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Abstract: The main features of high-voltage electric pulse consolidation (HVC) of refractory powder materials and the resulting unique 

capabilities of the method are considered. The electro-thermal processes of HVC at the contacts between powder particles and at the 

macroscale of the entire consolidated sample are analyzed. The results of experimental studies of the parameters of high-voltage electrical 

impulse action in the processes of consolidation of high-temperature powder compositions, high-voltage welding of dissimilar materials, as 

well as high-voltage discharges in liquid are presented. The results of measuring the intensity of thermal radiation of the investigated 

materials under high-voltage electrical impulse action, recorded by the method of pulse photometry using photodiode sensors, which, 

together with the Rogowski coil, are components of the measuring complex developed by the authors, are presented. 
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1. Introduction 
The method of high-voltage consolidation of powders is 

effective for the production of refractory composite materials that 

retain their strength properties at ultrahigh temperatures under 

aggressive external influences. The short duration of high-

temperature exposure in the process of high-voltage consolidation 

makes it possible to preserve the structural-phase state of the initial 

powder material in the consolidated compact material. A feature of 

this method is the high density concentration of the released energy 

in the area of contacts between powder particles. The initial state of 

the surface of powder particles (the thickness and structure of oxide 

films, the presence of foreign impurities, etc.), the shape of powder 

particles and their sizes significantly affect the regularities of high-

voltage consolidation process. Along with the characteristics of the 

powder, the determining factors are: the rate of input of the energy 

of the electromagnetic field into the powder material, the magnitude 

and nature of the mechanical pressure acting on the powder blank 

during high-voltage consolidation. The high energy density in the 

particle contact zones leads to a local change in the state of 

aggregation of the powder substance in these zones. Along with the 

inhomogeneity of powder heating in interparticle contacts, a 

macroscopically inhomogeneous distribution of the current density 

in the volume of the consolidated sample is possible. The formation 

of the structure of a powder material during high-voltage 

consolidation is determined by processes of different scales 

occurring at interparticle contacts, in powder particles, in the bulk 

of the entire sample, and by the mutual influence of these processes. 

The advantages of the high-voltage consolidation method can be 

fully realized with optimal process parameters, since intense 

electro-thermal action on the powder material can lead to instability 

of the consolidation process, the formation of an inhomogeneous 

structure of the material to be consolidated, and even to the 

destruction of the consolidated sample and technological 

equipment. The study of electro-thermal phenomena, both in the 

particle contact zones and on the scale of the entire consolidated 

sample, makes it possible to establish the optimal parameters of 

high-voltage consolidation. 

2. Theoretical analysis 
As a result of theoretical analysis of electro-thermal processes 

in contacts between powder particles during high-voltage 

consolidation [1], the threshold value of the current density j* in the 

interparticle contact was established, the excess of which causes an 

electrothermal explosion:  
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where: σ is the Stefan-Boltzmann constant; ξ ≤ 1; Tb is the boiling 

point (loss of conductivity) of the powder material, ρ is the 

resistivity of the material, h is the thickness of the interparticle 

contact. The validity of criterion (1) was confirmed experimentally 

on grains of the nickel heat-resistant alloy (EP741), and the results 

were published in [2]. Non-uniform heating of the powder material 

in the consolidated sample may be due to the non-uniform 

distribution of the current density along the radius of the cylindrical 

sample. This phenomenon is associated with the displacement of the 

current to the periphery as a result of the skin effect, as well as with 

a change in the conductivity of the powder during the flow of a 

powerful current pulse through it. The thickness of the skin layer - 

∆ is determined by the expression: 
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where: μ – relative magnetic permeability, μ0=4π•10-7 H/m, ρ – 

powder resistivity, ω – current pulse frequency. To obtain a 

consolidated sample with a uniform density, a uniform distribution 

of energy over the volume of the sample is necessary. The uniform 

distribution of the input energy is possible if the condition R ≤ ∆ is 

satisfied, where R is the radius of the cylindrical sample. For 

example, for current pulses with a discharge frequency ω = 10 kHz, 

and for samples made of hard alloy powder (WC-Co20%) with a 

radius R = 5 mm, the value of the parameter R/∆ = 0.4, which 

ensures a fairly uniform distribution of the input energy along the 

radius of the sample. The temperature distribution along the height 

of the consolidated sample is determined by heat removal to the 

punch electrodes. As an example, Figure 1 shows the results of 

calculating the temperature in a hard alloy sample (WC-Co20%) for 

various times. 

 

Fig. 1. Temperature distribution along the axis of the consolidated sample. 

The calculation results (Figure 1) clearly show that the effect of 

heat removal during the first 4 ms manifests itself only in a narrow 

near-surface zone (200–300 microns) of the sample in contact with 

the punches. The short duration of exposure to high temperatures on 
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the consolidated powder material prevents grain growth and ensures 

the preservation of the original microstructure of the powder 

particles in the consolidated material. 

3. Experimental method 
High-voltage consolidation uses the constant pressure and high 

voltage pulse electric current to provide the resistive heating of 

powder sample by Joule effect. High voltage pulse electric current 

are generated by experimental equipment described in [3]. 

Registration of the parameters of a high-voltage current pulse and 

the intensity of thermal radiation of the consolidated powder 

materials was carried out using a measuring complex developed by 

the authors. This complex consists of a Rogowski coil with an 

integrating circuit, which registers the parameters of a high-voltage 

current pulse, photodiode sensors that register the intensity of 

thermal radiation, which is transmitted through a special optical 

waveguide from the consolidated powder materials, systems for 

triggering and synchronizing the components of the measuring 

complex. The radiation during high-voltage electric pulse 

consolidation of powder materials was recorded by a calibrated 

photodetector with a maximum sensitivity in the spectral range of 

800–900 nm based on a silicon photodiode (FD-21 KP) with a fiber 

optic light guide diameter 1.5 mm. To calibrate the photodetector, a 

light-measuring tungsten tape lamp (SI 10-300U No. 70) calibrated 

for the spectral density of the energy brightness of radiation in the 

region from 300 nm to 2500 nm was used. A schematic diagram of 

the measurement of powder thermal radiation is shown in Fig. 2. 

 

Fig. 2. Scheme for measuring the thermal radiation of a powder during 

electropulse consolidation. 
1 - oscilloscope; 2 – photodiode; 3 - optical fiber (light guide);  

4 – dielectric die; 5 - electrodes-punches; 6 – powder 

The dielectric die is a hollow ceramic cylinder with a height of 

30 mm, an inner diameter of 10 mm, and an outer diameter of 30 

mm. The height of the powder filling is 10 mm. The compressive 

force of the punch electrodes provides a pressure on the powder of 

20–25 MPa. 

4. Results and Discussion 
Testing of the measuring complex for recording electro-thermal 

parameters of high-voltage consolidation was carried out in 

experiments with copper powder. Fig. 3 and 4 show synchronous 

oscillograms of current pulses recorded using a Rogowski coil (in 

Fig. 3 the maximum value corresponds to current amplitude of 41 

kA, and in Fig. 4 - 94 kA) and oscillograms of signals from a 

photodetector that registers the radiation of a powder material 

during consolidation process. 

 

Fig. 3. Synchronous oscillograms of current pulses (CH1) and the radiation 
of a powder material (CH2) during consolidation process (capacitive energy 

storage voltage Umax = 1.5 kV). 

 

Fig. 4. Synchronous oscillograms of current pulses (CH1) and the radiation 

of a powder material (CH2) during consolidation process (capacitive energy 

storage voltage Umax = 3 kV). 

The radiation brightness of the studied sample Bexp was 

determined by comparison with the brightness of the reference 

sample Bref, taking into account the corresponding solid angles Ωref 

and Ωexp, the cross sections of the optical fiber (receiver) during 

calibration Set and in the experiment Sexp, as well as the amplitudes 

of the photodetector signals during calibration Uref and during 

experiments Uexp according to the following formula (3): 

   (3) 

The experimental value of the radiation brightness of the 

studied sample Bexp obtained in this way was compared with the 

brightness of the black body radiation at the effective wavelength of 

the calibrated photodetector (900 nm) using the Wien formula, 

which is true for the conditions of our experiments. Thus, from the 

ratio for the brightness of black body radiation (Wien's formula): 

    (4) 

where h is Planck's constant, c is the speed of light,  is the 

radiation wavelength, k is Boltzmann's constant, and T is the desired 

brightness temperature of the source under study. 

Based on the above approach, when processing the data of test 

experiments on electropulse consolidation of copper powder when 

charging the energy storage device to 3 kV, we obtain the amplitude 

value of the brightness temperature of the sintered sample of 1465 

K, which slightly exceeds the value of the copper melting 

temperature of 1356 K under stationary conditions. When the 

voltage on the energy storage device decreases to 1.5 kV, the 

amplitude value of the brightness temperature of the consolidated 

copper sample, determined by this method, drops to 1366 K, which 

is only 10 degrees higher than the melting point of copper under 

stationary conditions. 

Testing of the measuring complex capable of recording the 

electrothermal parameters of the impact on materials by a high-

voltage current pulse was also carried out in experiments on high-

voltage welding of dissimilar materials and in electric discharges in 

water. 

 

Fig. 5. Synchronous oscillograms of current pulse (CH1) and the radiation 
(CH2) of the contact zone of Fe-Cu metal welding (capacitive energy 

storage voltage Umax = 2.2 kV). 
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Fig. 5 shows synchronous oscillograms of a current pulse (the 

maximum value corresponds to current amplitude of 29 kA) and a 

photodetector signal that records the radiation of the contact zone of 

Fe-Cu metal welding. 

Certain values of the brightness temperature of the area of 

resistance welding of Cu-Fe in air are T = 2048 ± 50 K. It should be 

noted that the obtained values of the brightness temperature in the 

area of contact welding significantly exceed the melting 

temperatures of copper and iron under stationary conditions in air. 

With an electric pulse discharge in water, an expanding brightly 

luminous gas-vapor bubble is formed with hot vapors of water and 

electrode material, the dimensions of which are many times greater 

than the dimensions of the input window of the photodetector. This 

leads to an overestimation of the value of the spectral brightness of 

the discharge region, and, as a result, to an overestimated value of 

the brightness temperature of the discharge region. In addition, 

under the conditions of an electric pulse discharge in water, a 

noticeable contribution from the radiation of the intense spectral 

line of oxygen at 777 nm is possible, which can also lead to an 

overestimation of the brightness temperature measured by a 

calibrated photodiode with a maximum spectral sensitivity of the 

photodetector in the region of ~900 nm. Therefore, the obtained 

value of the brightness temperature of the electric pulse discharge in 

water T = 4140 K is overestimated. 

Fig. 6 shows synchronous oscillograms of a current pulse (the 

maximum value corresponds to a current amplitude of 8.8 kA) and a 

photodetector signal that records the radiation of electropulse 

discharge in water. 

 

Fig. 6. Synchronous oscillograms of current pulse (CH1) and the radiation 
(CH2) of the electropulse discharge in water (capacitive energy storage 

voltage Umax = 1.5 kV). 

Experimental studies of the parameters of high-voltage electric 

impulse action during the consolidation of high-temperature HfC 

powder compositions have been carried out. As an example, Fig. 7 

and 8 show the microstructures of consolidated HfC samples in 

various modes of high-voltage consolidation. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. The structure of HfC consolidated at the cumulative mode. 

 

Fig. 8. The structure of HfC consolidated at the optimum mode. 

Fig. 7 shows a photograph of the microstructure of a hafnium 

carbide sample obtained in the cumulative mode [1] of high-voltage 

consolidation. The optimal mode of high-voltage consolidation of 

HfC powder makes it possible to obtain a high-density consolidated 

sample, the microstructure of which is shown in Fig. 8. 

5. Conclusion 
It is worth mentioning that the fabrication of high-density 

refractory samples by the HVC method requires accurate 

identification of the optimal values of the pulsed current amplitude 

applied to the specimen since the optimal values of this parameter 

are close to the critical ones, which define the boundary between 

stable and unstable modes of HVC. 
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