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1. Introduction

Using the procedure of reactive hot pressing with the 
reaction

2МеC + B4C→2МеB2 + 3С

(Me stands for Ti, Zr or Hf), one can obtain compact 
micro- and nanograin materials without pregrinding 
initial powders, as well as reduce duration, temperature 
and pressure of hot pressing [1-4]. As a result, the cost 
price of synthesized materials is considerably reduced. 
By choosing the appropriate parameters of reactive hot 
pressing, it is possible to obtain non-equilibrium material 
owing to incompleteness of the reaction process.

In addition, formation of nuclei of new phases in 
the course of blend compaction leads to appearance of 
many submicron grains in the material and, as a result, to 
a considerable surface energy. Taking all the above-
mentioned into account, the reactively-pressed materials 
may have some energy content. This may affect the 
character of structural-phase transformations being 
subjected to irradiation.

According to the Seitz theory for relativistic 
electrons, the critical energy of defect-forming electron 
(Еос) can be obtained from the expression [5]:
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Here, Т is the maximal energy transmitted by 
electron to a target atom in the course of scattering, E0 –
energy of incident electron, m(М) – mass of electron 
(target atom). To produce a defect in a crystal lattice, it 
is necessary to transmit to an atom the energy above 
Еd (25 eV). By inserting that value for Т to Eq. (1), we 
obtain that Еос is close to 0.25 MeV for B and C atoms 
and close to 1 MeV for Ti atom. Thus, in the case of the 
incident electron energy below Еос, most of the energy is 
transmitted to the atomic system without defect 
production. This energy may be spent for target heating 
or structural-phase transformations. The latter may 
promote partial relaxation of the stresses related to 
accumulation of radiation defects.

Taking into account the possibility of application of 
hafnium carbide as a reactive component under reactive 
hot pressing, one can conclude that investigation of 
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features of the irradiation effect on structural-phase 
transformations in reactively-pressed composites can 
help to increase in the radiation resistance of HfB2-
containing materials.

In this work, we have studied a possibility in 
principle to activate structural-phase transformations 
under the action of electron irradiation and the effect of 
these transformations on the mechanical characteristics 
of ceramic materials.

2. Materials and exploratory procedure

We considered distinctions in behavior of mechanical 
characteristics of TiB2–TiC-based composites 
synthesized in different ways and subjected to 1.9-MeV 
electron irradiation. The material-I was made using hot 
pressing (temperature 2150 C, pressure 30 MPa, 
isothermal treatment for 15 min without protective 
atmosphere) the powders TiB2 (54 mass.%) and 
TiC (46 mass.%).

The feature of the material-II was that 3 mass % 
В4С was added to the above composition. In this case, as 
was shown in [6], titanium carbide and boron carbide 
were interacting in the course of hot pressing, with 
production of titanium diboride and release of carbon. 
The final composition of the material was formed in the 
course of synthesis according to the following reaction:

TiB2 + TiC + хB4C→(1 + 2х)TiB2 + (1 – 2х)TiC + хС.

Proceeding of this reaction made it possible to 
reduce the time of material compacting down to 8 min. It 
led to decreasing the average grain size as well as 
increasing microhardness and fracture toughness. It 
should be noted that metallographic analysis of 
materials-II made it possible to draw a conclusion about 
incomplete proceeding of the reaction: one can detect 
boron carbide inclusions (which content does not exceed 
1%) at the specimen microsections.

The specimen geometry (tablets: 2-mm thick and 
10-mm in diameter) was chosen due to efficient 
absorption of the electron flow. Electron irradiation was 
produced using a linear accelerator of charged particles 
“ИЛУ-6”. The electron energy in the beam was 
1.9 MeV, the average pulse current was 3 mA. In the 
course of irradiation, the temperature was maintained 
within the range 60 to 120 C. The electron fluences 
were 1016, 5×1016, 1017, 5×1017 and 1018 electron/cm2 for 
specimens-I and specimens-II.

The phase composition of the specimens under 
investigation was determined with a diffractometer 
ДРОН-4 using copper radiation. The elemental 
composition was determined with a wave-dispersive 
spectrometer S8 TIGER (BRUKER ELEMENTAL). 
Microhardness and fracture toughness were measured 
using the Vickers technique with a DuraScan machine 
(EMCO-TEST Prüfmaschinen GmbH) in accordance 
with the procedures [7] and [8].

3. Experimental results and discussion

X-ray phase analysis found appearance of a graphite 
phase in specimens-I and specimens-II after electron 
irradiation (Table 1). This result may be related to 
structurization of X-ray amorphous carbon, either 
dissolved in the initial phases TiB2 and TiC or released in 
the course of the chemical reaction TiC + B4C→TiB2 + С 
(in specimens-II). Similar structurization was detected on 
electron irradiation in amorphous materials [9]. The 
authors of [9] showed that the most probable mechanism 
of crystalline phase formation is the growth of pre-formed 
micrograins, while the electron flow serves predominantly 
for transportation. It is evident that a similar mechanism 
of phase formation was also observed in our case.
Analysis of the fluence dependence of Ti, B and C 
concentrations (Fig. 1) also indicates the carbon transfer 
from the irradiated specimen side to the opposite (non-
irradiated) one.

An analysis of the plots given in Fig. 2 shows that 
the mean microhardness values at the irradiated and 
opposite sides of the specimens having the same 
composition demonstrate the same character of the 
fluence dependence. Microhardness values at the 
opposite sides are lower than those at the irradiated ones. 
This fact may be explained by the transfer of carbon 
atoms to the non-irradiated specimen side (see also 
Fig. 1). Besides, the energy of electrons that reached the 
opposite side is below than that of the ones reaching the 
irradiated surface. According to the diffusion model, the 
energy E of electron that has passed a distance x in 
matter can be found from the expression [10]:
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Table 1. Phase composition of the initial and irradiated 
specimens.

Phase composition, %
Specime
n type

Fluence,
electron/cm2

ТіВ2 ТіС
С

(graphite)
– 66 34 –

1016 68 32 –

5×1016 70 30 –

1017 67 31 2

5×1017 68 31 <1

I

1018 70 30 –

– 74 26 –

1016 75 25 –

5×1016 75 24 <1

1017 75 24 <1

5×1017 74 26 –

II

1018 74 24 2
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Fig. 1. Fluence dependence of Ti, B and C concentrations at 
the irradiated and opposite sides and their mean values for the 
specimen-I.

Fig. 2. Fluence dependence of microhardness for the specimen-
I and specimen-II.

Here, E0 is the initial electron energy, n  exponent 
in the generalized ThomsonWiddington law (in the 
classical approach, n = 2), R  electron range in the 
target:
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where Z is the atomic number, A  atomic weight, ρ 
material density.

According to Eqs. (1, 2), reduction of the electron 
energy below the defect production threshold results in 
spending most of it for excitation of the atomic 
subsystem without producing defects. It leads to the 
enhancement of processes of radiation annealing. For 
our materials, the maximal energy of electron passed 
through the specimen (which thickness х = 2 mm) is 
~1 MeV. Taking into account that the factual path of 
electrons exceeds the x value used in the calculation, we 
obtain that the probability of radiation defects 
production at the opposite specimen side decreases.

Table 2. Fluence dependence of fracture toughness 
(MPam1/2).

Specimen-I Specimen-IIFluence, 
electron/

cm2 Irradiat
ed side

Opposite 
side

Irradiat
ed side

Opposite 
site

0 8.1±0.3 8.1±0.3 9.6±0.7 9.6±0.7

1016 8.9±0.5 7.5±0.4 8.4±0.6 9.7±0.9

5×1016 7.2±0.4 8.7±0.4 8.2±0.6 9.9±0.6

1017 6.3±0.4 8.3±0.3 9.3±0.8 10.2±0.7

5×1017 7.6±0.6 9.7±0.5 8.4±0.5 10.1±0.9

1018 9.1±0.6 10.5±0.7 7.9±0.7 9.5±0.8

For specimens-I, a classical fluence dependence is 
observed on electron irradiation, namely, increase of 
microhardness followed by its reduction at a certain 
fluence value (in our case, 1017 electron/cm2). The above 
behavior of microhardness is explained by accumulation 
of radiation defects. It leads to increase of intrinsic 
stresses (and, correspondingly, microhardness, yield 
strength and some other characteristics) and their partial 
annihilation due to increased interaction between 
neighboring defects (which is observed as reduction of 
microhardness).

For specimens-II, microhardness decreased over 
the whole fluence range. This qualitative distinction of 
the fluence dependence of microhardness is related to 
non-equilibrium of their phase composition acquired in 
the course of hot pressing. As a result, the specimens-II 
are inclined to electron radiation-induced phase 
transformations under irradiation, which compensate for 
microhardness increase caused by accumulation of 
radiation defects. At the fluence 5×1017 electron/cm2 and 
higher, the average values of microhardness at the 
irradiated and opposite sides of specimens-I (specimens-
II) have the same limit close to 30 GPa (~28 GPa).

Construction of microhardness distribution is more 
informative from the viewpoint of the investigation of 
structural-phase transformation of composite materials. 
Variation of phase composition, degree of perfection of 
boundaries between phases and other composite 
components leads to changes in microhardness 
distribution profiles [11, 12]. The initial microhardness 
distributions for the specimens-I and specimens-II
(Figs 3.1 and 4.1) differ considerably because of 
distinctions in their microstructure.

It should be noted that, at the maximal irradiation 
fluences (Figs. 3.6 and 4.6), the microhardness 
distributions for the specimens-I and specimens-II have 
similar profiles at their irradiated (opposite) sides. Some 
distinctions between the distributions at the irradiated 
and opposite sides are related to (i) transport of carbon 
atoms along the direction of the electron current and (ii) 
different rate of radiation defects production at the 
corresponding surfaces.
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Fig. 3. Fluence dependence of microhardness distribution at the irradiated (left) and opposite (right) sides of the specimen-I. 
Fluence (electron/cm2): 0 (1); 1016 (2); 5×1016 (3); 1017 (4); 5×1017 (5); 1018 (6).

Fig. 4. Fluence dependence of microhardness distribution at the irradiated (left) and opposite (right) sides of the specimen-II. 
Fluence (electron/cm2): 0 (1); 1016 (2); 5×1016 (3); 1017 (4); 5×1017 (5); 1018 (6).

The result obtained indicates transformation of both 
reactively-pressed and nonreactively-pressed specimens 
(exposed to electron irradiation) to similar structural-
phase states despite their essentially different initial 
states. Higher microhardness values at the irradiated 
sides of the specimens-I and specimens-II are due to 
more intensive production of radiation defects.

4. Conclusions

We have demonstrated that electron irradiation of TiB2–
TiC materials leads to migration of carbon atoms from 
the irradiated specimen side to the opposite one.

The fluence dependences of microhardness 
distribution at the irradiated and opposite sides of the 
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specimens-I and specimens-II are considerably different. 
The fracture toughness of the specimens under 
investigation (≈ 8 MPa/m1/2) is rather high for ceramic 
materials, and its variation under electron irradiation 
does not exceed limits of errors.

The presence of the non-equilibrium phase 
component in specimens-II is a prerequisite to structural-
phase transformations under the action of electron 
irradiation. It leads to stress relaxation and, 
consequently, can promote extension of material service 
life under irradiation.
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1. Introduction 

Using the procedure of reactive hot pressing with the reaction


2МеC + B4C→2МеB2 + 3С


(Me stands for Ti, Zr or Hf), one can obtain compact micro- and nanograin materials without pregrinding initial powders, as well as reduce duration, temperature and pressure of hot pressing [1-4]. As a result, the cost price of synthesized materials is considerably reduced. By choosing the appropriate parameters of reactive hot pressing, it is possible to obtain non-equilibrium material owing to incompleteness of the reaction process.


In addition, formation of nuclei of new phases in the course of blend compaction leads to appearance of many submicron grains in the material and, as a result, to a considerable surface energy. Taking all the above-mentioned into account, the reactively-pressed materials may have some energy content. This may affect the character of structural-phase transformations being subjected to irradiation.


According to the Seitz theory for relativistic electrons, the critical energy of defect-forming electron (Еос) can be obtained from the expression [5]:
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Here, Т is the maximal energy transmitted by electron to a target atom in the course of scattering, E0 – energy of incident electron, m(М) – mass of electron (target atom). To produce a defect in a crystal lattice, it is necessary to transmit to an atom the energy above Еd (25 eV). By inserting that value for Т to Eq. (1), we obtain that Еос is close to 0.25 MeV for B and C atoms and close to 1 MeV for Ti atom. Thus, in the case of the incident electron energy below Еос, most of the energy is transmitted to the atomic system without defect production. This energy may be spent for target heating or structural-phase transformations. The latter may promote partial relaxation of the stresses related to accumulation of radiation defects.


Taking into account the possibility of application of hafnium carbide as a reactive component under reactive hot pressing, one can conclude that investigation of features of the irradiation effect on structural-phase transformations in reactively-pressed composites can help to increase in the radiation resistance of HfB2-containing materials.


In this work, we have studied a possibility in principle to activate structural-phase transformations under the action of electron irradiation and the effect of these transformations on the mechanical characteristics of ceramic materials.


2. Materials and exploratory procedure


We considered distinctions in behavior of mechanical characteristics of TiB2–TiC-based composites synthesized in different ways and subjected to 1.9-MeV electron irradiation. The material-I was made using hot pressing (temperature 2150 (C, pressure 30 MPa, isothermal treatment for 15 min without protective atmosphere) the powders TiB2 (54 mass.%) and TiC (46 mass.%).


The feature of the material-II was that 3 mass % В4С was added to the above composition. In this case, as was shown in [6], titanium carbide and boron carbide were interacting in the course of hot pressing, with production of titanium diboride and release of carbon. The final composition of the material was formed in the course of synthesis according to the following reaction:

TiB2 + TiC + хB4C→(1 + 2х)TiB2 + (1 – 2х)TiC + хС.


Proceeding of this reaction made it possible to reduce the time of material compacting down to 8 min. It led to decreasing the average grain size as well as increasing microhardness and fracture toughness. It should be noted that metallographic analysis of materials-II made it possible to draw a conclusion about incomplete proceeding of the reaction: one can detect boron carbide inclusions (which content does not exceed 1%) at the specimen microsections.


The specimen geometry (tablets: 2-mm thick and 10-mm in diameter) was chosen due to efficient absorption of the electron flow. Electron irradiation was produced using a linear accelerator of charged particles “ИЛУ-6”. The electron energy in the beam was 1.9 MeV, the average pulse current was 3 mA. In the course of irradiation, the temperature was maintained within the range 60 to 120 (C. The electron fluences were 1016, 5×1016, 1017, 5×1017 and 1018 electron/cm2 for specimens-I and specimens-II.


The phase composition of the specimens under investigation was determined with a diffractometer ДРОН-4 using copper radiation. The elemental composition was determined with a wave-dispersive spectrometer S8 TIGER (BRUKER ELEMENTAL). Microhardness and fracture toughness were measured using the Vickers technique with a DuraScan machine (EMCO-TEST Prüfmaschinen GmbH) in accordance with the procedures [7] and [8].


3. Experimental results and discussion

X-ray phase analysis found appearance of a graphite phase in specimens-I and specimens-II after electron irradiation (Table 1). This result may be related to structurization of X-ray amorphous carbon, either dissolved in the initial phases TiB2 and TiC or released in the course of the chemical reaction TiC + B4C→TiB2 + С (in specimens-II). Similar structurization was detected on electron irradiation in amorphous materials [9]. The authors of [9] showed that the most probable mechanism of crystalline phase formation is the growth of pre-formed micrograins, while the electron flow serves predominantly for transportation. It is evident that a similar mechanism of phase formation was also observed in our case. Analysis of the fluence dependence of Ti, B and C concentrations (Fig. 1) also indicates the carbon transfer from the irradiated specimen side to the opposite (non-irradiated) one.

An analysis of the plots given in Fig. 2 shows that the mean microhardness values at the irradiated and opposite sides of the specimens having the same composition demonstrate the same character of the fluence dependence. Microhardness values at the opposite sides are lower than those at the irradiated ones. This fact may be explained by the transfer of carbon atoms to the non-irradiated specimen side (see also Fig. 1). Besides, the energy of electrons that reached the opposite side is below than that of the ones reaching the irradiated surface. According to the diffusion model, the energy E of electron that has passed a distance x in matter can be found from the expression [10]:
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Table 1. Phase composition of the initial and irradiated specimens.


		Specimen type

		Fluence,


electron/cm2

		Phase composition, %



		

		

		ТіВ2

		ТіС

		С (graphite)



		I

		–

		66

		34

		–



		

		1016

		68

		32

		–



		

		5×1016

		70

		30

		–



		

		1017

		67

		31

		2



		

		5×1017

		68

		31

		<1



		

		1018

		70

		30

		–



		II

		–

		74

		26

		–



		

		1016

		75

		25

		–



		

		5×1016

		75

		24

		<1



		

		1017

		75

		24

		<1



		

		5×1017

		74

		26

		–



		

		1018

		74

		24

		2







Fig. 1. Fluence dependence of Ti, B and C concentrations at the irradiated and opposite sides and their mean values for the specimen-I.




Fig. 2. Fluence dependence of microhardness for the specimen-I and specimen-II.


Here, E0 is the initial electron energy, n ( exponent in the generalized Thomson(Widdington law (in the classical approach, n = 2), R ( electron range in the target:
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where Z is the atomic number, A ( atomic weight, ρ ( material density.


According to Eqs. (1, 2), reduction of the electron energy below the defect production threshold results in spending most of it for excitation of the atomic subsystem without producing defects. It leads to the enhancement of processes of radiation annealing. For our materials, the maximal energy of electron passed through the specimen (which thickness х = 2 mm) is ~1 MeV. Taking into account that the factual path of electrons exceeds the x value used in the calculation, we obtain that the probability of radiation defects production at the opposite specimen side decreases.


Table 2. Fluence dependence of fracture toughness (MPa(m1/2).


		Fluence, electron/cm2

		Specimen-I

		Specimen-II



		

		Irradiated side

		Opposite side

		Irradiated side

		Opposite site



		0

		8.1±0.3

		8.1±0.3

		9.6±0.7

		9.6±0.7



		1016

		8.9±0.5

		7.5±0.4

		8.4±0.6

		9.7±0.9



		5×1016

		7.2±0.4

		8.7±0.4

		8.2±0.6

		9.9±0.6



		1017

		6.3±0.4

		8.3±0.3

		9.3±0.8

		10.2±0.7



		5×1017

		7.6±0.6

		9.7±0.5

		8.4±0.5

		10.1±0.9



		1018

		9.1±0.6

		10.5±0.7

		7.9±0.7

		9.5±0.8





For specimens-I, a classical fluence dependence is observed on electron irradiation, namely, increase of microhardness followed by its reduction at a certain fluence value (in our case, 1017 electron/cm2). The above behavior of microhardness is explained by accumulation of radiation defects. It leads to increase of intrinsic stresses (and, correspondingly, microhardness, yield strength and some other characteristics) and their partial annihilation due to increased interaction between neighboring defects (which is observed as reduction of microhardness).


For specimens-II, microhardness decreased over the whole fluence range. This qualitative distinction of the fluence dependence of microhardness is related to non-equilibrium of their phase composition acquired in the course of hot pressing. As a result, the specimens-II are inclined to electron radiation-induced phase transformations under irradiation, which compensate for microhardness increase caused by accumulation of radiation defects. At the fluence 5×1017 electron/cm2 and higher, the average values of microhardness at the irradiated and opposite sides of specimens-I (specimens-II) have the same limit close to 30 GPa (~28 GPa).


Construction of microhardness distribution is more informative from the viewpoint of the investigation of structural-phase transformation of composite materials. Variation of phase composition, degree of perfection of boundaries between phases and other composite components leads to changes in microhardness distribution profiles [11, 12]. The initial microhardness distributions for the specimens-I and specimens-II (Figs 3.1 and 4.1) differ considerably because of distinctions in their microstructure.


It should be noted that, at the maximal irradiation fluences (Figs. 3.6 and 4.6), the microhardness distributions for the specimens-I and specimens-II have similar profiles at their irradiated (opposite) sides. Some distinctions between the distributions at the irradiated and opposite sides are related to (i) transport of carbon atoms along the direction of the electron current and (ii) different rate of radiation defects production at the corresponding surfaces.



The result obtained indicates transformation of both reactively-pressed and nonreactively-pressed specimens (exposed to electron irradiation) to similar structural-phase states despite their essentially different initial states. Higher microhardness values at the irradiated sides of the specimens-I and specimens-II are due to more intensive production of radiation defects.


4. Conclusions


We have demonstrated that electron irradiation of TiB2–TiC materials leads to migration of carbon atoms from the irradiated specimen side to the opposite one.


The fluence dependences of microhardness distribution at the irradiated and opposite sides of the specimens-I and specimens-II are considerably different. The fracture toughness of the specimens under investigation (≈ 8 MPa/m1/2) is rather high for ceramic materials, and its variation under electron irradiation does not exceed limits of errors.


The presence of the non-equilibrium phase component in specimens-II is a prerequisite to structural-phase transformations under the action of electron irradiation. It leads to stress relaxation and, consequently, can promote extension of material service life under irradiation.
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Fig. 3. Fluence dependence of microhardness distribution at the irradiated (left) and opposite (right) sides of the specimen-I. Fluence (electron/cm2): 0 (1); 1016 (2); 5×1016 (3); 1017 (4); 5×1017 (5); 1018 (6).
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Fig. 4. Fluence dependence of microhardness distribution at the irradiated (left) and opposite (right) sides of the specimen-II. Fluence (electron/cm2): 0 (1); 1016 (2); 5×1016 (3); 1017 (4); 5×1017 (5); 1018 (6).
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