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Annotation

Numerous studies have shown that the processes of structure formation as a
result of the combined effect of plastic deformation and phase transformations on
the alloy are different from the formation of the structure during conventional heat
treatment and provide a high set of mechanical properties that cannot be achieved
by conventional methods of heat treatment or complex alloying.

Currently, in the production of rod reinforcement for reinforced concrete
structures, technologies of combined deformation and thermal hardening are
increasingly used. When hot rolling is combined with subsequent heat treatment,
intensive and controlled cooling of hotly deformed austenite is performed directly
at the exit from the finishing stand of the rolling mill, which leads to a strong
grinding of the structure, and, consequently, provides high mechanical properties
of the material than when cooling in air, as was the case at many existing rolling
mills.

Analytical review of the literature on the problem of combining hot
deformation with heat treatment shows that the efficiency of deformation and heat
treatment depends on the temperature of rolling, the total degree of fragmentation
and deformation, the degree of a single strain, time interval from the end of hot
rolling to the beginning of accelerated cooling, duration of intensive cooling
defines the temperature smoothback, like the original steel (cast or rolled), and
finally, the chemical composition of the processed steel [1].

Key words: reinforcement profiles, mathematical model, deformation —
thermal strength, dispersion, Fischer criterion, student criterion, rolling.

Introduction
In relation to the reinforcing profile with a diameter of 12-14 mm, the
development of a mathematical model of the final mechanical properties of the
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rolled, finished rolling on a small-grade machine of the production of rolling
varieties was carried out taking into account the following features of the existing
technology:

1) the deformation, speed and temperature modes of hot rolling of the
reinforcement profile are given with a certain strict restriction of their change in
accordance with the accepted calibration of the shafts with the possibility of
existing technological equipment;

2) the ultimate goal of the production of deformation-heat-hardened rolling
at the station is to make hot-rolled reinforcing profiles of class 35GS of low-
strength alloy steel a-111 hardened carbon steel St.It is a replacement for strength
equal to 5, which provides significant savings in ferroalloys and facilitates the
technology of melting and rolling.

Research materials and methodology

Taking these features into account, 12 mm reinforcing profiles made of Steel
were selected as the object of research. Various factors are perceived as: the
temperature of the end of rolling, the duration of the break from the end of
deformation to the beginning of intensive cooling, the duration of intensive
cooling, which provides different levels of self-discharge temperature. At the same
time, the influence of various cooling methods and the type of primary billet
(casting or rolling billet) are taken into account.

Main results of research and development

The study was conducted using the traditional method of active
experimentation [2], for which a complete factor experiment plan was selected
when there were three variable factors at two levels. The strength limit ov (MPA)
and relative elongation 85 (%) were adopted as optimization parameters when
tested.

Conversion factors are:

1)  the temperature of the metal during rolling is 1, °c (x;), which is
measured by an optical pyrometer when rolling the metal;

2) intense cooling T, C (X,), which is determined by a stopwatch from
the moment the metal comes out of the roll to pause, is measured with an accuracy
of 0.25 ¢; intense cooling duration t, ¢ (X3).

Table 1 presents the planning Matrix and the results of the experiment in
thermal hardening of the reinforcing profile No. 12 of steel.

Cooling was carried out in the nozzle with the opposite movement of the
flow, when quenching, the water pressure relative to the direction of movement of
the metal is 0.15 MPA (15 ATM.).

Experiments were conducted taking into account randomization.

Model coefficients were calculated using the Formula [3]:

by = X(Xiy X (1)



where: I is the factor number, u is the experiment number, n is the number of
experiments in the planning atrice; x;_, is the value of the factor in the U-
experiment; ), is the value of the optimization parameters in the same experiment.

The coefficient of Model b, for the strength limit was calculated as follows:

b~=(1510+1480+1530+1520+1210+1500+1370+1410)/8=1441,25,

for relative elongation:

b=(8,3+17,4+8,0+18,0+6,0+3,2+1,5+9,4)/8=8,98.

The values of the remaining coefficients are given at the end of the table
(lines 13 and 14).

To determine the (Sy)zdispersion, a series was set at the main level, based on
the results of (Sy)z out of 5 experiments: for the strength limit (Sy)2= 391.7, and for
the relative elongation (Sy)2=2.42, respectively, the standard error:

T S: = +/(S,)? = +/391.7 = £19.79; S85=+,/(S,)?=+2.42 = 1.55.

Table 1 - planning Matrix and experimental results, reinforcement profile
No. 12, St.5sp
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t, °C cooling, * * olidity, | elativ
Gy, e
MlIla elong
ation,
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coefficients b; for o, 36,25 | 6,25 28,75 6,25 ,250 3,75




14. 3.95
coefficients ds for b; | 3,03 0,25 45 75 ,175 1,23

Regression models of strength and relative elongation 65 for thermal
hardening:

o, = 1441,25 —36,25; — 1625, +68,75; — 2875y y +46,25; y +5xy +

+33,75; . (2)
85 =898 —3,03y —0,25; +395; +1,45;y — 1,75y +0175;x — 123y (3)

Checking the significance of regression coefficients was performed
according to the Steudent criterion, according to which the confidence interval for
the strength was equal to -Ab; = 22,26, for the relative elongation -Ab; = +1,75
[4].

Comparison of absolute values of regression coefficients with a reliable
interval and comparison of coefficients below the value of the confidence interval
(statistically insignificant coefficients) we get the following regression equations:

0, = 144125 — 36,25y —16,25; +68,75; — 2875y y +46,25; y + 1,25, +
+33,75y¢ 5 1 (2"
85 =898 — 3,03y +3,95; — 175, y (3"

In these equations, the value of factors (Table 1) is calculated on a scale
encoded by formulas, and the corresponding values on a natural scale are
calculated using the formula:

x, = {[,°C] —1030}/60,

%, = {[At,c] — 10}/10,

%, = {[t,c] - 3}/1,

If, for example, it i1s necessary to determine the strength of rolling at a
temperature of 1050°C, the delay is AT = 15¢ and the cooling duration is 2.5 c,

then we put the values in the equation (2').

1050 — 1030 20
x,=—— =" =033
60 60
15— 10
x-"! = =
N 10
25—3
%=~ =05
Accordingly, these modes must have a strength limit after thermal hardening

og = 1441,25—36,25+ 0,33+ 68,75* (—0,5) —28,75+0,33* 0,5 +
46,25+ 0,33* (—0,5) + 33,75+ 0,33+ 0,5 = (—0,5) = 1375 MIla.

=y

However, before applying the Equations (2') and (3'), it is necessary to test
the hypothesis of their sufficiency.

Checking the model for compliance. The scheme for calculating the
nonconformity variance for the strength model is given in Table 2.

Calculated values gg are determined from the Rasch regression equation.
For example, the conditions of the third experiment were as follows (Table 1):

2=+ =1%=1+1;%5,% =—1; 5%, = +1; X, X, = —1,

(og )P = 1441,25 — 36,25(+1) + 68,75(+1) — 28,75(—1) + 46,25(+1)

+ 33,75(—1) = 1515.



Nonconformity variance by Formula:
l:S )2 _ P g e (g, 5] 2 _ 2125 _ 1062.5 (4)
HEAA n-k' 2-6 =
where k' is the number of significant coefficients in the equation (2").
The calculated value of the Fischer criterion, which allows us to test the
hypothesis of compliance of the model with experimental data, was determined by
the equation:

pact _ (Semaz)” _ 1062.5
(Frr) (5402 51,7 (5)

where (Sy)2 fl1 =4 experiment variance defined by the number of degrees of
Freedom 2.

At the level of 5% significance, F is the tabular value of the criterion:
(F.4)"%"=6,94.

Fpaca<<F1a6x since the equation sufficiency hypothesis (2') is rejected and can
be used to predict mechanical properties when thermo-hardening steel reinforcing
profiles with a diameter of 12 mm.

Checking the adequacy of the calculated nonconformity criterion Equation

(3":
29,57 29,57 . . : 3
Sﬁemeﬁl =52 - =and Fischer's calculation criterion:
F _ {Sgeaqeec.:] — 7.33 - d 1 fF W. h bl I F
g = = = and comparison of F,, with table size F,., at

(5y)2 2,42
the significance level (a=0,05, (F24 = 6,94), Fpacq= F146, 1t was shown that.

This means that the equation sufficiency hypothesis (3') is rejected and can
be used to predict mechanical properties during thermal hardening of reinforcing
profile steel with a diameter of 12 mm [5].

and 0s, the equations obtained to determine are used as a working
hypothesis for preliminary calculation of the expected mechanical properties of the
finished reinforcement rolling after thermal hardening at the given levels of various
factors: temperature, latency and duration of intensive cooling.

Since laboratory experiments were carried out depending on the conditions
of the final processing stage of 280 light-section Mills, 280, in the resulting
models, we actually understand the Rolling temperature with the final rolling
temperature [6].

According to 5sp GOST 380-98, the vibrations of these elements in real
melts do not significantly affect the results of determining the final properties
within the limits allowed under the conditions of this GOST.

Table 2-scheme for calculating the variance of the model mismatch for the
strength limit

[ N | @™ [ @™ ] 4 5,~(0,)™(0,)™" | (4o’




1. 1510 1525,0 15,0 225,00
2. 1480 1495,0 15,0 225,00
3. 1530 1515,0 15,0 225,00
4. 1520 1505,0 15,0 225,00
5. 1210 1227,0 17,5 306,25
6. 1500 1517,0 17,5 306,25
7. 1370 1352,5 17,5 306,25
8. 1410 1392,5 17,5 306,25
FiA o )*=2125

No.12 regression equation for the strength limit of a deformation-thermally
hardened reinforcing profile:

o, = 1441,25 — 36,25, +68,75; — 28,75, ; + 46,25, y +33,75; y y_ (6)

The values of the model coefficients indicate the force of influence of
factors. As you know, the greater the numerical value of the coefficient, the more
this factor affects the strength limit. Therefore, comparing the coefficients of the
model, we can conclude that the strength limit is affected by the duration of intense
cooling (x3) (1), the maximum impact factor of which is 68.75 (of course, at the
selected change intervals); an increase in the duration of intense cooling leads to an
increase in the strength limit, which indicates the coefficient sign (b; = +68,75)
[7].

The temperature of the Rolling end at the selected variation intervals (x;) has
a negative regression coefficient b; = 36,25 that is, when the Rolling end
temperature decreases, the strength limit decreases. The second factor (x;), the
break from the end of rolling to the beginning of intensive cooling, has a weak
effect on the strength limit at the selected change intervals (At =0 sec to 1=20 sec),
the effect of which was statistically small, b, = —16,25, that is, less than the
confidence interval in determining these coefficients. This suggests that 0<t < 20
seconds will have little effect on the formation of the final mechanical properties of
the metal to be processed at a break from the end of the hot roll to the beginning of
intensive cooling.

As can be seen from the given regression equation, the effect of pair
interaction b, = —28,75 and b,; = +46,25 also significantly affects the value of
the strength limit; from the sign and value of these coefficients, the joint effect of
the final temperature of rolling and break to the beginning of intensive cooling at
the selected intervals of their change reduces the strength limit, and the joint effect
of the temperature of the end of rolling and the duration of intensive cooling, on
the contrary, increases the strength limit [8].

The joint effect of the break (b,; = +1,25) on the onset of intense cooling
from the end of rolling and the duration of the most intense cooling practically
does not affect the change in the strength limit, that is, it is statistically
insignificant. The share of the combined effect of all three factors was significant
(by23 = +33,75). This coefficient reflects the force of action of one of the factors,
depending on the level of the other two factors [9].

Regression model of relative elongation.

No.12 the regression equation obtained to predict the levels of an important
elasticity indicator, such as the relative elongation of a deformation-thermally



hardened reinforcing profile, has a significantly smaller number of members of the
equation than the similar regression equation for the strength limit.
8, =8,98 —3,03, +3,95, —1 (3"

At the same time,at the selected deviation interval, the delay factor x, does
not affect the relative elongation rate from the end of the hot roll to the beginning
of intensive cooling: (—0.

The greatest effect on the relative elongation value is the duration of
intensive cooling, for which the regression coefficient was equal to b; = at
the same time, an increase in the cooling duration leads to an increase in the
optimal relative elongation (within the selected deviation). Further, according to
the degree of influence on the elongation value, the temperature of the Rolling tip
is b, =, while increasing the temperature of the Rolling tip reduces the
relative elongation, which indicates a minus sign in the regression equation [10].

Discussion and conclusion of the received information

Thus, the value of the strength limit at the selected deviation intervals (by
the degree of their significance) is affected — the duration of intensive cooling (b;),
the effect of pair interaction (b;3), the end temperature of rolling (b,), the effect of
pair interaction (b;,) and the effect of triple interaction (b,3).

The relative elongation is reduced by a simultaneous increase in the level of
the end temperature of rolling and the duration of intensive cooling, which is
reflected in the value and sign of the effect of the pair interaction (by3 = —1,75),
other effects, in particular: from the beginning to the end of an intense hot
remdawg hypothermia (b;, = +1,45), prior to intensive exposure and
hypothermia before the end of the length with a quick remdawg hot
(b3 = +0,175) to the temperature of the pair interaction and the interaction of the
Troika — before the end of the intensive cooling and intensive cooling with hot
remdawg duration until the beginning of (b;,; = —1,23), selected when relatively
little effect on the magnitude of the temperature deviation for the interval sarudi
remdawg complete.
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Tepmusnbik ~ OCpIKTEHIIPYIIH  THUIMIAUIITIHE  OalJaHBICTBI  HETI3T1
napaMmerpiiep: AeopMalMsHbIH OacTaldy *kKoHE asKTally TeMIlepaTypachl, >KaJIibl
Jopexke, OeIIeK >KoHe aedopMainus AJPEKeci, Ty apachlHIAFbl Y3LUIICTEPiH
Y3aKTBIFBI, JaeopMalids asKTajFaH COTTEH OacTam KapKbIHIBI CaJKbIHAATY
Oacranranra JEHIHT1 YaKbIT apalibIFbl, ©3JITHEH ICKe KOCy TeMIlepaTypachiHa
JEWiH SKeNeNJCTUINeH CaJKbIHAATY Y3aKTHIFBI JKOHE OHJIENETIH OOJATThIH
XUMUSIITBIK KYPaMBbl.

HakTbl mpokar minriHi — TEXHOJOTHUSJIBIK TMPOUECTEP  TEXHOJOTHSIIBIK
napameTpJiepiH 63repy ayKbIMbIHBIH alyaH TYPJIUITIMEH CUNaTTalalbl, OJIapAblH
op Typial KoMOMHauMschl TiOnTi Oip OojaT Mapkachl YIUIH €, WJIEKTEeJIreH
npouibaiH Oip Typl MEH eimeMi YHIH A€ MyjjaeM Oacka TYNKUIIKTI
MEXaHUKAJBIK KAaCHUETTEpre oKeayl MYMKiH, OyJ eTe KubIH, KeOiHece op TypJi
npo@uiibiep MEH MPOKAT COPTTAPBIHBIH TYpJepl YIIIH JaWblH WIEKTIH COHFBI
MEXaHUKAJBIK KaCUETTEPIH OOJKay/bIiH OIpbIHFall MaTeMaTUKAJIBIK MOJIEIbIACPIH
3IpJeyAiH IPaKTHKAIbIK MYMKiH eMecTiri. COHABIKTaH TEXHOJOTHSIIBIK
napameTpiepAiH e3repy epeKIIeNIKTEpIH €eCKepe OTBIPHIN, IMilliHi, TpoduIb
OJIIIEMICPIHIH >KoHE O0JaT MapKaJllapblHBIH Oenrim Oip TypJiiepl YIIH COHFBI
MEXaHHMKaJIbIK KacHeTTepl OOJDKayJIblH MaTeMaTHKAIBIK MOJCIBJICPIH jKacayra
THIPBICY/IBIH €H KOJIAiJIbl HYCKACHI.

Kintrik ce3nep: apmarypanblik Tpoduibaep, MaTeMaTHKaIbIK MOJIETb,
nedopMalusIbIK — TEPMUSIIBIK OEpIKTUIK, aucnepcus, Duinep KpUTEpHiti,
CTYJIEHT KpUTEPU1, UIEMJIEY.
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Pe3rome
OCHOBHBIMH ~ T1apaMeTpaMH, OT KOTOPBIX 3aBHCUT 3()PEKTUBHOCTH
TEPMUUYCCKOTO  YIPOYHEHHUS SBISIOTCS: TeMIepaTypa Hadajga M KOHIIA
neopManmy, cyMMapHas CTENeHb, JPOOHOCTh U CTEIEHb JedopMalvH,
JUTUTEILHOCTD T1ay3 MEXIy MPOX0JaMHt, HHTEPBAJI BpEMEHH ¢ MOMEHTA OKOHYAHUS
neopManmu 0 Havaja MHTECHCHBHOTO OXJQXJICHHUS, IPOJOJDKUTEIBHOCTD
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YCKOPEHHOT'O  OXJAXJEHHS JO TEeMIEpaTypbl CaMOOTIyCKa M, HaKOHEII,
XUMHUYECKUN cOCTaB 00pabaThIBa€MOM CTaIH.

PeasibHO cCyllleCTBYIOIIME TEXHOJOTHYECKHUE TMPOLECChl HAa KOHKPETHBIX
MPOKATHBIX CTAHAX XapaKTEPU3YIOTCS OOJBIINM pa3sHOOOpa3ueM auarna3oHa
W3MEHEHHSI YKa3aHHBIX TEXHOJIOTMYECKHX MapaMeTPOB, Pa3IUYHBbIE COYETAHUS
KOTOPBIX MOTYT IPUBECTU K COBEPIICHHO PA3JIUYHBIM KOHEYHBIM MEXaHHUYECKUM
CBOMCTBAM JIaKe JJISI OJTHOM M TOW K€ MapKH CTajy M JJIsl OJTHOTO W TOTO K€ BUJA
U pa3Mepa NpPOKAaThIBAEMOro Mnpoduiss, 4YTO OOYCIABIMBAET YPE3BBIYANHYIO
TPYAHOCTh, YaCTO W TNPAKTUYECKYI0 HEBO3MOXKHOCTh pPa3pabOTKU EIUHBIX
MaTeMaTHYECKUX MOJIEJeH MPOTHO3UPOBAHUS KOHEUHBIX MEXAaHWYECKUX CBOMCTB
TOTOBOTO MpoKaTa ISl PaziMuHbIX Mpoduied U TUIOB MPOKATHBIX COPTOBBIX
craHoB. I[losToMy Hambosiee mNpUEMIIEMBIM BapUAHTOM IIOMBITKH CO3JaHUS
MaTeMaTHYECKUX MOJIEJeH MPOTHO3UPOBAHUS KOHEUHBIX MEXaHWYECKUX CBOMCTB
JUIS KOHKPETHBIX THUIIOB CTaHOB, MpOoQUiIepasMepoB U MApPOK CTaJCH C Y4ETOM
0COOEHHOCTEH M3MEHEHHUS TEXHOJIOTHYECKUX ITapaMeTPOB.

KiroueBble cioBa: apmaTypHble Tpoduivd, MaTeMaThyeckas MOJIEb,
nedhopMaIlMOHHO — TEPMUYECKOe YMPOYHEHHE, nucriepcusi, kputepuit duiiepa,
kputepuii CTbIOJIEHTa, TPOKATKA.
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Summary

The main parameters that determine the effectiveness of thermal hardening
are: the temperature of the beginning and end of deformation, the total degree,
fraction and degree of deformation, the duration of pauses between passes, the time
interval from the end of deformation to the beginning of intensive cooling, the
duration of accelerated cooling to the self-release temperature, and, finally, the
chemical composition of the processed steel.

Actual technological processes at specific rolling mills are characterized by a
wide variety of the range of changes in the specified technological parameters,
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different combinations of which can lead to completely different final mechanical
properties even for the same steel grade and for the same type and size of the rolled
profile, which causes extreme difficulty, it is often also practically impossible to
develop unified mathematical models for predicting the final mechanical properties
of finished products for various profiles and types of rolling mills. Therefore, the
most acceptable option is to create mathematical models for predicting the final
mechanical properties for specific types of mills, profile sizes and steel grades,
taking into account the peculiarities of changing technological parameters.

Key words: reinforcement profiles, mathematical model, deformation —
thermal strength, dispersion, Fischer criterion, student criterion, rolling.



