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1. Introduction

2. Literature review and problem statement

The application of protective coatings using electric
arc surfacing is one of the most widely used technologies
for renovation and surface strengthening of machine parts
and various equipment in the mining-metallurgical, engi-
neering, energy, and other branches of industry. Among the
great variety of materials that are used for this purpose, a
wide scope of applications characterizes high-carbon com-
positions based on Fe—C—Cr—Ni-Si-based. Such materials
include powder tapes PL AN-101 and PL AN-111 [1].
When surfacing with these tapes, a surfaced metal is ob-
tained, which is denoted as 300Cr25Ni3Si3 (“Sormite—1")
and 500Cr40Ni40Si2BZr, respectively [2]. PL AN-101 and
PL AN-111 are used for the surfacing of parts of agglom-
eration and blast-furnace equipment: the contact zones of
cones and bowls, the contact surfaces of dishes and valves
of bulk devices, bunkers, conveyors of agglomeration ma-
chines, etc. Such parts operate under conditions of heavy
wear at elevated temperatures [3].

Taking into consideration significant economic losses
incurred during downtime of such equipment related to the
replacement of worn parts, the quality of surfacing materials
should meet enhanced requirements.

By the type of structure, alloys 300Cr25Ni3Si3 and
500Cr40Ni40Si2BZr belong to a group of high-chromium
white cast irons known for their high tribological properties
[4]. These properties are related to the presence in the micro-
structure of carbides, borides, carbo-borides, distributed in a
metal matrix, which can consist of austenite, ferrite, pearlite,
martensite in different combinations and proportions [5].
Paper [6] shows that the highest level of wear resistance of
cast irons is reached in the presence of matrix with a struc-
ture of metastable austenite. To increase wear resistance,
cast irons are additionally alloyed with strong carbide-form-
ing elements, such as Ti, V, Nb, Mo [7], and the rate of crys-
tallization is also increased [8]. Improving the properties of
cast iron products is reached by using a heat treatment that
includes both the techniques of volume hardening and the
technologies of surface modification by the sources of con-
centrated energy [9].

The main role in high-chromium surfacing compositions
belongs to chromium, which provides both high durability
and the necessary level of resistance against high-tempera-
ture and electrochemical corrosion [10]. Authors of work [11]
noted the high level of wear resistance of high-chromium




alloys during tests in liquid corrosion-active environments,
particularly in aqueous solutions of sulfuric acid. Article [12]
reported that the cast iron with 15 % Cr has an improved re-
sistance against high-temperature corrosion at temperatures
up to 1,000 °C inclusive.

The behavior of surfacing coatings under actual in-
dustrial conditions is determined by the microstructure
and chemical composition of phase components, that
is, by factors that should be considered when choosing
surfacing materials for specific operating conditions.
Based on data from paper [13], chemical composition of
the metal obtained by surfacing using the powder tapes
PL AN-101 and PL AN-111 enables the formation of
structure, resistant to abrasive, gas-abrasive, erosive wear
under ambient and elevated temperatures. This is due
to the high corrosion- and heat resistance of the metal
matrix combined with the strengthening carbide phases.
Since the tribological properties of the surfacing metal
are determined first of all by its microstructure, the pre-
diction of micro-structural state in the surfacing coatings
becomes very important [14]. This is also emphasized by
authors of article [15] who studied the relationship “wear
resistance — hardness — microstructure” relative to Fe—
Cr—C and Fe—Cr—C-B surfacing materials.

There are known papers that deal with powder tapes
PL AN-101 and PL AN-111 [1-3, 13], mainly focusing on
the technological peculiarities of surfacing and the level of
welding quality for the surfaces coatings obtained. In con-
trast, the character of structure formation in the coatings
obtained using the powder tapes PL AN—101 and PL. AN—
111 remains insufficiently studied, and therefore requires
more detailed research. Such a study could be conducted
employing a thermodynamic simulation [16]. Simulation
results typically reflect a thermodynamically-stable state
of the system, which is formed during crystallization of
the alloy under equilibrium conditions, that is, at a very
low cooling rate. Real conditions of structure formation in
a coating that is applied (by surfacing, spraying, etc.) are
characterized by the instability of processes, which may
lead to consequences that differ from the results of simula-
tion. However, it yields information about the character of
transformations and structural changes that are fundamen-
tally possible for the alloy of a given chemical composition.
This makes it possible to assess the impact of technological
parameters of the process of application on the resulting
microstructure of the coating, which is important given
the possibility to control the quality of metal through the
optimization of technology.

3. The aim and objectives of the study

The aim of present work is to analyze patterns in the for-
mation of a microstructure and the phase state of the alloys
300Cr25Ni3Si3 and 500Cr40Ni40Si2BZr at crystallization.
This would make it possible to predict behavior of the alloys
under actual conditions of wear and to choose appropriate
variants for their application in practice.

To accomplish the aim, the following tasks have been set:

— to determine the character of phase transformations and
the dynamics of change in the molar fraction of phases during
crystallization of alloys under equilibrium conditions;

—to establish thermodynamic characteristics and the
equilibrium chemical composition of phase components.

4. Materials and procedure for thermodynamic simulation
of alloy crystallization

We have chosen, as the material to be examined, alloys of
the alloying system Fe—C—Cr—Ni—Si—Mn whose chemical
compositions are given in Table 1.

Table 1

Chemical composition of the alloys 300Cr25Ni3Si3 and
500Cr40Ni40Si2BZr

Content, % by weight:
C|Cr|Ni|Si|Mn| B |Zr| Fe

PL AN-101 530|250 3030 20| = | - | P2

Tape (alloy)

(300Cr25Ni3Si3) ance
PL AN-111 bal-
(500Cr40Ni40Si2BZr) 5.0 140.0{40.0|1 2.0 [ 1.0 | 0.1 [ 0.5 ance

The character of structure formation during crystalliza-
tion was studied by thermodynamic simulation employing
the “Thermo-Calc Software” based on the method for cal-
culating the equilibrium phase diagrams CALPHAD [17].
This software makes it possible to build and analyze state
diagrams of multicomponent alloys and to determine the
thermodynamic characteristics of phase components of the
structure.

Calculations of thermodynamic characteristics of the
components and the phase chemical composition using the
“Thermo-Calc Software” were conducted at the following
initial parameters: temperature is 1,000 K, pressure is at-
mospheric (10° Pa), the degree of freedom is 0, the content
of chemical elements in weight percentage is in accordance
with Table 1. Atmospheric pressure was chosen relative to
the normal conditions of alloy crystallization; the tempera-
ture of 1,000 K (727 °C) corresponds to the completion of all
the transformations and the formation of the resulting phase
state in alloys.

5. Results of study into the structure formation in alloys

5. 1. Alloy 300Cr25Ni3Si3

Fig. 1 shows a phase diagram of the system Fe — 25 %
Cr—3%Ni—3%Si—2 % Mn — C, which includes the alloy
300Cr25Ni2Si3 (“Sormite—1"). Positions of this alloy in the
diagram are marked with a dotted line. It follows from the
Figure that the alloy 300Cr25Ni3Si3 refers to the hyper-
eutectic alloys. Its crystallization starts at a temperature
below 1,355 °C (liquidus temperature) from the formation of
primary carbides M;Cs with a hexagonal lattice of the spatial
group Pnma. In the temperature range of 1,255-1,236 °C,
there the eutectic reaction “L—Austenite (FCC_A1)+M;Cs”
occurs. At temperatures in the range of 1,236-830 °C, the
alloy is in a two-phase state, comprising austenite and car-
bides M;C3 (primary and eutectic). At a temperature below
830 °C, the alloy is in a three-phase state, that is, consists of
austenite, ferrite (BCC_A2) and carbides MCs.

Change in the phase composition of the alloy
300Cr25Ni3Si3 at crystallization is illustrated by Fig. 2.
At the time of start of the eutectic transformation, the alloy
consists of 80 mol. % liquid and 20 mol. % primary carbides
M-C3; and upon its completion — of 64 mol. % austenite and
36 mol. % carbides M;C3 (primary and eutectic). In the
range of 1,236-830 °C, molar fraction of carbides gradually



rises to 39 mol. % with a corresponding decrease in the frac-
tion of austenite. Starting at 830 °C, ferrite appears in the
structure; in the range of 830-600 °C, there is a gradual in-
crease in the fraction of ferrite with a decrease in the fraction
of austenite. At 600 °C, the alloy 300Cr25Ni2Si3 consists
of 54 mol. % ferrite, 41 mol. % M7Cs, and 5 mol. % austenite.
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Fig. 1. Phase diagram of the system
Fe—25%Cr—3%Ni—3%Si—2%Mn—C
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Fig. 2. Change in phase composition (in molar parts) of
the alloy 300Cr25Ni3Si3 dependent on temperature

Thermodynamic characteristics of components and the
phase chemical composition, calculated for 1,000 K (727 °C)
and a pressure of 10° Pa, are given in Tables 2, 3. Under
these conditions, we obtained the following data for the
alloy 300Cr25Ni3Si3: molar mass is 48.29 g/mol.; enthal-
py (AHyp00%) is 1.40x10* J/mol.; Gibbs energy (AGigoo°)
is (—5.18x10%) J/mol. According to data from Table 3, the
alloy is characterized by a significant intraphase redistri-
bution of chemical elements. At 1,000 K, the main mass of
austenite-stabilizing elements (manganese and nickel) is
concentrated in austenite, while ferrite-forming silicon is
concentrated mainly in ferrite. The concentration of chromi-
um in approximately the same in both matrix phases, while
its larger part (70 % by weight) is in carbides. Carbide M;C3
contains chromium, iron, manganese, and nickel. Austenite
has low carbon content, which is associated with the sol-
id-phase reaction of precipitation of carbides M7C3 from it at
temperatures below the interval of eutectic transformation.

Table 2

Thermodynamic characteristics of components in the alloy
300Cr25Ni3Si3 (at 1,000 K and 10° Pa)

Components | Molar fraction Activity Potential, J/mol.
C 0.121 2.80x1072 - 2.97x10"
Cr 0.232 1.12x10°3 — 5.65x10*
Fe 0.553 4.39x10°° — 4.51x10"
Mn 0.018 2.18x10 - 8.92x10*
Ni 0.025 5.11x10 - 6.30x10*
Si 0.052 8.29x108 - 1.35x10°
Table 3

Equilibrium phase composition of the alloy 300Cr25Ni3Si3
(at 1,000 K and 10° Pa)

Content of elements, % by weight:
Phase - -
C Cr Mn Ni Si Fe
BCC—A2#1 0.001 1.88 1.16 1.92 5.22 89.82
(ferrite)
FCCAL# 006 | 242 | 328 | 676 | 383 | 8365
(austenite)
M7C3#1
(carbide 8.88 70.18 1.54 0.28 0.00 19.12
M7Cs)

According to the results of thermodynamic simulation,
the equilibrium structure of the alloy 300Cr25Ni3Si3 con-
sists of primary carbides M7C3 and carbide eutectic “Matrix+
M-C3”, where matrix is a mixture of ferrite and austenite.

5. 2. Alloy 500Cr40Ni40Si2BZr

A phase diagram of the system Fe—40 % Cr—
40 % Ni-2 % Si—1 % Mn—C is shown in Fig. 3; phase com-
position of the alloy 500Cr40Ni40Si2BZr, depending on
temperature, is in Fig. 4.
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Fig. 3. Phase diagram of the system Fe — 40 % Cr — 40 %
Ni—=2%Si—1%Mn—C

The diagram (Fig. 3) was built disregarding zirconium
due to the absence of this element in the computer database
TCFE7, which was employed during simulation. Since
zirconium is a strong carbide-forming element, it is almost
entirely associated with carbon to form cubic carbide ZrCy



that is crystallized directly from liquid at high temperatures
to form chromium carbides [18]. The ratio of zirconium to
carbon atoms in a molecule of carbide ZrCy is 7.6:1. Given
this ratio, when 0.5 % zirconium is introduced to the alloy, it
will bind 0.06 % of carbon. Then crystallization of the alloy
500Cr40Ni40Si2BZr will actually proceed in accordance
with the content of carbon in the liquid equal to 4.94 %
(position of this alloy is marked with a dotted line in Fig. 3).
Thus, the resulting diagram can be applied to predict the
structure in the alloy 500Cr40Ni40Si2BZr.
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Fig. 4. Change in phase composition (in molar parts) of
the alloy 500Cr40Ni40Si2BZr, dependent on temperature

Similar to 300Cr25Ni3Si3, the alloy 500Cr40Ni40Si2BZr
refers to hypereutectic alloys. Its crystallization starts at
1,485 °C with the precipitation of primary carbides M;Cs
from liquid (48 mol % M7;C3 is maximally precipitated).
The rest of the liquid crystallizes in line with the eutectic
reaction of “L—Austenite (FCC_A1)+M;C3” in the tem-
perature range of 1,285-1,263 °C; upon completion of the
reaction, the alloy contains 62.5 mol. % carbides M;C3 and
37.5 mol. % austenite.

At temperatures below 1,081 °C, the alloy would con-
tain carbide M3C, with a rhombic lattice of the spatial
group Pnma. The alloy undergoes carbide transformations:
first, in the range of 1,081-690 °C, there the reaction
“M;Cs—Austenite + M3Cy” occurs. As a result, the amount
of carbide M;Cj3 reduces to 25 mol. %, while the amount
of austenite and rhombic carbide M3C, rises to 45 mol. %
and 30 mol. %, respectively. Next, in the temperature range
of 690-500 °C, there is a reverse transformation “Aus-
tenite+M3Cy—M7C3”. It leads to an increase in the mole
fraction of carbide M7C3to 29.5 mol. % with a correspond-
ing decrease in the fraction of austenite to 44 mol. % and
carbide M3C, — to 26.5 mol. %.

Thermodynamic characteristics of components and the
chemical composition of phases (for 1,000 K and atmospher-
ic pressure) are given in Tables 4, 5. We obtained for the
alloy 500Cr40Ni40Si2BZr: molar mass is 48.47 g/mol.; en-
thalpy (AH;gg0°) is 1.48x10% J/mol.; Gibbs energy (AG1000°)
is (-1.90x10%) J/mol.

It follows from Table 5 that nickel and silicon are
almost entirely concentrated in austenite, while carbon
and chromium are in carbides M;C3 and M3Cy. A com-
parison of Tables 3, 5 shows that carbides in the alloy
500Cr40Ni40Si2BZr contain significantly more chromium
(by 16—-16.5 %) and significantly less iron (by 13-19 %) than
in the alloy 300Cr25Ni3Si3. Nickel is instead almost en-

tirely missing in carbides in the alloy 500Cr40Ni40Si2BZr
in contrast to 300Cr25Ni3Si3.
Table 4

Thermodynamic characteristics of components in the alloy
500Cr40Ni40Si2BZr (at 1,000 K and 10° Pa)

Components | Molar share Activity Potential, J/mol.
C 0.121 3.28x1073 — 4.76x101
Cr 0.372 5.33x10"! —5.22x10°
Fe 0.119 1.76x10°! — 4.44x104
Mn 0.00882 8.32x10 ~5.90x10*
Ni 0.0330 2.91x10! - 1.03x10%
Si 0.0345 4.99x1077 —1.21x10°
Table 5

Equilibrium phase chemical composition of the alloy
500Cr40Ni40Si2BZr (at 1,000 K and 10° Pa)

Content of elements, % by weight:
Phase - -
C Cr Mn Ni Si Fe
FCC—A?#1 0.0001| 13.18 | 1.75 | 60.45 | 2.75 | 21.96
(austenite)
M7C3#1
(carbide M;Cs) 892 | 86.19 | 1.53 | 0.007 | 0.00 | 3.36
M3C2#1
(carbideMsCy) 13.33 | 86.67 | 0.00 | 0.00 | 0.00 | 0.00

Thus, according to the results of simulation in a ther-
modynamically-steady state, the alloy 500Cr40Ni40Si2BZr
has a microstructure that consists of austenite, hexagonal
carbide M;C3and rhombic carbide M3Co.

6. Discussion of results of thermodynamic simulation

The results obtained showed that at low cooling, a
hypereutectic structure forms in the alloys 300Cr25Ni-
3Si3 and 500Cr40Ni40Si2BZr with a large quantity of
carbide phases. In this case, molar fraction of carbides
in the alloy 500Cr40Ni40Si2BZr is higher than that in
300Cr25Ni3Si3 (56 mol. % against 41 mol. %). The differ-
ence in the amount of carbides can be differently reflected
on the ratio of abrasive/erosive wear resistance of alloys
depending on the dynamics of contact between an abrasive
particle and the surface. Under conditions of the impact
contact, at the angles of attack from 30 to 60 degrees, there
is the possibility of cracking and chipping of primary car-
bides, which will lead to a reduced level of wear resistance
for 500Cr40Ni40Si2BZr. These processes can be amplified
at the expense of residual stresses, which are a characteristic
feature of welding and surfacing [19]. In a contact at the
angles close to the tangential or normal directions, the pres-
ence of a great amount of carbides can provide this alloy with
improved wear resistance.

Significant differences in the chemical composition of
carbides in the analyzed alloys may cause a difference in
the microhardness of carbide phases in favor of the alloy
500Cr40Ni40Si2BZr. This may be due to the higher content
of chromium with a corresponding increase in the covalent
component in the intra-atomic bonds [20].

The high concentration of nickel (40 %) in the alloy
500Cr40Ni40Si2BZr ensures the formation of an austenitic
structure of the metal matrix in it, while the lack of nickel



in the alloy 300Cr25Ni3Si3 leads to the formation of a two-
phase (oi+7y) state of the matrix.

It follows from Fig. 3 that the alloy 500Cr40Ni40Si2BZr
under thermodynamically equilibrium conditions misses
the graphite phase. However, even at 5.5 %, the alloy
contains graphite, which is formed in alloys with 5.5—
6.0 % of C at 1,240 °C in line with the eutectic reaction
“L—Austenite (FCC_A1)+M;Cs+Graphite”. At carbon
content above 6.0 % graphite begins to crystallize from the
liquid at a temperature above 1,500 °C even before the for-
mation of primary carbides M;Cs. According to the results
of simulation, the amount of graphite at 5.5-6.0 % of C can
reach 3-4 mol. %. Thus, the alloy 500Cr40Ni40Si2BZr
is close enough to a concentration interval of the existence
of graphite phase, which is important concerning the neg-
ative impact of the latter on the abrasive (erosive) wear
resistance of alloys. At slight variations in the composi-
tion of a powder tape, or as a result of insufficient mixing
of elements during crystallization of the surface coating, it
may be subject to the emergence of carbon enriched zones,
where conditions for the formation of graphite would be
created.

A study of structure formation by thermodynamic simu-
lation has certain limitations. They arise from the conditions
of achieving a thermodynamically-stable state of the system,
which implies the low rate of crystallization. This leads to
possible shortcomings in present research, related to the
possibility of incomplete conformity of simulation results
with the actual condition of the microstructure, which forms
at very high cooling rates, characteristic of electric arc appli-
cation of coatings.

The benefit of present study includes the obtaining of
theoretically substantiated data on the type of phases, their
stoichiometric chemical composition and volumetric ratio,
which reflect the nature of interatomic interaction in the mul-
ticomponent alloys 300Cr25Ni3Si3 and 500Cr40Ni40Si2BZr.
This is especially true for the latter alloy. It differs from most
of the Fe—Cr—C surfacing materials by the replacement of a
significant amount of iron with nickel, and therefore refers to a
different alloying system (Ni—Cr—C), which has been explored
in much lesser extent.

The results obtained could be useful in practice when
determining the feasibility of application of surfacing ma-
terials under actual operating conditions, as well as when
controlling the structural state of a coating by optimizing
technological parameters of its application.

Further development of present work could involve a
research into a real microstructure and phase state of the
alloys 300Cr25Ni3Si3 and 500Cr40Ni40Si2BZr, surfaced
with the powder tapes PL. AN-101 and PL AN-111, respec-
tively. This would make it possible to estimate the degree
of match between actual (non-stationary) and thermody-
namically-equilibrium conditions of crystallization in order
to take it into consideration in future when modeling the
processes of structure formation in alloys with different
chemical composition. In this case, one should pay attention
to the need for a correct choice of databases at simulation,
which would make it possible to obtain adequate results for
the alloys of a particular alloying system.

7. Conclusions

1. By using thermodynamic simulation employing
the “Thermo-Calc Software”, we investigated the char-
acter of crystallization of the alloys 300Cr25Ni3Si3 and
500Cr40Ni40Si2BZr under equilibrium conditions. It was
established that their crystallization starts with the for-
mation of primary carbides M7Cs, followed by the eutectic
reaction “Liquid—Austenite+M7Cs3”. Solid-phase structural
transformations also occur in the alloys, specifically: in
300Cr25Ni3Si3 — transformation of austenite into ferrite
(below 830 °C), in 500Cr40Ni40Si2BZr — carbide transfor-
mation M7;C3¢<>M3C, (below 1,081 °C).

2. We have defined a thermodynamically-stable phase
state of the alloys, which at temperatures below 700 °C
is represented by the following set of phases: in the alloy
300Cr25Ni3Si3 — austenite, ferrite, carbide M7Cs; in the alloy
500Cr40Ni40Si2BZr — austenite, carbide M7C3, carbide M3Cs.
We calculated thermodynamic characteristics and obtained
stoichiometric chemical composition and a molar fraction of the
specified phases in the structure of each of the alloys.
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