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Abstract – he paper studies how microalloying with 

amorphous boron (Bam) and zirconia (ZrO2) influ-

ences the structure and properties of boride coat-

ings. Two factors are found to strongly affect the 

structure and phase formation in composite coat-

ings produced by electron beam surfacing, espe-

cially when using thermoreactive powders: (i) high 

reactive diffusion between the composite and sub-

strate components, which causes the coating struc-

ture degradation, and (ii) slight deviations from 

phase concentrations and equilibrium crystalliza-

tion, which give rise to such nonequilibrium phases 

in the coating structure under the electron beam as 

ferroboron, ferrotitanium and binary eutectics. 

  The above findings suggest the possibility of con-

trolling the structure formation and phase compo-

sition by varying the electron beam surfacing pa-

rameters. The parameters, among others, include 

the crystallization rate varied by the introduction 

of different modifiers, the proportion of compo-

nents and granulometric composition of the fused 

powder mixture. 

1. Introduction 

As known from metallurgical practice, the melt prop-

erties can significantly change after complex microal-

loying and modification. Such treatment neutralizes 

the negative effect of some detrimental impurities and 

can entirely change the structure and properties of the 

as-cast material. In multiphase as-cast alloys such ad-
mixtures as boron, calcium and europium increase the 

melt fluidity primarily owing to the dendritic structure 

refinement and, consequently, to a decrease in the 

temperature of the solid phase matrix formation [1]. 

However, the useful effect of modification on the 
coating structure and properties is not limited only to 

the degree of structure refinement and improvement of 

its homogeneity. It retards the coagulation of secon-

dary phases at surfacing due to the formation of addi-

tional crystallization centers [2]. 

Thus, it is essential to determine the effective 
modifying elements that would provide the best com-

bination of the structure and properties of coatings 

produced of thermoreactive Ti–B–Fe powders by elec-

tron beam surfacing in vacuum. 

The aim of the paper is to study the influence of 

amorphous boron and zirconia on the structure and 
phase composition of coatings based on refractory bo- 

ride compounds synthesized under the electron beam. 

2. Materials and experimental procedure 

The composite material on the basis of refractory  

titanium boride compounds synthesized in electron  

beam surfacing was made of a mixture of FeB (200–

315 μm) + FeTi(50–200 μm) powders, amorphous 
boron (MRTU-602-292-14) and ZrO2 powder. The 

mixture composition was calculated so that to produce 

the TiB2–Fe composite coating with 33 mass % of 

titanium diboride by the chemical reaction 

xFeB + yFeTi → TiB2 + Fe + Q. 
The coatings were deposited on steel substrates 

(grade St.3) in 2–4 passes at accelerating voltage 28 kV. 

The beam diameter was 1.0 mm, scanning length 12 mm, 
and substrate velocity 2 mm/s. The fused layer thick-

ness was 2–3 mm. 

The phase composition was X-ray examined by a 

diffractometer DRON-4, the chemical composition 

was studied by a setup КАМЕВАХ-МIKROBEAM 

for X-ray spectrum microanalysis on a 1 μm area. The 

microstructure of the coatings was examined by a light 
microscope MIM-9. The fractographic analysis of frac-

ture surfaces obtained under shock loading was carried 

out using a scanning electron microscope REM-200. 
 

3. Coatings of a mixture of thermoreactive  

FeB–FeTi powders with amorphous boron 

In the literature [3], amorphous boron is referred to 

active admixtures. Even in small quantities (3÷6 mass %) 

it improves the structure of fused coatings owing  

to the formation of low-melting eutectics that acceler-
ate the interaction of components with each other and  

at the interface with the substrate. Other papers show 

that boron admixtures are not surface-active, being the 

diffusion barrier for the dissolution of solid phase 

components in liquid alloys and impeding the forma-

tion of contact eutectics. With growing boron content, 
the angle of contact between titanium borides and Fe–

B melts increases and the fluidity of formed melts 

reduces [4]. 

We study the influence of amorphous boron on the 

structure and properties of coatings produced by vac-
uum electron beam surfacing depending on its concen-

tration in the fused powder (3 or 6 mass % Вam). 

The comparative analysis of coating structures re-

veals that the introduction of 3 mass % of Вam into the 

initial mixture causes the formation of finer structure, 

which is highly heterogeneous across the coating 
thickness and shows regions of very different phase 
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morphology. This coating is characterized by a non-

uniform distribution of the metal intergranular binding 
phase across the whole coating (Fig. 1). 

Of particular notice are the morphological features 

and phase composition of the near-interface region of 

the coating. Fig. 1, a clearly demonstrates that the 

transition region structure, in contrast to earlier stud-

ied compositions, is highly saturated with brittle elon-
gated particles of the Fe2B phase, as found in X-ray 

spectrum microanalysis. The particles and their aggre-

gates are chaotically distributed in the iron matrix that 

mainly consists of regions free from precipitates and 

fine-grained interparticle binder, which is hypotheti-

cally the Fe2B–Fe eutectic. 
Figure 1, b illustrates a structure fragment in the 

middle of the deposited 3 mass % Вam coating. There 

are two zones, one of which has a pronounced texture 

with elongated second-phase particles. By the X-ray 

spectrum microanalysis data, the largest particles of 

hardness Нµ = 16.8–17.7 GPa are iron borides (FeB), 

and finer elongated particles of hardness Нµ = 20–

22 GPa are titanium borides (TiВ). The second zone is 

free from large boride particles, showing fine spheri-

cal particles 1–3 μm in size uniformly distributed in 

the metal matrix. The microhardness of these particles 

is Нµ = 14–16 GPa. 

The microstructure of the 3 mass % Вam coating 

surface has the same phase composition. Titanium and 

iron borides appear as single cut or needle-shaped 

particles nonuniformly distributed in the solid phase 

volume, and as structural components in the eutectic 
composition. As for the TiВ2 phase in the coating  
 

structure, it was revealed in X-ray phase analysis, but 

not in metallographic analysis, which is evidently due 
to the fact that titanium diborides are very fine and 

part of them are present in the composition of eutec-

tics, e.g., TiВ2 – Fe. 

By increasing the Bam content in the fused mixture 

to 6 mass %, we obtained more homogeneous struc-

tures across the coating thickness, as evidenced by the 
uniform distribution of refractory particles in the 

metal binder and similarity of their average sizes in 

each layer. As seen from the microscans in Fig. 2, 

second-phase particles in the middle of the coating are 

surrounded by a thick layer of crystallized high-boron 

melt and they are rounded.  
This is testimony to active recrystallization of ini-

tial FeB and FeTi particles and products of their reac-

tion (titanium borides) with the high-boron melt, 

which induces their average size growth through dif-

fusion coalescence. The particle size in the middle of 

the coating is no more than 20 μm. 
Using X-ray structural analysis of the middle coat-

ing part as well as nanohardness values determined for 

individual phase components, we have defined their 

phase composition. The rounded particles of hardness 

Н = 16–18 GPa are iron borides (FeB), while elon-

gated particles of irregularly oval shape 25–50 μm in 
the horizontal plane and hardness Н = 26–28 GPa are 

titanium borides (TiВ). The surface microstructure 
mainly consists of cut titanium diboride particles not 

exceeding 12 μm in size and oval titanium boride par-
ticles uniformly distributed in the matrix saturated 

with fine particles. 

 

   

Fig. 1. Microstructure of coating FeB (200-315 µm) + FeTi (50–200 µm) + 3% В
am

: а – interface with the substrate; 

  b – middle of the deposited coating; c –– subsurface coating region 

   

Fig. 2. Microstructure of coating FeB (200-315 µm) + FeTi (50–200 µm) + 6% В
am

: а – interface with the substrate; 

  b – coating region at a distance of 0.5 µm from the interface with the substrate; c – subsurface coating region 
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 The X-ray spectrum microanalysis of the metal 

binder has revealed that its composition corresponds 
to the FeB compound present in the composition of 

the solid solution, which is observed between titanium 

boride particles both as extended layers and as coagu-

lated rounded grains. 

The dependences of the coating hardness on the 

amorphous boron content in the fused mixture are 
given in Figs. 3, a and b. From comparative analysis, 

the average microhardness of the coatings prior to and 

after alloying with 3 mass % of Вam actually remains 

the same. 

At the same time, at the given amorphous boron 

concentration the microhardness greatly varies across 
the coating thickness in compliance with the hetero-

geneous structure formed at electron beam surfacing. 

Besides, as obvious from the microhardness distribu-

tion curves, with amorphous boron content growth to 

6 mass % the average hardness of the deposited layer 

increases by about 5 GPa compared to the first two 
compositions.  

This results (i) from a higher alloying degree of the 

solid solution formed after the interaction and crystal-

lization of the high-boron ferroboron and ferrotita-

nium melt, and (ii) from the formation of finer  
and harder high-boron phases, i.e., titanium borides 

and diborides, in the structure of the subsurface coat-

ing region. 

The metallographic study results indicate that the 

major differences in the structure of 3 and 6 mass % 
Вam coatings are in the size and morphology of excess 

titanium and iron borides, and in the degree of solid 

solution hardening which increases with Вam content 

growth in the fused mixture. Such structural rear-

rangement can greatly reduce the ductility of the de-

posited coatings. 
We have also studied the structure of transverse 

fracture surfaces of the coatings and qualitatively 

estimated how strongly amorphous boron influences 

the coating fracture under shock loading. Fig. 4 shows 

the transverse fracture in the subsurface regions  

of coatings produced of powder mixture FeB  

(200–315 μm) + FeTi (50–200 μm) and alloyed with  
3 and 6 mass % of Вam. 

The comparison of the fracture patterns reveals 

that in the coating of initial composition the fracture is 

of mixed type: brittle fracture occurs along iron and 

titanium boride particles, and quasi-viscous fracture 

along the metal binder (Fig. 4, а). 
In the case of coatings made of the mixture with  

3 and 6 mass % of Вam, the fracture is typically brittle: 

the fracture surfaces are zones of brittle intercrystal-

line and internal transcrystalline cleavage fracture of 

boride particles (Fig. 4, b), with higher fraction of 

brittle intercrystalline fracture and phase layering than 
in the 6 mass % Вam coatings.  
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Fig. 3. Distribution of microhardness Нμ in the deposited coatings: а – FeB (200-315 µm) + FeTi (50–200 µm) + 3% Вam; 

  b – FeB (200-315 µm) + FeTi (50–200 µm) + 6% Вam; c – FeB (200-315 µm) + FeTi (50–200 µm) + 1% ZrO2 

   

Fig. 4. Transverse fracture patterns in the subsurface coating regions: а – FeB (200–315 µm) + FeTi (50–200 µm); 

  b – FeB (200–315 µm) + FeTi (50–160 µm) + 3% Вam; c – FeB (200–315 µm) + FeTi (50–160 µm) + 6% Вam 

a b c
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The latter is evidently due to that the formed high-

boron melt after its reaction with the ferrotitanium 

melt and crystallization favors primarily the formation 

of titanium diboride crystals in the coating structure. 

The metal binder is therewith dispersion hardened by 

fine (0.2–0.6 μm) titanium diboride particles precipi-
tated from the solid solution. Fig. 4, c illustrates a 
fragment of the metal binder microstructure in the 

interparticle space (between titanium diboride crys-

tals). One can see the degree of the metal binder satu-

ration with boride particles. 

The size and concentration of titanium borides in 

the metal binder is maximum in the surface layer of 
the 6 mass % Вam coating.  

This significantly reduces the intergranular frac-

ture viscosity and causes cracking in local regions of 

the subsurface layer, or even generation of macro-

cracks propagating along phase boundaries and in the 

binder volume which leads to early brittle fracture of 
boride coatings. 

4. Coating structure formation with ultrafine ZrO2 

powder added into initial mixture 

As has been found earlier in [5], at electron beam sur-

facing of thermoreactive FeB–FeTi powder mixture 
with more than 5 mass % of ZrO2 the melt fluidity 

greatly decreases, the melt is poorly mixed, and a het-

erogeneous coating structure with nonfused zones is 

formed after crystallization. 

With 10 and 15 mass % of ZrO2 added into the 

fused mixture, the obtained coating structures corre-
spond to the solid phase sintering mode with high 

hardness and porosity. An example is given in Fig. 5 

that illustrates the microstructure and microhardness 

of the surface zone in the 15 mass % ZrO2 coating. 

  At the same time, as was expected, alloying with 

zirconia leads to significant structure refinement of the 
coatings and increases their hardness and wear resis-

tance. 

As a result, we looked for the efficient concentra-

tion of zirconia, which is a II type modifier, and stud-

ied its influence on the structure and hardness of the 

coating produced of thermoreactive powder mixture 

FeB(125–200 μm) + FeTi(50–200 μm) under the elec-
tron beam. 

We have investigated coatings produced of a mix-

ture of the above composition with 1 mass % of ZrO2 

added. Fig. 6 gives the microstructure scans of such  

a coating made in different zones across its thickness. 

  According to the metallographic analysis data, the 
introduction of 1 mass % of ZrO2 into the mixture 

modifies the coating structure. The size of its compo-

nents is greatly refined compared to the coating of 

initial composition.  

The coating structure demonstrates aggregates of 

polyhedral and rounded titanium diboride and boride 

particles of size 1–13 μm and hardness 27–34 GPa. 
Since the formed coating structure is of eutectic type 

(Fig. 6, c), fine-grained titanium and iron borides can 

be also present in the composition of numerous eutec-

tics on their basis: Fe2Ti–Fe, Fe2B–Fe, TiВ2–Fe.  

In this case, the deposited layer has uniform hard-

ness distribution across the thickness, though  

the maximum Нµ values are two times lower than  
in 10–15 mass % ZrO2 coatings: 12 GPa vs. 24 GPa 

(Figs. 3, c and 5, b). 
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Fig. 5. Microstructure and microhardness of coating 

  FeB(125–200 µm) + FeTi(150–200 µm) + 15% ZrO2 

Fractographic analysis has shown that at the 
“1 mass % ZrO2 coating – substrate” interface, where 

the structure mainly consists of columnar α-solid solu-
tion dendrites perpendicular to the coating surface, 

there occurs viscous microfracture through the nuclea-

tion and coalescence of microvoids, which is testi-

mony to high plastic deformation in the interface re-

gion (Fig. 7, а). 
With growing alloying degree of the crystallized 

melt, the intergranular fracture viscosity greatly de-

creases in the middle and subsurface coating region, 

because liquid phase layers reduce in the interparticle 

space.  

Consequently, the surface coating layers undergo 
primarily brittle intercrystalline fracture. 

As evident from the above findings, in order to ob-

tain a high-quality coating with homogeneous fine-

grained structure of thermoreactive powder mixture 

and retain its properties, the ZrO2 concentration must 

not exceed 1 mass %. 

12 µm 
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Fig. 6. Microstructure of coating FeB FeB (200–315 µm) + FeTi (50–200 µm) + 1% ZrO2: a – interface with the substrate; 

  b – middle of the coating; c – subsurface coating region 

 

   

Fig. 7. Fracture surfaces of coating FeB (200–315 µm) + FeTi (50–200 µm) + 1% ZrO2: a – region near the substrate; 

  b – middle of the coating; c – subsurface coating region 

 

5. Conclusions 

1. We have studied a dispersion hardening mode based 

on the introduction of ultrafine-grained powders –  

I and II type modifiers – into the fused mixture. 

It is found to be a good way of improving the het-

erogeneity of the system at the cost of composite coat-

ing formation with multilayer structure and increased 
mechanical characteristics. 

2. In order to produce high-quality composite coat-

ings by electron beam surfacing, the content of amor-

phous boron in the fused mixture must be no more 

than 3 mass %, and zirconia no more than 1 mass %. 
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