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Abstract

Introduction. Modern technologies of tool and mold production increasingly use metal-composite systems (MCS), which
combine additively manufactured metal shells and metal-polymer fillers. This corresponds to priority areas of scientific and
technological progress, such as digitalization and additive manufacturing (in accordance with the Federal Project
“Development of Materials and Production Technologies” within the framework of the national program “Scientific and
Technological Development”). The scope of application of MCS in industry is growing: according to industry reviews, their
share in the production of high-precision components for the aerospace and automotive industries has increased by 25-30%
over the past five years, providing economic benefits due to a 15-20% reduction in the weight of structures and improvement
of the energy efficiency of processes. Such systems combine the strength and thermal conductivity of metal with the damping
properties of polymers, yet exhibit high sensitivity to overheating during machining. Consequently, the temperature at the
metal-MCPM (metal-polymer composite material) interface during turning may exceed the thermal stability threshold
(170°C), resulting in thermal degradation, loss of adhesion, and shell deformation. In the literature, the problem of MCS
thermal stability in turning is addressed only fragmentarily: existing studies focus on monolithic composites or general
heat-transfer models, lacking detailed analysis of interfacial heating in additively manufactured systems featuring
low-conductivity fillers. Therefore, research is needed to quantify the thermal response during the machining of such systems
and to determine the cutting parameters that provide their thermal stability. The objective of this work is to experimentally
study the temperature response during turning of MCS with a shell thickness of 6 = 3.5 mm and to construct a second-order
regression model linking the temperature at the metal —- MPCM interface with the cutting parameters.

Materials and Methods. A hardware-software measurement unit simulating the MCS structure was developed for the
study. It included a replaceable bushing made of 12Kh18N10T steel, an internal insert made of Ferro-Chromium metal-
polymer, three built-in type K thermocouples, and a data acquisition module based on an ESP32-WROOM
microcontroller with MAX6675 converters, providing temperature recording at 5 Hz and data transmission via Wi-Fi.
The accuracy of the measurements was confirmed by thermal imaging verification using FLUKE Ti400. The experiment
was conducted according to the full factorial design (FFD) 2% + no, in which cutting speed V, feed S and cutting depth ¢
were varied. Data processing was performed by the least-squares method with adequacy validation using Fisher's F-test
and coefficient significance by Student's t-test. Based on the results of processing in real physical units, a second-order
regression model was constructed — model 3.5TP, designed for engineering prediction.

Results. The analysis of the experimental data showed that the thermal response of the metal-composite system was
nonlinear. The depth of cut ¢ was the dominant factor increasing the temperature, whereas within the investigated range,
an increase in the feed rate S and cutting speed ¥ led to a decrease in the interface temperature due to a shorter thermal
exposure time and more intensive heat removal with the chip flow. The resulting 3.5TP model was characterized by the
coefficient of determination R?> = 0.9513, Fisher criterion value F = 364.31 and the significance level p < 1073, which
validated its adequacy. Interpretation of the regression coefficients indicated that the depth of cut (¢) had the strongest
impact on the temperature rise, the feed rate (S) showed a moderate effect, and the cutting speed (/) had the least
sensitivity within the investigated range. The constructed response surfaces and contour maps identified the “safe zones”
of cutting conditions that satisfied the constraint 7< 170°C, corresponding to the thermal stability limit of the metal—-
polymer filler. The average deviation between the experimental and calculated data did not exceed 7°C, that confirmed
the high accuracy and predictive capability of the proposed model.
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Discussion. The constructed 3.5TP model revealed the relationship between geometric and technology factors that
determine the thermal load of the MCS during turning. The dominant impact of the depth of processing was due to the
increase in the volume of the cut layer and heat generation in the contact zone, while the increase in feed and cutting
speed was accompanied by compensating effects due to a decrease in the time of thermal contact and more intense heat
removal with the chips. The results obtained indicated the need to optimize processing modes taking into account the
shell thickness 8. Directions for further research were identified.

Conclusion. The conducted study demonstrates that the developed experimental setup reproduces accurately the thermal
behavior of a metal-composite system composed of an additively manufactured metal shell and a metal-polymer filler.
The constructed 3.5TP regression model adequately describes the temperature response during turning and can be used
for engineering prediction of mechanical processing modes.
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AHHOTALINA

Beeoenue. CoBpeMEHHbIE TEXHOJIOTHH HHCTPYMEHTAIBHOTO B (hOPMOOOPA3yIOIIEro MPOM3BOACTBA BCE Yallle HCIIOIb-
3y10T MeTa-komno3utHele cucreMsl (MKC), coueratonye ajJIMTHBHO MU3TOTOBJICHHBIE METAUINYECKUE O0OJIOUYKH U
METAIIONONIMMEPHBIE HAMIOTHHUTEIH, YTO COOTBETCTBYET NPHOPUTETHHIM HANPABICHHUSIM HAyYHO-TEXHHYECKOTO MPO-
rpecca, TAKUM Kak [IM(pOBH3aLKS U 3 JTUTUBHOE IPOU3BOJICTBO (B cooTBeTCTBUY ¢ DenepanbHbIM poekToM «PazBuTre
TEXHOJIOTHI MaTEepHaIoB M IIPOM3BOACTBA» B paMKaxX HAI[MOHAIBHOW mporpamMMbl «HaydHO-TEXHOIOTHYECKOE pa3BH-
THe»). Macmtadsl npumeneHnss MKC B IpOMBIIIIIEHHOCTH PacTyT: 110 JaHHBIM OTPacieBbIX 0030pOB, HX JIOJIS B IPOH3-
BOJICTBE BRICOKOTOYHBIX KOMIIOHEHTOB ISl aBHAKOCMHYIECKON M aBTOMOOMIIFHOM oTpacieii yBenmuamiacsk Ha 25-30% 3a
TIOCJIC/THUE TISITh JIET, 0OecTieunBasi 9KOHOMUYECKYIO BBITO/y 33 CUET CHHIKCHUS Macchl KOHCTpYKIMi Ha 15-20 % u mo-
BBILICHUS] 9HEPTro3((HEKTUBHOCTH HPOLeccoB. Takue CHCTEMBI COYETAl0T MPOYHOCTh M TEIIONPOBOIHOCT METAIIA C
JIeMIT(UPYIOIMMH CBOHCTBAMH MOJIMMEPaA, HO XapaKTepPHU3yIOTCsl BHICOKOW YyBCTBHTEILHOCTBIO K TIEPErpeBy IPH MeXa-
HH4ecKoit 00paboTke. Benencteue atoro temneparypa Ha rpanuie «metana — MITKM» rpu TodeHUN MOKET MPEBBIIIATh
nopor tepmoctoiikoctr (170°C), npuBoAs K TEPMOJIECTPYKIIMH, TIOTepe aiare3un u nedopmanuu odonouku. B nurepa-
Type npobnema repmoctabmabHocTH MKC npn ToueHn# ocBemeHa pparMeHTapHoO: CyIIECTBYIOIINE PaObOThI OKycHupy-
I0TCSI HA MOHOJIUTHBIX KOMITO3UTaX MJIM OOIIMX MOJIENISIX TEILIoNepeHoca, Oe3 IeTaabHOro aHali3a Mex(a3Horo Harpesa
B aJTUTHBHO-()OPMOBAHHBIX CHCTEMaX C HU3KOW TETJIONMPOBOIHOCTHIO HAIOMHUTENS. 1103TOMy HEOOXOIMMEBI HCCIIEI0-
BaHUs, MO3BOJIAONIMEC KOJIMYCCTBCHHO OIMHMCATh TEIJIOBOM OTKIIMK npu 06pa60TKe TaKUX CHUCTEM U ONPCACTIUTH Iapa-
METPBI pe3aHus, 00eCIeYnBaIOIINe X TePMOCTa0MILHOCTE. L{ess HacTosIel paboThl — 3KCIEPHUMEHTAIBHOE HCCIIe0-
BaHHE TeMIlepaTypHoro oTkiiuka npu todeHnt MKC ¢ TonmuHoN 00605109k 6 = 3,5 MM U IIOCTPOSHUE PErpecCHOHHON
MOJIETIM BTOPOTO MOPSKa, CBSI3bIBAIONIEH TeMIeparypy Ha rpanune «Merant — MIIKM» ¢ mapamerpamu pe3aHusl.
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Mamepuanovt u memoost. J11s1 viccienoBaHus ObLT pa3paboTaH MPOrpaMMHO-aNIapaTHRIA H3MEPUTEIBHBIN y3€l, MOJie-
mupyromuil ctpykrypy MKC. On Brutouan cMeHHyo BTyIKy u3 ctanu 12X18H10T, BHyTpeHHIOI0 BCTaBKy U3 METAILIO-
noiumepa «Deppo-Xpom», TpHU BCTPOCHHBIE TepMmomapsl Tnna K m Momyns cOopa JaHHBIX Ha MHUKPOKOHTPOJLIEpPE
ESP32-WROOM c npeobpazoBatensivu MAX6675, obecriednBaromnil perucTpauio TeMIepaTypsl ¢ 4acToToi 5 ' n
nepenady gaHHbIX 0 Wi-Fi. KoppekTHOCTh m3MepeHwmii ToATBEepIKAeHa TeIUIOBU3NOHHON Bepu(UKAIINEH C HCIIOIh30Ba-
nneM FLUKE Ti400. DkcriepMMeHT MPOBOMIICA TI0 IJIaHY MOJHOro (GpakTopHoro skcrepumenta (ITMD) 23 + ny, B koTo-
POM BapbHPOBAIMCH CKOPOCTh pe3anus V, mogada S v riyOuHa peszanus t. OOpaboTka JaHHBIX BBIIIOIHAIACH METOIOM
HaMMEHBIINX KBa/IPATOB C IIPOBEPKOM aIeKBaTHOCTH 110 F-kpureputo duriepa v 3HAYMMOCTH KOIPPHUIIUESHTOB I10 t-KpH-
teputo CteioneHTa. [1o pesynpraTam 00pabOTKH B pealibHBIX (U3NIECKHAX SANHUIAX IIOCTPOCHA PETPECCHOHHAS MOJIENb
BTOPOTO Nopsiaka — Mozens 3.5TP, npenHasHaueHHas Uil HHKEHEPHOT'O TPOTHO3UPOBAHUSL.

Pe3ynomamet uccinedosanus. AHamm3 SKCIIEPUMEHTAIBHBIX JaHHBIX TTOKA3all, 4To TemreparypHsiid oTkik MKC nveet
HEJTMHEHHBIH XapakTep, IPpY 3TOM TIyOnuHa pe3aHus t SBISETCS JOMUHHUPYIOIUM (haKTOPOM MOBBILIEHHUS TEMIICPATyphbI,
TOT/Ia KaK B MCCJICZIOBAHHOM JIMANa30HE YBEIMUCHHE T0/a4M S U CKOPOCTH pe3aHus } CONpPOBOXKAAETCS CHHKEHHEM
TeMIIepaTypbl Ha Mex(a3HOW rpaHuIe 3a CU€T COKpalleHHs BpEMEHH TEIUIOBOTO BO3JEHCTBHS 1 00Jiee HHTEHCHBHOTO
BBIHOCA TETLIA O CTPYKKoi. [Tomyuennas Mmoxens 3.5TP xapakrepusyercsa ko> puuueHToM aeTepMuHanun R = 0,9513,
3HauenueM kputepus Oumepa F = 364,31 u yposHeM 3HaunMocTH p < 1075, 4T0 MOATBEPKIAET €€ aNeKBaTHOCTh. UH-
TeprpeTanyst KO3 GUIMEHTOB BEIABUIIA, YTO INTyOHHA pe3aHus t OKa3bIBaeT HANOOJIbIIIEE BIMSHNAE Ha POCT TEMIIEPATYPBI,
nojayda S — yMepeHHOe BO3/AEHCTBHE, a CKOPOCTb pe3aHus J'— MuHHMansHoe. IlocTpoeHHbIE TOBEPXHOCTH OTKIIMKA U
KOHTYPHBIE KapTHI IIO3BOJIMIIN BEIIEITHTE «O€30TIaCHBIE 30HBD) PEKUMOB, YAOBIETBOpsIomuX yeiosuto 7' < 170°C. Cpen-
HHE PaCXOKACHHS MEXTy IKCIIEPUMEHTAILHBIMU ¥ PAaCYETHBIMHU JIAHHBIMU He TpeBbImany 7°C, 4To MoATBEP>KAACT BbI-
COKYIO TOYHOCTH MOJICIIH.

Obcyicoenue. Tloctpoernas monenb 3.5TP packpbuia B3aMMOCBSI3b T€OMETPUYCCKUX M TEXHOJIOTUYCCKHUX (PaKTOPOB,
onpenensgonux TepMoHarpyxxeanocts MKC npu Touennu. [JoMuHHpYromiee BIMSHAE TIyOHHBI 00paboTku 00yciIoB-
JICHO yBeJIMYeHHuEM 00bEéMa cpe3aeMoro Ciiosi ¥ TEIJIOBBIJCICHUS B 30HE KOHTAKTa, TOTr1a KaK pOCT MoJjaqyd U CKOPOCTH
pe3aHus CONPOBOXKAAETCA KOMIIEHCUPYIOINMH 3((EKTaMH 32 CHET yMEHBIICHHUSI BPEMEHH TETJIOBOTO KOHTaKTa 1 OoJee
MHTEHCHUBHOT'O BBIHOCA TEILIa CO CTPYKKOH. [loydyeHHbIe pe3ysbTaThl CBHACTENBCTBYIOT O HEOOXOMMOCTH OIITUMH3a-
LM PEXXUMOB 00pabOTKH € YIETOM TOJMIIUHBI 0007109KH 8. OTpeieNieHbl HaNpaBIeHUs NadbHEHIINX HCCIIeTI0BAHUMN.
3aknrouenue. IIpoBe€HHOE HCCIEAOBaHKUE JA0KA3ajlo, yTO pa3paboTaHHas SKCIEpUMEHTalIbHAs YCTaHOBKAa KOPPEKTHO
BOCITPOM3BOJUT TEIJIOBOE TTOBEJICHNE METAIUI-KOMIIO3UTHONW CHCTEMBI C aJ/TATHBHON 00O0JOYKON W METaJUIONOINMeEp-
HBIM 3anonHuTeneM. IloctpoenHas perpeccuonHast Mmoaens 3.5TP ajgexkBaTHO ONMKCHIBaeT TEMIIEPATyPHBIH OTKIMK IpU
TOYEHUH U MO>KET UCIIOIb30BAThCS IS HHKEHEPHOT'O ITPOTHO3UPOBAHUS PEXUMOB MEXaHNIECKOH 00paOOTKH.

KiroueBble cjI0Ba: aJyIMTHBHBIC TEXHOJIOTHH, METAJUIONIOINMED, TEMITEpaTypa pe3aHus, Mek(asHasi rpaHuIa

BaarogapuocT. ABTOpBl Onmaromapst pykoBonactBo Llentpa Beicokmx TtexHonoruid BI'TY wum. B.I. lllyxoBa 3a
IIpeoCTaBIeHHbIE 00pa3bl U 000pyAOBaHME I HCIBITAaHUH. ABTOpPHI BBIPAKAIOT MPHU3HATEIFHOCTH aHOHUMHBIM
peLeH3eHTaM.
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Introduction. The modern development of tool and form-forming production, particularly in the aircraft and machine-
building industries, is characterized by a transition to hybrid structural solutions that combine metal and composite
components. One of the promising areas in this field is the development of metal-composite systems (MCS), in which
thin-walled metal shells are combined with fillers made of metal-polymer composite materials (MPCM). This provides
an optimal balance of strength, thermal conductivity and damping properties [1].

In recent years, additive manufacturing (AM) technologies [2] have become widespread, allowing for the formation
of complex topologically optimized (TO) shells, including structures with conformal cooling channels that provide
targeted heat dissipation and increased thermal stability of products [3]. This approach is particularly important for tooling
products, for example, indexable drills with internal cooling channels (Fig. 1), manufactured through selective laser
melting (SLM). They improve heat dissipation from the cutting zone and increase the durability of carbide heads [4].

Machine Building and Machine Science
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a) b) o

Fig. 1. Indexable drill: a — model of a topologically optimized part of a drill body with a setting head and curved cooling channels of
the body; b — model of the TO drill body with a thin-walled shell forming the chip grooves and shank; ¢ — physical sample of TO
metal-composite indexable drill (cavity after TO is filled with MPCM), manufactured using SLM technology: 1 — machined metal-

composite shank; 2 — chip grooves; 3 — cutting head of the indexable drill

The transition to hybrid metal-composite structures, despite obvious advantages, is accompanied by new technological
constraints. The most significant of these are thermal processes during finishing machining, where local temperature
distribution determines the strength of interfacial adhesion, geometric stability, and durability of the product. Unlike
monolithic metal workpieces, the heat flow during turning of hybrid metal-composite structures is concentrated at the
metal - MPCM interface, where the materials differ sharply in thermal conductivity and heat capacity [5]. Since the metal
polymer is characterized by low thermal conductivity and limited heat resistance (up to 170°C), even short-term
overheating can cause thermal destruction, reduced adhesion, and deformation of the shell. [6].

The analysis of the literature data shows that existing research in the field of thermal loading during cutting covers
mainly homogeneous metal alloys [7] or metal-matrix composites [6], where the temperature field is described through
the mechanisms of friction and hardening of surface layers. In studies on thin-walled parts [8], the main focus is on
increasing rigidity and vibration resistance due to special basing systems and devices [9]. At the same time, hybrid metal-
polymer structures remain virtually unexplored in terms of heat transfer patterns during turning.

Furthermore, traditional analytical and numerical heat transfer models used in cutting simulations are developed for
materials with uniform thermal properties and do not take into account the discontinuity in thermal conductivity at the
interphase boundary [8]. This makes it impossible to directly use known relationships to predict the temperature in the
MCS where the metal and metal-polymer components interact.

Cooling and lubrication conditions, and the selection of tool materials and coatings also have an additional impact on
thermal loading. It is known that the use of PVD coatings in combination with optimized conditions increases tool life
when machining heat-resistant alloys [10], and modification of metalworking fluids (MWF) can reduce contact
temperatures when turning titanium and aluminum alloys [11]. For additive materials obtained by surfacing, an increase
in temperature gradients was noted due to differences in the thermal conductivity of the layers [12]. These effects are
particularly significant when processing products with a combined metal-polymer structure.

Additively produced shells are also characterized by increased roughness and residual stresses [13], which affect local
heat transfer and the generation of contact temperature [14]. This further complicates the selection of rational processing

modes, requiring the construction of experimentally verified thermal response models.
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Thus, in the modern scientific picture, there is a gap in knowledge due to the lack of experimentally confirmed data
and validated regression models describing the temperature response of metal-composite systems during finishing. The
effect of the metal shell thickness on the efficiency of heat dissipation and the nature of the temperature gradient in the
metal - MPCM contact zone remains particularly understudied.

The objective of this study is to experimentally determine the temperature response of a metal-composite system with
a metal shell thickness of 3.5 mm during turning, as well as to construct a regression model of the dependence of the
temperature at the interphase boundary on cutting conditions (V; S, f).

To achieve this objective, the following tasks were completed:

— development and production of a hardware-software stand for real-time temperature recording during turning the MCS;

— conducting a series of experiments according to a full factorial design 2*+ng with varying cutting parameters;

— constructing a second-order regression model and assessing its adequacy on statistical criteria;

— determining safe turning ranges that prevent overheating of the metal-polymer filler and adhesion failure.

The implementation of the set tasks is aimed at the development of an engineering-applicable methodology for
selecting finishing modes for metal-composite systems, providing control of thermal loading, and preservation of the
structure of the metal-polymer filler.

Materials and Methods. Experimental studies are directed at determining the thermal response patterns of a metal-
composite system (MCS) during turning, taking into account the geometric parameter — the thickness of the metal shell.
To simulate the actual structure of hybrid products, a hardware-software setup is developed, including a replaceable metal
bushing and an internal filler made of a metal-polymer composite material (MPCM).

The development of the setup, whose model is shown in Figure 2, made it possible to simulate the conditions of
turning a fragment of a hybrid part with a given wall thickness and record the temperature in real time at the interphase
boundary “metal - MPCM”.

Fig. 2. Hardware-software setup for simulating real structure of hybrid products:

1 — external device housing; 2 — electronics housing; 3 — metal shell; 4 — metal-polymer filler;
5 — thermocouple housing; 6 — thermocouple mounting holes in the housing; 7 — mounting screws;
8 — microprocessor housing; 9 — breadboard; 10 — microprocessor; 11 — battery;
12 — thermocouples; 13 — cover

The major element of the setup was a housing made of grade 40 structural steel, providing secure placement in the
chuck of 16K20 lathe. A replaceable bushing made of 12Kh18N10T steel (similar to AISI 321) was fixed inside the
housing. This steel has low thermal conductivity (~15—-16 W/(m-K)) and is resistant to high temperatures. This makes it
a suitable model for high-alloy steels used in additive manufacturing [15]. The metal bushings were cylindrical with an
inner diameter of 53 mm and an outer diameter of 60 mm, corresponding to a metal thickness of 6 = 3.5 mm. This element
simulated the metal shell of a real hybrid part and allowed for varying the geometric parameters for subsequent studies.

Figure 3 shows the machined replaceable bushing.

Machine Building and Machine Science
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Fig. 3. Machined bushing

A Ferro-Chrom! MPCM insert was installed in the inner cavity of the bushing. It was pre-molded to the nominal
diameter and secured with KPT-8 thermal paste to improve thermal contact. The MPCM contained a thermosetting epoxy
matrix filled with powdered chromium particles. The material had a limited thermal resistance of up to 170°C and a
thermal conductivity of approximately 2 W/(m-K). This combination of materials provided adequate reproduction of the
thermal interaction at the metal - MPCM interface.

Three K-type thermocouples were used to record temperature. They were embedded in the wall of the bushing along
the sample axis and spaced equally along the cutting zone. The thermocouple signals were fed to MAX6675 analog-to-
digital converters connected to an ESP32-WROOM microcontroller, which provided digitization and wireless data
transmission. The electronic components were located in a separate cavity of the housing, protected by a plastic holder.
Power was supplied from a 2600 mA- h rechargeable battery, providing several hours of continuous operation.

Temperature was recorded at a frequency of 5 Hz, and data was transmitted via the UDP protocol through the built-
in Wi-Fi module. On a personal computer, the data was visualized in real time using a Python 3.12 API (Fig. 4),
implemented by the PyQtGraph, Matplotlib, and Pandas libraries. This allowed for rapid monitoring of temperature
variation at the interface and storing the results as digital arrays for subsequent processing.

@ Spyder (Pvihon 3.12)

8 ¢ Temperature monitoring = (=] X

Stop measuring l

|
Reset data |

Download data to Excel |

Temperature over time

100 1

80

60

40-

0 100 200 300 400 500 600 #s
— sensor | — sensor2 — sensor 3

Fig. 4 Temperature Monitoring program interface on a PC (cooling process)

! Specifications TU 2257-002-48460567-00. “Ferro-Chrom” Metallopolymer. Moscow: ZAO “LEO Metal-Polymer Mmaterials”; 2000. URL:
https://www.leo-polymer.ru (accessed: 01.11.2025).
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To validate the operation of the thermocouples and control the temperature distribution over the surface of the bushing,
thermal imaging verification was performed using a FLUKE Ti400 device [16]. The comparison results showed that the
deviations between the thermocouple and thermal imaging data did not exceed £3°C, which confirmed the reliability of
the recording scheme used.

Thus, the developed setup is an autonomous measuring unit capable of recording the temperature at the interface of a
metal-composite system with high frequency and sufficient accuracy. Its design allows for studies to be conducted under
various shell geometric parameters and cutting conditions, that makes it possible to develop an experimentally validated
model of the MCS thermal response during turning.

The experiment was designed to identify quantitative patterns in the effect of cutting conditions on the temperature
response of a metal-composite system with a metal shell thickness of & = 3.5 mm. For this purpose, an approach based on
the full factorial experiment (FFE) methodology was used [17], which made it possible to study the interaction of process
parameters and construct a second-order regression model suitable for engineering prediction.

The selection of this scheme is explained by the need to evaluate not only the key factors but also their interaction,
since thermal loading during MCS turning is a multiparameter function dependent on cutting speed, feed, and depth.
Moreover, unlike traditional metal workpieces, the behavior of hybrid systems is determined by uneven heat transfer at
the interface, which increases the nonlinearity of the relationships.

The variable factors were cutting speed V' (m/min), feed per revolution S (mm/rev), and cutting depth ¢ (mm). Each
factor was assigned two levels — upper and lower — corresponding to code values of +1 and —1 (Table 1).

Table 1
Experimental Factors Variation Levels
Factor Designation -1 0 +1
Feed, S mm/rev X1 0.05 0.10 0.15
Cutting speed, V' m/min X2 60 90 120
Cutting depth, t mm X3 0.5 1.0 1.5

To assess possible nonlinearity and check reproducibility, five replicate experiments with zero code values (0, 0, 0)
were added to the center of the design. Thus, the overall experimental structure included eight factorial and five central
points (Table 2), which made it possible to construct an adequate approximation model without increasing the size of the

experiments.
Table 2
Full Factorial Design
Experiment number b X2, (V, m/min) X3, (¢, mm) Mode (code)
(S, mm/rev)
1 0.50 60 0.05 -1,-1,-1)
2 0.50 60 0.15 (-1,-1,+1)
3 0.50 120 0.05 (-1, +1,-1)
4 0.50 120 0.15 (-1, +1, +1)
5 0.15 60 0.05 (+1,-1,-1)
6 0.15 60 0.15 (+1,-1,+1)
7 0.15 120 0.05 (+1,+1,-1)
8 0.15 120 0.15 (+1, +1,+1)
9-11 0.10 90 0.10 (0,0,0)

The temperature at the metal —- MPCM interface was measured simultaneously by three thermocouples (71, 7> and 73),
positioned along the workpiece axis. For each experiment, the maximum temperature values were determined, and the
average value T¢p, characterizing the integral thermal response of the system, was calculated.

The experimental results were used to construct a regression function describing temperature 7 at the metal - MPCM
interface in coded variables xi, X2, X3 using equation (1):

T = by +b,X; +byXy +byx5 +byxi +bsx3 +bex3 +byx Xy +bgx, x5 +boXpx5. €8
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The model coefficients were determined by the least-squares method, which minimized the sum of squared deviations
between the experimental and calculated temperature values. The significance of the coefficients was tested using
Student's #-test, and the adequacy of the model as a whole was assessed using Fisher's F-test at a significance level
of a = 0.05, which is the standard for engineering experiments in the mechanical processing [18].

The quality of the approximation was assessed using the coefficient of determination R?, which characterized the
proportion of explained variation in the response. Values R? > 0.95 were interpreted as indicating high agreement between
the model and the experiment. Additionally, the relative deviation AT was calculated from formula (2):

Ta}(cn - TMOH
AT =122 Tvenl 10095, @)

sk

Minimum values AT, not exceeding 7-8%, showed a good fit between the model and the observed data.

All statistical processing was performed in Excel and Python using built-in regression analysis tools and the
statsmodels package. This approach provided reproducible calculations, clear graphical representation, and the ability to
subsequently validate the model in automated engineering analysis systems.

Thus, the selected experimental design scheme allowed us to generate a statistically reliable database required for
constructing the 3.5TP regression model and subsequent analysis of the thermal behavior of the metal-composite system.
The resulting relationships served as the basis for determining critical cutting conditions that preserved the structure of
the metal-polymer filler and the stability of the shell geometry.

Research Results. The experiments yielded a set of data reflecting the dynamics of temperature variation at the metal-
composite interface during turning of specimens with a shell thickness of 3.5 mm. Processing of the results revealed that
the temperature response of the metal-composite system was nonlinear, and it was determined by a combination of cutting
conditions. It was found that increasing the cutting depth ¢ led to a growth of temperature, while in the studied range,
increasing the feed rate S and cutting speed /" was accompanied by a decrease in temperature at the interphase boundary.
Moreover, the impact of the parameters was interrelated, therefore the nature of the temperature variation should be
assessed using the response surfaces.

Figure 5 shows a typical temperature dependence obtained with fixed machining parameters. The curve demonstrates
the initial heating phase, followed by a brief temperature increase to a steady-state level, after which thermal equilibrium
is observed. The average duration of the transient mode was 2—5 minutes, corresponding to the time it took for the heat
flow in the cutting zone to stabilize, followed by slow cooling.

T,°C

200 A

_—
150 1 /

100 +

0 100 200 300 400 500 t,s

—e—sensor 1, °C sensor 2, °C sensor 3, °C

Fig. 5. Temperature change graph during turning, experiment no. 2, = 3.5 mm
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Average temperatures T¢p, calculated from the results of 13 full factorial experiments, ranged from 90 to 186°C. The
highest temperatures were observed under conditions with increased cutting depth ¢ combined with reduced S and V values
(within the studied levels), while temperature reduction was achieved with increased feed and speed at a fixed cutting depth.

The maximum temperatures at the interphase boundary are shown in Table 3.

Table 3
Maximum Temperature Values for Thermocouples with a Metal Thickness of 3.5 mm
Experiment no. Thermocouple 1, °C | Thermocouple 2, °C Thermocouple 3, °C Average, °C
1 120.00 116.75 111.75 116.17
2 174.25 191.50 192.75 186.17
3 97.00 90.50 95.75 94.42
4 120.75 121.25 122.50 121.50
5 95.50 87.00 89.25 90.58
6 112.25 106.50 105.00 107.92
7 103.50 95.25 92.50 97.08
8 118.50 111.25 106.75 112.17
9 104.25 103.00 99.75 102.33
10 109.00 101.50 101.50 104.00
11 112.75 106.25 102.75 107.25
12 111.50 104.00 102.00 105.83
13 113.75 108.50 111.00 111.08

Based on the experimental data processing for samples with a metal shell thickness of 6 = 3.5 mm, several regression
models of the temperature response 7 were constructed: separately for each sensor (71, 7>, T3), for the average temperature
value, and for the combined sample. The comparative analysis showed that the models constructed on individual
measurement channels were characterized by high determination coefficients (R*= 0.96-0.97) and statistically significant
coefficients at the p < 0.5 level. However, the most robust and informative model was the combined (extended) model,
which took into account the combined data from all three thermocouples. This model, designated as 3.5TP, tripled the
observation volume, increasing its statistical power and the reliability of engineering predictions.

For the 3.5TP model, the determination coefficient was R>= 0.9513, and the Fisher's exact test value was F = 364.31,
with a significance level of p < 1075, indicating high adequacy of the model to the experimental data. Based on the
estimated coefficients, regression equation in physical units was obtained (3):

3.5TP =1484.16-S* +7.604-S -V —388.75-5 -t —915.59-S +0.0041-V* — 3)
~0.4646-V -t —1.376-V +14.84-t*> +85.44 -1 +182.57.

Based on the obtained 3.5TP model, surface graphs were constructed reflecting the interaction of factors (Fig. 6).
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Fig. 6. Temperature surface graphs for 3.5TP model: @ — cutting depth of 1 mm; b — cutting depth of 1.5 mm
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The constructed 3.5TP model is characterized by high approximation accuracy. Validation against the full observation
matrix showed that the deviation between the calculated and experimental temperature values (A7) in most cases did not
exceed 1-7 °C. Only in certain combinations of modes, deviations of the order of 10-12 °C were observed, which was
due to local inhomogeneity of heat transfer at the metal - MPCM boundary and differences in the emissivity coefficient
when compared with thermal imaging verification data [19]. Overall, the level of discrepancies is considered acceptable
for engineering tasks of prediction and construction of temperature maps.

Figure 7 shows a contour map of the temperature fields constructed using equation (2) for a cutting depth of 1.5 mm.

Contour map at cutting depth 7= 1.5 mm T, °C

120
185
110 175
= 165
g
S 100 -
o
< 90 145
[}
& 135
on
£ 80
5 125
Q

3
(=]

60

0.06 0.08 0.10 0.12 0.014
Feed, S, mm/rev

Fig. 7. Temperature contour graph for 3.5TP model, with cutting depth of 1.5 mm

The constructed 3.5TP regression model reliably describes the thermal behavior of a metal-composite system with a
metal shell thickness of 3.5 mm during turning. The model has high predictive power and can be used to determine safe
machining conditions that prevent the 170°C threshold from being exceeded.

Discussion. The analysis of the obtained coefficients has shown a consistent physical meaning for each term of the
equation. The linear coefficients for feed and speed (—915.595 and —1.376¥) have negative values, indicating a decrease
in temperature as these parameters increase over the studied range. This effect is explained by the fact that increasing
cutting speed reduces the time of thermal contact between the tool and the workpiece surface, while the increase in supply
contributes to a more intensive heat removal from the chips. Meanwhile, the coefficient for depth of cut is positive
(+85.44¢), which corresponds to the observed increase in temperature with increasing cross-section of the cut layer.

The nonlinearity of the dependence is expressed by the quadratic terms S%, ¥? and 2, among which the positive
coefficient for S$? is particularly significant, reflecting the effect of optimal feed: after reaching a certain level, increasing
the feed again leads to a growth of temperature due to increased cutting force and friction on the flank of the tool. One of
the quadratic terms is negative, indicating a saturation effect, and another is at the border of statistical significance.

The paired relations of S - V, S - # and V - ¢t demonstrate moderate but significant factor interactions. The most
pronounced interdependence was between cutting speed and depth (—0.46467V7%), reflecting compensation for the thermal
effect due to increased heat transfer across the shell thickness. The interaction of feed and speed (+7.604SV) indicates the
presence of regions where a coordinated increase in these parameters contributes to temperature stabilization, which is
confirmed experimentally (Fig. 6).

The results obtained confirm the high sensitivity of the thermal response of the metal-composite system to the
combination of process parameters and demonstrate the significance of the geometric and thermophysical characteristics
of the structure. The constructed 3.5TP model shows that even with a relatively small shell thickness of & = 3.5 mm, heat
transfer processes in the cutting zone are determined by the complex interaction of cutting parameters and the material
properties of the metal - MPCM system. This allows us to assert that further development of research should be aimed at
expanding the scope of applicability of the obtained patterns and increasing the universality of the proposed model.
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A promising direction is the parametric study on the effect of metal shell thickness on the thermal behavior of the
MCS during turning. The variation of § affects the heat rejection rate and the temperature field pattern, thus allowing the
overheating resistance of the metal-polymer to be controlled. Systematic variation of the shell thickness will make it
possible to construct a generalized “6—7" relationship, enabling the prediction of thermal risks for various hybrid
component configurations.

An equally important task is to validate the constructed model on alternative types of metal-polymer composites with
different thermal conductivity, heat capacity, and temperature rating. Conducting similar experiments with composites
based on aluminum or nickel fillers, as well as using other grades of structural steel, will help determine universal heat
transfer patterns and refine the applicability limits of the regression relationships.

The next direction should be a comprehensive study of the relationship between temperature, surface roughness, and
tool wear, supplemented by recording cutting forces and vibroacoustic characteristics. This coupled analysis will enable
the development of integrated maps for permissible machining conditions, where thermal constraints are considered
alongside surface quality and tool life indicators. This will lay the groundwork for multi-factor optimization of the process
parameters.

The impact of metalworking fluids (MWF) on reducing temperature extremes in the cutting zone deserves special
attention. The experiment used a standard MWF supply, but it would be advisable to further explore alternative
technologies, such as minimum quantity lubrication (MQL), aerosol cooling, and cryogenic techniques. These methods
can provide localized temperature reduction and reduce the thermal impact on the metal-polymer filler, specifically when
working near the 170°C threshold.

An important area for further research is the identification of heat transfer mechanisms and the degradation of adhesive
bonds at the metal — MPCM interface under cyclic thermomechanical loads. Monitoring this effect will enable a
quantitative evaluation of the contact zone stability and a more precise definition of the durability criteria for hybrid
components in service.

Finally, numerical 3D models of thermal processes and digital twins of metal-composite systems offer significant
potential for improving prediction accuracy. Their development and calibration using the experimental data obtained in
this work will open up the possibility of rapid engineering calculation of temperature fields under production conditions
and the implementation of the method in an adaptive process control system.

Pursuing the outlined directions will enable the transformation of the proposed approach into a standardized
methodology for assigning mechanical processing modes for metal-composite systems, providing robust control of the
thermal load and durability of tooling products.

Conclusion. The conducted research has confirmed the feasibility of accurate experimental simulation of the thermal
behavior of metal-composite systems (MCS), which comprise an additively manufactured metal shell filled with a
polymer composite, by means of the developed measuring assembly. The experimental apparatus was designed to provide
reliable temperature measurements at the metal-polymer composite interface, enabling a quantitative evaluation of the
thermal load during turning under conditions representative of practical engineering applications.

The application of a full factorial experimental design provided the identification of the major effects of cutting
parameters, the determination of their interactions, and the detection of nonlinearities through introducing central points.
The constructed second-order regression model for the shell thickness variant of § = 3.5 mm (3.5TP model) demonstrated
high statistical adequacy (R*>=0.9513, F=364.31, p <107) and good agreement with the results of thermal imaging
verification, validating the experimental methodology.

Engineering interpretation of the model coefficients has shown that the depth of cut # is the decisive factor affecting
the temperature increase, whereas the feed rate S has a moderate effect, and the cutting speed V' exhibits the lowest
sensitivity within the ranges studied. These relationships provide a clear understanding of the contribution of each
parameter to the thermal response and can be applied to optimize the machining parameters.

Based on the 3.5TP model, response surfaces and a contour map of temperature fields are constructed, allowing for the
identification of “safe zones” of turning modes in which the temperature at the metal-polymer composite interface does not
exceed the limit value of T < 170°C. The introduction of this technological constraint prevents thermal degradation of the
metal-polymer composite and confirms the feasibility of finish turning of MCS without damaging the filler.

The developed model is of significant applied value for engineering prediction and standardization of process modes
for the machining of hybrid components — both for shaping molds with conformal cooling channels and for composite
bodies of indexable drills. Practical implementation of the proposed approach reduces the risk of thermal damage to metal-
polymer structures, improves the reproducibility of product quality characteristics, and guarantees their operational
durability while maintaining high process efficiency.
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