
Terotechnology 2017  Materials Research Forum LLC 
Materials Research Proceedings 5 (2018) 231-236  doi: http://dx.doi.org/10.21741/9781945291814-41 
 

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of 
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials 
Research Forum LLC. 

 231 

Powder Surface Modification as a Method of Corrosion Rate 
Limitation of the Magnetic RE-M-B Composite in an Acid 

Medium with Different pH 
KLIMECKA-TATAR Dorota 

Department of Production Engineering and Safety, Faculty of Management, Czestochowa 
University  of Technology, Al. Armii Krajowej 19b, 42-218 Czestochowa, Poland 

dorota.klimecka-tatar@wz.pcz.pl 

Keywords: Bonded Magnets, Nd-Fe-B Alloys, Polarization Resistance 

Abstract. This paper presents the results of research on the effects of chemical treatment of the 
magnetic powder particles surface on the corrosion resistance of composites based on Nd12Fe77Co5B6 
powder bonded with an epoxy resin. In the studies, a magnetic material formed of a commercial 
MQP-B powder has been used and subjected to chemical modification in such aqueous solutions as 
acetic acid, EDTA, citric acid and oxalic acid. Chemical treatment of the powder particles surface 
was applied for etching the oxide paramagnetic phases formed on the surface as an effect of 
spontaneous oxidation of the alloy elements (Nd and Fe) in the presence of oxygen and moisture. On 
the basis of changes in the polarization resistance value, which were recorded for a series of samples 
in 0.5M acidic sulphate solutions (pH = 2, 3 and 4), it has been found that the proposed pre-treatment 
has beneficial effect on the stability of the material in acid environments. 

Introduction 
Magnetic permanent RE-M-B materials contain rare earth metals (RE, e.g. Nd, Dy) and transition 
group metals (M, e.g. Fe, Co, Ni) in their composition, which ensures excellent magnetic properties. 
Due to a wide range of possibilities to control functional properties by production technologies, this 
kind of magnetic materials are successfully used in various technical fields (elements of hard drives, 
equipment devices in cars, components of qualified equipment for magnetic resonance imaging, 
retention systems in dentistry, orthodontics, prosthetics, etc.) [1-3]. The major limitation to their use 
is unsatisfactory stability under the use conditions. A multi-phase structure, segregation of chemical 
components, large differences in electrochemical potential of individual phases and considerable 
porosity are the main causes of poor resistance to corrosion and a significant degradation of the 
structure [4-7]. The unique properties of the RE-M-B magnetic material are determined by the 
presence of the RE2M14B ferromagnetic phase (2:14:1, e.g. Nd2Fe14B). On the other hand, phases 
enriched with boron (B-rich) and neodymium (Nd-rich) are also present in a typical structure of the 
RE-M-B sintered materials [1, 3-9]. Segregation of B and Nd in the structure is the reason why the 
phase which contains approx. 95% of neodymium is considered to be the one that is most easily 
degraded - the most active phase, whereas the phase in which boron is the predominant component is 
considered as the most noble. The structure modeling is possible by using alloying additives, which 
together with neodymium create more noble phases. Co, Ni and Cu [3, 5, 8] have to be among the 
most commonly used alloying additives (which replace the alloy composition of the main 
component, i.e. Fe). Other methods of reducing corrosion susceptibility of the RE-M-B materials are 
focused on the use of various production technologies. Among them, magnetic powders 
consolidation  using a metal of low melting point or of an organic binder (epoxy resin, polyester 
resin, nylon) are worth mentioning. Magnetic powder bonding with an organic binder (caring about 
sufficient homogenization of the components), makes it possible to isolate individual powder 
particles, which is particularly important for powders of an alloy containing a large amount of Nd [4, 
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6, 9]. It is known that alloys based on rare earth metals easily oxidize even in the presence of trace 
amounts of oxygen and moisture [10,11], and the presence of paramagnetic oxide phases on the 
powder particles surface adversely affects the adhesive connections stability, and thus resistance to 
corrosion of bonded magnets [6,10]. Increasing the adhesion of the binder to the surface of the 
particles of magnetic powder has beneficial effects on many levels as it reduces porosity structure 
and limits the penetration of the corrosive medium into the material. The use of appropriate chemical 
modification of the magnetic powder particle surface prior to the consolidation process can help to 
improve not only corrosion resistance but also mechanical properties and magnetic material. It 
should be noted that reducing the corrosion rate of materials based on rare earths is becoming an 
increasingly important aspect. Technologies for the recovery of rare earths from used equipment are 
already being sought [12, 13]. 

The aim of this study is to determine the effectiveness of powder particle surface modification 
(chemical modification) and its effect on the corrosion rate. To evaluate the effect of a bonded 
magnetic material on corrosion properties, a series of tests in the solution of 0.5M Na2SO4 acidified 
to pH = 2, 3 and 4 were carried out. 

Experimental 
The Nd-M-B magnetic powder-based composite with the MQP-B manufacturer symbol 
(Magnequench) and Nd12Fe77Co5B6  chemical formula (subscripts indicate atomic percentages) has 
been used as the experimental material. According to the manufacturer information, the powder was 
prepared in three main steps: rapid solidification of the alloy from a molten state, thermal treatment 
of the received tapes (short-term annealing at the temperature of 600 °C) and mechanical crushing. 
Heat treatment allows for obtaining a nanocrystalline structure of the intermetallic compound, single-
phase Nd2M14B structure (M - transition metal) and mechanical fragmentation results in the 
"lamellar" powder particles shape. As the presence of oxides on the powder particles surface may 
considerably limit the adhesion of the binder to the surface, the powder was subjected to preliminary 
etching. Digestion of the powder was carried out in aqueous solutions and this process can be seen as 
a type of chemical modification of the powder. As the etching media were selected aqueous solutions 
of the compounds strongly complexing metal ions or weak acid anions of the complexing properties, 
as follows: acetic acid, sodium edetate (EDTA), citric acid, oxalic acid. 

The etching of the Nd12Fe77Co5B6 powder aimed at removing paramagnetic oxide phases, which 
are formed on the powder surface during storage under exposure to air and humidity. The powder 
was digested in a solution of acetic, citric and oxalic acid until the appearance of the first bubbles of 
gas (H2) at the surface of the powder particles. Exposure times were various for different applied 
solutions. For solutions of acetic, citric and oxalic acid it was approx. 20, 15 and 5 minutes (at 20 
°C).  

The prepared magnetic powder has been bonded by two kinds of epoxy resins in the form of 
acetone solutions. In both cases the resin content in the magnetic composite was 2.5 wt. %: epidian 
100 (Method B) - thermosetting resin, (Method C) – chemosetting resin. Resins used as a binder have 
been prepared as an acetone solution, to cover the surface of the powder particles with a thin 
adhesive layer (microencapsulation), thereby increasing the homogenization of the composition. For 
epoxy resin cure, the samples made with the B method have been annealed at 180°C for 2 h and the 
samples prepared with the C method have been allowed to stand for 48 hours in a dessicator. The 
effect of the powder surface etching has been determined on the basis of potentiokinetic tests and 
characteristic parameters of magnetic materials in sulphate solutions having three different pH 
values. The corrosion current density has been appointed by two methods: the method of 
extrapolation of Tafel’s straight sections and the polarization resistance method based on linear 
overvoltage changes at potentials close to the corrosion potential -  accordingly to the Stern-Hoar 
equation. 
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Results and discussion  
The corrosion current density values (icorr) determined by the anode Tafel plot extrapolation, and by 
polarization resistance are shown in Tables 1 and 2, while Figure 1 illustrates the logicorr relation in 
pH function. In all the presented cases (Figure 1), the increase of pH leads to a reduction in corrosion 
rate and the slope of a linear relation (logicorr = f(pH)) for icorr values appointed by the Tafel plot 
extrapolation is approx. −0.67 ÷ −0.40, which is in analogy with literature data for pure iron (at pH = 
0 ÷ 2). In contrast, the slope of a linear relation (logicorr = f(pH)) for icorr values appointed by 
polarization resistance has a value of −0.30 ÷ −0.17. 

 
Table 1. The values of the parameters determining the corrosion resistance of the materials from 

the Nd12Fe77Co5B6  powder in sulphate solutions of pH 2, 3 and 4. The powder Nd12Fe77Co5B6  
priory bonding coated with a film of thermosetting epoxy resin – the B method 

0.5 M 

SO2
4
−  modifying solution Ecorr 

[V] 

icorr 
extrapolation 

[mA·cm-2] 
Rp [Ω∙cm2] 

icorr 
resistance 

polarization 
[mA·cm-2] 

pH = 2 

without modification -0.58 2.5 3.9 3.3 
acetic acid -0.56 2.4 4.0 3.3 

EDTA -0.66 2.8 5.0 2.6 
citric acid -0.58 2.1 5.4 2.4 
oxalic acid -0.58 2.0 5.4 2.4 

pH = 3 

without modification -0.60 0.73 7.6 1.7 
acetic acid -0.62 0.71 9.1 1.4 

EDTA -0.67 0.99 7.2 1.8 
citric acid -0.62 0.89 9.7 1.3 
oxalic acid -0.60 0.65 9.9 1.3 

pH = 4 

without modification -0.66 0.29 19 0.91 
acetic acid -0.64 0.18 20 0.87 

EDTA -0.68 0.28 18 0.97 
citric acid -0.64 0.10 22 0.79 
oxalic acid -0.65 0.087 24 0.73 

 
 
 

As it can be seen, the differences in inclination are quite significant. It seems that the main cause 
lies in the accepted method of determining icorr value, not taking into account the course of curves in 
the cathodic field. The fact that the hydrogen evolution (consumption of H+ ions) in the cathode area 
must lead to an increase in pH near the surface, the stronger then pH of the solution (with stronger 
buffer capacity of the solution). It can therefore be expected that the actual value of the pH at the 
surface (pHS) varies in time (during a reference potential). In the highly cathodic potential range, the 
value of pHS may be, for example, 1-2 units higher than in the solution volume (pHV). With changes 
in the potential (E) through the anode range, due to rapid mixing forces probably pHV ≈ pHS. 
Because the polarization resistance method takes into account the cathode/anode transition, one can 
guess that this method is more subject to errors caused by the increase of the pH near the surface. On 
the other hand, it should be noted that the value of the pHi ∂∂ /log corr  partial derivative  
of iron decreases with the increasing pH. The literature values of the derivative at pH = 2 are close to 
0.4, hence it is not entirely clear whether measurements using the polarization resistance of the 
Nd12Fe77Co5B6 (−0.3 ÷−0.17) alloy are less reliable. The lowest corrosion rate values in the sulfate 
solution (Table 1 and 2) were observed for the bonded magnetic material based on powder whose 
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surface was pre-etched in an aqueous solution of citric acid and oxalic acid. The Nd12Fe77Co5B6 
powder etching in a solution of acetic acid has little effect on the corrosion inhibition of the 
fabricated composite, while the corrosion current density of the composite based on the powder 
whose surface was modified with EDTA has comparable or higher values than the magnetic powder 
in the supply condition.  
 
Table 2. The values of the parameters determining the corrosion resistance of the materials from 

the Nd12Fe77Co5B6  powder in sulphate solutions of pH 2, 3 and 4. The powder Nd12Fe77Co5B6  
priory bonding coated with a film of chemosetting epoxy resin – the C method 

 

0.5 M 

SO2
4
−  modifying solution Ecorr 

[V] 

icorr 
extrapolation 

[mA·cm-2] 
Rp [Ω∙cm2] 

icorr 
resistance 

polarization 
[mA·cm-2] 

pH = 2 

without modification -0.57 2.4 4.7 2.8 
acetic acid -0.57 2.1 5.2 2.5 

EDTA -0.61 2.5 4.8 2.7 
citric acid -0.57 1.9 6.5 2.0 
oxalic acid -0.57 1.7 6.5 2.0 

pH = 3 

without modification -0.63 0.82 8.8 1.5 
acetic acid -0.64 0.79 10 1.3 

EDTA -0.70 0.69 13 1.0 
citric acid -0.63 0.55 16 0.81 
oxalic acid -0.62 0.51 18 0.72 

pH = 4 

without modification -0.66 0.15 17 1.0 
acetic acid -0.65 0.12 21 0.83 

EDTA -0.69 0.18 16 1.1 
citric acid -0.65 0.091 23 0.76 
oxalic acid -0.64 0.077 24 0.73 

 
Among the used solutions, EDTA has the strongest complexing facilities and acetic acid the 

weakest. It should be noted that EDTA (edentate sodium salt) is almost neutral (pH ~ 7), while the 
other solutions of organic acids have a pH ≈ 2 (out of the three selected acids, the oxalic acid has 
relatively maximum power). 

The most beneficial powder etching effect of the oxalic acid should therefore be attributed to both 
considerable acidity (pH <2) and good complexing ability of metal cations. The process of oxide 
phases removing from the surface of the powder particles involves acid digestion, wherein the 
complexing anions stimulate this process and do not allow for passivating the surface of the particles. 
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Fig. 1. The corrosion rate of magnetic materials as a function of 0,5 M SO4
2- solution pH (icorr 

value determined by: a, c) extrapolation, b, d) polarization resistance): a, b) - the B method; c, 
d) - the C method  

Conclusions 
The presented results show that chemical treatment of a powder particles surface in a complexing 
acid solution quite significantly improves corrosion characteristics of magnetic materials based on 
Nd12Fe77Co5B6, as evidenced is the reduction in the corrosion current density and polarization 
resistance increase in the sulphate environments. Removal of oxide phases spontaneously arising 
during storage in air from the surface of a powder ensures good adhesion of the binder directly to a 
metal substrate, effectively reducing the contact of individual particles in the composite structure. 
The elimination of oxide layers prevents the formation of gaps between particles and the binder in 
the conditions of acidic environment, which obviously inhibits corrosion processes. 
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