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Abstract. The work is devoted to the study of development regularities of plastic deformation and destruction of medium-alloy steel with a tempered
martensite structure (0.34C—Cr—Ni—3Mo—V—Fe steel) under active tension. This steel is characterized by a multi-scale defect structure and contains
cementite precipitates and special carbides. An experimental study of the evolution of defect and carbide subsystems during plastic deforma-
tion required the use of different methods: optical and electron (scanning and transmission) microscopy; X-ray structural analysis; measurements
of quantitative characteristics of the microstructure and pattern of microcracks and their statistical processing. The research revealed that the places
of significant localization of plastic deformation at the pre-destruction stage are the boundary areas of grains (former austenitic and real marten-
sitic); all structural components of tempered martensite (plates, packets, blocks of laths, laths). A comparison of nature of the deformation relief and
the fine structure formed before destruction with the pattern of fractures at various structural-scale levels indicates that the destruction of the steel
under study, as well as the plastic deformation preceding it, bears the features of heredity of the original internal structure. Thus, the fracture
of the studied steel has a multi-level nature, caused by: hierarchy of the initial internal microstructure; evolution of carbide phases; localization
of plastic deformation developing at all stages of plastic deformation and, as a consequence, preparing the paths for microcracks propagation.
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AHHomayus. Hactosmas pa0oTa NOCBSIIEHA H3YyYCHHIO 3aKOHOMEPHOCTEH pa3BUTUS IUIACTHYECKOH AedopManuy U pa3pyLICHHs CpemHele-
THPOBAHHOM CTallM CO CTPYKTYypO# OTmyieHHOro maprencura (cranb 34XH3M®A) npu akTHBHOM pacTskeHHHU. JlaHHas CTaidb OTIMYAeTCs
MHOTOMAacIITaOHON JIe(EeKTHOW CTPYKTYpOH M COINEPXKHUT BbIJEICHHS LIEMEHTUTa U CIeLHalbHble KapOuIbl. DKCIIEpUMEHTAIbHOE HCClle-
JIOBaHUE SBONIONMU A(PEKTHOM M KapOMIHOW MOACHCTEM NPH IIACTHYECKOH nedopmanuu norpedoBano NPUMEHEHHS! KOMIUIEKCAa METO/IOB:
ONTHYECKas U dICKTPOHHAS (CKaHMPYIOIas U NPOCBEYMBAIOIIAs) MUKPOCKOIHS, PEHTICHOCTPYKTYPHBIH aHAIN3; H3MEPEHHUs KOIUYECTBEHHBIX
XapaKTePUCTHK MHUKPOCTPYKTYPhl M KapTHHBI MUKPOTPEIIUH U HX CTaTUCTHYECKas 00paboTka. B paboTe BBIABICHO, YTO MECTaMH CyIIECT-
BEHHOH JIOKaJIM3allUH ITACTHYECKON JedopMaliy Ha CTaJuu [peapa3pylICHUs ABIIOTCS IPUTPAaHIYIHBIe 001acTH: 3epeH (OBIBIIETO ayCTEHHT-
HOTO U PealbHOr0 MapTEHCUTHOTO0); BCEX CTPYKTYPHBIX COCTAaBISIIOMIMX OTITYIIEHHOIO MAapTEHCHTA (IIACTHHBI, AKEThl, OJIOKU peek, peilkn).
CormocrapieHue xapakrepa Je(opMannoHHOro penbeda U TOHKOH CTPYKTYpsl, GopMupyroeiics nepes paspylieHueM, ¢ KapTHHOH H310MOB
Ha Pa3JIMuHbIX CTPYKTYPHO-MACIITAOHBIX YPOBHAX CBHICTEILCTBYET O TOM, YTO pa3pyIlIeHNE UCCIIEOBAHHON CTAIIH, TAKKE KaK U IIaCTHYeCKast
nedopmanus, eif npeAIecTByoIas, HeceT B cebe YepThl HACICACTBEHHOCTH HCXOHON BHYTpPEHHEH CTpyKTyphl. TakuMm oOpa3oM, paspyluieHue
HCCIIE/IOBAHHOMN CTAalli UMEET MHOTOYPOBHEBBIN XapakTep, 00YCIOBICHHBIN: HepapXHell HCXOIHONH BHYTPEHHEH MHUKPOCTPYKTYPBI; 3BOJIIOIHEH
KapOuIbIX (ha3; ToKaNIu3auell mIacTH4eckoil fedopMaluy, pa3BUBAIOMIEHCS HAa BCEX CTAAUSX IIACTHYCCKON nehopMaluy U, KaK CIeICTBHE,
MOArOTaBIMBAIONIEN ITyTH PACIIPOCTPAHEHUSI MUKPOTPELIHH.
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[ INTRODUCTION

Steel with a tempered martensite structure exhibits
good plastic properties combined with high strength both
at the initial stages of deformation [1 — 3] and under sig-
nificant degrees of plastic deformation [4 — 6]. The opti-
mal mechanical properties of martensitic steel are the rea-
son for its wide industrial application [7], particularly in
the automotive industry [8]. It is known that the internal
structure of steel with a tempered martensite structure is
hierarchically organized within a range of scales differing
by three orders of magnitude [8 — 11]. The main morpho-
logical component of martensite is tempered lath mar-
tensite [9; 10]. The basic element of this microstructure
is a lath with a width ranging from 0.2 to 0.5 pm. Laths
tend to align parallel to each other within large regions
of the parent austenitic grain in which they form. A group
of laths with the same orientation is referred to as a block,
and a group of several blocks sharing the same habit
plane is called a packet. The boundaries of both blocks
and packets are effective barriers to dislocation motion,
providing the strength and impact toughness of marten-
sitic steels [2; 3]. It should be noted that the mechanisms
of plastic deformation in steels with such a complex
defect structure are still insufficiently studied [7; 12].
Previous studies [13; 14] have shown that for medium-
alloy steel with a tempered martensite structure under
active tension, there is pronounced localization of defor-
mation associated with the boundaries of misorientation
between inherited austenitic grains and real martensitic
grains. These studies revealed that during active loading,
plastic deformation undergoes self-organization within
groups of real grains. The linear dimensions of marten-
sitic grain groups that self-organize during deformation
are comparable to the sizes of the inherited austenitic
grains. In other words, during plastic deformation, defor-
mation localization occurs in close relation to the grain
subsystem.

The development of shear deformation in the packet
component of martensite is also accompanied by shear
localization, which is related to the hierarchical struc-
ture of packet martensite. In [15], it was established that
within packets of martensitic crystals (laths), localization
occurs through the formation of two subsystems of shear
traces: fine and coarse. The fine shear trace subsystem
forms from the very beginning of plastic deformation
under conditions of homogeneous sample deforma-
tion. The emergence and evolution of the coarse shear
trace subsystem correlate with the formation of the first
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(elongated) neck in the sample, representing the main
micromechanism leading to the localization of plastic
deformation at the sample scale (macrolocalization).
The sites of coarse shear localization are the boundary
areas of laths and packet fragments. The appearance
of coarse shear trace subsystems correlates with the for-
mation of a fragmented (isotropic) dislocation structure
within the packet. In other words, shear plastic defor-
mation in steel with a tempered martensite structure is
closely linked to its hierarchically organized localization
throughout all stages of deformation, including those pre-
ceding fracture. According to the results of these studies,
it is logical to assume that the fracture of this class of steel
should also be hierarchically conditioned by the preced-
ing deformation.

The present study aims to establish the development
regularities of the fracture process in medium-alloy steel
with a tempered martensite structure within a physi-
cally justified range of scales and to identify its relation
to the preceding plastic deformation.

[ MATERIAL AND METHODS

For this study, 0.34C—Cr—Ni—3Mo—-V —Fe steel was
used. Following rolling, the steel underwent quenching
from 950 °C in water, followed by tempering at 600 °C for
4 h and subsequent water cooling as the final stage of heat
treatment. After thermomechanical processing, the steel
developed a structure of highly tempered mixed packet-
lath martensite. Most of the carbon is present in the form
of carbide precipitates, including cementite and special
carbides, predominantly Me,C, Me C and Me,,C). Tensile
testing was performed on an Instron machine at a strain
rate of 6-10*s™! at room temperature. The fracture sur-
face was analyzed using optical microscopy, scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM) on samples cut parallel and perpen-
dicular to the rolling direction, referred to as longitudi-
nal and transverse samples, respectively. Measurements
were taken for the microcrack density, their length, and
the orientation angles relative to the tensile axis. The mea-
surement results were subjected to statistical processing,
and the corresponding average values were determined.

- RESEARCH RESULTS AND DISCUSSION

Initial structure (before deformation). The inter-
nal structure of the studied 0.34C—Cr—Ni—3Mo—-V—Fe
steel before loading represents a complex system.
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It includes: boundaries of misorientation between grains
and all structural components of martensite (plates,
packets, packet fragments — blocks, and laths); a deve-
loped dislocation structure with an average scalar dislo-
cation density of approximately 10'° cm™; a subsystem
of carbide phases, consisting of cementite and special
carbides. The structural and phase analyses conducted
in this study, combined with the assessment of quantita-
tive characteristics, made it possible to create, in effect,
a “passport” for the investigated steel. This passport pro-
vides a detailed representation of the hierarchical organi-
zation of the internal structure across the entire physically
justified range of scales. The results of this analysis are
summarized in Table 1. The dislocation structure within
packets and plates is diverse, including network, cellu-
lar, and fragmented substructures [1; 16]. Cementite pre-
cipitates are predominantly located along the boundaries
of martensitic structural components, while the distribu-
tion of special carbides is closely associated with the dis-
location substructure. In the network structure, special
carbides are found at the nodes of dislocation networks,
whereas in the cellular and fragmented substructures,

they are located at the junctions of cell boundaries and
fragment interfaces, respectively [11; 16].

During plastic deformation, both the defect and car-
bide subsystems undergo significant evolution, accom-
panied by multi-level deformation localization [13 — 15]
and transformations of carbide phases [17]. In steel with
a tempered martensite structure, crack initiation is gene-
rally not a critical concern. However, potential sites for
microcrack initiation include non-metallic inclusions,
various misorientation boundaries and their intersections,
as well as carbide particles. Understanding the condi-
tions that enable initiated cracks to propagate is therefore
of great importance. It is noteworthy that most of the cur-
rent knowledge regarding the structure of microcracks
and the fracture surface has been obtained using optical
microscopy and scanning electron microscopy [18 — 21].
In contrast, the application of transmission electron
microscopy on foils remains relatively uncommon in
studies of fracture processes [22; 23].

In this study, an extensive electron micros-
copy investigation was conducted to examine

Table 1. Classification of structural levels by scale

Tabauya 1. Knaccudukanus CTpyKTYPHBIX YPOBHeii 1o MaciuTady

Siﬂ;r;el 1esvt§$;aée Structural element Averrﬁﬁ P,
1 1 Entire sample (4%x4x6)-1000
2 Segregation bands 50x5000
3 Non-metallic inclusions (sulfides) 20%30
? 4 Inherited grain (group of real grains) 140
5 Real grain 20
6 Packet 4x6
3 7 Plate 2.5%4.0
8 Packet fragment (block) 0.8x4.0
A 9 Packet martensite crystal (lath) 0.19x4.0
10 Lath fragment 0.6x4.0
At plate boundaries (0.6x4)-10°2
. Cementite At lath boundaries (3%25)-1072
particles In plate matrix (2x14)-102
In lath matrix (1.7x10)-10°2
At plate boundaries 81072
> 0 Sfricii(;l At lath boundaries 1.6:1072
particles In plate matrix 1.1-102
In lath matrix 1.4-107
13 Dislocation cell 4-102%2-5-102
14 Dislocation cell link 1102 -15-102
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the fine structure at various stages of plastic flow in
0.34C—-Cr—Ni—-3Mo—-V-Fe steel, covering deforma-
tion levels up to those preceding fracture (in the region
of the second neck [13]).

Microcracks and interface boundaries. Fig. 1
presents typical examples of the fine structure of the steel,
highlighting microcracks propagating along interface
boundaries. These boundaries were formed both as a
result of prior thermomechanical treatment — including
grain boundaries (Fig. 1, @), the boundaries of martens-
itic structural components such as packets and plates
(Figs. 1, b, ¢), and lath boundaries (Fig. 1, d) — as well
as along boundaries of dislocation fragments generated
during plastic deformation (Figs. 1, e, f).

Analysis of numerous micrographs obtained in this
study reveals that microcracks tend to propagate along
surfaces where highly localized shear deformation has
occurred. This phenomenon represents the natural out-
come of localized deformation, arising from the insuffi-
cient relaxation of internal stresses through mechanisms
other than microcrack formation. This observation is
consistent with the fact that, in steel with a tempered
martensite structure, local stress concentrations in spe-
cific regions can reach values comparable to the mate-
rial’s theoretical strength, even though the average stress
levels correspond to the actual ultimate strength, typi-
cally achieved during the later stages of plastic defor-
mation [16]. Moreover, it is noteworthy that microcrack

Fig. 1. Cracks propagating along grain boundaries (a, b), structural components
of martensite (¢, d) and fragments (e, f)

Puc. 1. TpemuHbl, pacipoCTPaHsIONUECs 110 IPaHHUIAM 3epeH (a, b), CTPYKTYPHBIX COCTABISIONINX
mapreHcura (¢, d) 1 pparmMeHTos (e, f)
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propagation paths frequently pass through regions charac-
terized by an isotropic fragmented substructure. This
substructure represents the final stage in the sequence
of substructural transformations observed in this steel,
progressing from network to cellular, then to anisotropic
fragments, and finally to the isotropic fragmented sub-
structure [24]. This sequence of transformations occurs
earlier at interface boundaries than in the surrounding
matrix, indicating that these boundary regions exhaust
their available mechanisms for relaxing localized long-
range stress amplitudes — induced during deformation —
sooner than the matrix itself.

Microcracks. In the studied steel with a mixed tem-
pered martensite structure, which contains a subsys-
tem of sub-boundaries formed during thermomechani-
cal treatment, microcracks appear from the very onset
of plastic deformation. As noted earlier, deformation
leads to the formation of new misorientation bounda-
ries (boundaries of dislocation fragments within marten-
site crystals), with their misorientation angles increasing

p~104, cm | L, pm
3.0
2.5
2.0

1.5

1.0

0 0.2 04 0.6 0.8 ¢

Fig. 2. Relationship between crack density p, their length L (a)
and proportion of cracks & parallel (0°), perpendicular (90°) and running
at an angle of 45° to the tensile axis (b) with deformation degree

Puc. 2. CBsi3b IIIOTHOCTHU TPELLMH P, UX JJIMHBI L (@) 1 10JIH Tpe-
uH O, mapamutensHbix (0°), mepneHauKkysipHbIx (90°) u uaymmx
oz yriioM 45° k ocu pactsbkeHus (b) co creneHbro aedopmariu

as the degree of deformation grows [17; 24]. Simulta-
neously, there is an increase in the microcrack density
and a decrease in their average length (Fig. 2, a), which
correlates with the rising overall density of misorienta-
tion boundaries in martensite and their intersections.

The average length of microcracks prior to fracture is
approximately 1 um, which is comparable to the typical
linear dimensions of a lath block (Table 1). This indicates
that microcracks in this steel cross lath boundaries but
are impeded by block boundaries, which exhibit larger
misorientation angles than lath boundaries [14; 19].

In this study, the proportions of microcracks oriented
at various angles relative to the tensile axis were mea-
sured, and the results are presented in Fig. 2, b. At higher
degrees of deformation, microcracks oriented at 45°
to the tensile axis become predominant, while the pro-
portion of cracks oriented parallel to the tensile axis
decreases significantly. This indicates the dominance
of cleavage cracks at advanced deformation stages [22].

Scale-structural levels of fracture. As previously
discussed, the internal structure of steel with a tem-
pered martensite structure consists of three hierarchi-
cally organized subsystems: misorientation boundaries,
a developed dislocation structure, and carbide phase
precipitates. During plastic deformation, each of these
subsystems evolves within its corresponding scale range,
with their evolutionary patterns being interconnected
and mutually dependent (for more details, see [17; 24]).
Given this hierarchical organization, it was expected
that the ductile fracture of this steel would also display
a multi-level character. In this study, the fracture surfaces
of the samples were examined across a range of scales
differing by three orders of magnitude. Table 2 pre-
sents micrographs alongside quantitative characteristics
of the fracture patterns observed in both longitudinal and
transverse samples of 0.34C—Cr—Ni—3Mo—V —Fe steel
with a tempered martensite structure, reflecting distinct
structural scale levels.

The longitudinal samples predominantly exhibit
a cup-and-cone fracture, whereas the transverse samp-
les display a combination of cup-and-cone and brittle
fracture features. The linear dimensions of the dimples
at various scale levels were measured, their average
values determined, and these measurements were com-
pared with the average sizes of structural elements listed
in Table 1. This comparison revealed a clear correlation
between the fracture surface characteristics and the ave-
rage sizes of key structural components, including inheri-
ted grains, real grains, plates, packets, and finer elements
such as dislocation fragments formed during plastic
deformation at strain levels preceding fracture (Table 1,
Level 4). The identified correlation is consistent with
previously established patterns [13 — 15] of multi-level,
hierarchically organized localization of plastic deforma-
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Table 2. Characteristics of the fracture pattern

Tabauya 2. XapaKkTepHCTHKH KAPTHHBI H3J10MOB

Structural- Observed fracture MHeei @i Characteristic size Average spacing qurespondmg
of the fracture between fracture microtructural
scale level feature fracture feature
feature, pm features, pm element
Average crack length
Cracks (4) 150 .
. . Pit diameter Grain groups.
Entire sample Pits (B) .
Lo 50-100 ~100 Non-metallic
(Level 1) Quasi-brittle fracture L . .
zones (C) Quasi-brittle zone inclusions
diameter
200 - 500
Grain group Bands of localized Band width Result ofp lastic
. . 50 -300 deformation near
(Level 2) plastic deformation 05-1.5 . .
grain boundaries
i of localized Band width ~0.3 6,5 Packet groups
Bands of localize 6x10 6x10 Packets
deformation
i i i Lath or lath groups
Grain Rgglons with uniform 0.64 0.56 T, aci etsp
(Level 3) dimple morphology p
Dimples within these
regions 1.5%9.0 - Plat
Elongated dimples ates
Internal' structure 05-06
of dimples
Packet, Fragments within
plate laths and plates
(Level 4) p
Fragment size:
::gf?ﬁfr‘i In plates — 0.35%0.08
in laths — 0.18%0.07
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tion along misorientation boundaries. Notably, as shown

n [15], the average shear intensity in the boundary
regions of tempered martensite crystals (blocks and laths)
is approximately three times higher than in the crystal
matrix. In other words, the intense localization of plastic
deformation facilitates the formation of preferential path-
ways for microcrack propagation.

In conclusion, the comparison of the deformation
relief and the fine structure formed prior to fracture with
the fracture patterns observed at different structural-scale
levels demonstrates that the fracture of the studied steel,
much like the plastic deformation that precedes it, reflects
the inherited characteristics of the original internal struc-
ture.

- CONCLUSIONS

The initiation and propagation of microcracks in steel
with a tempered martensite structure at the later stages
of plastic deformation were investigated using various ana-
lytical methods. The results showed that almost all observed
microcracks propagate along interface boundaries, spe-
cifically: grain boundaries and the boundaries of cohe-
rently deforming grain groups, the boundaries of plates,
packets, and lath blocks, and the boundaries of dislocation
substructure fragments, which represent the final stage in
the sequence of substructural transformations in the studied
steel.

It was found that during plastic deformation, the length
of microcracks decreases, and in the deformation stage
preceding fracture, microcracks can cross lath boundaries
but are typically arrested at block boundaries. Notably,
the majority of these microcracks form through the clea-
vage mechanism.

The fracture process in the studied steel exhibits
a multi-level nature, determined by: the hierarchical struc-
ture of the original internal microstructure, the localiza-
tion of plastic deformation, which evolves throughout all
stages of plastic deformation, and, as a result, the formation
of preferential pathways for microcrack propagation.
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