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The work analyses a nature of interrelation between kinetics of propagation
of plastic deformation and initiation of ductile fracture for low-carbon mi-
croalloyed steel 06Kh1l. To reach the purpose of the work, the experiment is
carried out. It includes stretching of a series of samples with deformation
deceleration after reaching a certain level of loading. The study of the corre-
sponding samples shows that the stage of crack origination is made through
blocking the propagation of spreading the plastic deformation by the separa-
tion surfaces of the general and special types. At the same time, it is deter-
mined that the second stage (growth of microcracks) develops due to the sim-
ultaneous action of two mechanisms: accumulation of dislocations (the Cot-
trell model) and aggregation of several microcracks into single one.

Key words: hypopearlitic structure, ductile fracture, kinetics of crack prop-
agation, blocking of dislocations, mechanisms of crack origination, mecha-
nism of crack growth.

Y poboTi mpoaHa izoBaHO XapaKTep B3a€MO3B’fA3KY MiK KiHEeTHMKOIO IIOIIH-
peHHA IIacTUuHOI medopmallii Ta 3apoA;KeHHAM B’ SI3KOI0 PYHHYBaHHS OJIA
HUB3bKOBYTJIEIeBOi MiKpoJieroBanoi crami 06X 1. [ly1a focATHeHHA TOCTaBIeHO1
B po6oTi MmeTu OyJi0 34iliCHEeHO eKCIIePUMEeHT, AKUH BKJIIOUAB PO3TATaHHA cepil
3pas3KiB 3 raaIbMyBaHHAM AedopmMarrii o JocATHEeHHI IeBHOT'O PiBHSA HaBaHTa-
skeHHA. JociimkeHHA BiANMOBiIHUX 3pasKiB IokasaJyu, HI0 Ha cTafil 3apo-
IKeHHA TPimuHu i1 3pocTaHHA 3MiNCHIOETHCA IIIAXOM OJOKYBAHHS ITOIIH-
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PeHHA IIaCTUYHOI AJedopMallii moBepXHAMHU IIOALNY SK 3araJbHOT0, TaK i cIie-
HifgJIbHOTO TUITY. Pa3oM 3 IIMM BCTaHOBJIEHO, IO APyTra cTalid (3pocTaHHA Mi-
KPOTPIiIUH) Big0yBAEThCS 3a PAXYHOK OJHOYACHOI Hii IBOX MexaHisMiB: mguc-
JOoKaIifiHoro HakonuueHnHsa (Mozeab KorTpesna) it 06’eqHAHHA KiJIbKOX MiK-
POTpIilIVH B OAHY.

KarouoBi ciaoBa: depuronepsiTHa CTPYKTypa, B’ s3Ke PYHHYBaHHA, KiHeTHUKa
HONINPEHHA TPiIllluHMU, OJOKYBAaHHA IHCJIOKAIill, MeXaHi3MM 3apo:KeHHs
TPiTMHM, MeXaHi3M 3pOCTAHHS TPIIIUHMU.

B pabore mpoaHaIM3WPOBAH XapaKTep B3aMMOCBA3U MEXKIY KUHETMKOI pac-
MIPOCTPAHEHUA ILJIACTUYECKOH medopMalivy M 3apOsKAeHHeM BSI3KOr'o paspy-
IIeHuA IS HUSKOYTJIEPOAUCTON MUKpoJiermpoBaHHo# cramu 06X1. aa mo-
CTUKEHUS TIOCTABJIEHHOI B paboTe Iesu ObLI OCYIIeCTBIEH SKCIEPUMEHT, KO-
TOPBIHA BKJIIOUAJ PACTAMKEHUE CePUU 00PABIOB ¢ TOPMOMKEHUEeM ned)opMaliuu
IIPU AOCTHIKEHUU OIPEeAeIEHHOTO YPOBHA HArpysku. McciaenoBaHue COOTBET-
CTBYIOITUX 00pa3I[0B MOKA3aJN, UYTO Ha CTAAUY 3aPOKIEHUSA TPEITUHEBI €€ POCT
OCYIIIECTBJISIETCA IMYyTEM OJOKMPOBAHUS PACIPOCTPAHEHUS IJIACTHUYECKOU Ie-
(hopmaruy MOBEPXHOCTAMYU pasdfesa Kak o0Iero, Tak U CIelUaJIbHOTO THUIA.
BwMmecrTe ¢ 5TUM yCTaHOBJIEHO, UTO BTOPasA CTaAusA (POCT MUKPOTPEIIUH) ITPOKC-
XOAUT 3a CUET OJHOBPEMEHHOI'O MEeHCTBUA IBYX MEXaHU3MOB: MHCJIOKAITMOH-
HOTO HaKomiIeHus (Mozeab KoTTpesnna) m o0befuHEHUS HECKOJIBKUX MUKPO-
TPEeINH B ONHY.

KaroueBrbie ciaoBa: heppuUTOIEDPJIUTHAS CTPYKTYpPa, BA3KOe paspyllneHue, Ku-
HETHKAa PaCIpPOCTPaHEHUS TPEIUHbI, 0JOKNPOBKA MUCJIOKAIINI, MeXaHU3MBbI
3apPOXKIeHUS TPEINHBI, MeXaHN3M POCTA TPEINHEI.

(Received August 18,2017)

1.INTRODUCTION

While studying the issue of plastic deformation under the influence of
external loading, the following conclusion can be made: this process
happens unevenly, which results in the creation of periodically hetero-
geneous reinforced surroundings (e.g. works[1, 2]).

In addition to that, while analysing the regularities of deformative
grinding of metal structure and alloys, the authors of the works [3, 4]
proved that plastic deformation spreads from grain to grain at the ex-
pense of tension occurrence (under the influence of external loading),
which are conditioned by the interaction between the accumulation of
dislocations and the barriers for their movement.

Theoretical study of the results of the mentioned works made it pos-
sible to conclude that while blocking the accumulation of dislocations
by the barriers, activating of the sources of dislocations takes place, i.e.
next to the barriers the density of crystal constitution defects increas-
es [2]. Thus, the increase in the density of dislocation may lead to the
appearance of atomic areas offset in one active area of slip [5]. Because
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of this, the main condition of crack appearance is the work of plastic
deformation, which leads to the critical accumulation of defects, and
as a result, to the creation of fracture origination [6]. Hence, the aim
of this work is to analyse the probable places of origination of ductile
fracture by means of the studying the work of plastic deformation.

2. METHODOLOGY OF EXPERIMENTAL INVESTIGATIONS

As a material for the investigation, 06Kh1 steel was chosen. Chemical
composition and mechanical properties of this steel are given in Tables
1 and 2, respectively.

To carry out the investigation, the samples of 06Kh1l steel were
made. The samples were of cylindrical shape (according to the State
Standard 1497-84) and one burnished and polished surface suitable for
structural studies. Schematic image of the studied samples is given in
Fig. 1. The preparation for structural studies was done according to
the methodology offered in the work [ 7].

The samples underwent the extension without reaching the stage of
fracture. The extension of the samples stopped at loading given in Ta-
ble 3 and in Fig. 2. After loading stopped, the samples structure was
studied (at places schematically depicted in Fig. 1) with the use of
scanning electron microscope according to the methods offered in the
work [8].

Figure 3 represents the structure of steel 06 Kh1 before the begin-
ning of deformation. The analysis of the data shows that the steel
structure is ferrite-pearlite conglomerate. Herewith, as interphase and
inner-phase surfaces of separation, there are both boundaries of gen-
eral type (indicated with the arrow in Fig. 3, a) and boundaries of spe-
cial type (indicated with the arrow in Fig. 3, b). The identification of

TABLE 1. The chemical composition of 06Kh1 steel.

No. Content of chemical elements, % mass
meltingl ¢ [Cr|Cu|[Mn| P [ S [Si|Ni|Al | N |[Mo|Nb
26475 0.062 1.11 0.19 0.49 0.004 0.004 0.27 0.11 0.022 0.012 0.013 0.002

TABLE 2. The complex of mechanical properties of 06Kh1 steel.

Mechanical properties
Tube size,

mm s, Og, 5. KCV,J/cm?at T, °C
N/mm” | N/mm? Ov/Cs 27 T 90 40 ‘ 60

2114x9m 430-470 381-413 0.67-0.70 32-37 381-413 378-403 356—396
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Fig. 1. The schematic image of the studied sample (L = 50 mm, d,=5 mm, & =
=10 mm) with places of structure control on periphery and centre.

boundaries’ types was made according to the methodology offered in
the work [9].

3. RESULTS AND DISCUSSION

The investigation results of the places of fracture origination are given
in Figs. 4-5.

The analysis of the data shows that strengthening as a result of plas-
tic deformation prevents the development of fracture in the direction
perpendicular to the active areas of slip, however, it promotes the
growth of microcracks in the direction of the areas of slip at the edges
of these areas situated near the boundaries of grains or fragile struc-
tural components (see for example Figs. 4, b, ¢, and 5, b).

Despite the fact that the local concentration of tensions in pearlite
under the deformation of ‘grain’ in general can be higher than ferrite
grain after a significant deformation, the static strength of pearlite
grains is higher than the strength of ferrite grains. It is proved by the
fact that pearlite structure (to a certain level of loading) withstands
the spread of plastic deformation (see for example Fig. 5, d).

The overall analysis of the investigation data given in this work and

TABLE 3. The efforts of samples’ loading at testing for extension.

Number of sample 1 2 3 4 5

Effort of loading P, N | 3033.8 3079.0 3806.3 3900.0 3981.0
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P, N

[, mm

Fig. 2. The diagram of the experimental extension of the samples (Nos. 1-5)
of 06Kh1 steel.

scientific sources (e.g., [1, 3, 5, 6]) makes it possible to conclude that
the origination of microcracks is not the only criterion of the re-
sistance of steel fracture. The same importance is given to the factor of
the conditions, which make it possible to unite the cracks after reach-
ing their certain density until the material fracture. This process is
influenced by not only the quantity and the direction of tensions in the
area of fracture origination, but also structural state of the material,
the surface type of division, and the strength of structural compo-
nents.

For example, in Fig. 5, b, there is the situation when inner-phase
boundary simultaneously prevents the process of microcracks coales-
cence and is the origin of transcrystalline fracture. Herewith, the
growth of this microcrack more likely takes place according to Cot-
trell’s mechanism [10], which is proved by the existence of slip stripes,
which are included to microcracks.

Figure 5, d represents the case where the interphase boundary fer-

AR
v 0

Fig. 3. The 06Kh1 steel structure before the beginning of deformation: a—the
boundaries of general type (the example is indicated with the arrow); b—the
boundary of special type (the example is indicated with the arrow).
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Fig. 4. The samples of structures after the extension with the loading: a, b—
3033.8 N; ¢, d—3079 N; e, f—3806.3 N; a, ¢, e—centre, b, d, f—periphery.

rite—pearlite is a barrier for the spread of plastic deformation and the
growth of microcracks.

At the same time, in the place of the ternary joint of the surfaces di-
vision (indicated with the arrow in the Fig. 5), the branching of cracks
takes place, which is a characteristic feature of a fragile mechanism of
fracture [11]. That is, in this case, unlike the situations in Fig. 5, b,
there is a bit different mechanism of fracture spreading. It can be sup-
posed that together with the growth of external loading, the crack
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Fig. 5. The samples of structures after extension with the loading: a, b—3900
N; ¢, d—3981 N; a, c—centre, b, d—periphery.

branching will continue. This will lead to the origination of mi-
crocracks on the boundary ferrite—pearlite, which will grow into a
pearlite colony at the expense of the fracture of the separation surface
ferrite—cementite.

Summarizing the investigation data, it is possible to define several
probable places of fracture origination in low-carbon microalloyed

Fig. 6. The scheme of cracks origination in ferrite component of steel structure.
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steels. Schematically these places are given in Fig. 6.

4. CONCLUSIONS

1. Under the even distribution of tension on the sample intersection,
plastic deformation develops almost simultaneously in several ferrite
grains. Herewith, the increase in external loading leads to the devel-
opment of plastic deformation at the structural components.

2. The investigations carried out showed that blocking of plastic de-
formation takes place on the separation surfaces, which have height-
ened level of free energy.

3. For the ferrite component of low-carbon microalloyed steels, it was
shown that deformation blocking takes place on the separation surfac-
es, a portion of the second phase is matrix and interphase and inner-
phase boundaries.

4. The results show that in low-carbon microalloyed steels the origina-
tion and development of ductile fracture can happen at the expense of
simultaneous actions of two mechanisms: the origination and coales-
cence of microcavities and by the way of blocking the active areas of
slip by the ferrite—ferrite and ferrite—pearlite boundaries. Herewith,
the growth of microcracks to the critical size happens at the expense of
both accumulation of dislocations (Cottrell’s model) and aggregation
of several microcracks into single one.
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