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1. Introduction
1. 1. The object of research
Hypoeutectic cast iron, alloyed with titanium, for mixer blades operating under conditions 

of abrasive friction.

1. 2. Problem description 
A large number of equipment used in industry, construction and agriculture is designed to carry 

out the processes of mixing components. As a rule, various types of mixers are used for this, in which 
the blades are the main part of the mixing unit. They are made of special cast irons with increased wear 
resistance or alloyed steels. Nevertheless, despite the variety of approaches to the choice of alloys for 
such parts and the many different grades of alloys used for these purposes, such parts fail due to abrasion 
and violation of the working profile. A change in the working profile due to wear leads to violations of 
the technological process, which invariably affects the quality of mixing and, as a result, the finished 
product. Therefore, the main task is to extend the service life of such parts, which causes the need for 
scientific and operational research aimed at finding ways to increase their durability.

1. 3. Suggested solution to the problem
The service life of mixer blades under the same operating conditions depends on the quality 

of the working surface and profile geometry, as well as on the properties of the alloy, which, in turn, 
depend on its chemical composition.

A B S T R A C T

The object of research: Titanium-alloyed hypoeutectic iron for mixer blades operating under 
abrasive friction conditions.
Investigated problem: selection of the optimal titanium content in the alloy according to the 
criterion of the maximum wear resistance coefficient.
The main scientific results: the content of titanium in cast iron was determined, which provides 
the maximum wear resistance coefficient with various compositions of the base alloy. It has 
been established that with the same titanium content, the highest value of the wear resistance 
coefficient depends on the carbon content and the position of the eutectic point on the Fe-C state 
diagram. In the studied range, the highest values of the wear resistance coefficient correspond to 
the average range of variation of these factors. This allows to say that the effect of carbon content 
and the position of the eutectic point doubly affect wear resistance at the same titanium content, 
and there is a range of titanium content in which the effect of these factors on the wear resistance 
value becomes the same.
The area of practical use of the results of the study: the results obtained can be used by design-
ers of industrial enterprises choosing materials for the manufacture of machine parts subject to 
intense friction due to operating conditions. The wear caused by this friction leads to the failure of 
the blades, so the designer’s task is to choose the one that maximizes the durability of the blades.
Innovative technological product: wear-resistant hypoeutectic cast iron alloyed with titanium 
for cast parts operating in conditions of intense abrasive friction
The scope of the technological innovative product: mixing plants of various types, mainly 
used in road construction, construction and agriculture.
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In [1], the operating conditions were studied when using radial blades inside the chamber, 
which ensure the distribution of mixing bodies and increase surface flows. This causes the creation 
of better conditions for the redistribution of material along the mixing axis, which can indirectly 
inform about the possibility of reducing the load on the rubbing blades.

Mixing conditions affect the resistance of the blades, so the results of modeling during 
mixing of various media by the discrete element method (DEM) [2, 3], Advanced DEM-CFD [4] 
or particle imaging velocimetry (PIV) [5] are of interest. In addition, it should be noted analytical 
methods for constructing blade profiles [6], which make it possible to determine rational parame-
ters and geometric characteristics of the profile, which improve the quality of mixing. Establishing 
the dynamics of mixed media and assessing its potential effect on friction surfaces are important 
for studying the processes of abrasion of the working surface, since this allows to analyze wear pro-
cesses, considering the blade in general as a typical part that works on abrasive friction, regardless 
of the mixed media.

However, all the above works do not focus on the quality of the working surfaces of the 
blades and their material. It can be assumed that a violation of the surface quality with an incorrect-
ly selected alloy at the same time under the action of abrasive friction and the combined influence 
of dynamic loads will lead to a rapid failure of the blades.

When choosing the material for the blades and the technology of its manufacture, it is im-
portant to solve the problem of selecting the chemical composition that provides the desired prop-
erties. When choosing cast iron as a material, it is alloyed with elements that provide carbide 
formation processes, for example, vanadium in combination with manganese, chromium, and nick-
el [7, 8] or titanium and boron [9, 10]. Such elements affect the structure and properties in different 
ways, depending on the absolute value of the concentrations of elements and their ratios, making it 
possible to obtain cast irons of different grades, varying these values.

When choosing steel as a material, it is important to ensure high surface properties, in 
contrast to cast iron, where volume properties are important. This is ensured by nitriding [11] or 
borating [12] technologies, which provide high surface hardness and a given depth of the diffu-
sion layer.

Based on considerations of cost and metallurgical complexity of manufacture, cast iron is 
more preferable, the structure of which should provide high resistance to abrasion, for which it 
should include carbides of elements of varying complexity.

The aim of the study: to determine the chemical composition of cast iron for cast parts oper-
ating under conditions of abrasive friction, providing maximum wear resistance.

2. Materials and Methods
The research hypothesis was based on the following. Having an adequate mathematical 

model that describes the dependence of wear resistance on the carbon content in cast iron, the 
position of the eutectic point on the Fe-C phase diagram and titanium content, as well as data on 
industrial cast iron melts in the absence of titanium, it is possible to establish its direct effect on 
wear resistance and determine the optimal amount in the alloy. Thanks to this, it will be possible 
to obtain an alloy with the highest wear resistance, as well as to determine the most significant 
factors affecting the resistance of parts subject to abrasive friction. In particular, having adequate 
dependences of wear resistance on the chemical composition, it is possible to exclude or confirm 
the influence of the quality of the working surface of parts in contact with mixed media. This is 
especially important if such surfaces, in addition to friction, are subject to shock dynamic loads, 
such as the blades of shot blasters (Fig. 1).

Therefore, the theoretical-analytical approach to the study is justified. This study was a 
continuation of the study, the results of which are described in [13]. As initial data for determining 
the wear of cast iron, determined by the value of the wear coefficient (Kwr, %) in the absence of 
titanium, the data given in [14] were used, supplemented by the calculation of the position of the 
eutectic point on the Fe-C state diagram (carbon equivalent):

( ) ( ) ( )eqC = C % + 0.3Si % 0.03Mn % .−  	 (1)

These data are presented in Table 1.
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a

b

Fig. 1. Shot blast blade: a – general view, b – working surface with defects

Table 1
Chemical composition and wear factor data for unalloyed cast iron

White cast iron type Chemical composition of cast iron, % Wear resistance coefficient 
Kwr, %C Si Mn Ceq Ti

unalloyed
2.17 1.27 0.89 2.52 – 3.38
2.68 1.3 0.96 3.04 – 5
3.3 1.28 1.07 3.65 – 4.05

The mathematical model on which the numerical calculations of Kwr were carried out has 
the form [13]:

     

2 2
1 2 3 1 2

2
3 1 2 1 3 2 3

12.08145 1.917424 2.09456 0.39929 13.2789 14.3292

3.20145 25.76207 4.497585 5.47818 ,

y x x x x x

x x x x x x x

= + − − − − −

− + + −           (2)

where the input variables correspond to those given in Table 2 and are presented in a normalized 
k-dimensional space (k=3). The relationship between natural and normalized values is given by the 
equation

				                
* ,i i i ix x I x= + 		  (3)

where *
ix  – the natural value of the i-th independent variable, %, хi – the normalized value of 

the i-th independent variable (i=1 for C, i=2 for Ceq, i=1 for Ti), ix  – the average value of the 
i-th independent variable, %, Ii – the interval of variation of the values of the i-th independent 
variable.



17

Innovative technologies in industry

Table 2
Input variables and ranges
Normalization parameters C, % Ceq, % Ti, %

Lower limit of the interval, % 2.21 2.539 0.28
Upper limit of the interval, % 3.34 3.827 2.94

Average value, % 2.775 3.183 1.61
Variation interval, % 0.565 0.644 1.33

The normalized values of the input variables for the case of obtaining an alloy without alloy-
ing with titanium (Table 1) are given in Table 3.

Table 3
Normalized values of input variables for the case of obtaining an alloy without alloying with titanium

Sample No. Natural values of input variables Normalized values of input variables
С Сeq С Сeq

1 2.17 2.52 –1.07 –1.03
2 2.68 3.04 –0.17 –0.22
3 3.3 3.65 0.93 0.73

In its natural form, equation (2) is represented as follows [13]:

22 2

3.1832.775 1.6112.08145 1.917424 2.09456 0.39929
0.565 0.644 1.33

3.1832.775 1.6113.2789 14.3292 3.20145
0.565 0.644 1.33

3.1832.77525.76207
0.565 0.644

eq

eq

eq

CC Ti

CC Ti

r

C

K

C

w
−− −

= + − − −

− − −   − − − +    
    

−− +  
 

2.775 1.614.497585
0.565 1.33

3.183 1.615.47818 .
0.644 1.33

eq

C Ti

C Ti

 − −  + −    
   

−  − −   
  

           (4)

3. Results
The results of Kwr calculations according to the model (2) for the normalized values of the 

input variables from Table 3 in the range Ti=[0.28; 2.94] % with a step of 0.665 %, which corresponds 
in the normalized form to the length of the interval 0.5I3, are given in tabular form (Table 4).

Table 4
Results of Kwr numerical simulation

x0 x1 x2 x3
2
1x 2

2x 2
3x x1x2 x1x3 x2x3 Kwr 

1 –1.07 –1.03 –1 1.145 1.061 1 1.102 1.07 1.03 6.5
1 –1.07 –1.03 –0.5 1.145 1.061 0.25 1.102 0.535 0.515 9.2
1 –1.07 –1.03 0 1.145 1.061 0 1.102 0 0 10.2
1 –1.07 –1.03 0.5 1.145 1.061 0.25 1.102 –0.535 –0.515 9.6
1 –1.07 –1.03 1 1.145 1.061 1 1.102 –1.07 –1.03 7.4
1 –0.17 –0.22 –1 0.029 0.048 1 0.037 0.17 0.22 8.9
1 –0.17 –0.22 –0.5 0.029 0.048 0.25 0.037 0.085 0.11 11.3
1 –0.17 –0.22 0 0.029 0.048 0 0.037 0 0 12.1
1 –0.17 –0.22 0.5 0.029 0.048 0.25 0.037 –0.085 –0.11 11.3
1 –0.17 –0.22 1 0.029 0.048 1 0.037 –0.17 –0.22 8.9
1 0.93 0.78 –1 0.865 0.608 1 0.725 –0.93 –0.78 8
1 0.93 0.78 –0.5 0.865 0.608 0.25 0.725 –0.465 –0.39 10.2
1 0.93 0.78 0 0.865 0.608 0 0.725 0 0 10.8
1 0.93 0.78 0.5 0.865 0.608 0.25 0.725 0.465 0.39 9.7
1 0.93 0.78 1 0.865 0.608 1 0.725 0.93 0.78 7
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Fig. 2 shows the results of the approximation of the Kwr values obtained by numerical 
simulation.
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Fig. 2. Results of numerical simulation

From Fig. 2 it can be seen that the maximum value of the wear coefficient is achieved at an 
average level of titanium content, regardless of the values of C and Ceq. In the variant С=2.17 % and 
Ceq=2.52 % Kwrmax≈10 %, in the variant С=2.68 % and Ceq =3.04 % Kwrmax≈12 %, in the variant 
С=3.3 % and Ceq=3.65 % Kwrmax≈11 %.

Such results make it possible to determine the optimal alloy composition according to the 
Kwr→max criterion: С=2.68 %, Сeq=3.04 %, Ti=1.61 %. It provides the wear resistance coefficient 
Kwrmax≈12 %.

The optimal value of the carbon equivalent allows to estimate the set of allowable ratios of 
Si and Mn in the chemical composition, based on equation (1):

		             ( ) ( ) ( )
0.36 0.03Mn %

Si % 1.2 0.1Mn % .
0.3

+
= = + 		  (5)

Calculation of the silicon content according to equation (5) at Mn=0.96 % gives the result 
Si=1.296 %, which practically coincides with the experimental value Si=1.3 % (Table 1).

4. Discussion
The analysis of the obtained results (Table 4 and Fig. 2) allows to see an important trend in 

the influence of titanium on the wear resistance coefficient, as well as to evaluate the influence of 
the ratios C and Ceq on it. Thus, it can be seen that the use of Ti for alloying cast iron with a carbon 
content close to steels, even in a minimal amount, leads to an increase in the wear resistance coef-
ficient by almost 92 %. Increasing the carbon content from C=2.17 % to C=2.68 % at the minimum 
level of titanium content leads to an increase in the wear resistance coefficient by 78 %, and an 
increase in carbon content to the level of C=3.3 % at the minimum level of titanium content leads 
to an increase in the wear resistance coefficient by 98 % .

Attention is drawn to the fact that if the titanium content exceeds the value that provides 
Kwr=Kwrmax, the change in the carbon content and the position of the eutectic point has practi-
cally no effect on the trend of change in the value of Kwr. This can be seen from the nature of the 
dependence curves Kwr=f(Ti) for С=2.17 %, Сeq=2.52 % and С=3.3 %, Сeq=3.65 %, which practi-
cally coincide. At the same time, an increase in the titanium content leads to a deterioration in wear 
resistance, and the use of titanium in such quantities can be considered unreasonable both from the 
point of view of the effect on wear resistance and their economic considerations. Based on this, the 
direction of further research may be to seek explanations for this fact, at the level of analysis of the 
structure, processes and mechanisms of its formation.
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The limitations of the study are related to the model itself, since it is built on a small sam-
ple of data and on an arbitrary planning area, which is actually available based on the available 
experimental data. An option to increase the accuracy of this model can be the procedure of 
artificial orthogonalization of the passive experiment data [15]. This would make it possible to 
obtain more accurate estimates of the coefficients and proceed to the analysis of the response 
surface [16]. However, the application of this procedure for calculating the values of Kwr at the 
points of the orthogonal plan may face the problem of identifying the ranges of С, Сeq and Ti, 
within which the calculated results will be adequate. In this case, it is necessary to solve the in-
verse problem – to fix the values of Kwr at the levels Kwr=Kwrmin Kwr=Kwrmax and determine 
the allowable ranges of C, Si, Mn and Ti content in cast iron, and form a new experiment plan 
on them.

5. Conclusions
Based on the results of numerical simulation, it is shown that the use of titanium in cast iron, 

the main requirement for which is high wear resistance, can significantly increase the wear resis-
tance coefficient compared to white unalloyed cast iron. Thus, the use of Ti in an amount of 0.28 % 
provides an increase in the wear resistance coefficient by 78–98 %, depending on the carbon con-
tent and the carbon equivalent of cast iron. Alloying the alloy with titanium in an amount of 1.61 % 
provides the highest possible value of the wear resistance coefficient (Kwrmax≈12 %). However, a 
further increase in the titanium content to the level of Ti=2.94 % demonstrates the opposite trend - 
the value of Kwr will decrease to the value of Kwrmax≈(7–9) %. Moreover, starting from the value 
of Ti≈1.61 %, the amount of carbon in the alloy and its carbon equivalent have practically no effect 
on the nature of the dependence Kwr=f(Ti). In this case, the numerical values of the wear resistance 
coefficient at the same titanium content in the alloy practically coincide.

The optimal and recommended chemical composition of cast iron, which provides the 
maximum wear resistance coefficient, is: С=2.68 %, Ti=1.61 %, and the silicon content as a 
function of manganese content, described by a linear equation of the form Si=а0+а1Mn, in which 
а0=1.2, а1=0.1.
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