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Abstract 
Carbonyl iron powders were coated by boehmite (γ-AlOOH) or silicon 
hydroxide Si(OH)4 nanoparticles derived from the hydrolysis of tri-sec-
butoxide (Al(OC4H9)3) or tetramethylsilane (Si(OCH3)4) using colloidal 
and polymeric sol-gel method. The coated powders were dried at 100°C 
and calcined at 400°C for 3 hours in air. Surface morphology and cross-
section of coated carbonyl iron powders were investigated by SEM/EDX 
analysis. Coated Fe micro-particles were round or elliptic shapes with 
„shell/core“ structures. The shells consisted of an amorphous layer with 
different thicknesses (200-800 nm) and the core represented a carbonyl 
iron. There was observed xerogel morphology of dried alumina coatings 
composed of nanoparticles of iron oxyhydroxides (lepidocrocite γ-
FeOOH and goethite α-FeOOH) and γ-AlOOH with a shell thickness of 
~100-150 nm around iron particles. In coatings based on silica xerogels 
with thickness of ~200-500 nm, the coatings consisted of iron 
oxyhydroxides and Si(OH)4. From XRD diffractograms it resulted that 
hematite (α-Fe2O3) and magnetite (Fe3O4) were formed in calcined 
colloidal and polymeric alumina or silica coated iron powders. The X-ray 
diffraction patterns did not verify the presence of γ-Al2O3 or SiO2 which 
indicates the amorphous or nanocrystalline structure of alumina or silica. 
Keywords: sol-gel, colloidal, polymeric, alumina, silica, coating, 
carbonyl iron micro- particles 

INTRODUCTION 
Iron is a good soft magnetic material with specific saturation magnetization, low 

coercivity and a high Currie temperature. Coating can provide a protective shell 
surrounding the Fe core, which prevents the core from oxidation and acids [1]. Preparation 
of the coated powders (ceramics/Fe) with a defined fraction of coating and substrate, 
analysis of microstructure, measurement of basic physical properties of coated carbonyl 
iron powder and comparison with the reference cheap Fe powders is related to mechanical 
and chemical interactions during the compactizing (forming and sintering). The sol-gel thin 
layer offers a number of advantages that makes it an attractive method for obtaining 
coatings on iron powder [2]. There exist various colloidal and polymeric types of gel 
systems, from which ceramic alumina (Al2O3) and silica (SiO2) coatings may be prepared. 
In colloidal systems, gelling is a result of the electrostatic effect which also determines the 
interparticle distance at the gelling point. On the other hand, gelling in polymerized systems 
occurs as a result of polymerization by chemical reaction [3].  

Boehmite, aluminium oxyhydroxide (γ-AlOOH) is a precursor of alumina, exists 
under two distinct forms, well-crystallized boehmite and pseudoboehmite (also called 

                                                           
Helena Bruncková, Margita Kabátová, Eva Dudrová, Juraj Ďurišin, Institute of Materials Research, Slovak 
Academy of Sciences, Košice, Slovak Republic 



 Powder Metallurgy Progress, Vol.9 (2009), No 2 126 
 
gelatinous boehmite) [4,5]. Boehmite can be prepared from alumina sol that consists of 
aluminum tri-sec-butoxide Al(OC4H9)3, water and nitric acid HNO3. The transformation of 
nanocrystalline boehmite into alumina can be modeled by a 4-step reaction mechanism 
involving: (1) the loss of physisorbed water, (2) the loss of chemisorbed water, (3) the 
conversion of boehmite into transition alumina, and (4) the dehydration of transition 
alumina (loss of residual hydroxyl groups) 

( ) ( ) ( ) OmHAlOOHOnHOHnmAlOOH 22222 .. +→+   (1) 
( ) AlOOHOmHOmHAlOOH 2. 222 +→     (2) 

( ) ( )ννν OHOAlOHAlOOH 2/3222/22 −+−→    (3) 

( ) 3222/32 2/ OAlOHOHOAl +→− ννι ,    (4) 

m and n are, respectively, the number of physisorbed and chemisorbed water 
molecules on the surface of boehmite, and ν is the number of residual hydroxyl groups 
remaining in the transition alumina. Thermal decomposition of well-crystallized boehmite 
produced γ-Al2O3, while pseudoboehmite gave the η-Al2O3. The boehmite xerogel 
conversion into transition γ-Al2O3 begins from 200°C and at 350°C [4]. Even though η-
Al2O3 appears at relatively low temperatures, no sign of the formation of δ- or θ-Al2O3 was 
detected up to 800°C [4,5]. 

In sol-gel colloidal silica coated carbonyl iron powders the hydrolysis reaction was 
promoted by H2O in mixture tetraethylsilane Si(OCH3)4 and HNO3. After Si(OCH3)4 
hydrolysis the form of Si(OH)4 is adsorbed on the Fe particles rapidly. However, the 
condensation process of Si(OH)4 into SiO2 occurs very slowly [6,7]. 

( ) ( ) ( ) 2/32/232/2 ´´ kkkknnkknn OCHOSiOCHOSi
+−− +→    (5) 

k´/2 is the net oxygen deficiency created by cleavage of Si-O bonds. The removed organics 
and organic radical may deposit carbon by reaction: 

43 34 CHCCH +→       (6) 
The calcination is performed first to reduce the deposited coating to a pure 

organics-free oxide layer (SiO2) and second to modify the particle size. Temperatures of 
400-500°C are required for the pyrolysis [8]. 

The insoluble iron compounds precipitated in aqueous medium are either oxides, 
hydroxides or oxide hydroxides. Ferrihydrite (5Fe2O3.9H2O or Fe2O3.2FeOOH.2.6H2O) 
transforms to lepidocrocite (γ-FeOOH), goethite (α-FeOOH) and hematite (α-Fe2O3) [9]. 
By thermal dehydration goethite and lepidocrocite respectively give rise to hematite and 
maghemite (γ-Fe2O3) by topotactic transformations [10]. Unlike goethite, the lepidocrocite 
transforms upon heating first to γ-Fe2O3 and then, at higher temperatures, to α-Fe2O3. The 
first transformation temperature is between 200-300°C in air and well-crystallized α-Fe2O3 
is obtained at 600°C [11].  

Most of the coated Fe particles are spherical or elliptic shapes with the „shell/core„ 
structures. The core is Fe crystallites and shell is amorphous. Alumina and silica coated Fe 
particles with core/shell structure were prepared by the sol-gel method [12]. Coated Fe 
powders consist of elliptic and round particles, and each particle has clear core-shell 
structure [13]. The shells are relatively uniform, and their thickness is 100-500 nm. 

The present paper describes the Al2O3 and SiO2 coatings of carbonyl iron powders 
preparation by a sol-gel route. The influence of colloidal and polymeric alumina or silica 
sol on the surface and cross-section morphology of coated carbonyl iron micro-sized 
particles after drying and calcination has been studied.  
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EXPERIMENTAL PROCEDURE 

Preparation of colloidal and polymeric alumina or silica sols  
The sol-gel boehmite (γ-AlOOH) or silicon hydroxide (Si(OH)4) precursor solutions 

were prepared by modified methodology established by B. E. Yoldas [14,15,16]. Colloidal 
boehmite or silicon hydroxide sol was formed by hydrolysis of aluminium tri-sec-butoxide 
Al(OC4H9)3 or tetramethylsilane (Si(OCH3)4) in water at 80°C at (1:100) molar ratio. After 1 
hour of stirring the nitric acid (HNO3) is added as peptizing agent HNO3/Al3+ molar ratio 0.1. 

The polymeric γ-AlOOH or Si(OH)4 sol was prepared by hydrolysis of Al(OC4H9)3 
or Si(OCH3)4 in absolute ethanol with a small amount of water at (0.5:10:0.5) molar ratio, at 
60°C for 1 hour. 

Carbonyl iron powders coated by boehmite or silicon hydroxide sol  
Carbonyl iron, micro-sized powder was used as the raw material. The carbonyl 

iron micro-particle powders were immersed into colloidal boehmite or silicon hydroxide sol 
and stirred at room temperature for 2 hours. Final powders were dried at 100°C for 4 hours. 
The obtained polymeric boehmite or silicon hydroxide sol was stirred with carbonyl iron 
micro-particle powders in a magnetic stirrer for 2 hours and dried at 100°C for 4 hours. 
Dried colloidal and polymeric xerogels were calcined at 400°C for 3 hours in air. Uncoated 
iron powders were calcined at 400°C for 3 hours. 

The coated Fe powders were prepared for the next objective, an investigation in 
compactizing, microstructure development and properties of microcomposite materials 
using conventional and innovative techniques of forming and sintering. 

Methods for characterization of coated carbonyl iron powders 
The phase composition of coated carbonyl iron powders was analysed by X-ray 

diffraction analysis (XRD, Philips X´ Pert Pro) using CuKα radiation. The surface 
morphology of coated powders was studied using scanning electron microscopy (SEM) 
TESLA BS 340. The cross-section morphology of uncoated and coated carbonyl iron 
powders were characterized using SEM (Jeol-JSM-7000F) equipped with an energy 
dispersive X-ray (EDX) analyser. 

RESULTS AND DISCUSSION 

Surface morphology of alumina or silica coatings on carbonyl iron micro-particles 
Two types of Fe powders, dried at 100°C and calcined at 400°C for 3 hours, were 

prepared for characterization from the variously colloidal and polymeric sol-gel alumina or 
silica coated carbonyl iron particles (Table 1). The calcined coated iron powders were 
prepared with a content of Al2O3 (25 wt. %) and SiO2 (30 wt. %). Figure 1 shows SEM 
surface micrographs of morphology of carbonyl iron micro-particles: uncoated (Fig.1a) and 
uncoated after calcination at 400°C (Fig.1b). 

In Figure 2, the surface morphology images of sol-gel coated carbonyl iron 
powders after calcination at 400°C are presented: colloidal alumina (Fig.2a), polymeric 
alumina (Fig.2b), colloidal silica (Fig.2c) and polymeric silica (Fig.2d). White contrast 
zones on the coating morphology were observed. From SEM micrographs on the surface 
coated iron powders there were shown clusters of the particles with coatings of different 
nanosized thickness around Fe particles. The micrographs showed the change of 
segmentation morphology of coated Fe particles compared with the starting uncoated Fe 
powders (Fig.1a).  
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Tab.1. Alumina or silica coated Fe powders after drying at 100°C and calcination at 400°C 
prepared by sol-gel method from colloidal and polymeric boehmite (γ-AlOOH) or silicon 
hydroxide (Si(OH)4) sol. 

sample sol coated 
powder 

coating/ 
substrate 

coating 
[mass %] 

thickness 
[nm] 

2a  colloidal alumina dried Al2O3/Fe 30 100-150 
2b  colloidal alumina calcined Al2O3/Fe 25 200-500 
2c  polymeric alumina dried Al2O3/Fe 27 100-150 
2d  polymeric alumina calcined Al2O3/Fe 25 200-500 
3a  colloidal silica dried SiO2/Fe 40 200-500 
3b  colloidal silica calcined SiO2/Fe 30 400-800 
3c  polymeric silica dried SiO2/Fe 35 200-500 
3d  polymeric silica calcined SiO2/Fe 30 400-800 

 

  
Fig.1. SEM surface micrographs of carbonyl iron powders: (a) uncoated and (b) uncoated 

after calcination at 400°C for 3 hours. 

  

 
Fig.2. SEM surface micrographs of carbonyl iron powders after calcination at 400°C coated: 

(a) colloidal alumina, (b) polymeric alumina; (c) colloidal silica and (d) polymeric silica. 
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XRD diffractograms of alumina or silica coatings on carbonyl iron powders  
In Figure 3, XRD diffractograms of uncoated and colloidal and polymeric alumina 

coated carbonyl iron powders after calcination at 400°C for 3 hours are presented. It has 
been established by XRD that at 400°C in air there is an oxide form which contains both 
hematite (α-Fe2O3) and magnetite (Fe3O4) (Fig.3a) [17]. It appears that both hematite α-
Fe2O3 and magnetite Fe3O4 phases are present in the two spectra (Fig.3b,c) in alumina 
coated iron powders. In X-ray diffraction, patterns did not verify the presence of γ-Al2O3, 
this indicates the amorphous or nanocrystalline structure of alumina. The proportion of 
hematite and magnetite can be deduced from the ratio of the integrated intensity of the 
diffraction peaks for the uncoated iron powders, approximately 30% of α-Fe2O3 and 70% of 
Fe3O4 have developed [18]. For the coated α-iron, 60% of hematite and 40% of magnetite 
are present after 48 hours of oxidation. 

 

 
Fig.3. XRD diffractograms of carbonyl iron powders calcined at 400°C: (a) uncoated and 

coated (b) colloidal alumina and (c) polymeric alumina (legend: • α-Fe,  α-Fe2O3, ο 
Fe3O4). 

 
Fig.4. XRD diffractograms of carbonyl iron powders calcined at 400°C: (a) uncoated and 
coated (b) colloidal silica and (c) polymeric silica (legend: • α-Fe,  α-Fe2O3, ο Fe3O4). 
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Figure 4 shows XRD diffraction patterns of the carbonyl iron powders after 
calcination at 400°C for 3 hours, uncoated (Fig.4a) and coated with colloidal silica and 
polymeric silica. It appears that both hematite (α-Fe2O3) and magnetite (Fe3O4) phases are 
present in patterns (Fig.4b,c). In X-ray diffraction, patterns did not verify the presence of 
SiO2, this indicates the amorphous or nanocrystalline structure of silica. In ref. [6], the XRD 
patterns of silica coated iron powders calcined at 400°C for 3 hours show strong diffraction 
peaks characteristic to α-phase Fe2O3. The γ-Fe2O3 phase is always formed by oxidation of 
Fe3O4. Therefore, in our case during heat treatment at 400°C, Fe3O4 was formed. 

Cross-section morphology of alumina or silica coatings on carbonyl iron micro-
particles 

In Figure 5, the cross-sectional morphology images of uncoated carbonyl iron 
micro-particles (Fig.5a) and after calcination at 400°C (Fig.5b) can be observed. From 
SEM image (Fig.5b) there was seen the calcination of uncoated micro-sized iron, the 
growth of homogenous and flat oxide (α-Fe2O3 and Fe3O4) coating with spherical particle 
morphology. It shows that the micrographs consist of round Fe particles and that each 
particle has a clear core structure. The shells are relatively uniform, with a thickness of 
about 100 nm.  

 

  
Fig.5. SEM cross-sectional micrographs of carbonyl iron powders: (a) uncoated and (b) 

uncoated after calcination at 400°C for 3 hours. 

In Figure 6, SEM cross-sectional micrographs of carbonyl micro-particle coated: 
colloidal alumina after drying at 100°C (Fig.6a), after calcination at 400°C (Fig.6b), 
polymeric alumina after drying at 100°C (Fig.6c) and after calcination at 400°C (Fig.6d) 
are presented. It was shown that clear core-shell structures consist of round and elliptic Fe 
particles and the shells are relatively uniform with a thickness of 100-500 nm. In these 
images, the cores of the Fe particles are light grey. It is surrounded by a darker coating 
layer whose average thickness after drying is 100-150 nm (Fig.6a,c) and 200-500 nm after 
calcination (Fig.6b,d). In colloidal alumina coated Fe particles (Fig.6a,b), the white contrast 
zones were Fe-rich phases, the dark zone was probably boehmite, iron oxyhydroxides 
(Fig.6a) and nanocrystalline alumina particles and white spherical nanoparticles of iron 
oxide α-Fe2O3 (Fig.6b). Figure 6c shows that the surface xerogel-layer consists of white 
spherical nanoparticles on iron particles and dark zone. We assumed according to [4] that 
goethite and boehmite are to be formed in polymeric gel. For the calcined Fe particles the 
coverage of the surface by α-Fe2O3 or Fe3O4 (white spherical nanoparticles) and alumina 
nanoparticles (dark zone) is shown in Fig.6d.  
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Fig.6. SEM cross-sectional micrographs of carbonyl iron micro-particle coated with 

alumina: colloidal sol (a) dried at 100°C, (b) calcined at 400°C; polymeric sol (c) dried at 
100°C and (d) calcined at 400°C. 

 
The thermal stability of aluminium oxides prepared from boehmite gel describes 

R. K. Dwivedi et al. [19] according to equation (7): 
( ) ( )
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The same kind of behaviour was observed in xerogel composed from iron 
oxyhydroxides (goethite or lepidocrocite) [5]. Nanoparticles of α-FeOOH or γ-FeOOH 
transform into the iron oxide (α-Fe2O3

 or Fe3O4). 
In Figure 7, SEM cross-section micrograph of carbonyl iron powders coated with 

polymeric boehmite (γ-AlOOH) sol after calcination at 400°C together with an electron 
map of oxygen, aluminium and iron were observed. The EDX map displayed non-uniform 
distribution of Al and O on the surface of coated Fe particles. The underlying iron particles 
appear with a white contrast, while the alumina is dark. From the EDX map of alumina 
coated iron particles (Fig.7) it was visible that coatings consisted of three layers: first layer 
α-Fe2O3, second layer amorphous α-Al2O3 and third layer Fe3O4. 
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Fig.7. SEM cross-sectional micrograph of calcined carbonyl iron micro-particle with 

coated polymeric alumina; together with electron map of iron, oxygen and aluminium. 

In Figure 8, the cross-section micrographs of silica coated carbonyl iron particles: 
colloidal sol after drying at 100°C (Fig.8a), after calcination at 400°C (Fig.8b); polymeric 
sol after drying at 100°C (Fig.8c) and after calcination at 400°C (Fig.8d) were observed. 
Silica coated carbonyl Fe particles were elliptic and round with a „core/shell“ type 
structure. The shell was an amorphous SiO2 around 500-800 nm in thickness and the core 
was a carbonyl iron (Fig.8b,d). In Fig.8a, we assumed that the coating zones consist of 
oxihydroxides of iron (white zone) and silicon hydroxide (dark zone) formed in colloidal 
xerogel. For the calcined Fe particles the coverage of the surface by the α-Fe2O3 (white 
spherical nanoparticles), SiO2 (dark layer) and Fe3O4 (grey layer) is shown in Fig.8b. In 
polymeric gel (Fig.8c), particles of α-FeOOH (white zone) and silicon hydroxide Si(OH)4 
(dark zone) were observed. For the calcined Fe, spherical particles of α-Fe2O3 (white layer), 
amorphous SiO2 (dark layer) and Fe3O4 (grey layer) are shown from Fig.8d.  

SEM cross-section micrograph of carbonyl iron micro-particles coated with 
colloidal SiO2 together with X-ray line analysis of silicon, oxygen and iron in marked line 
can be observed in Fig.9. EDX line analysis verified the presence of coating composed Si, 
O and Fe. Three zones are clearly observed in coating in Fig.9. In Table 2 are nanosized 
compounds, which were found in sol-gel alumina and silica coated carbonyl iron micro-
particles. 
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Fig.8. SEM cross-sectional micrographs of carbonyl iron micro-particle coated with 

silica: colloidal sol (a) dried at 100°C, (b) calcined at 400°C; polymeric sol (c) dried at 
100°C and (d) calcined at 400°C. 

  

  
Fig.9. SEM cross-section micrograph of carbonyl iron micro-particle coated with 

colloidal silica; together with electron line of silicon, oxygen and iron. 
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Tab.2. Compounds in sol-gel alumina and silica coated carbonyl iron micro-particles. 

coated Fe 
powders 

compound chemical  
composition 

particle 
size [nm] 

sample 

dried lepidocrocite γ-FeOOH 10 - 50 2a, 2c, 3a, 3c 
 goethite α-FeOOH 10 - 50 2a, 2c, 3a, 3c 
 boehmite γ-AlOOH 10 - 50 2a, 2c 
 silicon hydroxide Si(OH)4 10 - 50 3c, 3d 
 magnetite Fe3O4 50 - 100 2b, 2d, 3b, 3d 

calcined hematite α-Fe2O3 50 - 80 2b, 2d, 3b, 3d 
 alumina (amorphous) γ-Al2O3 25 - 50 2b, 2d 
 silica (amorphous) SiO2 30 - 50 3b, 3d 

 

CONCLUSION 
In the alumina or silica coated carbonyl iron micro-particles prepared by colloidal 

and polymeric sol-gel method, the xerogel-coatings after drying at 100°C and amorphous-
coatings were created by calcination at 400°C. The coated Fe particles have round or 
elliptic shapes with „shell/core“ structures. The shell was an amorphous layer with different 
thicknesses (~200-800 nm) and the core was a carbonyl iron.  

The coatings composed from alumina or silica xerogels with thickness of ~100-
150 nm or ~200-500 nm contained nanoparticles of oxyhydroxides (lepidocrocite γ-FeOOH 
and goethite α-FeOOH) and boehmite (γ-AlOOH) or silicon hydroxide (Si(OH)4).  

From XRD diffractograms it resulted that hematite (α-Fe2O3) and magnetite 
(Fe3O4) were formed in sol-gel coated carbonyl iron powders after calcination at 400°C. 
The X-ray diffraction patterns did not verify the presence of the alumina or silica, this 
indicates the amorphous or nanocrystalline structure of γ-Al2O3 and SiO2. 

Different zones in alumina (200-500 nm) or silica (400-800 nm) coatings were 
observed: the first layer (spherical α-Fe2O3 of size 50 nm) on iron micro-particles, a second 
inter-layer (amorphous compound of γ-Al2O3 or SiO2) and third layer (Fe3O4).  

The coated carbonyl iron powders were prepared with the further aim to determine 
the relationship between to compacting parameters, microstructure and properties 
(mechanical, electrical, magnetical).  
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