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Abstract: Metallic hollow spheres are used as base materials in the manufacture of hollow sphere structures and metallic foams. In this study, 
steel hollow spheres were successfully manufactured using an advanced powder metallurgy technique. The spheres’ shells were character-
ized by optical microscopy in conjunction with microstructural image analysis software, scanning electron microscopy (SEM), en-
ergy-dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD). The microscopic evaluations revealed that the shells consist of sin-
tered iron powder, sintered copper powder, sodium silicate, and porosity regions. In addition, the effects of copper content on various pa-
rameters such as shell defects, microcracks, thickness, and porosities were investigated. The results indicated that increasing the copper con-
tent results in decreases in the surface fraction of shell porosities and the number of microcracks and an increase in shell thickness. 
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1. Introduction 

Cellular metallic materials and metal foams are classified 
as advanced materials with low densities and novel physical, 
mechanical, thermal, electrical, and acoustic properties. The 
properties of metal foams and other cellular metal structures 
depend on the specifications of the metal, the relative density, 
and the cell morphology (e.g., whether the cells are open or 
closed, the cells’ size, and the thickness of the cell walls) [1]. 
The use of metal hollow spheres in place of irregularly 
shaped cells can improve the physical and mechanical prop-
erties of cellular materials and metal foams [23]. 

Metal hollow spheres (MHSs), especially steel hollow 
spheres (SHSs), play an important role in the manufacture 
and development of MHS structures and syntactic metal 
foams [45]. Closed-cell syntactic metal foams can be 
manufactured using SHSs in conjunction with a casting 
process [6] or a powder metallurgy technique [7]. These 
materials are composed of SHSs packed into a random ar-
rangement wherein the interstitial spaces between spheres 
are occupied by a solid metallic matrix [8]. MHS structures 
possess a uniform morphology of cells and can therefore 
overcome the anisotropy limitations caused by morphologi-

cal defects [911]. In addition, as highly porous materials, 
they are known to exhibit numerous interesting combina-
tions of physical and mechanical properties [67]. 

In the last few years, MHSs have been successfully 
manufactured via several techniques [12]. These techniques 
have led to the development and application of various 
MHS structures [1316]. The Fraunhofer Institute, in par-
ticular, developed a novel technique in which expanded 
polystyrene spheres (EPSs) are coated with a slurry of metal 
powder and organic binder in a fluidized bed [910]. The 
obtained green spheres are heat-treated to remove the or-
ganic binder and polystyrene cores, and MHSs are subse-
quently produced via a sintering process [1719]. 

The shell characteristics of MHSs are affected by the 
metallic powders, binder systems, and manufacturing pa-
rameters used in their production. The shell characteristics 
can be improved, resulting in improvements in the physical 
and mechanical properties of manufactured MHSs [20]. The 
size, shape, and particle distribution of the metallic powder 
are governed by the bonds formed during the sintering 
process. The time and temperature of the sintering process 
and the chemical composition of the protective gas play 
important roles in determining the characteristics of the 
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MHS shells [21]. Shell porosities negatively affect the me-
chanical properties of the shell walls, which results in dimin-
ished mechanical properties of the overall syntactic foams 
[2224]. To improve the mechanical properties of MHSs, the 
selection of appropriate powders and binder systems and con-
trol of the coating and heat-treatment parameters are required 
to achieve minimum porosities in the sphere shells [2125]. 
The aim of the present study was to manufacture SHSs us-
ing an advanced powder metallurgy technique developed at 
the Fraunhofer Institute. EPSs, sodium silicate (as an inor-
ganic binder), commercial water-atomized iron and copper 
powders, and carbon powders were used as the base materi-
als. The effects of copper content on shell characteristics 
such as shell defects, microcracks, shell thickness, and the 
surface fraction of shell porosities were investigated. 

2. Experimental 

2.1. Materials 

As-received EPSs were used to produce the SHSs as a 
substrate material. The EPSs were precisely sieved for a 
proper size distribution of the final SHSs. In this study, 
EPSs with an outer diameter of ~4 mm were used. The 
commercial water-atomized iron powder (<100 μm), com-
mercial water-atomized copper powder (<100 μm), and ul-
tra-fine carbon powder (<1 μm) were mixed for coating onto 
the EPSs. In the prepared powder mixtures, the composition 
was varied to produce specimens with different weight per-
centages (0wt%, 5wt%, 10wt%, 15wt%, 20wt%, and 25wt%) 
of copper powder; the corresponding manufactured speci-
mens are hereafter denoted as Cu0%, Cu5%, Cu10%, 
Cu15%, Cu20%, and Cu25%, respectively. The carbon con-
tent was 0.5wt% in all of the specimens. Sodium silicate 
(10wt%) was used as an inorganic binder for the coating 
process. Notably, the sodium silicate binder did not chemi-
cally react under the experimental sintering conditions. 

2.2. Coating process 

A special coating machine was used to coat the suspen-
sions of powder mixture and binder onto the EPS substrates. 
The coating machine consisted of a mixing and a coating 
chamber. First, an appropriate mixture of iron, copper, and 
carbon powders and sodium silicate as binder were poured 
into the mixing chamber, where they were continuously 
stirred to form a homogenized suspension and to avoid sedi-
mentation and agglomeration. In the mixing chamber, the stir-
ring speed of the propeller was 200 r/min. The EPSs were con-
tinually fed into the spray chamber (as described elsewhere 
[26]), where they were fluidized and then rotated. Thereafter, 

the homogenized suspension was continually sprayed onto the 
fluidized EPSs through a nozzle. The coating machine is sche-
matically illustrated in Fig. 1. The green spheres were finally 
dried and prepared for the heat-treatment processes. 

 
Fig. 1.  Schematic of the coating machine. 

2.3. Heat treatment processes 

The heat treatment processes [2021], where the green 
spheres are converted into SHSs with hardened shells, are 
known to be an important step in the manufacture of SHSs. 
In this study, the heat treatment processes were conducted in 
two separate steps. During the first step, the polystyrene 
cores were partially removed by melting and thermal 
de-bonding. In this step, the green spheres were heated at 
100°C for 1 h in an electric oven at a heating rate of 
10°C/min. After the polystyrene cores were removed, the 
sintering process was carried out at 1120°C for 1 h in a tube 
furnace under a dissociated ammonia atmosphere. During 
the sintering process, the powder particles were amalga-
mated to form the SHSs. Notably, the remaining organic 
materials were thermally pyrolyzed at a sintering tempera-
ture of 1120°C. To prevent the SHSs from sintering together, 
the green spheres were completely covered with alumina 
powder. The alumina did not undergo any chemical or 
physical reactions with the SHSs under the experimental 
sintering conditions. The sintered SHSs are shown in Fig. 2. 

 
Fig. 2.  Optical image of the sintered SHSs. 
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2.4. Visual and microscopic evaluations 

The number of defects in the SHSs was determined by 
visual inspection. The microscopic specimens of the SHSs 
were then prepared using standard techniques for cold- 
mounting, cutting, and polishing. The shell characteristics 
were examined under a metallurgical microscope operated 
using the MIPTM 4 microstructural image processing soft-
ware and by scanning electron microscopy (LEO 1450VP). 
Phase compositions were chemically investigated by en-
ergy-dispersive X-ray spectroscopy (EDX). The shell 
thickness, the surface fraction of shell porosities, and the 
shell defects and microcracks were analyzed using micro-
structural image processing software. The shell thickness 
and the surface fraction of shell porosities were determined 
as the average of 15 measurements obtained from optical 
images, and the number of microcracks was measured via 
microscopic inspections of 20 specimens. The phase evo-
lution was investigated by X-ray diffraction (XRD), and 
the X’Pert HighScore software (PANalytical B.V, Nether-
lands) was used to identify the phases. 

3. Results and discussion 

3.1. Shell thickness 

The characteristics of SHSs’ shells depend on the pow-
der mixtures, lubricants, additives, binder materials, coat-

ings, and heat treatment parameters used in their prepara-
tion [2021]. Visual inspections of the spheres revealed 
defects in their shells. Specimen Cu0% (the specimen with 
no added copper) was observed to exhibit very low 
strength. This low strength is likely related to a lack of 
bond formation between the iron powders during sintering, 
which is, in turn, a consequence of our use of commercial 
iron powders with large particle sizes and the absence of a 
compaction step in the manufacturing process [25]. Be-
cause the strength of specimen Cu0% was very low, the 
shell characteristics of this specimen were not investigated. 
Notably, the strength of the other specimens was accept-
able. Optical images of the shells of cross-sectioned 
spheres are shown in Fig. 3; these images reveal partial 
differences in the spheres’ shells. The shell thicknesses of 
the SHSs are represented in Fig. 4. As evident in this fig-
ure, the shell thickness ranges from 190 to 250 μm. In ad-
dition, the minimum and maximum shell thicknesses are 
observed in specimens Cu5% and Cu25%, respectively. 
Thus, the shell thickness of the manufactured SHSs in-
creases with increasing copper content. 

3.2. Surface fraction of shell porosities 

The optical images of cross-sectioned SHSs at higher 
magnification are shown in Fig. 5. The microscopic evalua-
tions revealed three distinct regions: a sintered-iron-powder 
region, a sintered-copper-powder region, and a dark region.  

 

Fig. 3.  Optical images of (a) Cu5%, (b) Cu10%, (c) Cu15%, (d) Cu20%, and (e) Cu25% SHSs. 
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The sintered-iron-powder region is detected as a matrix, 
and the sintered-copper-powder region is distributed be-
tween the sintered iron regions. Copper particles melted at 
the sintering temperature and formed necks between iron 
particles. The melting and extending of copper particles 
among iron particles improved the bonding [25]. In addi-
tion to the interconnected porosities, single pores were dis-
tinctly observed in the matrix. The surface fractions of 
dark region are represented in Fig. 4, which shows that 
specimens Cu5% and Cu25% exhibit the maximum and 
minimum surface fractions of dark region, respectively. 
Thus, the surface fraction of dark region decreases with 
increasing copper content. 

 
Fig. 4.  Shell thickness and surface fraction of the dark region 
of SHSs. 

 
 

An SEM micrograph of the sphere shell of specimen 
Cu10% is shown in Fig. 6. The regions detected in the op-

tical images are clearly distinguished in this SEM micro-
graph. As evident in the figure, the dark region was dis-

Fig. 5.  Optical images of shells’
regions: (a) Cu5%, (b) Cu10%, (c)
Cu15%, (d) Cu20%, and (e)
Cu25% SHSs. 
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tinctly separated from the binder and porosity regions. The 
binder region was formed from remaining sodium silicate, 
and the porosity region was surrounded by other regions. 

Backscattered-electron and secondary-electron micro-
graphs collected at higher magnification are shown in Fig. 7. 
The porosity region and the sodium silicate region are 
clearly evident in this figure. Because the amount of binder 
used in the preparation of the suspension was constant for 
all of the prepared SHSs, the surface fraction of the shell 
porosities is directly reflected by the surface fraction of the 
dark region. According to Table 1, the surface fractions of 
porosities in the spheres’ shells decreases with increasing 
copper content. In the specimens with higher copper con-
centrations, more liquid phase was formed during sintering 
[25]. Thus, bond formation among iron particles increased 
and the surface fraction of shell porosities decreased with 

increasing copper content. In addition, the mechanical prop-
erties of the SHSs were likely improved [20]. 

 
Fig. 6.  SEM micrograph of the sphere shell of specimen 
Cu10%. 

 
Fig. 7.  SEM micrographs of specimen Cu10%: (a) backscattered-electron and (b) secondary-electron images. 

Table 1.  Numbers of defects and microcracks in the SHS 
specimens 

Specimen Number of defects Number of microcracks 

Cu5% 15 7 
Cu10% 13 5 
Cu15% 12 4 
Cu20% 10 2 
Cu25% 10 1 

 
An SEM micrograph and EDS patterns of different re-

gions of specimen Cu10% are shown in Fig. 8. In the EDS 
patterns, the Au and Pd peaks are related to the coating of 
the SEM specimens. EDS spectrum 1, which was collected 
for the iron matrix, contains Fe, C, and O peaks (Fig. 8(b)). 
This pattern indicates that carbon and oxygen diffused into 
the iron matrix from the powder mixture and from the so-
dium silicate used as binder, respectively. Peaks attributable 
to Si, Na, O, and Fe were observed in EDS spectrum 2 (Fig. 
8(c)). The Si, Na, and O peaks originate from the remaining 
inorganic binder between the amalgamated particles. EDS 
spectrum 3 (Fig. 8(d)), which was collected from the sin-
tered copper region, contains peaks attributable to Cu, Fe, C, 

and O. Notably, the Fe peaks in all of the collected patterns 
originate from the iron matrix. The X-ray diffraction pat-
terns of the SHS specimens are shown in Fig. 9. With in-
creasing copper content, the XRD peaks associated with Fe 
and Cu decreased and increased in intensity, respectively. 
Notably, peaks attributable to sodium silicate were not 
clearly observed in the XRD patterns. 

3.3. Shell defects 

Defects such as cracks, voids, and microcracks are 
known to negatively affect the mechanical properties of 
SHSs [2021]. A large number of defects were observed in 
the shells of the SHSs, whereas visual inspection revealed a 
very small quantity of defects in the spheres’ shells. These 
defects can originate from four sources: (a) the commercial 
coarse iron powder, (b) the copper powder, (c) the heat 
treatment processes, which was performed in two separate 
steps, and (d) the sodium silicate inorganic binder. 

The use of commercial coarse iron powder in the manu-
facture of SHSs led to an increase in the amount of gas 
evolved during the de-binding and sintering processes. 
Consequently, sudden explosions did not occur in the shells 
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of the SHSs. The addition of copper powder positively af-
fected the sintering process by improving bond formation 
among the iron particles. The de-binding and sintering 
processes being performed in two separate steps facilitated 
gas evolution. The evolution of the gases in two steps pre-
vented sudden explosions. The use of silicate sodium as an 
inorganic binder resulted in no de-binding of binder during 

the heat treatment processes. Therefore, the inorganic binder 
evolved no gases during these processes. As previously noted, 
the sodium silicate did not undergo any reactions with the 
metallic powders at the experimental sintering temperature; 
therefore, sodium silicate remained in the spheres’ shells (Fig. 
8(c)). These four factors positively affected the formation of 
defects such as cracks and voids in the spheres’ shells. 

 
Fig. 8.  (a) SEM micrograph of specimen Cu10% and EDS spectra (b) 1, (c) 2, and (d) 3. 

 
Fig. 9.  X-ray diffraction patterns of the manufactured SHSs. 

In the microscopic evaluations, a small number of micro-
cracks were observed in the spheres’ shells. These micro-
cracks were often observed to have formed along the radius of 
the spheres’ shells. The microcracks in the spheres’ shells are 
shown in Fig. 10, and the numbers of defects and microcracks 
observed in the SHSs are reported in Table 1. As evident from 
these results, the added copper affected the formation of de-
fects and microcracks; the amounts of defects and micro-
cracks decreased with increasing copper content. The forma-
tion of microcracks in spheres’ shells negatively affects the 
mechanical properties of the SHSs. Therefore, SHSs with 
greater copper contents are expected to exhibit better me-
chanical properties [20]. 

In general, the addition of copper powder to the powder 
mixture and the formation of a liquid phase at the sintering 
temperature improved bond formation among iron particles. 
Increasing the copper content, as with increasing the sintering 
time and temperature or using a double sintering process, can 
improve the shell characteristics and thus enhance the me-
chanical properties of SHSs. Improved mechanical properties 
are particularly important when these SHSs are used as a base  
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Fig. 10.  Microcracks of spheres’ shells: (a) specimen Cu5% and (b) specimen Cu20%. 

material in the production of hollow sphere structures and 
syntactic metal foams [20,25]. 

4. Conclusion 

In this study, the influence of copper content on the shell 
thickness, surface fraction of shell porosities, and formation 
of shell defects and microcracks in SHSs were investigated. 
Our conclusions are as follows: 

(1) SHSs were successfully manufactured using com-
mercial coarse iron powder via an advanced technique based 
on a powder metallurgy route. 

(2) Shell characteristics such as shell thickness, surface 
fraction of shell porosities, and the formation of shell defects 
and microcracks were observed to depend on the copper 
content and on the formation of a liquid phase at the ex-
perimental sintering temperature. 

(3) Microscopic evaluations of the spheres’ shells re-
vealed four distinct regions: a sintered-iron-powder region, a 
sintered-copper-powder region, a sodium silicate region, and 
a porosity region.  

(4) With increasing copper content, shell thickness was 
observed to increase, whereas the surface fraction of shell 
porosities and the number of microcracks in the shell were 
observed to decrease. 

(5) The formation of very small defects such as cracks 
and voids was observed in the shells of SHSs. 
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