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Abstract: The paper presents the results of the study of the end milling temperature of low-alloy steel depending on

the cutting modes and the type of crystalline structure. The experiment was carried out on a PROMA FHV-50PD uni-
versal milling machine. The blanks were processed using a 12-12D-30C-75L-4F HRC55 carbide milling cutter.
No cooling was used during processing. The obtained data were statistically analyzed to identify the dependence of
the end milling temperature of low-alloy steel on the processing modes and the steel crystalline structure. When creat-
ing a mathematical model of cutting temperature, the authors carried out a bootstrap analysis to identify the significance
of the parameters of the processing modes. The mathematical model was chosen using the Akaike informative criterion.
It was found that mathematical models of the temperature dependence on processing modes for both types of crystalline
structure include the cutting depth in the second power. At the same time, for steel in an ultrafine-grained state, both
the cutting depth and the feed are statistically significant. It was not possible to detect the influence of cutting speed on
temperature in the studied range of processing modes. Thus, when milling this group of materials, the force component
primarily determined by the cutting depth exerts the predominant influence on the temperature regime. The level of
cutting temperature when processing steel in an ultrafine-grained state is generally higher than when processing steel in
a coarse-grained state, which should be associated with the increased physical and mechanical properties of steel with

an ultrafine-grained crystalline structure.
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INTRODUCTION

The study of the properties of bulk nanostructured
metal materials with an ultrafine-grained (UFG) structure
is one of the most promising areas of modern materials
science [1; 2]. However, despite the growing interest in
such materials on the part of researchers and engineers,
there is insufficient data on the cutting machinability of
materials with a UFG structure. There is data on the sur-
face roughness dependence on the type of crystalline
structure of the material being processed when milling
B95 aluminum alloy [3]. It follows from the results of the
study [3] that when processing an alloy with a UFG struc-
ture, the surface quality is higher as compared to an alloy
with a coarse-grained (CG) structure. Similar studies were
carried out for turning 12H18N10T stainless steel [4].
The paper also notes a significant decrease in roughness
parameters when processing materials with a UFG struc-

ture. It follows from work [5], that the microhardness and
microstructure of the near-surface layer of the blank, after
milling, differ for steel with coarse and fine grains.
In work [6] dealing with the study of end milling of mi-
crochannels in a UFG low-carbon steel blank, a decrease
in surface roughness parameters when processing UFG
material is also observed.

The work [7] proposes a convenient and effective me-
thod to determine the constants of the Johnson — Cook model
for UFG titanium. The authors subsequently, used the ob-
tained values of the constants, to calculate the cutting forces
when processing UFG titanium [8]. The work [9] describes
a fast and accurate algorithm for calculating the tempera-
ture when cutting UFG titanium, and notes that the cutting
temperature of the VT6 titanium alloy, with an UFG struc-
ture, is significantly lower than the cutting temperature of
an alloy with a CG structure. The authors of [10] note
an increase in cutting force when processing UFG VT6
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titanium alloy, as well as a decrease in the size of burrs
compared to CG titanium. In [11], based on a study of the
chip parameters, and thermal conductivity of CG and UFG
titanium, the authors concluded on a potential increase in
cutting machinability, and reduction in cutting tool wear
when changing to a structure with fine grains.

At the same time, there is no data on the influence of
steel structure, and processing modes, on cutting tempe-
rature. Cutting temperature is an important factor that
must be taken into account by a technologist, when de-
signing operations for mechanical machining of materi-
als [12]. Cutting temperature affects the cutting tool du-
rability, the machined surface roughness, the dimensio-
nal accuracy of processing, and many other parameters
of the cutting process [13; 14]. Moreover, cutting tem-
perature can be used as one of the main diagnostic sig-
nals along with cutting force [15; 16]. The use of cutting
temperature, as a feedback signal when developing auto-
matic control systems for the treatment process, is worth
noting individually [17; 18].

The purpose of this work is to study the influence of
the coarse-grained, and ultrafine-grained crystalline struc-
ture of 09G2S steel, and its processing modes on the cutting
temperature during end milling.

METHODS

09G2S low-carbon low-alloy steel, GOST 19281-2014
(Table 1) was chosen as the material for the study.

Two samples with dimensions of 40x15x10 mm each
in one of two states were studied: as-delivered state with
a CG structure, and after equal channel angular pressing
(ECAP) according to the Conform scheme (ECAP-C)
with a UFG structure. The ECAP-C technology included:
homogenizing annealing of steel at 820 °C followed by
quenching in water + tempering at 350 °C + cold ECAP-C,
4 passes along the Vs (Bc) route + additional anneal-

ing at 350 °C, with a holding time of 10 min. The pro-
duction technology and properties of the UFG steel are
given in more detail in [19; 20]. Table 2 gives the me-
chanical properties of 09G2S steel before and after
ECAP-C.

The experiment was carried out on a PROMA FHV-
50PD universal milling machine. The blanks were processed
using a 12-12D-30C-75L-4F HRC55 carbide milling cutter.
No cooling was used during processing. The cutting tempera-
ture was recorded using a Seek Thermal Compact XR ther-
mal imager. Thermal imager characteristics: temperature
range is from —40 °C to +330 °C, viewing angle is 20°, reso-
lution is 412x312 pixels, and frame refresh rate is 9 Hz.

When creating a model using a limited amount of da-
ta, bootstrap analysis was used. By creating multiple
random samples with replacement from the original
sample, a test statistic is created to find confidence in-
tervals. Bootstrap analysis was carried out for a confi-
dence interval of 0.95, with a number of samples of 999,
the type of confidence intervals is BCa (corrected per-
centile), and the sampling method is sample of objects.
All calculations were carried out in the R programming
environment.

To search for the best structure of the mathematical
model of cutting temperature, the method of automatic
processing of models and discarding insignificant pa-
rameters, was used. The selection of the regression mo-
del was carried out, using the technique of stepwise for-
ward/backward search, assessing the effectiveness of
the model, according to the AIC criterion, and discarding
insignificant parameters. The Akaike Informative Crite-
rion (commonly called AIC), is a criterion for choosing
between statistical models. The informative criterion
considers the fit of the model to the data, taking into ac-
count the number of model parameters. When evaluat-
ing, preference is given to the model with the minimum
criterion value.

Table 1. Chemical composition of the 09G2S steel (wt. %)
Tabnuya 1. Xumuueckuii cocmas cmanu 09I'2C (mac. %)

Steel C Si

S Ni Cr Al Cu Fe

09G2S 0.09 0.64 1.26 0.007

<0.003 0.1

0.08 0.02 0.14 the rest

Table 2. Average grain size (dav) and mechanical properties of the 09G2S steel in different states

Taonruya 2. Cpeonuii pasmep sepua (day) u mexanuueckue ceoticmea cmanu 09I'2C 6 paznuunvlx cOCMOSHUAX

Steel state dav, pm HB os, MPa 602, MPa 5, %
Initial (CG state) 20.00 143 48543 354+11 25+1.8
After ECAP-C (UFG state) 0.45 331 838+12 655+44 10£1.5
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RESULTS

The results of measuring the cutting temperature for
the 09G2S steel with CG and UFG structure, are given in
Tables 3, 4. It can be observed, that the cutting temperature
depends on both the modes and the type of crystalline struc-
ture, of the alloy.

Fig. 1 shows distribution graphs (box plot) of cutting
temperature for the 09G2S steel in CG and UFG states. In
the graphs, one can see the extreme values (range), outliers,
quartile boundaries, and a median. The graph for steel in the
CG state shows the cutting temperature distribution, with
possible outliers for experiments No. 3 and 5 (Fig. 1 a). For
steel in the UFG state, no outliers were detected (Fig. 1 b).
Fig. 1 shows that the interquartile range (rectangle height) for
UFG steel is 2 times larger, and the median is significantly
higher. Thus, the temperatures when processing 09G2S steel
in the UFG state, are generally higher, than when processing
09G2S steel in the CG state.

Fig. 2, 3 show bootstrap analysis graphs. Bootstrap
analysis displays an assessment of the significance of pro-
cessing parameters when calculating cutting temperature.
Thus, for steel in the CG state, the cutter rotation speed n
and the feed s are insignificant, as can be observed from
Fig. 2 b, 2 ¢ (the abscissa of the peak value of the graph is
near zero for n and s). Therefore, for steel in the coarse-
grained state, the only significant parameter of the model is
the cutting depth t. For the model of the cutting temperature
of steel in the UFG state, the feed s (Fig. 3 ¢), as well as
the depth of cut in the first and second degrees (Fig. 3 b,
3 d) are significant.

The model of the cutting temperature dependence, on
processing modes, for 09G2S steel in the CG state is expressed
by the formula

T=k+c-t+d-t?,

where T is temperature, °C;
t is cutting depth, mm;
k, c, d are adjustable model parameters.

Fig. 4 shows a diagram of the model parameters with
residuals for CG steel. The graphs represent the conver-
gence of the model for all parameters. This is evident from
the closeness of the values with residuals (solid line) and
the model values (dashed line).

The model of the cutting temperature dependence on
processing modes for 09G2S steel in the UFG state is ex-
pressed by the formula

T=t+s+1-t2,

where | is the model parameter.

Fig. 5 shows a diagram of model parameters with resi-
duals for UFG steel. High model convergence is observed.

While studying the influence of processing modes on
the temperature during end milling of blanks made of
09G2S steel in the CG and UFG states, the authors obtained
the following results: for steel in the CG state,
the cutting depth t has the greatest influence on the cutting
temperature; for steel in the UFG state — the cutting depth t
and feed s. In both cases, the dependence of temperature on
cutting depth is described by a second-degree polynomial.

DISCUSSION

The experimental data analysis showed a different
nature of the cutting temperature dependence on pro-
cessing modes for steel in CG and UFG states. Probably,
the higher temperature when processing steel in the UFG
state can be explained by the increased level of physical
and mechanical properties of this steel. This result is
opposite to that obtained in [7] for the cutting tempera-
ture of titanium.

Apparently, to answer fully the question about the in-
fluence of the type of alloy crystalline structure on the
cutting temperature, it is necessary to take into account
the complex of physical and mechanical properties of the
material. Thus, the 09G2S steel studied in this work is
characterized by a significant increase in mechanical
properties with grain refinement. This is most evident
from the increase in the strength of the 09G2S steel,
which increases by 1.7 times (from 485 to 838 MPa)
during ECAP, as well as from the increase in the yield
strength of steel by 1.85 times (from 354 to 655 MPa).
At the same time, the thermal conductivity of steel is
higher than that of titanium. Therefore, one can expect
different patterns of temperature distribution, when cut-
ting steel and titanium. The process of end milling of
09G2S steel, in the CG and UFG states is characterized
by the absence of influence of the cutting speed on
the temperature, in the studied range of processing
modes. Thus, when milling this group of materials,
the force component primarily determined by the cutting
depth, exerts the predominant influence on the tempera-
ture regime. Further research could be aimed at investi-
gating the milling temperature of steel, with different
types of crystalline structure, within a wider range of
cutting speeds. In this case, to carry out experiments, one
may need both higher-speed machining equipment, and
a thermal imager with a wider temperature measurement
range, since the cutting temperature increases with in-
creasing cutting speed.

The research is also complicated by the fact that at
present, blanks from alloys with a UFG structure for
cutting experiments, are produced in single-piece quan-
tities. The shortage of processed material greatly limits
the range of research carried out. Therefore, one can
expect that in the near future, a lack of experimental
data on the cutting processing of alloys with a UFG
structure will continue to be. Partially, mathematical
modeling of experimental results, with a small number
of experiments, helps to find a way out of the situation.
Statistical methods similar to the bootstrap analysis,
used in this work, allow identifying the significance of
factors, and formulating analytical dependencies for
processing parameters, based on a relatively small sam-
ple of experimental data. Thus, the approach proposed
in this study will help, in the future, to continue re-
search into the cutting of alloys with different types of
a crystalline structure. These studies will be necessary
to design technological processes, for the production of
parts from alloys, with an ultrafine-grained crystalline
structure.
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Table 3. Milling temperature of the 09G2S steel in the initial state
Tabnuua 3. Temnepamypa ¢peseposanus cmanu 091 2C 6 ucxoO0HoM cocmosHuu

No. Spindle speed Feed Cutting depth Cutting temperature,
of experiment n, rpm s, mm/min t, mm T, °C
1 720 65 0.6 91.3
2 875 65 0.8 84.5
3 720 65 1.0 198.0
4 720 100 0.6 94.0
5 875 100 1.0 259.0*
6 720 470 0.6 90.0
7 720 470 1.0 130.3
8 875 470 0.8 126.3
9 875 185 0.6 115.5
10 720 65 0.8 110.3

Note. *A higher temperature value is possible, since the obtained value is close to the upper limit of the instrument measurement
range (300 °C).

Ipumeuanue. *Bo3mooicHo bonvulee 3HaUeHUe MeMNepamypbl, NOCKOIbKY NOJYYeHHOe 3HaAueHue OIUSKO K 6epXHell epanuye ouand-
30na usmeperust npudopa (300 °C).

Table 4. Milling temperature of the 09G2S steel after ECAP-C
Tabnuya 4. Temnepamypa gpeseposanus cmanu 09I'2C nocie PKYII-K

No. Spindle speed Feed Cutting depth Cutting temperature,
of experiment n, rpm s, mm/min t, mm T,°C
1 720 65 0.6 95.5
2 875 65 0.8 97.3
3 720 65 1.0 163.0
4 720 100 0.6 94.3
5 875 100 0.8 109.5
6 875 100 1.0 195.3
7 720 185 0.6 168.8
8 875 185 0.8 170.3
9 875 185 1.0 258.3*

Note. *A higher temperature value is possible, since the obtained value is close to the upper limit of the instrument measurement
range (300 °C).

Ipumeuanue. *Bo3mooicHo bonvuiee 3HaUeHUe MeMnepamypsl, NOCKOIbLKY NOIYYeHHOe 3HaueHue OIU3KO K 6epXHell epanuye ouana-
30na usmepenus npubopa (300 °C).
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Fig. 1. Box plots for cutting temperature of the 09G2S steel in CG and UFG states.
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CONCLUSIONS

The main factor influencing the end milling temperature
of 09G2S steel in coarse-grained and ultrafine-grained
states, is the cutting depth. For steel in the ultrafine-grained
state, a significant factor in calculating the cutting tempera-
ture, aside from the cutting depth, is the feed, and its cutting
temperature level is generally higher than that of steel in
the coarse-grained state.
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Annomayus: IlpencrapieHsl pe3ylbTaThl HCCISNOBAHUSA TEMIIEPaTyphl KOHIIEBOTO (hpe3epOBaHHSA HU3KOJIETUPOBAHHON
CTall B 3aBHCHUMOCTH OT PEXHMMOB PE3aHMs M THIIA KPUCTANINYECKOH CTPYKTYpBHl. JKCIIEPUMEHT MPOBOAWIICS Ha YHUBEp-
canpHOM (pe3epHoM cranke PROMA FHV-50PD. O6paboTKy 3aroToBOK OCYIIECTBIISUTH TBEpAOCIUIaBHON (pe3oit 12-12D-
30C-75L-4F HRCSS. B xone 00paboTKH OXJTaXIeHHEe HE HCIONB30BAIOCH. [loydeHHbIe JaHHBIE MOABEPTalnuCh CTATUCTH-
YECKOMY aHAJIM3Y C IIENbI0 BEIIBICHHS 3aBUCHMOCTH TEMITepaTyphbl KOHIIEBOTO ()pe3epoBaHMs HU3KOJIETUPOBAHHOMN CTaIH OT
PEXUMOB 00pabOTKH U KPHCTAIMIECKON CTPYKTYpH!I cTaid. [Ipu co3manum MaTeMaTHYecKoH MOJENN TeMIlepaTyphl pe3a-
HUS TIPOBOAWIICS OyTCTpen-aHaIn3 JUIsl ONpEeIeHNs] 3HAUNMOCTH IIapaMeTpOB PEKUMOB 00paboTku. Beibop matemarmde-
CKOW MOJIEIIH IPOU3BOIJICA C UCIIONIF30BaHNEM HHPOpMamoHHOTO Kputepus Axanke. OOHapyKeHO, 9TO MaTeMaTHIECKUe
MOJIENM 3aBHCHMOCTH TEMIIEPATYpPBI OT PEKMMOB OOpaOOTKH Uil 00OMX THIIOB KPHCTAINYECKOH CTPYKTYpPBI BKIFOYAIOT
TIyOuHYy pe3aHusi BO BTOpoi creneHu. [Ipu 3ToM 171t cTany B yIbTPaMEIKO3EPHUCTOM COCTOSIHUM CTaTHCTHYECKH 3HAYNMa
HE TOJIBKO TITyOMHA pe3aHus, HO U mojaya. BiInsHUs CKOPOCTH pe3aHusl Ha TeMIepaTypy B HCCIEIyeMOM JHAlla30He PEeKH-
MOB 00pabOTKM OOHapyXUTh HE yHalnock. TakuM oOpa3oM, Ipu o0paboTke (pe3epoBaHNEM JaHHOH IPYIIBI MaTepHAoB
npeoOiazarolee BIMsSHIE HAa TEMIIEPATYPHBIA PEKUM OKa3bIBA€T CHIIOBAsi COCTABIISIONIAs, B IIEPBYIO OYEPEab OnpeessiemMast
ITyOMHOM pe3aHus. YPOBEHb TEMIIEpPATYphl pe3aHus Ipu oOpadOTKe CTald B yIbTPAMEIKO3EPHUCTOM COCTOSHUU B IIEJIOM
BBIIIE, YeM ITpU 00pabOTKe CTajayd B KPYMHO3EPHUCTOM COCTOSIHHHM, YTO JIOJDKHO OBITH CBSI3aHO C IOBBINICHHBIMH (DU3HKO-
MEXaHHYECKUMH CBOHCTBAMH CTAJIU C YIBTPAMEIKO3EPHNUCTON KPUCTAININIECKOH CTPYKTYPOH.

Knrouegvie cnosa: pezanne marepuainon; kpynaosepuuctas (K3) u ynprpamenkosepuucras (YM3) cTtpykrypa; HU3KO-
JIETHPOBAHHAs CTaJlb; TEMIIEPATypa pe3aHusl; KOHIIEBOE (hpe3epoBaHueE.

Bnazooapnocmu: Astopsl 6xarogapsat aupekropa HUM ®OIIM mpu YumMckoM yHHBEPCHTETE HAyKH W TEXHOJOTHHA
(r. Yda) mpoceccopa P.3. Banmesa 3a moOe3HOE MPeIOCTABICHAE MATEPUAIIOB TSI HCCIICTOBAHIS.

PaGora BBITIONHEHA TIpH prHAHCOBO# Toepxke PH® (mpoekt Ne 20-69-47059, https://rscf.ru/project/20-69-47059/).

Jlna yumupoeanua: Pacropryes JI.A., CeBactesHOB A.A., Knesnos I'.B. HccrnenoBanue Temneparypsl KOHIIEBOTO
(hpe3epoBaHUs HU3KOJIETMPOBAHHOM CTAIM B KPYITHO3EPHUCTOM U YJIBTPAMEIIKO3EPHUCTOM cocTosiHusx // Frontier Materials
& Technologies. 2024. Ne 1. C. 61-69. DOI: 10.18323/2782-4039-2024-1-67-6.
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