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The elastic, strength properties, coercive force H, and damage parameter D in different
directions of the sheets of dual ferrite-martensite steel in the initial state of the factory
delivery as well as after annealing at 250°C for one hour are investigated. Significant
correlation relationships between mechanical and elastic characteristics with the magni-
tude of the coercive force were established. The corresponding regression equations with
approximation coefficients of at least 0.97 are obtained. Significant correlation bonds
(correlation coefficient not less than 0.95) were established between the damage parameter
D, found from the magnitude of the Young modulus change during annealing, and the
relative change in the coercive force AH_./H, after annealing. The obtained results open
the prospects of using a non-destructive method of measuring the coercive force for
estimating the damage accumulation parameter in dual ferrite-martensite steels under
study on the basis of correlations between the change in the elastic modulus and the value
of the coercive force.
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[IpoBeneHo wmccnenoBaHWe YNPYTUX, IPOYHOCTHBIX CBOWCTB, KOIPIUTHUBHON cuabl H, u
napaMerpa IIOBPeMIeHHOCTU D B PasJIMUYHBLIX HAIPaBJIEHUAX JIKMCTOB AByx(hasHoul deppuro-
MapPTEHCUTHOHM CTaJd B MCXOIHOM COCTOSHUU 3aBOJACKON IIOCTABKMU U IIOCJE OTMKHIA IIPU
250°C B TeueHUe OJHOTO Yaca. ¥CTAHOBJEHBI 3HAUUMBIE KOPPEJSIIMOHHBIE CBASU MEKIY
MeXaHUYeCKUMU, YOPYTUMHU XapaKTepUCTUKAMU, ¢ OXHOI CTOPOHBI, M BEJIUUYUHON KO9PIU-
TUBHOM CHJBI, C APYro# cTopoHbl. IloJydeHBI COOTBETCTBYIOIIME YpPaBHEHUS Perpeccuu ¢
Koo(hpUunmeHTaMu HATEKHOCTH amnmpokcumanuu He MeHee 0,97. YceraHoBIeHBI 3HAUNMBIE
KOppendanuonubie c¢Ba3u (KospduiimentT kKoppeadanuu He memee 0,95) mMemxay mapameTpom
noBpexaenHocT D, HaifileHHBIM MO BeJIWUYNHe uU3MeHeHUs Moxyasd FOHra mpu omure, u
OTHOCUTEJbHBIM WM3MEeHeHHeM KOIPIUTUBHON cuabl mocae otxura AH,/H.. Ilomydyenmubie
pesyJabTaThl OTKPBIBAIOT IIEPCIEKTUBLI HPUMEHEHNS HepaspyIIalollero METoAa H3MEPEeHUA
KOSPIUTUBHON CHJBI [OJA OIEHKH IapaMeTpa HAKOIJeHUS I[IOBPeXKAeHuil B ABYX(ha3HBIX
GeppUTO-MaPTEHCUTHBIX CTAJNAX HA OCHOBE COOTBETCTBYIOIIMX KOPPeNANUil MeKIy HN3MeHe-
HUEM MOAYJSA YIPYTOCTH U BEJHYMHON KOSPIUTHUBHON CUJIBI.

Ouinka mapamMeTpa NMOIKOMKEHHA ABO(gra3HOI GepUTO-MAPTEHCUTHOL CTAJi 3a KOoepIju-
TueHOCTI cunu. B.BYcos, H M. .Illxamyaax, H.A.J[3uza, /][.A.]]auok.

IIposemeno pocnifsenns MPYsKHAX, MIIHICHUX BJIACTUBOCTeN, KoepIuUTUBHOI cuiu H, i
mapaMerpa IOIMIKOKeHHA D y pisHMX HaupAMKax JUCTIB ABodasHoi (hepuTo-MapTeHCUTHOI
crajmi y moyarKoBOoMy CTaHi s3aBojgcbKoOl mocraBku 1 micas sigmany npu 250°C mporarom
ojHiel rogunu. BeraHoBiieHo sHauylnl KopenAniiHi 8B a3KM MiM MexaHIUHMMMK, OPYRKHUMUA
XapaKTepUCTHKAaMU, 3 OAHOro OOKY, i BeIMYMHOI KOEpPIMTHBHOI CHJIM, 3 iHIIOro OOKY.
Orpumano Bignoeizui piBHaHHa perpecii 3 xoediumiemramm HagilimocTi ampoxcumarii He
mentre 0,97. Beranosieno smHauymi kopensniiiai ss’asku (koedinienT xopenarnii e mMeHIne
0,95) mixk mapameTpoM HOMIKOM:KeHHS D, 3HalijileHMM 3a BeJIMYMHOKW 3MiHM Moxyias IOura
npu Bigmami, i BigHOCHOIO 3MiHOI KoepumTuBHOI cuim AH_ /H, micna sigmary. Orpumani
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pPe3ynbTATH BiIKPUBAIOTH TIEPCIEKTUBU B3aCTOCYBAHHS HePYHHIBHOTO MeTOAYy BUMIipIOBaHHS
KOEPIIMTUBHOI CUJIN JJd OIiHKU NapaMeTpa HAKOTMUYEeHHS IOIIKOAMKeHb Y nBodasuux depu-
TO-MapPTEHCUTHUX CTAJIAX Ha OCHOBI BiAIOBIAHMX KOpenAliil MiK 3MiHOIO MOAYJSA MPYIKHOCTL

i BEIMYUHOIO KOEPIMUTUBHOI CUJIU.

1. Introduction

Dual ferrite-martensite steels belong to
alloys with a composite microstructure of
ferrite and martensite. Two-phase steels are
used, mainly in the automotive industry,
due to their good formability and strength
[1]. A high value of strength and uniform
deformation can reduce the weight of the
structure. This makes it advantageous to
use such steels also for the production of
gas containers [2].

The final properties of steel and products
are known to depend on many factors, such
as the chemical composition and its distri-
bution over the thickness of the steel, the
average grain size and deviousness of their
boundaries [3], the crystallographic texture
[4], the operating temperature, the duration
of the thermal action, ete.

The appearance of a large number of dif-
ferent defects during the operation of
equipment from steel indicates the accumu-
lation of damage. The parameter of material
damage D is often used in the framework of
continuum mechanics to predict the destruc-
tion of constructions [5—8]. The original
idea of this method belongs to Kachanov
[9], who presented the variable of damage D
in order to simulate the phenomenon of
creep. Since then, many works on this sub-
ject have been published, and formal theo-
ries have been developed covering destruc-
tion and plasticity [10, 11]. Strictly speak-
ing, the value of D should be determined
from the results of electron microscopic
studies. However, this method is to some
extent selective.

According to Lemaitre, the damage D
changes the stress state of the metal due to
the action of the effective stress [12, 13]. In
this case, the parameter D can be determined
from the defect of the Young’s modulus at
uniaxial tensile tests by the formula

D1=1—E/E0, (1)

where E and E are the elastic modules of
the damaged and undamaged material, re-
spectively.

On the basis of the postulate, known as
the energy equivalence [14-18] of undam-

aged and damaged material, for the uniaxial
tension, the parameter D is expressed
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through the change of the elasticity modu-
lus by relation

Dy=1-(E/Ep'. (2)

The above described procedure for deter-
mining the damage parameter D is destruc-
tive, as it requires cutting out the test
pieces. It is hardly suitable for estimating
the metal damage parameter of a complex
geometric shape, for example, after stamp-
ing. In this case, it is desirable to use non-
destructive methods to assess the degree of
accumulation of damages in the volume of a
metal, for example, by measuring the coer-
cive force in ferromagnetic metals, in par-
ticular steels.

Coercive force H, is one of the main
characteristics of ferromagnetic. The coer-
cive force strongly depends on the structure
of the material. That is, the coercive force
can vary considerably as a result of small
changes in metallurgical processing and the
chemical composition of the material [19].
This makes it very promising to use the
study of coercive force to study the struec-
tural state of ferromagnetic construction
materials. Moreover, the measurement of
coercive force is now an uncomplicated task,
thanks to the use of portable coercimeters,
which allow measuring the coercive force by
imposing an add-on electromagnet on the
investigated section of the product without
cut the samples [20, 21]. Since there is cur-
rently no general theory of magnetic struc-
tural analysis, the main method for obtain-
ing information on the structure by measur-
ing of magnetic characteristics is to
establish the correlation dependences of the
coercive force with the structure, mechani-
cal and elastic properties for each type of
steel [22].

The aim of this paper is to establish the
correlation of the coercive force between the
modulus of elasticity, damage parameter D
(found from the magnitude of the elastic
modulus change), ultimate strength and yield
strength of the dual ferrite-martensite steel.

2. Experimental

The material for the study was the sam-
ples of the dual ferrite-martensite steel both
in the delivery conditions after the factory
processing and after annealing in the saw-
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Fig. 1. The microstructure of dual phase fer-
rite martensite steel in the initial state.

dust at 250°C for 1 h. The chemical compo-
sition of the steel is shown in Table 1.

The annealing regime was selected in
such a way as to obtain the highest values
of the modulus of elasticity of the steel
being studied, which indicates the lowest
level of accumulated damage.

Rectangular samples 100 mm long and
10 mm wide were cut from initial and an-
nealed sheets 2 mm thick through every 15°
from the rolling direction (RD) to the trans-
verse direction (TD) to study the anisotropy
of elastic properties. The Young’s modulus
was measured by dynamic method on the
frequency of bending oscillations of a flat
sample [23]. The error did not exceed 1 %.

At least 38 samples were cut from the
initial and annealed sheets in the above di-
rections for mechanical tests for uniaxial
tension. The total length of the samples was
100 mm. The length and width of the work-
ing part were 30 and 10 mm, respectively.
Mechanical tests were carried out on a tear-
ing machine 250N5A WN:143331.

The coercive force was measured by a
non-destructive method through every 15°
from the RD to the TD by a magnetic ana-
lyzer MC-04H-2 (maximum error does not
exceed 2 %) [20].

The setting of the magnetizing current
has an operating range of —2.5...2.5 A. The
induction is measured in the range of -—
1.5...+1.5 T. The measure range of the co-
ercive force is 0.5...60.0 A/cm. The sensor
dimensions of the (attachment electromag-

net) are 13x12x7.5 ¢cm3). The square pole
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Fig. 2. The microstructure of dual phase fer-
rite martensite steel after annealing at 250°C
during the 1 h.

pieces of the sensor had dimensions of
12x12 mm?2, the distance between the inner
sides of which was 13 mm. In our measure-

ments, the error was than

0.1 A/cm.
An important advantage of the device is

that the accuracy depends only on the prop-
erties of the metal and does not depend on
such interfering factors as a protective
coating (paint, film, etc.) with a thickness
of up to 6 mm on the metal being controlled
or equivalent corrosion, roughness, curva-

ture of the surface and others [24].
Add-on electromagnet having removable

pole pieces and the Hall sensor integrated in
the magnetic circuit is a converter in a co-
ercimeter. The principle of operation of the
devices is to magnetize the monitored part
of the part by imposition an electromagnet
to it with subsequent demagnetization by its
increasing field, fixing the field strength
corresponding to the coercive force of the
material, measuring the amplitude of the

signal obtained from the Hall sensor.
The microstructure of the steel in the

initial delivery state and after annealing
was examined using a scanning electron mi-
croscope JSM 6700F NT [25]. Before the
study, the surfaces were polished, etched in
a 4 % solution of picric acid in ethanol, and
then subjected to ionic cleaning.

not more

Table 1. Chemical composition of dual ferrite martesite steel, wt. %

C Mn Cu Ni Cr Ti Si P S Fe
0.081 1.45 0.056 0.071 0.212 0,029 0.002 0.005 0.021 0.005 | Balance
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Table 2. Mechanical, elastic and magnetic properties of dual ferrite martesite steel

Angle Initial state State after annealing at 250°C
with during the 1 h
D o
RD, 099> MPa | 6, MPa | E, GPa | H,, A/cm o3% o%9, MPa | E3%°, MPa H25°, A/cm)
0 371 582 207.31 8.68 444 563 207.71 8.20
15 372 583 209.02 8.80 447 565 209.18 8.31
30 373 586 212.32 9.18 455 571 212.63 8.57
45 374 589 215.09 9.54 463 575 215.93 8.80
60 376 591 216.27 9.89 467 576 217.44 8.87
75 378 591 215.60 10.10 467 574 217.36 8.82
90 379 591 213.78 10.16 467 573 217.08 8.78
3. Results and discussion
Cpo=4.84 H, +328.9; (3)
The microstructure of the studied steel R=097: S =0.76
in the initial and annealed state is shown in I
Fig. 1, 2.
After annealing some structure defects op=6.27H, + 528.18; (4)

have been healed (Fig. 1). The results of
measuring the modulus of elasticity, me-
chanical characteristics, coercive force and
the value of the damage parameter D are
presented in Table 2.

Elasticity modulus values of the study
steel have increased after annealing (Table 2).
This is probably due to the healing of de-
fects [26] of the crystal structure and the
reduction of residual stresses that occurred
at the factory treatment.

Corresponding values of the coercive
force have decreased at the same time in
this case. The coercive force is mainly influ-
enced, as is known [27], by the crystal-
lographic texture, grain sizes and residual
stresses. The influence of two first factors
of the on the magnitude of the coercive
force is probably insignificant. The texture
and dimensions of the grains after anneal-
ing at 250°C for 1 h probably have not
changed much, as the recrystallization of
the steel under study occurs at higher tem-
peratures [28]. Therefore, the main effect
on the magnitude of the coercive force, as
well as on the modulus of elasticity, prob-
ably could have been the decrease of struc-
tural defect number and magnitude of the
residual stresses during annealing.

Our correlation analysis was showed that
there are significant correlation links between
mechanical, elastic characteristics, on the one
hand, and the coercive forece value, on the
other hand. The corresponding regression
equations, correlation coefficients R and
standard errors S are presented below.

Functional materials, 25, 4, 2018

R=0.98; S$=0.84

E = -T.00H2 + 137.02 H, - 454.50; (5)
R=0.99; S=0.68

0339 = 33.36 H250 + 145.34;  (6)
R=0.99; $=0.76

0220 =19.03 H2%0 + 407.07; (7
R=0.99; $=0.76

E350 = 15.35 H25 + 81.35; 8)

R=0.99; S=0.60.

Correlation relations turned out to be lin-
ear, with the exception of the relation (5),
where a nonlinear (quadratic) correlation is
observed.

The correlation of the damage parame-
ter D found according to (1) and (2) with
the coercive force is of special interest.
Values of the coercive force were de-
creased after annealing in comparison
with their value in the initial sheet of the
study steel (Table 2). It seems reasonable
to compare the magnitude of the relative
change in the coercive force after anneal-
ing AH./H, with the value of the dam-
age parameter D found from the relations
(1) and (2) (Table 3).

As a result of the correlation analysis,
nonlinear (quadratic) regression equations
were obtained
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Table 3. The parameter of the damage D
and the relative change in the coercive
force AH./H, of dual ferrite martesite
steel after annealing at 250°C during the
1h

) I—)1E7E0 L 8@2/50)1/2 AH_/H,
0.0001926 0.000963 0.0553
0.000765 0.000383 0.055682
0.001458 0.000729 0.061336
0.00389 0.001947 0.077568
0.005381 0.002694 0.108184
0.008097 0.004057 0.1267338
0.015202 0.00763 0.1856827

Dy =1.60(AH,./H_,)? - 0.15(AH,/H,) + (9)
+4.6-103;, R=0.96; S=1.9-1073,

D, =0.97AH,./H,)? - 0.11(AH./H_) + (10)
+4.1-103; R=0.95; $=9.3-10%

The correlation coefficients have sufficiently
high values, and the standard errors are insig-
nificant, as it follows from (9) and (10).

The found nonlinear correlations between
the damage parameters (9) and (10) and the
relative changes in the coercive force after
annealing, as well as between the magnitude
of the elastic modulus and the coercive force
values in the initial sample (equation (5)) of
studied steel can be related to a change in the
amount of martensite at annealing by de-
creasing the solubility of carbon. However,
this assumption requires further study.

4. Conclusion

The obtained results open the prospects
of using a non-destructive method of meas-
uring the coercive force for estimating the
damage accumulation parameter in the fer-
rite-martensite steels under on the basis of
correlations between the change in the elas-
tic modulus and the value of coercive force.
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