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Abstract. The resistance of metals and alloys to plastic deformation has functional properties, since it depends on the history of the development
of deformation over time. This is especially true for hot deformation processes. At the same time, complexity of the mathematical description
and lack of the necessary experimental equipment for a long time did not allow us to design functionals of this type. Currently, due to the emer-
gence of multifunctional research complexes like Gleeble, such an opportunity has appeared. Accordingly, a methodology was developed
to study the functional properties of the resistance of metals and alloys of plastic deformation, which was applied to the study of 12Kh18N10T
steel. The choice of steel grade is due to the fact that the behavior of austenitic stainless steel during plastic deformation differs significantly
from carbon steels. On the other hand, at present, more and more attention is being paid to the production of metal products from stainless
steels. This is due, on the one hand, to the tightening of the operating conditions of metal products, the development of new areas of their appli-
cation and, on the other hand, a fairly high share of imports in the market of products made of austenitic stainless steels. Therefore, the study
of the technological properties of such metals and alloys is relevant. At the same time, it should be noted that the most significant functional
properties of the metal resistance to plastic deformation are manifested during hot deformation under continuous rolling conditions. Therefore,
in this paper, the temperature range of hot plastic deformation is investigated. The results obtained can be used to determine the energy-power
parameters in such processes as continuous rolling of strips in the finishing groups of strands and continuous rolling of sleeves in the lines
of modern pipe rolling units.
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AnHomayus. ConpoTHBICHHE METAJIOB U CIUIABOB IUIACTHYECKOW JedopMaini MMeeT CBOMCTBA (yHKIMOHANA, TaK KaK 3aBUCHT OT UCTOPUH
pa3BuTHs fAedopmanuy Bo BpeMeHH. OCOOEHHO 9TO XapaKTepHO IS POLIECCOB ropsiueii nedopmannu. Bmecre ¢ TeM ClI0KHOCTh MaTeMaTHye-
CKOTO OITHCaHMs U OTCYTCTBHE HEOOXOANMOT0 IKCIIEPUMEHTAILHOTO 000PYI0BAHUSI I0IT0E BPEMsI HE TTO3BOJISUTH KOHCTPYHPOBATH (PYHKIIMOHAIIBI
MoJJ00HOTO THMA. B HacTosiliee BpeMsi B CBSI3U C IOSIBICHHEM MHOTO(YHKIIMOHAIBHBIX HCCIIENIOBAaTEIbCKUX KOMIUIekcoB Tma Gleeble Takas
BO3MOXKHOCTb MOsiBHIach. COOTBETCTBEHHO ObLTa pazpaboTaHa METOIMKA UCCIIEIOBAaHUS (PYHKI[HOHAIBHBIX CBOWCTB COMPOTHBICHHS METAILIOB
¥ CIUIaBOB IUIACTHYecKoW aedopmannu, Kotopas Obuia nmpuMeHeHa ais uccinenoBanus cramu 12X18HI10T. Beibop mMapku cramu o0ycioBieH
TEM, 4TO NOBE/ICHHE HEP)KaBEIONICH CTali ayCTEHUTHOTO KJIacca IPH IUIACTHYECKOM Je(h)OpPMHPOBAHUN CYHIIECTBEHHO OTIMYAETCS OT yIJIepo-
JCeThIX craneid. C Ipyroil CTOPOHBI, B HACTOSIEE BPEMs BOIPOCAM IIPOU3BOACTBA METAJUIOU3/ICNINH U3 HEPKABEIOIINX MAPOK CTallM y/els-
eTcst Bce OOIblIe BHUMAHHUA. DTO CBSI3aHO, C OJHOW CTOPOHBI, C Y)KECTOUCHHEM YCIIOBUI SKCILTyaTal[id METAION3ACIHNA, OCBOCHHEM HOBBIX
obracTell X MPUMEHEHHs W, C JPYroil CTOPOHBI, JOCTATOYHO BBICOKOW JOJICH MMITOPTA HA PHIHKE W3/ICIHUN M3 HEpPIKaBEIOIIMX MapOK CTajH
ayCTEHHTHOTO Kiacca. [IoaToMy mcciieioBaHHe TEXHOJIIOTHUECKUX CBOMCTB IMOJOOHBIX METAJUIOB M CIUIABOB SBIIAETCS aKTyaJlbHBIM. lIpn sTOM
ClIe/lyeT OTMETHUTD, YTO HauboJiee 3aMeTHO (hpyHKIIMOHAIIbHbIE CBOHCTBA CONPOTUBIICHUS METAJUIA IUIACTHYECKON 1e(opMaliuy POSIBISIOTCS IPU
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ropssuemM ﬂe(i)OpMHpOBaHI/H/I B YCIIOBUAX HereprBHOﬁ IIPOKATKH. HOSTOMy B JlaHHOﬁ pa60Te HCCIICA0BaH TeMl'[epaTypHBIﬁ HUHTCpBaI FOpﬂqeﬁ
TJIACTUYECKOM ;[e(bopMauI/m. HOJ’Iy‘-IeHHLIe Pe3yabTaThl MOTYT OBITH HCITOJIB30BAHEI JUIST OIIPEACIICHUST SHECPIrOCHUIIOBBIX IMapaMETPOB B TaKUX
Ipoueccax, Kak HeIpepbIBHAs IIPOKATKa 110JIOC B YUCTOBLIX I'pyIIiax KJIeTeH 1 HETIPpEPbIBHAA pacKaTKa Ir'ujib3 B JIMHUAX COBPEMEHHBIX pr601'lp0-

KaTHBIX arperaroB.
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- INTRODUCTION

The most productive and efficient method for manu-
facturing long metal products is continuous rolling.
Recently, this method has been widely used in the pro-
duction of rolled sections, strips, and pipes [1 —3].
On the other hand, the quality of the final product
rolled on continuous mills is significantly influenced
by the adjustment of the mill’s rate mode, which, in turn,
determines the level of energy-power parameters. There-
fore, to establish an optimal rate mode for the continu-
ous rolling process, it is necessary to have relationships
that link the kinematic parameters with the forces acting
on the deformation zone boundaries.

Several studies [4 — 6] describe a methodology for
determining such relationships. Analysis of the results
obtained using this methodology for calculating rolling
forces in continuous rolling has shown that the calcu-
lated values correspond quite well to actual values but
are consistently underestimated. It should be noted that
the rolling force is directly proportional to the metal’s
resistance to plastic deformation [7]. Further research
hasrevealed that commonly used methods for calculating
the resistance of metals to plastic deformation [8; 9] pro-
vide underestimated results when calculating the tech-
nological parameters of continuous rolling processes.
This discrepancy arises because these methods do not
account for the actual transformation of strength proper-
ties, particularly the residual strengthening after rolling
in the previous stand of the mill. The effect of defor-
mation history on the resistance of metals to plastic
deformation during continuous hot strip rolling is also
noted in [10]; however, the modeling employs expres-
sions similar to those mentioned earlier. The above
observations highlight the need for additional research
into the resistance to plastic deformation of various steel
grades.

One of the most in-demand types of metal products
is seamless pipes made from stainless steel grades, par-
ticularly 12Kh18N10T [11]. Since continuous rolling is
the most productive and economically efficient process for
shell rolling in the production of seamless pipes [12; 13],
studying the patterns of plastic deformation resistance
formation in 12Kh18NI10T steel during continuous roll-
ing is highly relevant.
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[ RESEARCH METHODS

In this study, experiments were conducted
using the modern universal testing system Gleeble
3800 [14 — 16] in a vacuum environment (low vacuum)
on the PocketJaw module, with chromel-alumel thermo-
couples welded to the samples (for temperature control
during heating and measurement of deformation-induced
heating). The samples were heated at a rate of 5 °C/s
to the test temperature, followed by a 5-min hold, using
electric current. High-temperature sensors for longitu-
dinal and transverse deformation were used to measure
deformation.

To determine the strain hardening rate of the steel, ten-
sile tests were conducted at room temperature. The work-
ing hypothesis assumed that softening processes were
absent under these conditions.

The behavior of metal resistance to plastic deforma-
tion during testing depends on its initial value, which,
in turn, is influenced by the heating temperature. There-
fore, a separate series of tensile tests was conducted on
12Kh18N10T steel samples at temperatures ranging from
800 to 1200 °C in 100 °C increments.

To determine the softening rate, stepwise tensile test-
ing of cylindrical samples was performed with varying
pause durations at temperatures from 800 to 1200 °C in
100 °C increments. It was assumed that during the pauses,
no hardening processes occurred, and the decrease in
stress characterized the softening rate.

All experimental data were processed using the least
squares method in accordance with the methodology pre-
sented in [17].

B ResuLts

The general appearance of the strain hardening curves
for 12Kh18N10T stainless steel, obtained from uniaxial
tensile tests at various temperatures, is shown in Fig. 1.

The approximation of the strain hardening curve
was based on results obtained at a temperature of 25 °C
(Table 1).

In [18], it is noted that a power-law relationship is
well-suited for approximating the dependence of the plas-
tic deformation resistance of metals and alloys on strain
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Table 1. Plastic deformation resistance of 12Kh18N10T steel at 25 °C

Ta6auya 1. ConpoTusjieHue miacrudyeckoi aepopmanuu craiau 12X18H10T npu remneparype 25 °C

Logarithmic strain 0.1 02 | 03

05 ] 06 | 07 | 08 | 09 1.0

Stress, MPa 380 | 530 | 600

720 | 790 | 900 | 980

1100 | 1170 | 1270

1400

1200

1000

800

600

True stress, MPa

400

200

0 0.1 02 03 04 05 06 07 08 09 1.0

Logarithmic strain

Fig. 1. Influence of logarithmic strain measure
and temperature on plastic deformation resistance of 12Kh18N10T steel
at temperature, °C:
1-25;2-2800; 3-900; 4—-1000; 5—1100; 6 — 1200

Puc. 1. Biusinye orapu)MHUYecKoro rnokasares aepopmarnuu
U TEMIIEpaTyphl Ha CONPOTUBICHUE IITACTHYIECKOIl AedopMaIy cTa-
s 12X18H10T npu Temneparype, °C:
1-25;2-2800; 3-900; 4—-1000; 5—1100; 6 — 1200

level in cold conditions. Processing the experimental
data using the least squares method yielded the following
equation for 12KhI18N10T steel

6,0 =200 + 1064675,

where ¢ is the logarithmic strain.

The statistical processing of experimental data
(Table 2) also made it possible to determine the nature
of the temperature’s influence on the initial resistance
of 12Kh18N10T steel to plastic deformation.

The resulting empirical relationship can be repre-
sented as:

13506, j(””

G,0(0,) = 200[ or

where 0 is the heating temperature of the sample.

It should be noted that the plastic deformation resis-
tance of 12Kh18N10T steel in tensile tests has been pre-
viously studied. For example, in [19], based on exten-
sive experimental research, an original methodology was
proposed. According to this methodology, regardless
ofthe steel grade, the ratio of the actual value of the metal’s

plastic deformation resistance o, to the average o for
a given strain ¢ remains constant. The average plastic
deformation resistance value is determined experimen-
tally. Specifically, at South Ural State University, using
this methodology and a cam plastometer, the following
relationship was obtained for 12Kh18N10T steel:

o, = 1892407402637 exp(-0.00227),

where u is the strain rate; ¢ is the heating temperature.

At the same time, it should be noted that the reliability
of the results obtained thus far requires verification, as
the equipment, methodologies, and measurement tech-
niques used had certain errors.

On the other hand, the capabilities of modern research
equipment significantly enhance the accuracy of results
and broaden their applicability. In particular, stepwise
loading of samples now enables the study of softening
behavior during inter-deformation pauses. Similar stu-
dies using the Gleeble 3800 universal testing system are
known [20], although they primarily focus on examining
the metal structure. Therefore, stepwise tensile tests were
conducted to obtain the relationship of the softening coef-
ficient [8] as a function of temperature. As an example,
Fig. 2 shows a record of the changes in the metal’s plas-
tic deformation resistance, taking into account the inter-
deformation pause.

As a result, processing the presented experimental
data using the least squares method yielded the following
relationship:

k=47529"1 (93
25

Table 2. Initial value of plastic deformation resistance
of 12Kh18N10T steel at different temperatures

Ta6auya 2. HauajibHOE 3HAYEHHE COMPOTHBJIEHHUS
njacruueckoii redpopmanuu cranu 12X18H10T
MpH Pa3IMYHBIX TeMIIepaTypax

Temperature, °C
Parameter
800 | 900 | 1000 | 1100 | 1200
Stress, MPa 100 | 100 | 60 | 40 | 30
Calulated value, | o3 7| 76 16 | 62.81 | 46.87 | 30.05
MPa
Error, % 69 | 218 | 47 | 172 | 02
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- ANALYSIS AND DISCUSSION OF RESULTS

The investigation of the plastic deformation resistance
of 12Kh18NI10T steel confirmed the existing informa-
tion regarding the intensive strain hardening of this steel
grade during cold deformation. The hardening behavior
is accurately described by a power-law relationship.

The proposed new relationship for the initial plastic
deformation resistance of 12Kh18N10T steel as a func-
tion of heating temperature provides a satisfactory quali-
tative and quantitative description of this dependence.
A relatively large error is observed at a temperature
of about 900 °C. However, on the other hand, the shell
rolling process occurs at higher temperatures, where
the proposed relationship shows good agreement with
the actual data. Nevertheless, the search for a more suit-
able regression equation remains an open question.

The temperature dependence of the softening coeffi-
cient for 12Kh18N10T steel was determined for the first
time. Previously, no attempts had been made to include
a constant term in this equation. An analysis of the pro-
posed relationship revealed that, according to calcula-
tions, the softening coefficient may take negative values
at higher temperatures. This outcome lacks physical
validity, as the softening coefficient represents the time
required for the metal to fully soften. To address this
issue, the constant term in the formula should be set
to zero or higher. However, calculations indicate that this
adjustment compromises the accuracy of the approxi-
mation at lower temperatures. Therefore, it is suggested
to retain the current formula but assign a value of zero
to the softening coefficient in cases where negative values

300
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are calculated. Alternatively, a more suitable regression
equation could be developed to address this issue.

The investigation of the softening behavior
of 12Kh18N10T steel at high temperatures revealed
a distinct characteristic: it exhibits more intense softening
between reductions compared to, for instance, ferritic-
pearlitic steels [8].

As previously demonstrated [17], to determine
the actual value of metal plastic deformation resistance
while accounting for its time-dependent evolution,
the entire duration of the deformation process, including
pauses between reductions, is divided into discrete time
intervals. For each i-th time interval, the plastic deforma-
tion resistance is calculated using a recursive formula.

The results of the study on the plastic deformation
resistance of 12Kh18NI10T steel allow for the proposal
of the following recursive equation for determining this
resistance within the temperature range of 900 — 1200 °C

0.87
1350 —
o, =200 1350 =8, +
‘ 1325
+)°41064(8) ™ —£)7) + (0,4 — 5 )

i=1

At .
4‘751350—1‘
t-25

x| exp| —

where i is the number of the time interval into which
the deformation time is divided; m is the total number

250
200
150
100 F,

50
0 ! 1 1 I 1
5

70
60
50
40
30

550

556

Time, s

Fig. 2. Change in plastic deformation resistance of 12Kh18N10T steel under stepwise tension at temperature, °C:
a—900; b—1000; ¢ — 1100; d — 1200

Puc. 2. I3menenue conporusienus aedopmarun crammn 12X18H10T npu crynenyaToM pactsbkeHud pu Temmneparype, °C:
a—900; b—1000; ¢ — 1100; d — 1200
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of time intervals into which the deformation time is
divided; At, is the duration of the time interval.

[ ConcLusiONs

The plastic deformation resistance of 12Kh18N10T

steel in the hot state was studied. In addition to determin-
ing specific empirical coefficients, a notable characteris-
tic of stainless steel deformation was identified — a signi-
ficantly higher softening rate compared to ferritic-pearlitic
steels.

The extensive experimental data collected can be

used to calculate the deformation parameters and energy-
power characteristics of the continuous shell rolling pro-
cess for austenitic stainless steels on mills equipped with
a controlled moving mandrel.
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