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Abstract. The paper studies the influence of boundary conditions and the loading rate on the strain behavior and fracture of Cr—Mn—C—N austenitic
steel in the cast state without additional heat treatment. Regularities of steel strain and fracture were analyzed on the basis of three-point bending test
data of square-section samples with and without a notch, placed with a rib on supports. In addition to the initial stage of the steel elastic strain, this
unconventional arrangement of the sample on supports enabled the detection of two more stages of strain development under the effect of an external
applied force: the stage of nonlinear strain and the stage of discontinuous strain preceding the moment of sample failure. As the loading rate increases,
it was demonstrated that the fracture resistance and the extent of the nonlinear strain stage of the sample with a notch decreases, and the extent
of the discontinuous strain stage increases. The sample without a notch has a prolonged nonlinear strain stage and exhibits maximum strength
in the absence of the discontinuous stage. The end of the nonlinear strain stage corresponds to the moment of sample failure. A characteristic property
of cast steel under the given loading conditions is that the fracture of the sample is brittle, despite the prolonged stage of non-linear strain. Structural
metallographic and diffractometric studies have shown that in all tests the steel fracture is brittle with-out traces of plastic yield. The nonlinear strain
stage of steel is determined not by dislocation plastic yield, but by the mechanism of y — o' transformation in austenitic interlayers between nitride
and carbide particles under the effect of an external applied force. The discontinuous strain stage of steel is associated with the process of stable crack
propagation across the sample.
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OpuzuhasHas cmamea AE®OPMALUA U PASPYLUEHUE
Cr—=Mn-C-N CTANN B IUTOM COCTOAHUMU

E. E. leprorun, H. A. Hapkesuy, 10. ®. TomopoBa

HuerutyT dusuku npoyHocTy u marepuajiosenenuss Cudupcxoro oraenenuss PAH (Poccust, 634055, Tomck, np. Akagemudec-
Kuii, 2/4)

AHnHOomayus. ViccinenoBaHo BIMSIHUE TPAHUYHBIX YCIIOBUI U CKOPOCTH HArPYKEHUs Ha Ie(OPMALOHHOE TIOBEACHHE U pa3pylleHUE CTall Ha OCHOBE
Cr—Mn —C —N aycTeHuTa B INTOM COCTOSIHMH O€3 JIOMOIHUTEIFHON TePMUUECKOi 00paboTKH. 3aKOHOMEPHOCTH JIehOpMALIMHU U PA3PYILICHHS CTAIH
[IPOaHAJIM3UPOBAHbI HA OCHOBE JAHHBIX HCIBITAHUI Ha TPEXTOYCUHBIH N3ru0 00pa3IoB KBapaTHOIO CEUCHUS C HAIPEe30M H 0€3 HaIpe3a, IMON0KEHHBIX
pebpoM Ha omopsl. Takoe HeTpaIUIMOHHOE pacHojoKeHHe 00pasla Ha Ornopax MO3BOJIMIO OOHAPY)KHTh MMOMHUMO HAyaJbHOW CTaJUM YNpPYroit
JeopMaIiy CTAJM €IIe JIBE CTaJUy pa3BUTHA Ae(OpMalUy MOJ JCHCTBUEM BHELIHEH MPUJIOKEHHON CHIIBI: CTAJUI0 HEJIMHEHHOH nedopmaryn
U CTAJIMIO MPEPHIBUCTON JeopMalny, IPEAIIeCTBYOeH MOMEHTY pa3pylieHns oOpasna. [loka3aHo, 4To ¢ yBEIHUCHHUEM CKOPOCTH HArpyKeHUs
COIPOTHBIICHHE Pa3pyILICHUIO U MPOTSHKEHHOCTD CTA/IMK HEJIMHEWHOH AeopManiuy oopasiia ¢ HaJIpe30oM YBEIMYHUBACTCS, a MPOTSHKEHHOCTh CTANHI
npepbIBUCTON aedopmanun ymenbinaercs. OOpasen 0e3 Haape3a UMEET MPOAODKUTENBHYIO CTAaJMI0 HEIMHEHHON ned)opMaly U MpOsBISeT
MaKCUMAJIbHYIO TIPOYHOCTH IIPU OTCYTCTBHUHM CTAJUM IPEPHIBUCTOIO TEUCHUs. 3aBEpIICHHE CTAJUHM HEJIWHEHHOW aedopMalnuy COOTBETCTBYET
MOMEHTY paspylleHusi oOpasia. XapaKTepHbIM CBOMCTBOM JIUTOM CTajld NMPHU 3aJaHHBIX YCIOBUSIX HArpy)KeHHs SBISIETCS TO, YTO pa3pylICHUE
oOpaslia COBEpIIACTCSl XPYIKO, HECMOTPSl Ha HPOJIOJDKUTEIBbHYIO CTaJuio HenuHelHoH nedopmarmu. CTpyKTypHbIE Meraiuiorpaduueckue
U IA(pPaKTOMETPHUYECKHE UCCIISOBAHUS TIOKA3aJIM, YTO BO BCEX MCIBITAHMAX Pa3pyIICHHE CTAIU MPOMCXOAUT XPYIKO O€3 CIeNOB MIIaCTUYESCKOH
nedopmaruu. Craaust HeJMHEHHOW nedopMaluM CTalnu OHpeneNseTcs He JUCIOKAMOHHOW IUIACTHUYECKOH nedopmanued, a MeXaHU3MOM
Y — O/-IIPEeBpPAILCHHs B AyCTCHUTHBIX TPOCIOWKAX MEXKITy HUTPUAHBIMHU U KapOMIHBIMU YaCTHILAMH 101 ISHCTBHEM BHEIIHEH MPUIOKESHHO CHIIBL.
Craaust npepbIBUCTON Je(hOopMaliy CTalM CBSA3aHa C MPOLECCOM CTaOMIIBHOTO PACHIPOCTPAHEHHUsI TPEILUHBI 110 ITONEPEYHOMY CEUeHHUI0 00pasia.

Katoueswie cnosa: nurast Cr — Mn — C — N cTasb, JeHAPUTHAS CTPYKTYPa, IPEPBIBUCTHIN paciia/i, HUTPHU/IbI, HCIIBITAHHS HA U3THO, pa3pylIeHHEe
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- INTRODUCTION

Austenitic chromium-manganese steels with a high
content of interstitial (C + N) elements possess high
strain hardening [1 — 3], corrosion resistance [4, 5], and
endurance under alternating loads [3, 6]. The presence
of carbon in their composition not only simplifies mel-
ting (since it eliminates the need for oxygen blowing for
carbon oxidation or the use of high-purity carbon-free
charge components), but also improves strength proper-
ties. Works [7, 8] noted that nitrogen not only increases
the strength, but, like manganese, increases the fluidity
of steels, making them more technologically advanced
than cast chromium-nickel steels.

Currently studies are being performed which are
aimed at developing a method of making wear-resistant
coatings from the steels under study [9 — 11], as well as
composite coatings, in which Cr—Mn—C—N austenite is
used as a matrix [12, 13].

Works [5, 7, 8] show that Cr—Mn—C—N steels have
high strength properties, ductility and cold resistance,
if nitrogen and carbon are dissolved in austenite. This
is ensured by quenching from 1150 to 1200 °C in water
and/or by strain hardening during cold strain, including
frictional loads. Oil and natural gas production, storage
and transportation systems require high-strength corro-
sion-resistant steels. Parts of complex shape can be made
from these by casting only [8]. The Cr—Mn—C—N steels
can be used as an alternative to expensive chromium-ni-
ckel steels. However, when slowly cooled from the li-
quid state or during isothermal aging in the temperature
range from 400 to 950 °C, the austenite in them decays
with the formation of Me,N and Me,,C, particles (where
Me is metal) [5, 9]. Despite the fact that Cr,N particles
have a HCP (hexagonal closely packed) lattice and pos-
sess high hardness (according to different data from
15.7 [14] to 29.5 GPa [15]), aging has no positive ef-
fect on the strength properties of steels and reduces their
ductility [16]. The composite structure' formed from
interlaced strong dendritic axes and ductile interaxial
sites provides high impact toughness of Cr8Mn28N cast
steel.

! Gorobchenko S.L., Krivtsov Yu.S., Andreyev A K., Solntsev Yu.P.
Competitiveness of valves casting beyond impact strength or
application of a new complex method for confirmation of reliability of
austenitic steels for cryogenic valves. Pipeline valves and equipment.
2013. Electronic resource: http://www.valverus.info/popular/3219-
konkurentosposobnost-armaturnogo-litya.html (access date:
04.08.2022).
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The strain behaviour and fracture features of Cr—Mn—
—C—N steel in the cast state, containing nitrides, carbo-
nitrides and chromium carbides, as well as its crack resis-
tance have not been studied.

The purpose of the present work is to study the in-
fluence of boundary conditions and the loading rate
on the strain behavior and fracture resistance of cast
Cr—Mn-C—N austenitic steel without additional heat
treatment.

]l MATERIAL AND RESEARCH METHODS

Steel was melted under equilibrium conditions in
a 50 kg induction furnace with a chromium-magnesite
lining. Scrap metal, medium-carbon ferrochrome, ferro-
manganese and nitrogenous ferrochrome were used as
a charge. Steel from the furnace was poured first into
a ladle and then into five sand moulds. The sinkhead
with a shrink hole was removed from the ingots obtained.
The ingots of Cr—Mn—C—N steel under study did not
contain gas holes. The chemical composition of the steel
is given as follows, % (wt.): 24.40 Cr; 16.40 Mn; 1.10 Si;
0.18 Ni; 0.57 C; 0.70 N; 0.017 S; and the rest is Fe.

The structure was studied on an Axiovert 25 op-
tical microscope (Zeiss, Germany) after etching
in the C,H,OH, HCI and HNO, solution in the volume
parts ratio of 3:2:1. The phase analysis was performed
by X-ray diffractometry on XRD-7000 (Shimadzu, Japan)
in CoK  radiation. The structure of the fracture surface
was studied on a scanning electron microscope (SEM)
Tescan MIRA 3 LMU.

The strain behaviour of steel was studied under three-
point bending of samples at room temperature on Inst-
ron 5582 testing machine (Instron, US) at vertical dis-
placement rates of the crossarm of 0.30 and 0.01 mm/min
according to the sample layouts on supports shown
in Fig. 1. At least three samples of each material were
tested.

[l RESULTS AND DISCUSSION

The steel under study has a high content of austeni-
te-promoting elements. After quenching from 1100 °C
this assured its position in the Schaeffler diagram [17]
in the austenitic region (Fig. 2, point /). After casting into
sand moulds the steel has dendritic structure (Fig. 3, @),
in which, at high magnification, platy nitrides of Cr,N
can be observed. This corresponds to the equilibrium
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a b

Fig. 1. Arrangement of the samples under three-point bending tests with
support on the side of the sample (@) and on the edge of the sample (b)

Puc. 1. Pacnionoxenue o0pa3IoB MpH UCIIBITAHUSIX HA TPEXTOYCUHBIN
n3rub ¢ onopoii Ha rpaHs (@) u Ha pedpo (b) obpasua

phase diagram for steel of similar composition, built
on the basis of thermodynamic calculations [5].

Large (about 5 pm) individual chromium carbide par-
ticles present in the diagram [5] are differentiated well,
around which intermittent decay of austenite is not ob-
served in the chromium-depleted zones. The depletion of
austenite with chromium, nitrogen and carbon reduces
Ni,, and Cr, (Ni, =Ni+ 25N+ 0.5Mn+ 0.3Cu+30C;
Creq = Cr + 2Si + 1.5Mo + 5V +1.75Nb +1.5Ti) and
changes the steel position in the diagram without chan-
ging the phase (Fig. 2, point 2).

The diffraction pattern (Fig. 3, ) shows reflections
from the austenite planes. Reflections from particles
are not detected in the diffraction pattern because of a very
“noisy” background due to the dendritic structure.

42
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Cr24Mn16SiC0.57N0.7

30 -

24

Ni,,

18

12

Fig. 2. Position of the steel under study in the Schaeffler diagram:
1 — after quenching from 1100 °C; 2 —in a cast (aged) state
when austenite is depleted in chromium, carbon and nitrogen

Puc. 2. TTonoxxeHne paccmarpuBaeMoi cTain
Ha quarpamme Lleddrepa:
1 —nocne 3akanku ot 1100 °C; 2 — B TUTOM (COCTapEHHOM) COCTOSTHUU
IpU 00CIHEHUH ayCTEHUTa XPOMOM, YIJIEPOIOM U a30TOM

Samples with the 5x5 mm cross-section with a shal-
low notch (0.5 mm deep, 0.3 mm wide) were loaded
by the three-point bending method. In experiments with
three-point bending, the beam is placed with a side on two
supports, and force is applied to the center of the beam
(Fig. 1, a) [18, 19]. In the present work, the beam
was placed not with a side, but with a rib on supports
(Fig. 1, b). It was assumed that such an arrangement
would prolong the stage of plastic yield and stable crack
propagation.

—_— G11),
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48 50 52 54

Intensity, arb. un
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40 50 60 70 80 90 100 110 120
26, deg

Fig. 3. Structure of cast Cr — Mn — C — N steel:
a — metallographic pattern; b — X-ray diffraction pattern

Puc. 3. Crpykrypa autoii Cr — Mn — C — N cranu:
a — MeTajutorpaguyeckoe u300paxenue; b — quppakrorpamMmma
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Fig. 4. Loading diagrams for Cr — Mn — C — N ssteel samples
under three-point bending tests at a rate of v = 0.01 mm/min:
1 — with a notch; 2 — without a notch

Puc. 4. [lnarpammer HarpyxeHust 06pa3ioB Cr — Mn — C — N cranu
[IPU UCTIBITAHKSX HA TPEXTOUYCUHbINH H3rub co ckopocThio 0,01 MM/MuH:
1 — 06e3 Haape3a; 2 — ¢ HaAPe30M

Fig. 4 shows typical force P — bending A diagrams
of samples with the 5x5 mm cross-section, 50 mm long,
when the distance between the supports L is 47 mm.
Curve [ refers to testing of a sample without a notch with
slow loading rate of v=0.01 mm/min. Steel fracture oc-
curs at high external applied force (at P = 2355+ 15 N).
Two stages (stages / and // of elastic and nonlinear strain)
are observed in diagram /. The nonlinear strain stage ac-
counts for at least 60 % of the total strain of the samp-
le. The beginning of the nonlinear strain stage is fixed
at the external applied load of P, =900 + 6 N. The end
of the nonlinear strain stage corresponds to the moment
of sample failure. Thus, a characteristic property of cast
steel under the given loading conditions is that the frac-
ture of the sample is brittle, despite the prolonged stage
of nonlinear strain.

Curve 2 is an example of strain of the sample with
a notch in the center of the rib. The notch significantly
reduces the strength of the sample and decreases the non-
linear strain stage, which in this case does not exceed
11 % of the sample total strain. The deviation from
the elastic strain stage is fixed at a lower value of force
(P, =813 N). In addition, from the moment the maxi-
mum load of P = 1360 N is reached, there is no frac-
ture of the sample and stage /I is observed, at which
relaxation of the external applied force up to 1220 N oc-
curs in an intermittent manner. The irregular nature of ex-
ternal load relaxation testifies to the process of slip-stick
propagation of the main crack across the sample. Fig. 5
shows the moment of the main crack development from
the notch registered at stage /1] of the sample strain.

The effect of the loading rate on strain of the samp-
les with a notch is shown in Fig. 6. Curve / corresponds

882

to the rate of v=0.3 mm/min and curve 2 corresponds
to the rate of v=0.01 mm/min. The comparison shows
that the qualitative appearance of the diagrams does
not change in this case. In both cases, three stages
of strain (elastic, nonlinear and discontinuous strain)
can be observed. However, as the loading rate increases,
the strength of the material increases significantly.

Withalow (v =0.01 mm/min) strain rate of the sample,
the maximum load is 1360 N, while with v = 0.3 mm/min
it reaches a level of 1567 N. The transition to the nonli-
near strain stage is almost independent of the loading rate
of the sample and is fixed at a level of P, = 800 = 10 N.

An increase in the loading rate is accompanied by
an increase in the stage of discontinuous strain as-
sociated with the relaxation of the external applied
force. In the case of high (v = 0.3 mm/min) loading
rate (Fig. 5, curve 2) there is even a decrease in force
by the value of AP = 138 N.

Curve 3 in Fig. 6 corresponds to the strain at a rate
of v=0.01 mm/min of a sample with a chevron notch,
placed on supports not with a rib but with a side. The samp-
le has the lowest mechanical indicators (P, = 891 N;
P, =670 N; AP = 15 N; nonlinear strain less than 1 %).

The analysis of fracture surfaces of Cr—Mn—-C—-N
steel showed that the fracture character of all samples was

Fig. 5. Propagation of a crack from a notch

Puc. 5. PacipocTpaneHue TpeluHsl OT Hajapesa
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Fig. 6. Loading diagrams of Cr — Mn — C — N steel samples
with a notch under three-point bending tests at a strain rate
of 0.3 mm/min (/), 0.01 mm/min (2) and sample
with a chevron notch at a rate of 0.3 mm/min (3)

Puc. 6. Inarpammer HarpyxeHus oopa3ioB Cr — Mn — C — N cranu
C HaJIPE30M IIPH HCIBITAHUSIX HA TPEXTOUCUHBII U3THO
co ckopocthio gedopmanun 0,3 mm/muH (1), 0,01 mm/mMuH (2)
1 00pasIia ¢ MIEeBPOHHBIM Haape30M co ckopocTsio 0,3 Mm/MuH (3)

brittle with morphological features in the form of foliation
(Fig. 7, a) due to the steel structure with platy dispersed
particles of Cr,N (Fig. 3, a). Nitrides Cr,N decompose in
the process of loading, provoking failure of the sample
as a whole. In this regard, there is qualitative simila-
rity between the metallographic image of the structure
(Fig. 3, a) and the fracture surface of the steel in ques-
tion (Fig. 7, a). This still allows for the possibility that an
insignificant fraction of nonlinear strain of the sample is
due to plastic yield of austenite. On the diffraction pattern
obtained from the fracture surface, in addition to reflec-

tions from the austenite planes, there is a reflection from
plane (110) of o'-martensite with BCC lattice (Fig. 7, b).

The change in the phase composition during three-
point bending tests can be estimated from tempera-
ture Md30 [20], at which the structure consists of 50 %
v-phase and 50 % o’-martensite after 30 % strain. Since
only a part of the (C + N) content remains in solid solu-
tion when the casting is cooled, and the rest is in bound
form in chromium nitrides and carbides (Fig. 2, point 2).
The calculated Md30 temperature of steel in the quenched
state and austenite in the aged state increases to —18 °C.
The strain of steel at room temperature initiates
the y — o'-transformation in austenitic interlayers bet-
ween the nitride and carbide particles (Fig. 7, »). The
strain process is also evidenced by an increase in the half-
widths of the diffraction maxima in the diffraction pattern
obtained from the steel fracture, when compared to the
diffraction pattern obtained from the original cast steel
structure (Fig. 3, b; Fig. 5, b). Respectively, the bulk of
the nonlinear strain of steel is provided not by the plastic
yield of the austenite, but by y — ao'-transformation under
the effect of an external applied force.

In order to stimulate the TRIP effect, a sufficiently
high local stress o, is required. By definition this is
less than the stress of the onset of local fracture of mate-
rial o, »- Nonlinear strain from the TRIP effect depends
on the efficiency of the stress concentrator. In the samp-
le with a chevron notch placed on supports with a side,
high stress concentration occurs in small vicinity of the
chevron under the effect of an external force. Therefore,
the contribution of y — o'-transformation to the inelas-
tic strain by the time the sample fails will be minimum
(Fig. 6, curve 3).

S s b

(111),
(110),

48 50 52 54

@), (311), (222),

Intensity, arb. un

40 50 60 70 80 90 100 110 120
20, deg

Fig. 7. Structure of the fracture surface of cast Cr — Mn — C — N steel:
a — SEM pattern; b — X-ray diffraction pattern

Puc. 7. Crpyxrypa noBepxHoctu paszpymenus autoit Cr — Mn — C — N cranu:
a — POM uzobpaxenue; b — nudpaxrorpamma

883



N3BECTUA BY30B. YEPHAA METAJLIYPIHd. 2022. Tom 65. Ne 12. C. 879-886.
/JeprweuH E.E., Hapkesuy H.A., Tomoposa F0.9. lepopmanus u paspymenue Cr - Mn - C - N cTanu B IMTOM COCTOSIHUU

In contrast, a wide region of increased stresses is
observed when the sample without a notch is loaded,
placed with a rib on supports. Reaching the o, value
in the wide region is only possible if the external applied
stress is high enough. During the loading process, a quite
large volume of material will be covered by the y — o'-
transformation before fracture begins. The onset of frac-
ture will correspond to the maximum external applied
force P, and the contribution of y — o'-transformation
to the inelastic strain of the sample will also be maxi-
mum.

The y — a'-transformation process is always accom-
panied by stress relaxation. Therefore, slow loading
will involve a larger volume of the sample in the phase
transformation compared to fast loading. This explains
the quantitative and qualitative difference between loa-
ding diagrams / and 2 (Fig. 6).

Material fracture at the final stage of loading is deter-
mined by the rate of release of elastic energy during crack
propagation. The more the elastic energy accumulated in
the sample volume, the lower the probability of stable
crack propagation at the prefracture stage. Respectively,
the higher the maximum of applied force P__ by the end
of the nonlinear strain stage, the greater the crack length
in the sample section, and therefore the longer the deve-
lopment of stage I/ of strain. The value of P =2355N
when testing the sample without a concentrator with
the loading rate of 0.01 mm/min is so high that the sample
fails spontaneously (Fig. 4, diagram 7).

- CONCLUSION

The paper studies the strain and fracture beha-
vior of austenitic Cr—Mn—C—N steel in the cast state
on the basis of three-point bending test data of square-sec-
tion samples, placed with a rib on supports. Such arrange-
ment of the sample on supports revealed new regularities
that cannot be detected under standard test conditions
when the sample is placed with a side on supports.

The study clearly revealed three stages of steel strain
under the effect of an external applied force (stage / of elas-
tic strain, stage // of nonlinear strain and stage /// of dis-
continuous strain preceding the moment of sample failure).

It was demonstrated that as the loading rate increases,
the fracture resistance and the extent of the nonlinear
strain stage of the sample with a notch increases, and
the extent of the discontinuous strain stage decreases.

The sample without a notch exhibits maximum
strength in the absence of the discontinuous strain stage.

The studies showed that the discontinuous charac-
ter of the loading diagram is associated with the process
of steady crack propagation across the sample. In all cases,
the steel fracture is brittle without traces of plastic yield.
The analysis of the results obtained shows that the nonlin-
ear strain stage of steel is determined not by dislocation
plastic yield, but by the mechanism of y — o' transforma-
tion in austenitic interlayers between nitride and carbide
particles under the effect of an external applied force.
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