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The regularities of the phase and structural transformations during decarbu-
rization of a high-carbon Fe—V—C alloy are studied. The eutectic L — y + VC
transformation is established by the geometric thermodynamics method and
metallographic analysis. This transformation is accompanied by a diffusion
redistribution of the carbide-forming elements ahead of the crystallization
front. Decarburization in a liquid—solid state allows forming a favourable
structure with VC fibres oriented perpendicularly to the surface in the near-
surface zone. Structural changes, which occur under deformation in a liquid—
solid state, in preliminary decarburized synthetic vanadium-containing cast
iron are investigated. The regularities of structure formation in various dif-
fusion zones during subsequent carburization are revealed. As shown, the
subsequent carburization of a pre-decarburized Fe—V—C alloy under special
conditions makes it possible to obtain a natural composite with high wear re-
sistance in the surface layer. Secondary hardness and heat resistance of car-
bonized layer of vanadium-containing cast iron deformed in a liquid—solid
state after the final heat treatment are studied.

Key words: Fe-V-C system, decarburization, carburization, diffusion, de-
formation, crystallization front, eutectic transformation.

Hocuimxeno 3akoHoMipHOCTI (ha30BUX i CTPYKTYPHUX IIEPETBOPEHb, IO Bif-
O0yBalOTHCA IPU 3HEBYIJIEI[IOBaHHI BUCOKOBYyTJeneBoro crony Fe—V-C. MeTo-
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IOI0 TeOMETPUYHOI TePMOAMHAMIKK Ta MeTajJorpadivyHo aHaIi3010 BCTAHOB-
JIEHO eBTeKTuUHe neperBopeHHsa L — y + VC, 110 cynpoBomKyeThea nudysiii-
HUM IIepPeposIIoNiJioM KapOioyTBOPIOBAJLHOTO €JIEMEHTy moiepeny (pPOHTY
Kpucraiisarmii. SHeBYIJIeIIIOBaHHSA Y PiJKO-TBEPAOMY CTaHi YMOMKJIUBIIIOE
copMyBaTHU B IPUIIOBEPXHEBOMY ITTapi CIIPUATIUBY CTPYKTYPY 3 BOJOKHAMU
VC, opieHTOBaHMMU IEpHEHIMKYJIAPHO moBepxHi. IlocaimsKeHO CTPYKTYpPHI
3MiHHN y IOIEPEeIHLO 3HEBYIJICIIbOBAHOMY, CUHTETUUYHOMY BaHaAiliOBOMY uYa-
BYHI, 1110 BizbyBaroThcsa npu aedopmaillii y pigko-TBepaomy craHi. Beranosie-
HO 3aKOHOMipHOCTI (D)OpPMYBaHHSA CTPYKTYPHU y Pi3HUX AUPY3iiHNX 30HAX IIpU
TIOJAJILIIIOMY HaBYTJIeIIOBaHHi. BCcTaHOBJIEHO, IO MOJAJIBIIIE HABYIJIEI[IOBAH-
HA IIONEPeIHBO 3HEBYIJIENILOBAHOIO cTomy cucreMu Fe—V—C B ocobimBux ymMo-
BaX YMOXKJIMBJIIOE OJIeP:KaTU B IIOBEPXHEBOMY Iapi IPUPOSHIA KOMIIOSUT BU-
cokoi 3HOcocTiiikocTu. IIpoBeeHO BU3HAUEHHSI BTOPHUHHOI TBEPAOCTU Ta TEI-
JIOCTIIKOCTU HaBYTIJIEIILOBAHOI'O IIIapy BaHaill0BOTO YaBYHY, 1e(OPMOBAHOTO
Y PiAKO-TBEPAOMY CTaHi, HiCJIA OCTATOUHOTO TEPMiUHOT'0 OOPOOJIEHHS.

Karouosi ciaoBa: cucrema Fe—V—C, sHeByreioBaHHA, HABYTJII[IOBAHHA, TH-
¢dysisa, nehopmartia, GpoHT KpuUcTaridaiii, eBTEKTUYHE IePEeTBOPEHHA.

WccnenoBanbl 3aKOHOMEPHOCTH (ha30BBIX UM CTPYKTYPHBIX IIPEBpAaIIeHUH,
IIPOUCXOAAIINX IPU 06€3yTIePOKUBAHNY BHICOKOYTJIEPOIMCTOTO cIyiaBa Fe—
V-C. MeTozoM TreoMeTpUUYECKON TEePMOAWMHAMUKHU UM MeTaJLjIorpapruecKum
aHaJIN30M YCTAaHOBJIEHO dBTEKTUUECKOe IpeBparenue L — y + VC, compoBOXK-
natorreecsa nuG@Gy3sMOHHBIM IIepepacipeeeHneM Kapouao00pasyoIero aJie-
MeHTa Bhepenu (GpoHTa Kpucramanusanuu. O06e3yriiepoKUBaHUE B KUIKO-
TBEPAOM COCTOSTHUU IIO3BOJIAET C(HOPMUPOBATDH B IPUIIOBEPXHOCTHO 30He 6J1a-
TONIPUATHYIO CTPYKTYPY ¢ BoJaokHaMu VC, OpMEHTUPOBAHHBIMU HEPIEHIUKY-
JIAPHO TOBepXHOCTU. VccieqoBaHBI CTPYKTYPHBIE M3MEHEHUs B IIPEIBapHU-
TeJIFHO 00e3yIJIEPOKeHHOM, CHUHTETUYECKOM BaHANUUICOAEPIKAIEM UyTyHe,
MPOMCXOAAINE TPU AedopManuy B JKUAKO-TBEPAOM COCTOAHUU. ¥ CTAHOBJIE-
HBI 3aKOHOMEPHOCTH (POPMUPOBAHHUA CTPYKTYPhI B PaA3JIMUYHBIX AUPPY3UOH-
HBIX 30HAX IIPU IIOCJEAYIOIEM HAYTJIEePOKUBAHUU. Y CTAHOBJIEHO, UTO IIOCJIE-
IyIolllee HAyTJIEPOKUBAHNE ITPEJBAPUTEILHO 00€3yTJIEPOKEHHOTO CILJIaBa CHU-
creMbl Fe—V—C B 0COOBIX YCJIOBUAX ITO3BOJAET MOJYYUTH B IIOBEPXHOCTHOM
CJI0e eCTECTBEHHBIN KOMIO3UT BBICOKOU mM3HOcOCTOMKocTu. IIpoBeneno ompe-
IeJieHre BTOPUYHOM TBEPAOCTH M TEILJIOCTOMKOCTH HAyTJIEPOXKEHHOTIO CJIOS
BaHAAMEBOTO UYyTryHa, 1e()OPMUPOBAHHOTO B KUIKO-TBEPAOM COCTOSHUU, II0-
cJie OKOHYATeJIbHOM TepMUYeCKOoil 00paboTKH.

KmroueBsie caoBa: cucrema Fe—V—C, o06esyriepokuBanue, HAyTJIePOKUBA-
uue, nupdysus, gredopmanusa, PPOHT KPUCTAIUSAIUN, IBTEKTUIECKOE IIpe-
BpallleHue.

(Received August 24, 2018; in final version— December 26, 2018 )

1.INTRODUCTION

Vanadium forms solid refractory monocarbide VC in steels. The micro-
hardness of the carbide VC is about 24.000 H, [1]. In this connection,
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steel alloyed with vanadium have high hardness and wear resistance [2,
3]. VC carbide dissolves sufficiently well in austenite at high tempera-
tures (Fig. 1). Thus, steels with high concentration of vanadium and
carbon are secondary hardening and heat-resistant with appropriate
heat treatment (quenching at high temperatures and tempering at
temperature of 2820 K) [4]. However, such a material contains a sig-
nificant structural defect such as carbide heterogeneity, and carbides
have a rough differentiation. The most common way of eliminating
carbide heterogeneity is regulated forging. The regulated forging is
labour-intensive process and it does not always produce a positive re-
sult.

The carbonization of low-carbon vanadium-containing steels is one
of the methods for obtaining evenly distributed dispersed carbides in
the product surface. The o — v+ VC phase reaction can be used for
forming a natural composite in the surface layer during carburization
[6, 7]. Such a reaction is carried out when the composition of the car-
bon-changing alloy crosses the ferrite corner of the conic o + vy + VC tri-
angle at the isothermal section of the Fe—V-C diagram (dotted line in
Fig. 1). There is a general directed growth of austenite and VC fibres,
which reinforce the austenitic matrix. The surface layer becomes high-
ly wear-resistant after quenching of the martensitic matrix due to the
orientation of reinforcing carbide fibres.

However, as can be seen on the diagram, the surface should have a

%V (mass )

4 %C (‘mass)

Fig. 1. Isothermal section of the Fe—V—C state diagram at 1470 K [5].
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single-phase ferrite structure for obtaining the composite material.
That is possible with at carbon concentration of <0.05% and vanadium
in the range of 2.5—3.0% . This requires the use of special metallurgi-
cal methods. The significant energy and material costs are inevitable
due to the high temperature of liquidus.

We proposed two-stage chemical-thermal treatment. The workpiec-
es is obtained by casting by this method of production. The surface is
decarburized to a homogeneous ferrite, after that the material is final-
ly formed, and then the surface layer is carburized. The deformation in
the liquid—solid state is carried out at temperatures above the melting
point of eutectic. The eutectic melts and decarburized surface layer
does not allow flowing eutectic liquid and retains shape of the sample.
The deformation in closed stamps leads to the crystallization of finely
dispersed eutectic. In addition, the deformation leads to formation a
dense defect-free structure in products.

It is expedient to use cast iron as the initial material to improve the
casting properties, because cast iron has reduced dendritic segregation
and initial carbide heterogeneity. Thus, the core structure of the prod-
uct is of interest. It is possible to obtain the required structure of the
working surface with specified operating characteristics by further
carbonization of the surface. This is regulated by selection of modes of
carbonization and final heat treatment.

The goal of this work is the study of the phase and structural trans-
formations during the chemical-thermal treatment as well as the
study of the effect of hot plastic deformation in the liquid—-solid state
on structural transformation in synthetic vanadium-containing cast
irons.

2. THEORETICAL METHODOLOGY

Experimental synthetic cast iron was produced in a resistance furnace
in an inert atmosphere. The concentration of the main components was
3.3% C, 2.7% V, 0.035% Mn, 0.03% Si, 0.025% S, 0.015% P. The
structure of alloy in the initial state is dendrites of the primary austen-
ite, ledeburite eutectic, and the inclusion of VC (Fig. 2).

The decarburization was carried out in a humid hydrogen environ-
ment. The decarburization was carried out in 2 stages. Preliminary
samples were decarburized at a temperature of 1370 K. This tempera-
ture is below the melting curve. The first stage is realized for for-
mation a decarburized casing. The temperature was raised to 1470 K
after 1 hour. The processing was continued in the liquid—solid state for
3 hours, after which samples were rapidly cooled.

The decarburized samples were heated in a vacuum to 1470 K for 1
minute. Then, samples were extracted from the working space of fur-
nace. After that, samples were subjected to deformation. The samples
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Fig. 2. Microstructure (a) and distribution of microhardness of surface layer
(6) of steel 40X sample after aluminizing EEA at W, =6.8J.

were cooled in air after deformation.

Carbonization was carried out in a laboratory installation in a gas
environment such as inert gas and propane at a temperature of 1440 K
for 1 hour.

The phase and structural transformations were investigated using
methods of optical metallography and geometric thermodynamics.

3. RESEARCH RESULTS AND DISCUSSION

The structure of the vanadium-containing cast iron surface after de-
carburization consists of ferrite (Fiig. 3, a). The number of inclusions
in the ferrite increases with increasing carbon concentration. The aus-
tenite (martensite)—carbide zone is followed by ferrite—carbide zone
(Fig. 3, b).

We used the isothermal intersection of the Fe—V—C state diagram at
a temperature of 1470 K to describe the sequence of phase transfor-
mations during decarburization in the liquid—solid state (Fig. 4).

The initial composition of the experimental alloy corresponds to the
point a (Fig. 4). The austenite (composition ) and melt (composition c)
are in equilibrium in the alloy of such composition at the temperature
of decarburization. If we agree with an assumption that concentration
of the components in the coexisting phases are equal to the equilibrium
at the interphase boundaries, then, concentration difference of the
main components A% V'* and A% C"* is on the boundary of austenite
and melt. Decarburization of this alloy leads to the crystallization of
austenite. Vanadium is redistributed into the melt due to the differ-
ence A% V'L, The stationary process is not achieved due to the high rate
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of diffusion in the liquid and the convective mass transfer. The compo-
sition of the melt varies along the line c—e on diagram. Further carbon-
ation leads to the simultaneous crystallization of the austenite (compo-
sition d) and carbide VC upon reaching the melting point of the compo-
sition e. The carbide grows in the form of fibres directed along the di-
rection of the carbon flow.

Fig. 3. The structure of surface zones after decarburization at a temperature
of 1370 K for 1 hour and 1470 K for 3 hours: a—surface, b—transition zone.

%V

3_
A%V
2_
‘l_
> 3 4 %C
A%C™

Fig. 4. Isothermal section of the Fe—V—C state diagram at 1470 K [5].



PHASE AND STRUCTURAL TRANSFORMATIONS OF HIGH-C ALLOY OF THEFe—V—-C 257

The distribution of carbides is well observed on the unetched micro-
sections due to VC forms a relief on the polished surface due to its high
hardness (Fig. 5, a).

The alloy components are completely redistributed by the products
of the transformation In the case of three-phase L — y + VC crystalliza-
tion. The composition of the liquid does not change ahead of the trans-
formation front during the growth process. Austenite and carbide
grow co-operatively, just as it occurs in eutectic crystallization. How-
ever, in our case, the thermodynamic stimulus of the phase reaction
L — vy + VC is depletion of the melt with carbon, not the supercooling.
The structures of the y + VC colonies and the residual liquid after cool-
ing are presented in Fig. 5, b and Fig. 5, ¢, respectively.

Diffusion is a structurally sensitive process. Its rate depends on the
structural state that obtained as a result of previous treatments. Heat-
ing to a temperature of 1440 K transforms the core of the sample into a
liquid—solid state. The steel decarburized casing with a ferrite struc-
ture in the outer layer persists on the surface. Such a sample is easily
deformed in closed stamps, acquiring the necessary shape.

Fig. 5. Microstructure of the diffusion zone.
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The deformation practically does not change the structure of the
core of the sample (Fig. 6, a). The austenite dendrites and the lede-
burite eutectic are retained. The inclusions of vanadium carbides are
enlarged in comparison with the initial structure.

The ferritic casing is remained on the surface (Fig. 6, b). Other
structural zones of the steel part of the sample have changed.

The main effect of deformation on structural transformations in de-
carburized vanadium-containing cast iron was observed in the zone adja-
cent to the cast iron part of the sample, i.e., where there was a liquid—
solid state. Carbides in austenitic—carbide colonies have been split (Fig.
7, a), there are rounded carbide precipitates in these places (Fig. 7, b).

Fig. 6. Microstructure of vanadium-containing cast iron after decarburiza-
tion and deformation in the liquid—solid state: a—core, b—surface.

Fig. 7. Microstructure of the transition zone of vanadium-containing cast
iron after decarburization and deformation.
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There are no carbides in ferrite near the surface of the sample.

Based on previous studies [7], the carbonization of the previously
decarburized surface of vanadium-containing cast iron, which de-
formed in the liquid—-solid state, was carried out to construct the
structure of the surface layer. By investigating the microstructure of
the carburized surface, it was established that carbonization leads to
the formation of austenitic—carbide colonies with rod and plate car-
bides on the sample surface (Fig. 8, a). The carbides are enlarged in
colonies and located without a definite orientation closer to the core of
the sample (Fig. 8, b). Consequently, the growth of austenite—carbide
colonies during carburization may occur in the presence of a ferrite
structure on the surface after the decarburized state. The structure of
the hypoeutectic cast iron remains in the core of the carburized sample
(Fig. 8, ¢), but in a more enlarged state compared with the initial cast
iron due to diffusion processes.

Fig. 8. Microstructure of vanadium-containing cast iron after decarburiza-
tion, deformation and carbonization: a—surface, b—transition zone, c—core.
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Fig. 9. Microstructure of the diffusion zone of vanadium-containing cast iron
after decarburization, deformation and carbonization.

It can be concluded that the process of carbonization is also due to
the carbon of the cast iron core, because it contains a zone with large
carbides by considering the microstructure of the transition zone be-
tween the cast iron core and the carburized steel part of the sample
(Fig. 9). Obviously, the distribution of ice burst and the transfer of
carbon in the direction of its lower content.

It was of interest to determine the secondary hardness and heat re-
sistance of the carbonized layer of vanadium iron deformed in the liq-
uid—solid state after the final heat treatment with austenitic—carbide
colonies in the surface layer.

The samples were hardened at the carburization temperatures,
which makes it possible to retain austenite—carbide colonies in the sur-
face layer. The hardness of the carburized surface after quenching was
58—-59 HRC. A three-time tempering was carried out at a temperature
of 830 K for 1 hour each after quenching. The hardness of the carbu-
rized surface after tempering is 60—61 HRC. The heat resistance was
determined according to the method adapted to high-speed steels (heat-
ing to 890 K during 4 hours). The hardness after that was 59-60 HRC.

Thus, the carburized casing of vanadium cast iron with the colonial
structure has a secondary hardness and a heat resistance.

4. CONCLUSIONS

1. The utilization factor of the material is increased when the work-
pieces are obtained by casting. Cast iron with a carbon concentration
close to eutectic was used as an initial material. This reduces the den-
dritic segregation and the initial carbide inhomogeneity. Thus, if VC
carbides are retained in the surface ferrite layer, then, they have mor-
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phology of uniformly distributed dispersed inclusions.

2. Decarburization of high-vanadium Fe—V—C alloys let us get a ferrite
structure in the surface layer. Decarburization in the liquid—solid
state makes it possible to form a favourable structure with VC fibres
oriented perpendicular to the surface in the near-surface zone.

3. The deformation of samples of vanadium-containing cast iron with
decarburized surface at a liquid—solid state temperature is carried out.
4. Further carbonization in special conditions allows obtaining natural
composite on the surface. The composite possesses high wear re-
sistance, hardness, and heat resistance.

5. The obtained data allow more flexible control over the final struc-
ture of tool alloys and, consequently, solve practical problems of im-
proving the technological and operational characteristics of the cut-
ting tools.
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