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Abstract

Manufacturing W-Cu composite nanopowders was performed via joint reduction 
of CuO and WO3 oxides with various ratios (W:Cu = 2:1, 1:1, 1:3, 1:13.5) 
using combined Mg–C reducer. Combustion synthesis was used to synthesize 
homogeneous composite powders of W-Cu and hot explosive consolidation (HEC) 
technique was utilized to fabricate dense compacts from ultrafine structured 
W-Cu powders. Compact samples obtained from nanometer sized SHS powders 
demonstrated weak relation between the susceptibility and the applied magnetic 
field in comparison with the W and Cu containing micrometer grain size of metals. 
The density, microstructural uniformity and mechanical properties of SHS&HEC 
prepared samples were also evaluated. Internal friction (Q-1) and Young modulus 
(E) of fabricated composites studied for all samples indicated that the temperature 
1000 °С is optimal for full annealing of microscopic defects of structure and 
internal stresses. Improved characteristics for Young modulus and internal friction 
were obtained for the W:Cu = 1:13.5 composite. According to microhardness 
measurement results, W-Cu nanopowders obtained by SHS method and compacted 
by HEC technology were characterized by enhanced (up to 85%) microhardness. 
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1. Introduction                       

The combination of two immiscible tungsten 
and copper phases in a W-Cu composite gener-
ates a pseudo-alloy which may cover the major 
needs of an advancing electronic technology and 
engineering. W-Cu belongs to a class of materials 
which the properties of one component enhance 
those of another due to synergistic complement-
ing effect of mechanical and electrical properties 
of tungsten and copper [1–3]. Cu-W composites 
are widely used as heat sinks, electric resistance 
welding electrodes, heavy-duty electronic con-
tacts, warhead materials, etc. [4–6]. High density 
and homogeneous microstructure push forward 

their physicochemical and thermoelectrical prop-
erties and are required to W-Cu materials with high 
performance. The fabrication of W-Cu materials 
that will outperform the properties of composites 
obtained via conventional methods is a peremp-
tory challenge because of the great difference in 
melting points, lattice parameters and mutual in-
solubility between the two components. Various 
fabrication methods such as infiltration sinter-
ing, powder metallurgy, electroless plating, spark 
plasma infiltrating sintering were used to obtain 
W-Cu composites with improved characteristics 
[7–12]. Mechanical alloying (MA) and activated 
sintering in the presence of severe additives have 
been reported [13–16]. During MA strong grain 
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refinement leads to an increase of interfaces be-
tween phases, improves the strength of materi-
als, however inevitably deteriorates the sintering 
process and electrical properties. To significantly 
enhance the performance of W-Cu composites the 
sinterability of the powders should be improved [9, 
17–20]. The utilization of nanopowders may have 
an extremely important influence on the sinterabil-
ity, moreover, will benefit the mechanical and ther-
mal properties.

In our previous works, a novel strategy based 
on self-propagating high-temperature synthesis 
(SHS) or combustion synthesis (CS) method for 
the preparation of fine Mo-Cu and W-Cu compos-
ite powders was reported. It involves the joint re-
duction of CuO and WO3 (MoO3) oxides by using 
combined Mg+C reducer [21–24]. The use of such 
type reducer considers regulating the reaction tem-
perature within a broad range and implementing 
the synthesis in controllable conditions.

Although various post-treatment procedures 
were suggested to increase the W-Cu green part’s 
density, they are still not executable to fabricate 
high density compacts. Recently, the superiority of 
consolidating materials with high density in a rath-
er short time and lower temperature compared with 
traditional sintering techniques was demonstrated 
by hot explosive consolidation (HEC) method [25–
28]. Explosive compaction of powders is a cost-ef-
fective fabrication process based on the propa-
gation of shock waves produced by a detonating 
explosive. The waves transmit through a thin steel 
cylindrical container to powder consolidating the 
material due to induced high pressure. HEC is pre-
sumed applicable to fabricate high density shapes 
from ultrafine structured W-Cu composites.

In the present work, W-Cu nanocomposite pow-
ders of high homogeneity were synthesized (with 
various metals mole ratio, 2:1, 1:1, 1:3, 1:13.5) 
using SHS to facilitate the consolidation by HEC 

technology. The density, microstructural uniformi-
ty and mechanical properties of SHS&HEC pre-
pared samples were evaluated.

2. Experimental

Copper (II) and tungsten (VI) oxides, carbon 
black and magnesium used as precursors in combus-
tion experiments are displayed in Table 1. Cylindri-
cal samples were prepared from the initial mixture 
of the reactants via uniaxial (P = 1 kN) pressing 
and placed in a CPR-3l reaction chamber. Reactor 
filled with nitrogen (purity 99.97%, oxygen con-
tent less than 0.02%) to the pressure up to 2.0 MPa. 

Combustion reaction was initiated by a short-
term annealing of tungsten coil. Temperature-time 
histories of the combustion process were record-
ed by thermocouple technique. The preparation of 
samples for the typical combustion experiment and 
registration of combustion parameters is thorough-
ly described in [24].

The combusted samples were grinded into a 
powder, subjected to acid leaching by 5–10% hy-
drochloric acid at 40 °C to eliminate MgO byprod-
uct. X-ray diffraction (XRD) with monochromatic 
CuKα radiation (diffractometer DRON-3.0, Bu-
revestnik, Russia) operated at 25 kV and 10 mA 
was used to determine phase composition of the 
initial reagents and final products. The identifica-
tion from the XRD spectra was performed using 
the JCPDS database. The morphology, micro-
structure and composition of obtained powdered 
materials were studied by the help of BS-300 and 
LEICA440i scanning electron microscopes (SEM) 
equipped with Oxford EDS.

The SHS prepared Cu-W powder was poured 
into cylindrical steel tube container and pre-den-
sification of powders by static pressure was per-
formed with loading 1.5 t, before explosive consol-
idation. Then the compaction of powdered samples 

Table 1
List of raw materials used

Reagent Source Particle size, μm Main impurities, %

Tungsten oxide (WO3)
High grade, 

Krasniy khimik, 
Ukraine

less than 40
Al (0.001), As (0.001), Si (0.001),  
Ca (0.003), Co (0.002), Cr (0.001),  

Fe (0.001)

Copper oxide (CuO)
High grade, 

STANCHEM, Poland less than 40
H2O (0.04), Pb (0.0045), Fe (0.0053), 

Zn (0.055), chlorides (0.0084)
Magnesium powder (Mg) MPF-3, Russia 150-300 H2O (0.01), Cl (0.005), Fe (0.05),

Carbon black P-803, Russia less than 1.0 Ash (0.2), moisture (0.3)
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done by two stages: 1st - dynamic pre-densification 
of billets at room temperatures at different intensi-
ty of compression (5 GPa and 10 GPa) in the stain-
less steel tube container, with wall thickness 3 mm, 
22 mm in diameter and length 122 mm (Fig. 1). 
After explosive predensification at room tempera-
ture the hot explosive consolidation (HEC) was 
performed at certain temperatures in a range from 
700 up to 1050 °C, up to melting point of copper at 
a high heating rate (about 10 to 20 K∙s-1), reaching 
the required temperature within 0.3 to 1 min.

The cylindrical (axi-symmetric) scheme of dy-
namic loading was applied for the explosive com-
paction process. Industrial explosives and their 
mixtures with varying amounts of ammonium 
nitrate (Table 2) were used to initiate the shock 
waves.

The densities of consolidated samples were 
measured, carrying out measurements in water, af-
ter immersion of samples in paraffin.

Microhardness of samples was determined by 
Vickers indentation method using ПМТ-3 at loads 
20 and 100 g. The hardness number (HV, kg∙mm-2) 
is determined by the load (F, kg) over the sur-
face area of the indentation (mm2). For a number 

Table 2
Explosives Materials for HEC Experiments

Explosive 
Material

Density 103, 
kg∙m-3

Detonation 
rate, V, 

m∙s-1

Pressure 
on St.3 P., 
109 N∙m-2

Ammonite 1.0-1.2 3600-4800 10
Ammonite + 
ammonium 
nitrate

1.0 1700-2000 5

Hexogen 1.0 6000-6050 20

of samples the value of micro-hardness (H) was 
determined also by Khrushchev-Berkovich method 
using the formula Н = (1854×100)/C2, where C is 
the diagonal of impression of micrometer eyepiece 
at 100 g load [29].

Mechanical properties of fabricated samples 
were studied by measuring internal friction (Q-1) 
and Young modulus (E) using the acoustic spec-
trometer (Andronikashvili Institute of Physics, 
Georgia). Measurements of resonance frequency 
νr of the sample allow to built the curve of Young 
modulus change by the relation: νr = k.(d/L2)√(E/ρ), 
where d is the sample thickness, L is the length of 
vibrating plate, ρ is the sample density and k is the 
constant factor. For this purpose rectangular plate 
with dimensions 1×3×22 mm cut from the cylindri-
cal shape ingot. The cutting was made using elec-
tric spark mechanical tool. Firstly, a plate along the 
cylinder axis was cut out and then it was fixed in 
other clamp and then from the plate strips were cut 
with necessary dimensions. 

The internal friction was calculated by the for-
mula: Q-1 = 1/πNln(A1/A2), where N is the num-
ber of sample oscillations at amplitude decreasing 
from the value A1 to A2. Differential amplitude 
discriminator was used for these tests counting the 
number of oscillations of sample in the range of 
amplitude change between two threshold values 
A1 and A2.

Inductance-capacitance (LC) oscillator was uti-
lized to estimate the diamagnetic susceptibility of 
the samples under study. Measurements were per-
formed for the samples inserted in to the LC induc-
tor coil at the varying frequency. The real part of 
the magnetic susceptibility is proportional to the 
ratio of the square of the shift in frequency from 
resonance.

The morphology and microstructure of con-
solidated samples were examined using SEM 
(DSM-960, Opton, Germany), chemical composi-
tion and element distribution of composites were 
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Fig. 1. The scheme of experimental setup of explosive 
consolidation of W-Cu composite powder.
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controlled by the Auger Electron Spectroscopy 
(AES) method using instrument LAAS-200 (Riber, 
France). Various analytical techniques, including 
ICP mass spectrometer (ELAN 9000, Canada) and 
LECO-type element analyzer were applied do de-
termine metallic and non metallic impurities. To 
carry out metallographic examinations the hot ex-
plosive consolidated composites were removed 
from the steel jackets by mechanical treatment. 
Then these cylindrical samples were cut to small 
pieces and put in the mould with epoxide matrix, 
polished and prepared for further examinations.

3. Results and discussion   

To optimize the reduction conditions according 
to ambient gas pressure and initial mixture com-
position, as well as to provide combined and ac-
complished reduction of CuO and WO3 oxides the 
software package ISMAN-THERMO developed 
for multi-component systems was used [30]. Ther-
modynamic modeling was performed in the 

  WO3-CuO-yMg-xC   (1) 
  
  2WO3-CuO-yMg-xC   (2) 

  WO3-3CuO-yMg-xC   (3) 

  WO3-13.5CuO-yMg-xC  (4) 

systems for the preparation of W-Cu alloys with 
different proportions of metals (W:Cu = 1:1, 
W:Cu = 2:1, W:Cu = 1:3 and W:Cu = 1:13.5).

According to the calculations’ results [30], as 
well as preliminary experimental and kinetic data, 
the complete reduction of copper and tungsten is 
possible within a certain range of reducer’s amounts 
and at high enough temperatures excluding the for-
mation of WC and W2C carbides [31–32].

Tungsten-copper bimetallic system (1) 
(Cu:W = 1:1) can be synthesized in behalf of vari-
ation the carbon amount in the range of 1.55 to 
2.5 moles, while changing the amount of Mg be-
tween 1.3 and 2.2 moles [23]. The simultaneous 
reduction of copper and tungsten in the W-rich 
system (2) was achieved in the temperature range 
between 1000 to 2100 °C at certain amounts 
of carbon and magnesium (x = 2.7–4.2 moles & 
y = 2.7–4 moles, respectively). Furthermore, for 
the Cu-rich system (3), at the temperature interval 
1050–1900 °C, the values for x parameter from 
2.6 to 3.8 moles and for y from 1.8 to 2.8 moles 
were selected as optimum from the thermodynamic 

perspective to achieve combined and full reduction 
of metals [24]. Calculations for the copper-rich 
WO3-13.5CuO-yMg-xC system have shown that 
within the considered intervals of y and x, multi-
phase products of various compositions may be 
formed always in the presence of tungsten car-
bides as by products. Therefore the possibility of 
obtaining copper-rich Cu-W (with copper content 
exceeding 80 wt.%) composite powders was stud-
ied from the mixture WO3-3Mg-zCu, i.e. by in-
troduction of copper into the initial mixture in the 
form of metallic powder instead of copper oxide. 
Besides, in this case only magnesium was chosen 
as a reducer.

The optimized values of adiabatic combustion 
temperature and equilibrium composition of prod-
ucts were deduced depending on the ambient gas 
pressure. Thermodynamic consideration endorsed 
the utilization of ambient gas pressure ≥0.3 MPa 
to avoid vigorous gas release and evaporation of 
initial reagents and intermediates.

3.1. Combustion synthesis and characterization 
of W-Cu powders   

The combustion experiments performed at pres-
sure P = 0.3 MPa to avoid the formation of gaseous 
tungsten oxides, Mg and Cu. Based on thermody-
namic calculations the combined magnesio-carbo-
thermal reduction of CuO and WO3 was investigat-
ed experimentally for the 

  WO3+CuO+yMg+xC   (1)   
  2WO3+CuO+yMg+xC  (2)   
  WO3+3CuO+yMg+xC  (3) 

systems at fixed amount of Mg and varying the 
amount of carbon. Preliminary experiments sup-
ported by thermodynamic data assisted the rea-
sonable choice of Mg amount to provide the re-
ducing of the both metals at comparatively low 
temperatures. In the system (1) experiments were 
performed at Mg amount 1.3 mol [23]. In the sys-
tem (2) with 2.7 mol amount of Mg. Combustion 
experiments performed in the tungsten-lean system 
(3) (3CuO-WO3-yMg-xC) showed that 1 magne-
sium amount of 1.7 mol is admissible [24].

Series of combustion experiments aimed at 
exploring the qualitative and quantitative role of 
carbon on the combustion peculiarities and phase 
formation features of the products in all systems 
under study were performed. According to the 
overall representation of the results obtained, it was 
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shown that with the increasing carbon percentage 
decrease in combustion parameters was observed 
caused by increase in portion of low-exothermic 
interaction in the reactive mixture.

Combustion features, phase composition of the 
target materials and morphology characteristics 
depending on copper content (z) were studied for 
the initial WO3-3Mg-zCu mixture demonstrating 
smoothly decrease in combustion parameters when 
increasing the amount of copper in the initial mix-
ture; and combustion limit was observed at copper 
content of 18 moles.

XRD analysis of the combustion solid products 
of the WO3-CuO-1.3Mg-xC mixtures indicates that 
only at carbon content of 2.1–2.2 mol makes possi-
ble to obtain target products of combustion: W-Cu 
and MgO [23].

According to the XRD analysis results of sys-
tem (2) at limiting amounts of carbon magnesium 
tungstate formed. The excess amount of carbon 
from 3.5 to 4 moles leads to complete reduction 
and formation of 2W-Cu composite powder. In 
the case of system (3), the simultaneous reduction 
of tungsten and copper was attained at a certain 
amounts of Mg and C reducers, y = 1.7 moles and 
x = 4.7–4.8 moles, respectively [24]. 

Consequently, in the system 4, combustion 
in the WO3-3Mg-zCu mixture allowed to obtain 
desired product within the studied interval of 
z = 13.5–17.5. W-13.5Cu composition was chosen 
as optimum on account of comparative homogene-
ity of the product.

Thus, in all systems magnesia was the only 
by-product which was leached by 5–10% HCl 
solution. 

It was shown that the preparation of W-Cu al-
loys with 1:1, 2:1, 1:3, 1:13.5 molar ratios is pos-
sible at definite y/x ratio and z value at combustion 
temperature ~1150–1300 °C which is near to the 
low temperature part of thermodynamically pre-
dicted area.   

Microstructural examinations and XRD analy-
sis certify the presence of fine snowflake-like par-
ticles of W-Cu composite powder up to 30–50 nm 
in size after the acid leaching of combustion prod-
ucts (1,2,3) (Fig. 2). The microstructure images of 
the combustion product of the WO3-3Mg-13.5Cu 
mixture have indicated to their predominant homo-
geneity despite the fact that very small drops of 
molten copper were registered associated with the 
combustion temperatures exceeding melting point 
of copper.

300 nm

300 nm300 nm

10 20 30 40 50 60 70 80

1

1
1

22 2

1-W
2-Cu

Fig. 2. SEM micrographs and XRD patterns of W-Cu (a), 2W-Cu (b), W-3Cu (c) composite powders after acid 
treatment, PN2 = 0.3 MPa.
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After the determination of optimum parame-
ters for the synthesis of W-Cu powders with mo-
lar ratio W:Cu = 1:1; W:Cu = 2:1; W:Cu = 1:3; 
W:Cu = 1:13.5 the experimental batches were man-
ufactured according to selected optimum condi-
tions for each batch. The synthesis was performed 
in the tubular reactor SHS-3L, constructed special-
ly for such purposes. From each composition were 
synthesized about 500 g for further explosive com-
paction and physicomechanical characterization. 

Optimal parameters for synthesis of above men-
tioned experimental batches are as follows: 

W:Cu with 1:1        
Initial charge composition: 
WO3+CuO+1.3Mg+2.7C;   Tc = 1300 °C

W:Cu with 2:1    
Initial charge composition:
2WO3+CuO+2.7Mg+3.7C;   Tc = 1200 °C

W:Cu with 1:3
Initial charge composition:
WO3+3CuO+1.9Mg+4.9C;   Tc = 1150 °C 

W:Cu with 1:13.5
Initial charge composition: 
WO3+13.5Cu+3Mg;   Tc = 1170 °C

After the combustion products cooled, exposed 
to grinding and leached by hydrochloric acid (HCl) 
for the separation of target material (W-Cu) from 
the byproduct (MgO). Optimal parameters for the 
acid leaching process were found out according 
to the dissolution temperature, acid concentration 
and treatment time. The leached target material is 
then dried in vacuum electric oven at 150 °C fol-
lowed by XRD, SEM examinations and chemical 
analysis. For the evaluation of specific surface 

area of obtained powders adsorption analysis was 
performed (SSA for the composite (1) was ~1.4, 
(2) ~1.6, (3) ~3.5 and (4) ~0.7 m2∙g-1). According 
to XRD and ICPMS analysis results, after acid 
leaching magnesia was completely removed and 
the products contains only target metals with fine 
nanostructure.

3.2. HEC consolidation and characterization of 
compact samples

Optimal parameters for the consolidation of 
W-Cu composites (pressure, temperature, initial 
density) in cylindrical steel tubes with various di-
mensions was determined via predensification at 
room temperature applying (i) static pressure at 
different intensity of compression (1.5 t), and (ii) 
dynamic (explosive) densification at loading inten-
sities 10 GPa at 950 and 1050 °C.

Microstructure examinations combined with 
spectral analysis indicated to homogeneous struc-
ture of the obtained W:Cu composites. These 
examinations have shown that the surface of the 
obtained samples is without any cracks, howev-
er some porosity and small amount of unknown 
phases were observed.

The results of the microhardness measurements 
indicate to close values (from 355 to 370 kg∙mm-2) 
for samples with low contents of copper and the 
smallest value (120 kg∙mm-2) for the alloy with 
maximum content of copper (82.5%) at T = 950 °C 
(Table 3).

HEC samples obtained from nanometer sized 
SHS powders exhibit strong diamagnetic suscep-
tibility response. In comparison with the W or Cu 
containing micrometer sized grains they have a 
lower dependence of the susceptibility on the ap-
plied magnetic field. 

Table 3 
Results of microhardness measurements

Sample composition
Temperature of compaction, 

T, °C
Microhardness, vickers indentation 

load P = 20 g, HV kg∙mm-2

W:Cu = 1:13.5 (82.5% Cu) 1000 122
W:Cu = 1:13.5 (82.5% Cu) 930 116
W:Cu = 1:13.5 (82.5% Cu) 950 120

W:Cu = 1:1 (25.7% Cu) 1050 277
W:Cu = 1:1 (25.7% Cu) 950 340
W:Cu = 1:1 (25.7% Cu) 950 370
W:Cu = 1:1 (25.7% Cu) 950 360
Cu:W = 1:2 (85% W) 950 365
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Mechanical properties: internal friction (Q-1) 
and Young modulus (E) of fabricated composites 
were also studied for all samples. It was shown that 
within the temperature range 300–380 K on the in-
ternal friction Q-1(T) curve two relaxation peaks at 
T    340 K and T    370 K were appeared, while 
the E(T) curve has a continuous concave shape 
in contrast to similar dependences for the most 
metals and alloys. For the same sample heated at 
1000 °С similar critical dependencies at 310 K 
and 370 K are characteristic not only for internal 
friction, but also for Young modulus. Besides, it 
is seen for all E(T) dependences that the relative 
change of Young modulus over total temperature 
range does not exceed 10%.

Comparing all three curves for Young modu-
lus change it is evident (Fig. 3) that they exhibit 
identical behavior, but absolute values depending 
on annealing temperature are somewhat differ-
ent: greater values are at the highest temperature 
(1000 °C), then at the minimal temperature 
(730 °C), and the smallest values are characteristic 
for the medium temperature (930 °C). Apparently, 
the Young modulus value depends not only on the 
annealing temperature, but also on sample history, 
i.e. synthesis conditions, presence of cracks and 
pores in the sample.

Comparative analysis of characteristics 
for samples prepared from W:Cu = 2:1 and 
W:Cu = 1:3 composites demonstrate that Young 
modulus for the first sample is several times larger 
as compared to that of the sample W:Cu = 1:3. This 
is expected outcome allowing for the large fragility 
of the last one, because the density of this sample 
was measured to be considerably lower. This may 
be explained by the presence of much more voids 
and cracks in the sample W:Cu = 1:3.

 

Fig. 3. Temperature spectra of Young modulus for the 
samples W:Cu = 2:1 annealed at temperatures 700 °С 
(2-1), 930 °С (2-2) and 1000 °С (2-3).

Similar behavior of Young modulus and inter-
nal friction was observed for these samples. With 
aim to clear out the nature of defect structure, in-
volved in relaxation processes in the temperature 
range 300–380 K, temperature spectra of Young 
modulus and internal friction of the sample 
W:Cu = 1:13.5, treated at 700 °С were recorded 
at deformations in 4 times above a standard. The 
relative deformation of sample in the experiments 
on acoustic spectrometer is defined via the devi-
ation of its vibration frequencies and measured 
in kHz. A standard deviation in experiments was 
2.5 kHz.

Improved characteristics for Young modu-
lus and internal friction were obtained for the 
W:Cu = 1:13.5 composite annealed at 1000 °C 
(Fig. 4). It is seen that above-mentioned peculiar-
ities (critical temperature dependences) of Young 
modulus and internal friction completely disap-
peared. This indicates to the fact that structure de-
fects, with the movement of which were related the 
above observed relaxation peaks, were completely 
treated. It was shown, that with rising the treatment 
temperature dependences of E(T) and Q-1(T) be-
come more smooth (without critical changes). The 
results indicated that for the W/Cu composites the 
temperature 1000 °С is optimal for full annealing 
of microscopic defects of structure and internal 
stresses.

The main characteristics of W-Cu pilot samples 
are as follows (Table 4). According to microhard-
ness measurement results, W-Cu nanopowders 
obtained by SHS method and compacted by HEC 
technology show enhanced hardness up to 85%.

 

Fig. 4. Young modulus (E) and internal friction (Q-1) vs  
temperature for the W:Cu = 1:13.5 composite, annealed 
at 1000 °С.
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4. Conclusions

W-Cu composite nanomaterials were prepared 
from joint reduction of CuO and WO3 oxides us-
ing coupling approach of combustion reactions. 
It was shown that the preparation of pilot batch-
es of W-Cu alloys with 1:1, 2:1, 1:3, 1:13.5 mo-
lar ratios is possible from the WO3-CuO-yMg-xC 
and WO3+13.5Cu+zMg mixtures at definite y/x 
ratio and z value. Moderate combustion tempera-
ture was in the range of 1150–1300 °C and near 
to the low temperature part of thermodynamically 
predicted area. Obtained ultrafine structured W-Cu 
powders were exposed to hot explosive consolida-
tion (HEC) for the fabrication of dense compacts. 
The investigation of magnetic properties of com-
pact samples displayed their ability of strong dia-
magnetic susceptibility. Internal friction (Q-1) and 
Young modulus (E) measurements indicated that 
the optimal annealing temperature for all samples 
is ~1000 °С. According to microhardness and den-
sity measurement results W-Cu nanocomposites 
obtained by SHS method and compacted by HEC 
technology demonstrated enhanced microhardness 
(up to 85%) and in some cases density is near to 
theoretical value. 
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