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Abstract

The goal of this work is to estimate the abrasive wear resistance of heat affected zone (HAZ) after
welding high-carbon low-alloy steel 120Mn3Si2 with fast cooling. The following benchmark data were used:
microstructures of HAZ of 120Mn3Si2 steel after welding with cooling in water; abrasive wear resistance of
different microstructure constituents of 120Mn3Si2 steel in two-body abrasive wear conditions. It is shown that
high abrasive wear resistance of material in HAZ is provided in the vicinity of fusion line. The reason is unstable
retained austenite which appears in HAZ as a result of quenching at fast cooling right after welding. The wear
resistance of material in HAZ is altered by microstructural changes from austenite to austenite+martensite and
finally martensite. The martensitic zone is about 0.5 mm wide and it is followed by zone of tempering of initial
structure of steel. Zone of tempering is 1.5-2.0 mm wide and is the only zone of low abrasive wear resistance in
HAZ of 120Mn3Si2 steel welded with fast cooling. Welding of 120Mn3Si2 steel with fast cooling in water
results in welding joints which have as high wear resistant as the base material or even higher. This enables
manufacturing flat welded elements with high wear-resistance and large surface area.

Key words: high-carbon steel, welding, fast cooling, austenite, martensite, bainite, abrasive wear
resistance, microstructure.

Introduction

Protection against abrasive and other kinds of wear requires materials with specific properties. For
example, high abrasive wear resistance of steels is attributed to high carbon content (1.0 wt. % of carbon or even
more) and specific thermal treatment to obtain certain microstructure. The problem may arise if such thermally
treated machine parts are to be welded. Heat input during thermal welding cycle changes the initial wear
resistant microstructure inside heat affected zone (HAZ). Special efforts are needed to minimize HAZ and
provide quality welding joints while welding heat treated high-carbon wear resistant steels. Anyway, the width
of HAZ in any case would not be less than approximately 5 mm from the fusion line. Therefore, if two plates of
high-carbon steel are welded, a zone of changed wear resistance appears to be 10 mm wide. It is necessary to
know the wear resistance of this zone because local low wear resistance may negatively affect the overall
lifetime of machine part. In this study the attempt is made to estimate the abrasive wear resistance in HAZ of
high-carbon low-alloy steel 120Mn3Si2 after welding with fast cooling.

Literature review

Friction and wear are estimated to cause approximately 20% of the world energy consumption [1]. Wear
is responsible for short lifetime of many critical machine parts and even for their sudden catastrophic failures.
Abrasive wear is the most aggressive form of wear. Generally it appears during operation in mining sector [2, 3]
and other industries where hard particles of natural or artificial abrasives are in direct contact with metallic
surfaces. Losses connected to abrasive wear are estimated as 4% of the GNP of industrially developed countries
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[4]. Extensive investigations have been made on abrasive wear resistance of steels and cast irons during last
century. Important results were obtained by 1.N.Bogachev and R.1.Mints, B.A.Voinov, V.I.Dvoruk, V.G.Kaplun
and P.V.Kaplun, V. N. Kashcheev, M.V. Kindrachuk, L.G.Korshunov, A.V.Makarov, L. S. Malinov, V.S.Popov
and N.N.Brykov, M.M.Tenenbaum, V.M.Tkachev, M. M. Khrushchev and M. A. Babichev, A.P.Cheiliakh,
V.V.Shevelya, A.Fisher, I.1.Garbar, A.Misra u I.Finnie, R.C.D.Richardson, G.W.Stachoviak, A.A.Torrance,
J.H.Tylczak, K.-H. Zum Gahr. Main attention of researchers has been concentrated on wear resistance of
martensite and austenite. Abrasive wear resistance of austenite depends on its degree of hardening during friction
and the ability of the wear medium to provide such hardening. I.M.Bogachev and R.I.Mints have discovered the
phenomenon of deformation transformation of austenite to martensite during mechanical load [5]. Since then this
effect was widely used to increase wear resistance of machine parts under conditions of abrasive wear.
Researches of L. S. Malinov [6], A.P.Cheiliakh [7], M. A. Filippov [8] should be mentioned among the works
devoted to the study of the properties of steels with the structure of unstable residual austenite. V.S.Popov and
N.N.Brykov [9, 10] have made extensive research on abrasive wear resistance of retained austenite in numerous
applications in refractory industry. In [10] the range of optimal chemical composition for wear resistant
austenitic alloys was proposed. It was shown that high carbon content, i.e. 1.0 mass.% or higher, is responsible
for high abrasive wear resistance. According to [11] maximal wear resistance in Fe-C alloys is achieved at 2
mass.% of carbon. As a result of studying the effect of alloying on the wear resistance of steels with the structure
of unstable austenite during abrasive wear, it was found that the level of alloying of wear-resistant alloys should
be maintained at the lowest possible level [12]. Thus, the requirements for the chemical composition of abrasive
wear resistant steels are specified as follows: approximately 3% of alloying elements (e.g. Mn, Cr) in total, the
carbon content should provide the martensite start temperature at 20 °C. The simplest example is the steel
containing 1.2% C and 3% Mn. After quenching from 1000 °C (single-phase y-region) austenite retains almost
completely and is capable to deformation martensitic transformation in the course of abrasive wear. This
provides high wear resistance for steel after above mentioned thermal treatment, much higher than the one of
high-carbon untempered martensite. High ability of austenite to deformation martensitic transformation is useful
in the case of impactless-abrasive wear. But if the machine part is subjected not only to wear but also to impacts,
the instability of austenite is also a disadvantage. In the initial stages of the impacts, when the crack is not yet
formed, the initial plastic deformation takes place. But after the formation of the first crack, a stress
concentration occurs at its tip. Under the large local stresses near the crack tip, a deformation martensitic
transformation occurs, and the crack actually propagates in brittle high-carbon martensite during repeated
shocks. Thus, low resistance to shock loads is the price for high abrasive wear resistance. This significantly
narrows the potential range of possible successful usage of high-carbon low-alloy steels as a wear-resistant
material in conditions of mechanical wear. In [13, 14] it is proposed to use isothermal treatment of residual
austenite of high-carbon low-alloy steels in order to reduce the susceptibility to brittle fracture while maintaining
abrasive wear resistance at a sufficiently high level. High-carbon low-alloy steels, for example, 120Mn3 steel,
allow to obtain up to 100% of residual austenite after quenching from a single-phase region. Therefore, such
steels do not require baths with liquid media for the isothermal treatment of austenite. It is enough to quench
them in water, to heat further in a conventional air furnace and to hold at a constant temperature for the required
time. During isothermal holding of quenched 120Mn3 steel, bainite transformation of austenite takes place. If
silicon content is high enough (1.5-2.0%), cementite is not formed during bainite transformation. After
isothermal transformation the structure contains bainitic ferrite and austenite, which is carbon supersaturated [15,
16]. Due to increasing the carbon content the austenite stabilizes and its susceptibility to deformation martensitic
transformation is reduced. Thus, it is possible to eliminate the catastrophic fragility of unstable residual austenite
due to a small loss of abrasive wear resistance [13, 14]. In order to accelerate the bainite transformation, it is
necessary to quench 120Mn3Si2 steel from such a temperature that after cooling, martensite was present in the
structure in small amount. Martensite acts as a catalyst for bainite transformation [17], which begins less than in
1 hour if the steel 120Mn3Si2 is hardened from 900 °C [18]. Welding of previously quenched 120Mn3Si2 steel
may be needed for large-part manufacturing. In order to minimize influence of welding heat on initial
microstructure of steel it is proposed to use fast cooling of just-welded joints in water [19]. It was shown that due
to rapid cooling it is possible to minimize dimensions of heat affected zone (HAZ) and obtain welding joints of
acceptable quality. The width of HAZ was about 5 mm from fusion line from each side of a welding joint. This
results in a 10 mm wide zone of altered microstructure and hence altered wear resistance at the location of
welding joint on a produced large-scale part.

The goal of this work is assessing the abrasive wear resistance of a material inside HAZ of 120Mn3Si2
welding joint after welding with fast cooling in water.

Methods

The assessment of the abrasive wear resistance of the material in HAZ of 120Mn3Si2 steel was carried
out according to the known experimental data. The authors have performed numerous experiments on abrasive
wear of steels with different microstructures in two-body abrasive wear conditions and reported the results in
[11-14, 20- 22]. The microstructure of HAZ in welding joints of 120Mn3Si2 after welding with fast cooling in
water has been investigated and reported in [19, 23]. Hence, it is possible to accurately predict the abrasive wear
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resistance of each point in HAZ depending on the microstructure. For the sake of this research, wear mode was
assumed to be two-body abrasive wear of cylindrical specimen 2 mm in diameter sliding against fresh surface of
abrasive cloth under load of 300 g. The assumed abrasive is 0.6...0.8 mm grits of Al,03. The ability of material

to resist abrasive wear is expressed as relative wear resistance &. The assumed reference sample is pure iron
having € = 1,0.

Results and discussion

According to [19] optimal heat treatment of 120Mn3Si2 steel includes quenching from 900 °C and
subsequent isothermal treatment at 250 °C. After quenching from 900 °C microstructure is preliminary austenitic
with nearly 30% of martensite. Certain amount of undissolved carbides is present as well. Subsequent isothermal
treatment leads to appearance of fine lamellas of bainitic ferrite. The amount of bainitic ferrite depends on
isothermal holding time. The very first lamellas are observed even after 1 hour of isothermal holding [18].
Decarburized layer inevitably appears when 120Mn3Si2 steel is exposed to quenching heat. The depth of
decarburized layer depends on holding time at quenching temperature and may reach 1 mm. Because of decrease
in carbon content, martensite start temperature (Ms) significantly increases. Therefore the martensitic layer
appears after quenching in the near surface regions where significant decarburization had happened [22]. 5 mm
thick plates of 120Mn3Si2 steel where quenched from 900 °C, held isothermally at 250 °C and then were welded
with fast cooling in water. The microstructure of welding joint from 120Mn3Si2 side is shown on Fig.1, a.
Because of fast cooling after welding the material in HAZ is quenched. Therefore HAZ consists of several zones
of microstructures depending on peak temperatures during heating cycle in each particular point.

Decarburized layer

x 6000

Fig. 1. Macro- and microstructure of welding joint of thermally treated 120Mn3Si2 steel: a — macrostructure
of welding joint with different zones of HAZ, 1 — austenite, 2 — austenite + martensite, 3 — martensite, 4 — zone of high
tempering of initial microstructure, 5 — thermally unaffected core; b — microstructure of thermally unaffected core:
austenite + tempered martensite + bainitic ferrite + carbides; ¢ — microstructure of decarburized layer: tempered
martensite + austenite
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Four different zones may be distinguished in HAZ. Zone 1 appears as a result of heating the material to
the temperatures between Acm critical point and solidus temperature (single-phase y-region). The structure in
zone 1 is almost fully austenitic because the Ms temperature is near 30 °C [13]. The more the distance from
fusion line is, the less is the peak temperature. Zone 3 is preliminary martensitic and is equivalent to classic
quenching for maximal hardness of hyper-euthectoid steels. It corresponds to quenching from temperatures
slightly above Ac; critical point. Zone 2 corresponds to quenching from a range of temperatures between Ac,
and Acm. The structure is austenite + martensite. The closer to fusion line in the zone 2, the more amount of
austenite is present in the structure.

If heating temperature doesn’t exceed Acy, then no phase transformation takes place during welding cycle
(zone 4). The structure in this zone right at the border with zone 3 contains products of diffusional
decomposition of initial microstructural constituents. The more the distance to zone 3 is, the less is the peak
temperature in the welding cycle in zone 4. Thus, microstructure gradually changes from products of high
tempering to products of low tempering and further to zone 5 where initial microstructure is not changed at all.

Having the information on microstructures of different zones in HAZ it is possible to determine changes
in relative wear resistance of material on different distance to fusion line (Fig. 2). Relative wear resistance of
preliminary austenitic structure in zone 1 of HAZ is at the level of 4.0. This value corresponds to wear resistance
of 120Mn3Si2 steel quenched from 1000 °C as reported in [14]. If quenching temperature decreases to 900 °C
then some amount of martensite appears after quenching. This is due to less carbon content in austenite before
quenching and rising the Ms. Retained austenite becomes even more unstable, therefore relative wear resistance
of 120Mn3Si2 steel after quenching from 900 °C is slightly higher than that after quenching from 1000 °C [20].
This microstructure corresponds to zone 2. Relative wear resistance gradually increases to some maximum due
to gradual alteration in content of retained austenite. This maximum corresponds to microstructure which is
equivalent to those obtained after quenching from 900 °C. The expected value of relative wear resistance at the
point of maximum is 4.2-4.3.

Further increasing of distance from fusion line leads to decreasing of peak temperatures in welding cycle.
Consequently, the amount of martensite gradually increases until zone 3 is reached. Relative wear resistance of
untempered martensite (eutectoid composition) is 2.9 [21]. Therefore the same relative wear resistance is
provided in zone 3.

Sharp drop in relative wear resistance takes place upon transition from zone 3 to zone 4. The structure of
zone 4 in the vicinity of zone 3 is equivalent to that after recrystallization annealing, i.e. pearlite. Relative wear
resistance of pearlite is 1.4 [21], so that is the value to which ¢ is decreased on the border of zones 3 and 4. The
more is the distance from zone 3, the finer is the pearlite. The microstructure gradually changes to sorbite,
troostite, and finally the thermally unaffected zone 5 is reached. Relative wear resistance increases respectively
from 1.4 to the level that is specific for the base preliminary treated material. In the case of quenching
120Mn3Si2 steel from 900 °C and subsequent isothermal treatment at 250 °C the structure is austenite+tempered
martensite+bainitic ferrite+carbides. Relative wear resistance of such microstructure is slightly higher than that
of untempered high-carbon martensite [14].
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Fig. 3. Relative wear resistance of different zones of HAZ of 120Mn3Si2 steel after quenching from 900 °C,
isothermal treatment at 250 °C and welding with fast cooling in water
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Steels with martensitic microstructure are widely used as abrasive wear resistant material. Because of
high brittleness of untempered martensite this microstructure is not acceptable for majority of machine parts. At
least low temper is needed to get lower brittleness of material after quenching. Low tempering decreases
hardness and hence abrasive wear resistance. Thus, relative wear resistance of tempered martensite is the lowest
level that is practically acceptable. This level of ¢ is designated as “Acceptable level of £” on Fig. 2. All points in
HAZ with higher values of ¢ should be considered as zone with high relative wear resistance to abrasive wear.

It is evident, that the only zone of low wear resistance is that designated in gray on Fig. 2 (“Low &”). The
width of this zone is 1.5-2.0 mm. The rest of HAZ possesses wear resistance that is above acceptable level.
Relative wear resistance in zones 1 and 2 is even higher than the one of the base material.

All considerations expressed above allow to claim that welding of 120Mn3Si2 steel with fast cooling in
water enables HAZ with wear resistance that is the same or even higher than the one for base thermally treated
material. The only zone with low wear resistance is 1.5-2.0 mm wide and corresponds to heating the material to
high but subcritical temperatures. This zone cannot be eliminated since it is not possible to avoid places in HAZ
that are heated to subcritical temperatures. This zone also cannot be made less wide since cooling is as fast as
possible.

Conclusions

Abrasive relative wear resistance of heat affected zone of 120Mn3Si2 steel after welding with fast cooling
in water is assessed in this research. The only zone with low wear resistance is 1.5-2.0 mm wide. This zone
cannot be neither avoided nor narrowed. It corresponds to heating material to subcritical temperatures during
welding cycle. The relative wear resistance of material in this zone corresponds to that for pearlite.

The relative wear resistance of the rest of HAZ appears to be higher or at the same level as for previously
heat treated steel. Thus, welding 120Mn3Si2 steel with fast cooling in water enables obtaining welding joint with
high abrasive wear resistance of heat affected zones.

The research shows that welding of 120Mn3Si2 steel with fast cooling in water results in welding joints
which have as high wear resistance as the base material or even higher. This enables manufacturing flat welded
elements of high wear-resistance and large surface area.
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Bpuxos M.M., €ppemenkxo B.I'., Ocino M.IO., Kanycran O.€., AkpuroBa T.O., Kaninin 10.A.
BucokoByrieneBa craimb: MIKpOCTpyKTypa 1 aOpa3wBHa 3HOCOCTIHKICTH 30HM TEPMIYHOTO BIUIMBY IICIHIA
3BapIOBAaHHSI i3 MIBUAKAM OXOJOKEHHSM Y BOJ.

Meroto poboTn € ouiHIOBaHHSA aOpa3WBHOI 3HOCOCTIMKOCTI 30HM TepMiyHoro BIumBy (3TB) micns
3BapIOBaHHS BHCOKOBYIJIELEBOI HH3bKoNeropanoi crami 120I'3C2 i3 mBuAKAM OXOJOMKEeHHSIM. bymo
BHUKOPHCTAHO Taki BUXiAHI AaHi: MikpocTpykTypa 3TB crami 120I'3C2 micns 3BaproBaHHS 3 OXOJIO/DKEHHSIM Y
BOJIi; aOpa3uBHA 3HOCOCTIHKICTh PI3HUX MIKPOCTPYKTYPHUX ckianoBux craii 120I'3C2 B ymoBax aOpa3uBHOro
3HOUTYBaHHS 3aKpilsieHMMH 4acTuHKamu. [lokasano, mo B 3TB y Oe3nocepenHpoi OIM3BKOCTI 10 TpaHUIl
CIUTaBJICHHSl 3a0e3leuyeThCcsl BHCOKa a0pa3WBHA 3HOCOCTIMKICT, Matepianmy.  [IpuumHOIO € cTpyKTypa
HecTaOlIbHOT O 3aJIMIIKOBOTO ayCTEHITY, SIKMH yTBOpIoeThecsl B 3TB B pe3ysbraTi rapTyBaHHs IMiJl 4ac IIBUIKOTO
OXOJIOJDKEHHSI Ofpa3y » IICIsA 3BaproBaHHA. 3HOCOCTIHKICT, Matepiany B 3TB 3MiHIO€TBCS 13 3MiHOMO
MIKpPOCTPYKTYPH BiJl ayCTEHITY /10 ayCTeHIT-+MapTeHCHUT i, HapemTi, MapTeHcuTy. [llupuna mMapTeHCHTHOI 30Hi
craHoBUTH npuOnmm3Ho 0,5 MM. 3a MapTEeHCHTHOIO 30HOI YTBODIOETBCS 30HA BIJIIYCKY BUXIJHOI
MIKpPOCTPYKTYpH cTaisi 3aBTOBIIKH 1,5-2,0 mm. Ll 30Ha € €aMHOIO 30HOIO 31 3HIKEHOI 3HOCOCTIHKICTIO.
3BaproBanHs cram 120I'3C2 i3 mBHAKMM OXOJNO/DKEHHSM Y BOJII J03BOJISE OTPUMAaTH 3BapHi 3’€JHAHHSA i3
3HOCOCTIHMKICTIO, IO JOPIBHIOE 3HOCOCTIMKOCTI BUXITHOrO MaTtepiany, abo HaBiTh mepeBuilye ii. Lle mae
MOXIIUBICTh BUT'OTOBJISITH TUIACKI 3BapHi €IEMEHTH 3 BUCOKOIO 3HOCOCTIHMKICTIO 1 BEJTMKOIO IJIOMIEI0 TOBEPXHI.

Ki1104oBi cj10Ba: BUCOKOBYTJICIIEBA CTaJlb, 3BAPIOBAHHS, IIIBUIKE OXOJIOKCHHS, ayCTCHIT, MAPTCHCHT, OCHHIT,
abpa3uBHa 3HOCOCTIHKICTh, MIKPOCTPYKTYpa.



