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Electrochemical corrosion behaviour of sintered composites based on iron powder consisting of 

spherically and/or irregularly shaped iron particles precipitation coated with FePO4 layer was studied 

using the potentiodynamic polarization test. The Fe/FePO4 coated powders containing 2 and 5 wt-% of 

FePO4 were compacted to the density of 6650-6700 kg m
-3

 and subsequently sintered at temperatures 

ranging from 912 to 1130°C for 3 min in air. The creation of a liquid phase during heating to1130°C 

with subsequent quenching into water and/or into liquid nitrogen resulted in the formation of a thin and 

continuous iron phosphate layer consisting of ~ 85 wt-% of fine lamellar phase identified as graftonite 

and ~ 15 wt-% of iron oxides - wüstite, magnetite and hematite. Thus prepared composites show an 

improvement in anti-corrosion behavior, which is associated with the formation of a protective 

continuous layer. Silica nano-powder particles tend to agglomerate, which results in discontinuities in 

the protective iron phosphate layer, with a detrimental effect on corrosion behavior of these 

composites. 

 

 

Keywords: Sintered composites iron/iron phosphate, electrochemical corrosion, corrosion behaviour, 

microstructure.  

 

 

 

1. INTRODUCTION 

 

Generally, inorganic phosphate compounds are regarded as corrosion inhibitors for iron and 

carbon steel in near neutral pH of the solutions [1, 2, 3]. Phosphate species are commonly used in 

paints to increase corrosion resistance of iron and steel, e.g. [4]. Iron phosphate FePO4 intensively 

reacts with iron ions from the substrate to form compounds that precipitate at the interface. Rebeyrat et 

al. [5] have shown that the formation of a phosphate layer on the surface of iron powder particles 
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induces a significant improvement of the oxidation resistance in the temperature range 300-700°C. The 

phosphate layer is porous and does not provide effective protection against surface corrosion; and 

often this forms the preparation for further anti-corrosion treatment [6]. Volkland et al. [7] have 

described the Vivianite [Fe3(PO)4 8H2O] layer created by the action of bacterial activity which 

provides a significant corrosion inhibitor for mild steel. Crystalline ferrous phosphate species are 

referred as potential candidates for application in optical and electro-chemical areas [8-11], as well as 

for catalysis and ionic exchange [8]. The FePO4 compound is also used in the steel and glass industries 

[12] and Fe3PO7 was considered as a potential electrode material [11].  

The phosphate glasses, in the last few years, are the subject of considerable interest in both 

technological and scientific fields, especially due to the possibility to produce new glass composites 

with high chemical and thermodynamic stability [13, 14]. Various phosphate glasses can be used, 

among other applications, in the hermetic sealing of metallic and ceramic materials and optical 

applications [15], as well as for a nuclear waste immobilization, e.g. [16]. As was reported by Brow 

[17], phosphate glasses have been developed for a variety of specialty applications. Amorphous 

lithium phosphate [18] and phosphorus oxynitride glasses [19], for example, have fast ion conductivity 

which makes them useful as solid state electrolytes. However, most of phosphate glasses have 

relatively poor chemical durability. Ray et al. [20] have reported that the introduction of Fe2O3 results 

in the formation P-O-Fe bonds, and leads to improvement in the chemical durability of this modified 

phosphate glass. Iron phosphate glasses have generally excellent chemical durability and low melting 

temperature, typically between 950 and 1100˚C [21]. Iron as a glass component significantly increases 

chemical durability, while the 60P2O5–40Fe2O3 (Fe/P = 0.67) glass has the highest chemical durability. 

Donald et al. [22] and Ojovan [23] indicated that iron strengthens the chemical bonds in the iron 

phosphate glass structure, making their properties comparable or even better than those of borosilicate 

glasses. Iron phosphate glasses have the melting temperature of about 100–200 K lower than 

borosilicate glass and also, due to lower viscosity of the melts, their homogenization time is about 1.5–

3 hours shorter [24]. Currently, iron phosphate glasses are considered also to be suitable for 

vitrification of waste, e.g. [17, 23, 25].  

As powder metallurgy is the technology of processing powdered materials into net-shaped 

structural parts, it is also appropriate for the production of sintered composites on the basis of coated 

powders, whereby the components with special functional properties for required applications can be 

obtained. In our previous paper [26] thermally dependent microstructural and phase changes in the iron 

phosphate layer, resulting from sintering of composites prepared from the Fe/FePO4 coated powder 

with spherically shaped particles, were studied. The results reported in our paper [26] can be briefly 

summarized as follows: The ferric phosphate layer calcined in air at 400°C comprises three regions - 

the first, located at the Fe-substrate, contains iron oxides, an inter-region is formed of FePO4, the third 

region is composed of Fe3O4 and Fe3O4 and γ-Fe2O3 iron oxides, while γ-Fe2O3 transformed to -

Fe2O3 iron oxides. X-ray powder diffraction confirmed the presence Fe3O4 and -Fe2O3 phases, 

however, the presence of FePO4, due to its amorphous nature, has not been verified by X-ray analysis 

(it should be noted that the transition of amorphous FePO4 to crystalline phase should take place at ~ 

500°C [27]). Sintering at 912 and 930°C with cooling at ~ 0.83 K s
-1

 leads to the formation of the 

phosphate layer comprising light grey and dark grey phases, where the dark zone was identified as the 
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Fe3(PO4)2 compound and the light grey phase was detected as iron oxides. The presence of Fe3(PO4)2 

is in accord with Kim et al. [28] who postulated that this compound can be created as an intermediate 

phase at decomposition of FePO4 into Fe2P2O7. X-ray diffraction found the presence of ~ 58 wt-% 

Fe3(PO4)2, ~ 16 wt-% FeO, ~ 9 wt-% Fe2O3 and ~ 17 wt-% Fe3O4 in the phosphate layer. Raman 

spectroscopy showed intense bands at 940 and 968 cm
-1

 which, in accord with Zhang [29], were 

attributed to the Fe3(PO4)2 compound, a less intense band near 1009 cm
-1

, 
 
corresponding to FePO4, 

was also detected. The phase composition of the layer resulting from sintering at 930°C is substantially 

identical with that after sintering at 912°C. The phosphate layer after sintering at 980°C is composed 

of a solidified eutectic phase having a lamellar structure consisting of Fe3(PO4)2 and lamellae of Q 

phase containing 10% P2O5 [30]. The phosphate layer resulting from sintering at 1075°C comprising a 

lamellar eutectic phase, identified by EDX as Fe3P2O7;  also the presence of rounded iron oxides up to 

~ 20 µm in size were observed. X-ray analysis proved the presence of ~ 45 wt-% Fe3(PO4)2 and iron 

oxides with predominance of wüstite at ~ 44 wt-%. In Raman spectrum the bands at 591 and 637 cm
-1

 

and at 269-507 cm
-1

, assigned to wüstite and hematite [31], were found. Sintering at 1130°C and 

quenching into water (at ~ 150 K s
-1

) leads to creating a thin continuous layer of solidified eutectic 

phase with a fine lamellar structure consisting of Fe3(PO4)2 and long “needles” with sizes up to 10 µm, 

identified by EDX as 10FeO.P2O5, which corresponds well with the Q phase [30]. Raman spectra from 

the lamellar matrix exhibited an intense band at ~ 969 cm
-1

, attributed to ferrous orthophosphate, while 

Raman spectra from long needles have bands at 396, 602, 680 cm
-1

 well corresponding to wüstite [29]. 

During sintering at 1130°C and quenching into liquid nitrogen (~ 420 K s
-1

) the precipitation of the Q 

phase as long needles was suppressed. The solidified eutectic phase had the same composition as 

found for lamellar eutectic phase after quenching into water. With much finer lamellae, however, this 

phase was identified by X-ray analysis as graftonite present in ~ 85 wt-% amount; the iron oxides 

(magnetite, hematite and wüstite) in ~ 15 wt-% amount were also found. The Raman spectrum showed 

intense doublet bands near ~ 964 and ~ 1010 cm
-1

 and a wide band between ~ 370 and ~ 680 cm
-1

, 

which well agrees with the Raman spectrum of graftonite given in the Database RRUFF™ [32].  

The investigation in [26] was aimed towards analyzing the effect of different sintering 

temperatures and different cooling rates on phosphate layer properties, including some information 

tests of corrosion resistance of the composites. This communication deals with electrochemical 

corrosion resistance behaviour of similar sintered composites and further variants are considered, 

namely 5 wt-% FePO4 coating, an addition of 1.0 wt-% silica nano-powder and of Fe/FePO4 based on 

irregularly shaped iron particles. These powder mixtures were processed by compaction, sintering and 

cooling with different rates. Electrochemical corrosion behaviour of sintered composites was 

investigated and is discussed in relation to microstructural changes in corroded surface areas of the 

compacts. 

 

2. EXPERIMENTAL 

 

Formulation and preparation conditions of the sintered composites are listed in Table 1. 

Höganäs AB water atomised ASC100.29 iron powder [33] was the raw material. For the preparation of 
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phosphate coated powders the irregularly (Figure 1a) and spherically shaped (Figure 1b) iron particles 

were used.  

 

 
a) 

 
b) 

 

Figure 1. Irregularly (a) and spherically (b) shaped uncoated iron particles 

 

The spherical shape of iron particles was obtained by milling the ASC 100.29 powder in air 

using a Pallmann mill working at 11000 rpm. The 100-160 µm size fraction of the milled powder was 

subsequently annealed for 1 hour at 850°C in an atmosphere of N2-10 vol-% H2. Vickers micro-

hardness of both the irregularly and spherically shaped particles was 110-120 HV0.25. Precipitation 

coating procedure of the iron powder, described in detail by Brunckova et al. [34], was performed by 

stirring the iron powder for 120 min at 20°C in a phosphating solution containing acetone and 

orthophosphoric acid. Using a suitable composition of the phosphating solution (25 ml acetone p.a. + 

0.4 ml H3PO4 per 25 mg Fe powder and/or 25 ml acetone p.a. + 0.88 ml H3PO4 per 25 mg Fe powder) 

two variants of the coated powders containing 2 and 5 wt-% of the FePO4 were prepared. The 

Fe/FePO4 coated powders were subsequently dried in air at 60°C for 120 min and then calcined at 

400°C in air for 180 min. By adding 1.0 wt-% of silica nano-powder (Fumed Silica, purity of 99.8%, 

Sigma-Aldrich) the Fe/2 wt-% FePO4+1.0 wt-% SiO2 and Fe/5 wt-% FePO4+1.0 wt-% SiO2 variants 

were also prepared.  

Thus prepared powders were cold pressed in a hard metal die without lubrication into 

cylindrical compacts ( 10 x 5 mm
3
) with a green density ranging from 6650 to 6700 kg m

-3
. The 

density was determined by measurement of dimensions with the accuracy of ± 0.01 mm and by 

weighing with accuracy of ± 0.001 g. Subsequently, the green compacts were sintered in air at 

temperatures of 912, 930, 980, 1075 and 1130°C, respectively for 3 min in a laboratory tube furnace 

ANETA 1 with the temperature control ± 2°C. The heating rate of compacts sintered at 912, 930, 980 

and 1075°C was 0.3 K s
-1

 and the cooling rate ~ 0.83 K s
-1

. In the case of the sintering at 1130°C, the 

compacts were quenched into cold water with a cooling rate of ~ 150 K s
-1

 and the others into liquid 

nitrogen at ~ 420 K s
-1

. To achieve such high cooling rates, the compacts were rapidly transferred from 

the sintering furnace into a sufficiently large container filled with water or liquid nitrogen with 

intensive movement of sintered compacts in the cooling medium. 
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Sintered pure iron powder compacts on the basis of milled Höganäs AB ASC 100.29 iron 

powder for reference corrosion testing were also prepared.  

 

Table 1. Compacts, formulation and preparation conditions; all samples were compacted to a density 

of 6650-6700 kg m
-3

 in a hard metal die without lubrication; a size fraction of iron powder was 

100-160 µm  

 

Compacts and material Fe particles Preparation conditions 

A: sintered pure iron 
 

A1 
 

Fe 
 

Spherical 
Sintering at 1120°C/30min/N2+10%H2, cooled at at ~ 

0.83 K s
-1

  

Group B: (Fe/FePO4)+1wt-% silica nano-powder, sintered and quenched 

 
B1 

 
Fe/2%FePO4+SiO2 

 

 

Spherical 

sintering at 980°C/3min/air with cooling at ~ 0.83 K s
-1

 

and then sintering at 1130°C in air for 3 min with 

quenching into liquid nitrogen at ~ 420 K s
-1

  

B2 Fe/2%FePO4+SiO2 sintering at 1130°C/3min/air with quenching into liquid 

nitrogen at ~ 420 K s
-1

 B3 Fe/5%FePO4+SiO2 

 

B5 

 

Fe/5%FePO4+SiO2 

 

 

Irregular 

sintering at 980°C in air for 3 min with cooling at ~ 0.83 

K s
-1

 and then sintering at 1130°C in air for 3 min with 

quenching into liquid nitrogen at    ~ 420 K s
-1

  

B4 Fe/2%FePO4+SiO2 sintering at 1130°C in air for 3min with quenching into 

liquid nitrogen ~ 420 K s
-1

  B6 Fe/5%FePO4+SiO2 

Group C: Fe/FePO4, sintered and cooled  at ~ 0.83 K s
-1

 
 

C1 
 

Fe/2%FePO4 
 

 

 

Spherical 

sintering at 912°C in air for 3min with cooling at ~ 0.83 

K s
-1

 
 

C2 
 

Fe/2%FePO4 
sintering at 930°C in air for 3 min with cooling at  

~ 0.83 K s
-1

 
 

C3 
 

Fe/2%FePO4 
sintering at 980°C in air for 3 min with cooling at ~ 0.83 

K s
-1

 
 

C4 
 

Fe/2%FePO4 
sintering at 1075°C in air for 3 min with cooling at ~ 0.83 

K s
-1

 

Group D: Fe/FePO4, sintered and quenched 

 

D1 

 

Fe/5%FePO4 

 

 

Spherical 

sintering at 1130°C in air for 3 min with quenching into 

water at ~ 150 K s
-1

 
 

D2 
 

Fe/5%FePO4 
sintering at 1130°C in air for 3 min with quenching into 

liquid nitrogen at ~ 420 K s
-1

 

 

Electrochemical corrosion testing was performed in similar conditions as reported in our earlier 

work [26]: The potentiodynamic polarization testing was conducted in 1 mol l
-1 

NaCl solution with pH 

5.6 prepared by using doubly distilled water. Before measurements, the electrolyte was de-aerated with 

gaseous N2 for 10 min. Electrochemical measurements were performed using a computer-controlled 

Autolab PGSTAT 302N potentiostat with three-electrode cell consisting of the specimen (as a working 

electrode), the reference electrode of Ag/AgCl/KCl (3 mol/l) and Pt plate working as a counter 

electrode. The potential was scanned at a rate 0.1 mV/s in the range from - 800 mV to + 300 mV. To 

obtain the corrosion potential and corrosion rate, the Tafel extrapolation method was used. Before 
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corrosion testing, the specimen surface layer affected by the quenching medium, thickness of 200-250 

µm, was removed by dry sanding with fine sandpaper (Struers, Silicon Carbide Paper, FEPA#2400).  

Microstructure of composites and their changes in corroded areas were studied by light 

microscopy (Olympus GX71) and scanning electron microscopy using Jeol-JSM-7000F instrument 

equipped with EDX spectroscopy microanalyser INCA.  

Electrochemical corrosion testing was performed in similar conditions as reported in our earlier 

work [26]: The potentiodynamic polarization testing was conducted in 1 mol l
-1 

NaCl solution with pH 

5.6 prepared by using doubly distilled water. Before measurements, the electrolyte was de-aerated with 

gaseous N2 for 10 min. Electrochemical measurements were performed using a computer-controlled 

Autolab PGSTAT 302N potentiostat with three-electrode cell consisting of the specimen (as a working 

electrode), the reference electrode of Ag/AgCl/KCl (3 mol/l) and Pt plate working as a counter 

electrode. The potential was scanned at a rate 0.1 mV/s in the range from - 800 mV to + 300 mV. To 

obtain the corrosion potential and corrosion rate, the Tafel extrapolation method was used. Before 

corrosion testing, the specimen surface layer affected by the quenching medium, thickness of 200-250 

µm, was removed by dry sanding with fine sandpaper (Struers, Silicon Carbide Paper, FEPA#2400).  

Microstructure of composites and their changes in corroded areas were studied by light 

microscopy (Olympus GX71) and scanning electron microscopy using Jeol-JSM-7000F instrument 

equipped with EDX spectroscopy microanalyser INCA. Raman spectroscopy was performed using 

HORIBA Scientific XploRA system spectrometer with a He-Ne laser (532 nm).  

 

3. RESULTS AND DISCUSSION 

3.1 Microstructure of sintered composites 

In Figures 2a-c and Figures 3a, b the micrographs of the microstructure of sintered composites 

based on phosphate coated spherically shaped iron powder with 5 wt% FePO4 are presented. The 

original iron particles are surrounded with a phosphate layer having a phase composition resulting 

from applied processing conditions. The formation of the eutectic phase during sintering at 1130°C and 

its fast solidification by quenching into water or into liquid nitrogen (Figures 3a, b) leads to the 

creation of a thin and continuous phosphate layer having a fine lamellar structure. It should be noted 

that microscopic observations of the phosphate layer formed during the sintering in the temperature 

range 912 to 1075°C with cooling at ~ 0.83 K s
-1

 revealed the presence of some discontinuities, 

probably associated with heterogeneous phase composition of the layer. Raman spectrum in Figure 4, 

scanned from a fine lamellar phosphate layer, shows intense doublet bands 964 and ~1010 cm
-1

 and a 

wide band between ~370 and 680 cm
-1

. This is in good agreement with Raman spectrum presented in 

[26], as well as with Raman spectrum of graftonite according to Database in Ref. [32]. 
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a) 

 
b) 

 
c) 

 
d) 

 

Figure 2. Microstructure of the composites with the phosphate layer resulting from sintering at 912°C 

(a), at 980°C (b), at 1075°C (c) and cooled at 0.83 K s
-1

; the micrograph (d) shows the 

microstructure after sintering at 1130°C with quenching into water at ~150 K s
-1

 

 

 
a) 

 
b) 

 

Figure 3. Microstructure of the composites with the phosphate layer resulting from sintering at 1130°C 

with quenching into liquid nitrogen at ~ 420 K s
-1 

(a), the phosphate layer in detail (b) 
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Figure 4. Raman spectrum scanned from a fine lamellar structure of the phosphate layer in a 

composite sintered at 1130°C and quenched into liquid nitrogen 

 

It was expected that the addition of silica nano-powder, variations of Fe/FePO4+SiO2, along 

with a positive action of liquid phase created during sintering at 1130°C, would improve the protective 

effect of phosphate coatings against corrosion. However, the microscopic observations have shown 

that the silica nano-powder particles tend to agglomerate and so they can deteriorate a continuity of the 

phosphate layer, as shown in the example in Figure 5. 

 

 

 
 

Figure 5. The microstructure and EDX maps of silicon, oxygen and phosphorus distribution in 

composite designated B6 (Fe/5wt-% FePO4+1 wt-% silica nano-powder); note that the silica 

nano-powder particles tend to agglomerate and thus deteriorate the continuity of the phosphate 

layer 
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3.2 Electrochemical corrosion behaviour  
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Figure 6. Potentiodynamic polarization curves of sintered composites B1-B6, C1-C4, D1, D2 and of 

reference pure iron compacts A1 in 1 mol l
-1

 NaCl solution 

 

Table 2 The values of Ecorr, jcorr and rate of corrosion in a 1 mol l
-1

 NaCl solution obtained from the 

potentiodynamic polarization curves of sintered composites B1-B6, C1-C4, D1, D2 and of pure 

iron compacts A1  

 

Samples Ecorr 

mV 

jcorr 

µA/cm
2
 

Rate of corrosion 

mm/year 

A: sintered pure iron 

A1  -477.3 11453.0 17.2 

Group B: (Fe/FePO4)+1.0 wt.% SiO2 nano-powder, sintered and quenched 

B1 -468.7 1152.7 13.4 

B2 -503.0 1002.0 12.1 

B3 -524.9 922.7 10.7 

B4 -492.7 574.1 6.7 

B5 -529.5 461.7 5.4 

B6 -573.7 213.1 2.5 

Group C: (Fe/FePO4), sintered, cooled at ~50°C/min  

C1 -422.9 1.91 2.9 

C2 -400.3 1.71 2.6 

C3 -397.5 1.62 2.4 

C4 -385.8 1.57 2.4 

Group D: (Fe/FePO4), sintered and quenched 

D1 -51.4 1.41 2.1 

D2 -61.8 1.42 2.1 
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In Figure 6 the polarization curves in 1 mol l
-1

 NaCl solution are presented. The values of Ecorr 

(corrosion potential), jcorr (corrosion current density) and corrosion rate for sintered composites, B1-

B6, C1-C4, D1, D2 (see Table 1) and for reference pure iron compacts A1 are listed in Table 2. The 

rate of corrosion was calculated from the intersection of the anodic and cathodic Tafel lines’ 

extrapolation. 

The highest rate of corrosion was exhibited by pure iron compacts (A1).In view of the rate of 

corrosion calculated from corrosion current densities, the composites can be classified into three 

groups relating to processing conditions. To understand the difference in corrosion behavior of 

individual groups of composites microscopic analysis of the microstructure of the compacts in surface 

areas affected by corrosion was performed.  

 

3.3 Microscopic analysis of samples after corrosion resistance testing  

 

The microstructure of sintered pure iron is composed of polyhedral grains of α-Fe (ferrite) and 

porosity of ~ 8.0%, which consists predominantly of irregularly shaped pores distributed along 

previous iron particle surfaces. Due to the dissolution of the surface of pure iron by acting aggressive 

chloride ions, a layer of corrosion products, having a black colour, is created, Figure 7a. It can be seen 

that the corrosion products were created not only on the surface of the composite compacts, but also on 

free surfaces of open pores communicating with the surface of the compact. The corrosion processes 

were extended into the corroded compact to a depth of more than 250 µm. EDS analysis of the surface 

corrosion products found the composition of 33±1 at-% Fe and 53±1.5 at-% O, which corresponds well 

to the Fe3O4 oxide; the amount of 3.3±0.4 at-% Cl was also measured.  
 

 
a) 

 
b) 

 

Figure 7. a) Microstructure of the pure iron compact (A1) observed on the cross-section perpendicular 

to the corroded surface, b) morphology of the surface of corrosion layer; the colour of the 

corrosion products is black. 

 

From the data in Table 2 it is seen that a protective layer based on the phosphate coating 

reduces the rate of corrosion by nearly an order of magnitude, when compared with sintered pure iron. 
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For composites C1-C4 prepared by sintering at 912, 930, 980 and 1075°C, with cooling at ~ 0.83 K s
-1

, 

the corrosion rate of 2.4-2.9 mm year
-1

 was detected. It appears that increase in the sintering 

temperature slightly decreases the corrosion rate which can be explained by positive effect of eutectic 

phase, created at a temperature equal to or higher than 980°C, on improved continuity of the protective 

phosphate layer. With increasing sintering temperature from 912 to 1075°C, the corrosion potential 

becomes more positive, while the current density and the rate of corrosion of composites sintered at 

higher temperature slightly decreases, but the differences in densities of corrosion current between the 

composites in this group C are not significant. 

A relatively significant decrease in the rate of corrosion for composites D1 and D2 sintered at 

1130°C and quenched into water and/or into liquid nitrogen, especially when compared to the value for 

pure iron, is linked with a shift of both cathodic and anodic branches of the polarization curves towards 

lower current densities with a positive shift in corrosion potential Ecorr. It is obvious that a thin and 

continuous layer of the solidified eutectic phase forms an effective barrier to the development of 

corrosion processes. In Figure 8a the surface of the corrosion layer is shown; this is not completely 

continuous and the “network” of phosphate layer can be seen. Figure 8b shows that the corrosion 

processes progressed only through iron particles that were not protected with the solidified eutectic 

phase, because it was partly removed by slightly sanding the surface of the sintered compact. It is seen 

that corrosion has spread only to a depth corresponding to the size of the particles.  

In the case of composites with 1.0 wt-% silica nano powder, composites B1-B6, processed by 

sintering at 1130°C and quenched into liquid nitrogen, the expected improvement in corrosion 

resistance was not achieved. It was found that the corrosion rate, ranging from 13 to 2.5 mm year
-1

, is 

influenced by the shape of the iron particles and depends also upon the amount of the FePO4 coating. 

The lower rate of corrosion is reached for irregularly shaped iron particles and higher content of the 

iron phosphate coating.  

 

 
a) 

 
b) 

 

Figure 8. Corrosion of the sample sintered at 1130°C and quenched into liquid nitrogen (sample D2): 

the surface layer of corrosion products (a), the depth extension of the corrosion processes (b). 

 

It should be noted that the reduced rate of corrosion rate is linked to a shift of both cathodic and 

anodic branches of the polarization curves towards lower current densities with a slightly negative shift 
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in corrosion potential (Ecorr) when compared to values for pure iron compacts. Figure 9a shows the 

extension of corrosion processes to a depth greater than the size of the iron particles. Such corrosion 

behaviour of the composites belonging to the group B may be due to discontinuities of iron phosphate 

layer caused by agglomeration of silica nano-powder particles. In Figure 9b the network of iron 

phosphate insulating layer after the corrosion test is shown; this confirms the corrosion resistance of 

applied coating comprising a solidified eutectic phase. 

In the case of composites with 1.0 wt-% silica nano powder, composites B1-B6, processed by 

sintering at 1130°C and quenched into liquid nitrogen, the expected improvement in corrosion 

resistance was not achieved. It was found that the corrosion rate, ranging from 13 to 2.5 mm year
-1

, is 

influenced by the shape of the iron particles and depends also upon the amount of the FePO4 coating. 

The lower rate of corrosion is reached for irregularly shaped iron particles and higher content of the 

iron phosphate coating. It should be noted that the reduced rate of corrosion rate is linked to a shift of 

both cathodic and anodic branches of the polarization curves towards lower current densities with a 

slightly negative shift in corrosion potential (Ecorr) when compared to values for pure iron compacts. 

Figure 9a shows the extension of corrosion processes to a depth greater than the size of the iron 

particles. Such corrosion behaviour of the composites belonging to the group B may be due to 

discontinuities of iron phosphate layer caused by agglomeration of silica nano-powder particles. 

 

 
a) 

 
b) 

 

Figure 9. The extension of corrosion processes in composite B3 (Fe/FePO4+1.0 wt-% silica nano-

powder) sintered at 1130°C and quenched into liquid nitrogen (a), the network of iron 

phosphate insulating layer after corrosion - section through the corroded layer (b).  

 

In Figure 9b the network of iron phosphate insulating layer after the corrosion test is shown; 

this confirms the corrosion resistance of applied coating comprising a solidified eutectic phase. 

 

 

4. CONCLUSIONS 

Sintered composites with a network of a thin phosphate layer surrounding α-iron areas were 

prepared on the basis of iron powder coated with 2 and 5 wt-% ferric phosphate FePO4. The coated 



Int. J. Electrochem. Sci., Vol. 11, 2016 

  

1763 

powders were processed by cold pressing and sintering at temperatures ranging from 912 to 1130°C in 

air for 3 min. Sintering at 1130°C, with sufficiently high cooling rate by quenching into water or into 

liquid nitrogen, results in the creation of a thin and continuous protective layer of solidified eutectic 

phase covering the original iron particles. This layer consists of ~ 85 wt-% of a fine lamellar structure 

identified as graftonite Fe3(PO4)2 with needles of wüstite. When quenching into liquid nitrogen, a high 

cooling rate, the growth of the needles of wüstite is suppressed. 

Electrochemical corrosion behaviour was investigated using potentiodynamic polarization tests. 

A significant improvement in corrosion resistance was detected in the case of sintering at 1130°C and 

quenching into water (~ 150 K s
-1

), or quenching into liquid nitrogen with a cooling rate of ~ 420 K s
-1

. 

The corrosion potential was positively shifted to about -50 or -60 mV, indicating more passive 

conditions. However, a moderate reduction in the corrosion current density, as well as the reduction of 

the rate of corrosion, was observed. 

The phosphate protective layer reduces the rate of corrosion by nearly an order of magnitude, 

when compared to sintered pure iron. For composites prepared by sintering at temperatures ranging 

from 912 to 1075°C and by cooling at ~ 0.83 K s
-1

, the corrosion rate ranged from 2.4 to 2.9 mm year
-

1
. Increasing the sintering temperature slightly decreases the corrosion rate, the corrosion potential 

becomes more positive, but the differences in densities of corrosion current are not significant. 

In the case of composites with an addition of 1.0 wt-% silica nano powder, sintered at 1130°C 

and quenched into liquid nitrogen at ~ 420 K s
-1

, the expected improvement in electrochemical 

corrosion resistance was not achieved. This was explained by the formation of some discontinuities in 

protective phosphate layer due to the agglomeration of silica nano-powder.  

The investigation of electrochemical corrosion behaviour and its correlation with 

microstructural observations of corroded surfaces of composites prepared on the basis of a coated 

Fe/FePO4 powders showed that a thin and continuous layer of the solidified eutectic phase may act as 

an effective barrier to the extension of corrosion processes.  
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