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Abstract: The influence of the vanadium, niobium and boron addition on properties of high-chromium white cast iron alloys for grinding 

balls is investigated in this paper. These alloying elements were individually added to the high-chromium white cast iron alloys with 

monitoring of changes in microstructure, corrosion rate, and mechanical properties in the as-cast conditions. The microstructure in all 

tested alloys consists of primary austenite dendrites and eutectic colonies, which consist of M7C3 carbides and austenite. The addition of V, 

Nb or B affects, to a greater or lesser extent, the size, morphology and volume fraction of both primary austenite dendrites and eutectic 

colonies. Samples of iron alloyed with vanadium and boron have a much finer structure than unmodified (base) alloy and niobium alloyed 

iron sample. Vanadium affects the decrease in the volume fraction of the primary austenitic phase, and the increase in the volume fraction of 

eutectic colonies, and thus the eutectic carbide phase in hypoeutectic alloys of high-chromium iron. The tested alloys have a comparable 

values of average hardness in the cross section of cast balls, as well as compressive yield strength, noting that the addition of vanadium 

increases the hardness, while boron addition increases the compressive yield stress. The single addition of all of three tested alloying 

elements shifts the corrosion potentials (and Tafel curves) of modified high-chromium white irons toward less negative values. The most 

favorable values of mechanical and corrosion properties were measured for the iron modified with 0.021 % of boron. 
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1. Introduction 

High-chromium white irons represent the third generation of 

wear-resistant white irons, developed after unalloyed white cast and 

nickel-alloyed type of irons, with a favorable ratio of abrasion wear 

and toughness, which makes them very attractive for use in the most 

demanding conditions of grinding and crushing of various materials 

[1,2]. This class of alloys have a wide range of applications in 

mining, metallurgy, cellulose and paper production, construction 

industry or wherever is a need for grinding huge quantities of 

material by crushing or milling. The properties of these irons are 

influenced by the type, hardness, morphology, distribution, volume 

fraction and orientation of eutectic carbides, as well as the matrix 

microstructure, which supports the carbide phase [3]. 

One of the possibilities of improving the performance of high-

chromium white cast irons is alloying with carbide-forming 

elements, such as vanadium [4, 5, 6], niobium [4, 6, 7, 8], and boron 

[10, 11, 12]. These alloying elements bind carbon in the form of 

carbides different from cementite, with higher hardness and a much 

more favorable morphology, and reduce the carbon content in the 

matrix enabling the simultaneous improvement of both impact 

toughness and resistance to abrasion wear [4, 13, 14]. Refining the 

eutectic carbide structure by creating finer, more globular carbides, 

is also a possible strategy to improve the toughness of white iron 

alloys, as well as the wear resistance [15, 16]. The influence of 

certain alloying elements, which are the subject of the analysis in 

the paper, can be briefly described as follows. Increasing in carbon 

and chromium content in white cast iron causes the change of 

eutectic carbide from M3C to M7C3 [17]. Niobium has a limited 

solubility in M7C3 carbides. The formation of NbC before M7C3 

carbide [7] causes a decrease in the carbon content of the melt. 

Since carbon mainly determines the volume fraction of the carbide 

phase in the structure of high chromium iron, the amount of M7C3 

carbide will decrease with increasing of niobium content in the 

alloy. Concentration of vanadium and boron in M7C3 carbides 

increases with the increase of their content in the alloy. Increase in 

vanadium content in high-chromium iron, affects the changes in 

volume fraction of eutectic M7C3 carbides [5, 6, 18], although the 

data in the literature are not consistent: according to [6] increasing 

of vanadium content decreases the amount of eutectic M7C3 

carbides, but according to others [5, 18], it increases. Boron changes 

the morphology, size and volume fraction of M7C3 carbide [11, 20]. 

By adding up to 0,15% boron to high-chromium iron, the structure 

becomes much finer and the volume fraction of the eutectic, or 

M7C3 carbide, increases. 

The corrosion behavior of these materials does not depend only 

on the content of Cr and C individually, but primarily on the ratio of 

their content Cr/C, as well as on the ratio of Cr content in carbides, 

and in the matrix (CrM7C3/Crmatrix) [21]. The addition of other 

alloying elements, such as Si, Mo, Ni, Cu, V, Ti, etc., also affects 

the corrosion behavior. The microstructure of white cast iron 

consists of a ductile γ-Fe phase and various carbides (M7C3, 

M23C6), which provide an extremely high level of hardness. Wear 

resistance depends on the volume fraction of carbide in the 

structure, while the Cr content in the Fe-base affects corrosion 

behavior and corrosion resistance [21]. When the matrix contains a 

sufficient amount of chromium (Cr > 12%), a very thin layer of 

passivating oxide nano-film (Cr2O3) is formed on the surface, which 

protects these alloys from corrosion [23]. Increasing the carbon 

content provides a higher proportion of carbides in the structure, but 

at the same time worsens the corrosion characteristics of white cast 

iron [21]. If the Cr/C value decreases, the amount of Cr bound in 

the carbides is significant, the chromium-depleted zone around the 

carbide particles expands, due to which the sensitivity to corrosion 

increases [22]. The improvement of corrosion resistance of this type 

of alloys can be also achieved when the particles of the secondary 

phases in the structure are approximately spherical, and when their 

content/volume fraction in the structure, is optimal [23]. In this 

way, the formation of a micro galvanic cell becomes difficult, or 

pitting corrosion is prevented. 

The aim of this paper is to present some results and 

considerations related to the influence of the single addition of 

vanadium, niobium and boron on microstructure, corrosion and 

mechanical properties of high-chromium white cast iron alloys for 

grinding balls. 

2. Experimental procedure 

The chemical composition of tested alloys is listed in Table 1. 

The melting of high chromium white irons, individually alloyed 

with vanadium, niobium and boron, was performed in induction 

furnace. Grinding balls with 60mm of diameter were cast in water 

cooled permanent molds. The casting temperature was 1470 oC - 

1490 oC and the mold temperature was 130 oC -140 oC. The balls 

were kept in the mold for 3 minutes, the mold was subsequently 

opened, cast balls were taken out and further cooled in ambient air. 

The samples were tested in the as-cast conditions. The 

microstructure of the samples was investigated by conventional 

optical microscopy and scanning electron microscopy. Corrosion 

behavior was evaluated by linear and potentidynamic polarization 

electrochemical methods in fresh water, using the 

potentiostat/galvanostat Princeton Applied Research PAR 273 with 

the software SoftCorr 352 II (standard saturated calomel electrode; 

auxiliary graphite electrodes.). Properties of fresh water: pH=7,78; 

Fe <0,003mg/l; chlorides 6,54 mg/l; nitrates (NO3
-) <1,00 mg/l; 
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sulphates (SO4
-) 3,12 mg/l; potassium (K+) 0,562 mg/l; magnesium 

(Mg++) 3,1 mg/l; sodium (Na+) 0,798 mg/l; calcium (Ca++) 55,86 

mg/l; Fe < 0,003 mg/l. 

Table 1. Chemical composition of tested alloys 

Element, 
wt% 

Base 
alloy1 

HCCI balls 

alloyed with 

vanadium 

HCCI balls 

alloyed with 

niobium 

HCCI balls 

alloyed with 

boron 

C 2,91 2,91 2,86 2,64 

Si 0,83 0,92 0,95 1,28 

Mn 0,79 0,81 0,71 0,80 

P 0,029 0,030 0034 0047 

S 0,016 0,017 0,016 0,013 

Cr 17,83 17,95 16,42 14,28 

Mo 1,15 1,14 1,13 1,08 

Cu 0,84 0,87 0,95 0,92 

Ni 0,11 0,10 0,12 0,10 

B <0,002 <0,002 <0,002 0,021 

V 0,041 1,23 0,074 0,072 

Ti 0,021 0,045 0,068 0,109 

Nb  0,011 2,43 0,056 

W <0,001 <0,001 <0,001 <0,001 
1 high chromium cast white iron, chemical composition ASTM A532-IIE 

Mechanical properties were analyzed by: measuring of 

Rockwell hardness and calculating the average values for the cross-

section of the grinding balls; determining the compressive yield 

stress on cylindrical samples of 7mm of diameter and 14mm of 

height, using the FPZ-100 universal tensile/compressive testing 

machine. 

In order to compare the properties of novel cast balls, casting 

and testing of high chromium white iron "base alloy" balls 

(chemical composition defined by ASTM A532-IIE) were 

performed under the same conditions. 

4. Results 

Microstructures of tested as-cast balls, at the surface and in 

central zones on the cross-sections, are presented in Fig. 1. The 

microstructure of the base high chromium white iron balls is also 

shown with the aim of more clearly observing the changes caused 

by alloying with different carbide-forming elements, Fig. 1.a. The 

structure consists of primary austenite dendrites and eutectic 

colonies, which consist of M7C3 carbides and austenite in all tested 

alloys. The alloying elements, vanadium, niobium and boron affect 

to a greater or lesser extent the size, morphology and volume 

fraction of both primary austenite dendrites and eutectic colonies. 

Niobium affects the smallest influence on the size of the micro-

constituents present in the structure, noting that it affects the 

morphology of the primary austenite dendrites, and thus the 

morphology of the eutectic colonies, Fig.1.c. Significantly finer 

structure is noticeable in vanadium alloyed irons if compared to the 

base alloy and the alloy with niobium. There is a difference in the 

size of the micro-constituents in the structure from the surface to the 

center of the balls, but it is much less pronounced in the alloys with 

vanadium compared to the base alloy, Fig.2. Niobium affects the 

volume fraction of phases present in the structure, changes the 

morphology of both primary dendrites and eutectic colonies (Fig. 

1.c). The shape of the eutectic colonies is determined mainly by the 

volume fraction and morphology of the dendrites of the primary 

austenite. The size of the particles increases from the surface to the 

central zone of balls, with the largest changes in their size in the 

region from the surface to a distance of 5 mm from the surface, Fig. 

3. The volume fraction of dendrites of primary austenite is higher, 

while the amount of eutectic, and thus of M7C3 carbide, is lower in 

Nb-alloyed iron if compared to the base alloy. The presence of NbC 

carbide particles, of different morphologies and sizes, in the 

microstructure of niobium-alloyed iron can also be indicated (Fig. 3 

and Fig. 4). NbC particles are mostly located in the surface zone of 

austenite dendrites, or precisely at the border of dendrites and 

eutectic M7C3 carbides, and very rarely in the central zone of 

dendrites. In certain regions, accumulations of large NbC carbide 

particles can be observed. 

surface center 

  
(a) Base alloy, ASTM A532-IIE 

  
(b) HCC iron balls, alloyed with 1,23 wt% of vanadium 

  
(c) HCC iron balls, alloyed with 2,43 wt% of niobium 

  
(d) HCC iron balls, alloyed with 0,021 wt% of boron 

Fig. 1. Optical micrographs of as-cast grinding balls structure (in the 

surface and in the center of balls): base alloy and high chromium alloys 

modified by individual addition of vanadium, niobium and boron 

 

  
(a) area near surface 

  
(b) area 15 mm from surface 

Fig. 2 SEM micrographs of as-cast grinding balls structure, containing 1,23 
wt% of vanadium: (a) near surface and (b)central region5 i 15mm 

100 μm 
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.   
Fig. 3. Optical micrographs of as-cast grinding balls  structure, containing 

2,43 wt% of niobium: (a) near surface and (b)central region 

  
Fig. 4. SEM micrographs of the microstructure of iron with the addition of 

2.43 % Nb at a distance of 5 mm from the surface of the ball. 

Irons alloyed with boron have a significantly finer structure, if 

compared to the base alloy and iron alloyed with niobium, Fig. 1 

(d). The size of micro-constituents is comparable to the size of the 

those present in the irons alloyed with 1.23 % of vanadium. The 

size of the particles increases from the surface to the central zone of 

the balls, with the largest changes in its size being observed in the 

zone 15 mm from the surface. The morphology of dendrites in 

boron alloyed irons generally does not change on the observed 

cross-section from the edge to the center of the balls, in contrast to 

iron alloyed with vanadium. 

  

Fig. 5. Optical micrographs of as-cast grinding balls  structure, containing 
0,021 wt% of boron: (a) near surface and (b)central region 

Boron affects not only the way of crystallization of high 

chromium irons, but also the transformation of austenite during 

cooling after solidification. The degree of transformation of 

austenite into martensite, both eutectic and primary, is higher than 

in irons modified with the addition of niobium, and on the other 

hand, it is somewhat lower compared to irons with the addition of 

1.23 wt%V. 

Mechanical properties 

The results of hardness tests and examination of compressive 

yield stress are presented in Fig.5. and 6. The hardness of grinding 

balls was determined by the Rockwell hardness testing method, and 

the calculated average measured values for the cross-section of the 

balls are given in Fig.5. All tested alloys have a relatively 

comparable values of the average hardness in the cross section of 

cast balls, noting that high chromium iron modified with vanadium 

 

Fig.5. Rockwell hardness of tested high chromium white iron balls 

has the highest hardness, which is a consequence of the largest 

volume fraction of eutectic M7C3 carbides and a relatively high 

degree of martensitic transformation in the structure, Fig. 2.   

 

Fig. 6. Compressive yield stress of tested alloys in as-cast condition 

The highest compression yield stress is measured on samples of 

high-chromium iron alloyed with the 0,021 wt% of boron, noting 

that the measurements were made on cylindrical samples taken 

from the central zone of the casting, Fig. 6. 

Corrosion properties 

The corrosion properties were evaluated by electrochemical 

methods, followed by microstructure analysis, in order to detect the 

relationship between the different alloying elements content and 

corrosion behavior of grinding balls. Two techniques have been 

used for testing corrosion properties of cast balls: linear polarization 

and Tafel extrapolation technique (potentiodynamic polarization). 

Corrosion parameters of as-cast balls of base alloy and irons 

containing vanadium, niobium and boron, obtained by linear 

polarization measurements are illustrated in Fig. 7. 

 

 

Fig. 7. Polarization resistance (a) and corrosion current (b) obtained from 

linear polarization measurements; corrosion ambience fresh water 

From the figures it can be seen that individual addition of all of 

three used alloying elements cause an increase in polarization 

resistance and a decrease in corrosion current under the given test 

conditions. Linear polarization measurements have shown that 

boron containing high chromium white iron grinding balls have the 

highest Rpol and the lowest jcorr, compared to the base alloy and 

alloys containing the vanadium and niobium. 

Tafel curves of high chromium white iron cast grinding balls, 

containing different alloying elements are given in Fig. 8. The 

single addition of all of three used alloying elements shifts the Tafel 

curves of modified high-chromium white irons toward less negative 

values. Corrosion potentials, E(j=0), of alloyed irons, if compared to 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS" WEB ISSN 1314-507X; PRINT ISSN 1313-0226

288 YEAR XVI, ISSUE 8 , P.P. 286-289 (2022)



the non-alloyed ones, are less negative in any analyzed case. The 

value of E(j=0) of boron alloyed iron is less negative by about 80 mV 

if compared to the base alloy, Fig.8 and Fig, 9.a. Under the 

potentiodynamic polarization conditions, as well as in linear 

polarization conditions, the lowest corrosion current density was 

measured for the boron-modified alloy, Fig. 9.b. 

 

Fig.8. Tafel curves for high chromium white iron cast grinding balls, 

containing different alloying elements; corrosion ambience fresh water 

The shift of the Tafel curves towards less negative values of the 

potential due to alloying with V, Nb and B, is also followed by a 

decrease in the values of the corrosion current densities, compared 

to the basic unmodified base alloy; Fig 9.b. 

 

 

Fig.9. E(j=0) (a) and jcorr (b) obtained from potentiodynamic polarization 

measurements; corrosion ambience fresh water 

The results of both techniques indicate the less active corrosion of 

boron modified high chromium white iron grinding balls in tested 

conditions if compared to base alloy and niobium and vanadium 

alloyed irons. 

3. Conclusion 

The alloying elements, vanadium, niobium and boron affect to a 

greater or lesser extent the size, morphology and volume fraction of 

both primary austenite dendrites and eutectic colonies in high 

chromium white irons. The addition of vanadium produces 

significantly finer microstructure compared to base and niobium 

alloyed irons. The addition of boron also produces finer 

microstructure, noting that the size of micro-constituents is 

comparable to the size of the constituents present in the vanadium 

alloyed irons. Iron modified with vanadium has the highest 

hardness, as a consequence of the largest volume fraction of 

eutectic M7C3 carbides and a relatively high degree of martensitic 

transformation. The highest compression yield stress is measured on 

samples of boron alloyed iron. Boron containing high chromium 

white iron have the highest Rpol and the lowest jcorr, compared to the 

base and vanadium/niobium containing irons. The single addition of 

all of three used alloying elements shifts the Tafel curves toward 

less negative values. The lowest corrosion current densities were 

measured for the boron-modified alloy. Based on the obtained 

results it can be concluded that the most favorable combination of 

mechanical and corrosion properties were obtained for the high 

chromium white iron modified with 0,021 % of boron. 
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