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Abstract

The paper is devoted to the study of the possible use of corrosion- and heat-resistant steel grade 13Kh12N2W2MF
(0.14% C; 10.8% Cr; 1.5% Ni; 1.9%W; 0.4% Mo; 0.3% V) for production of locking devices and parts of oil pumps.
Technical specifications for the steels of this class require corrosion resistance, V-notch impact toughness at —60°C
(KCV ) to be 24.6 J/em? or higher, and yield and ultimate tensile strength greater than 650 and 800 MPa, respectively.
The difficulty is that the parts have different weight and, consequently, different cooling rates after high-temperature
tempering. Slow cooling of massive parts made of high-chromium steels may produce temper brittleness intensified by
carbide precipitation, which dramatically decreases impact toughness. The first part of the study is about the effect of
tempering temperature on room-temperature mechanical properties of the steel grade. Experimental data showed that
2-hour tempering at any temperature does not provide the required combination of strength and toughness, though the
results of tempering at 750°C are the closest to it. Attempts to use double tempering at 750°C were successful only in
several cases. This is probably due to the fact that, as dilatometric study showed, at 750°C austenite formation started
and proceeded in an isothermal mechanism, i.e. the amount of austenite increased with increasing holding time. If one
interrupts holding and cools the specimen down, then a part of austenite that formed during holding transforms to mar-
tensite. Thus, the first tempering is actually an intercritical quench hardening operation. So, in the second part of the
study the intercritical quench hardening was consciously performed by varying the temperature of the first tempering
from 750°C to 800°C and decreasing the temperature of the second one to 700°C (holding 2 hours, air cooling) in order
to eliminate the strengthening effect of fresh martensite. Results showed that plasticity & increases and strength proper-
ties decrease steadily with increasing temperature of intercritical quenching. The values of KCV * are very high and
increase with increasing the temperature of heating in the intercritical range. This effect is mostly due to continuing
high-temperature tempering of martensite that had not transformed to austenite, though precipitation and coalescence of
carbide particles may play some role, too. However, in this series of experiments the required combination of mechani-
cal properties was not achieved either. It became evident that the temperature of the second tempering of 680-700°C is
too high, but now because of a great decrease in yield and ultimate tensile strength of a part of prior martensite that
transformed to austenite during the first tempering and then to fresh martensite during austenite cooling lower M;. The
strength of this part of martensite is higher than that of prior martensite tempered in the intercritical temperature range,
at any temperature of the second tempering. Thus, the increase of the temperature of the first tempering increases final
impact toughness, while the decrease of the temperature of the second tempering increases strength characteristics. The
choice of temperatures of both temperings is a multivariant search that requires vast research. We tried only one addi-
tional mode, when tempering temperatures were taken as 765°C and 635°C. This provided the required level of me-
chanical properties with some extra impact toughness, which may be important for massive parts.
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. up to 600 °C [1]. However mechanical engineers
Introduction started to use this steel for critical parts of oil

The steel grade 13Kh1IN2W2MF was devel- ~ Pumps, valves and other locking devives of oil pipe-
oped as a high-alloy chromium heat-resistant mar- lines c}lue t(;) its .t‘%OOd corrosion reﬁlstance, high
tensitic class steel for exploitation at temperatures strength and significant impact toughness at nega-

tive temperatures. Technical requirements for steels

of this class include resistance to corrosion, V-notch
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24.6 J/em® and yield and ultimate tensile strength
(002 and o}) not less than 650 and 800 MPa, respec-
tively. A difficulty in providing these requirements
is that the parts vary in size, and cooling rate after
high-temperature tempering differs in a rather wide
range. Slow cooling of massive parts made of high-
chromium steels may cause temper embrittlement
[2, 3] accompanied by carbide precipitation, which
decreases the impact toughness sharply. The engi-
neers of a «Konor» company (Chelyabinsk) have
faced this phenomenon. Finishing heat treatment at
that enterprise was quench hardening and 6-hour
tempering at 750 °C with subsequent air or oil cool-
ing. However, stable combination of required levels
of impact toughness and strength failed to be
achieved. Experiments with double tempering at the
same temperature did not yield positive results ei-
ther. So it became necessary to develop a special
heat treatment schedule of 13Kh1IN2W2MF steel.
It is the main issue of this work. At the first stages
of research a problem of lacking information on crit-
ical points of this steel appeared; our study of this
problem was published in paper [4].

Materials and Methods

Standard specimens for tensile and impact tests
were turned from billets cut from a forging previously
normalized after 2-hour holding at 980 °C. Chemical
composition of the steel is shown in Table 1.

First, the effect of tempering temperature on
room temperature mechanical properties of the steel
was studied in order to reveal the tendencies of
change of principal characteristics. Tensile proper-
ties measured with INSTRON 5882 tensile testing
machine at tension rate of 5 mm/min are shown in
Table 2. Impact toughness tests were performed
with 10 5003-0.3-12 impact pendulum-type testing
machine and are shown in Table 3. The general
character of strength, plasticity and toughness
change is typical for alloy steels [5]. Of special in-
terest is the temperature range about 475 °C where a
small maximum of strength and minimum of impact
toughness is observed. Classical “475-degree brit-
tleness” cannot develop at 11 %Cr [6], so the rea-
sons of embrittlement are probably precipitation of
carbides and phosphorus segregation at prior austen-
ite grain boundaries.

Analysis of Tables 2 and 3 permits to conclude
that no one of the tempering regimes used permits to
attain the required combination of mechanical prop-
erties, the results of tempering at 750 °C being the
most close to it. Engineers of the Konar company
attempted to raise impact toughness by means of
double tempering at 750 °C, and in several cases
this result was achieved. However, in most experi-
ments the unallowable scatter of impact toughness
among specimens subjected to the same heat treat-

ment was observed. This was probably due to the
following circumstances.

Table 1
Chemical composition of the 13Kh1 IN2W2MF steel, wt. %
C Si Mn Cr Ni w
0.144 0.60 0.23 10.8 1.50 1.86
Mo \ Cu S P
0.37 0.29 0.13 0.005 | 0.005
Table 2

Tensile properties of the 13Kh11IN2W2MF steel
after tempering at different temperatures Tiem,
(measurements at room temperature)

Tienp> °C | 692, MPa | oy, MPa 85, % v, %
200 1360 1570 11.3 54.7
400 1358 1536 12.1 53.9
450 1394 1510 12.1 53.7
475 1436 1550 12.0 53.1
500 1186 1370 13.8 59.3
550 1056 1210 14.7 60.7
600 940 1039 15.5 61.2
700 724 837 18.3 65.8
750 630 793 22.3 66.1

Table 3

U-notch impact toughness (KCU)
and Brinell hardness (HB) of the 13Kh1IN2W2MF steel
after tempering at different temperatures
(measurements at room temperature)

Tiemps °C KCU, J/em® HB
200 60.1 442
400 59.0 439
450 52.1 436
475 37.6 447
500 72.5 390
550 86.2 346
600 102.1 318
700 133.0 249
750 160.0* 236

*KCV ¥=24.1 J/em®

Fig. 1 shows dilatograms of two specimens
heated to 980 and 750 °C and cooled. The dilato-
gram of the specimen heated to 980 °C at
30 deg/min does not show any effects near 750 °C.
For the second specimen, one sees first a bending,
and then abrupt but small lowering of the curve. On
subsequent cooling the curve proceeds lower, at al-
most constant distance from the heating curve. Near
410°C a new bending occurs, after which the curve
approaches the initial one. These phenomena have
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an unambiguous explanation. At 750°C austenite
formation starts; it occurs as isothermal, i.e. the
amount of austenite formed increases with increas-
ing holidng time. It follows from the growing hard-
ness of specimens held at 750°C for different time
and water cooled (Fig. 2).
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Fig. 1. Dilatograms of heating of specimens
to 980 (1) and 750 °C (2), holding and cooling

Hardness, HRC
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Fig. 2. Effect of holding time at 750 °C
on steel hardness after cooling

If the holding is interrupted and the specimen
cooled, then the portion of austenite already formed
transforms to martensite near 410°C. Consequently,
austenite formation and its transformation to marten-
site occurs both in the first and in the second temper-
ing at 750°C. The martensite formed at the final stage
of heat treatment is untempered and will of course
increase hardness and decrease impact toughness of
steel. Actually, any heating to 750°C is a mixed
treatment, i.e. tempering + intercritical quenching
(during cooling after the second tempering). To ex-
clude martensite formation, the second tempering is
to be performed at temperatures lower than 750°C.

www.vestnik.magtu.ru

Taking into account the results of investigation
[5], we thus realized consciously the intercritical
quenching, raising the temperature of the first tem-
pering-quenching stepwise from 750 to 800°C. The
temperature of the second tempering was chosen
lower than 750°C but high enough (700°C, holding
2 hours, air cooling) to decrease the strengthening
effect of martensite. Only in one of the regimes tried
the second tempering temperature was lowered to
680 °C (see Table 4).

Table 4

Mechanical properties of the 13Kh11N2W2MF steel
after double tempering

Tempering
No. temperature, Goa, G, 3, KCV™,
°c* MPa | MPa | % | Jem®
Ist 2nd
0 750 700 | 626.1 | 759.3 | 24.8 51.7
1 765 700 | 548.6 | 732.0 | 26.4 67.4
2 765 680 | 526.0 | 729.5 | 27.3 65.1
3 780 700 | 509.0 | 717.5 | 27.8 67.7
4 800 700 | 483.0 | 710.5 | 27.8 69.2
5d | 765 630 | 651.9 | 807.0 | 22.9 54.8

* Tempering time 2 hours in all cases

Experimental results show that plasticity (ulti-
mate elongation §) increases and strength properties
decrease steadily with increasing temperature of the
first tempering (intercritical quenching) in the range
of 750-800°C. As for impact toughness KCV, the
use of intercritical quenching with subsequent tem-
pering below Ac; makes it very high, and increasing
with the increase of intercritical quenching tempera-
ture. To explain such behaviour one must take into
account ght fact that when the steel is heated to inter-
critical temperature range, prior martensite is separat-
ed into two parts. One part remains o phase, i.e. prior
martensite subjected to very high temperature tem-
pering, has lost its increased dislocation density, mar-
tensite substructure and a large amount of dissolved
carbon, according to the phase diagram [5]. These
processes, as well as coalescnence of carbides, result
in softening of this part of specimen volume, increas-
ing plastiticity and impact toughness, the greater the
higher is the heating tempearture in the intercritical
range. Another part of prior martensite transforms
first to austenite, and on further cooling to fresh mar-
tensite with high dislocation density and, supposedly,
with higher carbon concentration. The strength of this
part of martensite increases steadily with decreasing
temperature of the second tempering due to retaining
greater amount of defects and carbon atoms in its
lattice. So, increasing temperature of the first temper-
ing (quenching) increases resulting impact toughness
of steel, while dcreasing temperature and duration of
the second tempering increases its strength.
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Let us apply these considerations to the data on
mechanical properties of heat treated steel in Table
4 (excluding the sample 5d). Increasing the tempera-
ture of the first tempering (intercritical quenching)
in no case yielded the required combination of me-
chanical properties, in spite of very high impact
toughness obtained in all regimes. Evidently, the
temperature of the second tempering of
680-700°Cwas too high again, but now because of
very great decrease of ultimate and proof strength of
the part of prior martensite that is retained during
holding in the intercritical temperature range. That
is, the choice of temperatures of the first and the
second tempering is a multivariant search that re-
quires vast investigation. We limited ourselves to one
additional regime 5d (Table 4), where the first tem-
pering was done at 765, and the second at 635 °C
(duration 2 hours in both cases). The obtained values
of mechanical properties satisfy the requirements,
and there is some extra impact toughness which may
be important for massive components. In conclusion
it should be noted that for clear understanding of the
processes in all detail one needs to study thoroughly
the character of precipitation and dissolution of car-
bides during the treatments.

Conclusion

1. Austenite formation on heating of
13Kh1 IN2W2MF steel starts isothermally some-
what below 750°C.

2. The levels of meachanical properties of the
steel required by technical conditions for locking
devices of pipelines cannot be provided by any
combination of quench hardening and single tem-
pering, even at a temperature as high as 750°C.

3. Optimal regime of finishing heat treatment is
double tempering, the first stage being actually an
intercritical quench hardening. It is shown that in-
creasing the temperature of the first tempering in-
creases significantly final impact toughness, while
decreasing the temperature of the second one in-

VK 621.785.6/.7 : 669.15°26-194

creases steel strength.

4. Results demonstrate that there may be many
variants of tempering regimes that would provide
required combination of strength and toughness of
steel. One of such regimes tried in this research is
double two-hour tempering at 775 and then at
635°C.
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number 3.9660.2017/8.9). Mechanical properties of the
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BIIUAHWE MEXKPUTUYECKOWN 3AKAIKN HA MEXAHWUYECKUE

CBOWCTBA CTANM 13X11H2B2M®
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Annomayus. CtaTbs TOCBAICHA H3Y4EHHIO BO3MOXKHO-
CTH HCIIOJIb30BaHUA KOpO3WOHHOCTOﬁK0ﬁ M JKaporpo4-
Hoit ctanu 13X12H2B2M® 151 U3roTOBICHHS 3aII0PHON

apMartypsl 1 IleTaJ'lef/‘I HC(bTS{HLIX HacocoB. TexHuueckue
ycnoBus i CTaJIeif 9TOro Kitacca CBOIATCS K Tpeﬁosa—
HHUIO CTOMKOCTH 110 OTHOIICHUIO K KOppO3uu U ypOBHeﬁ
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ynapuoii Bszkocti KCV npu —60°C Gonee 24,6 i/cm?,
a TaKKe IPeeNioB TeKy4ecTH U npoyHoct Oouee 650 u
800 MIla coorBercTBeHHO. CIOXKHOCTH CHTYallMH 3a-
KIII0YAeTCs B TOM, YTO M3TOTaBJIMBAaeMble [ETald MOIYT
HUMETh Pa3HyI0 Maccy, HOITOMY JUlsl HUX CKOPOCTb OXJIa-
XKJIEHHS OT TEMIIEPaTyp BBICOKOTO OTITYCKa IOCIE 3aKal-
KH M3MEHSCTCS B JOBOJIBHO LIMPOKHX mpexenax. Ilpu
3aMEUICHHOM OXJIXKIACHHH MACCHBHBIX AETaleil U3 BbI-
COKOXPOMHCTBIX CTaJledl MOXKET BO3HHKHYTh OOpaTHMast
OTIIYCKHAsl XPYIKOCTb, YCHJICHHAs BBIICICHUAMH Kap-
OuaHOi (asbl, YTO PE3KO MOHIKACT yHAPHYIO BSI3KOCT.
B mepBoii yacTu mccnenoBanus Oblla IOCTaBICHA LENb
BBICHUTH BIIMSHHME TEMIEPATyphl OTIIYCKa Ha MEXaHH4e-
CKHME CBOICTBA CTaqM NPH KOMHATHOW TeMIepartype.
AHaJU3 MOTYYCHHBIX TaHHBIX T103BOJHII 3aKJIFOYUTh, YTO
HU TIpH OJHOH TeMIlepaType ABYXYacOBOI'O OTITyCKa HE
ynaéresi JOCTHUIHYTh TpeOyeMOro codeTaHus MeXaHu4e-
CKHX CBOKCTB, XOTs Pe3y/IbTaThl I OTIycka pu 750 °C
MAaKCHMaJIbHO OIM3KM K HeMy. IIONBITKM HCIONB30BaTh
JIBYKpaTHEIH oTmyck mpu 750°C oKa3bIBaINCh yCHeI-
HBIMH TOJBKO B OTJEIBHBIX CIIyd4asX, 4TO IPOHM3OMLIO,
BEPOSITHO, B CIUIy CleAyloIuX npuduH. Kak mnokasana
qunatomerpus, npu 750°C naumnaercs oOpa3oBaHHe
ayCTEHHTa, KOTOPOE MJIET MO H30TePMHYECKOMY BaphaH-
Ty, TO €CTb KOJIMYECTBO 00Pa3yIOMIErocs ayCTeHHTa BO3-
pacTaeT 1o Mepe MOBBIICHHS JTUTENBHOCTH BBIIEPIKKH.
Ecii nmpekpaTuTh BBIICPKKY M IIPOBECTU OXJIAXICHHUE,
TO BO3HHKIIAs ITOPLHS AyCTCHUTA IIPEBPAILACTCS B Map-
TeHcuT. ClieoBaTeNbHO, MEPBBIH OTIMYCK (haKTHYECKH
SBJISETCS MEXKPUTHUECKOH 3akankoif. [Toatomy Bo BTO-
poil yacTu uccenoBaHus OblIa CO3HATEIBHO PeaIn30Ba-
Ha MEXKKPUTHYECKAs 3aKajika 00pa3LoB NPH TeMIepary-
pax mnepBoro ormycka ot 750 no 800°C, npuueMm Temiie-
parypa BToporo oriycka Obuia cHumkeHa 0 700°C (BbI-
JIepKKa 2 9, BO3/yX), YTOOBI yOpaTh YNMPOUHSIOMHUI -
(eKT OT CBEKEro MapTeHCUTa. Pe3ylnbTaThl SKCIEPHMEH-
TOB TI0KA3aJH, YTO C HOBBIICHUEM TEMICPATYPBI MEK-
KPUTHYECKOH 3aKalKM BeIMYMHA O (IUIACTMYHOCTB)
HENpPEpBIBHO BO3PACTAeT, @ MPOYHOCTHBIC CBOMCTBA CHH-
xatotest. 3uaueHuss KCV ' oka3bIBaloTcst O4eHb BbICO-

KHMH, IPUYEM YBEITHUUBAIOTCS C IOBBIIICHHEM TeMIIEpa-
Typbl B MEKKPUTHYECKOM HHTepBaie. JToT 3(dhexT B
OCHOBHOM CBA3aH C NMPOJO/DKAIOIIMMCS BBICOKHM OTITYC-
KOM He IPEBPATHBIIEroCsl B ayCTEHHT MAapTEHCHTA, XOTs
BBIJICICHHE U KOAryJsilusi KapOWIHBIX YacTUIl MOTYT
oka3aTh HeKoTopoe BiusHue. OfHaKo TpedyeMoro coue-
TaHWsI MEXaHUYECKUX CBOWCTB M B 9THX OMBITAX JOCTHI-
HyTo He Obuto. CTano O4YEBMIHBIM, YTO TeMIepaTypa
BTOpOro ormycka 680—-700°C oka3anachk 3aBBILIEHHOMH, HO
Tereph MO MPUYMHE OYEHb CHIIBHOTO CHUKEHHMS IIpesie-
JIOB MIPOYHOCTH ¥ TEKYYECTH Y TOW JOJIM UCXOJHOIO Map-
TEHCHTA, KOTOpasi B XOZIe TIEPBOTO OTITyCKa MPEBpaIaeT-
csl CHayalla B ayCTEHUT, a HOCJIe OXJIXKJCHHS IIOCIIeIHE-
ro HWKe TOYkH Mg — B cBexuil MapteHcut. Ero mpou-
HOCThb TIpH TI000H TeMIepaType OTITyCKa BBINIE, YeM Y
HCXOJIHOTO MapTEHCHTA, OTIYIIEHHOIO IIPH TeMIepaTy-
pax MEXKKPUTHYECKOro HHTepBana. Mrak, HoBbllIeHHE
TEMIICPATypbl MEPBOrO OTIIYCKA IIOBBINIACT KOHCYHYIO
YHApHYIO BSI3KOCTb, TOIJ[d KaK CHIDKCHHE TEMIIEPATyphl
BTOPOr0 OTIIYCKa YBEIUYMBACT CBOICTBA TIPOYHOCTH.
BrIOOp TemmepaTyp NnepBoro M BTOPOro OTIYCKa SIBJISIET-
Csl MHOTOBAPUAHTHBIM [IOMCKOM, TPEOYIOMINM OOIIMPHBIX
ucciaenoBanuil. Mbl OrpaHMYMIMCh OJHUM  JIONOJIHHU-
TENBHBIM DPEKHMMOM, COIIACHO KOTOPOMY TEMIlEpaTrypa
[epBOro OTIycKa ObLia NPHHATA PaBHOM 765, a BTOporo
635°C. JlocTurHyThIe BETMYMHBI MEXaHUYECKHUX CBOMCTB
YIOBIIETBOPSIIOT TPEOOBAHUAM K M3JICIHAM, IPUUEM HMe-
eTcsl 3amac M0 yJapHOH BSI3KOCTH, KOTOPBIH BakeH JUIS
MaCCHBHBIX JieTajel.

Knrouesvie cnoga: crans 13X12H2B2M®; MexkpuTHie-
CKasl 3aKaJIKa; OTILYCK; IPOYHOCTH; yapHAsl BA3KOCTb.
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