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The article analyses sinters produced by encapsulation and sintering under isostatic pressure (HIP). Copper pow-
ders, carbonyl iron powders, and Cu-TiN composite powders were employed in the study, using two chemical compo-
sitions: Cu = 98% and TiN = 2% and Cu = 96% and TiN = 4% (wt%). Selected parameters of the encapsulation process 
and the HIP process parameters used are presented. The apparent density, conductivity, and HBW hardness of the 
sintered samples were measured, and microstructural studies were performed. High-quality sinters were obtained, 
with porosity of 0.3% for iron and 0.9% for the Cu(TiN)2 composite. 

Keywords: encapsulation, hot isostatic pressing, metallic powder, composite, sinter, hardness, density, electrical con-
ductivity, microstructure 

INTRODUCTION 
 

The properties of semi-finished products man-
ufactured from copper-based materials are closely 
linked to their intended use. They also influence 
the technologies used in their production and pro-
cessing. In addition to high mechanical properties, 
materials are typically required to possess suffi-
ciently high electrical and thermal conductivity. 
Furthermore, when used in components operating 
at elevated temperatures, these materials must also 
demonstrate temperature stability. 

For this reason, there is a growing trend to-
ward the use of dispersion-hardened copper-based 
materials. These materials are typically manufac-
tured by powder metallurgy methods, often in-
volving the mechanical synthesis of a copper ma-
trix and a reinforcing phase to achieve nanometric 
grain sizes. According to previous research, the  

effect of hardening in materials with nanometric 
grain sizes is difficult to predict [1]. Some devia-
tions from the Hall-Petch and Orowan relation-
ships are observed, resulting from changes in the 
deformation mechanism of nanocrystalline mate-
rials, the influence of uneven material flow during 
consolidation and calibration after sintering, re-
lated to the presence of grain agglomerates, pores, 
etc., as well as the effects of solution or precipita-
tion hardening resulting from contamination from 
abrasive elements of the containers and milling 
balls, in addition to the heat treatment applied. 
There is also a risk that during sintering, further 
hot processing, or the use of these materials at high 
temperatures, the nanometric structures, and  
consequently their functional properties, may be-
come unstable. This issue formed the basis for  
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experimental studies of sintering Cu-TiN compo-
site powder under isostatic pressure in the hot iso-
static pressing (HIP) process. 

Hot isostatic pressing (HIP) is a technological 
process employed to remove internal porosity in 
metal castings and other materials [2]. In powder 
metallurgy, it is utilised to densify powders or 
mixtures of metallic, ceramic, and composite pow-
ders. In the HIP process, the compression medium 
is an inert gas. The workpiece is simultaneously 
subjected to high pressure (200 MPa) and a tem-
perature above 2000°C. The HIP process allows 
high density to be obtained while simultaneously 
homogenizing the microstructure [3–6]. The HIP 
process is used, among others, to produce materi-
als for electrical purposes and sinters from alloy 
powders [7–8]. Powder materials can be densified 
using the HIP process in two ways. The first in-
volves cold pressing (i.e. cold isostatic pressing) 
followed by sintering and densification in an HIP 
press.  

In the second method, the powders are sin-
tered in specially designed capsules. A properly 
prepared powder or powder mixture is enclosed in 
a metal capsule, which is then placed in the HIP 
press. The process of encapsulating powder in 
such capsules is commonly referred to as encapsu-
lation. 

The capsules must be tight and deform uni-
formly under the process conditions. They should 
be characterised by adequate strength and chemi-
cal inertness to chemical reactions that may occur 
during sintering. Low-carbon steels and stainless 
steels are often employed as capsule materials. In 
exceptional cases, titanium or glass is used. Tests 
utilising glass as a capsule for sintering B4C and 
Si3N4 compounds have shown that where the 
shape of the sintered body is highly complex,  
glass – due to its low viscosity at elevated temper-
atures – is highly suitable as a container and allows 
the shape to be reproduced with great accuracy  
[9–10]. 

Typically, the wall thickness of capsules 
ranges from 2 mm to 3 mm. The geometry of the 
capsule depends on the final product require-
ments. Changes in the shape of the capsule during 
the sintering process are influenced by the mate-
rial and shape of the capsule, the thickness of its 
walls, the location of the welds, and fluctuations 

in the density of the powder filling within the cap-
sule. 

The simulations confirmed the influence of 
geometry on the homogeneity of the material after 
sintering [11]. The method of filling the capsule 
with powder is also an important issue. Studies 
have shown that powder compacted in a capsule 
on a vibrating table may tend to distribute une-
venly, and the initial density has a direct impact on 
the capsule deformation and the final shape of the 
sinter [12]. 

The obtained sinters after encapsulation and 
the HIP process can be subjected to further plastic 
working, such as the forging of products for spe-
cial applications. This process aims to shape them 
and modify their microstructure. Forging leads to 
intense plastic deformation of the material, result-
ing in grain refinement. Reducing the grain size 
increases the strength and hardness of the material, 
which translates into strengthening. Additionally, 
the prepared material can be extruded by the 
KOBO method, which belongs to the group of 
methods known as severe plastic deformation 
(SPD). The KOBO process involves simultaneous 
extrusion of the material and oscillatory rotation 
of the die, leading to a significant increment in the 
degree of deformation without the need for high 
temperatures. This process further refines the mi-
crostructure and increases the dislocation density, 
further strengthening the material [13]. Obtaining 
a nanometric structure is crucial for the functional 
properties of the material. 

MATERIALS FOR TESTING 

Four types of powder samples (wt%) were pre-
pared for comparative sintering tests: Sample  
1 = Cu; Sample 2 = Fe; Sample 3 = Cu + 2% TiN; 
Sample 4 = Cu + 4% TiN. Powders with the fol-
lowing purities (%) were used to prepare the sam-
ples: copper – 99.7; titanium nitride – 99.5; and 
metallic iron – 99.5. Samples 1 and 2 were pre-
pared to verify and select the appropriate condi-
tions for further experiments related to the produc-
tion of Cu-TiN composites. 
Table 1 presents the properties of the powders. 
The actual density of the studied powders is lower 
than theoretical one owing to the presence of mi-
croporosity in the particles. The specific surface 
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area of the powders is low, below 1 m²/g. Copper 
powder has an average particle size of approxi 

mately d50 = 18 µm, while titanium nitride pow-
der has a slightly smaller particle size of d50 = 6 µm. 

TABLE 1. Properties of powders used for studies and characteristic points of particle size distribution of metallic 
powders 

Metallic 
powder 

Density, 
g/cm3 

Specific surface  
area – BET 
multipoint, 

m2/g 

Characteristic points of particle size distribution 
(d10, d50, d90) 

d10 d50 d90 

µm 

Cu 8.86 ± 0.01 0.257 ± 0.007 5.5 ± 0.4 18.5 ± 0.6 45.4 ± 2.3 

Fe 7.83 ± 0.01 0.304 ± 0.003 2.6 ± 0.1 6.9 ± 0.2 16.3 ± 0.8 

TiN 5.15 ± 0.01 0.967 ± 0.011 1.5 ± 0.1 6.2 ± 0.2 18.8 ± 0.9 
 

Figures 1 and 2 show sample SEM micro-
graphs of the investigated powders. The copper 
powder particles are characterised by a dendritic 
shape. The titanium nitride powders have a shape 
of irregular blocks, while the iron powder particles 
are spherical in shape. 

 
Fig. 1. Sample SEM micrographs of Cu and TiN powders 

 
Fig. 2. Sample SEM micrographs of Fe powder 

RESEARCH METHODOLOGY 

The density of the metal powders was deter-
mined using an AccuPyc 1340 device from Mi-
cromeritics. The Gemini 2360 device from the 
same company was utilised to measure the specific 
surface area. The particle size distribution was 
measured on a Fritsch NanoTec Analysette 22  
by means of the wet laser diffraction method  
(in water) within a measuring range of 0.10 µm to 
504.48 µm, according to Fraunhofer theory. 

The mixtures were prepared employing a Tur-
bula-type mixer. The density of the resulting sin-
ters was determined using the Archimedes 
method. Electrical conductivity was measured  
by the eddy current method on a Foerster Sig-
matest 2.069 instrument. The HBW hardness  
of 2.5/15.625 was measured utilising a Zwick  
SuraVision 20 G5 device. The loading time was 
20 s. Microstructural studies were performed by 
means of a Keynce VHX-1 metallographic micro-
scope and a Zeiss Gemini 1525 scanning electron 
microscope equipped with a Bruker Nano Quantax 
XFlash 6 X-ray spectrometer. 

EXPERIMENTAL STUDIES AND RESEARCH 
RESULTS 

The sintering method used for the metallic 
copper and iron powders involved encapsulation, 
hot isostatic pressing (HIP), and mechanical re-
moval of the capsule. In the second case, the pro-
cess involved mixing in a Turbula-type mixer, en-
capsulation, sintering, and mechanical removal of 
the capsule. 

The mixing was conducted for 3 h at 45 rpm 
in the Turbula-type mixer. The prepared mixtures, 
as well as the metallic powders, were placed in 
steel containers (capsules) intended for pressure 
sintering in the HIP process. The capsules were 
made of 304 and 1.4541 stainless steel. The indi-
vidual capsule components were joined together 
using TIG welding. The powder capsule was pro-
duced at a station equipped with a CSM-100 en-
capsulation device from American Isostatic Press 
Inc. and a loose material compactor. 
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The sintering process was conducted on an 
AIP8-30H isostatic press manufactured by Amer-
ican Isostatic Press Inc. Figure 3a shows a view  
of the CSM-100 device for powder encapsulation 
in the HIP process and a capsule filled with pow-
der – Figure 3b. 

 
Fig. 3.  a) CSM-100 encapsulation device, b) capsule with powder 

The encapsulation parameters are presented in 
Table 2. As previously mentioned, to properly 
conduct the process, a suitable container – a cap-
sule – was employed. To remove the gas trapped 
between the loosely packed grains, the powder 
was compacted utilising a loose material com-
pactor. The process was continued until there was 
no visible change in the powder volume. For pro-
cesses 3 to 6, manual compaction was carried out. 
The compacted powders were tightly sealed in the 
capsule by means of the TIG material welding pro-
cess. For processes 3 and 4, a different capsule de-
sign was used. The can lids were made from discs 
and connected with a pipe employing the welding 
technology. 

 

TABLE 2. Encapsulation process parameters 

Process no. Material 

Device for loose material 
compaction  CSM-100 device 

Use Comments 
Powder degassing process 

Temp., 
°C 

Time, 
min 

Vacuum, 
MPa 

1 Cu 

Yes  

- 
40 

60 < 1.2 ⋅ 10-5 
 

2 Fe 70 
3 Cu(TiN)2 Mixture was 

further com-
pacted with a 
steel stamp 

60 
4 Cu(TiN)4 
5 Cu(TiN)2 
6 Cu(TiN)4 

 
The prepared capsules, containing powders, 

were placed in an HIP press and sintered under 
isostatic pressure. The HIP process parameters 

were as shown in Table 3. After sintering, the cap-
sules were cut open to expose the sinter. 

 

TABLE 3. HIP process parameters 

Process no. Material 
Temperature Pressure Time 

°C MPa min 
1 Cu 925 100 240 
2 Fe 1100 100 

180 3 Cu(TiN)2* 
950 150 

4 Cu(TiN)4* 
5 Cu(TiN)2 

1050 200 120 
6 Cu(TiN)4 

*) Cu(TiN)2 means composite Cu + 2 wt% TiN, and Cu(TiN)4 – Cu + 4 wt% TiN 
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The density, electrical conductivity, HBW 
hardness of the sintered samples were measured, 
and microstructure observations as well as point 
chemical microanalysis were conducted. Figure 4 
shows an example capsule before and after the 
HIP process, in addition to the resulting iron sin-
ter. 

 
Fig. 4. Capsule before and after HIP process, Fe sinter 

Figure 5 illustrates the results of the porosity tests 
obtained after the HIP process. 

 
Fig. 5. Porosity of sinters after HIP process 

The results of the porosity tests indicate that 
sinters of satisfactory quality were obtained. The 
porosity of the sinters made from metallic copper 
powder, following isostatic pressing at 925°C and 
100 MPa for 240 minutes, was 2.9%. In the case 
of the carbonyl iron sinter, a very high density was 
achieved (porosity of 0.3%). The use of spherical 
powder feedstock had a significant impact on the 
achieved density, resulting in a high bulk density 
with proper distribution of the powder within the 
steel capsule. For the Cu-TiN composite sinters, 
the porosity ranged from 0.9–1.4% for processes 
3, 5 and 6, and 3.2% for process 4. Such a sudden 

increase in porosity (process 4) may have resulted 
from capsule leakage during the HIP sintering pro-
cess. 

The electrical conductivity for the copper 
sample was 56.36 MS/m, which is 97% of IACS. 
In the Cu-TiN composites, it was above 47 MS/m, 
indicating the formation of a sintered structure and 
diffusion bonds between the particles – Figure 6.  

 
Fig. 6. Electrical conductivity of sinters after HIP process 

Figure 7 presents the changes in the hardness 
of the sinters. The highest hardness 73.1 HBW 
was obtained for the Fe sinter and the lowest 36.8 
HBW for pure copper. The effect of the titanium 
nitride addition on the strengthening of the Cu-
TiN composites was observed. A higher titanium 
nitride content increased the material hardness. 

 
Fig. 7. Hardness HBW of sinters after HIP process 

Figures 8a and 8b show cross-sections of the 
copper (Cu) sinter and the steel capsule, which en-
abled assessment of the nature of the material 
bond and the phenomena occurring at the sintered 
composite–steel capsule interface. Microstructural 
analysis revealed diffusion of the alloying ele-
ments, particularly chromium (Cr) and iron (Fe), 



138           D. Kołacz, Z. Rdzawski, J. Kulasa, W. Głuchowski, M. Łagoda, G. Muzia, K. Wiśniewski, M. Osadnik 
 

Composites Theory and Practice 26:2 (2026) All rights reserved 
 

from the steel into the copper. The diffusion depth 
was observed to be approximately 10 μm. The 
presence of these elements in the copper structure 
can affect local material properties, such as hard-
ness and electrical conductivity.  

 
Fig. 8. Microstructure of Cu sinters, process no. 1, a) Cu sinter with 

steel capsule, b) point chemical composition of Cu-capsule 
(steel) boundary 

Figure 9 displays a cross-section of a carbonyl 
iron sinter and a steel capsule. Microstructural 
analysis indicates the occurrence of diffusion phe-
nomena between the capsule material and the Fe 
sinter. Chromium diffusion from the steel into the 
carbonyl iron was observed, encompassing a layer 

approximately 20 µm thick. Figure 10 presents the 
microstructure of the carbonyl iron sinter after me-
chanical removal of the lower part of the capsule. 
The material structure shows clearly formed 
grains with an average size of approximately 50 
µm. The uniformity of the grain shape suggests 
stable thermal conditions and no significant inter-
ference with the sintering process. Chemical com-
position analysis (EDS) revealed the presence of 
oxygen at a level of approximately 1.3% by mass 
on the surface of the analysed sample. 

 
Fig. 9. Microstructure of carbonyl iron sinter and steel capsule 

cross-section with EDS analysis at marked points, process 
no. 2 
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Fig. 10. Microstructure of iron sinter along with EDS chemical 

composition analysis results from sinter surface, process 
no. 2 

Figures 11 and 12 show the microstructure of 
the Cu(TiN)2 composite obtained using techno-
logical process no. 3. Observation of the Cu(TiN)2 
sinter–steel capsule interface indicates significant 
diffusion of the alloying elements, particularly 
chromium (Cr) and iron (Fe), from the steel cap-
sule into the copper matrix. This phenomenon di-
rectly confirms the intensity of diffusion processes 
occurring at the steel–copper interface under high 
temperature conditions. Analysis of the cross-sec-
tions (Figs. 11a, 11b) revealed that chromium at-
oms diffuse from the steel layer toward the iron-
rich region to a depth of approximately 8 µm. This 
type of diffusion penetration can result in the for-
mation of transition zones with a modified chemi-
cal composition, which in turn affects local me-
chanical properties such as hardness, wear re-
sistance, and residual stresses in the material inter-
face. The chemical composition analysis per-
formed by energy-dispersive X-ray spectroscopy 
(EDS) did not reveal the presence of oxygen on 
the surface of the investigated samples (Fig. 12). 
Therefore, it can be concluded that the experi-
mental conditions used—such as the protective at-
mosphere (e.g. inert gas) or a vacuum environ-
ment—were effective in preventing oxidation of 
the composite components. Microstructural analy-
sis of the Cu-TiN composites (Figure 12) reveal 
local, non-uniform distribution of the TiN parti-
cles in the copper matrix, which may result from 
both limitations in the powder mixture preparation 
stage and local differences in the degree of mate-
rial densification during pressing. 

 
Fig. 11. Microstructure of Cu + 2% TiN composite sinter cross-

section with EDS analysis at marked points, process no. 3 

 
Fig. 12. Microstructure of Cu + 2% TiN composite sinter with 

EDS chemical composition analysis results from sinter 
surface, process no. 3 
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Examination of the microstructures of the re-
maining samples did not reveal any significant dif-
ferences in the microstructure of the Cu-TiN com-
posites. 

SUMMARY 

Comparative experimental sintering studies of 
the powders (Cu, Fe and Cu + TiN) demonstrated 
the beneficial effects of powder encapsulation. 
Satisfactory results were achieved in terms of po-
rosity (except for process no. 4), as well as hard-
ness and electrical conductivity. Simplified micro-
structural analyses of the resulting Cu-TiN com-
posites indicate a relatively uniform distribution of 
titanium nitride within the copper matrix. In the 
case of copper powder sintering, the diffusion of 
chromium and iron from the steel capsule into the 
copper up to a certain depth was observed. The 
employed encapsulation and HIP sintering process 
is one of the options for producing composite sin-
tered materials. The method presented in the arti-
cle allows the production of new composite mate-
rials that are difficult or impossible to obtain by 
other methods. By mixing the powders, then en-
capsulating and sintering them under pressure, a 
fully finished material is produced, which, follow-
ing further processing, can become a finished 
product.  

Various properties of the sinters were obtained 
as a result of the processes. This is related to the 
use of different HIP sintering parameters, the bulk 
density of the powders, the powder compaction 
technique in the capsule prior to the HIP sintering 
process, and the design of the steel capsule (the 
prior stress and deformation state of the material 
from which it is made). 

From previously conducted research [14], it is 
known how important the form of precipitates/par-
ticles formed in copper-based materials is for the 
structure. Cu-TiN composites with this structure 
are expected to exhibit both high mechanical 
strength and good electrical conductivity. The ma-
terials obtained in this way will constitute an im-
portant basis for further research on the develop-
ment of modern nanocrystalline materials charac-
terised by a combination of high mechanical prop-
erties and electrical conductivity. 

CONCLUSIONS 

Based on the experimental studies, it can be con-
cluded that: 
• Using the Cu + TiN powder encapsulation 

method in the HIP process enables the produc-
tion of high-density sinters, good chemical ho-
mogeneity, and the potential for further work-
ing into products with desired properties. 

• Adding TiN to copper increased the sinter 
hardness from 37 HBW (Cu) to 44 (2% TiN) 
to 52 (4% TiN), with a simultaneous slight de-
crease in electrical conductivity from 56 MS/m 
(Cu) to 52-48 MS/m, respectively. 
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