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THE INFLUENCE MECHANISM OF FERRITE GRAIN SIZE ON
STRENGTH STRESS AT THE FATIGUE OF LOW-CARBON STEEL

Purpose. Explanation of the influence mechanism of ferrite grain size on the fatigue strength of low-carbon
steel. Methodology. Material for research is the low-carbon steel with 0.1% of carbon contnent. The different size
of ferrite grain was obtained due to varying the degree of cold plastic deformation and temperature of annealing.
The estimation of grain size was conducted using methodologies of quantitative metallography. The microstructure
of metal was investigated under a light microscope with increase up to 1 500 times. As a fatigue response the fatigue
strength of metal — a maximal value of load amplitude with endless endurance limit of specimen was used. Fatigue
tests were carried out using the test machine «Saturn-10», at the symmetric cycle of alternating bend loading.
Findings. On the basis of research the dependence for fatigue strength of low-carbon steel, which is based on an
additive contribution from hardening of solid solution by the atoms of carbon, boundary of the ferrite grain and
amount of mobile dislocations was obtained. It was established that as the grainy structure of low-carbon steel
enlarges, the influence of grain size on the fatigue strength level is reduced. For the sizes of grains more than
100 mcm, basic influence on fatigue strength begins to pass to the solid solution hardening, which is determined by
the state of solid solution of introduction. Originality. From the analysis of the obtained dependences it ensues that
with the increase of ferrite grain size the required amount of mobile dislocations for maintenance of conditions for
spreading plastic deformation becomes less dependent from the scheme of metal loading. Practical value. The ob-
tained results present certain practical interest when developing of recommendations, directed on the increase of
resource of products work from low-carbon steels in the conditions of cyclic loading. Estimation of separate contri-
bution of the studied processes of structural changes with fatigue load allows one to choose a rational solution — to
use the hardening effect from the ferrite alloying or to change the grain size of ferrite.

Keywords: ferrite; grain size; fatigue strength; solid solution; carbon

Introduction Taking into account the heterogeneity of strain
distribution, especially in the initial stages of plas-
tic flow of unidirectional loading in the metal vol-
umes near to the grain boundaries will increasingly
occur the processes of accumulation of crystal
structure defects.

Under cyclic loading the magnitude of cycle de-
formation, the temperature [2] and the dislocations
ability to nonconservative movement [3] will to
some extent determine the processes, which cause

In the process of loading the ferrite grain size
determines most of the properties of single-phase
alloys and carbon steels [1]. Gradual accumulation
of defects in crystalline structure and their localiza-
tion during cyclic loading can lead (in certain mi-
crovolumes of metallic material) to the forming of
the breakdown sites, as in the case of unidirec-
tional static deformation.

© 1. A. Vakulenko, S. V. Proydak, 2014

97



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxa ta nporpec Tpancnopty. Bicauk /[HinponeTpoBchkoro

HAI[lOHAJIBHOTO YHIBEPCHUTETY 3alIi3HUYHOrO TpaHcmopty, 2014, Ne 1 (49)

MATEPIABHABCTBO

the metal hardening. In this case, the rate of disloca-
tions accumulation and the beginning of formation
of substructure units, such as fragment walls and
dislocation cellular structure in some ferrites, which
are favorably oriented with respect to the actual
stresses, can be considered as the beginning of the
incubation period of the metal destruction process.

One of the known mechanisms explaining the
process of microcrack initiation [10] is based on
the initiation of breakdown site resulting from the
step forming in the place of slip band emergence
on the sample surface under the cyclic loading.
Subsequent recombination of dislocations leads to
the irreversible deformations in the specified place
on the metal surface. Therefore, it is safe to assume
that the gradual accumulation to the maximum
permissible concentration of structural defects near
the steps, is one of the main reasons leading to the
microcracks initiation and the subsequent loading
conditions determine the rate of its growth.

There is a sufficient quantity of the experimen-
tal results, which indicate the dependence of fa-
tigue processes development in the metal materials
from the grain size. This situation is often caused
by the lack of accounting of structural change
processes in the metal internal structure under cy-
clic loading, as compared to the conditions of static
unidirectional deformation.

Purpose

The work purpose is to explain the influence
mechanism of ferrite grain size on the fatigue
strength of low-carbon steel.

Methodology

Material for research was the low-carbon steel
with 0.1% of carbon content. The different size of
ferrite grain was obtained due to varying the de-
gree of cold plastic deformation and temperature of
annealing. The estimation of grain size was con-
ducted using methodologies of quantitative metal-
lography [4]. The microstructure of metal was in-
vestigated under a light microscope with increase
up to 1500 times. As a fatigue response the maxi-
mum value of load amplitude (o_, ) when reaching
the conditions of unlimited specimen endurance
was used. Fatigue tests were carried out using the
test machine «Saturn-10», at the symmetric cycle
of alternating bend loading.

98

Findings

Behavior analysis of the single-phase alloys
under loading showed that only in some cases the
polycrystalline strength according to absolute val-
ues is approaching to the quarter of the theoretical
strength of a perfect crystal [1, 10]. On the other
hand, the strength property level of metal in the
grain boundaries reaches the values of the same
order with the metal within grains [14]. On the ba-
sis of above mentioned, the origin and distribution
of dislocations according to crystallographic slip
systems, could be the determining factor during
metal loading in the region of small plastic defor-
mations. Moreover, the internal structure of the
grain boundary itself and the inevitable presence of
impurity atoms of implementation can make a def-
inite contribution to the changing nature of the
grain size influence.

Conditions of unidirectional static loading the
reduction of the grain size of the low-carbon steel
is accompanied by the increase in resistance value
of microplastic deformation ( 5, ), which is the part

of the deformation curve equation [15]:
c=0,+Ke", €))

where K - is the constant value, & — is true strain,
m — is power index. As the yield stress (o, ) the

value o, obeys to the Hall-Petch dependence [5]
(Fig. 1):
!
0y =0;+k,d ?, )
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Fig. 1. Execution of the relation (2) for the value
o, of low-carbon steel
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where ©.

1

line lattice, value &, — determines the influence of

— is the friction stress of ferrite crystal-

grain boundaries, d — is the ferrite grain size.

Taking into account that in the initial stages of
cyclic loading of dislocation displacement one is
limited by the volume of ferrite grain of low-
carbon steel, the state of solid solution should have
some influence (if not the main one) on the process
of microcracks initiation. On the other hand, the
end of the incubation stage of microcrack growth is
most often associated with the intersection of the
first angular grain boundary [3, 10]. On the basis
of the above mentioned, starting from the specified
moment (the accelerated growth stage) the process
of fatigue crack propagation becomes dependent
on the presence of the ferrite grain boundaries [17].

As a result of cyclic loading of the investigated
steel with different ferrite grain size the fatigue
strength values (oc_, ) were obtained. Dependence

!

o6, =f(d ?) is shown in Fig. 2.

According to external characters the change
c_, from ferrite grain size (Fig. 2) is subject to a

similar dependence (2):
1
o =0,+k,d 2, 3)

where o, and k'y are the constants, similar to the

corresponding characteristics of equation (2).

c_,,MPa

O T T T T 1
0 2 4 6 8 10

1
d 2, mm™

Fig. 2. Dependence c_, on the ferrite grain size
of low-carbon steel
As a result, the graphical solution of the equa-
1
tion o_, = f(d ?) the values c;. and k'y were ob-

tained, which are respectively equal to 90MPa and
12.5N/mm™”. Taking into account that the stress

o, naturally should characterize the resistance to

dislocation displacement within the ferrite grain
(friction stress of the crystalline lattice), the level
90MPa is much higher than the known values of
the specified characteristics. Indeed, according to
numerous studies [1, 10, 12, 16], the friction stress
of the iron crystalline lattice is 8—17MPa, and tak-
ing into account that the ferrite is a solid interstitial
solution the body-centered cubic lattice of the iron
contains about 12MPa of carbon atoms [5].

For the conditions of unidirectional loading of
investigated steel values of the equation constants

(2) were determined. They are correspondingly
3

equaled: o, =50MPa and k, =10N/mm? (Fig. 1).

Comparative analysis of the obtained characteris-
tics shows that for o, the difference is 38MPa,

which is explained by the hardening effects be-
cause of the presence of a certain concentration of
carbon atoms in the ferrite lattice [1, 2].

Under cyclic loading, the specified difference is
equaled to 78MPa (90MPa—12MPa). Thus, the ob-

served increase of the magnitude G; during fatigue

can be first of all associated with more efficient
blocking of reciprocating dislocations by carbon
atoms. Confirmation of this phenomenon may be
possibility increase of multiple dislocation slip on
different crystallographic systems. For the crystal-
line lattice of body-centered cubic type the disloca-
tion displacement is possible according to three
crystallographic slip systems {110}, {112) and
{123}, at <111> [9]. On the basis of the above men-
tioned it is safe to assume that under cyclic loading
of low carbon steel, the reversible dislocation dis-
placement is accompanied not only by annihilation,
but also by the transition into the other slip systems
[1, 13]. In this case, the possibility of dislocations
blocking by carbon atoms should increase. Conse-

quently, the value G;- can be written as:
o, =0, +A, (4)

where A — is the value of solid-solution ferrite
strengthening in reverse loading.

Another characteristic — k'y to a lesser extent
differs from the value &, which once again points

to the role of influence of the ferrite grain bounda-
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ries on the development of fatigue fracture of low-
carbon steel.

After conversion of ratio (3) similar to that per-
formed for (2) [2], it becomes possible to evaluate
the stress (o,) required for dislocation displace-

ment from their source to the grain boundaries:
i
o, =—-, (%)
1 2 \/7

where / — is the distance of dislocations source
from the ferrite grain boundaries. Considering that
! in general can take values from O (the source of
dislocations are the angular ferrite grain boundaries
[1, 2]) to /=d (intragranular source location), we

take the average value / =% .

Then the ratio (5) should be rewritten:

— Yy
%= ha (6)

During the formal application of the values o,
calculated according to (6), for the same values d
against the corresponding values o_, it is found
out an unambiguous relationship with a sufficiently
high correlation coefficient (Fig. 3).

Analysis of absolute values shows that the
value o, several times less than o_,. At the same
time, the rougher grain structure of the metal, the
greater the difference between these characteris-
tics.

Considering the total contribution to the value
6_, from o,, A and o, the difference should be
atributed to the metal hardening from the
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Fig. 3. Mutual change of o, and o,

100

interaction of mobile dislocations with the blocked
by carbon atoms dislocations (c,). Changing o,

from the ferrite grain size is represented in Fig. 4.
Based on this dependence (Fig. 4), one can es-
timate the value o, using the well-known relation

[13]:
o, =apbyp, (7)

where o — is a coefficient, which takes the values
from 0.1 to 1.0, pu — is the shear modulus, b — is

the Burgers vector and p — is the density of mobile
dislocations.
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Fig. 4. Influence of ferrite grain size on the value o,

Considering the observed components in gen-
eral terms the value of the fatigue strength of low-
carbon steel may be written as:

'

k
6,=0,+A+—==+apub 8
| T tom Jp ©)

After substitution into (8) of a=0.6 (the average
value of interval 0.1-1.0), p=8.2-10"MPa (for

carbon steel), »=2.48-10"mm (for ferrite), the
experimental values 6_,, o, and A the values p
were calculated.

The obtained values p represent the density of

mobile dislocations, which is necessary for main-
taining the conditions of plastic deformation prop-
agation for a loading cycle. Fig. 5 shows the de-
pendence of this characteristic (p) from the ferrite

grain size of low-carbon steel under cyclic loading.
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Fig. 5. Influence of ferrite grain size on p
of low-carbon steel
Comparative analysis of p with similar charac-

teristics of investigated steel (Fig. 6) for the condi-
tions of static strain (p, ) showed that as the size of

ferrite grain increases the difference between them
decreases. Thus, for the ferrite grain size d =

15.6-16mem: p=7.5-10°mm™, pl:107mm72;
for d = 22-24mem: p=2.9-10°mm>,
p,=4-10°mm™~ and for d = 115-120mcm:
p=44-100mm™, p, =4.2-10°mm .
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Fig. 6. Influence of ferrite grain size on p,
of low-carbon steel

The obtained results show that with increase of
ferrite grain size the required amount of mobile
dislocations, to maintain the conditions of propaga-
tion of plastic deformation becomes less dependent

on metal loading scheme. Analysis of the equation
is the confirmation of the above mentioned (8).
Thus, as the grain structure of the low carbon steel
coarsens the influence of grain size on the level of
the fatigue strength decreases. For the grain sizes
greater than 100 mcm, the main influence on the
values G_, transits to the solid solution hardening,

that is determined by the concentration of carbon
atoms in the ferrite, i.e. by the value o, from the
ratio (4).

Originality and practical value

The analysis of obtained dependencies shows
that as the ferrite grain size increases the required
amount of mobile dislocations to maintain the con-
ditions of plastic deformation propagation becomes
less dependent on the metal loading scheme. The
obtained results are of particular interest in the de-
velopment of practical recommendations aimed at
improving the operation life of the products of
low-carbon steels under cyclic loading. Evaluation
of separate contribution of structural components
at certain stages of fatigue loading development,
allows one to choose a rational solution — to use
the hardening effect of changes in the state of solid
solution of low-carbon steel or vary ferrite grain
size.

Conclusions

1. The analysis shows that the level of fatigue
strength of low-carbon steel is determined by the
additive contribution from the condition of solid
solution, ferrite grain size and hardening, caused
by the interaction of blocked and mobile disloca-
tions.

2. As the ferrite grain size increases the re-
quired amount of mobile dislocations to maintain
the conditions of plastic deformation propagation
becomes less dependent on the metal loading
scheme.

3. Coarsening of the ferrite structure is accom-
panied by decrease in the contribution of grain
boundaries and increase of the role of solid solu-
tion hardening in improving fatigue strength.
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MEXAHUW3M BJIMAHUA PASMEPA 3EPHA ®EPPUTA
HA YCTAJIOCTHYIO IPOYHOCTH HU3KOVYIJIEPOJUCTOMN CTAJIH

Hean. O0bscHEHNE MEXaHN3Ma BIMSHUS pa3Mepa 3epHa (eppuTa Ha yCTAIOCTHYIO IIPOYHOCTh HU3KOYTIEPOAH-
cToii cranu. Meroauka. MarepuanoMm Uit HCCIEOBAHNS CIIY)KWIA HU3KOYTJIEPOANCTAS CTAIb C COAEPKAHUEM YTI-
nepoza 0,1 %. Paznuunbli pasmep 3epHa (eppuTa NOITydald 3a cHET BAPbUPOBAHUS CTEIICHBIO XOJOAHON IJIACTH-
4eCKOH JeopManuy U TemMnepaTypor oTkura. OneHKy BeIMYMHBI 3€pHA MPOBOIMIIM, UCIIONb3YsI METOJUKH KOJIH-
YeCTBEHHON MeTautorpagui. MHKpOCTPYKTYpy MeTajlla HCCIIEeIOBAIN IO/ CBETOBBIM MUKPOCKOIIOM IPH YBeIHYe-
HusxX 1o 1 500 pa3. B xauecTBe XapaKTEpUCTHKH YCTAJIOCTH HCIIOIb30BAIN YCTAJOCTHYIO MPOYHOCTh METallla —

© 1. A. Vakulenko, S. V. Proydak, 2014

102



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKoro
HAI[lOHAJIBHOTO YHIBEPCHUTETY 3alIi3HUYHOrO TpaHcmopty, 2014, Ne 1 (49)

MATEPIABHABCTBO

MaKCHMaJIbHOE 3HAUYEHHE aMIUIUTY/Ibl HAPYKEHUs IpU OECKOHEYHO# BBIHOCIMBOCTH 0Opa3sua. McnbiTanus Ha yc-
TAJIOCTh OCYLIECTBISUIA Ha HCIbITaTeNIbHOM Maiuae «CaTtypH-10» IpU CUMMETPHUYHOM IHKIIE 3HAKOTIEPEMEHHOT'O
HarpyskeHus: u3rnoom. PesyabraTsl. Ha 0ocHOBe IpOBeAEHHBIX UCCIIEIOBAHUH TOJyUeHa 3aBUCUMOCTb ISl yCTallO-
CTHOHM IPOYHOCTH HU3KOYTJIICPOJUCTON CTaIM, KOTOpas OCHOBaHA Ha aJ/TATUBHOM BKJIAZIC OT YIPOYHEHHS TBEPIOTO
pacTBopa aToMaMHM YIJiepoja, rpaHull 3epHa (heppuTa U KOJIMUYEeCTBa MOJBIXHBIX JHUCIOKanuii. B padore ycraHoB-
JICHO, YTO M0 MEPE YKPYITHCHHUS 36PHUCTOM CTPYKTYPhl HU3KOYTJICPOAUCTON CTAIH BIUSHHUE pa3Mepa 3epHa Ha ypo-
BEHb YCTAJIOCTHON MPOYHOCTH CHIDKaercs. [Ipu pasmepax 3epeH O6osee 100 MKM OCHOBHOE BIIMSIHUC HA YCTaJOCT-
HYIO MPOYHOCTh HAYMHACT MEPEXOUTH K TBEPJIO PACTBOPHOMY YIIPOYHEHUIO, ONPEACIIEMOMY COCTOSTHUEM TBEPIO-
ro pactBopa BHenpeHus. Hayunast HoBu3Ha. 13 aHanm3a MOJYYCHHBIX 3aBUCUMOCTEH CIEAYET, YTO C POCTOM pa3-
Mepa 3epHa ¢eppuTa TpeOyeMoe KONMYECTBO TOJBWIKHBIX AHMCIOKALUA JUIsi MOAACPKAHUS  YCIOBUH
pacnpocTpaHeHusl ITACTUIECKON AeOpMaIMy CTAHOBUTCS B MEHbIIICH CTEICHHU 3aBUCHMBIM OT CXEMbI HATPYIKCHUS
metaia. [IpakTuyeckast 3Ha4MMOCTD. [{oy4eHHbIe Pe3yJIbTaThl MPEACTABISIOT IPAKTHYECKUN HHTEPEC MPU Pa3-
paboTKe peKoMeHJalHii, HANpaBICHHBIX Ha MOBBIIICHHE pecypca paboThl U3AENUN C HU3KOYIJIEPOAUCTOM CcTanu
B YCJIOBHSIX LIUKJIMYECKOTO HarpyxeHus. OLeHKa pa3aesbHOro BKIaaa OT PACCMOTPEHHBIX IPOLECCOB CTPYKTYPHBIX
M3MEHEHHI Ha OINpPEJEJICHHBIX JTalax Pa3BUTHSl YCTAJOCTHOI'O HArPYXKEHUsI MO3BOJIUT BBHIOPATH ONTHMAaJIbHOE pe-
IICHUE — MCII0JIb30BaTh AP GEKT YIPOUHCHHUS OT JISTHPOBaHUs Gepputa MO0 YMEHBIIIUTE pa3Mep €ro 3epHa.
Kniouegvie cnosa: dhepput; pasmMep 3epHa; yCTAIOCTHASI IPOYHOCTD; TBEPABIH PACTBOP; YIIepPOa
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MEXAHI3M BILUIMBY PO3MIPY 3EPHA ®EPUTY HA MIIIHICTDb
ITPU BTOMI HU3BKOBYIJVIEHEBOI CTAJII

Mera. [losicHeHHSI MeXaHi3My BIUTUBY PO3Mipy 3epHa (epUTy Ha MIIHICTh IIPH BTOMI HU3BKO BYTJICIIEBOI CTAaJIi.
MeToauka. Marepianom A7t JOCHIIKEHHS CIyryBajla HU3bKO BYTJIELeBa CcTaib 13 BMicToM Byraewto 0,1 %. Pisunit
po3Mip 3epHa (GepuTy OTpUMYBaIM 32 paXyHOK BapilOBaHHS CTYIIEHEM XOJIOAHOI IUIaCTHYHOI AedopMaii i Temre-
parypoto Bianany. OLiHKY BEIWYMHH 3€pHa IPOBOJMWIIN, BUKOPHCTOBYIOUM METOJAWKH KUIbKICHOT MeTajorpadii.
MIiKpOCTpyKTypy MeTally JOCIiPKYBaJIH IIiJ] CBITIIOBUM MIKPOCKONOM Ipu 30iunbmieHHsx 10 1 500 paszis. B sikocti
XapaKTEePUCTHKN BTOMH BHKOPHCTOBYBAJIM MEXY MIITHOCTI IIPU BTOMI METaly — MaKCUMaJIbHE 3HAYE€HHS aMILUIITy 1
HaBaHTAXXCHHS NP HEOOMEXEHI BUTPHUBAJIOCTI 3pa3Ky. BunpoOyBaHHS Ha BTOMY 3AiHCHIOBaIN Ha BHIIPOOYBab-
Hit MammHi «CarypH-10» MpH CHMETpUYHOMY IMKJI 3HAKO3MIHHOTO HaBaHTaXXeHHs BUTMHOM. Pesyabratnm. Ha
OCHOBI TIPOBENICHHUX JOCIIIKEHh OTPUMaHA 3aJISKHICTh IS MEXKi MIITHOCTI TIPH BTOMi HU3BKOBYTJIEIIEBOI CTaJi, sKa
3aCHOBaHA Ha aJUTHBHOMY BKJIA[i BiJ 3MIIIHEHHS TBEPIOTO PO3UMHY aTOMaMH BYTJICIIO, MEX 3epHa (peputy i Kijb-
KOCTi PYXJIMBHUX IUCIIOKAIii. ¥ poOOTi BCTAHOBIICHO, IO B Mipy YKPYHIHEHHS 3epHHUCTOI CTPYKTYPH HU3BKOBYTIIE-
LEBOI CTali BIUIMB PO3MIpy 3epHa Ha PiBeHb MEXI MII[HOCTI IIPU BTOMI 3HIDKYEThCs. [Ipu po3Mipi 3epeH Oinblie
100 MKM OCHOBHHWH BIJTMB Ha MIIHICTh MPU BTOMI MOYMHAE TMEPEXOTUTH O TBEPAO PO3ZUMHHOTO 3MIITHEHHS, IO
BU3HAYAETHCS CTAHOM TBEPJOTO PO3YMHY BHpoBakeHHs. HaykoBa HOBH3HA. 3 aHANII3y OTPUMaHUX 3aJIS)KHOCTEH
BUILTUBAE, 1110 31 30UIBILIEHHSAM PO3Mipy 3epHa (hepuTy HEOOXiHA KUIBKICTh PYXJIMBHX JAWCIOKAIIH U MiATPUMKH
YMOB TOIIUPEHHS TUIACTHYHOI AedopMallii cTae MEHIIOI MipOI0 3aJIE)KHOIO BiJl CXEMH HABaHTAKEHHS METaly.
IMpakTHyna 3HaYnMicTb. OTpUMaHi pe3ysbTaTH CTAHOBIATH NEBHUN NMPAaKTHYHUH iHTEpEC MpU po3podli pekome-
H/IAIiH, SKi CIPsIMOBaHI Ha MiBUILEHHS pecypcy poOOTH BUPOOIB i3 HU3BKOBYIJICIIEBUX CTAJICH B yMOBax LIUKJIIY-
HOro HaBaHTaXeHHs. OIiHKa PO3/IIBHOIO BHECKY BiJl PO3IIISIHYTHUX MPOLECIB CTPYKTYPHHX 3MiH Ha IIEBHUX eTamax
PO3BUTKY BTOMHOTO HaBaHTAXEHHS JI03BOJIUTH OOPAaTH ONTHMAJIBHE PILIEHHS — BUKOPHUCTOBYBATH €(PEKT 3MIIHCHHS
BiJl JleryBaHHA (epuTy a60 3MEHIITUTH PO3Mip HOro 3epHa.

Kniouosi crosa: deput; po3mip 3epHa; MILHICTb IPH BTOMI; TBEpAUH PO3UYHH; BYTJIELb
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