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Abstract: 

The complex study of the possibility to obtain AISI 304 steel with increased 

resistance to radiation has been carried out.  Yttrium thermodynamic interactions 

with AISI 304 steel liquid melt was studied. The possibility of introducing yttrium 

oxide into the liquid metal matrix is evaluated. Experiments were conducted to obtain 

AISI 304 corrosion-resistant steel prototypes with the yttrium oxide introduction into 

the liquid melt. The blanks were obtained by casting on the horizontal centrifugal 

casting machine.  The micro hardness studies of samples showed that samples 

obtained with the yttrium oxide introduction have lower gradient of the cross-section 

hardness index. Microstructures are presented to reveal inclusions formed by yttrium 

oxide in the casting body. 
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Introduction 

In the emerging market, the industry is faced 

not only with challenges related to improving 

product quality, but also with cost cutting issues. 

The various products cost is inextricably linked to 

the cost of electricity. Nuclear power remains the 

most efficient way to generate electricity at the 

moment [1]. This industry includes many industrial 

processes that cannot be performed without the use 

of the materials with appropriate requirements [2]. 

Improving the functional characteristics in metal 

materials with increased radiation resistance, 

corrosion resistance, and structural uniformity is an 

important task for metallurgy and mechanical 

engineering [3-4]. One of the main problems with 

operating parts made from AISI 304 steel under the 

influence of radiation and high temperatures is the 

appearance of such defect as swelling [5]. 

The process of obtaining parts by casting is of 

the greatest interest due to its easy technological 

implementation.  Casting production allows getting 

blanks close to the final product, which reduces the 

cost of parts’ metal processing [6-7]. At the same 

time, new materials are being actively developed 

which will combine highly plastic metal matrices 

and high-strength refractory fillers. [8-11]. The 

combination of different phases makes it possible to 

increase the materials’ main functional indicators 

such as wear resistance and resistance to abrasive 

wear [12]. The fillers introduction allows creating 

the reinforcing layer in the matrix body itself. In 

addition to expanding the resulting part load range, 

strengthening particles can be considered as the 

additional barrier to the radioactive radiation 

penetration, which increases the part’s stability. The 

increase in radiation resistance occurs during 

braking by the reinforcing layer of active ions, 

which in turn leads to the decrease in the 

dislocations movement. 



 

July-August 2020 

ISSN: 0193-4120 Page No. 3553 - 3564 

 

 

3554 Published by: The Mattingley Publishing Co., Inc. 

The main mechanisms for strengthening steel 

and other metal materials are solution hardening, 

dislocation hardening, grain reduction, and phase 

transformation enhancement. [13]. Grinding grain is 

the only way to simultaneously improve the strength 

and resistance of the metal to ionizing effects. 

Secondary phase hardening can both improve the 

metal strength and reduce it. The reason is the 

formation of non-metallic inclusions that are voltage 

concentrators. However, fine particles of the 

secondary phase often have the grinding effect in the 

structure and strengthening the grain boundaries, 

which can increase the steel resistance to ionizing 

effects. Thus, in addition to grain grinding, dispersed 

hardening is the most preferred method. 

The fundamentally new technology is needed 

to implement the grain grinding process and 

strengthening with the secondary phase. The 

secondary phase can be introduced into the steel 

matrix by mechanical alloying. The method of 

introducing fine particles into the steel matrix is a 

complex task, due to the introduced phase 

wettability related issues. 

The refractory fillers introduction must be 

controlled by the process to ensure the reinforcing 

layer creation in the specific area of the workpiece. 

Combining such technologies as casting production 

and the hardening particles introduction when 

casting on the centrifugal casting machine will not 

only achieve the minimum cost of the final product, 

but also make the introducing particles process more 

or less controlled [14]. 

 

Dispersed particles introduction technology 

Today, the problem can be solved only with 

the transition to the method of mechanical alloying 

(ML). The ML Technology was well described in 

the work [15]. This technology implies that powders 

mixture of different metals is subjected to the joint 

high-energy grinding with the prevailing friction 

mechanism. In the process of such grinding, the 

powder particles crushing (up to the nanocluster 

size) and the mutual solid-phase diffusion of metals 

into each other happen. In nanoclusters, the most 

thermodynamically advantageous compound is the 

solid solution, which is converted into metal 

compounds such as intermetallides, silicides and 

carbides [16]. When the compacted powders are 

subsequently heated, these compounds fall out of the 

solution as nanoscale particles (precipitates). 

In the work [17], it was found that such 

thermodynamically strong oxide as Y2O3 can also be 

dissolved in solid metal, followed by the release of 

its nanocluster precipitates. At the same time, it is 

possible to enlarge (coalescence) nanoprecipitates as 

a result of the small particles dissolution and the 

growth of larger ones, which ultimately negates all 

the ML technology advantages. 

At the same time, there is technology for 

improving the metal materials’ mechanical 

properties by introducing dispersed particles into the 

liquid melt during casting using the centrifugal 

casting machine. This technology, with sufficient 

simplicity of its implementation, allows to receive 

stable results using dispersed particles of different 

densities to obtain gradient materials [18]. 

Centrifugal casting is the optimal method for 

producing blanks due to the high crystallization rate, 

which provides fine-grained structure.  During the 

liquid metal first contact with the relatively cold 

substrate, fine-grained crust of solidified metal is 

formed. The hardening particles are fed as powder 

during the casting process almost immediately after 

the casting start into the casting sock to avoid 

settling in the casting bucket. The mill rotation 

makes the particles settle faster and distribute more 

evenly in the metal body during crystallization due 

to the Archimedean forces and centripetal forces 

influence. Crystallization follows standard pattern - 

from the periphery to the center, providing the fine-

grained structure formation on the workpiece’s 

surface. Figure 1 shows the particles distribution at 

the contact boundary between crystallized metal and 

the substrate. It is clearly visible that the outer crust 

has fine-grained structure and consists mainly of 

steel molecules. The workpiece’s outer working 

layer is hidden under the crust, in which the carbides 

largest particles are concentrated. It can be noticed 
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that carbides smaller particles are located between 

the larger particles, but they predominate in the 

peripheral zone relative to the "substrate-metal" 

interface, and their concentration gradually 

decreases as they move away from the phase 

interface to the workpiece center, forming a gradient 

texture [19]. 

 

 
Figure 1. Distribution of reinforcing particles with 

different densities in steel matrix 

 

To ensure a reliable molecular bond between 

carbides and the base metal, high interfacial 

adhesion is required, i.e. the carbide particles must 

have optimal wettability with liquid steel to form the 

reliable interfacial bond. 

Determination of the materials’ wettability 

mostly happens by empirical methods based on 

natural experiments. To predict the nature of the 

hardening particles distribution in the metal body, 

the formed layer thickness, the workpiece’s possible 

physical characteristics, as well as to reduce the 

material costs for conducting natural tests, it was 

decided to create mathematical models for analysis 

in CAE systems. 

Uneven introduction of strengthening particles 

leads to their uneven distribution in the crystallized 

melt body, which is expressed in the clusters 

appearance that can be detected during the castings 

analysis by the destructive method, despite the fact 

that during centrifugal casting, the strengthening 

particles are affected by the gravitational forces 

field, which accelerates the dispersed particles 

penetration deep into the crystallizing melt [20]. 

Because the casting process in centrifugal 

casting is pretty short-lived and lasts no longer than 

30-60 seconds till complete crystallization of the 

steel castings weighing up to 10-20 kilograms, 

inaccurate dosing of the powder violates the 

dispersed particles required and specific 

concentration in unit volume of the melt jet. 

Consequently, there may be a situation of hardening 

particles complete absence in the workpiece’s outer 

layers due to instantaneous crystallization in contact 

with the relatively cold mill or at some depth from 

the surface that exceeds the required tolerance 

during machining, resulting in the calculated 

diameter of the finished product completed or 

insufficient hardening, despite the centrifugal forces 

influence. 

Similarly, different situation may arise. If the 

particles are introduced too early in the melt casting 

process, then all the hardening powder risks ending 

up in fine-grained crust which needs to be removed. 

In addition, this event will be stimulated by the 

gravitational field influence. 

The information about the casting process and 

the ability to control the process itself with sufficient 

accuracy allows to minimize the risks of uneven 

hardening particles distribution, and also allows to 

perform rapid casting layers of one or more types of 

dispersed particles [21]. 

The diagram illustrating the casting process 

result with the dispersed particles of different 

densities introduction to strengthen the inner and 

outer annular billet surfaces is shown in figure 1. 

The half of the annular billet, in which light-weight 

particles tend to its rotation axis, is shown. 

In this case, when using traditional methods of 

centrifugal casting without dosing and controlling 

the time of particles introduction, we are forced to 

use particles with different densities relative to the 

matrix melt. As mentioned earlier, powders made of 

rare or expensive materials may sometimes be used, 

such as TIC titanium carbides and WC tungsten 

carbides or yttrium Y2O3 oxide. In addition to this, 
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there is another restriction related to the reinforcing 

material concentration. As the result, it will be 

necessary to reduce the product batch size, or inflate 

the products’ final cost, or reduce the products’ 

quality, which is expressed by reducing the 

hardening carbides concentration in the workpiece 

body per unit volume to maintain the minimum price 

of the product batch; Fm - the gravity direction 

caused by the high-speed mill’s rotation. 

Figure 2 shows optional puff casting, which 

involves controlling the powder and matrix melt 

dosage, as well as controlling the casting time with 

the certain time delay, which provides sufficient 

level of the first layer crystallization, filled with the 

lighter particles instead of the heavy ones. 

Naturally, this scheme is almost an ideal 

outcome from the centrifugal casting process done 

by layers. However, it is possible that at the moment 

of hot melt contact, some of the fixed strengthening 

particles in the first layer will be moved to the 

second layer, thereby reducing the necessary 

concentration of strengthening particles in the outer 

layer 

To obtain this result, it is necessary to 

accurately control temperatures in the first layer that 

has already undergone crystallization, as well as the 

melt’s temperature. If the temperature difference is 

too low, there is a risk of the first layer complete 

crystallization in contact with the melt embedded to 

form the second layer. Therefore, all the particles 

fixed in the first layer can be displaced by the matrix 

melt, since in this case the reinforcing particles are 

light and less dense, relative to the steel melt. 

The liquid melt temperature was determined 

using an immersion thermocouple; in other cases, an 

optical pyrometer was used. Here it is necessary to 

use mathematical apparatus, namely the 

crystallization thermodynamics laws of the steel 

melt, taking into account the embedded dispersed 

particles influence, air flows and the process of 

continuous centrifugal mill rotation. 

 

 
Figure 2. Casting using lower density particles with 

the layers’ formation  

 

The literature was analyzed in search for 

existing achievements and research results on the 

topic of refractory particles effects in the 

crystallizing metal body during centrifugal casting 

of blanks. To implement the technology based on the 

closest similarity, mathematical models presented in 

[22, 23] were adopted. 

Yttrium oxide has density close to the density 

of metal materials based on iron 5.046 g/cm3. 

Therefore, when implementing the technological 

scheme presented in the work, yttrium oxide must be 

located on the outer (working) side of the cylindrical 

casting. With a small wall thickness of the 

workpiece, it is possible to distribute it on the inner 

surface. 

It is possible to increase the effect of dispersed 

particles introduction (higher values of mechanical 

properties, more than 300 MPa at 970 K, higher 

radiation resistance to neutron irradiation, higher 

resistance to corrosion in relation to heat carriers, at 

elevated temperatures) by using additional internal 

mechanical rolling, i.e. thermomechanical 

hardening. 

  

Modeling the interaction of Y2O3 with the metal 

melt 

Preliminary studies have shown that Y2O3 is 

the most stable thermodynamically non-metallic 

dispersed particle [24]. The yttrium oxide properties 

as compound are considered in work [25]. However, 

the work on the Y2O3 introduction into the pure 
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metal phase did not give positive result. Creating 

reinforcing layer in the pure metal phase is not 

possible due to the poor wettability of this particles’ 

type [26]. At the same time, the Y2O3 metal phase 

hardening is possible if the Nickel content in the 

main metal phase increases [27-29]. 

The development of the most effective 

technology for creating metal materials based on an 

iron matrix dispersed-strengthened with yttrium 

oxide, implies the creation of end-to-end 

technological schemes and innovative technologies, 

including both casting technologies with the 

strengthening phase introduction, and 

thermomechanical hardening. For this purpose, it is 

necessary to experimentally study the influence of 

various parameters (temperature, concentration, 

casting speed and furnace rotation, rolling forces, 

heat treatment modes, etc.) on the process and its 

results. For thermodynamic modeling of high – 

temperature processes occurring in the yttrium 

oxide-metal matrix (melt) system and 

recrystallization temperatures, it is advisable to use 

the FactSage software package [30]. The FactSage 

7.0 software indicates possible directions in 

processes that occur during the implementation of 

technologies developed in the research course. 

The composition used for the simulation was 

0.1 % C, 1.5 % Mn, 0.5 % Si, 18.0 % Cr, 10.0 % Ni, 

0.5 % Ti, 69.2 5% Fe. Additive Y2O3 – 1 g. per 100 

g. mass of metal melt. The modeling results of the 

equilibrium phase compositions of metal with 

yttrium oxide according to temperature and 

modeling non-equilibrium crystallization (the Sheil-

Gulliver model) of the metal with yttrium oxide are 

shown in figure 3. Calculations were made taking 

into account the possibility of the existence of 

phases with variable composition (solid and liquid 

solutions), and the deviation in such phases from the 

ideal. 

In constructing the changes dependence in the 

alloy phase composition and non-equilibrium 

crystallization from temperature, the main emphasis 

was placed on the alloy’s oxide phase. The 

simulation was performed for the temperatures at 

which the blanks centrifugal casting is usually 

performed, which allows to assume the phase 

composition of the studied alloy with greater or less 

accuracy. This circumstance allows to predict the 

dispersed oxides effects. 

The most practical interest is the Central part 

of the graph, where straight line through the diagram 

passes the line it characterizes the mass of yttrium 

oxide in the system. The studied phase almost does 

not interact with the alloy components, does not 

dissociate, and does not undergo allotropic 

transformations

 

 
Figure 3. Modeling results of equilibrium phase metal compositions with yttrium oxide 

addition depending on temperature 
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Figures 4a and 4b show the results of calculating the non-equilibrium crystallization model (the Sheil-

Gulliver model) for the initial melt without yttrium oxide additives and with its reference composition. The 

line corresponding to particular phase, at the intersection with the temperature axis, marks the beginning 

point of phase crystallization. 

 

  

a) b) 

Figure 4. Simulation results of non-equilibrium crystallization of the AISI 304 steel phase 

composition depending on the temperature (Sheil-Gulliver model): a - initial melt, b - metal 

with the yttrium oxide addition in the amount of 1 g. per 100 g. 

 

The comparative analysis of figures 4a and 4b 

leads to the conclusion that yttrium oxide is present 

in the melt as crystalline phase. This increases the 

content of α-Fe (BCC phase) in comparison to the 

model for the melt without yttrium oxide additive. 

Simulation data analysis showed that in the 

process of obtaining metal matrix materials done by 

centrifugal casting, there is no interaction of yttrium 

oxide with the metal melt. The compounds 

dissociation under the processes conditions is 

established. Thus, it can be concluded that it is 

advisable to conduct experiments on obtaining 

centrifugal castings with the use of yttrium oxide as 

the strengthening phase in order to possibly increase 

in radiation resistance. 

 

The experiment 

AISI 304 is used as the liquid metal melt. This 

steel grade is widely used for the parts’ production 

in the nuclear industry. The Nickel content of 9-11 

% should ensure hardening particles wettability by 

the liquid phase and the strengthening layer creation. 

To obtain batch of prototypes, the SELT furnace was 

used-001-40/12-T, the casting was carried out in the 

centrifugal casting machine (figure 5). The mill's 

rotation speed was 650 rpm. The liquid melt was 

released into the preheated furnace up to 600 °C. 

Particles injection feeding to the metal jet was 

carried out during the entire casting period.  After 

the experiment, three complete blanks with the 

satisfactory surface quality were obtained. The 

blanks had the outer diameter of 156 mm, the length 

of 180 mm and the wall thickness of 30 mm. The 

blanks had the satisfactory surface quality.  The first 

billet was obtained without the dispersed particles 

introduction.  The number of particles in the second 

billets was 30 g. (sample no. 1) and 39 g. (sample 

no. 2). After receiving the blanks, samples were 

taken for research, the cutting scheme is shown in 

Fig. 6 
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Figure 5. Workpieces ‘s machine for centrifugal casting 

 

 
Figure 6. The obtained samples cutting scheme 

 

Results 

For centrifugal casting molds, this casting is 

characterized by distinct layer-by-layer 

crystallization in the direction from the outside of 

the casting to the central (internal) part. The castings 

are dense, without pores, cracks and any other 

defects of shrinkable character. The studied castings 

microstructure is represented by cast alpha-Fe 

dendritic crystals. The crystals growth has clear 

orientation to the casting center. Etching revealed 

internal dendritic liquation, which is the logical 

consequence of the metal phase complex chemical 

composition. Photos of etched samples are shown in 

figure 7. Microstructures are shown in figures 8a and 

8b. 
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Figure 7. The appearance of etched samples:  at the top there is a sample obtained with the introduction of 

30 g. of Y2O3, bottom sample obtained with the introduction of 39 g. of Y2O3 

 

  
a) b) 

Figure 8. Microstructure of samples: a - with the introduction of 30 g. Y2O3; b - with the 

introduction of 39 g. Y2O3, ×65 

 

Microhardness was measured in the obtained 

samples. Measurements were made from the outer to 

the inner area of the formed billet. The workpiece 

hardness values with the introduction of Y2O3 in the 

amount of 30 g. decreased relatively to the standard, 

in turn, the workpiece obtained with the introduction 

of 39 g. has higher hardness values. It is worth 

noting that both Y2O3-hardened blanks have lower 

gradient of this indicator. This indicates that the 

particles acted as micro-coolers, this factor caused 

the structure crushing. The results are shown in 

figures 9a-9b. The blue lines represent the hardness 

values of the reference sample, and the orange lines 

represent the values of samples with the hardening 

particles introduction. 
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а b 

Figure 9. Microhardness values from the edge to the center of the sample cross section, the 

blue line shows the values of the reference sample: a - with the entered number of particles 

equal to 30 g.; b - the sample with the entered number of particles equal to 39 g. 

 

The non-metallic phase of castings is 

represented by titanium nitrides, sulfides, 

aluminosilicates, which are common for AISI 304 

and special inclusions of Y2O3. The non-metallic 

phase is actively represented by titanium nitrides 

(figure 10a). Aluminum nitrides and titanium 

carbonitrides are also observed in the structure 

(figure 10b).  

 

  
a) b) 

Figure 10. Photos of microstructures: a - titanium nitrides; b - aluminum nitrides and titanium 

carbonitrides, ×130 

 

The presence of this inclusions type is 

confirmed by studies done with electron microscope. 

In figures 11a-11b the spectrograms of the non-

metallic phase for certain chemical elements are 

presented. Inclusions based on Y are represented. 

The chemical composition of the detected inclusions 

is shown in table 1.  

Taking into account the thermodynamic 

stability of the Y2O3 compound, it can be assumed 

that this type of inclusions is the introduced 

refractory dispersed Y2O3 particles. The introduced 

oxides acted as substrate for the aluminosilicate and 

nitride inclusions crystallization, forming solid 

ceramic inclusions. 
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a) b) 

Figure 11. Microstructures of hardened materials samples with an electron microscope: a - in a 

light field, b - in a dark field 

 

Table 1. Chemical composition of the inclusion 

 

Al Si Ti Cr Mn Fe Ni Cu Y W 

1.43 0.89 4.00 16.25 0.64 60.15 9.10 0.13 7.33 0.08 

 

Conclusion 

Evaluating the Y2O3 injection effect on the 

structure of AISI 304 castings, the following 

conclusions can be drawn. It is technologically 

possible to assimilate Y2O3 during workpieces 

centrifugal casting. However, the thermodynamic 

stability of Y2O3 did not cause the change in the 

phase state of the melt. Based on the results 

obtained, it can be assumed that it is more 

appropriate to introduce yttrium oxide in AISI 904L 

steel with high concentration of nickel in the 

composition. 
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