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The basic factors that affect the physical and mechanical properties of microporous material, 
pore volume and pore size therein. The main factors that affect the physical and mechanical properties 
of the microporous material, pore volume and pore size were evaluated. 

Композитни материали с метална матрица, кондензирана от парна фаза: 
Микропорести материали (Н. Гречанюк, И. Гречанюк, Е. Хоменко, А. Мелник, В. 
Гречанюк). Основният фактор който влияе на физичните и механични свойства на 
микропорестите материали са обема и размера на порите. Главните фактори, които влияят 
на физичните и механичните качества на микропорестите материали, на техните обем и 
размер на порите са оценени 

 

Introduction 

There are many technological methods of 
obtaining porous materials by powder metallurgy  
[1-4]. Conditionally there are three groups of 
methods [1, 2]:  

1. Obtaining products without additional 
additives or fillers. These include: a) pressing in 
molds; b) hydrostatic pressing in flexible containers; 
c) vibratory pressing or compacting; d) extrusion; 
e) roll bending or plate rolling; e) slip molding; 
g) sintering of loose powder sintering.  

2. Obtaining products with additional 
incorporation of  additives or fillers: a)  introduc-tion 
of fillers, intended for conservation of pores, which 
are completely removed during sintering, i.e. fillers 
not participate in the consolidation of material 
during sintering; b) introduction of fillers, intended 
for conservation of pores, and activation of sintering 
process (especially if products are obtained by 
sintering of loose powder, where due to the action of 
fillers may be certain strength of finished products; 
c) introduction of additives to obtain strong products 
by strengthening the interparticle contacts in process 
of liquid phase sintering. 

3. Others methods, included obtaining of materials 
from fibers, metallic wire, grids. 
         Vapour-phase technology clears the positive 
perspectives for obtaining material with 
predetermined volume and size pores. 

Experimental part 
Processes of evaporation and subsequent 

condensation of metals and non-metals in a vacuum 
allows for two typical approaches for porous 
(microporous) materials obtaining: 

a) Obtaining materials used introduction of 
additional additives (dispersed inclusions), 
contributing to formation of porosity in material 
during condensation, and are stored in it; 

b) Introduction of dispersed inclusions into the 
material, facilitated formation of porosity, with are 
completely removed from the material during 
subsequent thermal processing. In the process of 
heating the dispersed inclusions can participate or not 
participate in the process of pore formation. The 
authors [5] have shown that the interfacial interaction 
on particle boundaries can be characterized by a 
contact angle (Ө) between refractory metal and 
molten metal. So certain values of Ө will 
characterize the presence or absence of interaction at 
the interface. In [6, 7], it was found that the 
interfacial interaction is not observed in systems 
where the angle on a boundary between refractory 
compounds and molten metal materials were in 
interval 60÷180 ºC. Absence of interfacial interaction 
and as a consequence, of diffusion flow in the 
direction of the metallic phase in such systems leads 
to conservation of the shadow areas (pores), resulting 
in the condensation process (Fig. 1). 
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Fig.1. Scheme of pore formation in materials during 
condansation: 1- refractory particle; 2 - shadow areas;  
3 - vapor stream. 

In accordance with the above presented physical 
considerations about the mechanism of pores 
formation in materials with controlled open porosity, 
requires the following conditions: 
a) Right combination of condensed metal and 
refractory phases, should be based on selection of 
refractory compounds, which are wetted by molten 
metal. Such a choice for complex systems is carried 
out by experiment, and the choice for simple systems 
- with the available literature data more fully set forth 
in [8, 9]. 
b) High enough, with lower and overhead critical 
limits, amount of refractory phase, that is entered. 
Significant amount of shadow areas at certain lower 
phase concentration may by existed, which grow 
together, form an open porosity. The upper limit is 
determined by physical and mechanical properties of 
material (hardness, strength). 
c) High temperature of the substrate on which the 
condensation is carried out of the vapor flow, which 
enables the development of processes of coalescence 
(enlargement) of dispersed particles. Depending on 
the degree of integration of the unit volume shadow 
areas increases (Fig. 1). There is in parallel take plase 
coagulation existing through pores and opening of 
separated pores. 

At low substrate temperatures (below 500 ºC) is 
difficult to ensure the formation of materials with 
controlled open porosity as opening additional 
channels on grain boundaries is observed due to a 
bad connection adjacent crystallites metallic phase. 
Deterioration of communication between the grains 
of the metal phase also leads to a loss of materials 
optimal physico-mechanical properties. 

As a result many previous experiments it was 
found that the obtaining of materials with controlled 
porosity could be possible, provided concentration of 
refractory dispersed particles not less than 4 % wt. 
and the condensation temperature not lower 
than 600 ºC. 

Considering laws of porous formation in 
composites, it is possible to regulate size and volume 
of through pores by three practical ways: 

1) varying the substrate temperature if the 
concentration of refractory compound is constant; 

2) changing the concentration of refractory phase, 
when the substrate temperature is constant; 

3) varying these two parameters simultaneously 
during condensation process. 

In the first case, with increasing substrate 
temperature mobility of refractory phase atoms 
increases and size of refractory particles also 
increases. The growth of particle size leads to 
coagulation of small through pores and additional 
separate pore opening. Depending on the degree of 
particle coarsening  coagulation small through pores 
will occur and additional disclosure of separated 
pores, which in turn coalesce with increased through 
pores. Thus, increasing of opening porosity in 
material is accompanied by decreasing of number of 
observed pores and  increasing of their sizes. 

The refractory phase concentration in material 
effect on size and number of pores. The probability 
of meeting condensed atoms of refractory compound 
increase with  increasing of entered phase 
concentration ft substrate temperature is constant.  

Third variant regulation through porosity is the 
synthesis of above two, and may be used when 
necessary to create specific porous materials with 
desired physical and mechanical properties. Its use is 
dictated by the specific technological problems, such 
as the creation materials with a pore size and number 
gradient. 

Discussed above physical features of through 
porosity formation and theirs regulation by 
technological techniques indicate the possibility of 
obtaining of very different porous materials with 
complex alloyed metal matrix, in which inclusions - 
dispersed refractory oxides or mixtures thereof, 
which are poorly wetted by the metal melt [5]. In 
[10-14] presents the results of studies of the structure 
and basic physical and mechanical properties of a 
series of such porous materials. The studies of 
composite porous materials on base of Ni-Ni-Al2O3, 
NiCr-Al 2O3, NiCrY-Al 2O3, NiCrAlTi-Al 2O3, 
NiCrAl-Al 2O3-TiC, NiCrAl-ZrO2; Cr-Cr-Al2O3, Cr-
MgO-Al2O3 are presented in [15]. 

Is established that volume of open pores and the 
average pore size in studied systems can be 
controlled within a fairly wide range - from 0 to 
50 % and 0 to 8 micron, respectively. by change 
matrix and dispersed inclusions, condensation 
temperature, introduced refractory phase 
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concentration, temperature and time of annealing in a 
vacuum. Fig.2 shows as an example correlation 
between open porosity and  introduced refractory 
phase concentration in condensates Ni-Al2O3, 
obtained at a substrate temperature of 700 and 
1000 ºC before and after annealing at 1200 ºC. 
Porosity changes in condensate, obtained at substrate 
temperature 700 and 1000 oC are very similar. In all 
cases, with increasing of condensation temperature 
and annealing time the volume of open pores also 
increases. As shown metallographic research of 
investigated condensate structure balance between 
open and closed porosity exists. The shift towards 
higher volumes of open pores occurs in the 
condensates obtained at the higher temperatures of 
the substrate (Fig. 2 b). Shift towards larger volume 
of open pores in the condensates, obtained at the 
higher substrate temperatures occurs (Fig. 2 b). 

 
Fig.2. Open porosity versus Al2O3 concentration and 
vacuum annealing time in condensates Ni-Al2O3, obtained 
at substrate temperatures 700 (a) and 1000 º C (b). 1 – 
initial state;2 – after annealing at 1200 oC, 25 hours, 3 – 
after annealing at 1200 ºC for100  hours. 

With increasing of annealing temperature 
coalescence process is intensified. Most of 
microvoids in the condensates containing 20-30% wt. 
of Al2O3 is transformed into an open porosity after 
vacuum annealing for 100 hours. However, the pore 
coalescence processes after vacuum annealing for 25 
hours at temperature 1200 º C is substantially 
complete. This conclusion is confirmed by direct 
observations structure condensates Ni-20Cr-20Al2O3 
(Fig. 3).  

The figures micrographs quite clearly shows that 
the coalescence process since most intensively occur 
after 25 hours of annealing and significantly slow 
down the further exposure.  

Figure 4 shows the dependence of changes in the 
average pore size in the condensates NiCr-Al2O3 

obtained at substrate temperatures of 700 and 900 ºC. 

 
Fig.3. Porous microstructure of condensates Ni-C-20 % 
wt. Al2O3, obtained at substrate temperature 900 º C and 
annealing at 1200 º C for 5 (a), 25 (b) and 100 hours (c). 

The graphs show that the average pore size 
significantly affects the condensation temperature 
and the annealing temperature of vacuum 
condensates. Unfortunately, this technique of porous 
sintered metal obtaining is not perfect. When 
refractory compound concentration exceeds more 
than 10 %  wt., porous composites have substantially 
zero ductility and low strength. Considerable interest 
cause obtaining porous condensed from the vapor 
phase with removed from the matrix dispersed 
particles during annealing or other ways. Most 
suitable for this purpose are chlorides and fluorides 
of  S and P.  

 
Fig.4. Correlation between average pore size and 

Al2O3 concentration and annealing time in condensates 
NiCr-Al2O3, obtained at substrate temperatures 700 (a) 
and 900 oC (b): 1- initial state; 2- after annealing at 
1200 oC; 3- after annealing at 1200 oC, 100 hours. 

The first experimental results in this direction 
were obtained in [16]. Titanium condensates, 
contains sodium chloride (NaCl), were obtained at 
average substrate temperature 600 ºC in form of 
blanks diameter 800 mm and thickness 1-2 mm. 
Experimentally it has been determined that 
increasing titanium salt concentration in matrix more 
than 45 % wt. is undesirable, because denseness of 
the material is sufficiently disrupted. Table shows the 
results of investigations four samples from 
condensates with different contents NaCl as 
compared with a condensate from titanium.  
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Таble 1. 

Physical and mechanical properties of porous composite materials on Ti based 

Condensate state 

Density, g/sм3 Mechanical properties Total 
pore 

volume, 
% 

Open pore 
volume, 

% 

Average pore 
size, 
мicron 

Theore-
tical 

Experi-
mental 

σ0,2, 

МPа 
σв, 

МPa 
σ, 
% 

Titanium condensate 
Condensation temperature   
600 ± 10º oС 

4,5 4,4,9 430 540 22 - - - 

Condensate No 1  
(Ті-96,3% mass.,  
NaCl-3,7% mass.). 
Initial state. 

4,41 4,19 270 320 2,5 5,7 - - 

Condensate No 2  
(Ті-88,2% mass.,  
NaCl-11,8% mass.). 
Initial state. 

4,22 3,87 190 210 1,5 8,3 - - 

Condensate No 3  
(Ті-80,8% mass., 
 NaCl-19,2% mass.) Initial state 

3,57 2,82 148 150 0,5 21,1 10,8 0,2 

Condensate No  1. 
After exposition in run water:    
20º С, 4 hours. 

4,41 4,07 270 300 2,46 7,8 2,8 0,25÷-0,30 

Condensate No 2.  
After exposition in run water:    
20º С, 4 hours 

4,22 3,62 190 210 1,5 14,3 5,5 0,26÷0,32 

Condensate No 3.  
After exposition in run water:    
20º С, 4 hours 

3,57 2,43 148 150 0,5 32 26 0,3÷0,4 

Condensate No 1.  
Vacuum annealing  
2⋅10-4 mm.hg. Increasing the 
temperature from 600 to 850 º C at 
a speed 10 grad/s. 

4,41 3,90 810 920 6,7 11,6 4,2 0,3÷0,35 

Condensate No 1.  
Vacuum annealing  
2⋅10-4 mm.hg. Increasing the 
temperature from 600 to 850 º C at 
a speed 20 grad/s. 

4,41 3,89 760 870 5,3 11,8 5,3 0,35 ÷0,40 

Condensate No 2.  
Vacuum annealing  
2⋅10-4 mm.hg. Increasing the 
temperature from 600 to 850 º C at 
a speed 10 grad/s. 

4,22 3,41 740 840 4,8 19,2 9,6 0,40÷ 0,50 

Condensate No 2.  
Vacuum annealing  
2⋅10-4 mm.hg. Increasing the 
temperature from 600 to 850 º C at 
a speed 20 grad/s. 

4,22 3,40 720 830 4,5 19,5 12,7 0,45 ÷0,70  

Condensate No 3.  
Vacuum annealing  
2⋅10-4 mm.hg. Increasing the 
temperature from 600 to 850 º C at 
a speed 10 grad/s. 

3,57 2,38 650 690 2,8 33,4 32,8 0,60÷0,70 

Condensate No 3.  
Vacuum annealing  
2⋅10-4 mm.hg. Increasing the 
temperature from 600 to 850 º C at 
a speed 20 grad/s. 

3,57 2,38 630 650 2,4 33,4 33,0 0,45 ÷0,70 

 Note: annealing at temperature 850 ºС for 4 hours, cooling in furnace to room temperature. 
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Such compositions are fragile conglomerates with 
almost zero values of strength and ductility.  Samples 
were prepared from obtained compositions for study 
of strength, ductility in the initial state, after exposure 
in distilled water, and after annealing in vacuum at 
850 oC with different heating rates from 600 to 
850 ºC. Determining the maximum heating 
temperature guided by several factors. Firstly, at 
heating temperature above 850 ºo C allotropic 
transformation occurs from a low temperature of 
titanium in high-temperature (α→ß modification) 
[17]. 

Phase transformation significantly affects the 
physical and mechanical properties of titanium. High-
temperature modification of pure titanium at room 
temperature is not preserved even after super rapid 
quenching, which do not stop ß-conversion. Secondly, 
saturated vapor pressure of NaCl at a temperature 
850 ºC reaches 1 mmHg, i.e. at this temperature is 
very high rate of salt removal is observed (explosive 
evaporation) which leads to swelling of matrix 
titanium. Size and pore volume in the condensate can 
be controlled by changing of NaCl removal rate. The 
table lists physical-mechanical properties of 
condensates in initial state, in water treatment and 
vacuum annealing. As seen from the table the 
mechanical properties of condensates in initial state, 
substantially depend on salt concentration. The 
general tendency - reducing of strength characteristics 
with increasing salt concentration. 

Mechanical characteristics of pure titanium, 
obtained from vapor phase were similar to those, 
obtained by conventional metallurgical techniques. 
Introduction of the sodium chloride leads to drastic 
reduction of condensates strength in the initial state. 
Density of Ti-NaCl condensates in all cases was 
below than theoretical value, which indicating the 
formation of porosity during condensation process.  

Exposure of samples in distilled water results in a 
further reduction of strength, which indicates the salts 
dissolution. However, as shown by chemical analysis 
is incomplete dissolution of salt samples, wherein the 
salt removal efficiency increases with increasing salt 
concentration in the condensates. The impossibility of 
complete removal of salt because the salt is in closed 
micropores condensates. Boiling of samples does not 
affect the change in the characteristics of strength, 
ductility, volume and pore size. 

Unique results were obtained at vacuum annealing 
condensates. Vacuum annealing leads to a drastic 
increase in strength. Tensile strength (σv) reaches level  
of 650...920 MPa, yield strength (σ 0, 2) - 630...810 
MPa, wherein relative elongation of condensates is 

2.4...6.7%. It must be emphasized that the mechanical 
strength of the porous condensed material almost 
twice higher than that for molded titanium and reaches 
level of this characteristic of complexly titanium 
alloys. [17]. Today not fully understood mechanism of 
a sharp increase in strength. It can be assumed that 
with the removal of sodium chloride dramatically 
diffusion processes are activated in a titanium matrix. 
Increase the contact surface during sintering due to 
diffusion passage of a special kind of defects - 
vacancies of the places with a high concentration (in 
the contact region NaCl-Ti) in places with lower 
concentrations. An additional increase in strength can 
be caused by the interaction of sodium chloride with 
titanium. However, X-ray Analysis of annealed 
samples by energy dispersion showed no traces of 
chlorine and sodium. 

Conclusion  
Thus, these results suggest the possibility of 

obtaining, by condensing the vapor and sintered 
porous metal materials with controlled mechanical 
properties, volume and pore size. 
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