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Abstract
Introduction. When milling complex-profile surfaces of parts, the selection of tool trajectories and orientations affect

the roughness parameters. However, in the studies devoted to the formation of trajectories, recommendations to provide
the quality of microgeometry of surfaces were not taken into account. Moreover, when writing programs for CNC
equipment in CAM systems, the limitations of cutting modes were determined exclusively using a geometric approach.
It did not take into account the influence of the orientation angles of the sphero-cylindrical tool relative to the normal
plane on the quality of surface treatment, namely on roughness. The work was aimed at the creation of the methodology
for selecting the limiting values of the orientation angles of a sphero-cylindrical tool to optimize the process of
machining spatially complex surfaces. The tasks included achieving the minimum values of the amplitude roughness
parameter Rz and determining the effectiveness of various machining paths.

Materials and Methods. Methods of correlation and regression analysis were used, the results were compared and
generalized. The least-squares method was applied to estimate the parameters of the regression equation. The DMU 50
ecoline processing center was used for the experimental studies. Roughness was measured on a Surfcam 1800 D
profilometer. The material of the samples was steel 12X18N10T. The material of the tool was hard alloy 1620 Sandvik
with PVD coating (physical vapor deposition, the closest domestic analogue is T15K6).

Results. It has been shown in detail how roughness parameters Rz depend on the angle of inclination and the diameter
of the tool. Twenty examples were summarized in a table. Natural regression coefficients were calculated using linear
and hyperbolic models. It was found that the diameter of the tool had a greater effect on the formation of roughness
parameter Rz than the angle of inclination. For a detailed description of the influence features, the coefficients of
multiple, partial, paired correlation and multiple determination were compared. The limitations associated with the
angles of inclination of the tool when processing complex surfaces were determined. A scheme for calculating the angle
of the normal was visualized, which included the selected step along the axis to determine the lengths of the segments
of the broken curve. The profilograms of surfaces obtained with different shaping trajectories were given in the form of
drawings. This allowed us to conclude that milling from top to bottom is unsuitable when the tool is tilted 5°-35°. A
map has been compiled by which it is possible to judge the roughness, knowing the type of milling and the inclination
angle (from 5° to 80°). The dependence of the roughness parameter on the processing speed and the use of coolant was
represented graphically. The calculated parameters for determining the optimal angle of inclination of the tool were
tabulated. Their analysis proved the adequacy of the proposed method of preparing control information.

Discussion and Conclusion. The presented technique made it possible to determine the optimal values of the
orientation angles of the sphero-cylindrical tool. taking into account the cutting speed and the minimum possible
amplitude roughness parameter Rz. The pattern of feeding fz = 0.4 mm/tooth for surface areas with a total angle of
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5-50° was considered. In this case, processing along trajectories in the passing, opposite and bottom-top directions,
provided roughness in the range of 3-6 um according to parameter Rz. The top-down toolpath is not recommended for
use in final operations due to the significant height of parameter Rz.

Keywords: amplitude roughness parameter, orientation of a sphero-cylindrical tool, milling of complex-profile
surfaces, spatially complex surfaces
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AHHOTAaLUA

Beeoenue. Tlpu (pesepoBaHNH CIOXHBIX MMOBEPXHOCTEH AeTaiel BBIOOP TPAacKTOPWUH M OPHUEHTALMH WHCTPYMEHTA
BIMSIOT Ha TapaMmeTpsl mepoxoBaTocTd. OJHAKO B HCCIEJOBAHMAX, ITOCBALICHHBIX (DOPMHUPOBAHMIO TPACKTOPHUH, HE
YUYHUTBIBAIOTCS PEKOMEHIALNH, TI03BOJISIONINE 00ECTIeYnTh KaueCTBO MUKPOreOMeTpHH moBepxHocTei. K Tomy ke npu
HamucaHuu mporpamMm s obopymosanust ¢ UITY B CAM-cuctemax (ot anri. computer-aided manufacturing —
aBTOMAaTHU3MPOBAHHOE IIPOM3BOJICTBO) OTPAHWUYCHUS PEKMMOB PE3aHUS ONPENEIAIOTCS HCKIIOUUTEIHHO C MOMOIIBIO
reoMeTpHUecKoro moaxoxa. OH He YYWTHIBAeT BIHMSHHE YIJIOB OPHEHTAIMH C(EpOLMINHAPHIECKOTO MHCTPYMEHTa
OTHOCHTEJIFHO IIOCKOCTH HOpMaJli Ha KadecTBO O0OpabOTKM MOBEPXHOCTEH, a MMEHHO Ha MIepoXoBaTocTb. Llenb
paboThl — CcO37aHHE METOAMKH II0 BBHIOOPY TpENeNIbHBIX 3HAYEHHH YIJIIOB OpPHEHTALMH C()EepOolInHIPUIECKOTO
HHCTPYMEHTa U1 ONTHMH3AIMM IIpollecca MEeXaHHMYECKOW 00pabOTKHM MPOCTPaHCTBEHHO-CIOXKHBIX IOBEPXHOCTEH.
3amaun: JOCTH)KEHHE MHUHHMAJBHBIX 3HAYEHMH aMIUIMTYJHOIO IapaMeTpa IepoxoBarocTd Rz u ompeneneHue
3¢ PEKTHBHOCTH PA3INIHBIX TPACKTOPHI 00pabOTKH.

Mamepuanvt u memoowvl. VIcOIb30BaJINCh METOJBI KOPPESIHMOHHOTO M PETPECCHOHHOTO aHalIN3a, pPe3yJbTaThl
CpaBHHUBAINCh M 0000manuch. [l OIMEHKH IapaMeTpOB ypPaBHEHUS PErpecCHd NPHUMEHSIICS METOJ HAMMEHBIINX
KBazparoB. JlJsl SKCIepUMEHTANBLHBIX HCCIEJOBaHUN 3ajeiicTBoBann obpabareiBatomuii mearp DMU 50 ecoline.
[llepoxoBatocTh u3Mepsiu Ha npodmiomerpe Surfcom 1800 D. Matepuan o6pasios — crais 12X18H10T. Matepuan
HHCTpyMeHTa — TBepabii crutaB 1620 Sandvik ¢ PVD-mokpeitrem (ot adri. physical vapor deposition — ¢usnueckoe
OcakJIeHHE TapoB METAJUIOB. OJIIKaWIINi oTeuecTBeHHbIH aHainor — T15K6).

Pesynemamur uccnedosanus. JletanbHO TOKa3aHO, KaK IapaMeTphl IEPOXOBATOCTH RZ 3aBHCAT OT yria HakJIoOHA H
IUaMeTpa HWHCTpyMeHTa. [IBaanaTe NPUMEpPOB MpPEICTaBICHBI B Buie TaOmuipl. EcrecTBeHHBIE KO3(DPHUIINEHTHI
perpeccuy paccUMTaHbl 10 JIMHEHHOH M TUNEpOOIMYEecCKOd MOJENsIM. YCTaHOBJIEHO, YTO JAWaMETp WHCTPYyMEHTa
Oonbie BiMsIET Ha (POPMUPOBAHHE MapaMeTpa IepoXoBaTocTH RZ, yeM yroa HakioHa. [y JeTaabHOrO ONMUCAaHUS
OCOOCHHOCTEH BIMSHUS CPAaBHUBAIUCH KOI(D(UIIMEHTH MHOKECTBEHHOW, YAaCTHOM, MApHOW KOPpesIud |
MHOXKECTBEHHOH nerepmuHanuu. OmpeneneHbl OTrpaHUYEHUs, CBA3aHHbIE C YIilaMHd HAakJIOHa WMHCTPYMEHTa MpHU
00paboTKe CIOXHBIX IOBEPXHOCTEH. BusyanmsmpoBaHa cxema aiisl pacyeTa yriila HOPMajiM, KOTopas BKIIOYAaeT

BBIOpPAHHBIN MIAT TI0 OCH JJIS OTIPEISNICHISI [UTMH OTPE3KOB JIOMaHOW KPUBOH. J[aHBI B BHJe PUCYHKOB MPO(HIOTpaMMbI
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MOBEPXHOCTEH, MOTyYEHHBIC MPU PA3IMIHBIX TPACKTOPHAX (opMooOpazoBaHHUs. DTO MO3BOJNIIIO CAEIATH BBIBOJI O
HETIPUTOMHOCTH (ppe3epoBaHMs CBEpXy BHH3 IpH HakiIIoOHe HMHCTpyMeHTa 5°-35°. CocraBiieHa KapTa, IO KOTOPOH
MOXHO CYAWTH O IIEPOXOBATOCTH, 3Has BUJ (pe3epoBaHus U yron HakioHa (ot 5° mo 80°). ['paduueckn mokazana
3aBUCHMOCTb MapaMeTpa MIEPOXOBATOCTH OT CKOPOCTH 0OPAaOOTKH M MPUMEHEHHS OXJIAXKAAIOIIECH KUAKOCTH. CBEACHBI
B TaOJHIly pPacdeTHBIC MapaMeTphl ISl ONPENEICHUS ONTUMAIBHOTO YIila HaKJIOHAa MHCTpyMeHTa. X aHanmu3 qokazai
aJIeKBaTHOCTb NPEIOKEHHOT'0 METO/1a TTIOITOTOBKH YIPABJISIoNIeld HH(POpMaIHH.

Oécyacoenue u 3axniouenue. IlpencraBineHHas METOAMKA IMMO3BOJIMIIA ONPEEIUTh ONTUMAaJbHBIC 3HAYEHHs YIJIOB
OpHEHTAaNH C(HEePONMINHIPUIECKOTO HHCTPYMEHTAa C YYETOM CKOPOCTH pEe3aHHs M JOCTHXXCHUS MHHHMAIbHO
BO3MOXHOTO aMIUTMTYIHOTO mapamerpa miepoxoBatoctu Rz. Paccmotpena curyarms momauu fz = 0.4 mm/3y0 ams
Y4YacTKOB MOBEPXHOCTH C CyMMapHbIM yrioMm 5°-50°. B aTom ciyyae o0OpaboTka 1O TPaeKTOpUSIM B IIOIYTHOM,
BCTPEYHOM HAIIPaBICHUH W CHHU3Y BBepX oOecmeymia IMIepOXOBAaTOCTh B JAMama3oHe 3—6 MKM Mo mapamerpy RZ.
Tpaexropust ABMXKEHUs CBEpXy BHH3 HE PEKOMEHJOBaHa K NPHMEHEHHI0O Ha OKOHYATENbHBIX Ollepalusix H3-3a

3HAYUTEIIbHOM BBICOTHI napaMeTpa Rz.

KaioueBble cjioBa: aMIUIUTYJHBIM MapaMeTp LIEPOXOBATOCTH, OPHEHTALMS C(HEpONMINHIPUIECKOTO HHCTPYMEHTA,

(bpe3epoBaHue CI0KHBIX TTOBEPXHOCTEH, MPOCTPAHCTBEHHO CIIOXKHBIC TOBEPXHOCTH

BuarogapHocTH: aBTOPHI BhIpakaroT OjarogapHocTh B.M. JIaBbIIOBY, A.T.H., Ipodeccopy, 3aBeAyroneMy Kadeapoi
«TUUC» (®I'BOY BO TOI'Y, r. XabapoBck) 3a 3HaYUMBIC 3aMEYaHUs M BaXXKHBIC COBETHl IPHU IPOBEACHUHU

HCCICOAOBAHUA U Oq)OpMJ'IeHI/II/I CTaTbH.

Jaa uourupoBanus. Iumanees M.P., Hukutenko A.B., bepkyn B.O. BmusHue yrioB opHeHTauuu
chepOIIITHHIPUIECKOTO HHCTPYMEHTa  Ha  IIEPOXOBATOCTH npu 00paboTke CIIO’KHOTIPO(PHITHHBIX
noBepxuocreii. Advanced Engineering Research (Rostov-on-Don). 2023;23(3):231-240. https://doi.org/10.23947/2687-
1653-2023-23-3-231-240

Introduction. The reliability of machine parts is determined by such performance properties (PP) of surfaces as
wear resistance, tightness, strength, quality of coatings [1]. These PP depend on the physico-mechanical and geometric
parameters of functional surfaces, including roughness [2—4].

The analysis of the scientific literature suggests a growing interest in the topic of providing the necessary roughness
parameters due to the reasonable selection of trajectories of shaping movements and orientation of the sphero-
cylindrical tool when milling spatially complex surfaces (SCS) [5-7]. Examples of such parts are forming elements of
die tooling, master models for casting, executive surfaces of gearing [8-10].

A number of authors studied the influence of strategies under the milling of SCS and methods of optimizing
machining [10-12]. However, knowledge about the formation of trajectories does not take into account the
recommendations for providing the quality of microgeometry of the surfaces of the part. It should also be noted that
when creating programs for CNC equipment in CAM systems, the limitations of cutting modes are determined
exclusively using a geometric approach [13, 14]. It does not take into account the influence of the orientation angles of
the sphero-cylindrical tool relative to the normal plane on the quality of surface treatment, namely on roughness. The
method of selecting the angles of tool orientation based on empirical models can overcome these disadvantages. Its
advantages:

— influence of the tool orientation angles on the surface roughness is taken into account;

— ability to reasonably select processing paths is supported.

The study was aimed at the creation of a methodology for selecting the limiting values of the orientation angles of a
sphero-cylindrical tool to optimize the process of machining spatially complex surfaces. The tasks included achieving
the minimum values of the amplitude roughness parameter Rz and determining the effectiveness of various machining
trajectories.

Materials and Methods. Thus, CAM systems provide forming multi-coordinate machining trajectories with tracking
of additional parameters, such as collisions, the point of contact between the tool and the part, etc. The sphero-
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cylindrical tool touches the part at point P; (Xi. yi. i) = Pg (Xa. Ya. Zd). At the same time, it is required to avoid machining
with the center of the cutter and orient the tool with an angle of inclination of at least 5°—15°.

In the final operations, the effective cutting speed is determined by the effective diameter. At an equal rotational
speed, it grows with the increase in the angle of inclination of the tool to the workpiece. An increase in the cutting speed
generally causes a decrease in the microhardness of the surface, and with an increase in V >75m/min, the
microhardness parameters change slightly [12]. The dissipation rate strongly depends on the cutting speed and the
volume of the material being removed; therefore, cutting-tool lubricant (CTL) is needed to intensify the cutting
process [15].

For the experiments, technological equipment with CNC was used, a five-axis machining center DMU 50 ecoline
with a maximum spindle frequency of 8,000 rpm. The surface roughness was measured by a Surfcom 1800 D
profilometer. Sandvik end mills of the R216 series were used for processing 12X18H10T steel. The material was hard
alloy 1620 with PVD coating (the closest domestic analogue is T15K6). The diameter was 8 mm, the number of
teeth — 2. To provide a uniform allowance (a, = 0.2 mm), mechanical treatment with sphero-cylindrical cutters was
carried out before the final milling operation.

Research Results. Before determining the angles of inclination, it was required to establish how variable factors
affected the response function. In this case, we are talking about the surface roughness according to parameter Rz (um).
To find empirical mathematical models of milling with a sphero-cylindrical tool, we took the independent variables:
X1 — diameter (D, mm) and X, — the angle of the tool inclination (y, °). The initial data for the analysis were
considered in previous studies (when applied to tooth fz = 0.4 mm/tooth) [16-19] (Table 1).

Table 1
Roughness parameters Rz depending on the angle of inclination and diameter of the tool

R Tool diameter, mm
Angle. 6 8 10 12
10 9.33 7.66 5.99 4.33
20 8.59 7.06 5.53 4.01
30 7.85 6.46 5.07 3.69
40 7.11 5.86 4.61 3.37
50 6.37 5.26 4.15 3.05

Based on theoretical data on significant factors affecting roughness, linear (1.1) and hyperbolic (1.2) models were
adopted:
Rz=Y =a+b X, +b,X,, (1.1)

Rz:Y':a'+b1X1+b—2,. 1.2)
X2

Here are the calculated natural regression coefficients: a= 13.37; a’'=10.25; b, =-0.66; b, = —0.58; b; = 0.51
The parameters of the two-factor regression equation were estimated using the standard least squares method;
therefore, for simplicity of presentation, we omitted the formulas indicating the coefficients. Standardized
B-coefficients: p; =—-0.79; B, =-0.58; B, =—0.51. Comparison of the modules of the values of standardized regression
coefficients B allowed us to conclude that factor X; (tool diameter) had more effect on the formation of the roughness
parameter Rz than X, (inclination angle). Coefficients of multiple, partial paired correlation and multiple determination:

Rix, X, =0.98; fy, =—0.98; K, , =-0.97; 1, , v =-0.95;

Ry, =095 T, . =093 T YXZXl_085, fy e = 0.79;
~0.79; t,,, =~ 058; 1, ,, =000; I, =05

r . =0.00; R2(Y) =0.95; R2(Y’) =0.90.
172

Comparing the coefficients, we drew the following conclusions.
When factor X, was fixed at a constant level, factor X1 most strongly affected (]0.98| > |0.79]). When comparing the
coefficients of the hyperbolic model, (|0.93| > |0.79)).
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When factor X; was fixed, the effect of factor X, on Rz increased for both models: linear |0.97| > |0.58], hyperbolic
|0.93] > |0.51].

To ensure the uniformity of the microrelief of the surface, the dependence of the feed and the effective diameter of
the tool (Dcap) wWas established, which varied depending on the angle of processing. We defined the limitations
associated with the angles of the tool inclination when processing the SCS. To do this, the surface of the part was to be
divided into sections and the normal angles calculated. If z =f (x. y), then, in general, the orientation of the tool to the
surface was set by selecting the direction of the normal.

Atcosy=1/|N|:
N = —i,—i,l . (2.1)
oX oy
Atcosy=-1/|N|:
N:(g,i,—l} (2.2)
ox dy
To determine the inclination angle of the tangent plane, the following equation was used:
szY (82
tana=|(grad@),|=,]| — | +| — | , 3
a=forad)| - [ £ o[ 2] ®

where a.=[90° —vy|.
AV Nikitenko [20] presented a model for optimizing the orientation angle of a part with corrective angles of

inclination 4 and B relative to X and Y axes:

, oz 2 (&2 ?
tana'=,|| —+tan B | +| —+tan A | . 4
OX oy

For a special case (Fig. 1), determination of angle A to normal N:

A = arctan E. (5)
AX

> y

Az
>
x

X X X
i+1

Fig. 1. Scheme for calculating the angle of the normal: N — normal; L — angle to the normal; Ax — selected step along X axis to
calculate the lengths of the polyline curve segments, mm; Az — distance along Z axis, depending on the step along X axis, mm

With a discretely defined surface profile, the length of the curve describing the profile geometry:
S, =3AS,. (6)

i=1
Here, the length of the polyline section AS, = JAX2 +Az2,

The roughness of Rz was considered as an output parameter (Fig. 2), taking into account the limitations associated
with the trajectories of motion and the angles of inclination of the sphero-cylindrical tool.
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Z (x) Z(x)

c) d)

Fig. 2. Profilograms of surfaces obtained with different shaping trajectories at I' = 35°-45°:
a — passing milling; b — counter milling; ¢ — top-bottom milling; d — bottom-up milling

Top-bottom milling is characterized by the greatest amplitude, the unevenness of the resulting surface profile, and is

not recommended for shaping with a tool tilted at an angle of 5°—35°.
The roughness selection map (Fig. 3) for Rz parameter is based on the results of the given and previous

studies [16-19].
Rz, pm

Passing 10.1-18.0

4.1-6.0

Top-bottom
3.0-4.0

Bottom-up
No data

Fig. 3. Roughness selection map

When using CTL, a film was formed on the contact surfaces of the tool and the workpiece material, which helped to
reduce adhesive wear. At the cutting speed V > 70 m/min, the effect of dynamic friction was reduced. At the same time,
the duration of the physico-chemical effect of the medium on the contact surfaces went down, which limited the effect

of the use of the CTL (Fig. 4).
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17,5 37,5 57,5 77,5 V, m/min

Fig. 4. Dependence of roughness parameter Rz on the machining speed: a — without CTL; b — with the use of CTL

The considered technique was aimed not at establishing critical values of possible orientation angles of a sphero-
cylindrical tool for a specific object, but at achieving roughness parameters taking into account the effective cutting
speed, feed, and inclination angles for a wide range of parts with concave-convex and linear sections. This approach
could provide generalizing and clarifying the ways of optimizing machining. In addition to roughness, the limitations of
the minimum effective cutting speed, depending on the effective diameter of the tool, were analyzed. At the same time,
the minimum recommended effective cutting speed was (Vcap) — 75 m/min.

According to the feed and lateral pitch, the angle of orientation of the tool can correspond to positive and negative
values. When calculating, it was considered modulo. Based on the calculated data (Table 2), the surface profile (Fig. 1)
was divided into sections. The normal angles were determined, and the trajectories of the shaping movements were
assigned to provide the required roughness, taking into account the angles of inclination of the tool.

Table 2
Design parameters for determining the optimal angle of inclination of the tool

n Az, mm AX, mm A0 F=hry” Vca_p
vy=1 y=3 Yy=5 aty=>5

1 0.16 3.59 4,59 6.59 8.59 68.0

2 0.48 10.83 11.83 13.83 15.83 84.4

3 0.82 18.25 19.25 21.25 23.25 99.8
4 1.22 26.01 27.01 29.01 31.01 114.2
5 171 34.34 35.34 37.34 39.34 127.2
6 2.38 43.64 44.64 46.64 48.64 138.6
7 3.55 54.82 55.82 57.82 59.82 147.5
8 6.59 69.21 70.21 72.21 74.21 150.7
9 4.56 61.26 62.26 64.26 66.26 150.1
10 2.81 0.5 48.39 49.39 51.39 53.39 143.1
11 1.98 ' 38.41 39.41 41.41 43.41 132.7
12 143 29.71 30.71 32.71 34.71 120.3
13 1.00 21.73 22.73 24.73 26.73 106.5

14 0.63 14.17 15.17 17.17 19.17 91.5

15 0.30 6.87 7.87 9.87 11.87 75.5

16 0.01 0.32 1.32 3.32 5.32 60.2

17 0.33 7.52 8.52 10.52 12.52 77.0
n; 1.03 22.43 23.43 25.43 27.43 107.8
Nj+1 1.47 30.46 31.46 33.46 35.46 121.5

Mechanics

The measured roughness values, taking into account the recommended angles of inclination of the sphero-
cylindrical tool and the movement trajectory, are minimal with respect to Rz parameter (from 3 to 6 um). At the same
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time, these values correlate with data from other studies (Fig. 3). This allows us to conclude that the proposed method
of preparing control information is adequate.

Discussion and Conclusion. The presented technique of selecting the limit values of the orientation angles of a
sphero-cylindrical tool can be used to process the SCS with one tool without replacement, taking into account the
accepted restrictions. The proposed approach makes it possible to determine the optimal values of the orientation angles
of a sphero-cylindrical tool, allowing for the cutting speed and achieving the minimum possible amplitude parameter
of roughness Rz.

We considered the situation for surface areas with a total angle of 5°-50° at feed fz = 0.4 mm/tooth. In this case,
machining along trajectories in the passing direction, from bottom to top and in the opposite direction allowed for
roughness in the range of 3-6 um according to Rz parameter. This was less than the maximum values obtained by
15-30 %. At angles of 10°-40° and the passing processing direction, the minimum values of Rz — 3-4 um were
recorded. The trajectory of top-bottom movement was not recommended for use in final operations due to the
significant height of the Rz profile. At the same time, the values of 4.1-6 um for this trajectory were achieved in a
narrow range of angles — 40°-50°.
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