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Abstract. The article is aimed at improving the process of processing scrap and lump waste of tungsten-cobalt 
alloys. Tungsten carbide has high hardness and abrasion. Its crushing and grinding pieces of scrap requires a lot of 
energy. Pieces of VK hard alloy are heterogeneous in local strength. With quasistatic loading, single cracks occur 
connecting the least durable elements of the piece. At the same time, the equipment wears out significantly. 

The mechanisms of the processes occurring during the explosive crushing and softening of pieces of solid 
tungsten-cobalt alloys are considered. The parameters of the stress field required for their effective destruction are 
recorded. It is shown in the work that at the considered pressures (p <10 GPa) a shock wave (SW) does not occur in VK 
alloys. A strong compression wave (SHS) occurs, which differs from the shock wave in that the parameters are pressure, 
density, mass velocity, entropy, etc. - Do not experience a jump at the wave front. The values of all SHS parameters 
decrease from the wave generation surface to its front. If we use the Theta formula for shock compressibility of a 
substance, then at pressures significantly exceeding the dynamic yield strength of a substance, one can use the 
equations for compression and rarefaction waves in gases or compressible liquids. In this case, the initial parameters of 
the SHS and HC coincide. 

The estimation of the duration of the process of destruction in a given section of the explosive charge is carried out. 
A method is proposed for calculating the A and m coefficients in the Theta impact shock compressibility equation for 
tungsten-cobalt alloys and their value for the ТС8 alloy is obtained. The parameters of strong compression waves in the 
ТС8 alloy and steel at pressures in detonation products of 5 and 1 GPa are estimated in cases of perpendicular and 
tangential wave incidence on the surface of the piece. The processes occurring during an explosion in a steel pipe filled 
with explosives and lumpy waste of tungsten-cobalt alloy VK8 are considered. The analysis of the processes occurring in 
a steel pipe filled with explosives and pieces of ТС8 alloy was carried out. The work obtained the results needed by 
experimenters and explosives practitioners for developing designs of crushing charges for pieces of tungsten-cobalt 
alloys. 

Keywords: tungsten-cobalt alloys, scrap and waste processing, explosive crushing. 

 

Introduction. In Ukraine cobalt and tungsten are not mined. Taking into account 

their high cost, it is advantageous to process scrap and lump waste of tungsten-cobalt 

(TC) alloys. Since tungsten carbide has high hardness and abrasiveness, crushing and 

grinding scrap pieces requires a large amount of energy. At the same time, equipment 

is significantly worn out. 
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Explosive destruction allows not only crushing pieces of TC scrap, but signifi 

cantly weakening them. It is known that with the explosive destruction of pieces of 

TC alloys the grinding time decreases at least 20 times. 

The microstructure of tungsten-cobalt alloys (WC-Co) is two-phase. The alloy 

consists of crystals of high-hard tungsten carbide (WC) and a cementing relatively 

soft phase of metallic cobalt (Co). Therefore, during the regeneration of tungsten and 

cobalt from secondary raw materials by an explosion, the main energy consumption 

falls on the destruction of WC grains. Grain size WC 1–3 microns. 

Pieces of hard TC alloy are non-uniform in local strength. Under quasistatic 

loading, single cracks occur, connecting the least durable elements of the piece. As 

the loading rate increases, an increasing number of cracks develop. There is a 

destruction and softening of the sample. The minimum size of particles into which a 

piece breaks down is proportional to the rate of increase of stress and their size. 

Under explosive loading, the stress gradient modulus can reach a value of 10
14

 Pa/m. 

Methods. In solving this problem, the methods of explosion physics, continuum 

mechanics, rock mechanics, gas and thermodynamics were used. 

Results and discussion. In a compression wave in a substance on the surface 

separated from the wave front at a distance rs, shear deformations occur and the 

substance is cut off almost instantly. The minimum particles size rm, into which a 

piece of hard TC alloy is destroyed can be estimated by the formula: 

 

)//( rpr
sm

 ,                                                  (1) 

 

where σs -the ultimate strength of the alloy during the shear; p - the pressure in the 

compression wave; r - the distance. 

By a formula similar to (1), one can estimate the particle size in the unloading 

wave (extension), i.e. observe breakaway. In spherical and cylindrical compression 

waves, cracks grow, perpendicular to the wave front, the distance between which is 

proportional to the projections of the stress gradient in the same direction. For 

effective crushing and softening of pieces of hard TC alloy, you can write the 

parameters of the stress field in the form: 

 

1 GPa ≤ p ≤ 10 GPa; 10
10

 Pa/m ≤ dp/dr ≤ 10
12

 Pa/m; 

10
10

 Pa/s ≤ dσ/dt ≤ 10
15

 Pa/s, t ≈ 20 μs.                                  (2) 

 

At the same time, it was assumed that the particle diameter d, on which a piece of 

TC alloy is destroyed, should be within 1 μm < d <5 mm, and the particles are not 

weakened. It should be noted that with explosive crushing and subsequent grinding, 

about 10 % of the alloy particles have high strength. They do not contain pores and 

microcracks. 

Consider the processes occurring in the explosive crushing of ТС8, the most 

popular WC-Co alloy containing 92 % of tungsten carbide and 8 % of cobalt. 
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The alloy density is ρ0 = 14800 kg/m
3
, and the velocities of the stress waves in 

tungsten carbide and cobalt, respectively, are C1 = 4250 m/s, C2 = 4630 m/s. 

The speed C0 of the longitudinal wave in the ТС8 alloy can be found from the 

formula obtained by the authors: 
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where ρ1, ρ2 are the densities of tungsten carbide and cobalt, respectively; α = 0.08 is 

the mass fraction of cobalt in the alloy. 

To calculate the parameters of the waves is convenient to use the equation of 

shock compressibility in the form of Theta: 
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where p – pressure; A, m – coefficients; ρ0, ρ are, respectively, the density of the TC 

alloy at atmospheric pressure and pressure p.  

The coefficients A, m can be determined using the experimental dependence of 

the density ρ on pressure for tungsten carbide and cobalt [1], the formula for the 

velocity of stress waves: 
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and equations (4) for hard alloy: 
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where indices 0, 1, 2 denote values for alloy, tungsten carbide and cobalt, 

respectively. 

From the tables (see [1]) and formula (4) it was obtained that m1 = 4.04 and m2 = 

4.2. From formula (5) it follows that A0 = 6.46∙10
10

 Pa. 

It was shown that at the pressures under consideration (p <10 GPa), a shock wave 

(SW) does not arise in TC alloys. A strong compression wave (SСW) arises, which 

differs from the shock wave in that the parameters  pressure, density, mass velocity, 

entropy, etc.  do not experience a jump at the wave front. The values of all the SСW 

parameters decrease from the wave nucleation surface to its front. If we use the 

formula Theta of the shock compressibility of a substance, then at pressures far 

exceeding the dynamic yield strength of the substance, the equations for compression 



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Геотехнічна механіка. 2019. № 147 
 

76 

and rarefaction waves in gases or compressible liquids can be used. In this case, the 

initial parameters of the SСW and SW coincide.  

Let us determine the initial parameters of the SСW in the ТС8 alloy with a 

perpendicular incidence of the detonation wave (DW) on its surface from the 

equations for the SW [1]: 
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ps = ρ0usDs.                                                      (7) 

 

Here D is the explosive detonation velocity; us is the mass velocity of the TC 

alloy and detonation products (DP); n is the adiabatic index of DP; pα – pressure DP 

in the front; ρ0 – ТС8 alloy density; m0, A0 are the coefficients in the Theta equation; 

ps is the pressure in the front of the shock wave; Ds is the speed of the shock wave.  

As a result of a numerical solution for the case D = 5000 m/s, pα = 5 GPa, n = 3, it 

was obtained that us = 171.7 m/s, ps = 10.73 GPa, Ds = 4220 m/s. If we consider that 

SСW occurs in the alloy, the equations for the initial parameters take the form: 
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where С0, С(ps) is, respectively, the velocity of the elastic wave in the ТС8 alloy and 

the velocity of the compression wave at pressure ps. 

Solution of equations (8) gives us = 171.7 m/s, ps = 10.73 GPa, C (ps) = 4257 m/s. 

The difference in the Ds and C(ps) values is explained by the fact that Ds does not 

change, and C(ps) decreases almost to С0 in the front of the SСW. At a pressure of p 

= 1 GPa, the SСW parameters are equal: ps = 2.34 GPa, us= 31.37 m/s, C = 4058.5 

m/s.  

In the case when the DW moves parallel to the surface of the ТС8 piece, the SСW 

parameters are found from the equations [1]: 
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The solution of equations (9) gives u = 77 m/s, p = 4.66 GPa, C (p) = 4115 m/s. 

When p = 1 GPa, the parameter values are equal 
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u1 = 16.5 m/s, p1 = 9.85∙10
8
 Pa, C1 = 4028 m/s. 

 

Usually, pieces of ТС8 are placed in a steel pipe, so it is necessary to know the 

parameters of SСW in steel. According to formulas (8), it is possible to determine the 

parameters of the SСW in the case of a perpendicular drop of the DW on a steel 

surface (A = 2.11 10
10

 Pa, m = 5.5, C0 = 5000 m/s, ρ = 7840 kg/m
3
). 

In this case, us= 293 m/s, ps = 9.93 GPa, C= 5937 m/s with pα = 5 GPa. 

If we assume that p = 1 GPa, then 

 

uv1 = 73.4 m/s, pv1 = 2.28 GPa, C1 = 5234 m/s. 

 

According to formulas (9), the parameters of the SСW are determined when the 

DW moves parallel to the pipe surface. In the case when the pressure in DP is equal 

to p = 5 GPa, the mass velocity of steel 

 

uv2 = 110 m/s, pv2 = 4.52 GPa, C2 = 5452 m/s. 

 

If we assume that p = 1 GPa, then 

 

uv3 = 24.6 m/s, pv3 = 9.78∙10
8
 Pa, C3 = 5102 m/s. 

 

Thus, the parameters of the SСW in a given pressure range are obtained, which 

allows us to consider the mechanisms of the processes of destruction of ТС8 pieces.  

Consider the processes occurring in an explosion in a steel pipe filled with 

explosives and lumpy waste of tungsten-cobalt alloy ТС8.  

Let the pipe diameter d1 = 100 mm, explosives occupy a part β of the pipe 

volume, and pieces of hard alloy ТС8 are evenly distributed throughout the volume. 

Obviously, in this case, explosives will detonate in a non-ideal mode. If β = 0.3, the 

cross-sectional area of the  

explosive will be Sb = 23.56 cm
2
, which corresponds to a solid charge with a 

diameter of 54.77 mm. The time for establishing the pressure DP in the pipe, 
2

p
p  , 

where рα is the pressure at the Jouget point, will be within 10–20 μs. 

When a DW propagates behind its front, a rarefaction wave moves, which is 

bounded by a gap. The gap moves at a speed approximately equal to D/2. Behind it, 

the DPs are at rest and their pressure is 0.3 pd. If we take into account that pieces of 

ТС8 alloy are placed in explosives, it can be concluded that they are in a highly 

inhomogeneous unsteady stress field (10
10

 – 10
12

 Pa/m, 10
12

 – 10
15

 Pa/s).  

We will approximate a piece of hard alloy with a ball, and EX - Amonite #6 GV 

(рd = 2.5 GPa, D = 4500 m/s, ρв = 1000 kg/m
3
). Consider the processes occurring 

when a DW is falling on a ball. At the point of tangency of the DW of the ball 

surface, a SСW arises in it, and in the DP a reflected SW. The initial mass velocity of 



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Геотехнічна механіка. 2019. № 147 
 

78 

the substance of the ball will be approximately equal to 60 m/s. Since behind the DW 

front the pressure decreases according to a power law (for a plane wave, the exponent 

is 3, and cylindrical – 6), this leads to the fact that in a few μs the mass velocity 

decreases several times. In the process of propagation of the DW, the angle of its fall 

will increase, and the reflection of the SW will become irregular at first, and then 

Mach. The initial pressure at the front of the SСW will decrease from about 5 GPa to 

2.4 GPa. The vector of mass velocity during the passage of a wave through the ball 

will turn to the angle π. A piece of hard alloy will be destroyed mainly due to cut and 

shear. The time of destruction is almost independent of the rate of growth of cracks. 

The minimum size a the particles into which the piece is destroyed can be estimated 

by the formula: 

 





p

h
a s ,                                                    (10) 

 

where h is the width of the front of the DW. 

In the process of propagation of SСW, the center of mass of the piece will begin 

to move only after a wave passes through it. The speed of movement is determined 

by the average mass velocity of the substance behind the wave front. When a 

compression wave is excited in the piece (there is no flow of matter), the center of 

mass begins to move after the wave passes through the piece twice. 

In the considered processes, it is necessary to estimate the residual pressure DP in 

the pipe. In pieces TC8 spread SСW. Due to the destruction of matter and internal 

friction, they are heated by the internal energy of DP, which can be determined by the 

formula [2] 

 

1

)1(






n

bpV
U                                                   (11) 

 

where b – covolume DP, referred to 1 m
3
.  

If we take into account that with a steady-state pressure of 25 GPa, the TC8 

density increases by 49 %, the heating process can be considered isochoric. The 

decrease in pressure can be determined by the formula 

 

 

1

)1()2/(
)1(






n

Vpp
TVc

V


  ,                               (12) 

 

where ρ is the TC8 density, сV is the specific heat capacity of the alloy, ΔT is the 

decrease in the DP temperature, V is the volume of the TC8 pieces. 

From formula (12) we obtain: 
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Covolume b can be determined from the formula [2] 

 

b
n




1


,                                                    (14) 

where γ is the adiabatic index of DP at atmospheric pressure.  

In [1], it was shown that in SW with pressures at the front from 1 GPa to 5 GPa, 

tungsten carbide is heated from 15 to 199 °C. According to the formula (13) when the 

alloy is heated at 20 – 40 °C, the pressure p will be respectively 0.76 – 0.26 GPa. 

When a sufficiently powerful explosive is initiated in a pipe filled with pieces of 

TC using a detonation cord, then if there is an air gap 4–5 mm thick or 15 mm sand 

layer between the concrete fence and the pipe, a discharge wave occurs in the pipe. 

At the same time, the quality of crushing increases, and the concrete is not destroyed.  

Sometimes a pipe with pieces of TC is surrounded by a layer of explosives. Using 

blasting explosives would cause the pipe to break. Indeed, when the DW reaches the 

section of the pipe with a piece of TC adjacent to its walls, a SСW arises in the latter 

with a mass velocity of about 30 m/s in it (with pα = 5 GPa). 

In the absence of TC, the pipe walls acquire an initial velocity of about 200 m/s 

(when SСW is reflected from the wall, the velocity increases by about two times), 

which leads to the wall breaking. 

If dynamones are used as explosives (blasting agents), then the average mass 

velocity of steel is several m/s. The pipe is crimped, and pieces of TC are destroyed, 

mainly from quasi-static loads. At the same time, the quality of crushing and 

softening is low. Especially low quality crushing and softening is observed in the 

case of using an open charge. Calculations show that in this case only a quarter of 

explosives (the active part of the charge) is used for destruction. 

Conclusions. For explosive crushing and softening of pieces of solid TC alloys, it 

is necessary to create fields in them with stress of 1–10 GPa, inhomogeneities of 

10
10

–10
12

 Pa/m, and a rate of change of stress of 10
10

–10
15

 Pa/s. The most effective 

crushing of pieces of hard alloys in the case when the explosive is inside them. 

If the alloys contain Ni, Mo, and other metals, the A, m coefficients in the shock 

compressibility equation can be determined using table 13 in [1]. The velocity of the 

stress waves in such alloys is found by the formula (3), which in this case can be 

written for several components.  

The work obtained the results needed by experimenters and explosives 

practitioners for developing designs of crushing charges for pieces of tungsten-cobalt 

alloys. 
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____________________________ 
Анотація. Стаття спрямована на вдосконалення процесу переробки лома і кускових відходів вольфрам-

кобальтових (ВК) сплавів. Карбід вольфраму має високу твердість і абразивність. Його дроблення і помел 
шматків лома вимагає більших витрат енергії. Шматки твердого сплаву ВК неоднорідні по локальній міцності. При 
квазістатичному навантаженні виникають одиничні тріщини, що з'єднують найменш міцні елементи шматка. При 
цьому значно зношується устаткування. 

Розглянуто механізми процесів, що протікають при вибуховому дробленні і знеміцненні шматків твердих 
вольфрам-кобальтових сплавів. Записані параметри поля напружень, яке необхідне для їхнього ефективного 
руйнування. У роботі показано, що при розглянутих тисках (р < 10 Гпа) ударна хвиля (УВ) у сплавах ВК не 
виникає. Виникає сильна хвиля стискання (СВС), що відрізняється від УВ тим, що параметри - тиск, густина, 
масова швидкість, ентропія і т.д. - не мають стрибка на фронті хвилі. Значення всіх параметрів СВС зменшуються 
від поверхні зародження хвилі до її фронту. Якщо скористатися формулою Тета ударного стискання речовини, то 
при тисках, що значно перевищують динамічну границю текучості речовини, можна використовувати рівняння для 
хвиль стискання і розрідження в газах або рідинах, що стискаються. При цьому початкові параметри СВС і УВ 
збігаються. 

Проведено оцінку тривалості процесу руйнування в заданому перетині заряду ВР. Запропоновано метод 
розрахунку коефіцієнтів A і m у рівнянні ударного стискання Тета для вольфрам-кобальтових сплавів і отримане 
їхнє значення для сплаву ВК8. Оцінено параметри сильних хвиль стискання в сплаві ВК8 і сталі при тиску у 
продуктах детонації 5 і 1 ГПа у випадках перпендикулярного і дотичного падіння хвиль на поверхню шматка. 
Розглянуто процеси, що протікають при вибуху в сталевій трубі, заповненої ВР і кусковими відходами вольфрам-
кобальтового сплаву ВК8. Проведено аналіз процесів, що протікають у сталевій трубі, заповненої ВР і шматками 
сплаву ВК8.  

У роботі отримані результати, необхідні фахівцям-експериментаторам та тим, хто займається вибухом для 
розробки конструкцій зарядів дроблення шматків вольфрам-кобальтових сплавів. 

Ключові слова: вольфрам-кобальтові сплави, переробка лома і відходів, вибухове дроблення. 
 
Аннотация. Статья направлена на совершенствование процесса переработки лома и кусковых отходов 

вольфрам-кобальтовых (ВК) сплавов. Карбид вольфрама обладает высокой твердостью и абразивностью. Его 
дробление и помол кусков лома требует больших затрат энергии. Куски твердого сплава ВК неоднородны по 
локальной прочности. При квазистатическом нагружении возникают единичные трещины, соединяющие 
наименее прочные элементы куска. При этом значительно изнашивается оборудование. 

Рассмотрены механизмы процессов, протекающих при взрывном дроблении и разупрочнении кусков 
твердых вольфрам-кобальтовых сплавов. Записаны параметры поля напряжений, необходимого для их 
эффективного разрушения. В работе показано, что при рассматриваемых давлениях (р < 10 ГПа) ударная волна 
(УВ) в сплавах ВК не возникает. Возникает сильная волна сжатия (СВС), которая отличается от УВ тем, что 
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параметры – давление, плотность, массовая скорость, энтропия и т.д. – не испытывают скачка на фронте волны. 
Значения всех параметров СВС убывают от поверхности зарождения волны до ее фронта. Если 
воспользоваться формулой Тэта ударной сжимаемости вещества, то при давлениях, значительно превышающих 
динамический предел текучести вещества, можно использовать уравнения для волн сжатия и разрежения в 
газах или сжимаемых жидкостях. При этом начальные параметры СВС и УВ совпадают. 

Проведена оценка длительности процесса разрушения в заданном сечении заряда ВВ. Предложен метод 
расчета коэффициентов A и m в уравнении ударной сжимаемости Тэта для вольфрам-кобальтовых сплавов и 
получено их значение для сплава ВК8. Оценены параметры сильных волн сжатия в сплаве ВК8 и стали при 
давлениях в продуктах детонации 5 и 1 ГПа в случаях перпендикулярного и касательного падения волн на 
поверхность куска. Рассмотрены процессы, протекающие при взрыве в стальной трубе, заполненной ВВ и 
кусковыми отходами вольфрам-кобальтового сплава ВК8. Проведен анализ процессов, протекающих в стальной 
трубе, заполненной ВВ и кусками сплава ВК8.  

В работе получены результаты, необходимые специалистам-экспериментаторам и взрывникам практикам 
для разработки конструкций зарядов дробления кусков вольфрам-кобальтовых сплавов. 

Ключевые слова: вольфрам-кобальтовые сплавы, переработка лома и отходов, взрывное дробление. 
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