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DEPENDENCE OF ELECTROMAGNETIC PARAMETERS
OF PRODUCTS FROM STEEL 09G2S ON THEIR
MECHANICAL PROPERTIES

This work presents a method for a non-destructive method for
determining the tensile strength, yield strength and relative elongation
of steel products by identifying the relationship between mechanical and
electromagnetic properties. Coercive force, maximum magnetic permeability
and residual magnetic induction were chosen as electromagnetic properties,
as the most structurally sensitive parameters to the composition and heat
treatment of products. The difference of the work carried out is the use of
several physical characteristics simultaneously as control parameters, since
multi-parameter control methods provide higher information content and
reliability of assessing the state of materials.

The result of the research is a method for determining the relationship
between mechanical and electromagnetic parameters. At the same time,
the deviation of the values obtained by this method and the actual values
during the tensile test does not exceed 5 %.

The proposed method for determining the values of mechanical
properties can be used for any steel product and its grade, having previously
established, for the corresponding composition of the material, the
relationship between mechanical and electromagnetic properties.

Keywords: coercive force, tensile strength, non-destructive testing,
mathematical model, mechanical properties of steel.

Introduction

Currently, uniaxial tension on a tensile testing machine is used to determine
the mechanical properties of steel products. The result of the test is a tensile
diagram, according to the graph of which the tensile strength, yield strength and
relative elongation are determined. In accordance with many standards used in
manufacturing plants, the determination of these mechanical characteristics is
mandatory. For example, for seamless pipes according to GOST 632-80 «Casing
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pipes and couplings for themy, the normalized indicators are tensile strength,
yield strength and relative elongation. Mechanical tensile testing is accurate, but
inspection requires cutting a «template» and then making a standard test piece.
In this regard, further exploitation of the product is impossible, or if this product
is long, then metal is consumed. In addition, due to the fact that the tensile test is
destructive, the control of products is carried out by sampling (one of any quantity
—a batch), which does not ensure the control of each unit of the product.

The use of a non-destructive method for determining mechanical properties
is promising. One of these methods is electromagnetic. Electromagnetic control
methods have been widely used in industry for a long time. However, their
applicability is confirmed only in the control of discontinuities in the metal, and
only hardness is quantified — through the measurement of the coercive force,
which has a high error.

Further development of the electromagnetic method control is predicted in two
directions. The first is the search for new control parameters, the development of new
methods and measuring transducers that make it possible to measure the physical
characteristics that are control parameters. The second direction, which significantly
expands the range of non-destructive testing physical methods application, is the use
of several physical characteristics simultaneously as control parameters.

Materials and methods of research

The beginning of the experiment was to conduct heat treatment of steel
samples of grade 09G2S. The heat treatment regime is high-temperature heating
at 900 °C and hardening followed by tempering in the temperature range from
350 to 700 °C. Samples sized 10x10x100 mm were heated in an electric furnace
SNOL 6.7/1300. Subsequent cooling was carried out by lowering the samples into
water with a water temperature of 20 °C.

After the heat treatment of the samples, namely, quenching followed by tempering,
using a coercimeter and a teslameter, the maximum values of magnetization and
tension, as well as the coercive force and residual magnetic induction, were measured,
the values of which are indicated in the diagrams of Figure 1.

Having determined the maximum values of the tension and magnetization of
the samples, the maximum magnetic permeability of each sample was calculated
using formula (1), the values of which are summarized in Table 1.

’u max :Bmax/Hmax’ (1)

where B~ maximum magnetic field strength of the sample, T;
H__ —maximum value of sample magnetization, A/m.

ma:
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Figure 1 — Magnetic properties of a sample of steel 09G2S

The values of the coercive force corresponded to the values of the
magnetization at zero magnetic field strength, and the values of the magnetic
induction, on the contrary, corresponded to the magnitude of the strength at zero
magnetization.

Table 1 — Values of the steel samples maximum magnetic permeability
Temperature of tempering, °C
350 400 450 500 550 | 600 | 650 700
2213 11,3 | 166, 73,7 722 | 735 | 81,6 | 1080
After the magnetic characteristics were measured, the actual mechanical
characteristics were measured on a tensile testing machine according to GOST
1497-84, the results of which are summarized in Table 2. In this case, the tempering
temperature in the range from 350 to 700 °C was the variable parameter of the
heat treatment.

Maximum magnetic
permeability

Table 2 — Values of the tested samples mechanical properties

F{ZEEZ:;figf Tensile strength, MPa Yield strength, MPa Relative elongation, %
350 880 685 10
400 845 643 10
450 801 612 11
500 782 587 12
550 763 564 12
600 745 547 13
650 728 530 14
700 711 519 15
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Results and discussion

Having determined the values of the samples magnetic properties, we
compiled an experiment planning matrix for steel 09G2S, and summarized the
data in Table 3.

Table 3 — Matrix on a standardized scale for steel 09G2S

e | )| ) ) | ™) ~) ¢y
| ] -1 -1 880 685 10
2 1 1 -1 845 643 10
3 ] 1 -1 801 612 11
2 1 1 -1 782 587 12
5 R 1 1 763 564 12
6 1 -1 1 745 547 13
7 1 1 1 728 530 14
3 1 1 1 711 519 15

Using regression analysis in Excel, we derive a mathematical model for
controlling mechanical properties by a non-destructive method for steel 09G2S.
To determine the tensile strength, the equation takes the form:

vV =781,875-11,125x-26,375x,+45,125x,
To determine the yield strength:
V,=585,875-11,875x -23,875x,+45,875x,

To determine elongation:
V. =12,125+0,375x,+0,875x,-1,375x,.

In order to confirm the reliability of the proposed method for determining the
mechanical properties, pipes made of steel 09G2S were taken for testing. Table 4
shows the results of applying the proposed method. Having determined the equations
of dependencies, these pipes were thermally processed according to a randomly
selected mode, for example, a tempering temperature of 620 °C was taken.

Further, the electromagnetic parameters were measured on each released
product. By substituting the average of the three values for each of the parameters
into the dependency equations available for this steel, we determined the calculated
values. After that, from each product, standard samples were made for tensile
testing in accordance with GOST 1497-84 and the actual values of mechanical
properties were obtained.
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Table 4 — Measurement results and regression equations

Temperature of Value H, W_max B, T
tempering, °C Alem
=819 MIla
500 =745 MIla 12,4 580 1,05
=11,5
=771 MIla
550 =698 Mlla 11,7 596 1,01
=12,8
=739 MIla
600 =545 MIla 10,8 612 0,96
=13,8
=688 MIla
650 =525 MIla 10,3 641 0,77
=14,8
=650 MIla
700 =480 MIla 10,1 652 0,53
=15,8

Table 5 shows the data calculated according to the equations of dependences,
and the actual values of mechanical properties, determined by tension of standard
samples, which confirm the reliability and accuracy of the proposed method for
determining mechanical properties.

Table 5 — Convergence of results

Mechanical properties of products at a tempering temperature of 620 °C
Calculated Actual
(according to regression equations) (from tensile tests)
G ,.MPa 715 G ,.MPa 731
0,,, MPa 668 0,,, MPa 693
5, % 16,2 5, % 16,5

The measurement error is 1.8-3.6 %, that is, less than 4 %, which is quite
accurate.
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Conclusions

Of the many testing methods used to determine the mechanical properties
of steel products, as well as excluding the influence of the size and shape of the
tested products, non-destructive electromagnetic testing is promising. The most
sensitive parameters are coercive force, residual magnetic induction and maximum
magnetic permeability. The use of three magnetic parameters in combination in the
control of steel products contributes to an increase in the reliability and accuracy
of measurements, which is confirmed by an accuracy of 96.4%.

The use of a new method for determining the mechanical properties of steel
products will reduce the time of testing, due to the absence of the need to select
“templates” and prepare samples for testing, eliminate the use of bulky test
equipment used for destructive testing methods with small-sized devices, and also
make it possible to further use the controlled product.
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09I"2C BOJIATBIHAH OHIMJAEPJAIH 3JIEKTPOMATHUTTIK
ITAPAMETPJIEPIHIH OJIAPJIBIH MEXAHUKAJIBIK
KACHUETTEPIHE TOYEJLALJIIT

Byn oicymvicma mexanuxanwix Jcome s1eKmpomacHummix Kacuemmep
apacvlHoazbl MoYelOiNikmi aHblKmay apKvlivl 601am OHIMOepiHiH
bepixmizin, KipiCmiNieiH JHCoHe CANbICMbIPMAIbL Y3aPYblH AHbIKINAYObIH
Oy3bLIMAlmblH d0ici KeamipiieeH. DIeKmpomMazHummix Kacuemmep
peminoe KO3pyumusmi Ky, MAKCuManiobl MASHUM OMKI32iumici HcoHe
KaObIK MAZHUMMIK UHOYKYUSL, OHIMHIH KYPaMbl MEH MEPMUSLILIK OHOELYIHe
€H KYPbLIbIMObIK Ce3iMmall napamempJep peminoe mayoanowl. JKypeizineen
ACYMBICBIY aliblpMaibliviesl 6ip yakeimma OipHeule u3uKaivly
cunammamanaposl 6aKbliay napamempiepi peminoe nauodaiany
boabin mabwinadsl, oUmKeHi OAKbLIAYOblY KON napamempii o0icmepi
Mamepuanoapobly Heau-Kyuin 6azanayobly JHco2apvl aKknapammoliblebl
MeH CEeHIMOINI2IH KAMMAaMAcCul3 emeoi.

3epmmey nomuoiceci MeXAHUKANBIK JHCOHE INCKIMPOMASHUMMIK
napamempJiep apacvlHOA2bl MOYeaOLlikKmi anblKmay 90ici 6oabln
mabwiiaosl. Byn pemme, ocbl 90ic OOUbIHUA ANbIHEAH MOHOCPOIH HCOHE
CO3bLIY2a CHIHAY Ke3IHOe HaKmbl MOHOepOIH ayblmKybl 5 % - 0an acnatiovl.

Mexanuxanvix, Kacuemmepoiyy MOHOEPiH AHbIKMAYOblY YCbIHbLI2AH
90ICIH Ke3-KeleeH bonam OyubiMaa HCOHe OHbIH MAPKACBIHA KOJLOAHy2d
bonadel, byzan Oellin Mamepuaiobly Muicmi Kypamol YUiH MEXAHUKATbIK
JHCOHE INEKMPOMASHUMMIK Kacuemmep apacviioazvl 6atliaHbvlc
OPHaAmMbLIAObL.

Kinmmi co30ep: koapyumuemi Kywi, 6epikmik wiezi, Oy36liMaAimbiH
bakviiay, Mamemamuraiblk Mooeib, 60Iammovlly MeXaHUKAIbIK
Kacuemmepi.
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3ABUCUMOCTD DJEKTPOMATHUTHBIX TIAPAMETPOB
M3JEJUNA U3 CTAJIH 09T2C OT X MEXAHUYECKHUX CBOMCTB

B oannoii pabome npueedena memoouka Hepazpyuianoue2o
cnocoba onpeoeieHusi 6PeMeHH020 CONPOMUGICHUSL, npedeia MeKy4ecmu
U OMHOCUMENbHO20 YOJUHEHUSL CMATbHBIX U30eUll NOCPedCmeoM
BbISIG/ICHUSL 3A6UCUMOCTIU MENCOY MEXAHUYECKUMU U JJICKMPOMASHUMHbIMU
ceolicmsamu. B kauecmee 37ieKmpoMASHUMHBIX CEOUCME DbLIU 8blOPAHbL
KO3PYUMUGHASL CUNA, MAKCUMALbHASL MAZHUMHASL NPOHUYAEMOCMb
U OCMAMOYHAS MASHUMHASL UHOYKYUsL, KAK HauboJee CmpyKmypHo-
yyecmeumenvhvle napamempsl K COCTaBy U TEPMHUECKOW 00paboTKe
usfienuit. Omauuuem npogedeHnol pabomvl s6IAEMcsi UCHONb308AHUE
0OHOBPEMEHHO HECKONbKUX UUYECKUX XAPAKMEPUCMUK 6 Kauecmee
napamempoe KOHmMPOJs, MaxK KAk MHO20NAPAMemposvie Memoobl
KOHmMposi obecneuusaom 6oee 8blCOKYIO UHGOPMAMUBHOCMb U
00CMOBEPHOCIb OYEHKU COCMOSHUSL MAMEPUATO8.

Pesyromamom uccredosanus s61s1emcs MemoouKa onpeoeieHus
3a8UCUMOCMU MeNHCOY MEXAHUUECKUMU U IIeKMPOMASHUMHIMU
napamempamu. I[Ipu s3mom, omkioHeHue 3HAUEeHUU, NOJYYEHHbIX NO
OanHHOMY CnocoOy, U QaKmuyecKumu 3HAYeHUsIMU NPU UCTBIMAHUU HA
pacmsidcenue, He npegvliiaem 5 %.

Ilpeonacaemviii cnocob onpeodeneHus 3HAYEHUU MEXAHUYECKUX
CBOLICINE MOJICEem BblMb UCNONL308AH 011 TI0O020 CIMANIbHO20 U30ENUsL U ee
MApKU, YyCMaHo8us npedsapumesibHo npu Smom, 0Jis1 COOMEemCcmsyoueo
cocmaga mamepuana, 3a6UCUMOCTb MeHCOY MeXAHULEeCKUMU U
INEKMPOMASHUMHBIMU CEOUCTEAMU.

Knwuesvie cnosa: koapyumusenas cuna, npeoei NPpoHHOCMU,
Hepaspyuarowull KOHMpoJib, MAMeMamuieckas MoOeilb, MeXaHuiecKue
ceolicmea cmaiu.
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