N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(2):154-161.
Tenasikosa JLA., Kawun A./l. u dp. PazBuTHe cABUrOBOH JepopMaLiii B TaKETHOM MapTeHCUTE Cpe/iHesIerMpOBaHHbIX CTajlel IPU pacTsHKeHUH

MATERIAL SCIENCE / MATEPUANIOBELEHME
o ;ET| UDC 669.15-194.55:539.374

DOI10.17073/0368-0797-2023-2-154-161

[=]

Original article

Opu2uHaabHasi cmamos

DEVELOPMENT OF SHEAR DEFORMATION
IN LATH MARTENSITE OF MEDIUM ALLOY STEELS UNDER TENSION

L. A. Teplyakova'®, A. D. Kashin?, T. S. Kunitsyna!

! Tomsk State University of Architecture and Building (2 Solyanaya Sqr., Tomsk 634003, Russian Federation)
2 Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences
(2/4 Akademicheskii Ave., Tomsk 634055, Russian Federation)

&) lat168@mail.ru

Abstract. Evolution of shear deformation in steel with the structure of tempered martensite was studied under active tension. Purpose of the work was
to identify the patterns of deformation development at the scale-structural levels: lath, plate, fragment of a package and a lath. The authors investigated
the deformation relief formed at different stages of plastic deformation by optical, transmission and scanning electron microscopy. Quantitative
characteristics of the deformation relief were measured: shear strength (P), distance (X) between the shear traces and their length. Statistical processing
was carried out, the average values and relationship with the degree of plastic deformation were determined. It was established that development
of shear deformation in the lath component of martensite occurs with the formation of two subsystems of shear traces: thin and coarse. Subsystems
of thin traces are formed from the very beginning of plastic deformation. Appearance and evolution of the subsystem of coarse traces correlates with
formation of the first (long) neck in the sample, and it is the main mechanism leading to the localization of plastic deformation on the sample scale.
The places of localization of rough shift are the border areas of the laths and fragments of the package. Connection between localization of subsystems
of coarse shear traces and formation of a fragmented dislocation structure were revealed. The values of the average shear power in thin <P ,> and
coarse <P > traces do not depend on the degree of local plastic deformation of the sample in the entire range of deformation degrees and remain
constant until destruction (<P ;>=0.1pym and <P >=0.3 um).
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AHHomayus. V3yyeHa 3BOJIONHUS CBUTOBOM Je(OPMALIK B CTAIH CO CTPYKTYPOM OTIYIIECHHOIO MAapTEHCHTA TIPH aKTHBHOM pacTspkeHuu. Llens
paboThl — BBISBICHIE 3aKOHOMEPHOCTEH pa3BUTHs Ae(GOopMaliy Ha MACIITaOHO-CTPYKTYPHBIX YPOBHSX: ITaKeT, IUIACTHHA, (hPArMEHT MaKeTa
u peiika. Uccnenyercs nedhopMannoHHblii pesbed, GopMUpyYIOIIKiics Ha pa3HBIX CTaUsIX IIACTHYCCKON Jedopmariun. MeTo bl HCCIIeI0BaHH s
OIITHYECKAs, TPOCBEUNBAOIIAS U CKAHUPYOIIAst SICKTPOHHAS MUKPOCKOTHSL. MI3MepeHBI KOJTMIECTBEHHBIEC XapaKTePHCTUKH 1e(OPMAIIIOHHOTO
penbeda: mouHOCTh cuBura (P), paccrosiHue (X) Mexay cieJamMu cIBura u ux juimHa. [IpoBeneHa cratuctudeckas oOpabOTKa, MOyUeHBI
CpeIHUC 3HAYCHUS XapaKTePUCTHK M YCTAHOBICHA X CBSA3b CO CTEMEHBIO MIACTHYECKOW medopmarmu. PasButue caBuroBoil medopmarin
B MAKETHOM COCTABJISIONICH MAPTECHCUTA ITPOUCXOIUT C 0Opa30BaHMEM JBYX IOJCHCTEM CJIE/IOB CIIBHIa: TOHKUE U TpyObIe. [ojcucTeMbl TOHKHX
crenoB (OPMUPYIOTCS € CaMOTO Hadania IUTacTHUeckoil pedopmannn. [1osBICHHE M SBONONUHUS TOACHCTEMBI TPYOBIX CIEIOB KOPPEIUpPYeT
¢ oOpa3zoBaHKeM B 00pasiie nepBoi (AJTHHHOI) MIEHKH, TO €CTh SBISETCS OCHOBHBIM MEXaHU3MOM, ITPUBOISIINM K JIOKAJIH3AINH [UIACTHYECKOM
nedopmanuu B Maciradbax odpasia. MecraMmu JIoKaJau3auy rpyooro cIBUra siBISIFOTCS IPUTPAHUYHBIE 001acTh peeKk U (pparMeHTOB MakeTa.
BbisiBlieHa CBsI3b MEXKAY JOKAJIW3alMel MOACKCTeM TpyObIX CliefoB caBura U (opMHpoBaHHEM (ParMEHTHPOBAHHON IHCIOKAIHOHHOM
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CTPYKTYphl. Benuuunel cpeiHel MOLTHOCTH CABUTa B TOHKUX <P/> u TpyObIX <P > cilefiax He 3aBUCAT OT CTENEHHM JOKaIbHOM M1acTHYECKOH
nedopmanuu obpaslia BO BCEM HHTEpBaje CTEIeHed neopMaluy M OCTAIOTCS IOCTOSHHBIMHU BILIOTH IO paspylieHus (<P ;> = 0,1 Mrm

u <P >=0,3 MKkm).

Kniouesvle c108a: mapreHcut, 1epopMaliMOHHBII penbed, CTPYKTypa CIE0B CABUIA, MOIHOCTh C/IBMI'A, OTHOCHTENBHBIIN CIBUT

BaazodapHocmu: Pabora BbINONHEHA B paMKaX rOCY/IapCTBEHHOTO 3aaHusi MUHUCTEPCTBA HAyKH U BhIcIIiero odpaszoBanusi Poccuiickoit denepannu

(rema Ne FEMN-2020-0004).
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[ INTRODUCTION

Structural steels with a quenched and tempered mar-
tensite structure exhibit excellent plastic properties and
high strength, both during the onset of plastic defor-
mation [1—3], and at significant degrees of deforma-
tion[4 — 6]. The internal structure of such steels is hierarchi-
cally organized atarange of scales, from millimeters to tens
of nanometers [7; 8]. Upon tensile deformation of tem-
pered martensite steels, macro-localization of plastic
deformation occurs, resulting in the formation of one or
two necks, a (long and short neck [9]. Both necks form
in accordance with the Considére criterion o = 0 (where c
is the stress existing in the sample and 0 is the coefficient
of deformation hardening). Notably, there is a unique
interrelation between the value of the area of macro-
localization of deformation and steel plasticity, with
more plastic steel resulting in a higher bulk of the sample
involved in the macro-localization of deformation. Later
studies revealed experimental regularities in the localiza-
tion of plastic deformation in a grain ensemble composed
of inherited austenite and actual grains of martensitic
steel [7]. These studies established that plastic defor-
mation self-organizes in groups of actual grains during
active loading, with the linear sizes of the martensite
grains self-organizing during deformation comparable
to those of the inherited austenitic grains. In other words,
plastic deformation during loading is closely related
to the grain subsystem.

This work aims to detect the regularities of plastic
deformation localization at the scale of martensitic cons-
tituents, including lath, plate, lath fragment, and rack.

- EXPERIMENTAL

For this study, 0.34C1Cr3NilMolVFe steel was
selected. After undergoing rolling during the final stage
of thermal treatment, the steel was quenched in water from
a temperature of 950 °C, followed by tempering at 600 °C
for 4 h with subsequent water cooling. The resulting struc-
ture of the steel is high-temper mixed lath-plate martensite.
It should be noted that all carbon is contained within car-
bide deposits, including cementite and special carbides,
mainly Me,C, Me,C and Me,,C. The average linear sizes
of martensite structural constituents are provided:

A li
Structural element verage inear

sizes, pum
Lath 4,00%6,0
Plate 2,50%4,0
Lath fragment 0,80%x4,0
Crystal of lath martensite (rack) 0,19%4.,0
Rack fragment 0,60x4,0

The structure of the steel comprises three main compo-
nents: the boundaries of all martensite structural elements;
a developed dislocation structure with a dislocation den-
sity of approximately 10'° cm; and a subsystem of car-
bide phases consisting of cementite and special carbides.
The dislocation structure exhibits diversity and is clas-
sified into the following types: mesh, cellular and frag-
mented [10]. Cementite deposits are primarily localized
at the boundaries of martensite structural constituents,
while the location of special carbides is closely associated
with the dislocation substructure. In the mesh-type sub-
structure, special carbides are situated at the mesh nodes,
while in the cellular and fragmented substructures, they
are located at the junctions of cell and fragment bounda-
ries, respectively [7].

To study the deformation relief formed on the prelimi-
nary polished surface of samples during plastic deformation,
the steel was deformed by tension using an Instron machine
at a rate of 6-10* s at ambient temperature. Various ana-
lytical methods were employed, including optical, trans-
mittance (on replicas), and scanning electron microscopy.
Quantitative properties of the deformation relief, such as
shear power (P) in slip traces, distance between traces (X),
and trace length (L) were measured. The results of the mea-
surement were statistically processed to obtain their ave-
rage values.

[ RESULTS AND DISCUSSION

Shear trace. Systems of shear traces

The shear traces present in the studied steel are prima-
rily located at the boundaries of individual laths and plates,
as evidenced by the surface images pre-etched on mar-
tensite (Fig. 1, a). Typically, these shear traces are found
at angles close to 45° with respect to the loading axis.
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In laths, the first shear traces are generally oriented paral-
lel to the lath habitus plane, resulting in shear occurring
in parallel to the rack long boundaries along {011} planes.
Meanwhile, in plates, the shear traces are mainly oriented
at an angle to the habitus plane. As the degree of defor-
mation increases, the density of shear traces in laths and
plates increases, leading to the formation of primary shear
systems. Subsequently, secondary shear systems occur,
oriented at higher angles to the primary traces. Fig. 1, b
illustrates a local surface segment of a deformed sample
(€, = 0.1), where multiple systems of primary shear
traces are visible. The primary shear traces are curvilin-
ear for most of their length, a characteristic commonly
observed in metals and alloys with a BCC lattice [11; 12]
and specifically, in a-iron [13; 14].

In summary, the pattern of shear traces that formed
during the plastic deformation of martensite laths exhi-
bits distinct features, including discrete average shear
power, attachment to misorientation boundaries, discon-
tinuity; blur, and the existence of a fine structure of shear
trace.

RN

7 \.‘-n Lo -

Fig. 1. Micrographs of the sample surface of 0.34C1Cr3NilMolVFe
steel etched on martensite (¢) and without etching (b)
with a deformation degree 0.1

Puc. 1. MukpocHumK# noBepxHoctu odpasua cranu 34XH3MOA,
MOATPABIEHHON HA MAPTEHCHT (a),
n 0e3 noarpasnuBanus (b), npu crenenu nedopmanuu 0,1
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Shear power

As previously mentioned, the initial shear traces
in laths occur along the long side of the rack at the lath
boundaries. As the degree of deformation increases, shear
traces also appear within the laths, initially oriented paral-
lel to the long side of the rack and at higher deforma-
tion degrees at an angle to the rack boundaries (secon-
dary shears). The shear traces exhibit a pattern of both low
and high shear power, which can be referred to as fine
and coarse traces, respectively. In this study, the average
shear power (<P>) was measured for both the primary
and secondary shear subsystems. The dependence of <P>
on the degree of deformation is presented in Fig. 2, a,
showing that the average shear power for both subsys-
tems remains almost constant as the degree of deforma-
tion increases, with values of approximately 0.1 um for
fine traces and 0.3 um for coarse traces.

Density of shear traces. Attachment to boundaries

The density of shear traces in the primary systems
increases with the degree of deformation at its initial
stages. This is evident from the dependence of the mea-
sured distance between the traces (X) on the degree of local
deformation €, as shown in Fig. 2, b. The measurements
were made separately for fine and coarse traces, and

<P>,
pm ¢

03 ® /
1

02 - 2

01 @ %9 °

0 | |
<X>,
pm -
1.8 -
1.6
14
1.2
1.0 -
0.8

0.6 L
0 0.4 0.8 €

Fig. 2. Dependence of the average shear power in coarse (/)
and thin (2) shear traces («) and the average distances
between coarse (/) and thin (2) shear traces (b) on degree
of deformation for the studied steel

Pyuc. 2. 3aBUCHMOCTH CpeHEH MOITHOCTH CIBUTA B IPYOBIX (/)
Y TOHKHUX (2) crnenax casura (a) ¥ CpeJHAX PACCTOSTHHUI
Mex 1y rpyobivu (/) u Tonkumu (2) cienamu casura (b)

OT CTeNeHH AepopMaImy 1J1sl HCCIISOBAHHON CTaIH
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the respective dependence of average <X> on the defor-
mation degree is illustrated in the same figure. Analysis
of the obtained dependences and comparison of <X> with
the transversal sizes of a rack provide the following obser-
vations. At the beginning of deformation, the average dis-
tance between coarse shear traces <X > is comparable
to the width of the lath. Before destruction, there is one
coarse trace in average for every 4 — 5 racks, and the aver-
age distance between them becomes equal to the average
width of a lath fragment. The density of fine traces is
several times higher than that of coarse ones, and their
occurrence follows a regularity such that before destruc-
tion, one fine trace occurs per rack on average. Com-
parison of the average distance between the traces <X>
with the average transversal size of laths, plates and
racks demonstrated that the systems of fine shear traces
are mainly formed inside the racks and plates along their
habitus plane. On the other hand, the occurrence of coarse
traces is related to shear in the near boundary regions
of the martensite structural constituents such as such as
racks, lath fragments, laths, and plates [15 — 17].

Length of shear traces. Discontinuity of traces

The primary system traces exhibit discontinuity, as
depicted in Fig. 3, a. Although appearing continuous
at low magnification and having an average length simi-
lar to that of a rack, they are, in fact, composed of brief
segments of traces that are much shorter than the rack’s
length. This study measured the length of shear traces (L),
determined its average value, and established its correla-
tion with the degree of local deformation. Fig. 3, b shows
the resulting L(g) curve.

Figures 4, a, b display typical image of fine structure
of the examined steel, obtained through transmittance
electron microscopy in light and dark fields. Comparing

the average trace length (<L>) with the average sizes
of the lath and/or rack along the habitus plane, it is evident
that, at the onset of plastic deformation, the trace length
is similar to that of the lath size. Subsequently, the ave-
rage trace length decreases to <L>= 1.2 pm during further
deformation and remains constant until failure. This value
corresponds to the average distance between cementite
deposits at the rack boundaries for the steel under con-
sideration.

Fig. 4, a and b depict the location of carbide phases
in the laths of the steel, including the positioning
of cementite deposits at the rack boundaries. By com-
paring the morphology of the shear traces and the ave-
rage distance between them with the distribution pattern
of cementite deposits a correlation between the pattern
of shear traces and cementite distribution within the lath
was identified. In 0.34C1Cr3NilMolVFe steel after high
temper, the presence of fine cementite deposits mainly
at the boundaries of a rack is the primary cause of shear
localization in the near-boundary region of a rack, where
systems of coarse shear traces are observed. Conse-
quently, significant shear localization in the near-boun-
dary region of racks leads to the destruction of cementite
deposits and carbon yield into solid solution and on lattice
defects [18; 19].

Blurring of shear traces

It is widely understood [20] that in FCC metals and
alloys, where the shear planes are strictly defined (i.e., planes
of dense packing), the observed shear traces on the surface
of a deformed sample are formed as a result of the emer-
gence of dislocations slipping in one or more close, par-
allel planes, referred to as slip traces. The shear strength
within these traces (P) is determined by the number of dis-
locations that have occurred and is numerically equivalent

2.0

0 0.4 0.8 €

Fig. 3. Intermittent shear traces on the surface of the 0.34C1Cr3NilMolVFe steel sample deformed to € = 0.15 (a),
and dependence of the length of coarse (/) and thin (2) shear traces on degree of deformation ¢ (b)

Puc. 3. IlpepbIBHCTBIE ClIe/bI CABUTA HA TTOBepXHOCTH 00pa3ia cranu 34XH3M®DA, nedopmuposanHoro 1o € = 0,15 (a),
1 3aBUCHMOCTbD JUTHHBI IpyOBbIX (/) 1 TOHKHX (2) cIem0B caBura ot crenenu aedopmanuu € (b)
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A (115) o-Fe
@ (012) Fe,C

Fig. 4. Thin-plate cementite precipitation at the laths borders:
a and b — light-field and dark-field images in the reflection [121] of cementite; ¢ — electron-diffraction pattern and its indexed scheme

Puc. 4. ToHKOTUTaCTHHYATHIC BBIICJICHHS [IEMEHTUTA HAa TPAHUIIAX PECK:
a u b — CBETIIONONBHOE U TEMHOMONIbHOE n300paxeHus B peduekce [121] ieMeHTHTa; ¢ — SMIEKTPOHOTPAMMA U €€ MHAWIIMPOBAHHAS CXeMa

to the shift of crystal parts along these planes [21]. In FCC
crystals, at least upon moderate deformation, the slip traces
are limited by nearly parallel straight lines, and with known
crystallographic conditions, the shear strength can be deter-
mined accurately enough. Such data are currently available,
for instance, in [15; 21]. However, in crystals with a BCC
lattice, which are characterized by a rather complicated
volumetric splitting of total dislocations [12], the slip planes
are not as strictly defined. As a result, dislocation can eas-
ily change the slip plane (pencil glide), causing the slip
traces to become blurred. Figure 5, @ illustrates the pat-
tern of shear traces observed in the considered steel, where
a significant portion of the traces has indistinct boundaries.
In this steel, the blurring effect is not only due to the type
of martensite crystal lattice (BCC), but also the relatively
high density of dislocations in the racks, particularly near
their boundaries.

Fine structure of shear traces

Targeted studies of the deformation relief using mag-
nifications in the range of 200 — 40,000 have revealed
the fine structure of shear traces. Shear traces, which
appear to be continuous at low magnifications, often have
a complex internal structure (Fig. 5, b).

Comparing the structure of shear traces with respective
elements of substructure [7; 18], analyzed by TEM, has
demonstrated that the fine structure of such traces can be
related to the formation of fragmented substructure in cer-
tain racks and their groups during plastic deformation. This
formation of the fragmented substructure in the racks is
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also confirmed by scanning electron microscopy. It should
be noted that shear traces with fragmentation are charac-
teristic of deformation degrees close to destruction.

Average shear value

By utilizing the average shear power in the traces
and the average distance between the traces, it is fea-
sible to estimate the average shear (y) localized in them:
<y> = <P>/<X>. At the stage of homogeneous macrolevel
deformation of the considered steel (¢ <0.1), the relative
shear in fine traces <y > was found to be 0.16, whereas
in coarse shear traces <y > was 0.10.

At the stage of macro localization of deformation,
<y,> increased to 0.65 and <y >to 0.5, and these values
were retained until the sample’s failure. Thus, the relative
shear values obtained in this research, which were loca-
lized at the scale of the lath and/or lath fragment, are ulti-
mate for 0.34C1Cr3NilMolVFe steel.

[ ConcLusions

The present study investigates the evolution of defor-
mation relief of the 0.34C1Cr3NilMolVFe steel with
tempered martensite structure under plastic deformation.

The study quantitatively examines the development
of shear deformation in the martensite lath constituent,
resulting in the formation of two subsystems of shear
traces: fine and coarse. The fine subsystem is formed from
the beginning of plastic deformation under uniform defor-
mation conditions, while the coarse subsystem appears
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Fig. 5. Blurred shear traces (a) and thin structure of shear traces (b) at € = 0.1

Puc. 5. Pa3mbIThie cienbl caBura (a) ¥ TOHKast CTpyKTypa cienoB casura (b) npu € = 0,1

with the formation of the first neck in the sample and is
responsible for macro localization of plastic deformation.

The study determined that coarse shear tends to occur
in the boundary regions of racks and lath fragments.
This finding suggests a correlation between the forma-
tion of subsystems of coarse shear traces and the frag-
mented dislocation structure observed in the lath.

Based on a high-statistics analysis of deforma-
tion relief, the study experimentally established
that the average shear power in fine <P > and coarse
<P > traces does not vary with the degree of local plastic
deformation observed in the steel during tension, across
the entire range of deformation degrees studied. These
values remained constant up to the point of destruction and
were found to be <P,>=0.1 pm and <P >= 0.3 pm.

The study also uncovered quantitative relationships
between the average shear power in the subsystems of fine
<Pf> and coarse <P > cshear traces and the average trans-
verse sizes of martensite crystals in the considered steel.
Specifically, <P,> was found to be approximately half
the rack width, while <P > was equal to double rack width.

Additionally, the study found that in the high temper
martensite structure of the steel, there exists an ultimate
value of average relative shear localized in the scales
of the lath and/or lath fragment, which equals 0.5.
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