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Exergy analysis of steam turbine from ultra-supercritical power plant 
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1Faculty of Engineering, University of Rijeka, Vukovarska 58, 51000 Rijeka, Croatia 

E-mail: vedran.mrzljak@riteh.hr, danijel_marjanovic@hotmail.com, jasna.prpic-orsic@riteh.hr, vladimir.glazar@riteh.hr 

 

Abstract: In this paper is presented an exergy analysis of steam turbine (along with analysis of each cylinder and cylinder part) from ultra-

supercritical power plant. Observation of all the cylinders shows that IPC (Intermediate Pressure Cylinder) is the dominant mechanical 

power producer (it produces mechanical power equal to 394.44 MW), it has the lowest exergy loss and simultaneously the highest exergy 

efficiency (equal to 95.84%). HPC (High Pressure Cylinder) has a very high exergy efficiency equal to 92.37% what confirms that ultra-

supercritical steam process is very beneficial for the HPC (and whole steam turbine) operation. LPC (Low Pressure Cylinder) is a 

dissymmetrical dual flow cylinder, so both of its parts (left and right part) did not produce the same mechanical power, did not have the 

same exergy loss, but their exergy efficiency is very similar and in a range of entire LPC exergy efficiency (around 82.5%). Whole observed 

steam turbine produces mechanical power equal to 928.03 MW, has exergy loss equal to 93.45 MW and has exergy efficiency equal to 

90.85%. The exergy efficiency of the whole analyzed steam turbine is much higher in comparison to other steam turbines from various 

conventional power plants. 

KEYWORDS: EXERGY ANALYSIS, STEAM TURBINE, TURBINE CYLINDERS, ULTRA-SUPERCRITICAL PROCESS  

 

1. Introduction 
 

    Steam power plants are nowadays the dominant producers of the 

mechanical power which is directly converted to electrical energy 

by using electric generators [1, 2]. In such power plants the 

dominant mechanical power producers are complex steam turbines, 

which are usually composed of several cylinders connected to the 

same shaft [3, 4]. Low power steam turbines can be composed of 

one cylinder, but such turbines produce mechanical power sufficient 

for the auxiliary purposes only [5, 6]. 

    Conventional and nuclear steam power plants improve its 

operation each day with an aim to increase efficiency and reduce 

losses [7, 8]. A new type of steam power plants are built more and 

more each day around the world – these are supercritical and ultra-

supercritical steam power plants [9, 10]. This kind of steam power 

plants has maximum steam pressures notably higher than critical 

ones [11]. According to already published literature, supercritical 

and ultra-supercritical steam power plants have various benefits in 

comparison to conventional or nuclear steam power plants [12]. The 

most important benefit is fuel savings in steam generator due to the 

high pressure process, but the interesting question arises – are such 

high pressures beneficial to other components of these power 

plants? 

    In this paper is performed an exergy analysis of one randomly 

selected steam turbine from ultra-supercritical power plant. It is 

analyzed how high pressure steam influences whole turbine, turbine 

cylinders and parts of dissymmetrical cylinders. It is presented 

which cylinder of observed turbine show the best performance (the 

highest efficiency and the lowest losses). Finally, the overall 

performance of analyzed steam turbine is compared to steam 

turbines from conventional power plants. 
 

2. Description and operation details of the analyzed 

steam turbine 
 

    General scheme of the analyzed steam turbine from ultra-

supercritical power plant is presented in Fig. 1. 

    The observed steam turbine has three cylinders (HPC = High 

Pressure Cylinder, IPC = Intermediate Pressure Cylinder, LPC = 

Low Pressure Cylinder) connected to the same shaft which drives 

an electric generator. Steam produced in steam generator is firstly 

delivered to the HPC which has three steam extractions. After HPC, 

steam is delivered to reheater (mounted inside steam generator) 

which increases steam temperature before its expansion in IPC. IPC 

has two steam extractions and after IPC, steam is delivered to the 

LPC. Both HPC and IPC are single flow turbine cylinders. On the 

steam pipeline between IPC and the LPC is mounted one more 

steam extraction (operating point 8a, Fig. 1). LPC is a 

dissymmetrical dual flow turbine cylinder which means that through 

each LPC part (left and right) are extracted different steam mass 

flow rates. Dissymmetrical dual flow turbine cylinders should be 

carefully designed and maintained due to axial force imbalance 

[13]. Left LPC part has two, while right LPC part has only one 

steam extraction. Entire steam mass flow rate extracted through all 

presented steam extractions (from the turbine cylinders and from 

the steam pipeline) is delivered to condensation/feedwater heating 

system which increases condensate/water temperature before its 

return to the steam generator [14]. After expansion in all turbine 

cylinders, remaining steam mass flow rate at the LPC outlet 

(operating point 12, Fig. 1) is delivered to the main steam condenser 

for condensation [15].  
 

 
 

Fig. 1. General scheme of the analyzed steam turbine from ultra-

supercritical power plant along with operating points required for 

the exergy analysis 
 

 
 

Fig. 2. Steam expansion process in h-s diagram throughout all the 

cylinders of the analyzed turbine from ultra-supercritical power 

plant 
 

    In Fig. 2 is presented steam expansion process in h-s diagram 

through all the cylinders of the observed steam turbine. The main 

characteristic of the steam turbine from ultra-supercritical power 

plant is that at the HPC entrance (operating point 1, Fig. 1 and Fig. 

2) steam pressure is notably higher than the pressure at fluid critical 

point (for water, critical point pressure is equal to 220.64 bar). The 

steam reheating process is clearly visible in Fig. 2 between 

operating points 4 and 5 – increase in steam temperature results 

with simultaneous increase in steam specific enthalpy and specific 
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entropy. Steam expansion process in Fig. 2 is presented separately 

for the left and right LPC part – a clear difference in the expansion 

process between left and right LPC part is another confirmation of 

the fact that the LPC is dissymmetrical dual flow turbine cylinder. 
 

3. Equations for the steam turbine exergy analysis 
 

3.1. Overall exergy equations and balances 
 

    Regardless of the analyzed component, component part or the 

entire system, in the exergy analysis exists several equations and 

balances which should always be satisfied [16]. These equations 

and balances will be presented in this paper part. The main exergy 

balance equation, according to [17] is: 
 

𝑋 in + 𝑃in +  𝐸 𝑥in − 𝑋 out − 𝑃out −  𝐸 𝑥out − 𝐸 𝑥L = 0, (1) 
 

    where 𝑃 is mechanical power, index in is related to the inlet 

(input), index out is related to outlet (output) and index L is related 

to exergy loss. Exergy transfer by heat at the temperature T (𝑋 ) is 

defined according to [18] by the equation: 
 

𝑋 =  (1 −
𝑇0

𝑇
) ∙ 𝑄 , (2) 

 

    where 𝑄  is an energy transfer by heat and index 0 is related to the 

ambient state. The last undefined variable from the exergy balance 

equation is a total exergy flow of any fluid stream (𝐸 𝑥) which 

definition can be found in [19]: 
 

𝐸 𝑥 = 𝑚 ∙ 𝜀, (3) 
 

    where 𝑚  is a fluid mass flow rate and 𝜀 is specific exergy of any 

fluid stream, which is defined by an equation [20]: 
 

𝜀 =  ℎ − ℎ0 − 𝑇0 ∙  𝑠 − 𝑠0 , (4) 
 

    where ℎ is fluid specific enthalpy and 𝑠 is fluid specific entropy. 

If there is no fluid leakage, always valid mass flow rate balance is: 
 

 𝑚 in =  𝑚 out . (5) 
 

    Overall and general definition of the exergy efficiency is [19]: 
 

𝜂ex =
cumulative  exergy  output

cumulative  exergy  input
. (6) 

 

3.2. Equations for the exergy analysis of observed turbine  
 

    Equations for the exergy analysis of the observed steam turbine, 

its cylinders and cylinder parts are composed according to 

recommendations from the literature [21] and by using operating 

points from Fig. 1. Equations for the produced mechanical power 

calculation of each cylinder, cylinder part and whole analyzed 

turbine are presented in Table 1.  
 

Table 1. Equations for the produced mechanical power calculation 

in each cylinder, cylinder part and whole observed turbine 

Component Produced mechanical power Eq. 

HPC 
𝑃HPC = 𝑚 1 ∙  ℎ1 − ℎ2 +  𝑚 1 −𝑚 2 ∙

 ℎ2 − ℎ3 +  𝑚 1 −𝑚 2 −𝑚 3 ∙  ℎ3 − ℎ4   
(7) 

IPC 
𝑃IPC = 𝑚 5 ∙  ℎ5 − ℎ6 +  𝑚 5 −𝑚 6 ∙

 ℎ6 − ℎ7 +  𝑚 5 −𝑚 6 −𝑚 7 ∙  ℎ7 − ℎ8   
(8) 

LPC-

Left 

𝑃LPC ,Left =
𝑚 8b

2
∙  ℎ8 − ℎ9 +  

𝑚 8b

2
−𝑚 9 ∙

 ℎ9 − ℎ10 +  
𝑚 8b

2
−𝑚 9 −𝑚 10 ∙  ℎ10 − ℎ12   

(9) 

LPC-

Right 

𝑃LPC ,Right =
𝑚 8b

2
∙  ℎ8 − ℎ11 +  

𝑚 8b

2
−𝑚 11 ∙

 ℎ11 − ℎ12   
(10) 

LPC-

Cumul. 
𝑃LPC ,Cumulative = 𝑃LPC ,Left + 𝑃LPC ,Right   (11) 

WT 𝑃WT = 𝑃HPC + 𝑃IPC + 𝑃LPC ,Cumulative  (12) 
 

    A total exergy flow of any fluid stream (in each operating point 

from Fig. 1) is calculated by using Eq. 3. Equations for the exergy 

loss calculation are presented in Table 2, while equations for the 

exergy efficiency calculation are presented in Table 3 (for each 

cylinder, cylinder part and whole analyzed turbine). 

Table 2. Equations for the exergy loss calculation in each cylinder, 

cylinder part and whole observed turbine 

Component Exergy loss Eq. 

HPC 
𝐸 𝑥L,HPC = 𝐸 𝑥1 − 𝐸 𝑥2 − 𝐸 𝑥3 − 𝐸 𝑥4 − 𝐸 𝑥4a −

𝑃HPC   
(13) 

IPC 𝐸 𝑥L,IPC = 𝐸 𝑥5 − 𝐸 𝑥6 − 𝐸 𝑥7 − 𝐸 𝑥8 − 𝑃IPC   (14) 

LPC-

Left 

𝐸 𝑥L,LPC ,Left =
𝐸 𝑥8b

2
− 𝐸 𝑥9 − 𝐸 𝑥10 −

 
𝑚 8b

2
−𝑚 9 −𝑚 10 ∙ 𝜀12 − 𝑃LPC ,Left   

(15) 

LPC-

Right 

𝐸 𝑥L,LPC ,Right =
𝐸 𝑥8b

2
− 𝐸 𝑥11 −  

𝑚 8b

2
−𝑚 11 ∙

𝜀12 − 𝑃LPC ,Right   
(16) 

LPC-

Cumul. 
𝐸 𝑥L,LPC ,Cumulative = 𝐸 𝑥L,LPC ,Left + 𝐸 𝑥L,LPC ,Right  (17) 

WT 𝐸 𝑥L,WT = 𝐸 𝑥L,HPC + 𝐸 𝑥L,IPC + 𝐸 𝑥L,LPC ,Cumulative   (18) 
 

Table 3. Equations for the exergy efficiency calculation in each 

cylinder, cylinder part and whole observed turbine 

Component Exergy efficiency Eq. 

HPC 𝜂ex ,HPC =
𝑃HPC

𝐸 𝑥L,HPC + 𝑃HPC

 (19) 

IPC 𝜂ex ,IPC =
𝑃IPC

𝐸 𝑥L,IPC + 𝑃IPC

 (20) 

LPC-

Left 
𝜂ex ,LPC ,Left =

𝑃LPC ,Left

𝐸 𝑥L,LPC ,Left + 𝑃LPC ,Left

 (21) 

LPC-

Right 
𝜂ex ,LPC ,Right =

𝑃LPC ,Right

𝐸 𝑥L,LPC ,Right + 𝑃LPC ,Right

 (22) 

LPC-

Cumul. 
𝜂ex ,LPC ,Cumulative =

𝑃LPC ,Cumul .

𝐸 𝑥L,LPC ,Cumul . + 𝑃LPC ,Cumul .

 (23) 

WT 𝜂ex ,WT =
𝑃WT

𝐸 𝑥L,WT + 𝑃WT

 (24) 

 

4. Steam operating parameters required for the 

observed turbine exergy analysis 
 

    Steam operating parameters in each operating point from Fig. 1 

are found in [22] and presented in Table 4. It should be highlighted 

that in [22] are not found all steam operating parameters, missing 

ones which are required for the exergy analysis of observed turbine 

and its cylinders are additionally calculated by using NIST-Refprop 

9.0 software [23]. 

    Steam specific exergies (according to Eq. 4) are dependable on 

the state of the ambient in which analyzed turbine and its cylinders 

operate. Therefore, in each exergy analysis should be defined base 

ambient state. According to the recommendations from the 

literature [24], in this analysis the base ambient state is defined with 

ambient pressure of 1 bar and ambient temperature of 25 °C.  
 

Table 4. Steam parameters in each operating point of the analyzed 

turbine 

O. P.* 
Temperature 

(°C) 

Pressure 

(bar) 

Mass flow 

rate (kg/s) 

Specific 

enthalpy 

(kJ/kg) 

Specific 

entropy 

(kJ/kg∙K) 

Specific 

exergy 

(kJ/kg)** 

1 600.00 300.00 822.36 3446.7 6.2373 1591.60 

2 539.00 200.00 122.00 3363.4 6.2988 1489.90 

3 424.00 100.00 78.26 3169.1 6.3188 1289.80 

4 351.00 60.00 43.18 3046.7 6.3402 1161.00 

4a 351.00 60.00 578.92 3046.7 6.3402 1161.00 

5 600.00 60.00 578.92 3658.7 7.1693 1525.80 

6 488.00 30.00 35.88 3430.3 7.2007 1287.90 

7 384.00 15.00 60.57 3221.8 7.2189 1074.10 

8 225.00 4.00 482.47 2913.0 7.2795 747.14 

8a 225.00 4.00 17.78 2913.0 7.2795 747.14 

8b 225.00 4.00 464.69 2913.0 7.2795 747.14 

9 154.00 2.00 34.18 2777.3 7.3004 605.29 

10 81.35 0.50 11.65 2645.3 7.5932 385.93 

11 60.06 0.20 18.18 2499.9 7.5800 244.49 

12 28.96 0.04 400.68 2320.0 7.7000 28.84 

* O. P. = Operating Point (refers to Fig. 1) 

** Specific exergies in each operating point are calculated for the  

        base ambient state 
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5. Results of the analysis and discussion 
 

    Produced mechanical power in each cylinder, each LPC part and 

in the whole analyzed turbine is presented in Fig. 3. 

    The dominant mechanical power producer in the analyzed steam 

turbine is IPC, which produces 394.44 MW of mechanical power. 

HPC produces 280.73 MW of mechanical power, while the whole 

LPC produces the lowest mechanical power of all cylinders equal to 

252.87 MW. LPC is dissymmetrical dual flow turbine cylinder 

which means that both turbine parts (due to different extracted 

steam mass flow rates in each part) will not produce the same 

mechanical power. Due to more extracted steam through two steam 

extractions in the left part of the LPC, it produces lower mechanical 

power in comparison to right LPC part (118.36 MW in comparison 

to 134.51 MW). In dissymmetrical dual flow turbine cylinders a 

special attention should be placed on the axial force balancing [13]. 

    According to steam operating parameters presented in Table 4, 

whole analyzed steam turbine produces mechanical power equal to 

928.03 MW, which is completely used for the electric generator 

drive (if all auxiliary mechanical power consumers are neglected 

because they use relatively small amounts of cumulatively produced 

mechanical power). 
 

 
 

Fig. 3. Produced mechanical power in all cylinders, cylinder parts 

and whole analyzed turbine from ultra-supercritical power plant 
 

    The total exergy flow of each fluid stream (in each operating 

point from Fig. 1) is presented in Fig. 4. 

    From Fig. 4 is obvious that the highest total exergy flows occur at 

each turbine cylinder inlet and outlet. The only exception from this 

conclusion can be seen at the LPC outlet where the steam 

temperature is very close to the temperature of the ambient, what 

results with the small total exergy flow (operating point 12). 

Between operating points 4a and 5 total exergy flow increases due 

to steam reheating process. As expected and considering all 

operating points, the highest total exergy flow occurs at the HPC 

inlet (equal to 1308.87 MW). 

    If considering all steam extractions from all turbine cylinders, it 

can be seen that the highest total exergy flows are in the HPC, 

following by IPC, while the lowest total exergy flows are observed 

in LPC. Total exergy flows in steam extractions define arrangement 

of the condensation/feedwater heating system – heaters which 

operate with the highest temperatures must get steam from HPC and 

heaters which operate with the lowest temperatures must get steam 

from LPC. 
 

 
 

Fig. 4. Total exergy flows in each operating point related to the 

observed steam turbine from ultra-supercritical power plant 
 

    Observation of turbine cylinders shows that IPC is not only the 

dominant mechanical power producer in this turbine, Fig. 3, it also 

has the lowest exergy loss (equal to 17.14 MW), much lower in 

comparison to other turbine cylinders, Fig. 5.  

    As expected, the highest exergy loss can be found in LPC 

(approximately three times higher than the exergy loss of IPC and 

more than two times higher than the exergy loss of the HPC). Also, 

each LPC part (left and right) has higher exergy loss than IPC or 

HPC by itself, while LPC right part has a higher exergy loss in 

comparison to left LPC part (28.46 MW in comparison to 24.67 

MW). Such high exergy loss in LPC (and each LPC part) can be 

expected because LPC operates with steam of much lower pressure 

and temperature in comparison to steam which expands in other 

turbine cylinders. 

    Whole observed steam turbine from ultra-supercritical power 

plant has cumulative exergy loss equal to 93.45 MW, Fig. 5. 
 

 
 

Fig. 5. Exergy loss in all cylinders, cylinder parts and whole 

analyzed turbine from ultra-supercritical power plant 
 

    The exergy efficiency of each cylinder, each LPC part and whole 

observed turbine is presented in Fig. 6. 

    IPC of the observed steam turbine is not only the dominant 

mechanical power producer, it also has the lowest exergy loss and 

the highest exergy efficiency (equal to 95.84%) in comparison to all 

other cylinders, Fig. 5 and Fig. 6. HPC has a very high exergy 

efficiency equal to 92.37%, regardless of the highest steam 

pressures and temperatures which occur in that cylinder. Very high 

exergy efficiency of HPC is one more confirmation that ultra-

supercritical steam process is very beneficial for the HPC (and 

whole steam turbine) operation. The lowest exergy efficiency is 

observed in LPC and is equal to 82.64%. The exergy efficiency of 

each LPC part (both left and right) is very close to exergy efficiency 

of the whole LPC, so it can be concluded that exergy efficiency of 

the LPC parts did not deviate much between each other. 

    Whole observed steam turbine has exergy efficiency equal to 

90.85%, what is much higher in comparison to other steam turbines 

from various conventional power plants. Ultra-supercritical steam 

process is obviously not beneficial only in reducing the amount of 

heat which should be delivered by fuel in steam generator, it is also 

beneficial for the steam turbine process. 
 

 
 

Fig. 6. Exergy efficiency in all cylinders, cylinder parts and whole 

analyzed turbine from ultra-supercritical power plant 
 

     Further research related to the observed steam turbine and its 

cylinders will be based on various Artificial Intelligence (AI) 

methods and processes [25-27] with an aim of more detail analysis 

and possible optimization. 
 

6. Conclusions 
 

    This paper presents an exergy analysis of steam turbine (as well 

as all turbine cylinders and its parts) from ultra-supercritical power 

plant. Performed analysis allows detection of the cylinder with the 

lowest exergy efficiency (and the highest exergy loss) and can be 

used as a baseline in further research of ultra-supercritical steam 
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processes and their turbines. The most important conclusions 

obtained in this analysis are: 

- By observing all the cylinders of the analyzed turbine, it can be 

stated that IPC is the dominant mechanical power producer (it 

produces mechanical power equal to 394.44 MW), it has the lowest 

exergy loss and simultaneously the highest exergy efficiency (equal 

to 95.84%). The best IPC performance of all cylinders can be 

explained by the fact that it operates in optimal regime (it did not 

operate with the highest steam pressure and temperature – which are 

the reason of increased losses in HPC and it did not operate with 

wet steam – which is the reason of increased losses in LPC). 

- HPC has a very high exergy efficiency equal to 92.37%, 

regardless of the highest steam pressures and temperatures which 

occur in that cylinder. Very high exergy efficiency of HPC is 

confirmation that ultra-supercritical steam process is very beneficial 

for the HPC (and whole steam turbine) operation. 

- LPC is a dissymmetrical dual flow cylinder, so both of its parts 

(left and right part) did not produce the same mechanical power, did 

not have the same exergy loss, but their exergy efficiency is very 

similar and in a range of entire LPC exergy efficiency (around 

82.5%). 

- The highest total exergy flows occur at each turbine cylinder inlet 

and outlet. The only exception from this conclusion is LPC outlet 

where the steam temperature is very close to the temperature of the 

ambient, what results with the small total exergy flow. Considering 

all operating points, the highest total exergy flow occurs at the HPC 

inlet (equal to 1308.87 MW). 

- Whole observed steam turbine produces mechanical power equal 

to 928.03 MW, has exergy loss equal to 93.45 MW and has exergy 

efficiency equal to 90.85%. The exergy efficiency of the whole 

analyzed steam turbine is much higher in comparison to other steam 

turbines from various conventional power plants. 
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Abstract: The dynamic stability of a cracked pipeline resting on a Winkler elastic foundation and immersed in fluid that is moving with a 

particular velocity is investigated. The Galerkin method is employed to approach numerically the problem. Conclusions are drawn on the 

influence of the rigidity of the Winkler elastic foundation on the critical flow velocity of the pipe. 
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1. Introduction 

Fluid-immersed pipes, conveying fluid are used in many areas 

of the industry. They are widely used in the petroleum industry for 

transportation of oil and gas.  

Numerous articles nowadays analyze the linear and nonlinear 

dynamics of the fluid-immersed pipes conveying fluid, proving the 

actuality of the problem. 

Deng and Yang [1] studied the dynamics of pipes with different 

types of flowing fluid. The tubes are immersed in fluid. The pipe is 

considered as a cylindrical shell. 

In [2] is presented an investigation about the dynamic stability 

of a pipe with a flowing fluid immersed in a non-viscous fluid 

moving at a constant speed. It is also given an analytical solution 

for the same type of pipe with a rigid body attached at one of its 

ends. 

Pipelines often rest with its entire length or with part of it on an 

elastic medium. The first suggested model of that medium is the 

Winkler elastic foundation. Although it has some shortcomings it is 

still being widely used in civil engineering since its introduction in 

1867. According to the model, any point deflection at the surface of 

an elastic medium is proportional to the applied load in the point 

and is independent on the applied loads at other points of the 

surface. Thus, the mechanical model of the elastic medium consists 

of a series of closely spaced and mutually independent linear elastic 

springs with rigidity k . 

Cracks are the most encountered damages in the structures. 

They reduce the stiffness of the structural element which causes 

decrease in its natural frequencies and change in the mode shapes. 

In pipes conveying fluid, cracks lead to decrease in the critical flow 

velocity. The cracks could be hazardous for the system. They might 

lead to loss of stability if the reduced, due to the crack, critical 

velocity of the transported fluid is exceeded. That’s why crack 

detection is a topic of much interest in the scientific community. 

Some of the studies for crack detection deal with change in the 

natural frequencies and Eigen forms, other with dynamic response 

to harmonic loads. 

The present paper investigates the dynamic stability of a 

cracked, fluid-immersed pipe resting on a Winkler elastic 

foundation. The results obtained reflect the dependence of the 

critical fluid velocity on the rigidity of the Winkler elastic 

foundation. The results also show the effect of an open crack on the 

critical velocity of the fluid. 

 

2. Problem formulation 

The present paper uses the Euler-Bernoulli beam theory to 

investigate the dynamic stability of a fluid-immersed pipe of length 

l , conveying fluid and resting on a Winkler elastic foundation. The 

pipe, shown in Fig.1, is hinged at both ends. The pipe is supposed to 

have an open edge crack, which dimensions ( c  and b ) are shown 

in (Fig.1). b  is the length of the crack. c  is the half central angle 

corresponding to the chord b . The crack severity is usually 

measured by the ratio  /c . The crack position along the length of 

the tube is fixed through the coordinate cx . The crack is modeled as 

a rotational spring with a lumped stiffness rk [3] (Fig.2). 

 
 

Fig. 1 Static scheme of the investigated pipe 

The pipe is divided into two segments. The first segment is the 

left-hand side of the crack, and the second – is the right-hand side of 

the crack. 

 
 

Fig. 2 Mechanical model of the crack 

The transverse vibration of a fluid-immersed straight pipe 

conveying inviscid fluid and lying on a Winkler elastic foundation, 

with rigidity k , is governed by the following differential equation. 

(1)     
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where t  is the time,  txw ,  is the lateral displacement of the pipe 

axis, x  is the coordinate along the axis, EI  is the rigidity of the 

pipe. The mass of the pipe per unit length is denoted by pm , the 

mass of the fluid per unit length of the pipe by fm  and em  is the 

added mass of the external fluid. V  is the flow velocity of the fluid 

in the pipe and eV  is the velocity of the external fluid. 

The added mass of the external fluid per unit length of the pipe 

em  in the case when the pipe is close to a horizontal plane (Fig.3) is 

calculated by the following formula, given in [4]: 
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where e  is the density of the external fluid. 
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Fig. 3 A scheme for obtaining the added mass of the external fluid  

The spectral Galerkin method is applied to approximate the 

solution of the boundary value problem (1). According to this 

method, an approximate solution is sought in the form [5]: 

(3)      



n

i

ii tzxytxw
1

, , 

where: 

 tzi  are unknown functions; 

 xyi  are basic functions that satisfy the boundary conditions of 

the pipe. Such functions are the functions describing the i-th mode 

of vibration of a beam with the same static scheme as the immersed 

pipe.  

On the basis of the differential equation, describing the lateral 

vibrations of an immersed tubular beam, filled with stationary fluid 

( 0V ) is obtained [5]: 

(4)    xyxy ii
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where i  is the circular frequency of the beam. 

Substituting equation (3) into equation (1), one obtains the 

residual function: 

(6)       


iieef

n

i

iiepf zyVmVmzymmmtxR  2,
1

 

     iieefi zyVmVmykEI  224  

In (6) and in the sequel, primes denote derivatives with respect 

to x  and dots with respect to the time t . 

The Galerkin method requires the residual function  txR ,  to 

be orthogonal to the basic functions in the interval  lx ;0 : 

(7)     ,0,
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Equation (6) is rewritten in the following form: 

(8)     
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Equation (8) represents a system of n  differential equations 

with n  unknown functions  tzi . In order to solve the system, the 

described in [5] method is applied. According to it the pipe is 

divided to sections with length x . The following relationships are 

taken into account:  
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where in (9),(10) and (11): 

 iy  - is a column vector consisting of the lateral displacements 

of the stations on the axis of the pipe, corresponding to the i -th 

Eigen form in the case of stationary fluid ( 0V ); 

 iy - is a column vector consisting of the rotations of the cross-

sections in the stations on the axis of the pipe, corresponding to the 

i -th Eigen form in the case of stationary fluid ( 0V ); 

 iM  - is a column vector consisting of the bending moments in 

the stations on the axis of the pipe, corresponding to the i -th eigen 

form in the case of stationary fluid ( 0V ). 

Substituting (9),(10) and (11) in (8) the following system of n  

differential equations with n  unknown functions  tzi  is obtained: 

(12)            
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The system (12) could be rewritten in matrix form: 

(13) 0 zKzCzM    

The general solution of the system (12) is expressed through the 

roots ( n21,..., ) of the equation: 

(14) 0det X   

The elements of the matrix X  are given by: 
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(19) )when(0,4 kiExEIE ikik   . 

On the basis of obtained roots ( n21,..., ) could be drawn 

conclusions about the stability of the system. The system is stable if 

the real part of all the roots of the characteristic equation (14) is 

negative.  

The roots ( n21,..., ) depend on all the parameters of the 

system. If all of them are fixed except the velocity of the conveyed 

fluid V  or the velocity of the external fluid eV , one could obtain 

the corresponding critical velocities. 

3. Crack modeling 

It is considered that the bending vibrations of the Euler-

Bernoulli beam is in the plane yx  (Fig.1) , which is also a plane 

of symmetry for the cross-section. The crack is assumed to be open. 

Castigliano’s theorem is used to obtain the local flexibility in the 

presence of the crack [6] 

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 3/2023

103

 



(20)
 

dydx
M

K

E

v

M

U
c

b

b

a

I

 












0

2

222

2

2 1
, 

where E  and   are respectively Young’s module and Poisson’s 

ratio. IK  is the stress intensity factor of bending. a  and b  are the 

crack dimensions as shown in (Fig.1). M  is the bending moment. 
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where  outin RRR  5,0 , pt  and c  are respectively thickness of 

the pipe and the half central angle of the crack (Fig.1).  cF   is 

calculated from the following formula [7] 
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4. Numerical results 

Numerical studies have been carried out for the system in Fig. 

1. 

The geometric and the material characteristics of the pipe are: 

the inner and the outer radii of the cross-section of the pipe are 

mRin 012.0  and mRout 014.0 , Young’s modulus 

GPaE 210 , the density of the material of the pipe 

3/7800 mkg . The density of the flowing fluid in the pipe is 

3/900 mkgf  . The density of the external fluid is 

3/1000 mkge  . 

The dimensions of the crack are ma 001.0 , mb 005.0 . The 

position of the crack is fixed with the coordinate mxc 1,1 . 

In the present paper 16 eigenfunctions  xyi  are used in the 

approximate solution (3). 

For the pipe in Fig.1 is obtained the critical value of the flowing 

fluid crV  for different rigidity of the Winkler elastic foundation. 

The velocity of the external fluid is assumed to be smVe /2  The 

results are shown in Fig.4. 

 

 

 

 

Fig. 4 Critical value of the fluid velocity versus the rigidity of the 

Winkler elastic foundation 

4. Conclusions 

The obtained results show that the Winkler elastic foundation 

has a stabilizing effect on the pipe - with increasing the rigidity of 

the foundation the critical velocity of the conveyed fluid increases. 

The crack has a destabilizing effect on the system, leading to 

decreasing of the critical velocity of the pipe flow. 
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Abstract: One of the effective ways to control the properties of copper is to refine its structure to a nano- or ultrafine-grained level, and 

primarily with the help of severe plastic deformation. At the same time, radial-shear rolling is one of the promising methods for obtaining 

long-length rods with a gradient ultra-fine-grained structure. It is known from a number of scientific works that one of the main factors 

influencing the possibility of obtaining an ultrafine-grained structure in various ferrous and non-ferrous metals and alloys is the deformation 

temperature of these metals and alloys. The aim of the work is to study the influence of the deformation temperature at the radial-shear 

rolling mill on the microstructure evolution of copper. The following deformation temperatures of copper rods were selected for the planned 

studies: 20°C, 100°C and 200°C. The conducted studies have shown that the implementation of radial-shear rolling at ambient temperature 

compared with rolling at temperatures of 100°C and 200°C made it possible to achieve more intensive refinement of the initial structure. 

And first of all, this is due to the fact that with radial-shear rolling of copper, realized at ambient temperature, there are no dynamic return 

processes. 

KEYWORDS: RADIAL-SHEAR ROLLING, TEMPERATURE, COPPER, MICROSTRUCTURE, GRAIN SIZE. 

 

1. Introduction 

Copper is one of the most common non-ferrous metals. It has 

high anti-corrosion properties, both under normal atmospheric 

conditions, and in fresh and sea water and other aggressive 

environments. In the presence of atmospheric oxygen, a patina film 

forms on the surface of the copper product, which protects the metal 

from corrosion. 

Copper is easy to process by pressure and soldering. Having 

low casting properties, copper is hard to cut and poorly welded. In 

practice, copper is used in the form of rods, sheets, wire, tires and 

pipes. 

Due to its high thermal conductivity, copper is used for the 

production of current conductors and electrical products, 

refrigerating units, elements of thermal pipelines, heating and gas 

supply systems, as well as CCM crystallizers. Since copper is 

resistant to the influence of aggressive chemicals, rolled products 

from it are used in the oil, gas and chemical industries and for the 

manufacture of cryogenic equipment. Copper products have a very 

long service life, and throughout this period the products retain their 

appearance, strength and physical integrity. 

Impurities have a great influence on the properties of copper, 

which are divided into three groups according to the method of 

exposure: 

1) Impurities forming solid solutions with copper – nickel, 

antimony, aluminum, zinc, iron, tin, etc. Reduce the electrical and 

thermal conductivity of copper. In this regard, copper with a limited 

content of arsenic and antimony (0.002 As and 0.002 Sb) is used as 

current conductors. Antimony also reduces the ability of the alloy to 

hot plastic deformation. 

2) Impurities that practically do not dissolve in copper – 

bismuth, lead, etc. Practically do not affect the electrical 

conductivity of copper, but worsen its pressure treatment. 

3) Impurities forming brittle chemical compounds (sulfur, 

oxygen). Oxygen significantly reduces the strength of copper and 

reduces electrical conductivity. Sulfur improves the machinability 

of copper by cutting. 

Another effective way to control the properties of copper, as 

well as other ferrous and non-ferrous metals, is to refine its structure 

to a nano- or ultrafine-grained level, and primarily with the help of 

severe plastic deformation [1]. Radial-shear rolling is one of the 

promising methods for obtaining long-length bars with a gradient 

ultrafine-grained structure [2-3]. At the same time, it is known from 

a number of scientific papers, including [4-7], that one of the main 

factors influencing the possibility of obtaining an ultrafine-grained 

structure in various ferrous and non-ferrous metals and alloys is the 

deformation temperature of these metals and alloys. To obtain an 

ultrafine-grained structure, the deformation process must be carried 

out at a temperature not exceeding the threshold for the beginning 

of recrystallization, since with an increase in the temperature of the 

deformation beginning, the probability of dynamic collective 

recrystallization during hot deformation increases, leading to 

undesirable grain enlargement. Therefore, the choice of the 

temperature regime is based on the fact that in the process of hot 

deformation, the primary recrystallization takes place completely, 

and the collective one is suppressed. 

Since within the framework of the grant topic "Development of 

technology for obtaining ultrafine-grained structure in copper and 

its alloys by radial-shear rolling and structure control by ultrasonic 

processing", at the first stage we are faced with the task of obtaining 

ultrafine-grained structure by radial shear rolling in copper and its 

alloys, the purpose of these studies is to study the influence of such 

a technological factor deformations on the radial-shear rolling mill, 

as the rolling temperature, on the microstructure evolution of 

copper. 

2. Experimental part 

For the laboratory experiment, rods with a diameter of 25 mm 

and a length of 300 mm made of M1 grade copper were used. The 

choice of M1 grade copper as the starting materials is justified by its 

wide application in various industries, including medicine, 

mechanical engineering, instrumentation, cable industry, etc.  

The following bar deformation temperatures were selected for 

the planned studies: 20°C, 100°C and 200°C.  

At the first stage, a 25 mm diameter copper rod was deformed at 

room temperature on the SVP-08 radial shear rolling mill according 

to the reverse scheme shown in Figure 1. Rolling was carried out in 

four passes, up to diameters of 23 mm, 21 mm, 19 mm and 17 mm. 

At the second and third stages, copper rods with a diameter of 25 

mm were heated in a Nabertherm tubular furnace to a temperature 

of 100°C and 200°C, respectively, with an exposure time of 25 

minutes before deformation on the SVP-08 radial-shear rolling mill. 

After that, these bars were deformed on a radial shear rolling mill to 

a diameter of 17 mm also in four passes with an absolute 

compression step of 2 mm in diameter according to the above 

scheme. 

Samples were cut from the initial bar and bars after the 2nd and 

4th passes using the BRILLANT 230 cutting machine and slots 

were made for metallographic studies in the longitudinal section. 
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Fig. 1. Scheme of reversible radial-shear rolling: 1 – crimping section for 

direct passes; 2 – calibration section for all passes; 3 - crimping section for 
reverse passes 

 

 

 
Fig. 2. Initial structure of copper 

 
а) 

  
 

The microslips were prepared on a SAPHIR 520 grinding and 

polishing machine. To identify the microstructure , the polished 

surfaces of the samples were degreased with toluene and etched by 

wiping for 10-20 seconds with cotton wool with a solution of the 

following content: 75% saturated solution of K2Cr2MnO4, 10% 

HHO3, 10% HCL, 5% H2SO4. To increase the contrast, additional 

etching was carried out by immersion of the strip for 2-4 seconds in 

a solution of 10% HCL; 90% saturated Cu2(SO4)3 [8]. 

Microstructure studies were carried out on a Leica DM optical 

microscope. Figure 2-3 shows optical photos of the microstructure 

before and after the 4th deformation cycle. 

b)   
 

c)  

Fig. 3. Microstructures of copper after 4 deformation passes on a radial-
shear rolling mill at temperatures of 200°C (a), 100°C (b) and 20°C (c), 

respectively 

3. Results and discussion 

Metallographic analysis of copper (Figure 3, 4) after radial-

shear rolling showed that at all deformation temperatures, grain 

refinement occurs after each deformation pass. But at the same 

time, it has also been proved that when implementing radial-shear 

rolling at ambient temperature, the grain structure of copper rods is 

worked out more intensively. So at this temperature, the minimum 

average grain size after the fourth deformation pass on the radial-

shear rolling machine was 6.0 microns, while the minimum grain 

size was 3.1 microns. The advantage of deforming copper samples 

on a radial-shear rolling mill at ambient temperature is primarily 

due to the fact that there are no dynamic return processes in this 

case. 

 

 
Fig. 4. Average copper grain size by passes 
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4. Conclusion 

Based on the obtained results of metallographic studies, it can 

be concluded that the deformation temperature has a significant 

effect on the possibility of obtaining an ultrafine-grained structure 

in M1 grade copper when it is deformed on a radial shear rolling 

mill, which allows severe plastic deformation to be realized in the 

metal. 

 

This research was funded by the Science Committee of the 

Ministry of Science and Higher Education of the Republic of 
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Abstract: The possibilities for simulation and optimization of foundry technologies using the latest MAGMA6.0 version of the world-famous 

software package MAGMASOFT are presented. The capabilities of the software are illustrated both for the quick and efficient construction 

of the 3D geometric models and for the diagnosis of almost all possible defects in a wide range of casting methods. Special attention is paid 

to the possibilities for autonomous and automatic optimization of casting technologies in order to reduce defects and increase the profitability 
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1. Introduction 
 

MAGMASOFT is one of the world-famous software packages 

for computer simulation and optimization of a wide range of 

foundry technologies. It has long become an integral part of 

research, design and development activities related to the 

refinement and optimization of casting technologies, the creation 

of castings with high operational qualities, the reduction of metal 

consumption, the realization of energy savings, the sharp 

reduction of time for the design-implementation cycle, fast and 

accurate, qualitative and quantitative diagnosis of a wide range of 

possible defects [1]. 

Created by the company MAGMA Giessereitechnologie based in 

Aachen, Germany [2], the package is continuously developed and 

enriched by the company's employees, through the development 

of numerous scientific projects with various units of leading 

German institutes such as the Foundry Institute in Aachen, Max 

Planck Institute, etc. The mathematical models included in the 

program are constantly updated, reflecting most of the most 

important scientific developments in the field of materials 

science, whether they are the subject of doctoral dissertations or 

scientific publications. Both the mathematical models are being 

extended and improved, covering an ever-wider range of 

phenomena and processes, as well as the database, which allows 

the treatment of an ever-wider range of materials and alloys, as 

well as casting methods. It is a well-known fact that 

MAGMASOFT has no competition in terms of the built-in 

database in the package. In this way, it successfully competes 

with the most famous and powerful programs in the industry, 

such as ABBACUS, PROCAST, ANYCASTING, NOVACAST, 

3D-FLOW, LM-FLOW, PATRAN, etc. 

In our country and more precisely at the Institute of Metallurgy at 

the BAS "Acad. A. Balevski" (Imet-BAS) in Sofia has been using 

MAGMASOFT for more than 10 years. Since 2005, IMSTCHA-

BAN is the exclusive and official distributor of MAGMA GmbH 

software products for Bulgaria and has their latest versions 

available. It is authorized both to sell licenses for the use of the 

programs and to conclude contracts for the provision of 

technological assistance and the realization of specific projects 

with simulations and optimizations of specific foundry 

technologies. This issue aims to present the latest capabilities of 

the latest version of MAGMA6.0 software for computer 

simulation and optimization of foundry technologies. 

Every casting technology simulation and optimization project 

begins with geometric modelling of the product and casting 

equipment. That's why MAGMA pays special attention to the 

geometric modeler included in the software. 

 

2. Geometry modelling in MAGMA6.0 
 

The geometric modeler in this latest version of the software 

offers a full set of tools to quickly and easily build surfaces and 

bodies with complex geometry - Fig.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The geometric modeler is equipped with all types of Boolean 

operations with 3D objects, enabling quick and easy construction 

and formation of new objects - Fig.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition, MAGMA6.0 offers a full range of tools for building 

3D bodies with complex geometry and it already supports almost 

all used formats for 3D design, as opportunities have been 

created to import geometric objects created with CAD products 

such as ProE, STEP, IDEAS, CATIA, NX, Solid Works, etc. 

The software offers its own rich database of geometric elements 

such as feeders, runners, inlets, feeders, etc. while enabling 

customers to supplement this database with their own geometric 

elements – Fig.3. 

 
 

Fig.1. 

 
 

Fig.2. 
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In addition, it also offers components and materials of world-

famous databases such as FOSECO, АSК, GTP Schafer and 

CHEMEX. 

The main advantages of the geometric modeler include:  

 Visualization in the style of leading CAD programs;  

 Ability to work with Boolean operations on geometric 

objects;  

 Ability to read and export the geometric objects;  

 The funnel system inlet boundary condition is generated 

along with the “Tracer” tool points automatically – Fig.4;  

 Setting control points on a given plane;  

 Ability to create your own geometric base of bodies and 

objects;  

 Easy and convenient access to FOSECO's geometric 

databases; 

 A rich set of tools for operating with geometric objects: 

rotations, extrusion, sections, multiplication and many others.  

 Tooling disassembly check, geometric error indication and 

disassembly visualization – Fig.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the geometric modeler, some additional functions have been 

added, such as "shearing knife", object multiplication, vector or 

curve extruding, automatic "dressing" of differently oriented 

sections with a complex surface, separation and merging of 

objects, which make the modeler very useful. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. For the world of steel 
 

Steel casting processes are characterized by:  

 High pouring temperatures; 

 Often large wall thicknesses; 

 High levels of alloying elements. 

For these reasons, the convective heat and mass transfer during 

cooling and solidification in many steel castings should not be 

neglected. It strongly influences the temperature distribution 

during the solidification process. Segregation of alloying 

elements exists at the grain or dendrite scale. Through the melt 

movement, these result in large concentration differences in the 

casting (macro-segregation).  

At first, the local temperature differences in the melt are the 

driving force of the thermal convection. In Fig.6 you can see the 

thick-walled section of a casting in sectioned view. The warm 

and, thus, light material fractions shown in the center flow 

upwards, whereas the cold and heavy fractions at the edges flow 

downwards. This leads to the typical thermal convection 

movement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The flow motion is hindered by the progressive solidification. In 

the solidification interval, below the liquidus temperature, the 

liquid fractions increasingly convert to solid fractions. The 

resistance to the flow in the so-called 'mushy zone' is 

characterized by the permeability (Fig.7). It is stored in the 

material data set of the cast alloy according to the fraction solid. 

If convection is considered for the solidification simulation of 

steel castings, the local values and directions of the velocity of 

the melt ('velocity') are additionally generated as simulation 

result. Similar to the flow occurring during the filling of the 

mold, also the flow movements caused by convection can be 

displayed by means of tracer particles. Particularly the 

 
Fig.3. Geometry data base 

 
 

Fig.4. "Tracer" tool for particles of finite size and mass 

 
Fig.5. Disassembly visualization 

 
 

Fig.6. Thermal convection 
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possibilities arising through tracer particles having both a size 

and a mass can be used to calculate, for instance, the movement 

of inclusions or slag particles with the convection. As in reality, 

particles in a "freezing" area are retained there and remain in the 

solidified casting. 

The solver of MAGMA6.0 includes physical-mathematical 

model that realistically and adequately describe these 

phenomena.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MAGMA6.0 is also equipped with a model describing macro-

segregation in castings. For every alloying element, the solubility 

both in the solid state and in the melt changes based on 

temperature. The resulting concentration differences in the solid 

state can only be balanced by means of diffusion processes, 

which requires a certain time. Cooling usually occurs so fast that 

this balance cannot be fully achieved.  

 

Alloying elements not incorporated into the solid during 

solidification accumulate at the solid-liquid interface. The result 

is a concentration gradient in the solidified material. This so-

called micro-segregation occurs at the crystal/ dendrite scale. 

If it was possible to quickly balance the concentration differences 

in the crystal, a constant concentration would be reached here as 

well – namely, the equilibrium concentration. In reality, however, 

a balance of the concentration can only be achieved through the 

process of diffusion. This process is very slow, resulting in 

varying concentrations in the crystal based on the distance from 

the solid-liquid boundary. As solidification progresses, the solid-

liquid boundary moves in the direction of the arrow. 

 

Through the convection of the molten steel, the inhomogeneities  

existing in the crystal produce concentration differences, which  

are widely spread throughout the casting (macro-segregation). 

Fig.9 schematically shows the convection flow which entrains the 

segregated area of a solid-liquid interface. Fig.10 depicts the Cr 

concentration in a casting as a simulation result. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MAGMA6.0 calculates and visualizes also the distribution of 

austenitic gain size and steel microstructure - Fig.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two new characteristic temperatures are also offered in the 

version -A3 and martensite start temperature, based of 

segregation calculations – Fig.12. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.7. Resistance to the convective flow through growing 

dendrites: Permeability K 

 
 

Fig.8. Modelling of the thermo-solute convection 

 
 

Fig.9. Through the convection in the casting, the micro-

segregation (to the left) is widely spread and is converted to 

macro-segregation 

 
 

Fig.10. Macro-segregation shown using the example of the 

Cr concentration 

 
 

Фиг.11.  

 
 

Fig.12.  
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The software also offers a prediction of the hardness distribution 

in different units (Vickers, Rockwel and Brinell) of the formed 

casting at each of its points - Fig.13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Additional it give as a phase distribution based on CCT diagrams 

– Fig.14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Autonomous and automatic optimization 
 

MAGMA is the first of the software products for the simulation 

of foundry technologies, offering, in addition to the classic 

approach for their optimization through an interactive - iterative 

computer-operator process, the implementation of automatic and 

autonomous optimization of the components of the casting-mold 

system, as well as of the technological parameters. Аn algorithm 

is build and followed for this purpose for optimization of the 

foundry technological process [3]. It starts with a heuristic 

version of the technology, goes through an internal cycle of 

automatic optimization, realizing goals set by the operator in 

advance, and is closed by an iterative circle, including the 

judgment of the specialist - technologist. 

For the purposes of automatic optimization, the geometric objects 

are parameterized, which makes them useful to be vary these 

parameters in pre-set intervals. One such parameterization is 

presented in Fig.15 on the example of a simple feeder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To select the optimal solution, a special toolkit is applied, one of 

its components being the diagram presented in Fig.16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. New casting methods in software viewNew 

foundry technologies are  
 

4.1. Continuous casting 
 

From several years, MAGMA has been actively and successfully 

developing modules dealing with the formation of ingots under 

continuous casting conditions for aluminum and steel alloys. 

It is schematically presented in Fig.17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the latest version of the MAGMA6.0 software, the 

mathematical model is enriched with the possibility of 

electromagnetic stirring of the liquid phase along the length of 

the ingot - Fig.18 and Fig.19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.13. 

 
 

Fig.14. 

 
 

Fig.15. Parametrized Feeder 

 
 

Fig.16. 

 
 

Fig.17. 

 
 

Fig.18. 

 
 

Fig.19. 
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4.2. MAGMA core – mold simulation 
 

MAGMAc+m is a completely new simulation software designed 

to model the core production process. It makes core production 

predictable. Trial and error is replaced with knowledge. The 

program uses validated models for the multiphase flow during 

core shooting. It considers the curing kinetics during gassing and 

purging for the commonly used 'PU-Cold-Box' and also for the 

increasingly used inorganic binder systems. MAGMAc+m covers 

the complete core production process: core shooting and core 

curing. It is perfectly integrated into the MAGMA6.0 

environment. 

During core shooting, sand is rapidly forced into the core box by 

a sudden expansion of air. The real machine does not provide any 

insights into the processes taking place during core production. 

Little is known about how the processes work. In practice, the 

design of core boxes and the determination of suitable process 

parameters are done based on experience and, ultimately, by 

using trial and error. Core shooting is the most important process 

step. After shooting, the core sand must be compacted in all 

relevant core areas. Most of the optimization work is done when 

optimizing the core shooting process to ensure the required 

quality of the cores. Expanding air shoots sand through the shoot 

nozzles into the core box. The sand compacts in the core box and 

the air escapes through the core box vents (and possibly through 

the ejector gaps and via the parting line). 

A typical scheme for the formation of sand cores by shooting is 

shown in Fig.20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The core curing process depends on the binder system used. For 

gas curing processes, different curing gas types are used that are 

either part of the chemical reaction or that are necessary to 

accelerate the curing through reaction catalysis. Its operation 

scheme is presented in Fig.21 

 

 

 

 

 

 

 

 

 

 

 

 

 

The hopper is replaced with a gassing hood. Usually, the 

complete "open area" at the top of the core box is used for 

"active" gassing. Hot gas is injected into the core box, and the 

core is cured. The curing physics and chemistry strongly depend 

on the binder type. The methodology is used for all common 

gassing procedures, for PU cold box systems as well as for 

inorganic binders. 

Other systems such as hot box or croning systems are simply 

cured in a thermally controlled core boxes without additional 

gassing. 

The follow image shows typical core production geometries in 

the Geometry Perspective’s workspace of MAGMA6.0 – Fig.22.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The simulation with MAGMA 6.0 of both processes leads to a 

reliable assessment of the quality of the formed core – Fig.23. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Conclusion 
 

The MAGMA6.0 software package is based on state-of-the-art 
mathematical models of the physical processes involved in the formation 

of castings, making it an extremely useful tool for: 

 formation of high-quality castings; 

 forecasting the structure and mechanical properties of the products; 

 optimization of a wide range of casting technologies; 

 assessment and control of the quality of the manufactured products; 

 increasing the economic efficiency of foundry technologies. 

The author is convinced that the new generation of the software will be 
extremely useful in efforts to improve the efficiency of foundry 

technologies by forming high quality products with minimal material, 

energy and human resources. 
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Fig.20. Core shooting 

 
 

Fig.21. Core curing 

 
 

Fig.22. Geometry for core shooting wit hopper and inlet in 

four-view layout 

 
 

Fig.23. The concentration of the adsorbed curing gas 

constitutes an excellent criterion for the evaluation of core 

curing 
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Abstract: This article describes the metal titanium, its characteristics and properties, and the types of titanium alloys with regard to its 

microstructure. It also describes the production processes, i.e. the melting and casting processes of titanium alloys. The focus is on the 

production of titanium alloys by the electric arc process, and possible hazards in the production of titanium in electric arc furnaces are also 

described. Suitable protective measures to be taken in the event of a particular hazard are also highlighted. Concerning the occurrence of 

possible accidents in the production of titanium, a calculation is also presented that shows how much needs to be invested in protection 

against possible accidents while maximising profit. Finally, the application and casting process of titanium alloys in dentistry is presented. 
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1. Titanium and its alloys 
 

Titanium is a hard, light and polymorphic metal that has 

numerous modifications of crystal structure. At room temperature, 

the hexagonal close-packed (hcp) lattice, known as α phase, is 

stable and at 882 C transforms into a body-centred cubic (bcc) 

lattice, known as β phase. The alloying elements have a great 

influence on this transformation temperature. The elements that 

lower the temperature of alpha/beta transformation are called alpha 

stabilisers and include: Al, N, B, O, C. The elements that raise the 

temperature of the alpha/beta transformation are called beta 

stabilisers and include: Co, Cr, Cu, Mo, Ta, Nb, Ni, W, V. 

Therefore, titanium alloys can be divided into alpha and near-alpha 

alloys, beta alloys, alpha+beta alloys and unalloyed titanium. Due to 

this allotropic transformation, titanium alloys exhibit a wide variety 

of properties. Among them, excellent biocompatibility and 

corrosion resistance are the most important for use in dentistry, as is 

the modulus of elasticity. Titanium alloys of the β-type meet these 

requirements [1][2] [3] [4] [5] [6].  

 

 

2. Methods of titanium alloys production 

Titanium components are manufactured by casting, forging and 

powder metallurgy. The casting process results in homogeneous and 

pure alloys at a low price [7]. 

Of the various processes for melting titanium and its alloys, two 

are most commonly used commercially: arc melting in a vacuum 

and electron beam melting. However, research is continuing to 

develop other methods for better melt control and better utilisation 

of processing residues [8]. Vacuum melting processes are routinely 

used to manufacture products with the highest quality standards. 

However, the reactivity of titanium and the special conditions 

provide many opportunities for product defects to occur. Inclusions 

and porosity are particularly undesirable as they can serve as a 

cause of stress and failure due to material fatigue [9]. 

2.1. Electron beam melting 

Electron beam melting (EB) is approved for the production of 

ingots of reactive metals such as titanium, niobium, tantalum and 

superalloys weighing up to 2.5 tons that can be accommodated in a 

single furnace. Electron beam melting is characterised by the 

following features: flexibility and the ability to control the process 

temperature, speed and reaction; the use of a wide range of raw 

materials in terms of material quality, size and shape [10]. 

Electron beam (EB) furnaces are attractive for remelting scrap 

into ingots and slabs. The clean, granulated, mixed raw material is 

introduced into the EB furnace through a vacuum system into the 

melting hearth, which is cooled with water. The metal is thoroughly 

degassed; high-density impurities sink and collect, and the liquid 

metal is continuously poured into a water-cooled mould. Electron 

beams strike the melting area and pour the metal into the crucible to 

ensure good melting and healthy ingots, which are slowly pulled out 

of the furnace [9]. 

The production of titanium castings in EB melting furnaces is 

not cost-effective because of the high vacuum required. However, it 

is economical if large quantities of castings of the same size and 

mass are involved and if a wide range of alloying agents can be 

used. Another advantage of EB melting is the ability to superheat 

the pool immediately before casting. However, controlling alloying 

elements such as aluminium, tin and chromium is very difficult as 

these alloying elements have high evaporation pressures [10][11]. 

 

2.2. Vacuum induction melting 

      Vacuum induction melting (VIM) can be used in many 

applications, especially for reactive titanium alloys and complex 

moulded parts. In vacuum induction melting, the primary conductor 

is el. current wound and generates secondary currents by 

electromagnetic induction, which develop heat inside the metal 

charge. Melting takes place under a vacuum or inert gas atmosphere 

by electromagnetic induction using coils. It enables rapid 

homogenisation of the melt by electromagnetic stirring. The 

advantage of this melting method is that the electromagnetic mixing 

of the melt ensures the homogeneity of the chemical composition of 

the alloys. Concerning the material of the crucible, a distinction is 

made between indirect and direct induction heating. The graphite 

crucible used for indirect heating should be preheated before the 

titanium is melted by the induced heat. However, a vacuum should 

be ensured to avoid contamination by the graphite. For direct 

melting, crucibles made only of CaO are used because of the strong 

affinity of titanium for oxygen. However, care should be taken 

when using CaO as it has high hygroscopy and low handling 

strength [7] [10]. 

 

2.3. Plasma arc melting 

Plasma arc melting (PAM) uses the heat of thermal plasma in an 

argon atmosphere to produce materials. The furnaces operate under 

slight overpressure to prevent contamination with oxygen and 

nitrogen and the selective vaporisation of alloying elements. The 

PAM process uses copper crucibles cooled with water and porosity 

and flowability are retained [7] [9]. 

There are also advanced melting processes such as vacuum 

plasma spraying or selective laser melting that do not require 

crucibles and produce high-quality castings [7]. 

 

2.4. Casting of titanium 

Titanium casting can be performed by static, centrifugal, 

vacuum die and countergravity casting.  

Static casting is a simple method of casting titanium that 

requires no additional equipment. However, the pouring rate and 

superheating of the melt cannot be controlled, so it is very difficult 

to ensure the required flowability. In addition, there is an interfacial 

reaction between the metal and the mould.  

Flowability is improved by centrifugal force in this method of 

casting. Centrifugal force can be applied horizontally or vertically. 

The vertical method produces porous castings due to turbulent melt 

flow. The advantage of horizontal casting is that the centrifugal 
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force does not occur in the mould, but the melt itself pours into the 

mould under the influence of the centrifugal force. 

Vacuum die-casting is a cost-effective alternative to mould 

casting. Higher productivity rates are achieved with this casting 

process. However, the porosity caused by the turbulent flow of the 

melt cannot be avoided due to the application of pressure. An even 

bigger problem with vacuum-die casting is the lack of suitable 

materials for making moulds for titanium castings. Therefore, only 

titanium alloys with a low melting point can be cast in this way. 

The CLV process allows for better mould filling, better casting, 

less mould erosion and fewer oxide inclusions. The disadvantage of 

this process is that a ceramic crucible and mould are required for 

casting, so there is the contamination of the titanium castings by the 

materials of the crucible and mould [10]. 

 

 

3. Hazards in the production of titanium alloys in 

the electric arc furnaces 

Arc melting (AM) is the melting of an alloy by means of an arc 

generated between an electrode and a water-cooled casting mould, 

usually of copper, in a vacuum or inert gas atmosphere. The 

electrode may be consumable, i.e. made of titanium or a titanium 

alloy, or non-consumable, e.g. made of tungsten. If a consumable 

titanium electrode is used for melting, the process is called vacuum 

arc melting (VAM). Arc melting produces ingots of the highest 

purity. The disadvantage of the process is that the ingots are not 

homogeneous and have to be remelted several times. Therefore, this 

melting process is mainly used in laboratories [7] [13]. 

The commercial production of titanium began around 1950. 

Earlier safety problems resulted from a lack of knowledge about the 

construction of the furnaces and possible explosions. The 

knowledge at that time was based on steel technology, so hydrogen 

explosions were a completely new problem. When molten titanium 

reacts with water, it decomposes, binding oxygen and releasing 

hydrogen, and an explosion occurs. The next problems that 

challenged the industry were sponge fires and explosions. The third 

problem was the operator's entry into the work area, where there is 

not enough oxygen to breathe, but gases such as argon, nitrogen and 

other inert gases are prevalent. To solve these problems, safety 

committees were formed, safety procedures were developed and the 

safe operation of the plants was ensured. The melting of titanium in 

a water-cooled furnace with copper crucibles naturally involves 

risks. Namely, water leakage can occur, which is why everything is 

done to avoid this. The problem arises when water comes into 

contact with molten titanium because then the water turns into 

steam. Titanium has such an affinity for oxygen that it decomposes 

water, absorbs oxygen and releases hydrogen. Under these 

circumstances, both steam and hydrogen explosions are possible. 

The aim is therefore to develop equipment, processes and facilities 

that function safely. If a problem occurs, equipment and procedures 

must be developed to ensure the safety of all involved, even under 

the worst conditions. When water enters the furnace, it causes an 

explosion, which occurs in two stages. The first is a steam 

explosion, followed by a hydrogen explosion. In one of the first 

industrial explosions, it was calculated that the combined explosion 

was equivalent to a bomb with an explosive force of 100 to 200 

TNT, which is obviously not good in a melt. The first industry-wide 

safety committee was established in the late 1950s and operated 

until 1965. They produced guidelines for plant operation and design 

that were accepted by the industry and are still widely used today. 

The main outcomes were improvements in the design of furnaces, 

the relocation of melting areas to sheltered areas and the relocation 

of operators out of the working area. Since then, there have been a 

significant number of explosions in the industry, but the number of 

tragic deaths has been reduced to a minimum. The most common 

accidents that occurred were fires. The most common cause of the 

fire was poor maintenance and operator inexperience. Examples 

from 2000 show how expensive such fires can be, when there were 

five fires that cost the titanium industry around $ 1 million. 

Therefore, in the following, we calculate how much needs to be 

invested in protecting against potential accidents while maximising 

profit [14]. 

First, for the sake of simplicity, we will assume that there is 

only one possible accident and that 𝑁 is the value of material 

damage from that accident, and with 𝑜 𝑥  we will denote the danger 

(in percentages, so 𝑜 𝑥 ∈  0,1 ) that the accident will occur in 

some fixed time interval (e.g. annually). At the same time, 𝑥 is the 

amount of money that we invest in protection with which we want 

to prevent an accident from happening. In doing so, it is logical to 

assume that it is always necessary to invest the same amount 𝑦 to 

halve the risk. Therefore, we assume that if by investing a monetary 

amount 𝑦 we reduce the risk from, for example, 20% to 10%, by 

investing an additional amount 𝑦 we will reduce the risk from 10% 

to 5%. This is logical to assume because this is exactly how nature 

works in various processes. Let us recall, for example, radioactive 

decay. If, after 𝑇 years, the amount of radioactive substance 

decreases, for example, from 2 kg to 1 kg, then after additional 𝑇 

years the amount will decrease from 1 kg to 0.5 kg (𝑇 is exactly 

what physicists call the half-life). If we now remember the famous 

saying "time = money", the comparison is complete. 

So we assume that  

𝑜 𝑥 + 𝑦 =
𝑜 𝑥 

2
 . 

If we apply that formula several times, we get: 

𝑜 𝑥 + 𝑛𝑦 =
𝑜 𝑥 +  𝑛 − 1 𝑦 

2
=

𝑜 𝑥 +  𝑛 − 2 𝑦 

4
= ⋯ =

𝑜 𝑥 

2𝑛  . 

If we now put 𝑥 = 0, we get 𝑜 𝑛𝑦 = 𝑜 0 ∙ 2−𝑛 , and after the 

substitution 𝑥 = 𝑛𝑦 we can write that formula in the form 

𝑜 𝑥 = 𝑜 0 ∙ 2
−

1
𝑦

 𝑥
 . 

For simplicity of calculation, we will write this formula below 

in the form of an exponential function with a natural base: 

 𝑜 𝑥 = 𝐴 ∙ 𝑒−𝑎𝑥  .        ( 1 ) 

Here we have 𝐴 = 𝑜 0  and 𝑎 = ln  2
1
𝑦  . Of course, 𝐴 and 𝑎 

are generally unknown parameters that can only be estimated 

empirically for the corresponding type of danger. Nevertheless, a 

quality assessment of these parameters is necessary for the 

successful application of this model. 

If we denote by 𝑃 the expected profit from business in the 

observed period, the actual average profit for that period is in fact 

 𝑝 𝑥 = 𝑃 − 𝑥 − 𝑁 ∙ 𝑜 𝑥  , ( 2 ) 

i.e. the profit from the business should be reduced by the costs of 

accident protection and potential costs if an accident occurs. 

Namely, over 𝑚 periods we expect 𝑚 ∙ 𝑜 𝑥  accidents with total 

material damage  𝑁 ∙ 𝑚 ∙ 𝑜 𝑥 , i.e. the average expected damage per 

period is exactly 𝑁 ∙ 𝑜 𝑥 . 

If we substitute (1) in (2) we get 

𝑝 𝑥 = 𝑃 − 𝑥 − 𝑁 ∙ 𝐴 ∙ 𝑒−𝑎𝑥  , 

and we expect the maximum profit at the zero point of the first 

derivative: 

𝑝′ 𝑥 = −1 + 𝑁 ∙ 𝐴 ∙ 𝑎 ∙ 𝑒−𝑎𝑥  . 

We can see that it is really a maximum from the fact that the 

second derivative is negative: 

𝑝′′ 𝑥 = −𝑁 ∙ 𝐴 ∙ 𝑎2 ∙ 𝑒−𝑎𝑥 < 0 . 

By solving the equation 𝑝′ 𝑥 = 0 we get 
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𝑥 =

ln 𝑁 ∙ 𝐴 ∙ 𝑎 

𝑎
 , 

( 3 ) 

i.e. formula (3) determines how much money should be invested in 

accident protection to maximise profit (over a long period). Here, 𝑁 

is something that we can estimate more easily because it is the value 

of the material damage that the accident would cause, while the 

parameters of the model 𝐴 and 𝑎 are more difficult to estimate. We 

can only estimate them based on experience, i.e. by studying data 

on previous accidents and previous investments in protection. 

If we are threatened with several possible accidents, the 

situation is even more complicated. Let us assume that we have 𝑑 

possible accidents with potential material damages 𝑁1 ,𝑁2,⋯ ,𝑁𝑑  

and with 𝑥1 , 𝑥2 ,⋯ , 𝑥𝑑  denote the monetary amounts that we will 

invest in protection against each accident. If these investments are 

independent, i.e. if protection from one accident does not contribute 

to protection from another, then formula (3) can be applied to each 

accident, i.e. for each 𝑖 ∈  1,2,⋯ ,𝑑  it holds 

𝑥𝑖 =
ln 𝑁𝑖 ∙ 𝐴𝑖 ∙ 𝑎𝑖 

𝑎𝑖
 , 

i.e. for each potential accident, its model parameters 𝐴𝑖  and 𝑎𝑖  
should be determined empirically. 

The situation is most complex if protection against one accident 

also contributes to protection against another accident, but we will 

not deal with that in this paper. 

3.1. Hazards of the explosions 

To understand the danger of a steam explosion, one must know 

the cooling technology in the electric arc furnace and its 

development. Older electric arc furnaces were fitted with refractory 

linings so that the furnace could withstand extremely high 

temperatures. Although the linings did not melt, they tended to 

disintegrate when the furnaces were operated at higher capacities 

with much higher temperatures and pressures. The solution was to 

protect the arc furnace covers and other components with a system 

of tubular plates through which high-pressure water was pumped to 

ensure cooling. Although water under pressure is an effective 

coolant, it becomes a problem when cracks occur, which is 

relatively common in highly loaded furnaces. Most cracks are small 

cracks caused by thermal fatigue, which is characteristic of heavily 

welded structures. Cracks can also occur when an irregular arc 

strike or mechanical penetration causes holes during operation, 

allowing water to enter the furnace even faster under very high 

pressure and in possibly large quantities. Water poured into the 

furnace does not cause an explosion by itself when it stands on the 

molten mass. The problem occurs if the surface wobbles or tilts 

when the melt is poured. This can cause the sloshing molten metal 

to envelop the water and immediately turn it into steam. The steam 

then expands to 1,700 times its original volume, causing a violent 

explosion that can lift off the roof of the furnace and release steam, 

melt and debris over long distances from the furnace, putting people 

and equipment at risk. 

The most important approach to preventing explosions in piping 

systems is to install an electronic monitoring system that measures 

the water content of the exhaust gas and detects irregularities [15]. 

3.2. Hazards at the entry in the limited area and inert 

gases 

     Problems in the industry are often caused by misjudgement. For 

example, by entering a confined space where there is not enough 

oxygen. A confined space is defined as an area that is restricted or 

has limited entrances and exits, but is large enough for workers to 

enter to perform their work. The main gases used in titanium 

production are argon, helium, nitrogen, chlorine and titanium 

tetrachloride. Every worker must be trained before being assigned 

to work that requires entering an enclosed space. Training is 

required if the work changes to an enclosed space and this poses a 

risk to the worker. Before entering the confined space, the nature of 

the work must be explained and access worked out in detail, and 

everyone must know how and in what way to behave in the event of 

a hazard. Care must be taken to ensure that all devices, such as 

supply and ventilation connections or similar, are switched off or 

mechanically locked. All mechanical devices that may endanger the 

safety of workers shall be locked and marked. The atmosphere shall 

be tested for the presence of oxygen and the lower flammability 

limit. The internal atmosphere shall be tested for toxic substances if 

they are suspected. The oxygen content shall be greater than 19.5% 

and less than 23.5%. Testing for the presence of residual toxic 

substances must be carried out if such substances are suspected. 

After carrying out the previous procedures when entering an 

enclosed space, the following guidelines must be followed. Ensure 

that the gas level is monitored while the worker is in the room. A 

person is required to constantly monitor the development of the 

situation and to wear appropriate protective equipment to be 

protected in the event of a hazard. The worker must wear a 

protective belt for the whole body when working in an enclosed 

space. Adequate ventilation must be established and maintained 

until the work is completed. There must be no steam, chemicals or 

other hazardous substances or flammable liquids in the enclosed 

space. All flammable materials should be stored outside the 

enclosed space [14]. 

 

3.3. Hazards for employees in the titanium alloys 

production 

In the metalworking industry, every piece of equipment or tool 

poses a potential danger to the worker. An even greater hazard is 

posed if protective equipment that complies with the relevant 

regulations, standards or measures is not used at work. Hazardous 

places are places and spaces where the following can occur due to 

dangerous movements: Entrapment, cuts, entrapment by rotating 

parts, cuts, electric shocks, harmful effects of hazardous substances, 

etc. Hazardous movements are defined as movements of tools, 

shafts, power transmissions, etc. that can create hazardous places or 

spaces. A hazardous area is defined as a specific place or space 

where injuries may occur if certain parts of the body or clothing are 

caught by the moving parts of the equipment [16].  

3.4. Hazards from electrical current 

The danger of electric current is imminent when a person is 

connected to an electric circuit during which a current of a certain 

strength flows through his body. The extent of the consequences 

depends on the strength of the current and the duration of its 

passage through the body. The passage of electric current through 

the human body causes burns, which may be external or internal, 

destruction of blood plasma, muscle spasms, nervous system 

disorders and, in the worst case, death. Electrical hazards arise from 

direct contact with or proximity to live parts. Hazards to the worker 

are also possible due to a defect in, for example, the insulation or 

the passage of current through the earthing devices, or due to the 

occurrence of an electric arc. Such hazards most frequently occur at 

switches, electrical cables, plug-in devices and electrical mobile 

consumers. 

Therefore, protective measures against electric shock must be 

taken in accordance with existing regulations and standards. This 

refers to protective measures on all electrical installations, 

equipment and apparatus, regardless of the type of premises or 

room in which they are installed. This is achieved by using suitable 

equipment and materials for electrical installations and by applying 

rules of conduct in accordance with the standards and regulations 

[16]. 

3.5. Technical measures of protection 

At work, all machinery, equipment, devices and other tools used 

must be fitted with a protective device to protect workers who 

handle or come into contact with them from possible injury. This is 

because the guard protects the worker's hand during work, i.e. the 

guard protects the hand from possible breakage, spillage, splashing, 
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fire, corrosion, poisoning, hazardous radiation, etc. The guards are 

built into the tool and set to stop the drive in the event of a 

malfunction, thus preventing possible injury to the worker. If the 

safety risk cannot be sufficiently prevented or reduced by collective 

protective measures or technical measures and organisational 

measures and procedures, measures relating to the worker are used. 

These measures enable the worker to control hazards through 

instruction in the safe operation of machinery or work equipment, 

vocational training and the use of personal protective equipment 

[16]. 

3.5.1. Personal protection equipment 

Personal protective equipment is used by workers at work when 

it is not possible to eliminate risks to safety and health and when the 

employer cannot sufficiently reduce the risks by applying the basic 

rules of safety at work or by an appropriate work organisation. 

Personal protective equipment is divided into protective equipment 

for the head, eyes and face, hearing, respiratory organs, hands 

(protective gloves protect hands from possible mechanical, thermal, 

chemical and other hazards), legs (to protect against cold, against 

heavy objects falling on legs, against punctures and cuts, against 

slipping, against oils, greases and chemicals, e.g. safety shoes, 

safety boots). There is also equipment to protect against ionising 

radiation, falls from height/depth and adverse climatic conditions 

[16]. 

 

 

4. Casting of titanium alloys for use in dentistry 

In dentistry, titanium is used to make crowns and bridges. It 

does not cause allergic reactions, is fracture-resistant and has 

pronounced biocompatibility. Titanium alloys are being introduced 

in dentistry as an alternative to gold alloys after the price of gold 

has risen considerably [17] [18]. 

There are still no titanium alloys exclusively for casting, nor is 

there a single aggregate for casting. Titanium casting can be 

improved by adding chromium (Cr) or palladium (Pd), which 

reduce the melting interval. There are ten different titanium casting 

processes: Pressure/vacuum casting in separate melting and casting 

chambers, pressure/vacuum casting in one chamber and centrifugal 

casting in a vacuum, in an argon atmosphere or in a combination of 

two atmospheric media: argon and vacuum. Most often, casting is 

done in an atmosphere of protective argon gas. Pure argon prevents 

contamination of the molten alloy, does not cause porosity and does 

not change the microstructural appearance of the casting, but it does 

contribute to better mechanical properties and thus to clinical 

applications. The purity of the argon does not influence the 

microhardness of the titanium casting and its alloy. Pure titanium is 

also used in dentistry due to its high corrosion resistance, excellent 

biocompatibility and good mechanical properties. The 

contamination of titanium with oxygen, hydrogen and nitrogen 

during the casting process leads to a change in its physical and 

mechanical properties. Its reactivity with oxygen at high 

temperatures and its low density complicates the casting process. 

The surface of titanium castings has a layered structure as a result of 

the reaction with the moulding materials. In order to obtain high-

quality dental casting, the difference between the dimensional 

accuracy and the surface reaction of pure titanium should not be too 

great. Relatively high temperatures of the investment casting mould 

can cause sufficient thermal expansion, but can also lead to 

considerable oxidation of the surface. Porosity, casting contraction 

and surface roughness are often the result of casting. Contamination 

of titanium and its alloys with oxides, hydroxides and nitrites during 

casting changes their properties. Tensile strength and stiffness 

increase, while ductility decreases. In terms of dynamic resistance, 

the increase in tensile strength is positive, but the decrease in 

elongation and the resulting microcracks have a negative effect 

[18]. 

 

 

5. Conclusion 

Titanium alloys have many good properties, but also some 

shortcomings. They can be produced by an electric arc melting and 

casting. During this process, hazards can occur that endanger the 

production process itself and the safety of those involved in the 

titanium alloy production process. Possible hazards are fire, 

explosion, lack of oxygen, etc. To prevent these hazards, it is 

necessary to invest in equipment and new technologies, train 

employees, etc. Because of the expected increase in the use of 

titanium alloys, especially in dentistry, it is necessary to comply 

with the relevant regulations during production to avoid undesirable 

consequences. 
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Abstract: 

On the basis of separate fractions of granular foam glass and inorganic binders, various modifications of heat-insulating composite material 

have been developed. A promising opportunity for potential application of the material is the preparation of composite elements and profiles 

suitable for installation around doors and windows during the construction or reconstruction of buildings. In connection with the study of the 

possibilities for optimal distribution of the granules, various options for their arrangement have been analyzed and evaluated. The 
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compactness is evaluated. Recommendations are made for the ratio between the sizes and quantities of the granules used in order to achieve 

maximum density. 
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Introduction 

With the intensive development of industrialization and increased 

consumer activity, the generated quantities of industrial and 

household waste materials are growing significantly [1-3]. At the 

same time, the presence of various waste products of different 

origins inevitably provokes the emergence of a number of 

environmental, organizational and infrastructural problems related 

to their collection, temporary storage, transportation and long-term 

disposal, together with the regulatory requirements [4]. Significant 

difficulties are created by waste materials that are practically non-

degradable in a natural environment within a long period [2,4]. A 

current and cost-effective approach to partially overcome the 

existing problems is the use of waste products as raw materials in 

the production of various products [5-12]. Due to its specific 

physicochemical and mechanical characteristics [5,13-17], 

considerable durability and chemical resistance, vitreous waste 

materials (mainly silicate glass) are considered as a full-fledged 

production raw material. Main sources for providing the necessary 

quantities of waste glass are the existing quantities of household 

waste (mainly standard glass packaging and others) or production 

waste from regular production of the glass industry [16]. Effective 

technological solutions have been developed for the recycling of 

vitreous waste raw materials [5,16,18-22] and the production of 

foam glass materials in the form of various products (panels, 

profiles, foam glass gravel, granules, etc.). Products made of 

monolithic foam glass [16] are applicable for heat and sound 

insulation of residential, public and industrial buildings and thermal 

insulation of pipelines, various facilities, production units and 

others. Foam glass gravel is used in landscape architecture and in 

the implementation of road construction activities. Different 

fractions of foamed glass granules [23] are applicable in stabilizing 

soil layers, building drainage systems, forming insulating layers 

from light loose foam silicate aggregates and others. A promising 

alternative for the potential use of foam silicate granules [24] is 

their application as substitutes for some traditional lightweight 

additive materials in the preparation of heat-insulating and 

structural-heat-insulating lightweight concretes. 

On the basis of granular foam glass (with a cellular structure) and 

inorganic binders (Portland cement), various modifications of an 

innovative non-flammable and waterproof composite material [25-

27], applicable for the preparation of various heat and sound 

insulation boards, profiles and other products. An experimental 

methodology was created for the preparation of trial samples [25] 

by applying a series of technological stages: preparation of cement 

solution, introduction of separate fractions of foam granules to the 

cement solution and homogenization, placement of the resulting 

mixture in formwork forms, technological downtime, release of the 

blanks from formwork, etc. 

Due to the norms existing in modern construction to ensure energy 

efficiency [28-35], sound insulation and fire safety, it is of interest 

to further modify the developed composite and adapt its 

characteristics to the requirements for materials applicable for 

installation around doors and windows in the implementation of 

construction and repair activities. The main possibility for the 

potential application of the material is the molding of various 

composite elements and profiles, meeting the construction and 

technical rules and norms for ensuring safety in case of fire. 

With the development of the development and the further 

specification of the technological parameters of the used 

methodology for the preparation of experimental prototypes, there 

is a need for a more precise selection of the individual granule 

fractions. The controlled and more expedient distribution of foam 

glass aggregates in the material allows the production of final 

products with pre-planned operational characteristics and an 

appropriate structure, consistent with the intended functional role of 

the products. 

The present study aims to visualize and evaluate the compactness of 

possible composite material structures by applying the 

mathematical tools of stereometry and 3D computer modeling. 

Recommendations are proposed for the optimal ratio between the 

sizes and quantities of the foam silicate granules used in order to 

optimally distribute the volume of the samples and achieve 

maximum density. The obtained results allow further specification 

of the developed technological approach and are directly applicable 

when creating a detailed technological regulation for the production 

of products in the conditions of a semi-industrial experiment. 

2. Mathematical approach

Initially, we will consider the possible structures formed by spheres 

of the same size. 

2.1. Evaluation of structures with equal volume spheres 

In the beginning, we will consider the simplest possible 

arrangement structure of spherical granules. One of its structural 

cells is shown in Fig.1. 

Fig.2 shows a structure obtained by multiplication of such a unit 

cell into a cube "C" with side size a =10d. 

Fig.1 
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The ratio of the total volume of the spheres into the volume V of 

“C” (V = 103d3 ) is calculated to be K= 0.516 or about 52%. 

The number of spheres in “C” is Nr = 1000. Closer packing could be 

obtained if the base cell of the first layer is chosen to be as in Fig.4. 

Multiplied in the first layer of the cube “C”, it looks like the 

arrangement in Fig.5. 

By translating this layer along the vertical axis, we get the structure 

in the entire cube “C” - Fig.6 

With this way of packing, the ratio of the total volume of the 

spheres to the volume of "C" results in K= 0.608 or about 61%, i.e. 

an increase of about 9% was found compared to the previous 

structure. The number of spheres here is Nr = 1161. 

Maximum density using spheres of the same size can be achieved if 

a simple 3D structural cell of the type shown in Fig.7 is used. 

Multiplied in the "C" cube, this arrangement looks like that in Fig.8. 

Its packing density is characterized by the coefficient K=0.632 or 

63%. With this result, an increase in the density of the granule was 

Fig.2 

Fig.4 

Fig.5 

Fig.6 

Fig.7 

Fig.8 
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found by about 2% compared to the previous one. The number of 

spheres in “C” is 1207. 

 

2.2. Evaluation of structures with different spheres 
A higher density compared to the structures discussed above could 

be achieved by adding smaller radius spheres. Thus, for example, 

for the structure of the type of Fig. 2 one could find the largest 

second-order sphere that can fill the spaces between the main 

spheres of radius r. The centers of the spheres of its structural cell 

are located at the vertices of a cube presented in Fig.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The sphere simultaneously touching the four spheres of the cell is 

the largest that can be implanted in free space, and its radius can be 

found as follows:  

For the diameter at the base of the cube we have 
 

𝑑1 =  4𝑟
2 + 4𝑟2 = 2𝑟 2,    (1) 

 

and for the diameter the cube 
 

𝑑2 =  𝑑1
2 + 4𝑟2 = 2𝑟 3    (2) 

 

then for the diameter of the maximum sphere touching the main 

spheres we obtain 
 

𝐷 = 2𝑟 3− 2𝑟 = 2𝑟( 3 − 1)   (3) 
 

and respectively for the radius 
 

𝑅 = 𝑟  3− 1 = 0.732𝑟.    (4) 
 

Or about 73% of the radius of the main sphere. This sphere in 3D is 

depicted in Fig.10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Multiplying this cell into the volume of the cube “C” results in the 

structure depicted in Fig.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Here the ratio of the volume of the granules to the volume of the 

cube "C" is already K= 0.712 or 71%. This is about 8% higher 

density than the super-compact structure with identical spheres. In 

this case R/r = 0.732 and Nr = 964, NR = 1000, Nr/NR = 0.964. 

 

An analogous approach could be applied to the structure of Fig. 4, 

Fig. 5 and Fig. 6. In it, the main spatial structural cell consists of six 

main spheres, shown in Fig.12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The centers of these spheres form a regular triangular prism shown 

in Fig.13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The radius R of the tangent sphere to the six spheres can be 

calculated by the following algorithm 

 
Fig.9 

 
Fig.10 

 
Fig.11. 

 
Fig Fig.12 

 
Fig.13 
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𝑥 = 𝑟
 3

3
,  𝑦 = 2𝑥 = 2𝑟

 3

3
   (5) 

 

𝑠 = 𝑟 + 𝑅 =  𝑟2 + 𝑦2 = 𝑟 
7

3
   (6) 

 

therefore 
 

𝑅 = 𝑠 − 𝑟 = 𝑟( 
7

3
− 1).    (7) 

 

The result obtained for the radius according to the last formula for 

the structure of Fig. 4, Fig. 5 and Fig.6 is illustrated in Fig.14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the last formula, the ratio of the radii is R/r=√(7/3)-1 = 0.528 

or 53%. Fig. 15 shows one layer of this structure, and Fig. 16 shows 

the same structure in 3D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the ratio of volumes in this variant, K = 0.773 or 77% is 

obtained. Comparison with the previous version shows a 6% 

increase in density. NR = 2465, Nr = 1207, NR/Nr = 2.042. 

 

Next, we will investigate the possibility of compaction of the 

variant from Fig. 7 and Fig. 8, which showed the highest density 

with the same granules. For this purpose, we consider the 

tetrahedron with the centers of the spheres from the unit cell (Fig.7) 

of this structure. It is depicted in Fig.17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According to the relations in stereometry, we have 
 

𝑥 = 𝑟
 3

3
      (8) 

 

𝑦 = 2𝑥 = 2𝑟
 3

3
     (9) 

 

For the distance between between the tetrahedron center “O” and its 

vertices the follow equation holds 
 

𝐿2 = 𝑦2 + 𝑧2 = (𝐻 − 𝑧)2    (10) 
 

From where for z we obtain 
 

𝑧 =
1

 6
      (11) 

 

From (9), (10) and (11) for the radius of the inscribed sphere R we 

get 
 

𝑅 = 𝐿 − 𝑟 = 𝑟(2 
2

3
−

1

 6
− 1)   (12) 

 

An image of this sphere in the unit cell of the structure is shown in 

Fig. 18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Фиг.14 

 
Fig.15 

 
Fig.16 

 
Fig.17 

 
Fig.18 
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Its radius is in the ratio  
𝑅

𝑟
= 2 

2

3
−

1

 6
− 1 = 0.225 or 22.5% to that 

of the main sphere. A single layer of the structure is presented in 

Fig.19, and as 3D in Fig.20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the coefficient K in this case the value of 0.738 or 74% is 

obtained. Comparison with the same arrangement with identical 

spheres in Fig.8 shows an increase in density of 11%. In this case 

R/r = 0.225 and Nr = 1207, NR = 9014, NR/Nr = 7.468. 

 

Conclusion 
 

The obtained results for the compactness of granular structures 

formed by spherical granules indicate a logical increase in the 

density of the structure with a more compact arrangement of the 

spheres. The logical increase in density when filling the voids with 

spheres of smaller sizes is also observed. It should be noted that the 

results were obtained for the maximum possible sizes of the 

embedded spheres. The structure with the highest density of 77% 

was found. It has been established that it is not reached with the 

most compact arrangement of the main spheres (Fig. 8), but in that 

like in Fig. 16 with a ratio of the radius of the embedded to the main 

spheres of 53%. 

The authors hope that the obtained results will be useful in the 

optimization of composite materials based on spheroidal granules 

developed for the various practical applications. 
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Abstract: A methodology has been developed for obtaining of porous castings from Al and aluminum A356 alloy. The methodology includes 

introduction of Ca into the melt for viscosity increasing and homogenization by mechanical stirring. This is followed by addition of TiH2, 

homogenization, subsequent formation of the porous structure and crystallization. Tests were carried out on specimens of the castings 

involving abrasive wearing under dry friction conditions on a surface with hard-attached abrasive particles. 

 

1. Introduction  
The production of aluminum and aluminum alloys of high 

porosity, or so called foams, is the subject of the work of a 

number of researchers. These materials have a low density with a 

large amount of distributed pores. They are used for thermal 

insulation and fire protection, as well as sound insulation and 

liquid filtration. 

The  porous castings have been  obtained from melt of 

aluminum or A356 alloy  by a method, involving melting of  

metal ingot in a crucible resistance furnace,, at T=953 K. 1 wt % 

Ca is introduced into the alloy and mechanical stirring is carried 

out. Following, pouring the melt into a heated thin-walled metal 

mold, introducing of 1.6 wt % oxidized TiH2, intensive 

mechanical stirring, foaming and cooling of the foam material 

[1]. On Fig. 1 and Fig. 2 are shown photographs of samples, 

foamed to the above mentioned manner of pure aluminum and 

A356 alloy. The foamed aluminum has a porosity of 89.19%, and 

the A356 alloy - with 88.3%. 

 

  

Fig. 1. Specimen of pure aluminum  Fig. 2. Specimen of A356 alloy 

 

Studies on tribological properties, evaluated by dry and 

lubricated sliding wear tests are known [2]. In another study [3], 

dolomite CaMg (CO3)2 was used for foaming. The obtained 

specimens were tested by means of a pin-on-disk test, which 

essentially represents a simple movement of the tested sample on 

a disk [3]. 

The aim of the present work is to investigate the wear 

characteristics of pure aluminum and aluminum alloys produced 

without and with foaming under conditions of dry friction on a 

surface with firmly attached abrasive particles. 

 

2. Materials and technology 

Four types materials, united in two series: A and B have been 

studied. Series A contains two types of materials obtained by 

foaming: pure aluminum with foaming (Al - P) and alloy with 

foaming (AlSi7Mg - P). The letter P marks the presence of pores 

in the alloy, obtained during the foaming of the melt. The second 

series B includes the same materials, but obtained without 

foaming. The numbering of the specimens and their designation 

are shown in Table 1. 

 

 

Table 1: Designation of the tested materials 

Series Number of the 

specimen 

Designation of the materials Description 

А 1 AlSi7Mg - P Alloy obtained by foaming of the melt 

2 Al - P Pure aluminum obtained by foaming of the melt 

В 3 AlSi7Mg  Alloy obtained without foaming of the melt 

4 Al Pure aluminum without foaming of the melt 

 

3. Experimental procedures  

The study of the abrasive wear parameters of the coatings is 

carried out in dry friction conditions by sliding on a surface with 

firmly attached abrasive particles with a "Thumb-disk" 

tribotester. The functional scheme of the device is shown in 

Fig.3. 

The coated test specimen 1 is fixed in the holder 2 of the 

loading head 8, so that its front surface forms a planar contact 

with the abrasive surface 3 fixed firmly on a horizontal disk 4. 

All the specimens are of have the same dimensions of 10x10x25 

mm. 
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Fig. 3.  Schematic diagram of abrasive wear testing on pin-disc tribometer 

 

The disc 4 is driven by an electric motor 6 and rotates around its 

vertical central axis at a constant angular velocity. The normal load 

P is set at the center of the contact area between the specimen and 

the abrasive surface by means of a lever system. The friction path in 

number of cycles (N) is set and read   by the help of  tachometer 7. 

The abrasive surface 3 is modeled with impregnated corundum 

P320 with a hardness of 9.0 on the Mohs scale, thus complying with 

the requirement of the standard for a minimum of 60% higher 

hardness of abrasive than that of the coating. The investigation of 

all coatings was carried out under the following constant parameters 

of the friction mode: normal load Р = 4.51 N, nominal contact area 

1.0 cm2, sliding speed 0.155 m/s; type of abrasive surface - 

Corundum P 320, ambient temperature 21 o C. 

The methodology of the investigation consists in measuring the 

mass wear of the test sample through a certain friction path (number 

of cycles) under set constant conditions – sliding speed, load, type 

of abrasive surface, ambient temperature. Mass wear (m) is defined 

as the difference between the initial mass of the specimen and the 

mass of the specimen after a certain friction path, which is 

measured with an electronic balance WPS 180/C/2 with an accuracy 

of 0.1 mg. Before each mass measurement, the sample is cleaned of 

mechanical and organic particles, dried with ethyl alcohol to 

prevent the electrostatic effect. For each trial, the abrasive surface 

of each sample is replaced. After measuring the mass wear, the 

remaining wear characteristics are calculated: linear wear, wear 

intensity, absolute and relative wear resistance.  

The intensity of abrasive wear 𝑖𝑎  is defined as mass wear per 

unit path of friction 𝐿, i.е.  

  𝑖𝑎 =
𝑚

𝐿
                (1) 

The intensity of abrasive wear 𝑖𝑎   has dimension mg/m. 

Path of sliding is calculated by the formula: 

  𝐿 = 2𝜋𝑅𝑁   (2) 

where 𝑅 is the distance from the center of the contact pad to the 

axis of the disk (Fig.3). 

The absolute wear resistance 𝐼𝑟  is presented as the reciprocal 

value of the wear intensity, i.e.   

  𝐼𝑟 =
1

𝑖𝑎
=

𝐿

𝑚
   (3) 

It is a numbe, which indicates how many meters path of friction 

the specimen will pass, in which a mass of 1 milligram will be 

destroyed from the surface layer of the specimen. 

Relative wear resistance 𝑅𝑖,𝑗  is a dimensionless number and 

represents a ratio between the wear resistance of the test specimen  

𝐼𝑟
𝑖   and the wear resistance of a specimen accepted as a standard -  

𝐼𝑟
𝑗
, which are determined under the same friction conditions, i.e.: 

             𝑅𝑖,𝑗 =
𝐼𝑟
𝑖

𝐼𝑟
𝑗
,
      (4) 

 

4. Experimental results and discussion 

With the described device and methodology, tests were 

conducted and results were obtained for the wear parameters - mass 

wear, wear intensity, absolute and relative wear resistance at 

different number of cycles - 400, 600, 800, 1000, respectively 

different sliding path - 75.4 m, 112.8 m, 150.8 m, 188 m. The 

results for each specimen are presented in Tables 2, 3, 4 and 5. 

 

   Table 2: Mass loss, wear rate and wear resistance of the tested materials AlSi7Mg-P  

Specimen № 1 - AlSi7Mg-P 

Number of cycles (N) 400 600 800 1000 

Sliding distance, m 75.4 112.8 150.8 188.0 

Mass loss, mg 8.5 17.4 19.8 21.4 

Wear rate, mg/m 0.11 0.15 0.13 0.11 

Wear resistance, m/mg  9.1 6.7 7.7 9.1 

 

   Table 3: Mass loss, wear rate and wear resistance of the tested materials Al-P  

Specimen № 2 - Al-P 

Number of cycles (N) 400 600 800 1000 

Sliding distance, m 75.4 112.8 150.8 188.0 

Mass loss, mg 23.5 35.7 45.6 54.4 

Wear rate, mg/m 0.31 0.32 0.30 0.29 

Wear resistance, m/mg  3.2 3.2 3.3 3.5 

 

   Table 4: Mass loss, wear rate and wear resistance of the tested materials AlSi7Mg  

Specimen № 3 - AlSi7Mg 

Number of cycles (N) 400 600 800 1000 

Sliding distance, m 75.4 112.8 150.8 188.0 

Mass loss, mg 6.8 8.2 10.6 11.8 

Wear rate, mg/m 0.09 0.07 0.07 0.06 

Wear resistance, m/mg  11.1 13.8 13.8 15.9 
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  Table 5: Mass loss, wear rate and wear resistance of the tested materials Al  

Specimen № 4 - Al 

Number of cycles (N) 400 600 800 1000 

Sliding distance, m 75.4 112.8 150.8 188.0 

Mass loss, mg 50.3 56.0 58.0 59.7 

Wear rate, mg/m 0.67 0.5 0.38 0.32 

Wear resistance, m/mg  1.5 2.0 2.6 3.2 

 

In accordance with the data from Tables 2, 3, 4 and 5, dependences of mass wear have been constructed for all tested materials, which 

are presented in Fig. 4, 5, 6 and 7. On each graph are presented only linear regression equations of mass wear in dependence of path of 

friction  𝑚 = 𝑚 𝐿 .  
. 

 
 

Fig.4. Dependence of the mass wear on sliding path for foamed materials 

 

It can be seen that linearity is not unambiguously characteristic of all materials. In the case of porous materials, it appears for pure 

aluminum (Fig. 4), and in dense alloys it is characteristic for the aluminum alloy - (Fig. 5). 

 

 

 
 

Fig.5. Dependence of the mass wear on sliding path for materials without foaming 
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Fig.6. Dependence of the mass wear on sliding path for AlSiMg alloys, obtained without foaming 

 

 

 

On Fig. 6 and 7 are presented the kinetic curves, respectively, of alloys without and with foaming (Fig. 6) and of solid and porous pure 

aluminum (Fig. 7). In the case of the first , the stable /stationary/ period of wear, i.e. linearity occurs after a friction path of 100 meters, i.e. a 

tempering stage is observed in contrast to the porous alloy produced by foaming (Fig.6). 

 

The presence of a transient mode in abrasive friction without a lubricant is associated with the presence of external and internal pores. 

The bigger values of porous  alloys compared to dense alloys is due to the smaller actual contact  area of touching and the occurrence of a 

higher contact pressure under the same normal load P. The presence of a lubricant could change the nature of the dependence, because the 

presence of of pores and oil pockets, which lead to an increase in the size of the contact gap. 

 
 

Fig.7. Dependence of the mass wear on sliding path for pure Al, obtained without  and with foaming 
 

 

  

 The higher wear of solid pure aluminum can be attributed to the action of a mechanism of intense plastic deformation in dry 

abrasion at the larger frictional contact area. The presence of pores leads to a discrete nature of the process of plastic deformation and, 

accordingly, less wear. 
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Fig. 8. Diagram of the wear resistance of tested materials 

 

On Fig. 8 is presented a diagram of the absolute abrasive wear resistance of all tested materials. It can be seen that the wear 

resistance of the dense and porous alloys is higher than the wear resistance of pure aluminum. The highest is the wear resistance of  dense 

AlSi7Mg alloy– 15.9 m/mg, and the lowest – of the dense pure Al  – 3.15 m/mg. 

 

Table 6 presents data on the relative wear resistance of the tested materials. The influence of alloying and porosity is considered for 

dense and porous materials. 

 

Based on the data from Table 6, diagrams of relative wear resistance were constructed, shown in Fig. 9 and 10. 

 

   Table 6: Relative wear resistance of the tested materials 

 

Specimen 

 

Designation 

Wear resistance for a 

friction path of 1000 m 

Relative wear resistance  

Influence of 

alloying 

Influence of 

porosity 

1 AlSi7Mg - P 9.1 m/mg R11 = 1 R13 = 0.58 

2 Al - P 3.5 m/mg R12 = 2.6 R24 = 1.11 

3 AlSi7Mg  15.9 m/mg R33 = 1 R33 = 1 

4 Al 3.15 m/mg R43 = 5.1 R44 = 1 

 

 
Fig.9. Influence of the alloying on the wear resistance of dense and porous materials. 
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Fig.10. The influence of porosity on the wear resistance of dense and porous materials.  

 

5. Conclusions 

 

1. The mass wear is measured, and through it the other 

wear characteristics are calculated: linear wear, wear 

intensity, absolute and relative wear resistance. 

2. The greater wear of dense pure aluminum is due to the 

action of a mechanism of intense plastic deformation 

during dry abrasion at the larger contact area of 

friction. 

3. The presence of pores leads to a discrete nature of the 

process of plastic deformation and, accordingly, less 

wear. 

4. It can be seen that the wear resistance of  the dense and 

porous alloys is higher than the wear resistance of pure 

aluminum. 
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Abstract: Two-dimensional van der Waals (vdW) materials possess novel physical properties and promising applications. A wide range of 

2D vdW materials having been obtained via the chemical vapor transport (CVT) method. In this work, we develop the controllable growth 

meyhod of 2H-NbSe2 single crystals via the CVT method. The quality of fabricated crystals was characterized by X-ray diffraction, and 

electron dispersive spectrometry (EDS) measurements. Crystals of the best quality were successfully grown under selected temperature/time 

schedule.  

Keywords: TDMC, CVT (CHEMICAL VAPOR TRANSPORT), NBSE2, SINGLE CRYSTAL, STRUCTURE 

 

1. Introduction 

In recent years, interest in the synthesis and applications of 

transition metal dichalcogenides MX2 (M: Mo, W, X = S, Se, Te) 

nanomaterials has steadily grown because of their unique structure 

and superior properties [1]. Transition metal dichalcogenides have a 

sandwich interlayer structure formed by the stacking of the X–M–X 

layers, which are loosely bound to each other only by van der Waals 

forces and are easily cleaved. Moreover, MX2 exhibits unique 

physical, optical and electrical properties correlated with their 

layered structure. In addition, their electronic structure is such that 

band-edge excitation corresponds largely to a metal centered d-d 

transition. Owing to these features, TMDCs materials have 

numerous applications such as sensors, detectors, solid lubricants, 

catalysis, electrocatalysis, high-density batteries and optoelectronic 

devices [2]. 

Niobium diselenide (NbSe2) is transition metal dichalcogenide 

layered compound, and it is exceptionally attractive because of its 

super conductivity and the formation of a charge-density-wave 

(CDW) state [3]. 2H-phase niobium diselenide (2H-NbSe2) is a 

superconducting vdW (Van der Waals) crystal with charge density 

wave (CDW) and Weyl semimetal properties. It has a 

superconducting critical temperature of ~7.8K and charge density 

wave behavior at ~34K. It has layered structure (lamellar) with 

weak interlayer coupling. NbSe2 displays metallic and 

superconducting behavior.  

2. Experimental details 

       Chemical vapour transport (CVT), a technique / process where 

a condensed phase, typically a solid is volatilized in the presence of 

a gaseous reactant (transport agent) and deposited elsewhere in the 

form of crystals. Typical transport agents include halogens and 

halogen compounds. The setup consists of a 2-zone furnace, the 

reactant and transport agent sealed in an ampoule. The various 

parameters that must be optimized for a successful CVT are growth 

temperature, transport direction, rate of the mass transport, choice 

of the transport agent and the free energy of the reaction.  

 
Fig. 1 Schematic of the experimental setup. 

Single crystals of NbSe2 were grown by a chemical vapour transport 

technique using iodine as transporting agent. A 5 gm mixture of Nb 

(purity: 99.95 %, Alfa Aeser, Germany) and Se (purity: 99.99 %, 

Alfa Aeser, Germany) was filled in a dried ampoule. Iodine of the 

quantity 5-6 mg/cc of the ampoule volume was sealed in the thin 

capillary and placed in the ampoule as transporting agent. Then the 

ampoule was sealed at the pressure of 10-5 torr. The sealed ampoule 

was introduced into a two-zone furnace at constant reaction 

temperatures to obtain the charge of NbSe2. The charge so prepared 

was rigorously shaken to ensure proper mixing of the constituents 

and kept in the furnace again, under appropriate condition to obtain 

single crystals of NbSe2. The experimental conditions for crystals 

growth are shown in Table 1. 

 
Table 1: Growth parameters for NbSe2 single crystals using chemical 

vapor transport technique. 

 Length (mm) ID (mm) 

Ampoule 

dimensions 
300 25 

 Hot zone (K) Cold zone (K) 

Temperatures 1123  1053 

 Time (hours)  

Growth time 240   

   

Powder X-ray diffraction (XRD) patterns were gathered within 

the 2Θ range from 20 to 80° with a constant step 0.02° on a Bruker 

D8 Advance diffractometer with a Cu K radiation and LynxEye 

detector. Phase identification was performed with the Diffracplus 

EVA using the ICDD-PDF2 Database.  

3. Results and discussions 

NbSe₂  is Molybdenite-like structured and crystallizes in the 

hexagonal P6₃ /mmc space group. The structure is two-dimensional 

and consists of two NbSe₂  sheets oriented in the (0, 0, 1) direction. 

Nb⁴ ⁺  is bonded to six equivalent Se²⁻  atoms to form distorted 

edge-sharing NbSe₆  pentagonal pyramids. All Nb–Se bond lengths 

are 2.62 Å. Se²⁻  is bonded in a 3-coordinate geometry to three 

equivalent Nb⁴ ⁺  atoms. 
 

 
 

Fig.2 (a) Crystal structure of bulk NbSe2 illustrating the (a) top view 

and (b) side view of the structure. The x, y and z axes denote the cartesian 
axes 

Many methods have been developed to improve the crystalline 

quality of superconducting NbSe2, for example: (a) exfoliation from 

bulk single-crystal NbSe2 by the electrochemical exfoliation method 

[4]; (b) growth by salt-assisted CVD [5]; (c) growth by molecular 

beam epitaxy (MBE) under ultra-high vacuum [6]; and (d) growth 

of a wafer-scale NbSe2 film in oxygen-free conditions by a two-step 

vapor deposition method [7]. However, most of the above 

preparations of NbSe2 have either a lot of point defects or a small 

grain size, which reduces its environmental stability or Tc. 

Therefore, it is still challenging to develop a reliable strategy to 
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grow 2D NbSe2 with a large area, high crystalline quality, and high 

repeatability. 

The CVT single crystals growth was chosen due to the 

advantages of bulk single crystals as large crystals to measure basic 

properties: structural, optical, electrical; nearly-perfect state of 

material: purity, no grain boundaries, less structural defects, stress, 

etc. The tunability of bulk properties: control of phase 

stoichiometry, doping level, alloy composition is readily obtained. 

The layered crystals as NbSe2 are easily of exfoliation and stacking 

of heterostructures. In the CVT process, metallic niobium (Nb) and 

selenium (Se) are mixed together with a small amount of a halogen 

gas in a sealed quartz tube. The mixture is heated to high 

temperatures, typically between 800-1100°C, causing the halogen 

gas to vaporize and transport the Se from the hot zone to a cooler 

region in the tube. The Se reacts with the Nb to form NbSe2, which 

deposits on a cooler surface in the tube. The halogen gas also plays 

a crucial role in preventing the formation of impurities and defects 

in the NbSe2 crystal. 

The overall reaction can be written as: 

 

Nb + Se + X2 (X=Br or I) → NbSe2 + X2 (transport)       (1) 

 

The use of halogen gas as a transport agent in CVT synthesis 

allows for the growth of high-quality, single crystals of NbSe2 with 

controlled stoichiometry and low defect density. 
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Fig.3 XRD patterns of NbSe2 single crystal 

 

The crystallinity, structure, and phase purity of the prepared 

samples were confirmed by XRD and EDS. As shown in Fig. 1a, all 

observed diffraction peaks can be exactly indexed to the hexagonal 

phase of NbSe2 with lattice constants a = 3.445 Å and c = 12.55 Å 

(PDF No. 65-7464). No characteristic peaks were observed, and the 

sharp diffraction peaks imply a good crystallinity of the obtained 

NbSe2 products under current synthesis conditions. The Energy-

dispersive X-ray Spectrometry (EDS) result demonstrates that the 

samples are consisted of elements Nb and Se, while no other 

elements were observed. Photoluminescence spectra are presented 

at Fig.4. Broad response around 2.5 eV was observed. 
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                              Fig.4 Photoluminescence spectra of NbSe2 
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Abstract: The possibility to produce white Eco-cement with the use of a dry method under low-temperature firing of a raw material mixture 

based on the CaO – SiO2 – Al2O3 – MgO system is shown. Computer calculations were performed and an analysis of the dependence of the 

characteristics of cement clinker on the quantitative ratio of raw components was carried out. A new composition of the raw material 

mixture with a decrease of 19 wt. % amount of the carbonate component and, accordingly, CO2 emissions during combustion was 

determined. The peculiarities of phase transformations in the material during firing with a maximum temperature of 1100 ᵒС when 

microtalcum was introduced into the initial mixture with the formation of pericloze, ockermanite and merwinite as a factor in the structure 

and properties of cement clinker were noted. 

Keywords: ЕCO-CEMENT,RAW MATERIAL MIXTURE, MICROTALC, FIRING, PHASE COMPOSITION, PROPERTIES. 

 

1. Introduction 
The production of the most common mineral binder, Portland 

cement, is characterized by significant energy costs by high-

temperature firing (1400-1500 °C) of clinker as well as by its 

grinding with additives to a highly dispersed state [1-3]. At the 

same time, the physical and chemical transformations of rock-

forming minerals into carbonate components, which make up the 

majority (75-80 wt. %) of the composition of the raw material 

mixtures, cause significant emissions of CO2 into the atmosphere 

[4]. 

It is noted that cement clinker kilns account for about 5% of 

total CO2 emissions into the atmosphere. The problem lies in 

cement’s chemistry, which is a sort of double-whammy of CO2 

production. To turn Portland cement’s key ingredient, calcium 

carbonate—found in limestone or chalk—into a finished product 

called alite, the minerals must be broken down in kilns heated to 

more than  1400 ºC. The heating process uses tremendous amounts 

of energy, which is typically generated using gas or coal, the most 

carbon-intensive fossil fuel. Then, the ensuing chemical process 

releases a second wallop of CO2 as a byproduct of turning calcium 

carbonate into calcium oxide. In total, producing 1 ton of cement 

releases 770 kilograms of CO2 into the atmosphere. 

When solving the specified problems of resource conservation 

and environmental safety of cement production, considerable 

attention is given to the Eco-cement technology using raw material 

mixtures with a lower content of carbonate components [5-8] and 

the use of industrial waste [9,10]. 

     The production of white Eco-cement is complicated by special 

requirements regarding the chemical composition of raw materials 

with the minimization of the content of colored oxides [11-13]. The 

solution of this scientific and technical problem requires the 

development of new compositions of raw material mixtures, the 

analysis of the features of phase formation and the properties of 

white hydraulic mineral binder under the conditions of low-

temperature firing, which became the goal of the presented work. 

2. Results and discussion 

The selection of research objects in this work was carried out in 

accordance with the main goal – to obtain a white mineral binding 

material during low-temperature firing with a decrease in the 

content of the carbonate component in the initial mixture. In 

accordance with the above, raw materials must have: 

 - increased reactivity, ensuring the intensification of 

physical and chemical reactions in the silicate system during firing 

with a decrease in the maximum temperature; 

 - minimum content of color oxides to increase the degree 

of whiteness of the final product. 

Materials of natural and industrial origin were used for the 

production of the raw material mixture: 

       - chalk of the Zdolbuniv deposit of the Rivne region; 

       - aluminum hydroxide – a product of processing bauxite 

into alumina; 

       - pyloquartz - a product of enrichment and fractionation of 

quartz sand; 

       - microtalc – a product of enrichment and fractionation of 

talc powder. 

According to the chemical composition, among the studied raw 

materials, the sample of Zdolbuniv chalk is characterized by a high 

content of CaO, the sample of aluminum hydroxide - the largest 

amount of aluminum oxide, the sample of pyloquartz - the largest 

amount of silica, the sample of microtalc - a high content of 

magnesium oxide with a quantitative ratio of SiO2:CaO:MgO = 

11:1: 5 (Table 1). 

The raw mixtures have been prepared by dispensing the 

components by mass, mixing and homogenizing in a ball mill, firing 

and milling of the final product in accordance with the modern dry 

technology of cement production. 

 

Table 1: Chemical composition of raw materials 

Samples 
Content of oxides, wt. % 

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO SO3 Na2O K2O LOI 

chalk 0,77 0,25 0,13 - 55,0 0,25 0,08 - - 43,49 

hydrate of 

aluminium oxide 
- 65,0 - - - - - - - 35,0 

pyloquartz 99,16 0,16 0,06 - - - - - - 0,12 

microtalc 61,32 0,26 0,10 - 5,39 27,40 - - - 5,53 

 
  The samples were fired for 15 hours at a maximum 
temperature of 1100 °C with a holding time of 1.5 hours. All 
samples of the mixtures compared were fired simultaneously and 
together to exclude differences in the degree of heat treatment. 

The properties of the binding material were determined 

according to standardized methods. 

 

Methods of physical - chemical analysis of silicate raw 

materials and testing of properties of astringent substances which 

were used in this work included: 

- chemical composition analysis using standardized procedures; 

- X-ray diffraction analysis (powder - like preparations) using a 

diffractometer DRON-3M (radiation CuKα 1-2, voltage 40 kV, 

current 20 mA, speed 2 degrees/min); 
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 - determination of the whiteness of materials using a 

leukometer Carl Zeiss JENA. 

The analysis of mineralogical composition of raw material 

showed: 

- the basic rock-forming mineral of chalk is calcite  

(97,6 mass.%) with the admixtures of dolomite, quartz and 

kaolinite; 

- hydrate of aluminium oxide is characterized by the presence of 

hydrargillite (gibbsite), diaspore, boehmite with the insignificant 

admixture of ilmenite; 

- the main rock-forming mineral of pyloquartz is ƥ-quartz; 

  - the main rock-forming mineral of microtalc is talc with 

quartz impurities. 

It is obvious that by the calcination of the specified raw 

materials during the destruction of lattices of the main rock-forming 

minerals, chalk and aluminum hydroxide will become a source of 

CaO and Al2O3 oxides, pyloquartz - a source of SiO2, and microtalc 

- SiO2 and MgO oxides in the process of phase formation of cement 

clinker [14-16]. 

Results and Discussion 

The composition of the initial 3-component raw material 

mixtures basedon the chalk-aluminum hydroxide- pyloquartz and 

chalk-aluminum hydroxide-microtalc systems was determined 

according to known recommendations regarding low-temperature 

firing cement technology in the range of values of the hydraulic 

modulus НМ=1.1–1.7 using a specially created program for 

computer calculations [17]. 

It was established that in the specified HM interval, the 

quantitative ratio of the system components changes significantly, 

while along with the dependence of the concentration of the 

components on the hydraulic modulus, a significant change in the 

values of the silica modulus is observed. 

 It was determined that at the minimum aluminum hydroxide 

concentration for the studied systems of 10 wt. % in the range of 

values of НМ=1.1-1.7, the possible content of the carbonate 

component is 68.3-73.5 wt. % when using pyloquartz and 54.5-62.8 

wt. % when using a microtad (Fig. 1). At the same time, there is a 

directly proportional relationship between the concentration of the 

carbonate component and the values of the hydraulic modulus of the 

binder.  
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Fig. 1 Dependence of the hydraulic (1) and silica (2) moduli on the concentration of the carbonate component when using pyloquartz (a) and 

microtalc (b) 

 

As for the cement modulus n of the binder, there is an inversely 

proportional dependence of its values on the concentration of the 

carbonate component: in the ranges of 2.5-3.8 for systems with 

pyloquartz and 2.2-3.2 for systems with microtalc. 

The raw material mixtures chosen for the production of mineral 

binding material with the same amount of aluminum hydroxide 

differ significantly in the content of the carbonate component - 

chalk (Table 2). 

 

Table 2: Composition of raw mixtures 

Code of 

mixture 

Quantity of components, mass % 

chalk hydrate of 

aluminium 

oxide 

pyloquartz microtalc 

K9 73,5 10,0 16,5 - 

К12 54,5 10,0 - 35,5 

 

 According to the chemical composition, the investigated raw 

material mixtures are characterized by the same amount of 

aluminum and iron oxides, but they differ significantly in the 

content and quantitative ratios of other oxides, which determine a 

potential for phase formation during firing (Table 3). 

 

 

Table 3: Chemical composition of raw mixtures 

Sample 

code 

 

Content of oxides, wt. % 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOI. 

К9 16,99 6,71 0,11 40,45 0,18 0,06 35,50 

К12 22,18 6,73 0,11 31,91 9,86 0,04 29,17 

  
Thus sample K12 differs from K9 by: 

 • a smaller amount of calcium oxides, a much higher 

content of magnesium oxide with a quantitative ratio of CaO : MgO 

= 3.2; 

 • quantitative ratios of CaO : SiO2 = 1.4 versus 2.4 and 

CaO : Al2O3 = 4.7 versus 6.0. 

The analysis of the chemical composition of cement clinker 

from experimental mixtures (Table 4) indicates that at low values of 

the saturation coefficient SF= 0.35-0.64, the formation of crystalline 

phases C2S and C3A is most likely when the amount of iron-

containing compounds is minimized. 
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Table 4: Chemical composition of clinker 

Sample 

code 

Content of oxides, wt. % 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 

К9 26,34 10,40 0,17 62,72 0,28 0,09 

К12 31,31 9,51 0,15 45,03 13,92 0,06 

 
The results of the X-ray phase analysis obtained in this work 

indicate on certain peculiarities in the physical and chemical 

transformations during firing of the studied mixtures with a 

maximum temperature of 1100 ᵒC (Fig. 2, 3). 

Thus, after firing to the maximum temperature of 1100 ᵒC with 

approximately the same development of the C2S and CA crystalline 

phases, sample K12 differs from sample K9 by: 

 a significantly smaller amount of free CaO (1.69; 2.38 

Å) and quartz (3.835; 4.25 Å); 

 formation of periclase (2.10; 1.48 Å), ockermanite 

2CaO•MgO•2SiO2 (2.87 Å) and merwinite 

3CaO•MgO•2SiO2 (2.66 Å); 

 greater development of C2AS hellenite (2.86 Å); 

 a smaller groove of the crystalline phases of 

wollastonite CS (2.97; 3.48 Å) and mayenite C12A7 

(4.90 Å). 
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Fig. 2 X-ray diffraction of sample K9 (1100 ºС). 

 
Fig. 3 X-ray diffraction of sample K12 (1100 ºС). 

 

The results of the testing of the studied samples of the binder 

indicate differences in the influence of the composition on the 

property indicators (Table 5). Thus, according to the classification 

of DSTU B V.27-91-99 [18], when fired at a maximum temperature 

of 1100 ᵒС, the binder from the K9 mixture belongs to the group of 

ultra-fast hardeners (starting time no later than 15 min.), which is 

considered typical for expanding and tensioning cement. The 

sample K12 belongs to a fast-hardening one (time of onset from 15 

to 45 min.), which is considered typical for anhydrite and alumina 

cement. At the same time, the sample K12 differs from K9 in the 

general slowing down of the hardening process. 

 

Table 5: Properties of mineral astringent material  

Characteristics Sample code 

К9 К12 

Finess of grinding, sieve residue 

no. 008, mass. % 

7 7 

Initial setting time, min 10 30 

Final setting time, min 25 60 

Compressive strength, MPa 32 34,5 

Whiteness, % 88 90 
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According to the specified standard, the samples of the binder 

produced belong to the group of medium strength (from 30 to 50 

MPa per compression). From the point of view of the purpose of 

this work, it is important to achieve high whiteness indicators in 

accordance with the requirements of the standard for white Portland 

cement [19,20]. 

Conclusions 

 1. The development and practical use of mineral binders 

of the Eco-cement type with a reduction in the content of the 

carbonate component of the raw material mixture contributes to the 

comprehensive solution of the issues of ecology, resource 

conservation and chemical technology for the production of silicate 

materials. 

 2. The possibility of producing white Eco-cement by a dry 

method at a maximum firing temperature of 1100 °C based on the 

chalk-aluminum hydroxide-microtalc system with a decrease in the 

content of the carbonate component and, accordingly, CO2 

emissions into the atmosphere by 19-20% compared to known 

compositions, was determined: 

 3. The peculiarities of phase formation during low-

temperature firing of white Eco-cement clinker, manifested in the 

formation of crystalline phases of periclase and calcium-magnesium 

silicates - ockermanite 2CaO•MgO•2SiO2 and mervinite 

3CaO•MgO•2SiO2, were established. 
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