N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(6):626-635.
UYscan 1]., Kozsnos B.H. u dp. AHanus mporecca 06paboTKM 3aroTOBKY U3 MapTEHCUTHOW HepikaBetolel cranu 40X13 ...

MHHOBALIMU B METANINTYPTUYECKOM

NMPOMBIWJEHHOM U JIABOPATOPHOM
OBOPYAOBAHUWU, TEXHOJTOMNAX U MATEPUANIAX

_} u‘ UDC 621.791.754.3

L]
DOI 10.17073/0368-0797-2025-6-626-635

Original article

OPHZHHGJIBH(I.H cmambousA

ANALYSIS OF PROCESSING
40Kh13 MARTENSITIC STAINLESS STEEL BILLET
OBTAINED BY WIRE ELECTRON BEAM ADDITIVE MANUFACTURING

C. Zhang!'®, V. N. Kozlov?, D. A. Chinakhov?,
V. A. Klimenov?, R. V. Chernukhin?

I'National Research Tomsk Polytechnic University (30 Lenina Ave., Tomsk 634050, Russian Federation)
2 Novosibirsk State Technical University (20 Karla Marksa Ave., Novosibirsk 630073, Russian Federation)

&3 cinzhunl@tpu.ru

Abstract. The authors investigated the microstructure and mechanical properties of the samples obtained by the method of wire electron beam additive
manufacturing (WEBAM), and their machinability by milling forces using the Taguchi method. Grains of previous austenite and annealed martensite
were observed in the samples in various directions. The grains of the previous austenite grow along the surfacing direction and exhibit a pronounced
orientation. On the lateral surface of the sample, the grains of the previous austenite are columnar, their hardness is approximately 505 HV
On the upper surface of the sample, the grains of the previous austenite are isometric, their hardness is approximately 539 HV . The degree of trans-
formation into martensite varies in different parts of the sample. In the part close to the lateral surface, martensite is shallower and the previous
austenitic grain boundaries are not observed. Its hardness is approximately 514 HV . In the lower part of the sample, due to multiple thermal cycles,
martensite decomposes, while its hardness is low and is approximately 480 HV ;. In the upper part of the sample, martensite and the previous
austenitic grain boundaries are observed, the hardness is approximately 513 HV ;. Due to the high hardness of the sample during climb milling,
a stronger impact of the cutting edge on the sample leads to an increase in cutting force. Due to the low plasticity of the sample during conventional
milling, a decrease in the volume of material pressed into the back surface of the tool leads to a decrease in cutting force. As the feed rate to the tooth
increases, deformation of the material increases, the temperature increases, which leads to a decrease in the material strength. Reducing the material
strength slows down the growth of cutting force.
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AHHOmﬂuuﬂ. ABTOpI)I HCCJICA0BAIN MUKPOCTPYKTYPY U MEXaHUYICCKUC CBOMCTBa 06p8.3LIOB, TIOJIy4Y€HHBIX METOAOM IIPOBOJIOYHOT'O 3JICKTPOHHO-JIy4eC-

BOro aaautuBHoro npoussoactea (WEBAM), n ux oOpabarsiBaeMoCTh 110 cuiiaM (pe3epoBaHusi ¢ HCHONb30BaHHeM MeTosa Taryun. B oOpasmax
B Pa3IMYHBIX HANPaBIECHUAX HAOIIONAINCh 3€pHA NPEbIIYILETO AyCTEHNTa U OTOAOKEHHBIN MapTeHCUT. 3epHa MPe/ibIAYyIIEro ayCTeHuTa pacTyT
BJI0JIb HAIIPABJICHUS HATJIABKY M IEMOHCTPUPYIOT BBIPAXKEHHYI0 opuenTaluio. Ha 60koBoi noBepxHoCcTH 00pasiia 3epHa Mpe/iblayero ayCTeH1uTa
SBJISOTCS CTONOYATHIMU, MX TBEPAOCTH cocTapisier npumepno 505 HV . Ha Bepxwell nosepxuoctn o0pasua 3epHa IPEABLIYIICIO ayCTCHATA
SIBJISIFOTCSI M30METPUYECKUMHU, MX TBEPIOCTh COCTABIISET MPUMEPHO 539 HVO’]. B pasHbIX yacTax oOpasia CTENeHb MPEBPALICHHS B MAPTCHCHUT
pasnuyaercsa. B gactu, 6nu3Koil kK GOKOBOI IIOBEPXHOCTH, MApPTEHCUT Ooliee MENKUH U MPeAblAyIIe ayCTEHUTHbIC MEK3EPCHHBIC TPAaHUIBI He
HaGmonatorcst. Ero teepnocte cocrabisier npuvepso 514 HV, . B HikHeii yactn 00pasia, BCICACTBHE MHOXKECTBEHHBIX TEPMOLIUKIIOB, IIPOHC-
XOJIUT PA3NOKEHUE MAPTEHCUTA, TIPU STOM €T0 TBEPAOCTh HU3Kas M cocTapiseT nmpumepro 480 HV . B Bepxueii yactn o6pasua HaOIIOAAIOTCS
MapTEeHCUT U MpPEbIAYLIHEe ayCTCHUTHbIE MEXK3EPEHHbIC I'DAHUILbI, TBEPJOCTb COCTaBISIET MpUMEpHO 513 HVU)I. W3-3a BBICOKON TBEpIOCTH
o0pasua Impy NOIyTHOM (pe3epoBaHUM OoJiee CHIBHBIN yap pexyllell KpoMKH 0 o0pasell IPUBOAUT K YBEIMYCHUIO CUIIBI pe3aHus. Benencrsue
HM3KOM IIACTUYHOCTH 00pasiia pu BCTPEYHOM (ppe3epoBaHNM YMEHBILIEHHE 00beMa MaTepHralia, BAaBINBACMOrO B 3aHIOK0 TOBEPXHOCTh HHCTPY-
MEHTA, TIPUBOJUT K CHIJKCHUIO CUIIBI pe3aHusl. [Ipu yBemm4eHnn CKOpOCTH IOa4u Ha 3y0 nedopMalius MaTepHalla yBelIUIHBaeTCs, TeMIIepaTypa

IMOBBIIIACTCSA, YTO NPUBOAUT K CHHIXKCHUIO MPOYHOCTU Marepuraja u, COOTBETCTBEHHO, 3aMCUISIET POCT CUJIbI PE3aHU.

Kniouesvle cn106a: npoBOIOYHOE HIEKTPOHHO-IIYUEBOE AJUIMTHBHOE MPOU3BOACTBO, MUKPOCTPYKTYpPa, TBEPAOCTb, 00PadaThIBAEMOCTh, MAPTEHCUTHAS
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[ INTRODUCTION

In recent years, wire electron beam additive manu-
facturing (Wire Electron Beam Additive Manufactur-
ing — WEBAM) has attracted growing interest because
it combines a high deposition rate (up to 2500 cm?/h)
with the ability to produce parts that show high strength
and fatigue resistance [1 — 6]. The process is also flexible
from a manufacturing standpoint: it can operate with
wire diameters down to 0.5 mm and can be used to obtain
materials with a prescribed phase content, for example in
nickel-aluminum alloy systems [7].

However, in contrast to conventional casting and
forging, thermal processes in additive manufacturing are
more complex, resulting in uncertainty in the mechani-
cal properties of printed parts. For example, studies
on 10Kh12N10T stainless steel reported that increased
strength is associated with a high density of dislocations
and intermetallic compounds concentrated at interlayer
boundaries [8]. A study of heat dissipation conditions
during the deposition of 308LSi steel showed that the use
of copper as a cooling medium results in hardness values

approximately 5 % higher than those obtained with air,
while the hardness of the upper part of the sample is
about 8 % higher than that of the lower part [9]. When
thin-walled parts are produced, a columnar crystalline
structure tends to develop, which leads to pronounced
anisotropy; the strength difference between longitudinal
and transverse directions can reach 70 MPa [10]. Due
to the high heat input, WEBAM-produced parts exhibit
inferior as-built surface quality, which adversely affects
subsequent conventional machining operations such as
milling and turning [11; 12]. 40Kh13 martensitic stain-
less steel (an analogue of AISI 420) is widely used for
large, complex-shaped parts because it is relatively inex-
pensive while offering moderate corrosion resistance
and high strength. At the same time, its high hardness
limits machinability and accelerates tool wear [13].
In addition, because martensitic steels are highly sen-
sitive to temperature variations and because the ther-
mal gradient during deposition is strongly directional,
WEBAM-built samples often exhibit anisotropy in both
microstructure and mechanical properties [14; 15]. As
a result, machining of such martensitic steels becomes
even more uncertain.
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The Taguchi method applied in this study is an app-
roach to experimental optimization that uses the sig-
nal-to-noise ratio (SNR) together with orthogonal
arrays to identify an optimal combination of parame-
ters [16 — 20].

The present work therefore focuses on the microstruc-
ture and microhardness of WEBAM-deposited 40Kh13
martensitic stainless steel in different directions and
regions, and evaluates machinability using the Taguchi
method.

[l MATERIALS AND METHODS

The samples were produced by wire electron beam
additive manufacturing on equipment designed and
manufactured at Tomsk Polytechnic University. A filler
wire with a diameter of 1.2 mm made of 40Kh13 marten-
sitic stainless steel was used as the feedstock. The chemi-
cal composition of the wire was as follows (wt. %:
0.41C, 13.2Cr, 0.53Si, 0.51 Ni, 0.49 Mn, 0.017 S,
0.021 P, with iron as the balance. The substrate was
manufactured from the same material (40Kh13 steel).
The dimensions of the samples were 70x15x14 mm
(lengthxwidthxheight). The printing parameters were

as follows: accelerating voltage of 40 kV, beam current
of 21 mA, scanning beam diameter of 3 —5 mm, wire
feed rate of 1050 mm/min, and wire feeding angle of 45°.
The deposition process was carried out in a vacuum
at a pressure of 5-107 Pa.

Microstructural analysis was performed using
a BIOMED MMP-1 metallographic microscope and by
scanning electron microscopy with a JEOL JSM-6000
microscope. Microhardness measurements were con-
ducted using an EMCO-TEST DuraScan-10 hardness tes-
ter, with a load holding time of 10 s.

The machinability of the samples was evaluated based
on milling forces. Machining experiments were carried
out on a CNC EMCO CONCEPT Mill 155 machine.
Cutting forces were measured using a Kistler 9257 V
dynamometer (Switzerland). In the dynamometer soft-
ware (originally intended for turning-force measure-
ments), the force components are displayed as F, F and
F_. In the present milling tests, these components were
interpreted as the milling-force components P,, P u P,
respectively (Fig. 1). For machining, an end milling cut-
ter with a diameter of 8 mm and four teeth, manufactured
by GESAC, was used. The helix angle (®) of the mill-
ing cutter was 35°, while the rake angle (y) and clearance

Milled surface

Dynamometer

b

Fig. 1. Appearance (a) and model (b) of the dynamometer, milling cutter and sample installation

Puc. 1. Buewnuii Buz (a) u moziens (b) ycTaHOBKHM TMHAMOMeTpa, Gppesbl 1 odpasua

Table 1. Experimental levels of the factors

Tabauya 1. IkcnepuMeHTAIbHbIE YPOBHH (PAKTOPOB

Level
Factor
1 2 3
4 milline scheme Climb Conventional
: & milling (CI) | milling (Con)
B: feed rate s, mm/min 56 28 5,6
C: milling cutter rotational speed n, rpm 2000 1000 500
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angle (o) were 7° and 5°, respectively. The base material
of the milling cutter was VK8 cemented carbide (92 %
tungsten carbide and 8 % cobalt as a binder). The sur-
face of the milling cutter was coated with a wear-resistant
AICrSiN coating.

The experimental levels of the factors are presented
in Table 1.

To determine the minimum milling force, the signal-
to-noise ratio S/N(n) was used:

SIN(M) =—101g[1.i132} (1)
J =l

where P, is the force value measured during the i-th mill-
ing pass.

The mean milling force P, ~was calculated using
the following expression:

1
Pavg:_zeﬂ (2)

where x is the number of experimental repetitions.

[ RESULTS AND DISCUSSION

[l Analysis of the microstructure and mechanical
properties of the sample in different directions

As shown in Fig.2, the OZ axis corresponds
to the deposition build direction, the OY axis is oriented
along the weld bead, and the OX axis represents the trans-
verse direction relative to the weld bead.

At low magnification, the XOZ and YOZ planes reveal
austenite grains prior to the martensitic transformation
(previous austenite grains), which exhibit a columnar

Previous
austenite
grain

morphology with their long axes aligned along the OZ
direction. This behavior is associated with the thermal
conditions during deposition: the lower layers expe-
rience multiple thermal cycles and accumulate heat,
resulting in the formation of a dominant heat flow oppo-
site to the deposition direction (i.e., opposite to the OZ
axis). As a consequence, a pronounced preferential
growth orientation of the previous austenite grains deve-
lops along the OZ axis. In contrast, grains observed on
the XOY plane display an equiaxed morphology. This can
be attributed to the high deposition rate combined with
relatively low heat input, which suppresses grain growth
along the OY direction and equalizes heat dissipation con-
ditions along the OX and OY directions. This promotes
equal grain growth rates along the OX and OY directions,
resulting in the formation of equiaxed grains. In addition,
while the degree of corrosion within individual previous
austenite grains is nearly uniform, noticeable differences
are observed between different grains. This behavior
may be related to variations in the extent and morpho-
logy of martensitic transformations caused by elemental
segregation under the high cooling rates characteristic
of the deposition process [15].

Fig. 2, b clearly shows that a large number of needle-
like or plate-like martensitic structures formed within
the previous austenite grains as a result of a diffusionless
phase transformation.

The martensite within these grains is distributed
in the form of an interwoven network. The orientation
of martensite varies significantly from one austenite grain
to another. Furthermore, a pronounced transgranular phe-
nomenon is observed at the boundaries of previous aus-
tenite grains, which may be associated with local stress
concentrations or energy gradients. In the YOZ and XOZ
planes, the sizes of the previous austenite grains are nearly
identical, further confirming the similarity of temperature

Previous
austenitic
grain
boundary

. Annealed
martensite

Fig. 2. Microstructure of the samples deposited by WEBAM in different planes at low (a) and high (b) magnification

Puc. 2. MuxpoctpykTypa 00pasioB, HariaBieHHbIX MeTooM WEBAM, B pa3HBIX IUIOCKOCTSIX TP MasioM (@) 1 0ombiioM (b) yBeaTudeHUH
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gradients along the OX and OY directions. In contrast,
the smaller size of previous austenite grains in the XOY
plane leads to a denser martensitic network with a shorter
average length of martensitic features. This difference
can be explained by faster cooling along the OX and
OY directions or by the formation of more pronounced
compositional gradients in this plane due to elemental
segregation, which suppresses grain coarsening [21].
As a result, the frequency of transgranular phenomena
at grain boundaries in the XOY plane is also reduced.

A scanning electron microscopy image of the sample
microstructure in the XOZ plane is presented in Fig. 3.
Plate-like martensite and carbides are clearly visible.
The measured hardness of the sample in the XOZ plane
is 504.67HV,, which is significantly lower than
that of quenched martensite (750 HV) [21]. However,
the thickness of the plate-like martensitic layer is rela-
tively small, amounting to 1.23 + 0.56 pm. This reduction
in hardness can be explained by the fact that the sample
underwent several thermal cycles, during which martens-
ite experienced thermal activation and partial decom-
position, leading to an increased fraction of retained
austenite. During the deposition of the first layer, the aus-
tenitic phase rapidly transforms into quenched martensite
owing to the high cooling rate, resulting in the maximum
martensite content. However, when the second or third
layer is deposited, the first layer remains within the heat-
affected zone. This promotes carbon diffusion at mar-
tensite — martensite or martensite — retained austenite
interfaces, causing partial reversion of martensite to aus-
tenite. At the same time, chromium atoms impede carbon
diffusion, thereby limiting martensite decomposition and
restricting it to a partial transformation. Consequently,
despite repeated thermal cycles, the hardness of the mate-

Fig. 3. Microstructure of the sample deposited by WEBAM
in XOZ plane observed using the scanning electron microscope

Puc. 3. MukpocTpykTypa 00pasiia, HarIaBIeHHOTO
metonoMm WEBAM B miockoctu XOZ, HaOmogaeMas
C MOMOIIBIO CKAHUPYIOIIETO IEKTPOHHOTO MHKPOCKOIIA
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Fig. 4. Microhardness of the sample deposited by WEBAM
in different directions

Puc. 4. MuxpoTBepaocTh 00pasiia, HariaBieHHOro Meroqom WEBAM,
B pa3HbIX HAPABICHUSX

rial remains significantly higher than that of austenitic
steel [8].

The hardness of the sample in different directions
is shown in Fig. 4. As noted above, the higher cooling
rates along the OX and OY directions result in smaller
previous austenite grain sizes in the XOY plane and
a higher degree of martensitic transformation. This pro-
motes the formation of a more continuous and homo-
geneous martensitic network in the XOY plane, which
effectively impedes dislocation motion and increases
the hardness to 539.73 HV . In contrast, the cooling rate
along the OZ direction is lower, while temperature gra-
dients along the OX and OY directions are similar. This
leads to a lower degree of martensitic transformation in
the XOZ and YOZ planes, facilitating dislocation motion
and multiplication and promoting plastic deformation.
As a result, the hardness values on these two planes are
nearly identical, amounting to 505.14 and 504.67 HV,
respectively.

0.1°

Il Analysis of the microstructure in different
parts of the sample

Microstructural images obtained from different regions
of the sample are shown in Fig. 5. In the region close
to the lateral surface of the sample (Fig. 5, a), the pre-
vious austenitic grain boundaries are indistinct. The pre-
cipitated carbide inclusions are small, and the clusters
of annealed martensite are fine and uniformly distributed.
This behavior is attributed to more favorable heat dissi-
pation conditions near the lateral surface, where the cool-
ing rate is higher. The increased cooling rate promotes
the formation of a large number of fine martensitic fea-
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Fig. 5. Microstructure of the sample deposited by WEBAM in YOZ plane in the part close to the lateral surface (@), in the lower part (b),
and in the upper part (c)

Puc. 5. Muxpoctpykrypa o0pasia, HamiasiaeHHoro MmeronoM WEBAM, B mnockoctu YOZ B wacty, 61u3Koil K 60KOBOI IOBEPXHOCTH (a),
B HIDKHEH yactH (b) 1 B BepxHel yactH (c)

tures. At the same time, rapid cooling enhances the mani-
festation of a transgranular phenomenon during the mar-
tensitic transformation, as a result of which the previous
austenitic grain boundaries become blurred. In the lower
part of the sample (Fig. 5, b), the previous austenitic grain
boundaries are clearly visible, together with large carbide
precipitates and a relatively small amount of martensite.
This is explained by the lower cooling rate in the lower
region compared with the area close to the lateral surface,
which leads to a less pronounced transgranular pheno-
menon and, consequently, to clearly defined previous aus-
tenitic grain boundaries. In addition, because the lower
part of the sample experienced a relatively larger number
of thermal cycles during deposition, the amount of pre-
cipitated carbides and decomposed martensite increased.
In the upper part of the sample (Fig. 5, ¢), the microstruc-
ture differs from both the lower region and the area close
to the lateral surface. The previous austenitic grain boun-

daries and martensite are clearly visible, and the thick-
ness of the martensitic layer is greater. This is associated
with the smaller number of thermal cycles experienced
by the upper part of the sample, which results in only
limited martensite decomposition and allows its struc-
ture to remain well defined. At the same time, compared
with the region near the lateral surface, the cooling rate
in the upper part was lower, leading to the formation
of a thicker martensitic layer.

Indentations obtained during microhardness mea-
surements in different regions of the sample are shown
in Fig. 6. The microhardness is lowest in the lower
part of the sample due to martensite decomposition.
In the region close to the lateral surface, the microhard-
ness is slightly higher than that measured in the upper part
of the sample; however, both values exceed the micro-
hardness measured in the central region of the YOZ plane
shown in Fig. 4. This can be explained by the higher

n HV,,=51420+5.85 @ HVO__1 =480.49 + 8.1_9 HV,,=512.80+5.25
. - s
-~ Ll
g, =
o “
5 pm
— e

Fig. 6. Microhardness of the sample deposited by WEBAM in YOZ plane in the part close to the lateral surface (@), in the lower part (),
and in the upper part (¢)

Puc. 6. VI3amMepenne MUKPOTBEPAOCTH 00pasia, HaruiaBieHHoro merogoM WEBAM, B mockoct YOZ B yacTH,
613K0 K OOKOBOM TIOBEpXHOCTH (@), B HUKHEH dacTu (b) 1 B BepXHeil yacTu (c)
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martensite content in the upper part of the sample and
by the smaller size of martensitic regions near the lateral
surface, both of which contribute to increased hardness.
In addition, owing to the smaller size of the previous
austenitic grains, the microhardness on the XOY plane is
higher than that on the YOZ plane in the different parts
of the sample.

Bl Analysis of machinability based
on milling forces

Using the Taguchi method, the present study investi-
gated the machinability of a 40Kh13 martensitic stainless
steel sample produced by the WEBAM process during
milling along the OX direction on the XOZ surface. Based
on calculations using Egs. (1) and (2), the mean values
of the experimental results and the corresponding signal-
to-noise ratios are presented in Table 2.

The expression used to calculate the mean signal-to-
noise ratio is given by:

1 m
SN,y = ;;S/Nj, (3)

where m is the number of parameter combinations
at the same level of the given factor [19].

As follows from Tables 2 and 3, during climb mill-
ing the milling force P,, acting along the feed direction,
is lower than that obtained during conventional milling,
whereas the force P, acting perpendicular to the feed
direction, is higher than in conventional milling (Fig. 7).
These differences arise because, when machining with
a new milling cutter, the dominant tangential force P,
(acting along the cutting speed v) during conventional
milling is oriented almost along the feed direction, while
during climb milling it is oriented nearly perpendicular
to the feed direction [14]. In addition, owing to the high
hardness of martensitic stainless steel, the impact force
acting on the cutting edge during climb milling is higher,
whereas during conventional milling the low plasticity
of the material reduces the volume of material pressed

Table 2. Mean values of experimental results and signal-to-noise ratio

Ta6/1uua 2. Cpemme SHAYCHUSA IKCIICPUMEHTAJIBHBIX PE3YJIbTATOB U OTHOIICHUE CI/IFHaJI/I]_IyM

Machining parameters L RO OHID it Signal-to-noise ratio S/N, dB
results, N
A: milling strategy | B: s, , mm/min | C: n, rpm Tav Vave Yave SINy, S/Np, SINp,
Climb milling 56 2000 52.11 146.10 22.87 -34.33 -43.29 -27.18
Climb milling 28 1000 74.25 159.77 19.87 -37.41 —44.07 -25.96
Climb milling 5.6 500 43.09 82.03 18.22 -32.76 -38.28 -25.21
Conventional milling 56 500 212.12 181.89 26.09 —46.53 —45.19 —28.33
Conventional milling 28 1000 122.06 115.01 17.45 —41.73 -41.21 —24.84
Conventional milling 5.6 2000 63.24 22.09 8.25 -36.02 —26.88 -18.35
/
~ /
n
/ ~
/ ~
/ P, P,
\Ill A : f / - ~
.L P, \/i ____VP,
th = Pz,,-
a b

Fig. 7. Direction of forces P,, P , P_and P, during climb milling (a) and conventional milling (b)

Puc. 7. Hanpaenenue cun Py, P, P v P 1ipy Oy THOM (dhpesepoBanui (a) u npu BCTpedHoM ¢pesepoBanuu (b)
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Table 3. Results of analysis of the factors effects on signal-to-noise ratio

Tabauya 3. Pe3ynbTaThl aHAIU3a BJIUSAHUS (AKTOPOB HA OTHOIIEHHE CUTHAJ/LIYM

Mean signal-to-noise ratio

Factor level 5/ NPhavg’ dB Factor—signal-to-noise ratio plot for P,
1 2 3
. =33 34.14
A: milling scheme —34.83 | —41.43 - 9 _35 kM 3517
£
&7 =37 r
e
B: feed rate s, mm/min -40.43 | —39.57 | -34.14 5 39 (051 3957\
'&D | —37.0.
7 —41 4‘1.43410.43
_43 | 1 1 1 1 1
C: rotational speed n, rpm | —35.17 | —=39.57 | —39.65 Al A2 Bl B2 B3 Cl1 C2 (3
Factor

Mean signal-to-noise ratio

Factor level S/N. Pive dB Factor-signal-to-noise ratio plot for P,
1 2 3
. -32 3258

A: milling scheme -41.88 | -37.76 - 2 35l 35.08
'3
g SE“ _38 | -37.76

B: feed rate s, , mm/min 4043 | —42.64 | -32.58 TE MV ww Lz
20 a4k 42,64
2 —40.43

47 1 1 1 1 1 1
C: rotational speed n, rpm -35.08 | —42.64 | —41.73 Al A2 Bl B2 B3 C1 €2 C3

Factor

level S/N, ,dB

Mean signal-to-noise ratio

Factor ave Factor—signal-to-noise ratio plot for P_
1 2 3
=20
e1qe -22.76
A: milling scheme -26.11 -37.76 - 2 x4t 2540 950
C:) m —26.11
é 'Z" -28 2775 2677
B: feedrate s, , mm/min | -27.75 | -2540 | 3258 | E& ~3T s
5 36
=37.76
—40 e O N B
C: rotational speed 7, rpm —22.76 | 2540 | -25.77 Al A2 Bl B2 B3 Cl C2 3

Factor

into the flank surface of the milling cutter, which leads
to a decrease in the milling force.

As the feed rate s_ increases, the chip thickness a,
and material deformation increase, and the cutting tem-
perature also rises. This results in an increase in the mill-
ing forces P, and P , however, the rate of their growth
decreases. Moreover, an increase in cutting temperature
may lead to martensite decomposition, which further
reduces the material strength and additionally slows
the growth of P, and P . When the rotational speed n
decreases, the feed per tooth s, increases, and con-
sequently the chip thickness a and material deformation
increase; therefore, the milling forces P, and P increase.
According to the data in Table 2, the axial force P_shows
little sensitivity to the feed rate s_ and the rotational

speed n, because is only weakly affected by chip thick-
ness. However, due to temperature variations, the axial
force P_may change slightly.

[ ConcLusIONS

In the present study, the microstructure and mechani-
cal properties of the sample were investigated in dif-
ferent directions. On the lateral surface of the sample,
columnar grains of previous austenite were observed,
with a hardness of approximately 505 HV  ,, whereas
the upper surface exhibited equiaxed grains with a higher
hardness of 539.73 HV,. Overall, the microstructure
of the sample corresponds predominantly to annealed
martensite, within which a pronounced transgranular phe-
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nomenon can be observed. This microstructural state is
associated with the multiple thermal cycles experienced
during deposition.

The microstructure and mechanical properties
were also examined in different regions of the sample.
In the region close to the lateral surface, the higher cool-
ing rate results in finer martensitic features and increased
hardness, reaching 514.2 = 5.85 HV . In both the lower
and upper regions of the sample, the previous austenitic
grain boundaries are clearly visible. Because the lower
part of the sample experienced a greater number of ther-
mal cycles, martensite decomposition occurred, leading
to a reduction in hardness to 480.49 £ 8.19 HV ;. In con-
trast, the upper part of the sample was subjected to fewer
thermal cycles and retained a substantial amount of mar-
tensite; as a result, the hardness remained relatively high
at512.80 £ 525 HV, .

The machinability of the sample was evaluated
using the Taguchi method. Owing to the high hard-
ness of the material, the impact of the cutting edge on
the machined surface during climb milling leads to an
increase in milling forces. Conversely, during conven-
tional milling, the low plasticity of the material reduces
the volume of material pressed into the flank surface
of the milling cutter, resulting in lower milling forces.
Furthermore, as the feed per tooth increases, the rise in
cutting temperature reduces the material strength, which
slows the growth of milling forces.
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