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Abstract: The results of study of the high voltage electric discharge (HED) in the hydrocarbon liquid impact on the change of grain 

size and microhardness of elemental Fe and Ti powders, structure-phase transformations in Fe-Ti-B4C powders mixture and on the 
properties of materials, consolidated from processed powders mixtures are given. It is found out that HED impact on Fe and Ti powders 
manifests in defects accumulation,  powder grains grinding and in the changes of Vickers microhardness from 49 up to 244 kg/mm2 for Fe 
and from 220 up to 340 kg/mm2 for Ti. Microhardness of carbide steel compacts increased from 0,7 GPa (consolidated from initial powdres) 
up to 12,6 GPa (consolidated from HED processed powders). The possibility for the creation of Fe-Ti-B-C system blend and carbide steels 
production technological scheme on the basis of HED usage is shown. 
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Introduction 
Carbide steels are the composite materials that are obtained by 

means of powder metallurgy (fig. 1), which consist from carbides (from 
30 up to 70 % of mass, no more than 30 % is economically viable) and 
metal bond, generally, alloyed or carbon steel [1, 2]. 

Earlier in paper [3] authors have studied the influence of high 
voltage electric discharge (HED) on the suspension of Fe–Ti–B4C 
powders mixture in kerosene. It was found out, that HED in the 
suspension of Fe–Ti–B4C powders mixture in kerosene leads to increase 
of powders dispersity because of particles grinding.   
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Figure 1 – Conventional technological scheme for the obtainment of 
carbide steels from elemental powders  

In paper [4] it is shown that HED in hydrocarbon 
liquid leads to its decomposition with the formation of solid 
phase nanocarbon of different allotropic modifications.  

Nanocarbon enters the reactions with grinded and 
activated components of Fe–Ti–B4C micropowders mixture. 
Mixtures phase composition changes. TiC, Fe3C carbides, TiB, 
Ti3B4, FeB or Fe3 (B0,7C0,3) borides and Fe2Ti intermetallic can 
be synthesized depending on processing mode; their particle 
size is 700 nm and less 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

75%Fe 20%Ti 5%B4C 

Mixing with spirit Providing the homogeneity of 
mixture 

Providing the mechanical bond 
between powder particles 

Molding of the compact 

Aim of the stage 

Chemical reactions between blend 
elements 

Sintering with Т=12000С 

Grinding in a mill Providing the high dispersity of 
mixture 

Molding + sintering Obtainment of high quality non-
porous products 

Annealing Providing the possibility of 
mechanical treatment 

Mechanical treatment Providing the necessary geometry 
of product 

Quenching + tempering Increasing the physical-mechanical 
properties 

Polishing Providing the necessary roughness 
of surface 
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Aforementioned allows assuming that processing the mechanical 
mixtures of elemental powders with HED can lead to manufacture of 
high quality blend for carbide steels, which will consequently impact the 
properties of materials that will be consolidated from such powders.  

Aim of work – to study the influence of HED in kerosene on the 
structure and microhardness of elemental Fe and Ti powders and on the 
properties of materials, consolidated from their mixture.  

Experimental studies of the HED impact on the metallic 
powders 

It is known, that HED in the suspension of hydrocarbon liquid 
and metallic powders mixture is accompanied by multifactor impact on 
the processed material – plasma discharge channel, shock waves, 
powerful hydroflows, volumetric microcavitaion, sonoluminescence 
pulses [3], and it is difficult to evaluate the impact of HED onto each 
mixture component that have different physical characteristics. 

Therefore for better understanding of processes, which take 
place during the treatment of powders, the studies of discharges cyclicity 
impact on the microstructure and microhardness of Fe powder, which 
acts as the bond for the production of carbide steels, were performed. 
The single discharge energy was varied by means of variation of the 
capacitor battery charge voltage up to 50 kV[5], the number of impact 
pulses n varied from 2500 up to 20000 (table 1).    

Initial and HED processed powders were poured in ED-20 resin 
with consequent vacuuming and polymerization into the drying cabinet 
with the temperature of 100 0С with the purpose of structure and 
microhardness studies. Microsections were produced after drying, 
powder Vickers microhardness was measured according to [6] 
microsections were treated with 4% solution of nitric acid in spirit for 
the revelation of ferrite grains.  

Table 1– Number of impact cycles during Fe powder  HED 
processing  

Grain structure of initial powder (Fig. 2, a, mean diameter 
300 µm) was characterized by irregular distributions of grains by sizes 
and by the presence of particles, which consist of ferrite monograins and 
have small quantity of defects (Fig. 2, b). After the processing in 
regime 1 (Table 1) the quantity of defects increases, ant the size of 
ferrite monograins decreases.  

 

  

 

                                  

 

 

            а(×100)       b(×2000) 

Figure 2 – Microsection of initial Fe powder  

With the increase of pulses quantity from 2500 (regime 1) up to 
20000 (regime 4) Fe powder is grinded better, its mean grain size 
decreases. Ferrite grains are grinded with less rate (Fig. 3, a, lighter 
grains), yet their structure changes (accumulation of defects and 
formation of new grain borders takes place), thus in fact now they 
cannot be called monograins (Fig. 3, b).  

 

 

 

 

 

 

 

 

a(×100)    b(×2000) 

Figure 3 – Microsection of  Fe powder after HED 
processing (20000 pulses) 

HED treatment with less than 10000 pulses impacted 
microhardness insignificantly. After the increase of pulses 
quantity up to 20000 in regime 4 (Table 1 and Fig. 4) 
microhardness have highly decreased up to 244 kg/mm2. Such 
a rapid rise of microhardness can be explained by a large 
number of mechanical impact cycles during HED in 
suspension of Fe powder in kerosene, which leaded to an effect 
that is similar to work hardening. Also it can be explained by 
the formation of ferrite-cementite microstructures.  

 

 

 

 

 

 

 

Figure 4 – The dependence of Fe powder HV 
microhardness on the number of HED impact cycles  

The impact of HED on the structure and microhardness 
of Ti powder (ПТЕК-1-2 brand, initial microhardness 
220 kg/mm2, initial mean diameter 600 µm) was studied with 
the constant total processing energy (2 MJ) and the variation of 
pulse number from 2000 up to 8000 (Table 2). Powder 
particles that after processing stayed close to initial size (their 
total quantity was 13 and 7 mass % for regimes 1 and 2 (table 
2) respectively) were studied for microhardness.  

 
Table 2 – Number of impact cycles during Ti powder  

HED processing  
 
 
It was found out that the change of microhardness in 

case of Ti powder HED processing occurs in different way 
comparing to Fe powders HED processing. After 2000 impact 

cycles (table 2, regime 1) microhardness rises up to 
220 kg/mm2. The increase of impact cycles quantity up to 8000 
(regime 2) leads to the increase of microhardness up to 
340 kg/mm2, which can be explained by the accumulation of 
defects in structure (Fig. 5).  

№ of regime n 

1 2500 

2 5000 

3 10000 

4 20000 

№ of regime n 

1 2000 

2 8000 

HV 
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     a    b 
 
a – processed Ti powder, microhardness 340 HV (1 - particle,  

2 – film that was formed as a result of HED treatment (~ 7,5 µm thick), 
3 - polymer) b - initial Ti powder, microhardness 220 HV  

Figure 5 – Microsection of Ti powder (size more than 
315 µm), × 225 

 
It also must be noted, that as a result of treatment each powder 

particle becomes coated with a layer of carbon-containing particles (Fig. 
5, a, position 2), which may have a positive influence on the physical-
mechanical properties of materials, consolidated from such powders.  

 
Experimental studies of consolidated materials  
 
Dr. Sinter SPSS-515 spark plasma sintering equipment was used 

for the consolidation of powder mixtures. Specimens’ temperature 
measurements were performed with K-type thermocouple and the 
pyrometer. Additional pressure in all the experiments was 5,3 kN 
(~ 65 MPa). Working chamber before the consolidation was vacuum 
degassed to 5-10 Pa. Sintering pressure was 60 MPa, holding temperature 
was -900°С, holding time – 300 seconds, heating speed – 2°C/s. 

Table 3 shows data on powder mixtures that were processed with 
HED in different regimes with common total energy 2 MJ and different 
accumulated energies and theoretical and experimental density of 
materials, consolidated from these mixtures. After the HED treatment of 
initial powders Fe3C, TiC, TiB, TiB2, Ti2B5, Fe3(B0,7C0,3)and Fe2Ti 
phases were found beside the initial Fe, Ti and B4C phases, so the 
consolidation of such complex mixtures was performed. 

 
 
Table 3 – Powders mixtures compositions, parameters of their 

HED treatment, properties of compacts  
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Microsections of compacts were produced and studied on EVO 
50 electron microscope, their elemental composition was found out with 
the help of this microscope.   

Analysis of table 3 shows, that material, consolidated from 
powder mixture 1, have the values of experimental and theoretical 
densities that are close within the error limits. It can be explained by the 
reaction of nanocarbon, produced by HED, with Ti powder, hih led to 
the formation to TiC that have uniformly distributed in the matrix and on 
the particles surfaces, forming carbide film (~900 nm thick, Fig 7, b; 
specter 4, table 4). This film was revealed before the sintering during the 
study of processed Ti powder (Fig. 5, a, position 2). Specimen 2 has less 
density comparing to specimen 1 because its integral processing energy 
was 4 times larger, so it has the largest quantity of not reacted carbon.  
Specimen 3 has higher density, than specimen 2, there is B4C (initial size 
~ 7 µm) in it, which contributes to formation of disperse phase (carbide 
and borides of Fe and Ti) with size less than 1 µm, which is distributed 
in the limits of grains and in the metallic matrix . But HED processing 

with 8000 pulses caused the formation of much greater 
quantity of nanocarbon [4], then it is needed for the formation 
of carbide phase. Residual nanocarbon leaded to the 
specimen’s porosity of aprox. 20 % that is unacceptable for 
wear-resistant materials.  

 
 

 

 

 

 

 

         а    b 

a–75%Fe+20%Ti+5%В4С (2 MJ); b–80%Fe+20%Ti (1MJ) 

Figure 6 – Microsections of compacts  

 

Table 4 –  Elemental composition of material, obtained by sintering 
powder mixture 1 

Analysis 
area 

Elemental composition 

mass. % at. % 

C O Ti Fe C O Ti Fe 

Specter 1   0,9 99,1   1,0 99,0 

Specter 2  12,8 85,6 1,6  30,6 68,3 1,1 

Specter 3 0,4 6,1 93,2 0,3 1,4 16,1 82,3 0,2 

Specter 4 13,1 8,6 75,1 3,2 33,6 16,5 48,2 1,7 

 

Conducted studies of materials, consolidated from 
blends that were obtained by means of HED impact on the 
mechanical mixture of elemental powders have shown the 
possibility of changing the conventional carbide steels 
obtainment technological scheme to the corrected scheme, 
which demands less stages and is shown on Fig. 7. This will 
allow to significantly decrease energetic spending and to 
decrease the cost of products, which are manufactured from 
highly wear-resistant materials of carbide steels type. 

Conclusions 
1. The possibility for the creation of Fe-Ti-B-C system 

carbide steels production technological scheme on the basis of 
HED in liquid usage for the preparation of blendis shown. 

2. It is found out that HED impact on Fe and Ti 
powders manifests in defects accumulation,  powder grains 
grinding and in the changes of Vickers microhardness from 49 
up to 244 kg/mm2 for Fe and from 220 up to 340 kg/mm2 for 
Ti.  

3. Parameters of processing and consolidation, that 
allow obtainment of non-porous and wear-resistant materials of 
Fe-Ti-B-C system with HED treatment are experimentally 
found.  

 
 
 
 
 

Initial powder mixture 
composition 

n ρex, 
g/cm3 

ρth, 
g/cm3 

1)80%Fe+20%Ti 1000 6,76 ~6,8 

2)80%Fe+20%Ti 4000 3,59 ~6,8 

3)75%Fe+20%Ti+5%B4C 8000 5,26 ~6,8 
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Figure 7 – Technological scheme of obtainment of carbide steels from the elemental powders mixture with the use of HED  
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