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We conducted a study of the structure, phase composition and wear re-
sistance of iron-carbon alloys used and planned to be used in manufacture of
hot deformation tools. As established, chromium—manganese cast iron with
chromium content of 12.5...13.5% and manganese content of 15.0...16.0% is
advisable to be used as a material, in particular, for piercing mandrels. As
shown, reduction of expensive alloying elements (Cr, Ni) contained in chro-
mium—-manganese cast iron in comparison with traditional alloys such as
300X32H3®JI and ‘nikorin’ is performed due to the higher contents of Mn.
It was found that the increase in wear resistance of chromium—manganese
cast iron is due to the high microhardness of the matrix, austenite—carbide
eutectic based on carbide type Me;Cs and, apparently, it is conditioned by de-
formation-phase transformations that can occur during abrasion wear.

Key words: high-chromium cast iron, chromium—-manganese alloy, chromi-
um—nickel alloy, structure, phase composition, microhardness, wear re-
sistance.

IIpoBeneHo mocCaim:KeHHSA CTPYKTYPH, (PA30BOTO CKJIAAY Ta 3HOCOCTiIHKOCTHU
3aJIi30BYIJIEI€BUX CTOIIIB, II[0 BUKOPUCTOBYIOTHCA Ta MJIAHYIOTHCS 10 BUKOPU-
CTaHHA Y BUTOTOBJIEHHI iHCTPpyMeHTiB rapsadoi gedopmariii. Bcranosieno, 1o
XpoMoMapraHieBuii yaByH is BmicTrom xpomy 12,5...13,5% 1 maprasiio
15,0...16,0% momiibHO BUKOPHUCTOBYBATH AK MATEPisaj, 30KpeMa, IJIs IIPO-
IMUBHUX OMpPaBoK. [IoKkasaHo, 110 3MEHIIIEHHS JOPOTUX JIETI'YIOUUX eJIeMEHTiB
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(Cr, Ni), aki micTaATbCA B XpOMOMAapraHIeBUX YaByHaX y IIOPiBHSIHHI 3 Tpagu-
nifiaumMu cronamu tuiry 300X32H3DJI i «HiKOpiH», 3MIACHIOETHCA 3a paxy-
HOK Oinpmioro Bmicty Mn. BeraHoBieHO, IO ITiABUINEHHS 3HOCOCTIHKOCTH
XPOMOMAapraHIleBUX YaBYHIB 3yMOBJIEHE BHCOKOIO MiKPOTBEPAiCTI0O MaTPHUILi
ayCTeHiTHO-KapOiAHOl eBTeKTHKM Ha OCHOBi Kapbiny Tumy Me;Cs i, oueBugHO,
3yMoBJieHe AedopMalliiino-(ha30BUMU IePEeTBOPEHHAMU, AK1 MOXKYThb BigOyBa-
THUCS IIiJ uac abpasuBHOTO 3HOCY.

KarouoBi ciioBa: BUCOKOXPOMUCTHHN YaBYH, XPOMOMAPTaHIeBUIl CTOII, XPOMO-
HiKJIEBHH CTOII, CTPYKTYpPAa, (has30BuUii CKJIaI, MiKPOTBEPAiCTh, BHOCOCTiHKiCTh.

(Received February 6,2022; in final version, August 11,2022)

1.INTRODUCTION

Currently, one of the main items of foreign exchange earnings of the
state is the export of cast sections and rolled metal. Requirements for
the quality of rolled products are growing every year, and competition
with China is becoming increasingly significant due to purchase and
modernization of metallurgical equipment. The problem of improving
quality of rolled products with the possibility of simultaneous reduc-
tion of their cost price is becoming increasingly urgent. Thus, reduc-
tion of production process cost and increase of the overall quality of
rolled products is an important direction of research. Rolling mills,
rulers and mandrels of rolling mill frameworks belong to the main tool
of hot deformation; operational characteristics of these tools affect
productivity and quality of metal products. The cost of rolls, rulers
and piercing mandrels is an integral part of the cost of finished hard-
ware. At the same time, the urgency of issues related to improving op-
erational stability of the rolling tools (and first of all, heir durability)
is constantly growing.

Experience of national and foreign metallurgical practice, as well as
available separate researches indicate that mill rolls made of alloy cast
iron and alloy steels are used for hot deformation of ferrous and non-
ferrous metals. At that, the share of mill rolls made of cast iron makes
up to = 65% of the total production volume of the mentioned metal
products [1-4]. Depending on the operating conditions and the produc-
tion method piercing mandrels are made of alloyed carbon steels, high-
chromium cast irons of 300X32H3®JI type or chromium—nickel alloys
of ‘nikorin’ type [1-4]. However, despite the high cost of production
and availability of various methods of processing of high-chromium
and chromium-—nickel alloys, tools of hot deforming are characterized
by low operational stability of only some dozens of hours. Thus, in-
creasing the service life of quick-wear machine parts operating at high
temperatures and loads is one of the priority tasks to be solved in the
metallurgical and machine-building industries.
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Usually, increase in the service life of piercing mandrels is condi-
tioned by improvements of the technological process, in particular due
to effective combinations of chemical composition, structure parame-
ters and ways to strengthen them.

Currently it is established that chromium—-manganese cast irons
with 12...18% of chromium and 5...16% of manganese, can be used as a
promising material for production of rolling tools. Analysis of domes-
tic and foreign scientific publications has shown that correlation of
chemical composition, formed type of matrix, mechanical properties
and wear resistance indices of alloys used for the production of hot de-
formation tools is insufficiently studied, so this area requires respec-
tive researches to be carried out [5—10].

It should be understood that the set of properties of alloyed cast iron
is formed immediately after heat treatment, and the development of
new modes requires reliable information about the hereditary relation-
ship of the original cast structure with the final structural state. This
is important because it is known that the main purpose of heat treat-
ment is to form a homogeneous structure of cast alloys that are not
subject to traditional hot plastic deforming.

Given the above, the peculiarities of structure formation processes,
formation of phase composition and properties of iron—carbon alloys
(nickel-chromium, high-chromium and chromium-—manganese cast
irons in the initial cast state and hereditary relationship with the final
structure of finished metal products is a topical direction of researches
in the sphere of finding rational ways for further increase of opera-
tional stability of hot deformation tools.

2. MATERIAL AND METHODS OF RESEARCH

The chromium-nickel alloy ‘nikorin’, high-chromium cast iron of
300X32H3®JI type and research casts of chromium—manganese alloys
obtained in laboratory conditions were investigated in the work. Chem-
ical composition of the alloys taken for carrying out researches is given
in Table 1.

The structure of the alloys in the initial (as-cast) state was deter-
mined after etching of microslices in 10% alcoholic solution of nitric
acid. The structure was evaluated according to 'OCT 3443-87 and
OCTY 8851:2019 with a help of an optical microscope (Neophot-31)
and an electronic focused beam microscope (JSM-35).

Identification of phases in the researched alloys was performed ac-
cording to the method of x-ray crystal analysis using diffractometers
OPOH-2, MPOH-3M with the use of CuK,- and CoK,-radiation. To de-
termine lattice parameter of unconverted austenite the profiles of re-
fraction peaks (111),, (002),, (113), were used according by three mu-
tually perpendicular sides of the specimens. At that, each side was rec-
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TABLE 1. Chemical composition of alloys taken for carrying out researches.

Content ‘Nikorin’ Research casts of ch{r'omium—
of ele- |300X32H3®DJI . manganese cast irons
ments, % cast iron cl}romlum—
weight nickel alloy | Alloy No. 1| Alloy No. 2 | Alloy No. 3
C 3.0-3.2 1.2-1.4 2.2-2.4 2.5-2.8 2.9-3.2
Cr 29.5-34.5 36-38 12.0-13.0 15.5-16.5 12.5-13.5
Ni 3.0-3.2 57-59 0.8-0.9 0.9-1.0 1.0-1.2
Al - 1.3-1.9 - - -
Ti - 0.6-0.7 - - -
A% 0.2-0.3 - 0.2-0.3 0.2-0.3 0.2-0.3
Mn 0.3-0.6 0.2-0.3 5.2-6.2 10.0-11.0 15.0-16.0
Si <1.2 0.6-0.8 0.9-1.0 0.8-0.9 0.8-0.9
Cu <0.4 - 0.10-0.20 0.08-0.09 0.1-0.2
S <0.045 - <0.009 <0.009 <0.003
P <0.045 - <0.013 <0.027 <0.025
Fe 58.0-60.0 0.7-1.3 77-78 67.5-68.5 65.0-66.0

orded five times at a rate of (1/8)°/min).

The lattice parameter was calculated according to the position of the
mass centre of the above-mentioned diffractometric maxima. The re-
sults obtained were subjected to statistical processing according to the
standard methods. The amount of residual austenite was determined
based on the ratio of integral intensities of the lines (011) (and (111)
(according to the formula (1)[11]:

Vi %)= [({akry/Prkry)/ (L akra/ Prkro + Taxry/ Pakiy)], (1)

where V,—volume ratio of austenite; Inkr, is the integral intensity of
the line (111),; Iukwa is the integral intensity of the line (011)a; Pukiy is
multiplicity factor for the line (111),; Prxr. is multiplicity factor for
the line (011),.

Microhardness determined according to 'OCT 9450-76 using IIMT-3
instrument. Hardness of alloys was determined according to IICTVY ISO
6508-1:2013 (Rockwell method) using TK 14-250, and TP 5006 devic-
es.

Abrasion wear tests were performed at an increased temperature
(950°C) using 2070 CMT-1 installation according to I'OCT 30480-97,
based on ‘shaft-plane’ scheme [12]. Specimens in form of a parallelepi-
ped (10x10x27 mm) were used for performing tests. Steel 45 was used
as the counterface (counterbody). At elevated test temperatures the
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specimens were mounted to a special frame, 500 N was created and
they were heated by means of abrasion at a sliding rate of 2 m/s during
one minute. Within a period of one minute temperature at the contact
zone reached 950°C, (the temperature was measured using a high-
precision pyrometer GM2200.

Wear resistance tests of the researched alloys were carried out as
follows. The process of wear in time consists of two unequal stages:
wearing in and stationary condition. Formulas for the rate of wear i, =
=dI/dt and wear I(¢) as a function on time ¢ are as follows:

is(t) = (o — <i>)exp(—t/T) + <i,>, (2)
I(t)=(io—<i>)T[l —exp(-t/T)] + <i>t, (3)

where io and <i,> are initial and average stationary value of the rate of
wear; T is time of wearing in relaxation; I(¢) is wear.

By means of substituting in formulas (2) and (3) time ¢ for friction
path [ we obtain formula describing wear intensity I(l) along the abra-
sion path.

Accuracy of the estimates is determined by the resolution of instru-
ments and dispersion of the wear process.

The difference between six-minute wear and one minute wear is di-
vided by the abrasion path and the value of average wear intensity (i) is
obtained. During the test friction force is measured and the coefficient
of wear resistance (n) is calculated.

In order to determine wear intensity, the specimen should be meas-
ured before and after the test and by means of dividing the wear by the
friction path wear intensity in dimensionless units is obtained.

Wear rate is determined in the same way by means of measuring the
specimen before and after the tests, and applying the ratio of wear to
the test time.

The coefficient of wear resistance is defined as the inverse loga-
rithm of wear intensity.

3. RESEARCH RESULTS

During the researches the comparative analysis of the structure, phase
composition and wear resistance of iron-carbon alloys (300X32H3®JI
cast iron and ‘nikorin’ alloy) used and planned to be used in manufac-
ture of piercing mandrels of rolling mill frameworks.

Figure 1 shows the structure of mandrels made of high-chromium
cast iron 300X32H3®JI and ‘nikorin’ alloy.

According to the graphic materials a rather inhomogeneous struc-
ture is formed along the cross section of the 300X32H3®DJI cast iron
casting.
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Fig. 1. Structure of high-chromium and chromium—nickel alloys in the as-cast
state. a, b—surface and axial zone of casting respectively (300X32H3®JI cast
iron); ¢, d—surface and axial zone of casting respectively ‘nikorin’ alloy).

The structure of the mandrel from its surface to the centre of the
casting gradually changes, excess carbides are enlarged and their
number is increased. In the axial zone of the ingot there are large ex-
cess carbides in the form of needles, hexagons and austenite-carbide
eutectic colonies (A + C). Small amount of excess coarse-needle car-
bides and their uneven location in the surface layer indicates accelerat-
ed cooling of the mandrel during crystallization and cooling in the
mould. The austenite-carbide eutectic formed in the surface layer is
finely differentiated with a small interlamellar spacing of highly
branched eutectic phases. In the central part of the casting, the degree
of differentiation of the austenite-carbide eutectic decreases, i.e., a
more coarsely differentiated eutectic is formed. As a result of acceler-
ated cooling, decomposition of supercooled austenite does not have
time to begin, and the process of isolation of secondary excess carbides
from the solid solution and their growth is inhibited.

Analysis of the structure of the ‘nikorin’ alloy showed that accord-
ing to the cross section of the casting a practically uniform structure is
formed, in contrast to the 300X32H3®DJI cast iron. Two types of car-
bides Me7Cs (Cr7Cs) and TiC were detected in the structure of ‘nikorin’
alloy. TiC carbides are distributed unevenly both in the volume of
Me7Cs (Cr:C3) carbides and in the austenite matrix. Titanium fibbers
have a correct cubic shape.

The structure of researched melts of chromium—manganese cast
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irons with different contents of chromium and manganese is shown in
Fig. 2.

Structural analysis of the researched chromium—manganese alloys
showed that crystallization begins with the release of primary austen-
ite dendrites and ends with the formation of eutectic colonies A+
+ Me7Cs. Me7Cs carbides in longitudinal and cross sections and finely
differentiated austenite-carbide eutectic based on Me;Cs carbide are
observed in the structure.

Figure 3 shows diffraction patterns of 300X32H3®JI cast iron and
‘nikorin’ alloy.

According to x-ray diffraction analysis, 300X32H3®JI cast iron re-
vealed excess Me;Cs carbides [13] and it was found that the matrix con-
sists of 52% austenite and 48% ferrite. Presence of ferrite is appar-
ently due to the lack of stability of austenite, which decomposes with
formation of ferrite and carbides during cooling. Ferrite is an undesir-
able component in the structure of cast iron and it can lead to decrease
of wear resistance and heat resistance of cast iron alongside with
macrodefects. The chromium—nickel alloy (see Fig. 3, b) includes ex-
cessive eutectic carbides Me:Cs; (Cr7Cs), high-nickel austenite, as evi-
denced by intensity of line (111), titanium carbides TiC, intermetallic
compounds NisAl and o-phase (FeCr), which reduces stability of alloys
during operation under tensile stress. This is due to the fact that the o-
phase has a high hardness, however, is very fragile [14—-1T7].

Me-C3—Cr-Cs carbides [18—2], cementite, austenite, and ferrite were
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Fig. 2. Structure of the researched chromium—manganese alloys in the as-cast
state: a—alloy No. 1; b—alloy No. 2; c—alloy No. 3.
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Fig. 3. Diffractograms of 300X32H3®JI high-chromium cast iron (a) and ‘ni-
korin’ chromium—nickel alloy (b).

found in chromium-—manganese alloys (Fig. 4). Quantitative data of
the x-ray diffraction analysis of the researched alloys are given in Ta-
ble 2.

Analysis of the Table data gives an opportunity to assert that the
structure of 300X32H3®JI cast iron includes the a-phase; the degree
of imperfection (Bo.s) of its lattice is 0.43, the parameter of a-phase lat-
tice (aq) is equal to 2.88. Alongside with this the cast iron matrix in-
cludes 52% residual austenite and ferrite. a-phase was not detected in
‘nikorin’ alloy, its matrix consists of almost 100% of high-nickel aus-
tenite.

Chromium—manganese alloys equilibrium a-phase, the degree of lat-
tice imperfection is 0.57...0.59, and the a-phase lattice parameter is
2.87...2.88. Amount of austenite in the matrix of researched alloys is
increased from 87% to 94% with increasing content of carbon and al-
loying elements (Cr and Mn).

Hardness of 300X32H3®DJI cast iron in the as-cast state is the high-
est (49 HRC), while hardness of ‘nikorin’ alloy is 47 HRC. Hardness of
chromium—manganese alloys No. 2 and No. 3 makes up 42 HRC, and
hardness of alloy No 1 appeared to be much lower—35 HRC.
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Fig. 4. Diffractograms of researched chromium—manganese cast irons in the
as-cast state: a—alloy No. 1; b—alloy No. 2; c—alloy No. 3.

Table 3 shows results of measuring microhardness of the matrix and

Me-Cs carbides of the researched alloys.
In the 300X32H3®JI, microhardness of the matrix appears slightly

higher than in the chromium—nickel alloy. At the same time, micro-
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TABLE 2. Data of x-ray diffraction analysis of researched alloys.

Resqrehed | aist | osst | impertecion | " 700 | rnc
of a-phase (Bo.5)
300X32H3®DJI 2.88 3.48 0.43 52 49
‘Nikorin’ - 3.58 - >100 47
Alloy No. 1 2.87 3.60 0.59 87 35
Alloy No. 2 2.88 3.62 0.59 92 42
Alloy No. 3 2.87 3.62 0.57 94 42

hardness of Me:Cs carbides in 300X32H3®JI cast iron and ‘nikorin’
alloy is equal.

Matrix microhardness and microhardness of eutectic carbides in al-
loys No. 1, No. 2, and No. 3 are increased with increasing amounts of
carbon, chromium and manganese.

This difference in properties is obviously due to liquation (distribu-
tion of alloying elements between phases and structural components),
which is formed during crystallization of researched alloys, which is
also typical for manufacture of alloyed carbon steels [23, 24].

Results of comparative Abrasion wear tests at temperature 950°C
and loading of 500 N of the researched alloys in the as-cast state are
given in Table 4.

The obtained results give an opportunity to assert that chromium-—
manganese cast irons (alloys Nos. 1-3) in the as-cast state show the
highest wear resistance (minimum wear intensity and a high coeffi-
cient of wear resistance) during abrasion wear under elevated tempera-
ture and load.

The phase and structural transformations that occur during abra-
sion wear are obviously due to the redistribution of alloying elements
between the phases and structural components of the researched al-
loys.

TABLE 3. Microhardness measurement results.

Matrix microhardness, | Me;Cs carbides microhardness,
Researched alloys

MPa MPa
300X32H3PJI 3285 18920
‘Nikorin’ 2769 18921
Alloy No. 1 4137 7920
Alloy No. 2 4228 8934

Alloy No. 3 4663 9195
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TABLE 4. Tests for wear resistance of researched alloys in the as-cast state.

Researched alloys | Load, N Veig;isty, ‘Wear intensity i Coeﬁigﬁgigﬁ ;;vear
300X32H3DJI 1.19-10°7 6.92
‘Nikorin’ 9.3:1077 6.03
Alloy No. 1 1.10-10°7 6.95
Alloy No. 2 500 2 7.52.10°8 7.12
Alloy No. 3 5.7-1078 7.24

Thus, the increase in wear resistance of chromium—manganese cast
irons (alloy No. 3) is due to the high microhardness of the matrix, aus-
tenite—carbide eutectic based on Me;C; carbide and is determined by
the degree of alloying and the shape parameter of the eutectic carbide
[25, 26], as well as during abrasion wear. In particular, the latter
statement requires additional comprehensive researches.

4. CONCLUSIONS

1. We researched peculiarities of structure formation, phase composi-
tion and properties of high-chromium (300X32H3®JI), chromium—
nickel (‘nikorin’) and chromium—manganese cast irons in the as-cast
state (cast irons used and planned to be used in the manufacture of hot
deformation rolling mills).

2. It is established that cross section of 300X32H3®JI cast iron forms a
significant structural in homogeneity in contrast to ‘nikorin’ alloy (its
structure is more homogeneous). It is shown that the structure of
300X 32H3®JI cast iron in the as-cast state includes excessive Me:Cs
carbides and its matrix consists of austenite (52%) and ferrite (48%).
The structure of ‘nikorin’ alloy contains chromium carbides—Me-Cs;
(Cr:Cs), titanium carbides—TiC, intermetallic compounds—NisAl, -
phase (FeCr), and its matrix consists of 100% high-nickel austenite.
Me:C; carbides are observed in the structure of chromium—-manganese
cast irons in both longitudinal section and cross-section, and finely
differentiated austenite-carbide eutectic based on Me;Cs carbide.
Me;Cs—Cr:Cs carbides, cementite, austenite and ferrite were detected
by x-ray diffraction method. Amount of austenite in the matrix of
chromium—manganese cast irons increases from 87% to 94% with in-
creasing content of carbon and alloying elements. Alongside with in-
creased amount of austenite, microhardness of the researched chromi-
um—manganese cast irons also grows. Change in properties of chromi-
um—manganese alloys may be due to liquation, which is formed during
the crystallization and cooling of the alloyed cast iron.
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3. It is established that as a result of abrasion wear at a temperature of
950°C and loads of 500 N chromium—manganese cast irons have the
highest wear resistance (wear intensity 1.1-107...5.7-10°® and a high
coefficient of wear resistance 6.95..7.24) in comparison with
300X32H3®JI and ‘nikorin’ alloy. The greatest wear resistance among
the researched alloys is typical for chromium—manganese cast iron
with chromium contents of 13% and manganese contents of 15...16%
(alloy No. 3).

4. Further research should be focused on studying deformation-phase
transformations that can occur during abrasion wear and determining
effective modes of final heat treatment of hot deformation tools, which
will give an opportunity to reasonably use chromium—manganese al-
loys with reduced chromium and nickel content due to their substitu-
tion with manganese.

5. The results of research allow us to draw a preliminary conclusion
that the use of chromium—-manganese cast iron alongside with effec-
tive modes of final heat treatment will increase the operational stabil-
ity of hot deformation tools (piercing mandrels) while reducing pro-
duction costs.
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