speed were excluded from the SOP.

To verify the identified discrepancies, the developed models were validated through physical experiments
by comparing predicted and actual surface roughness measurements. The experimental parameters were
selected according to the following conditions: values outside the predicted SOP (No. 10, Table 6), boundary
values of the SOP (No. 11, Table 6), and an internal point within the SOP (No. 12, Table 6). Table 6 also
includes the predicted and experimental roughness values.

It was established that both models provided errors within an acceptable range, but the linear regression
model demonstrated higher accuracy in terms of mean deviations. Its prediction for the optimal milling
parameters is: spindle speed n = 4500 rpm, feed rate S = 404 mm/min, and width of cut B = 0.43 mm, with
a predicted roughness R = 0.648 um and a material removal rate MRR = 695 mm®/min.

Holkar, H., et al. [29] selected optimal cutting parameters for milling AZS7 321 stainless steel using the
Taguchi method. The study considered the effect of spindle speed, feed rate, and depth of cut on surface
roughness, tool wear, and MRR. Arlyapov, A., et al. [30] compared various tool geometries, cutting speeds,
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Table 6
Milling parameters for model verification, along with experimental and predicted results
Milling parameters Characteristics
No. | Spindle speed N, | Feedrate S, | Width B, MRR, Surface roughness Ra, um

Tpm mm/min mm mm”/min Experiment Regress | FFNN

10 4,000 100 0.5 200 0.333 0.3117 0.6115
11 4,000 600 0.5 1200 1.193 1.3617 1.0429
12 4,500 400 0.3 480 0.425 0.3889 0.5224
Average deviation 0.0753 0.1753

feed rates, and depth-to-width of cut ratios to evaluate tool wear and cutting force. It was shown that
selecting milling parameters is a complex multi-criteria problem requiring extensive experimentation. A
promising direction of the present research is the evaluation of factors affecting the surface roughness of
EBAM AISI 321 samples while ensuring a high MRR.

In summary, comparing the machinability assessment data for the industrial (dry) and the semi-industrial
large-format CNC (with coolant) milling machines during finish milling of EBAM AISI 321 stainless steel
indicates that to achieve a higher MRR, reduced roughness, and lower cutting force, the cutting speed
should be increased, while the feed rate should not be raised proportionally.

Furthermore, the developed regression and FFNN models for the semi-industrial machine enable the
prediction of optimal process parameters, which is highly relevant for optimizing 3D-printing parameters
that influence the microstructure and mechanical properties of layer-by-layer fabricated workpieces. Tool
wear remains an important factor in assessing material machinability, as surface roughness increases with
machining time due to cutting tool wear.

Future research plans include using the linear regression model to determine the optimal parameter
range, followed by investigating the influence of machining time on tool wear and surface roughness.

Conclusion

1. Additively manufactured (EBAM) AISI 321 stainless steel, fabricated with the utilized process
parameters, exhibited high ductility (70 %), tensile strength (570 MPa), and hardness (191 HV).

2. It was established that to increase the material removal rate and reduce the cutting force during dry
milling on a conventional milling machine, it is recommended to increase the cutting speed, while avoiding
a proportional increase in the feed rate.

3. To investigate the relationship between material removal rate, surface roughness, and milling
parameters on a semi-industrial large-format CNC milling machine (with a portal frame of moderate
stiffness) under coolant supply, both multiple linear regression and non-linear feedforward neural network
(FFNN) models were employed. It was shown that a linear regression model provided sufficient accuracy
for predicting optimal milling parameters under the given conditions. However, the study was conducted
within a narrow range of conservative regimes, with short machining times and without accounting for
tool wear. Within these constraints, the following optimal milling parameters for the EBAM AISI 321 were
identified: spindle speed of 4,500 rpm, feed rate § = 404 mm/min, and width of cut B = 0.43 mm, yielding
a predicted surface roughness of R, = 0.648 pm and a material removal rate of 695 mm?/min.
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