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Abstract. The study investigates the structure, porosity, and permeability of highly porous materials based on nickel nanopowders, 

which were synthesized using ammonium carbonate as a porogen. The process of sample fabrication involves three technological 
steps: preparation of the initial mixtures of metal nanopowder with a porogen, compaction of the green samples, and subsequent 
sintering. The average particle size of the nickel powder was less than 100 nm. Ammonium carbonate powders with particle sizes 
of 40–63, 100–160, 200–250, and 315–400 µm, obtained by sieving, were selected for the experiments. The porogen’s volume 
fraction in the initial mixtures with nickel nanopowder was 60, 80, 85, and 88 %, with a compaction pressure of 300 MPa. 
The stages of sintering the nickel nanopowder were preceded by the removal of ammonium carbonate from the green sample 
by heating it in an argon flow to 100 °C at a rate not exceeding 1 °C/min. The optimal sintering temperature and time for the nickel 
nanopowder were determined to be 550 °C for 120 min. The research aimed to establish the influence of the porogen’s particle 
size, its size distribution, and volume fraction on the material’s porosity and permeability. The results showed that increasing 
the particle size and volume fraction of the porogen leads to higher porosity and permeability of the material. The maximum 
permeability value achieved was 8.4·10–12 m2 from a sample with 88.5 % porosity, produced using a porogen with a particle size 
of 315–400 µm. When using porogen powders with two different particle size ranges: 40–50 µm and 315–400 µm (or 100–125 µm 
and 315–400 µm), the permeability was limited to values obtained from samples using only one of these fractions. In this case, 
the permeability changed nonlinearly depending on the ratio of each fraction component. 
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IntroductionIntroduction
Porous materials are used in many industries. 

The porous structure, typically regarded as a defect in 
structural materials, provides unique properties that 
can be utilized for specific purposes [1]. Highly porous 
materials can be effectively used as electrodes [2], fil-
ters that separate impurity particles larger than the pore 
size [3–5], and are often employed as  thermal  insula-
tors  [6; 7].  Another  application  of  porous  materials 
is  in  biocompatible  implants  [8].  The  relatively  high 
internal surface area makes highly porous materials 
excellent catalysts [9; 10]. 

Depending on  the  specific  application  and  the  re -
quired porous structure, various fabrication methods 
can be employed to produce such materials, inclu ding 
partial sintering, the use of temporary porogens, direct 
foaming, and others. In the first case, the powder mate-
rial is sintered in such a way that pores remain between 

the particles [11; 12]. This is due either to too low tem-
perature and duration of sinte ring or to the low den-
sity of the initial green sample. In the second method, 
the added porogens decompose into volatile compo-
nents or are washed out of the material during its pro-
duction. The porous structure is controlled by appro-
priately selecting the porogenic substances. For 
porous materials produced using dispersed porogens, 
the shape and size of the pores depend on the shape 
and size of the porogen particles, while porosity is 
controlled by the quantitative content of the poro-
gen  [13].  This  methodology  allows  for  higher  poro-
sity values compared to the partial sintering technique. 
The approaches applied to the fabrication of highly 
porous materials from powders of vario us natures 
with the addition of temporary porogens are seen 
by the authors as promising, as they enable wide-rang-
ing control over porosity and pore size in the resulting 
material.

  vshscience@mail.ru
Аннотация. В работе исследованы  структура,  пористость  и  проницаемость  высокопористых материалов на  основе нанопо-

рошков  никеля,  полученных  с  использованием  карбоната  аммония  в  качестве  порообразователя.  Процесс  изготовления 
образцов включает три технологические операции: приготовление исходных смесей нанопорошка металла с порообразова-
телем, прессование заготовок и их спекание. Средний размер частиц порошка никеля составлял менее 100 нм. Для иссле-
дований выбраны порошки карбоната аммония с частицами размером 40–63, 100–160, 200–250 и 315–400 мкм, полученные 
методом ситового просева.  Объемная доля порообразователя в исходных смесях с нанопорошком никеля составляла 60, 80, 
85 и 88 %, давление прессования – 300 МПа. Стадии спекания нанопорошка никеля предшествовала стадия удаления карбо-
ната аммония из прессовки путем ее нагревания в потоке аргона до температуры 100 °C со скоростью, не превышаю щей 
1 °С/мин.  Для  нанопорошка  никеля  установлены  рациональные  значения  температуры  и  времени  спекания  –  550 °C, 
120 мин.  Исследование  направлено  на  установление  влияния  размера  частиц  порообразователя,  их  распределения  по 
размеру и его объемной доли на пористость и проницаемость материала. Полученные результаты показали, что увеличение 
размера частиц порообразователя и его объемной доли приводит к повышению пористости и проницаемости материала. 
Максимальное значение достигнутой проницаемости составило 8,4·10–12 м2 у образца с пористостью 88,5 %, полученного 
с применением порообразователя с размером частиц 315–400 мкм. При использовании порошков порообразователя с части-
цами сразу двух размерных диапазонов: 40–50 и 315–400 мкм (либо 100–125 и 315–400 мкм), проницаемость ограничива-
ется значениями, полученными на образцах с применением порошка только одной из указанных фракций. При этом прони-
цаемость меняется нелинейно в зависимости от соотношения каждой составляющей фракции.  

Ключевые слова: проницаемость, пористый материал, нанопорошок, никель, карбонат аммония
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It is important to note that simply having a highly 
porous  structure  is  insufficient  for  certain  applica-
tions.  For  filters  and  catalysts,  it  is  necessary  to  cre-
ate a porous material with a high proportion of open 
interconnected pores. This ensures good permeability, 
an important property for ensuring the reliable operation 
of the products in which they are used. Permeability is 
defined as the coefficient that relates the pressure gra-
dient  to  the flow  rate of  the medium passing  through 
the sample. It depends on the porous structure and can 
vary sharply with changes in the pore size distribution 
or the spatial arrangement and shape of the pore chan-
nels [10; 14–17]. It should be noted that a high porosity 
value does not always indicate good permeability. 

In many studies where the authors create a porous 
material  and  investigate  its  structure,  insufficient 
attention  is  paid  to  this  parameter.  However,  some 
researchers  provide  permeability  data  without  a  tho-
rough ana lysis of  their  relationship with  the morpho-
logy of the porous space. Most studies focusing on per-
meability  examine  the flow of media  through  porous 
structures governed by Darcy’s law or Forchheimer’s 
law  [18–25].  These  laws  are  phenomenological  and 
do not contain any condition describing the influence 
of  the  material’s  microstructure.  Therefore,  resear-
chers  face  the pressing  task of finding ways  to  accu-
rately assess permeability based on models developed 
considering  the  material’s  microstructure  parame-
ters and allowing for predictions of permeability 
le vels  [26; 27]. Existing models do not  fully  account 
for all the features of the porous structures of modern 
materials, and creating new models requires a signifi-
cant amount of experimental data on the relationship 
between permeability and various structural charac-
teristics.  Consequently,  to  better  understand  the  pro-
cesses, experimental studies are necessary to iden-
tify the connection between the structural features 
of the porous material and its permeability.

The aim of this work was to establish the influence 
of the porogen particle size and its volume fraction on 
the porosity and permeability of the nickel nanopowder 
material produced through pressing and sintering.

Research methodologyResearch methodology
Nickel nanopowder with an average particle size 

of less than 100 nm, produced by wire explosion tech-
nology, was used as the starting material for the pro-
duction of porous samples. This powder contained 
a small amount of larger spherical particles, up to 3 µm 
in size, which is a characteristic and drawback of this 
method for obtaining nanopowders. Ammonium car-
bonate (NH4)2CO3 powders were used as the porogen. 
To study the influence of the volume fraction and dis-

persion of the porogen on the structure and permeabi-
lity, ammonium carbonate powders with particle sizes 
of d = 40÷63, 100÷160, 200÷250, and 315÷400 µm 
were selected. 

To determine the effect of the particle size distribu-
tion of the porogen on the structure and permeability, 
additional mixtures of the porogen were prepared, using 
particles from two size ranges: 40–50 and 315–400 µm, 
as well as 100–125 and 315–400 µm. For simplicity, 
these porogen powders will hereafter be referred to as 
“bidisperse”. In each mixture, the amounts of both 
fractions of the powders were varied in steps of 25 % – 
from 100 % content of the powder with d = 40÷50 µm 
(or  100÷125 µm)  to  100 %  content  of  the  powder 
with d = 315÷400 µm.

The production of porous nickel materials consisted 
of three technological operations: preparing the ini-
tial mixtures of nickel nanopowder with the porogen, 
compacting the green samples, and sintering them. 
The volu me fraction of the porogen in the initial mix-
tures was 60, 80, 85, and 88 %, with a compaction 
pressure of 300 MPa. The samples were produced 
by  uniaxial  compaction  on  a  hydraulic  press  (Knuth, 
Germany) in a split mold with a diameter of 13.6 mm. 
The height of the compacts before sintering was 10 mm. 
To remove ammonium carbonate, the compacts were 
heated  in  an  argon  flow  to  a  temperature  of  100 °C 
at  a  rate  not  exceeding  1 °C/min.  The  optimal  sinte-
ring temperature for the nickel nanopowder was deter-
mined to be 550 °C, with a sintering time of 120 min. 
The heating rate to the sintering temperature did not 
exceed  2 °C/min,  which  was  necessary  for  the  slow 
removal of the decomposition products of the porogen. 
Higher  heating  rates  resulted  in  structural  defects  in 
the samples, such as microcracks. The thermal treat-
ment of the samples was conducted in a tube furnace 
(MTI GSL1500X, USA).

Porosity was measured using the hydrostatic weigh-
ing method, with a relative error not exceeding 0.6 %. 
The permeability of the obtained porous nickel samples 
was determined using a method based on Darcy’s law. 
For  this,  while  a  liquid  flowed  through  the  samp le, 
the  pressure  drop  across  its  ends  and  the  flow  rate 
of the liquid – determined by the known volume 
of  liqu id  passing  through  the  sample  over  a  fixed 
period – were recorded. The study was conducted 
by passing distilled water under pressure at room tem-
perature. The pressure drop across the tested samples 
varied from 0 to 0.02 MPa, with the value recorded 
using  a  digital  manometer  (DM5002M,  Manotomy 
JSC,  Russia)  with  an  allowable  measurement  error 
of 2·10–5 MPa. The relative error in the permeability 
measurement did not exceed 10 %.
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Results and discussionResults and discussion
Fig. 1 presents the microstructure of the fracture 

surfaces of samples with porosities of 79.3 and 88.5 %, 
sintered in a hydrogen atmosphere at a temperature 
of  550 °C.  The  volume  fraction  of  the  porogen  in 
the mixture from which these samples were pressed 
was 80 and 88 %, respectively. Scanning electron 
microscopy revealed that, due to the thermal decom-
position of the porogen, a pore structure was formed, 
which can be considered a replica of the removed poro-
gen, with some modification in their shape and size as 
a result of compaction and sintering. Due to the high 
activity of the nanopowders, sintering was conducted 
at a relatively low temperature, resulting in samples 
with sufficient strength necessary for further investiga-
tion of their permeability.

In samples with an initial porogen content of 88 %, 
a  significant  number  of  thin  walls,  with  a  thickness 
of no more than 1–3 µm, were observed, featuring 
“windows” formed at the points of contact between 
porogen particles as well as from the escape of decom-
position products. The small amount of nickel powder 

present in the framework of the highly porous mate-
rial apparently defined a “lace-like” structure in these 
walls, characterized by numerous smaller holes or 
voids compared to the windows. Moreover, the smaller 
the porogen used, the more pronounced this structure 
became.

The influence of the volume fraction of the porogen 
and  its  dispersion  on  the  porosity  (P)  and  permeabi-
lity (K) of the sintered material was investigated. Fig. 2 
presents the dependencies of the porosity of the sin-
tered material on the particle size (d) of the porogen for 
samples in which the volume fraction of the porogen 
was 65, 80, 85, and 88 %. It is evident that the value 
of P increases with increasing values of d. When using 
a porogen with d > 100 µm, the porosity of the sintered 
material equals or exceeds the expected value, which is 
equal to the volume fraction of the porogen in the ini-
tial mixture. For d = 40÷63 µm, the value of P was 
lower than expected, except for samples with a poro-
gen volume fraction of 65 %. The closed porosity of all 
materials did not exceed 1 %. The porogen (NH4)2CO3 
decomposes during sintering at temperatures below 
100 °C.  This  leads  to  the  release  of  pore  space  and 

Fig. 1. SEM images of the fracture of nickel nanopowder samples obtained using a porogen  
of 80 vol. % (a, b) and 88 vol. % (c, d), and particle sizes of 40–63 μm (a, c) and 315–400 μm (b, d) 

Рис. 1. РЭМ-изображения излома образцов из нанопорошка никеля, полученных с применением порообразователя  
объемной долей 80 % (а, b) и 88 % (c, d) и размером частиц 40–63 мкм (а, c) и 315–400 мкм (b, d)

Powder Metallurgy аnd Functional Coatings. 2024;18(6):56–64 
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the formation of channels that connect the pores 
to the free surface of the sample. The interconnection 
of pores in such materials determines the high propor-
tion of open porosity and their permeability.

The dependence of permeability on the volume 
fraction of the porogen and its dispersion was inves-

tigated (Fig. 3).  It was found that as  the volume frac-
tion of the porogen increases, the permeability also 
rises. Additionally, this increase is achieved through 
the enlargement of the porogen particle size while 
maintaining a constant volume fraction in the ini-
tial powder mixture. For example, with a porogen 
content  of  65 vol. %,  the  permeability  (K, 10–12) 
increases from 0.1 to 0.4 m2, at 80 vol. %, it rises 
from 1 to 2.9 m2, at 85 vol. %, from 1.8 to 4.6 m2, and 
at 88 vol. %, from 3.9 to 8.4 m2.

Fig. 4 illustrates the dependence of permeability 
on the porosity of the material for samples obtained 
using porogen powder with particles of a specified size 
range.

Using the compaction and sintering regimes 
described above, samples were obtained from mixtures 
of nickel nanopowder and bidisperse porogen, with 
the latter fixed at 85 vol. %. Data from Fig. 5 show that 
the samples contain pores corresponding to the sizes 
of the particles of the porogen used – large pores from 
particles with diameters of 315–400 µm and small 
pores from particles with diameters of 40–50 µm 
or  100–125 µm  (Fig. 5, a, b). No inhomogeneity 
in the pore distribution within the volume of the samp-
les was detected. 

It is noteworthy that in samples containing 
the  porogen  with  smaller  particle  sizes  (40–50 µm), 
there was a greater number of windows on the sur-
faces of the larger pores. These windows are compa-
rable in size to the smaller porogen particles and were 
likely formed due to their contact with the larger ones. 
It can be hypothesized that a greater number of win-
dows will provide better permeability in this series 
of samples, along with the high permeability achieved 

Fig. 2. Diagrams showing the dependence  
of the porosity of the sintered material on the particle size  

of the porogen for samples with volume fractions  
of 65 (a), 80 (b), 85 (c), and 88 % (d)

The hatching indicates the volume fraction of the porogen  
in the initial mixture 

Рис. 2. Диаграммы зависимости пористости спеченного 
материала от размера частиц порообразователя 

для образцов, в которых объемная доля последнего 
составляла 65 (а), 80 (b), 85 (c) и 88 % (d)

Штриховкой указана объемная доля порообразователя  
в исходной смеси

Fig. 3. Diagram showing the dependence of the permeability  
of the nickel nanopowder material on the volume fraction  

of the porogen and its dispersion 

Рис. 3. Диаграмма зависимости проницаемости материала  
из нанопорошка никеля от объемной доли порообразователя 

и его дисперсности
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by using porogen with particle sizes of 315–400 µm. 
However, according to the results of the study (Fig. 6), 
the samples obtained from mixtures with smaller poro-

gen  particles  (40–50 µm)  exhibited  lower  permeabi-
lity compared to those using powders with diameters 
of 100–125 µm. The content of larger porogen particles 
(315–400 µm)  ranging  from  0  to  50 %  did  not  lead 
to a significant change  in  the value of K: for samples 
made with porogen of 40–50 µm, the permeability 
was (1.3±0.1)·10–12 m2, while with 100–125 µm it was 
(2.2±0.2)·10–12 m2. Further increasing the proportion 
of 315–400 µm particles in the porogen resulted in 
an increase in K to 4.6·10–12 m2.

ConclusionsConclusions
As a result of the conducted studies on the struc-

ture and permeability of the obtained porous materials, 
the following conclusions were established.

1. The permeability of highly porous materials made 
from nickel nanopowders increases with both the volu-
 me fraction of the porogen, ranging from 60 to 88 %, 
and the particle size of the porogen. The maximum per-
meability achieved was 8.4·10–12 m2 in a sample with 
a porosity of 88.5 %.

Fig. 4. Graph showing the dependence of the material’s 
permeability on the total porosity for samples  
obtained using porogens of varying dispersion 

Рис. 4. График зависимости проницаемости материала  
от общей пористости для образцов, полученных  

с применением порообразователей разной дисперсности

Fig. 5. SEM images of the fracture of porous nickel nanopowder samples obtained using a bidisperse porogen  
with particle sizes of 40–50 and 315–400 μm (a), and 100–125 and 315–400 μm (b)

The volume ratio of porogen particles of both sizes in the samples was 50:50 

Рис. 5. РЭМ-изображения излома пористых образцов из нанопорошка никеля, полученных с применением  
бидисперсного порообразователя с размером частиц 40–50 и 315–400 мкм (а) и 100–125 и 315–400 мкм (b)

Объемное соотношение частиц порообразователя обоих размеров в образцах составляло 50:50
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2. Using a bidisperse porogen facilitates smoother 
regulation of the permeability in nickel nanopow-
der materials. As the proportion of larger particles 
(315–400 µm)  in  the  porogen  powder  increases, 
the samples exhibit enhanced permeability. The lo west 
permeability  was  recorded  when  only  fine  porogen 
was  used  (e.g.,  with  particle  sizes  of  40–50 µm  or 
100–125 µm). When up to 50 vol. % of larger particles 
is added, the permeability varies by approximately 
10 %. A notable increase in permeability, reaching 
4.6·10–12 m2, is observed at a 100 % volume fraction 
of porogen particles sized 315–400 µm in the initial 
mixture.
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