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ABSTRACT

Purpose: The purpose of the work is to synthesize and investigate the character of structure 
formation, phase composition and properties of model alloys Fe75Cr25, Fe70Cr25Zr5, and 
Fe69Cr25Zr5B1.
Design/methodology/approach: Model alloys are created using traditional powder 
metallurgy approaches. The sintering process was carried out in an electric arc furnace with 
a tungsten cathode in a purified argon atmosphere under a pressure of 6·104 Pa on a water 
cooled copper anode. Annealing of sintered alloys was carried out at a temperature of 800°C 
for 3 h in an electrocorundum tube. The XRD analysis was performed on diffractometers 
DRON-3.0M and DRON-4.0M. Microstructure study and phase identification were performed 
on a REMMA-102-02 scanning electron microscope. The microhardness was measured on 
a PMT-3M microhardness meter.
Findings: When alloying a model alloy of the Fe-Cr system with zirconium in an amount 
of up to 5%, it is possible to obtain a microstructure of a composite type consisting of a 
mechanical mixture of a basic Fe2(Cr) solid solution, solid solutions based on Laves phases 
and dispersive precipitates of these phases of Fe2Zr and FeCrZr compositions. In alloys of 
such systems or in coatings formed based on such systems, an increase in hardness and 
wear resistance and creep resistance at a temperature about 800°C will be reached.
Research limitations/implications: The obtained results were verified during laser 
doping with powder mixtures of appropriate composition on stainless steels of ferrite and 
ferrite-martensitic classes.
Practical implications: The character of the structure formation of model alloys and the 
determined phase transformations in the Fe-Cr, Fe-Cr-Zr, and Fe-Cr-B-Zr systems can be 
used to improve the chemical composition of alloying plasters during the formation of ferrite 
and ferrite-martensitic stainless steel coatings.
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Originality/value: The model alloys were synthesized and their phase composition and 
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their properties was analysed.
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MATERIALS

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 

 
Recently, a paradigm shift in the philosophy of alloy 

design has been observed. In search of a better combination 
of properties, newer alloys with relatively complex 
chemistry are being designed and processed under extreme 
conditions, for example using surface engineering methods, 
precipitation methods due to the release of fine dispersion 
phases or the formation of composite alloys [1-5]. It has led 
to some fundamental questions so far physico-chemical 
metallurgy of alloys is concerned. First of all, this concerns 
the formation of microstructure components, crystalline, 
quasicrystalline, or amorphous phases, which during the 
phase transformations pass from a metastable to a stable 
state [6]. It should be noted that to date we do not have a 
thermodynamic rational model that can reliably predict the 
alloying behaviour and the structure stability of the alloys 
and the microstructure development under various 
processing conditions. Determination of thermodynamic 
parameters associated with each energy minimum is often 
not possible. An alternative attempt is to form a standard 
state, namely, the solid solution in a crystallized form and 
study transformations of the microstructure during the 
process of structure formation. 

It is known that alloys of Fe-Cr-B, Fe-C-Cr-B, Fe-Zr-B, 
and many other systems have a set of unique properties, 
namely, high strength, thermal stability, corrosion and wear 
resistance [7,8]. In particular, borides, carbides, and 
intermetallics of stoichiometric and non-stoichiometric 
compositions, and Laves phases are formed in the solid 
solution matrix of composites based on Fe-B, Fe-B-C,  
Fe-B-C-Cr, and Fe-B-C-Cr-Zr systems [9,10]. Such alloys 
are mainly manufactured by powder metallurgy, and modern 
methods of surface engineering make it possible to 
synthesize coatings with similar structure [11,12]. Providing 
the necessary chemical and phase composition and 
formation of a predetermined microstructure, including a 
gradient one, allow to obtain the required functional 

properties for specific operating conditions. It should be 
noted that the interaction between the components of the 
studied systems involves the formation of solid solutions 
based on them and the secondary phases, namely, 
intermetallics, borides, and Laves phases. Depending on the 
chemical and thermodynamic state of the slip, other phases 
may be formed, in particular, oxides, nitrides, oxynitrides, 
carbides, carbonitrides, etc. The results obtained can be used 
in the synthesis of coatings of various functional purpose 
with the prediction of possible phase transformations, as 
well as to optimize the chemical composition of alloying or 
saturating mixtures. In this way, the regulatory mechanism 
of structure formation of coatings with a predetermined 
microstructure, phase composition and properties, which can 
operate as new functional materials, is employed [13,14]. 

It is known that solid solutions of various structures 
crystallize directly from the melt in the Fe-Cr system. 
Thermodynamic calculations made it possible to estimate 
that the maximum solubility of chromium in γ-Fe is 11.3-
12.6%, and according to the authors of [15-17], it ranges 
from 8.8 to 9.8%. In this case, the γ-α transformation occurs 
by a non-diffusion mechanism, and the formation of the  
σ-phase from the α-solid solution is accelerated during 
cooling. Besides, in alloys of this system obtained by 
powder metallurgy methods in evacuated tubes, 
transformation of the α-phase into σ-phase is achieved after 
10-day exposure at a temperature of 650°C. For an alloy 
containing 50.6 at.% Fe, deformed and annealed at 1450°C 
for 230 h, the same result is achieved after 450 h exposure at 
a temperature of 760°C. It should be noted that at 650°C, the 
homogeneous region of the σ-phase exists in the range from 
42 to 48 at.% Cr. The σ-phase exists in two modifications, 
namely, the σ'-phase (first modification), which becomes 
a much harder σ-phase (second modification) in the course 
of time, of the same composition as the σ'-phase with 
a tetragonal structure with 30 atoms in the elementary 
lattice. The temperature stability interval of the σ-phase is 
440-820°C [18]. 

1.   Introduction
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Alloys of the Fe-Cr-Zr system are promising from the 
point of view of properties. The papers [18-22] describe the 
structure of such alloys in the Fe-ZrFe2, ZrCr2-Zr, and  
ZrCr2-ZrFe2 regions, where non-variant peritectic trans-
formation occurs with the participation of four phases, 
namely, α+р↔γ+η. In this case, α and γ are solid solutions 
based on iron with BCC and HCC lattices, respectively, p is 
a melt, and η is a phase containing ~35% zirconium formed 
in iron alloys by the reaction р+ZrFe2(ε)↔η. 

The above equation is valid at temperatures of  
910-925°C, slightly higher than during the δ-Fe↔γ-Fe 
transformation. Interesting results were also obtained by the 
authors [20-22], who, considering the two-phase Cr-Zr 
system, apart from the melt, distinguish the presence  
of the following phases: Cr2Zr with С14 and С36 
symmetries with hexagonal lattice and Cr2Zr with С15 
symmetry with cubic crystal lattice (Fig. 1). Besides, the 
presence of intermetallics of various symmetries of non-
stoichiometric compositions FeZr3, FeZr2, FeZr, Fe2Zr, and 
Fe23Zr6 phase with and without oxygen are observed in  
Fe-Zr alloys. 

 

 
 

Fig. 1. Calculated isothermal section of Fe-Cr-Zr phase 
diagram at 800°C compared to experimental data [22]. The 
element in bold font denotes the major species 

 
It should be noted that the introduction of a small amount 

of zirconium (up to 2 at.%) will promote the stabilization of 
the grain size of the main solid solution of the alloy even at 
high temperatures. Therefore, solute segregation at grain 
boundaries can reduce the grain boundary energy. This is 
important in terms of thermal stability and creep resistance 
of the alloys. Such information is present in the work [23], 
which deals with kinetic stabilization and thermodynamic 

stabilization by which stability of a grain size can be retained 
at high temperatures. In the first case, the mobility of a grain 
boundary is reduced by effects such as second-phase particle 
pinning (Zener pinning). The kinetic mechanisms can be 
overcome at high temperatures. Some phases are generally 
associated with grain boundary diffusion activation energies 
in the case when volume diffusion is significant and 
intermetallic particle formation and/or grain boundary 
segregation can occur. 

Some particles contribute to strengthening in addition to 
the Hall-Petch effect. The analysis of microstructure and 
properties of Fe-Cr alloys with 2 at.% Zr suggested that both 
thermodynamic and kinetic mechanisms would contribute to 
grain size stabilization. There was no significant difference 
in the results for the 10 and 18 at.% Cr alloys [23,24]. 

The polythermal cross-section of the Fe-Cr-Zr phase 
diagram in the ZrFe2-ZrCr2 phase region (Fig. 2) clearly 
shows the areas of solid solutions on the basis of the three 
Laves phase (λ) modifications, namely, the MgZn2  
(λ1 modification), MgCu2 (λ2), and MgNi2 (λ3) structures. 

 

 
 

Fig. 2. Calculated isopleth of Fe2Zr-Cr2Zr phase diagram. 
The element in bold font denotes the major species [20] 

 
In the work [18], the phase composition of alloys of the 

Fe-Cr-B system was studied by X-ray and microstructural 
analyses in two temperature ranges: 1100-1250°C and  
700-900°C. The alloys studied were smelted of carbonyl 
iron, chromium with a purity of 99.77%, and fine-crystalline 
boron with a purity of 98.8%. The powders of the starting 
materials were mixed, pressed and sintered, and then melted 
twice in an electric arc furnace in a helium atmosphere.  
At a boron concentration of more than 50 at.%, the alloys 
were homogenized at a temperature of 1100°C for 320 h, and 
then cooled in cold water. 
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Figure 3 shows an isothermal cross-section of a ternary 
phase diagram for the Fe-Cr-B system at 1100°C. As can be 
seen, the α-Fe and Fe2B phases are in equilibrium with the 
γ-Fe. Besides, the phases γ-Fe, Fe2B, Cr2B, and Cr4B are in 
equilibrium with the α-phase. Moreover, Fe2B and Cr2B 
phases form on the diagram wide areas of solid solutions 
(Fig. 3). 

 

 
 

Fig. 3. Isothermal cross-section of the Fe-Cr-B phase 
diagram at 1100°С [18] 
 

It is known that some Fe-based composite alloys have 
unique properties due to their peculiar microstructure 
depending on the cooling rate during crystallization and/or 
during thermal treatment. As a result, a crystalline, 
quasicrystalline, or amorphous state may be formed with the 
mandatory presence of secondary phases (borides, inter-
metallics, etc.) that reinforce the solid solution. 

Alloys of the Fe-Cr-Zr-B system are attractive for the 
formation of a specific microstructure and phase 
composition, which affects the formation of a unique 
complex of technological and functional properties. An 
example of this is the results of the work [25], which studied 
the effect of chemical composition and heat treatment modes 
of the Fe64Cr18Zr8B10 alloy on the evolution of the 
microstructure in the temperature range 600-1000°C. The 
authors show that the change in the concentration of Zr and 
B significantly affects the crystallization conditions and, 
accordingly, the formed microstructure. It varies from an 
amorphous to a quasicrystalline state. In particular, after 
annealing at 600°C for 2 h, the microstructure of such an 

alloy consists of ferrite phase crystallites with a BCC lattice 
up to 9 nm in size. At annealing temperatures in the range of 
700-900°C, the amorphous Fe64Cr18Zr8B10 alloy crystallizes 
completely. Its microstructure consists of alloyed ferrite and 
small boride particles of compositions МВ12 (a= 0.741 nm) 
and МВ3 (a= 0.861 nm, c= 0.431 nm). 

After annealing at 900°C for two hours, the Fe75Cr24Zr1 
composite is formed with the structure of a doped  
Fe(Cr, Zr) solid solution and МВ12 boride. After annealing 
at 1000°C for 2 h, the microstructure of the Fe64Cr18Zr8B10 
alloy consists of an alloyed ferrite matrix containing МВ4 
and МВ3 borides. 

Cyclic or traditional heat treatment also affects the 
formation of the microstructure of the Fe86Cr12B2 alloy of the 
Fe-Cr-B system [26]. At temperatures higher than Ar1, the 
secondary phase particles segregate at the grain boundaries 
in the cyclic mode, whereas in the ordinary heat treatment 
mode they are uniformly distributed in the matrix or may 
form areas of boride eutectic [27,28]. 

Besides, the authors of the works [27,28] note different 
mechanisms of formation of the microstructure of the 
Fe86Cr12B2 alloy after traditional and cyclic heat treatment at 
temperatures above 750 °C. In particular, the formation of 
a needle structure is observed with an increase in the number 
of thermal cycles, and the secondary phase particles are 
a mixture of M23(C, B)6 and M6(C, B) types of carboborides. 

The difference in the formation of the microstructure 
depending on the annealing temperature may be due to the 
non-uniform distribution of boron at the grain boundaries of 
the solid solution, namely, the presence or absence of 
austenite near ferrite in the structure of the alloy and 
movement of defects towards grain boundaries and sub-
grains. Therefore, heat treatment parameters such as heating 
temperature, cooling rate and number of thermal cycles 
significantly affect the microstructure of Fe-Cr-B alloys. 

 
 

2. Experimental procedures 
 

For the manufacture of alloys of the studied systems  
Fe-Cr, Fe-Cr-Zr, and Fe-Cr-Zr-B, charge materials of the 
following chemical composition were used: 99.99 wt.% Fe, 
99.99 wt.% Zr, 99.00 wt.% Cr, and 99.40 wt.% B (powder). 
Synthesis of the alloys was performed by powder 
metallurgy, and the charge amount was calculated by the 
formulas: 

 

     at at atA B ... Z Suma b z        (1) 
 

where A, B, ... Z are chemical elements that the alloy 
consists of; Aat, Bat, ... Zat are atomic weights of the 

2.  Experimental procedures
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corresponding alloy elements; a, b, ... z are amounts (in %) 
of the corresponding alloy elements. 

 

  ST
Tj

A
Sum
a m

m
 

  (2) 
 

where mTj is the theoretical weight of the charge material  
of the j-th element of the alloy system (j = A, B, ... Z), g; 
mST is the theoretical weight of the synthesized alloy, g. 

The weights of the calculated charge materials for 
sintering the samples of the investigated alloys are given in 
Table 1. The sintering process was carried out in an electric 
arc furnace with a tungsten cathode in a purified argon 
atmosphere under a pressure of 6ꞏ104 Pa on a water cooled 
copper anode. 

To prevent rapid combustion of boron, it was introduced 
as a pre-prepared ferroalloy of the Fe-B system (90% Fe and 
10% B). Before sintering, the components were re-weighed, 
and after sintering the initial XRD analysis of the 
synthesized alloys was performed. The complete correlation 
with the initial data on the ratios of the concentrations of 
components in the alloys was established. Annealing of 
sintered alloys was carried out at a temperature of 800°C for 
3 h in an electrocorundum tube. Pellet-shaped samples of 
each alloy, cooled after heat treatment, were cut in half. One 

part was used for metallographic analysis, and the other for 
X-ray studies. XRD analysis of the alloys of Fe75Cr25, 
Fe70Cr25Zr5, and Fe69Cr25Zr5B1 compositions was performed 
on a DRON-3.0M diffractometer, with refinement on a 
DRON-4.0M one (with Fe-Kα irradiation). The micro-
structure and chemical composition of the investigated 
alloys were studied on a REMMA-102-02 scanning electron 
microscope with a system for the X-ray energy dispersive 
spectroscopy (EDS). This allowed us to permanently control 
the uniformity of the chemical element distribution in the 
investigated alloys. Microhardness measurements were 
performed on a PMT-3M microhardness meter. 
 
3. Results and discussion 

 
The analysis of the obtained results shows the following. 

Synthesized alloys of the Fe-Cr system with 75 at.% Fe and 
25 at.% Cr (Tab. 2, Fig. 4а) are preferably composed of an 
unlimited iron-based solid solution in which chromium is 
partially dissolved (Fig. 5a). This is evidenced by the results 
of the XRD analysis of the investigated alloys (Tab. 2,  
Fig. 4a). This is confirmed by the lowest values of micro-
hardness (Tab. 2). 

 
Table 1. 
The weights of charge materials for the synthesis of samples 

System 
(alloy) 

Charge materials 
(powders) 

Theoretical weight  
of charge materials (mТj, g) 

Weight of the synthesized alloy  
Theoretical (mSТ, g) The actual (mSA, g) 

Fe-Cr 
(Fe75Cr25) 

Fe 2.289 3.000 2.995 Cr 0.711 

Fe-Cr-Zr 
(Fe70Cr25Zr5) 

Fe 2.070 
3.000 3.003 Cr 0.688 

Zr 0.242 

Fe-Cr-Zr-B 
(Fe69Cr25Zr5B1) 

Fe 2.057 

3.000 2.998 Cr 0.694 
Zr 0.243 
B 0.006 

 
Table 2. 
Results of the XRD analysis 

System 
(alloy*) Alloy phase composition Main peak intensity, arbitrary 

units (Fig. 4) 
Micro-hardness, 

GPa 
Fe-Cr 

(Fe75Cr25) 
Feα(Cr)+σ-phase 18000 3.25 

Fe-Cr-Zr 
(Fe70Cr25Zr5) 

Feα(Cr)+Fe2Zr(Fe,Cr)+FeCrZr(FeCr) 70000 4.38 Feα(Cr)+FeCrZr(FeCr); Feα(Cr)+Fe2Zr(Fe, Cr) 

Fe-Cr-Zr-B 
(Fe69Cr25Zr5B1) 

Feα(Cr)+Fe(Cr, Zr)+ FeВ12;  Zr(Fe, Cr)2 
7000 5.47 Feα(Cr)+Zr(Fe, Cr)2+ FeВ12+Cr5B3 

Feα(Cr)+Zr(Fe, Cr)2+ FeВ12 + Zr2В 
*analysis of the investigated alloys was performed after annealing. 

3.  Results and discussion
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Fig. 4. Diffraction patterns of (a) Fe75Cr25, (b) Fe70Cr25Zr5, 
and (c) Fe69Cr25Zr5B1 alloys 

When doping an alloy of the Fe-Cr system with zirconium, 
we obtain the alloy of the Fe-Cr-Zr system of the composition 
of 70 at.% Fe, 25 at.% Cr, and 5 at.% Zr (Tab. 2). The 
microstructure of the investigated alloy becomes two-phase 
and consists of an unlimited solid solution of chromium in 
iron Feα(Cr) and a solid solution based on Laves phase of 
zirconium Zr(Fe,Cr)2 (Fig. 4b). Besides, a phase based on 
zirconium was identified, the exact chemical composition of 
which could not be determined, since the certain maximum on 
the diffraction pattern simultaneously corresponds to the 
Fe2Zr and FeCrZr phases (Fig. 4b). The spatial symmetry 
group of the first one is Fd-3m. It has a cubic crystal lattice 
with the following parameters: a = 0.4989 nm; b = 0.4989 nm; 
c = 0.4989 nm; α= 60°; β= 60°; γ= 60°; V= 0.0878 nm3;  
a/b= 1.0000; b/c = 1.0000; c/a = 1.0000. The spatial 
symmetry group of the Laves intermetallic phase FeCrZr is 
Р63/mmc. It is characterized by a hexagonal lattice with the 
following parameters: a = 0.5034 nm; b = 0.5034 nm; 
c = 0.8219 nm; α = 90°; β = 90°; γ = 120°; V = 0.1804 nm3; 
a/b = 1.0000; b/c = 0.6100; c/a = 1.6390.  

Given the chemical composition of the alloys under 
study, the structure of the ternary Fe-Cr-Zr phase diagram 
and its cross-section at a temperature about 800°C, the 
probability of the presence of solid solutions based on both 
Laves phases Fe2Zr and FeCrZr is high. These phases 
correspond to the dark color on the microstructure image 
(Fig. 5b,c), and due to their formation, microhardness of the 
alloys increases (Tab. 2). Thus, the addition of up to 5% 
zirconium to the alloys of the Fe-Cr system has a positive 
effect on the structure formation of these alloys. Due to 
partial doping of the main solid solution with zirconium and 
also formation of Laves phases of various chemical 
compositions, we do not observe a significant increase in the 
grain size of the solution at temperatures of 800°C. Our 
results correlate with research data [23,24] and can be 
explained by the high temperature stabilization as a result of 
Zener pinning of grain boundaries by intermetallic 
precipitates (kinetic mechanism) or the process of Zr segre-
gation at grain boundaries (thermodynamic mechanism). 

When doping the model alloy of the Fe-Cr-Zr system 
with boron, we obtain the following composition: 69 at.% 
Fe, 25 at.% Cr, 5 at.% Zr, and 1 at.% in (Tab. 2). There is a 
significant increase in microhardness (Tab. 2), which can be 
explained by the formation in its structure of solid solutions 
based on Laves phases of zirconium Fe2Zr(Cr, Zr) and 
FeCrZr(Cr, Zr), and due to the segregation of boride phase 
Cr5B3 (Fig. 4c) at the grain boundaries of the main Feα(Cr) 
solid solution (Fig. 5d). Cr5B3 is the boride phase with its 
own structural type and spatial symmetry group I4/mcm. 
It is characterized by a tetragonal crystal lattice with the 
following parameters: a = 0.5460 nm; b = 0.5460 nm;  
c = 1.0460 nm; α = 90°; β = 90°; γ = 90°; V = 0.3118 nm3; 
a/b = 1.0000; b/c = 0.5220; c/a = 1.9160.  
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a) b) 

 
 

 
 

c) d) 

  
 
Fig. 5. Microstructure of (a) Fe75Cr25, (b,c) Fe70Cr25Zr5, and (d) Fe69Cr25Zr5B1 alloys after annealing at 800°С for 3 h 

 
Besides, the microstructure (Fig. 5d) shows single 

precipitates of a dispersive phase of light colour, which 
according to the EDS analysis may correspond to zirconium 
boride of Zr2В non-stoichiometric composition. 
 
 
4. Conclusions 

 
1. The character of the structure formation of model alloys 

and the determined phase transformations in the Fe-Cr, 
Fe-Cr-Zr, and Fe-Cr-B-Zr systems can be used to 
improve the chemical composition of alloying plasters 
during the formation of ferrite and ferrite-martensitic 
stainless steel coatings, and use these alloys, in particular 
Fe75Cr25, Fe70Cr25Zr5, and Fe69Cr25Zr5B1, as new mate-
rials with certain functional properties. 

2. When alloying a model alloy of the Fe-Cr system with 
zirconium in an amount of up to 5% it is possible to 
obtain a microstructure of a composite type consisting of 
a mechanical mixture of a basic Feα(Cr) solid solution, 
solid solutions based on Laves phases and dispersive 
precipitates of these phases of Fe2Zr and FeCrZr 
compositions. In alloys of such systems or in coatings 
formed on the basis of such systems, an increase in 
hardness and wear resistance and creep resistance at a 
temperature about 800°C will be reached. This is due to 
the high temperature stabilization of the microstructure 
as a result of the formation of intermetallic precipitates 
at grain boundaries or the process of Zr segregation at 
grain boundaries. 

3. In the alloys of the Fe-Cr-Zr-B system under study, 
zirconium, which has a much larger atomic radius than 

4.  Conclusions
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iron and chromium, does not dissolve in Feα(Cr, B) solid 
solution and cannot replace the atoms of these elements. 
Zirconium in the synthesized alloy of Fe69Cr25Zr5B1 
composition is found to be a component of Laves phases 
Fe2Zr(Cr, Zr) and FeCrZr(Cr, Zr) and dissolves in solid 
solutions based on them, and boron forms dispersive 
chromium boride precipitates of Cr5B3 composition. 
Such alloy or coatings of similar phase composition will 
simultaneously have high heat resistance and corrosion 
resistance. 
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