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The influence of pore structure evolution in compacts sintered from nickel carbonyl powder with an 
average particle size of 1.4 m in the temperature range 200–1000ºC on local and bulk shrinkage 
was analyzed. The pore structure of the samples was characterized by the maximum and average 
diameters of pore channel constrictions determined by the Barus–Bechhold method. To minimize 
local (incoherent) shrinkage in the sintering of fine nickel powders, a criterion for pore structure 
homogeneity in compacts,   0.03, was selected. The criterion was determined by the difference 
between the maximum and average diameters of pore channel constrictions. The influence of pore 
structure evolution on local and bulk shrinkage during sintering of compacts produced from nickel 
carbonyl powder with an average particle size of 1.4 and 4 m was experimentally confirmed. The 
local shrinkage was due to the three-level structure and wide particle size distribution of the nickel 
carbonyl powders. A method was proposed to determine the average diameter of particles 
(agglomerates) in nickel carbonyl powders using the Kozeny equation, establishing a relationship 
between the particle diameter, the maximum diameter of pore channel constrictions, and the porosity 
of the compacts, varying from 0.25 to 0.45. 

Keywords: nickel carbonyl powder, particle size, pore size, local shrinkage, bulk shrinkage, Barus–
Bechhold method, criterion for pore structure homogeneity. 

INTRODUCTION 

The development of advanced, high-quality powder products necessitates the use of effective modern 
control methods throughout the manufacturing cycle. Sintering is the most critical and complex step in the 
manufacturing of powder products. To date, the inconsistent reproducibility of microstructural characteristics in 
sintered products remains a significant issue, resulting from local compaction or zonal segregation (separation), 
according to Balshin’s terminology [1], during sintering. Variations in local and bulk (coherent) compaction rates  
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primarily arise from the heterogeneity of porous compacts within microvolumes, caused by the heterogeneity of 
particle size distribution and packing density. Careful control over the particle size of starting powders is crucial in 
ensuring the reproducibility of microstructure in the sintered products. Researchers mainly employ microscopic 
analysis and laser diffraction to determine the average particle size and size distribution. The effective average 
particle size can also be found from the powder specific surface area. 

The paper [2] shows that the powder particle size characteristics do not always correlate with the bulk 
shrinkage during sintering. The specific surface area of reduced nickel powder determined with the Brunauer–
Emmett–Teller method was 8.8  102 m–1 and that of nickel carbonyl powder of PNK-1 grade was 3.5  102 m–1. 
The average particle size was 1.7 m for the reduced nickel powder and 5.9 m for the carbonyl powder. However, 
the bulk shrinkage of nickel carbonyl compacts exceeds that of reduced nickel compacts and begins at lower 
temperatures, though the reduced nickel powder should undergo more intensive shrinkage as its specific surface 
area is 2.3 times greater and its average particle size is about 29% that of the nickel carbonyl powder. Sintering of 
the reduced nickel powder in the 300–700°C range probably involved significant local compaction, with pore 
channels expanding more than those in the nickel carbonyl powder, and led to smaller bulk shrinkage. 

Superfine nickel powders are used, among other applications, to manufacture nickel–cadmium and nickel–
hydrogen batteries and multilayer ceramic capacitors. The papers [3, 4] discuss the issues of agglomeration and 
pore structure instability in nickel powder layers in the manufacture of devices requiring thin, continuous metal 
films, especially at moderate to high sintering temperatures. In thin nickel layers, local compaction makes the pore 
structure more heterogeneous. The local compaction begins in individual microvolumes and increases the distance 
between them, leading to greater pore sizes.  

Experiments demonstrated that the presence of agglomerates caused local compaction in the sintering of 
tungsten powders [5]. The agglomerates contain finer pores, whereas coarser pores are found between the 
agglomerates. Therefore, the heterogeneous pore mesostructure results from the agglomerates in compacts. In the 
sintering process, agglomerates with finer pores experience greater compaction than the neighboring volumes with 
coarser pores, even when heated to the isothermal temperature. Consequently, the growth of the average pore size 
contributes to the reduction of bulk shrinkage during isothermal holding. 

The paper [6] provides a theoretical analysis of mesoscopically disordered structures, which are 
intermediate between the grain microstructures of consolidated powder bodies and randomly packed powder 
particles. The compaction of a porous body as an ensemble of powder particles involves fluctuations in the packing 
of agglomerates. Nikolenko and Kovalchenko define these agglomerates as clusters with a high coordination 
number of particles, resembling a nucleus surrounded by a shell of particles with a lower coordination number. 
Given that the average coordination number of particles in the nuclei of mesoelements exceeds that in their shells, 
the capillary pressure during sintering is higher in the nuclei than in the shells. This difference in capillary pressures 
fosters denser compaction of the nuclei into particle clusters and promotes increased porosity in the shells of 
mesoelements, resulting in the development of voids between the clusters. Even extensive sintering periods cannot 
eliminate this type of defect in sintered products.  

In industry, the most common nickel powders are carbonyl ones of PNK grade. The chemical composition 
and particle size of the PNK nickel carbonyl powders are regulated by GOST 9722-97 (Table 1). Based on chemical 
composition, the PNK powders are categorized into four groups: U, 0, 1, and 2. The nickel carbonyl powders of 
groups U and 0 contain at least 99.9% Ni and those of groups 1 and 2 at least 99.7% Ni. The PNK powders are 
further classified by bulk density. The following groups are distinguished: T (heavy) with subgroups 1, 2, 3, and 4; 
L (light) with subgroups 5, 6, 7, and 8; and K (coarse) with subgroups 9 and 10.  

The particle size of nickel carbonyl powders, as per GOST 9722-97, can be considered a quality 
characteristic. Bulk density, presented in GOST 9722-97 over a wide range, serves as an indirect indicator of both 
particle size and powder morphology. Hence, it is difficult to predict the sintering ability of powders using these 
characteristics. Moreover, the particle size distribution is unstable across different batches of nickel carbonyl 
powders, resulting in varied sintering activities and affecting the reproducibility of the powder production process. 
Hence, the powder characteristics indicated in GOST 9722-97 no longer meet the current requirements of precision 
powder manufacturing. 
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TABLE 1. Chemical Composition and Particle Size of the PNK Nickel Carbonyl Powder,  
According to GOST 9722-97 

Group by 
chemical 

composition 

Group by bulk 
density 

Subgroup by 
bulk density 

Bulk density, 
g/cm3 

Particle size, 
µm 

Content of powder particles 
of other sizes 

U and 0 T 1 3.0–3.5 Smaller than 
20 

No more than 20% of the 
batch weight 2 2.51–2.99 

3 1.91–2.50 
4 1.41–1.90 

1 L 5 1.01–1.40 Smaller than 
20 

No more than 15% of the 
batch weight 6 0.81–1.00 

7 0.61–0.80 
8 0.45–0.60 

2 
 

K 9 
 

1.3–1.7 71‒100 No more than 20% of the 
batch weight 

2 
 

K 10 1.20 and higher 45‒71 No more than 20% of the 
batch weight 

Note. The particle size of the powders (except for PNK-1L7 and PNK-1L8 grades) is ensured by the manufacturing 
process. 

 
There are more than 60 analytical methods for examining and analyzing the pore structure of materials. 

These methods are systematized according to the physical principles used to determine their characteristics, each 
with its own advantages and disadvantages [7–9]. Mercury intrusion porosimetry and liquid displacement 
porometry (Barus–Bechhold method) are most common methods for determining the pore size. The Barus–
Bechhold method offers advantages over mercury porosimeters for examining the evolution of pore structures in 
powder samples during sintering [10].  

The paper focuses on analyzing the influence of pore structure evolution in compacts sintered from nickel 
carbonyl powders in the 200–1000ºC range on the local and bulk shrinkage. 

EXPERIMENTAL PROCEDURE AND SAMPLES 

Nickel carbonyl powders (GOST 9722-97) of two grades were chosen for the experiments: PNK-1L5 
(batch 1) and PNK-1L8 (batch 2). The pore structure of the samples was analyzed with the Barus–Bechhold 
method. Since the pore channels have variable cross-sections, specific pressures are needed to completely expel the 
liquid from the channels, characterizing the maximum diameter of the narrowest sections of pore channels. The 
Barus–Bechhold method was used to determine the maximum diameter of pore channel constrictions, D1, at 

pressures when the first bubble appears on the sample and the average diameter of pore channel constrictions, Dav, 

when the entire sample is covered with bubbles.  
A homogeneous pore structure of the compacts facilitates nearly coherent compaction of the samples from 

nickel carbonyl powders during sintering. To assess the homogeneity of pore structure in compacts, we introduced a 
quantitative indicator α with the following equation: 

1

1

av( )D D

D


  . 

As a criterion for pore structure homogeneity in compacts, we adopted   0.03. This value indicates that 
the difference between the maximum and average sizes of pore channels relative to the maximum size is 
insignificant. 
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The average diameter of particles (agglomerates) Dp in the powders was determined with the Kozeny 

equation according to the method described in [11]: 
0

1
0

3 1
2pD D





,  

where D1 is the maximum diameter of pore channel constrictions and 0 is the porosity of the compact. The 

Kozeny equation was derived for an ideal pore environment and applies to compacts with porosities ranging from 
0.259 to 0.476. 

Local shrinkage of the samples, (V/V)local, was calculated with Skorokhod and Solonin’s equation [12]: 
23

0
0

b 0local

11 1
                      

V D V
V D V

, 

where D0 and 0 are the initial pore diameter and initial porosity; D is the final pore diameter after sintering; and 

V/Vb is the bulk shrinkage. To calculate (V/V)local, experimentally determined maximum diameters of pore 

channel constrictions for compacts D1 and for sintered samples D were used as pore diameters.  

The compaction and evolution of the pore structure were examined using the same sample of nickel 
carbonyl powder from batch 2, with an initial porosity of 0.36. This involved incremental sintering in a hydrogen 
atmosphere in the 200–1000°C range, with isothermal holding for 1 h in each 100°C step. After each isothermal  

 

TABLE 2. Characteristics of the Pore Structure in Compacts from Nickel Carbonyl Powders of Batch 1  

Compaction 
pressure,  

MPa 

Relative 
density, 
g/cm3 

Characteristics of the pore structure in compacts 

Porosity 
Diameter of pore 

channels, m 
Number of pore channels 

of specific diameter  Dp, m 

25 4.04 0.546 D1 = 3.33 3 0.110 4.2 

 Dav = 2.964 >>> 60 3.7 

50 4.47 0.499 D1 = 2.670 44 0.048 4.0 

Dav = 2.541 >>> 60 3.8 

100 4.88 0.452 D1 = 2.223 46 0.038 4.0 

Dav = 2.138 >>> 60 3.9 

200 5.59 0.372 D1 = 1.681 19 0.029 4.3 

Dav = 1.632 >>> 60 4.1 

300 6.06 0.320 D1 = 1.289 16 0.023 4.1 

Dav = 1.259 >>> 60 4.0 

400 6.47 0.273 D1 = 1.042 1 0.018 4.2 

Dav = 1.023 >>> 60 4.0 

500 6.80 0.237 D1 = 0.820 34 0.014 – 

Dav = 0.808 >>> 60 – 

600 7.08 0.205 D1 = 0.676 1 0.013 – 

Dav = 0.667 >>> 70 – 

800 7.49 0.159 D1 = 0.448 34 0.009 – 

Dav = 0.444 >>> 70 – 

1000 7.75 0.130 D1 = 0.340 2 0.009 – 

Dav = 0.310 >>> 70 – 
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holding and cooling session, the pore structure of the sample was analyzed to determine the maximum D1 and 

average Dav diameters of pore channel constrictions. The sintering procedure was as follows: the sample was heated 

to 200°C for 1 h and maintained at this temperature for 1 h, allowed to cool down from 200°C to 25°C for 1 h, 
loaded into a furnace preheated to the next isothermal holding temperature, heated for 5 min, held isothermally for 
1 h, and cooled down in a refrigerator for 1 h.  

EXPERIMENTAL RESULTS AND DISCUSSION 

Table 2 summarizes the pore structure characteristics of compacts made from the nickel carbonyl powder 
of batch 1, including porosity, maximum D1 and average Dav diameters of pore channel constrictions, and number 

of specific sizes. A comparison between D1 and Dav demonstrates that the uniform pore structure in compacts 

produced from the nickel carbonyl powder of batch 1 is observed at porosities ranging from 0.16 to 0.37, in 
compliance with homogeneity criterion   0.03. Increase in the compaction pressure improves the pore structure 
homogeneity in the compacts (Table 2). The relationship between the pore structure homogeneity and porosity is 
actually influenced by the random packing of particle agglomerates from the initial stage of powder filling into the 
die up to the porosity values at which random dense packing begins and increases with the coordination number. 

The average particle diameter of nickel carbonyl powders from batches 1 and 2, calculated with the Kozeny 
equation, was 4.0 and 1.4 m, respectively. The images of particle size and morphology of the nickel carbonyl 
powders (Fig. 1) indicate that the particles have sizes close to those determined by the Kozeny equation. The 
morphology of the nickel carbonyl powders is described by a hierarchical structure consisting of three levels with 
different scales: grains, particles, and agglomerates. The particles of the nickel carbonyl powder from batch 1 
comprise grains varying from 0.1 to 0.4 m, categorized under the first level of the structural hierarchy. The second 
level represents spheroidal particles measuring between 2 and 6 m (Fig. 1a). The particles of the nickel carbonyl 
powder from batch 2 vary from 0.5 to 4 m and consist of fine grains approximately 0.1 m in size (Fig. 1b). At the 
third level, both batches of the nickel powder feature agglomerates resulting from the fusion of particles. 

Consider the pore structure evolution in a sample made from batch 2 (Dp = 1.4 m, 0 = 0.36) during 

sintering in the 200–1000°C range (Fig. 2). The pore structure homogeneity in dies produced from this powder is 
notably high, with  = 0.009, as the maximum diameter of pore channel constrictions is D1 = 0.530 m and slightly 

differs from the average diameter of pore channel constrictions Dav = 0.525 m. 

In the 200–300ºC range, the maximum diameter of pore channel constriction in the sample, D1 = 0.530 m, 

changes insignificantly (Fig. 2), and the local shrinkage is thus negligible (Table 3). When temperature reaches 
600°C, D1 increases by a factor of 1.33, and the local shrinkage in the sample achieves a significant value of 0.307, 

exceeding the bulk shrinkage. At a sintering temperature of 700°C, the size of pore channel constrictions reduces 
slightly, being indicative of decrease in the contribution of local shrinkage and increase in the bulk shrinkage of the 
sample. At 800°C, the porosity of the sample becomes 0.098, closed porosity occurs, and the size and number of 
pore channels reduce drastically. At 900 and 1000°C, the porosity of the sample becomes closed, reaching 0.05 and 
0.045, respectively. 

 

 
Fig. 1. Morphology of the nickel carbonyl powder from batches 1 (a) and 2 (b) 
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Fig. 2. Temperature dependences of porosity (1) and maximum diameter of pore channel constriction 
D1 (2) for the sample from nickel carbonyl powder with an average particle size of 1.4 m from batch 2 

during sintering in the 200–1000°C range 

 
TABLE 3. Bulk (V/V0) and Local (V/V)local Shrinkage and Pore Diameter D in the Samples during Sintering 

(Initial Porosity 0 = 0.36 and Initial Pore Diameter D0 = 0.530 m) of the PNK-1L8 Nickel Carbonyl Powder 

T, °C V/V0 D, m (V/V)local 

200 0.008 0.530 0.015 
300 0.016 0.535 0.039 
400 0.039 0.621 0.182 
500 0.089 0.643 0.245 
600 0.153 0.702 0.307 
700 0.223 0.673 0.334 

 
TABLE 4. Bulk (V/V0) and Local (V/V)local Shrinkage and Pore Diameter D in the Samples during Sintering 

(Initial Porosity 0 = 0.345 and Initial Pore Diameter D0 = 1.42 m) of the PNK-1L5 Nickel Carbonyl Powder [13] 

T, °C V/V0 D, m (V/V)local 

200 0.005 1.42 0.010 
300 0.010 1.50 0.068 
400 0.016 1.57 0.112 
500 0.062 1.92 0.251 

 
Therefore, the compact with porosity 0 = 0.36 from the PNK-1L8 nickel carbonyl powder with an average 

particle size of 1.4 m exhibits significant localized compaction during sintering, although its pore structure is 
homogeneous.  

The same results were observed in the sintering of the PNK-1L5 nickel carbonyl powder with average 
particle size Dp = 4.0 m in [13] (Table 4). The compacts from this powder showed lower pore structure 

homogeneity: 0 = 0.345, D1 = 1.42 m, Da = 1.275 m, and  = 0.102. 

CONCLUSIONS 

The influence of pore structure evolution on local and bulk shrinkage during sintering was experimentally 
confirmed for compacts produced from nickel carbonyl powder with average particle sizes of 1.4 and 4 m. The 
local shrinkage was attributed to the three-level structure and wide particle size distribution of the nickel carbonyl 
powders. 
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A method was proposed for determining the average diameter of particles (agglomerates) in nickel carbonyl 
powders using the Kozeny equation, establishing a relationship between the particle diameter, the maximum 
diameter of pore channel constrictions, and the porosity of compacts, varying from 0.25 to 0.45. 
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