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ABSTRACT 

The need for permanent magnets has increased with the advances in modern renewable 

energy technologies and electric vehicles. Sintered Nd-Fe-B magnets are, so far, the best 

alternative for light constructions, since their energy density is superior compared to other 

permanent magnet materials. They have good magnetic properties, but the stability under 

elevated temperatures and in humid environments is limited. 

The aim of this thesis was to gain a deeper understanding of the corrosion behavior of sintered 

Nd-Fe-B magnets and to provide a basis for selecting a proper corrosion protection method. 

Typical methods for the improvement of the corrosion resistance include cobalt alloying and 

the use of coatings and surface treatments, all of which were investigated in this work. 

Furthermore, the objective was to correlate losses in the magnetic flux with the weight losses 

during the corrosion tests.  

The microstructure of the magnets was characterized before and after the corrosion tests to 

reveal the degradation mechanisms in different environments. Accelerated cabinet testing and 

electrochemical measurements were utilized. Electron microscopy studies were used to 

discover the mechanisms and to estimate the relationship between accelerated corrosion tests 

and applications. 

Corrosion tests were performed in the presence of water as vapor and pressurized vapor, 

immersed in water, in salt spray and under immersion in saline solution. Pressurized water 

vapor was found to be the most aggressive corrosion environment among the studied cases. 

It introduced both inter-granular corrosion, i.e., pulverization, and general corrosion of the 

Nd2Fe14B phase. Cobalt alloying inhibited the pulverization tendency of the magnets. 

Pressurized heat-humidity tests measured well the tendency for pulverization but did not reveal 

the tendency for general corrosion of the magnetic phase. Immersion in pure water introduced 

a new type of degradation mechanism in the microstructure of sintered Nd-Fe-B magnets, 

where the matrix phase of the magnet was preferentially corroded.  

In mild heat-humidity environments, the uncoated magnets benefit from modified surface finish 

so that the initiation of corrosion on the surface of the magnet is hindered. In the case of coated 

magnets, the principal factor influencing the corrosion performance was the quality of the 

metallic coating. 

The most efficient method to evaluate the overall corrosion performance of a permanent 

magnet material was to perform accelerated tests so that the specimens are magnetized and 
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the losses in weight and magnetic flux are measured simultaneously. The results from the 

corrosion tests on magnetized specimens showed that the microcrystalline anisotropy of the 

sintered magnets resulted in heterogeneous corrosion, where the pole faces degraded 

preferentially to the side faces. However, the geometry of the magnet affected the resulting 

losses also by another way – the self-field of the magnet contributed to the second stage of 

corrosion, i.e., the detachment of the magnetic grains when the gluing grain boundary phase 

had dissolved.  Due to the differences in the initiation rate of corrosion, the measured flux 

losses varied between parallel specimens. However, the corresponding percentage weight 

losses were always smaller than the flux losses indicating that the flux losses do not originate 

from the material losses only.
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1 INTRODUCTION 

Permanent magnets (PM) play an important role in improving the efficiency and performance 

of many consumer electronics and industrial devices. The markets of PMs are dominated by 

two types of magnets: ferrites and rare-earth magnets. Ferrite magnets are cheaper and the 

production volumes are much higher than those of the rare-earth magnets, but their share of 

the market is quite equal [1]. Rare-earth magnets’ development in the early 1980’s resulted in 

an increasing need for finding a good alternative alloy for strong permanent samarium-cobalt 

magnets, since the raw materials for them were scarce. In 1984, a new revolutionary 

permanent magnet material based on the alloy of neodymium, iron and boron was discovered 

[2]. Sintered Nd-Fe-B magnets had outstanding magnetic properties, being the strongest 

among the permanent magnet materials in terms of their saturation magnetization and energy 

density of the material. Therefore, the Nd-Fe-B magnets provide an advantage in terms of 

smaller size and weight as compared to other permanent magnet materials, as smaller 

volumes can be used to provide the required magnetic field [3]. Applications for PMs can be 

found for example in electric power generation and conversion, automotive engineering and 

sensors, magnetic resonance imaging, and magnetic bearings and couplings [4]. One of the 

key limiting factors in using Nd-Fe-B magnets is their corrosion resistance, which is the topic 

of this doctoral thesis. 

This thesis is a compilation dissertation based on six scientific publications in the area of the 

corrosion behavior of sintered Nd-Fe-B magnets. This first part of the dissertation comprises a 

short theoretic background (Chapter 1) of the studied materials, the methods to improve their 

corrosion resistance, and the nature of the corrosion losses. The aim and scheme of this study, 

including the research questions stated, are presented in Chapter 2. The experimental 

procedures selected to characterize the microstructure and evaluate the corrosion 

performance of the magnets are presented in Chapter 3. The most important results obtained 

are collected from the publications and presented and discussed in Chapter 4. Finally, the 

concluding remarks are stated in Chapter 5. The original publications including all the 

experimental results are provided as Appendices at the end of the thesis.  

1.1 Motivation 

The well-known and established applications of permanent magnets include consumer 

electronic gadgets, hard disc drives and loudspeakers, where corrosion has not been a 

significant issue due to the dry environments. In the near future, the PM motors are expected 

to replace most of the electric motors due to the obvious advantages, such as higher torque 
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and reliability. As motors in general are regarded as devices with the largest energy-saving 

potential, the growth of PM motors is promoted by energy-saving regulations that result in 

minimum efficiency standards for motors [5]. Besides regulations for motors, the use of 

magnets has recently grown due to their increasing use in industrial generator applications, in 

particular in the area of renewable energy. For example, wind turbine generators are among 

the fastest-growing application areas of PMs. The role of renewable energy applications for 

PMs will probably become even more important in the future with the expansion in the wind 

energy sector, but possibly also in other new energy harvesting systems, such as ocean and 

tidal energy devices based on permanent magnets [6,7]. 

In order to serve the desired lifetime as a component of an electric motor or a generator, the 

magnet materials need to be reliable. One of the key challenges in the use of sintered Nd-Fe-

B magnets is their limited stability at elevated temperatures and in humid environments. The 

corrosion behavior of magnets has been studied by several research groups already from the 

early 90’s, and improvements in the microstructure and good protective coating materials have 

been presented to decrease the corrosion risks [8,9]. However, now that the potential 

applications of sintered Nd-Fe-B magnets are expanding from electronics to larger scale 

industrial motors and generators and the surrounding environment changes from dry air to sea 

water atmosphere with the possibility of condensation, the corrosion evaluation approach must 

simultaneously be updated. The differences between these two application areas can be found 

in the size, shape and composition of the used magnets as well as in the environments they 

are exposed to during service. Magnets used in hard disc drives and similar applications are 

designed to withstand mainly dry indoor environments or are even encapsulated hermetically, 

whereas the motors and generators may be exposed to rough environments and aggressive 

chemical species, such as chlorides in the offshore conditions. This work has a unique 

viewpoint, questioning the applicability of the existing knowledge on the evaluation of the 

corrosion risks of Nd-Fe-B magnets in potential motor and generator applications. 

1.2 Corrosion  

Corrosion may be defined as a chemical or, more commonly, electrochemical reaction 

between the metal or alloy and the surrounding environment [10,11]. Electrochemical corrosion 

necessitates the presence of anodic (electron releasing) and cathodic (electron receiving) 

reactions, with the anodic oxidation reaction(s) being often of interest in the corrosion studies. 

Corrosion research, similarly to many other areas of materials science, is a combination of 

electrochemistry, physics, thermodynamics, surface science, and modeling. The goal of the 

corrosion studies is to gain understanding on the rates and mechanisms of interaction in order 

to predict the behavior of a certain type of material in a defined environment. Therefore, this 
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study includes plenty of material characterization and microscopy of corroded magnets to 

reveal the corrosion mechanisms.  

Corrosion studies are usually motivated by savings and safety. The greatest efforts to avoid 

corrosion are typically seen in places where metallic structures are holding huge loads or 

material failures may lead to dramatic accidents, even at the expense of human lives. In 

factories, the corrosion damage may result in interruptions in the plant operation, which is, 

again, very costly, and thereby more effort is put on material reliability. Besides the critical 

applications, the world is full of materials corroding evenly at a slow speed, and in most cases 

the controlled rusting is acceptable.  

The economic costs of corrosion can be divided into direct and indirect costs. Direct costs can 

be measured by, e.g., replacement costs of the corroded part. Indirect costs are more difficult 

to measure, since they include the losses of downtime in plants and all sorts of design costs. 

For example, the cost of a new magnet block for a wind generator would most likely be only a 

small part of the total corrosion costs, including installation and downtime-costs of the wind 

turbine. Costs can be considered in terms of money but also through the possible effects on 

the environment by poisonous leakages, or on safety by fatal accidents [12]. In terms of 

financial losses, it is said that corrosion is costlier than all other natural disasters combined. 

For instance, the annual estimates only for the losses in the United States are hundreds of 

billions of dollars, and generally the estimates of the total costs range from 1 to 5 % of the GNP 

of each country [13]. In a wider perspective, the unconcern of corrosion protection can be seen 

as an unnecessary use of natural resources. All in all, numerous studies and statistics show 

that the costs due to corrosion are significant, independently of how they are calculated. 

1.3 Sintered Nd-Fe-B magnets for motor and generator 
applications 

Two well-established techniques are nowadays used for the manufacturing of Nd-Fe-B 

magnets: powder metallurgical route (sintering) and plastic bonding of magnet powder [14]. 

The powder metallurgical route is based on the sintering of compositionally heterogeneous 

fine powder produced by hydrogen decrepitation (HD) and jet-milling that produces anisotropic 

fully dense magnets. Melt-spinning and hydrogenation-disproportionation-desorption-

recombination (HDDR) are the more commonly used methods to produce raw material powder 

for polymer-bonded magnets. Polymer-bonded magnets are typically isotropic and due to the 

presence of the non-magnetic polymer binder, they exhibit significantly lower energy densities 

than the sintered Nd-Fe-B magnets. Therefore, the magnets utilized in motor and generator 

applications are typically sintered grades, and this work focuses on them. 
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All Nd-Fe-B magnets have a relatively low Curie temperature, about 310°C, which restricts 

their use at higher temperatures. The actual maximum operating temperatures of the 

commercial magnet grades vary between 60°C and 200°C. At higher temperatures, for 

example samarium-cobalt magnets may be employed, as they may be used up to operating 

temperatures of 350°C [15]. The energy product of the magnet is calculated based on the 

remanence and coercivity of the magnet material and often used as a key indicator of the 

performance or strength of permanent magnets.  The maximum energy product (BH)max for a 

typical Nd-Fe-B magnet is 350 kJ/m3 at room temperature. For an isostatically pressed sintered 

Nd-Fe-B magnet it amounts to 415 kJ/m3 [16]. For comparison, the typical energy product of 

ferrite magnets is about 34 kJ/m3 and that of samarium-cobalt magnets 150-220 kJ/m3[1]. 

In some applications, also the mechanical properties may become important [16]. Sintered 

magnets are generally hard and brittle, and the brittleness makes machining and handling of 

the components laborious and expensive [17]. Sintered Nd-Fe-B magnets always contain 

some porosity due to the powder metallurgical fabrication method, the density of the magnet 

depending primarily on the sintering temperature [18]. The magnet composition may also 

contribute to the density, since a higher rare-earth content and particularly the presence of 

alloying elements may result in a greater relative amount and better liquid phase sintering 

properties of the GB phase [19–21]. 

1.3.1 Research and development trends 

The material development in the area of sintered Nd-Fe-B magnets has been constant during 

the last 30 years, as the production methods have been modernized and new manufacturing 

routes have been established, and their connection to the microstructure and the key magnetic 

properties have been recognized. Yet there is a constant need to fill the gap between ferrite 

and Nd-Fe-B magnets by the discovery of alternative magnetic materials for the fairly 

expensive Nd-Fe-B magnets, or at least an intermediate permanent magnet material in terms 

of energy density [22]. The search for alternative alloying elements or new alloys was again 

peaked when the permanent magnet industry faced a “rare-earth crisis” with the raw material 

prices escalating significantly in 2011 [23]. Neodymium, dysprosium, praseodymium and 

terbium are all rare earth elements (REE) used in Nd-Fe-B magnets. European Commission 

has categorized REEs as critical raw materials not only due to their limited availability but also 

because of the environmental issues in their extraction process [24]. These facts have directed 

the research to searching for modified compositions and options for using less expensive and 

less polluting elements. Still, the superior magnetic properties of Nd-Fe-B magnets are the 

reason why their use is growing all the time. 

During the past few years, the emphasis of the research on sintered Nd-Fe-B magnets has 

been on modifying the chemistry and distribution of the grain boundary (GB) phase [3,14]. The 
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GB phases and the areas of the matrix phase Nd2Fe14B grains near the grain boundaries are 

critical to ensure high coercivity, i.e., the ability of the magnet to withstand demagnetization. 

Demagnetization may arise from thermal demagnetization or electric or magnetic circuits 

present. The push towards the use of hybrid and electric vehicles has promoted the use of 

strong permanent magnets in motors, where magnets need to withstand both of the above-

mentioned demagnetizing factors [3]. The operational temperatures, where the magnets do 

not demagnetize can be increased closer to the Curie temperature by modifying the 

microstructure. Alloying by dysprosium has been the primary method to ensure the thermal 

stability. In order to withstand temperatures up to 200°C, as needed for example when used in 

the motors of electric vehicles, approximately one third of the neodymium in the alloy needs to 

be replaced by dysprosium [25]. However, dysprosium is one of the most expensive and critical 

heavy rare earth (HRE) elements, the use of which should be avoided if possible [26]. The 

attempt to decrease the overall HRE content of the magnets without sacrificing the thermal 

stability has been approached in the literature by using a diffusion processing of the grain 

boundaries, reduction of the grain size, and the use of other alloying elements to replace the 

HREs [27–29].  

Recently, the use of cerium as the substituent for neodymium and dysprosium in Nd-Fe-B 

magnets has shown promising results [30–32]. Cerium is the most abundant rare-earth 

element and thus a much cheaper element than dysprosium, but it can occupy the same atomic 

sites as neodymium and dysprosium. Magnets with cerium substitution are not expected to 

reach as good magnetic properties as those based on neodymium and dysprosium, but they 

are predicted to be good commercial alternatives for less demanding applications.  

Besides the studies on replacing the expensive raw materials in the magnets, much research 

interest has been lately directed towards the recycling of existing old magnets due to the high 

raw material prices, since there could be potential to return the expensive materials back to 

use. Hydrogen decrepitation (HD) process, which is actually used in the production process of 

sintered alloys to bring the starting alloy into small particles, is now proposed as a promising 

method to separate the components of the magnets [33]. The hydrogen decrepitation 

resembles the intergranular corrosion mechanism of the magnets. Therefore, the information 

gained on the corrosion mechanism research could also have implications on the research 

concerning the recycling processes [34].  

1.3.2 Microstructure  

The strongest Nd-Fe-B magnets are produced by powder metallurgy to achieve a well-defined 

microstructure [16]. The manufacturing process of sintered magnets includes several steps: 

melting of the nominal alloy, crushing and milling, alignment of the powder in the magnetic field, 

and then pressing it before the actual sintering [16]. After sintering, several annealing 
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procedures may be used, followed by machining, coating, and finally magnetizing. This multi-

step process results in a microstructure with several phases. Besides processing parameters, 

also the amount and type of the alloying elements modify the microstructure and properties of 

the magnet. 

The microstructure of sintered Nd-Fe-B magnets is a multiphase system. The Nd2Fe14B phase 

is also called the matrix phase as it covers the majority of the microstructure. The phase is a 

rare-earth intermetallic phase with a high uniaxial anisotropy. The crushed alloy to be sintered 

consists of single grain particles. Sintering of the aligned finely milled particles is performed at 

a temperature where the Nd-rich liquid phase densifies the structure. The formation of the Nd-

rich GB phase is necessary because it magnetically decouples the Nd2Fe14B grains  [19]. As 

a result, a structure with the grains of hard ferromagnetic Nd2Fe14B phase being surrounded 

by a heterogeneous Nd-rich GB phase is formed. The Nd-rich phase is located as thin layers 

between the Nd2Fe14B grains and as larger deposits at the Nd2Fe14B grain triple junctions. 

Typical microstructures in a schematic illustration (Figure 1a) and a SEM-BSE image of a 

fractured magnet (Figure 1b) show the morphological features of the magnets. The grain size 

of the matrix phase in the sintered Nd-Fe-B magnets is above 1 µm, typically from 5 to 10 µm 

in modern commercial magnet grades [19]. Most of the grains have an angular shape and from 

five to seven corners [35]. 

 

Figure 1. a) Schematic picture of the microstructure of a sintered Nd-Fe-B magnet and b) SEM 

BSE image of a fractured Nd-Fe-B magnet.  

The GB phase is very heterogeneous and can be divided into sub-types [36,37]. It includes 

both metallic and oxide constituents that may be crystalline or amorphous [38,39]. The triple 

junction areas of the GB phase consist typically of neodymium oxides Nd2O3 and/or NdO, 

whereas the thin intergranular sections are metallic neodymium [40]. The intergranular Nd-rich 
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sections less than about 2 nm in thickness are found to be amorphous [41]. According to the 

phase diagram of Nd-Fe-B [42], also another ternary phase, a boron-rich phase Nd1.11Fe4B4 

may be formed at the sintering temperature. The boron-rich phase has a detrimental influence 

on the magnetic properties, and the amount of it is minimized with modern manufacturing 

processes [41]. When present, the boron-rich phase is also located at the GB areas between 

the matrix phase grains. However, from a corrosion engineering point of view, the distribution 

and chemistry of the Nd-rich GB phase are the key characteristics controlling the corrosion 

properties of the magnets.  

1.3.3 Alloying elements 

Alloying is used to modify the properties of sintered Nd-Fe-B magnets. Alloying elements can 

be divided into substituent and dopant elements, depending on whether they substitute Nd or 

Fe in the existing phases or form new phases [43]. Other rare-earths, such as dysprosium and 

terbium, may substitute Nd atoms, whereas Fe can be substituted by cobalt, nickel or 

chromium. Dopant elements may partly dissolve in the matrix phase, but in the typical case of 

low solubility at the sintering temperature, they form precipitates or new phases in the GB 

areas. Dopants may also affect wetting of the liquid phase [19]. Commonly used dopant 

elements include, e.g., gallium, copper and niobium [44–46]. 

The substituent elements change the intrinsic properties, such as the Curie temperature, 

spontaneous polarization and magnetocrystalline anisotropy, of the magnet. If the dopant 

elements have solubility in the matrix phase, they also influence these properties. Most of the 

dopants are primary targeted to the GB phase, where they modify the coercivity and corrosion 

properties.  

Alloying for increasing the corrosion resistance of the magnets is based on the stabilization of 

the metallic Nd in the GB phase by new elements. Basically all new elements and the 

developing phases are more noble than the metallic Nd. Cobalt is the most widely used additive 

in terms of improving the corrosion resistance by the stabilization of active Nd in the GB phase 

[8,47]. 

Doping by aluminum nano-particles has also been shown to decrease the corrosion tendency 

[48] of the magnets. The addition of alloying elements may also lead to the replacement of the 

Nd-rich phase by secondary phases. Many additives that form compounds with the reactive 

Nd have been shown to improve the corrosion resistance. New phases formed in the GB in 

the presence of Co alloying are, e.g.,  Nd3(Co,Fe) and Nd(Fe,Co)2 [49]. Indeed, different 

mixtures of transition metal elements and rare-earth elements have been shown to improve 

various properties of sintered Nd-Fe-B magnets.The combined additions of Co and Al [50] and 
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Cu and Co [51] have shown promising results, since small additions of copper and aluminum 

can compensate for the drop in coercivity due to cobalt additions. 

Although not an additive element, oxygen at right amounts can be beneficial to the corrosion 

performance. Kim et al. [52] showed that the corrosion rate of the magnet reached the 

minimum at the oxygen contents between 0.6 and 1.2 %. In the long-term corrosion tests by 

Kaszuwara and Leonowicz  [53], the controlled oxidation of sintering powders decreased the 

corrosion rate at the later stages. The critical oxygen concentration required to slow down the 

corrosion rate without degradation in the other properties is known to be dependent on the 

neodymium content and the other used alloying elements and amounts in the magnet [37].  

From the corrosion protection point of view, additive elements are most effective in the 

intergranular areas and, therefore, not wanted to dissolve in the Nd2Fe14B phase. 

Developments in the manufacturing techniques have made the additions more effective since 

the desired additive can be selectively added into the targeted regions of the microstructure. 

Recently, powder blending methods and grain boundary diffusion treatments have been 

successfully applied to control the distribution of the alloying elements [20,54,55]. 

This work does not suggest new additive elements or new chemical combinations. Here, the 

experimental part is conducted using commercial grade magnets. In terms of using alloying 

elements, the focus of this work is to evaluate the economical and reasonable use of cobalt in 

the magnet corrosion protection and to compare the effects of cerium alloying with the alloying 

by cobalt. These are unique approaches, which have not been reported in the literature before. 

1.3.4 Protective coatings 

Often the corrosion issues of sintered Nd-Fe-B magnets are considered to be easily solved by 

applying a protective coating as a barrier between the magnet and the environment. Use of a 

coating, however, introduces a new step in the magnet manufacturing process and another at 

the end of its lifetime, and adds new challenges to the recycling processes.  

The surface of a sintered Nd-Fe-B magnet is demanding for some coating materials. In general, 

to achieve a good adhesion between the substrate and the coating, pretreatments are used. 

However, for sintered magnets, the pretreatments usually applied to steel or other common 

structural materials may be too harsh or ineffective, as many chemicals cause corrosion of the 

magnet. 

The suppliers of Nd-Fe-B magnets generally provide a wide range of different coatings to 

protect their products against corrosion. For example, epoxy, polytetrafluoroethylene (PTFE, 

Teflon), nickel-copper-nickel multilayer, nickel, zinc, gold, silver, tin, titanium, chrome, 

phosphating and combinations of these platings are used commercially [56]. The most 
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common metallic coating material for Nd-Fe-B magnets is nickel because of the ease of mass 

production, economical processes, and durability [57]. However, electrochemical nickel plating 

is a multi-stage process, which may account for as much as 8% of the total production costs 

of the magnet [58].  

The broad selection of available coating materials does not provide a simple solution for the 

corrosion protection of the magnets. Selection of the coating material is naturally based mostly 

on the operating conditions [59], but information on the performance of various coatings in the 

operating environments of the magnets is not widely available. Therefore, selection of the most 

effective corrosion protection for a specific environment is not always possible. In the literature, 

advanced coating materials, such as sputtered multilayers [60] or composite coatings [61], are 

found to show excellent anticorrosive properties, but they are still costly for the commercial 

use due to the rather low production efficiency. Literature has presented many protective 

multilayer coatings for the corrosion protection of sintered Nd-Fe-B magnets. Many of the 

multilayers combine nickel with other metallic layers [62,63], but also SiC-Al and AlN-Al 

bilayers have shown good results [64,65]. In addition, separate sealing treatments applied on 

the metallic coatings have shown improvement in the long-term corrosion resistance [66–68]. 

Various publications have presented good coating solutions [62,69–71], but the studies are 

mainly comparing the corrosion resistance of a few coating types with the uncoated magnet 

and not explaining what makes the coating particularly suitable or unusable for sintered Nd-

Fe-B magnets. The most widely used coating materials can be roughly divided into groups of 

metallic and organic coatings. The corrosion protection mechanisms of these coating types 

are different.  

Metallic coatings may protect the substrate material in two ways: firstly, by providing a barrier 

between the magnet and the environment and secondly, by galvanic protection. The latter 

occurs when the coating material is more electronegative than neodymium. The standard 

electrode potential for neodymium is E0=-2.323 V, which is among the lowest values in the 

electrochemical series [72]. In principle, there are no metallic coatings that could provide 

galvanic protection to pure neodymium in the GB phase. Achieving an anodic coating to the 

Nd-Fe-B magnet would be possible, if all the Nd-rich phase could be first removed from the 

surface. In that case, a coating material with a lower electrode potential than that of the matrix 

phase should provide cathodic protection. Nevertheless, there are no reports of this approach.  

In theory, a defect-free metallic coating is very protective and is typically not easy to deteriorate 

mechanically, if well attached to the substrate. However, once a cathodic coating is 

deteriorated, it may form a galvanic couple with the magnet as an anode, a situation which 

may even accelerate the corrosion of the magnet [66].  
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Organic coatings, such as epoxies, are electrochemically inert and do not participate in the 

galvanic reactions. Commercial epoxy coatings for the magnets are numerous [73]. The 

mechanical properties and thermal and corrosion stability of epoxy coatings for the Nd-Fe-B 

magnets can be improved by using nanofillers, such as titania particles [74]. Organic coatings 

can be applied also  after assembling the magnets into the motor by impregnation with 

polymers [59]. However, all organic coatings absorb water, at least to some degree [75]. As a 

result, moisture and oxygen may penetrate through the coating with time. Thereby, the 

thickness of the organic coating layer may be used to control the moisture permeation. The 

corrosion resistance of epoxy films in a salt spray test has been systematically higher than that 

of the corresponding metallic coatings on Nd-Fe-B magnets [76–78]. For example, in a salt 

spray study by Codescu et al. [76], metallic zinc and nickel coatings applied on Nd-Fe-B 

magnets suffered visible corrosion damage within only 24 h, whereas epoxies, depending on 

the type, showed no evidence of degradation or the formation of corrosion products until 144 

h to 200 h of exposure. In addition, Codescu et al. [76] studied epoxy resins with different 

additions of zinc and aluminum powders and found them one of the most resistant coating 

materials for the protection of Nd-Fe-B magnets against the salt spray environment. As 

compared to the metallic coatings, organic coatings also have some advantages not related to 

corrosion. For example, they are electrically insulating and may thus reduce eddy currents in 

the alternating magnetic fields [59]. 

As long as the coating on the sintered Nd-Fe-B magnet is undamaged and moisture cannot 

penetrate to the magnet surface, both coating types behave quite similarly. In the case of a 

damaged coating layer, different corrosion mechanisms will dominate depending on the 

selected coating type. This study takes into consideration also the mechanisms and risks of 

the damaged coating layer, because if the magnet will be installed to, e.g., a rotating machine, 

the possibility of a mechanical damage, such as scratches, is real. 

1.4 Corrosion losses in permanent magnets 

In order to prevent the corrosion of sintered Nd-Fe-B magnets, the corrosion mechanisms and 

extent of losses in different cases must be known. Commonly, accelerated corrosion tests are 

used for evaluating the uniform corrosion of a material and thereby evaluating the corrosion 

risks in real (non-accelerated) environments. The test procedures are simple and the results 

are reported as weight loss per area and often converted to thinning rates, e.g., millimeters per 

year [79]. There is a constant effort to design corrosion tests that would simulate realistically 

the actual service conditions of materials and components [80]. Sintered Nd-Fe-B magnets 

differ from construction materials in their basic physical function. Also the multiphase 

microstructure combined with the strict microstructural hierarchy is unique in the magnets. In 
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order to choose or identify the best test methods for evaluating the performance of magnets 

under real operating conditions, the nature of losses has to be defined. This chapter first 

presents the corrosion mechanisms of sintered Nd-Fe-B magnets. The origins of polarization 

losses are then briefly discussed and, lastly, the used methods to evaluate the corrosion of 

Nd-Fe-B magnets are discussed with respect to losses in the magnetization.  

1.4.1 Corrosion mechanisms of sintered Nd-Fe-B magnets 

The driving force for corrosion and the reason for the low corrosion resistance of sintered Nd-

Fe-B magnets is the potential difference of the phases. The Nd-rich GB phase is 

compositionally very heterogeneous, but in all cases its potential is lower than that of the matrix 

phase. The relative amounts of the phases in the magnet, i.e., the smaller volume fraction of 

the GB phase compared to the matrix phase, thus results in an unfavorable anode-cathode 

relation, causing rapid corrosion of the anodic GB phase. 

Selective corrosion of the Nd-rich GB phase occurs when the magnet is exposed to humidity. 

Chemical reactions that describe the intergranular corrosion process are here denoted as 

Equations (1)-(3). Water vapor reacts with the metallic neodymium of the GB phase forming 

neodymium hydroxide, Nd(OH)3, and hydrogen (Equation 1) [81,82]. The formed hydrogen 

diffuses along the grain boundaries and further reacts with the neodymium causing volume 

expansion due to the formation of neodymium trihydride, NdH3 (Equation 2). Neodymium-

hydrides are not stable and they react further with water vapor and are finally transformed into 

neodymium hydroxides (Equation 3) [82]. The volume expansion by the corrosion product 

formation accelerates the detachment of the matrix grains.  

3𝐻2𝑂 + 𝑁𝑑 → 𝑁𝑑(𝑂𝐻)3 +
3

2
𝐻2 (1) 

3

2
𝐻2 + 𝑁𝑑 → 𝑁𝑑𝐻3  (2) 

𝑁𝑑𝐻3 + 3𝐻2𝑂 →  𝑁𝑑(𝑂𝐻)3 + 3𝐻2 (3) 

The whole process is called pulverization, as the grains of the matrix phase disintegrate from 

the magnet surface. 

Although the pulverization of magnets has been acknowledged as the primary and the most 

destructive corrosion mechanism in hot and humid atmospheres, it is not necessarily the only 

corrosion mechanism the magnet undergoes. In the literature [82] the formation of red rust due 

to the corrosion of the iron-rich matrix phase is acknowledged, but the mechanism is poorly 

studied and the conditions under which it occurs are not explored thoroughly. As more than 60 

wt.% of the Nd-Fe-B magnet consists of iron, the corrosion of the matrix phase is estimated to 
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correspond to that of iron and the formation of iron hydroxides Fe(OH)3 being formed in the 

process [59]. 

1.4.2 The nature of losses in permanent magnets 

Corrosion in general terms is defined as the environmental degradation of a material and 

typically measured as a weight loss that enables the determination of the corrosion rate. 

However, what really matters and should be measured in the case of permanent magnets are 

the losses in the magnetic flux that the magnet is designed to produce. Weakened magnetic 

flux can result in the malfunction of the component.  

Losses in the magnetic flux can be divided into three types of losses: reversible, irreversible, 

and permanent losses [83]. Reversible losses due to an increase of temperature can be taken 

into account using the temperature coefficient of remanence. Reversible losses occur as the 

temperature rises, but the flux is recovered as the temperature decreases. Irreversible losses 

occur, similarly, when the temperature is increased, but they do not return to the original level 

when the temperature decreases. Some of the irreversible losses are recoverable by 

remagnetization of the magnet, whereas some are permanent. Corrosion losses are 

permanent losses, because they damage the microstructure and thus the properties do not 

recover with magnetization. 

The long-term stability of a permanent magnet is considered as its ability to resist 

demagnetization. Demagnetization may arise from demagnetizing fields, exposure to high 

temperatures, or environmental degradation by corrosion [83]. The irreversible losses due to 

the temperature dependence of coercivity can be taken into account in the design for a specific 

application, but corrosion introduces material losses that are more complex to model.  

Due to their high coercivity, the Nd-Fe-B magnets are designed as thin components, which 

means that they have relatively great amount of surface area compared to the total volume 

[84]. This further emphasizes the corrosion risks.  

1.4.3 Measurement and detection of corrosion  

General practices of testing and ranking sintered Nd-Fe-B magnets in terms of their corrosion 

resistance are based on the highly accelerated stress test, HAST, which is adapted from the 

electronics industry and has become a standard used in several literature references 

[47,82,85]. HAST was originally a test for the reliability of electronic components in severe 

climates [86,87]. The difference to other chamber corrosion tests and the original idea behind 

HAST is to use unsaturated autoclave with precision temperature and humidity control to 

calculate the total acceleration factor for each test. For some reason, the permanent magnet 

industry simplified the test method but continued to use the name for an unsaturated autoclave 
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test. Often the term is mixed for example with the Pressure Cooker test (PCT). Some of the 

PCT tests refer to a standard, but several interpretations are reported, with temperatures 

typically varying between 125-130°C and relative humidities in the range of 85-100% [88,89]. 

Some references also report testing in milder heat-humidity conditions, such as at the 

temperature of 85°C and the relative humidity (RH) of 85 % [90]. In 2011, ASTM released a 

standard for a test method to evaluate the hygrothermal corrosion resistance of permanent 

magnet alloys [91], which is very similar to PCT but now called the bulk corrosion test, BCT. 

This was the first test standard aimed specially at the corrosion testing of permanent magnet 

materials. However, to the best of our knowledge, the test results from the BCT tests cannot 

yet be found in open literature apart from Publication VI of this thesis. 

Long-term corrosion test results for the sintered Nd-Fe-B magnets are rare in open literature, 

but a two-year exposure by Kaszuwara and Leonowicz has been published in 1999 [53]. 

Magnets were kept in dry air at a laboratory atmosphere, which was considered as the 

operation environment of the magnets at the time of publishing the article. However, nowadays 

the magnets are placed in more demanding environments. Application-oriented test routines 

have been used, such as the one by Moore et al. [92], which combined several cycles of pre-

immersion of the magnets in a salt solution, autoclave testing in a gearbox oil heated to 130°C, 

and  cooling down to room temperature in air.  Some magnet manufacturers use the 85/85 test, 

the autoclave test, or the salt spray test for evaluating the corrosion resistance of the coated 

magnets [59]. Still the comparison between the magnet grades is based mainly on the weight 

losses in HAST or a similar accelerated autoclave test.  

Measuring of the weight losses during an accelerated corrosion test is one of the most common 

tools to estimate and compare the corrosion resistance of materials. In the case of structural 

materials, such as construction steels, the corrosion rate can even be given only as a value of 

thinning of the material. However, in the case of permanent magnets, the basic function of the 

component is entirely different. Permanent magnets used in electric motors and generators 

must fulfill their basic function: provide the designed magnetic flux. A defined volume of the 

magnet material is designed to produce a certain field intensity and, therefore, the most 

interesting losses are not the ones in weight but those in the magnetic flux that the magnet can 

produce. In order to measure the flux losses, the corrosion tests should be conducted using 

the specimens in a magnetized state. 

Most of the corrosion evaluation of sintered Nd-Fe-B magnets is still done similarly as in the 

case of other metals, using tests resulting in weight losses, visual and microscopic 

observations, as well as the electrochemical response of the surface (electrochemical 

measurements). The common tests, such as salt spray, immersion and heat-humidity 

exposures, are used to determine the degree of corrosion measured by weight loss. For 

practical reasons, the tests are basically always conducted for magnets in a demagnetized 
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state, since the magnetized Nd-Fe-B magnets are challenging to handle. Indeed, most of the 

experimental work is still conducted using demagnetized specimens; only a few of the studies 

published in open literature were conducted using magnetized specimens [92–94]. These 

studies showed that the magnetization state has an effect on the corrosion mechanism and, 

thereby, also on the extent of losses. Nevertheless, the measured variable should be losses 

in the magnetic flux rather than (or together with) weight losses in order to predict better to 

performance of the magnet under the operating conditions. 

In the future, corrosion monitoring could be included also in the maintenance program of 

permanent magnet machines. Detection of the early stages of corrosion in a magnet attached 

to a motor or even the corrosion under a protective coating or embedding resin is difficult. 

When the use of traditional laboratory corrosion measurement techniques is not possible, the 

main approach could be the measurement of the losses in the magnetic flux. Although that 

may be challenging or even impossible in some cases, it is theoretically the best detection 

method as it is a non-destructive and doesn’t require a direct contact with the magnet. In 

addition, as will be shown later in this work, the losses in the magnetization can be detected 

prior to other physical changes, such as weight losses or changes in the appearance 

[Publication IV]. In order to develop a method for measuring the magnetic losses to 

characterize the corrosion damage, the theory behind the corrosion mechanisms of 

magnetized magnets must be studied. In addition, the knowledge needed to separate the other 

irreversible losses from those originating from corrosion must be developed.  
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2 THE AIM AND SCHEME OF THE THESIS  

The aim of this study is to investigate the corrosion performance of sintered Nd-Fe-B magnets 

used in motor and generator applications in order to achieve a deeper understanding of their 

corrosion behavior under operation conditions and to provide a basis for selecting a proper 

corrosion protection method for the magnets. Another goal is to achieve more knowledge on 

the corrosion mechanisms of uncoated and coated magnets. Furthermore, also an important 

goal of this work is to correlate the material losses due to corrosion with the losses in 

magnetization to understand how the corrosion risks of the magnets should be evaluated.  

The research questions of the thesis are as follows: 

1. What corrosion protection method should be prioritized in motor and generator 

applications? 

2. What are the relevant corrosion mechanisms in sintered Nd-Fe-B magnets in typical 

applications? 

3. What are the parameters that would best represent the true corrosion losses and could 

be reliably measured when evaluating the corrosion resistance of magnets? 

In order to answer these questions, the corrosion mechanisms of several magnet grades with 

varying surface topography and different types of coatings were studied. Figure 2 shows a flow 

chart of the included publications I-VI. The research work started with a screening-type 

corrosion study including magnets with different compositions [Publication I] and testing of 

magnets with different types of protective coatings [Publication II]. The goal was to achieve 

more scientific knowledge on the key characteristics of the coating materials that is needed for 

a proper corrosion protection of Nd-Fe-B magnets. The obtained results raised a question 

about the prevailing corrosion mechanisms and criticism against the commonly used corrosion 

test procedures. In Publication III, these questions were answered, with the scope being limited 

to the corrosion environments of water, water vapor (humidity), and pressurized water vapor. 

One of the research hypotheses was that there are measurable threshold values for heat and 

humidity for each magnet type, where the corrosion mechanism changes from the general 

corrosion (of the iron rich Nd2Fe14B phase) to the intergranular corrosion. Naturally, 

modification of the microstructure and alloying of the Nd-Fe-B magnet influence these values 

and, therefore, a universal model cannot be discovered. Another hypothesis was that cobalt 

additions improve the magnet’s resistance to intergranular corrosion, but not necessarily the 

overall corrosion resistance of the sintered Nd-Fe-B magnet. These hypotheses are tackled in 

Publication III. Publications IV & V concentrated on measuring the losses in the magnetic flux, 

approaching the fundamental question of true losses due to corrosion and possible losses in 

the magnetization that the magnets may experience. The formation of corrosion products and 
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detachment of the magnet material may damage the PM machine, but also the losses in the 

magnetization are vital with respect to the magnet’s functionality. A unique approach of this 

work is the correlation of the weight and flux losses formed during the corrosion tests of the 

Nd-Fe-B magnets.  

In addition, the current need for the development of heavy rare-earth free magnet grades was 

taken into account by including a corrosion study of a Ce-alloyed magnet grade in this thesis 

[Publication VI].  

 

Figure 2. Structure of the thesis work based on the interrelation between publications I-VI.  

This thesis will summarize the main findings of the attached six scientific publications and 

combine the information gained in each article into a coherent entity. The scientific novelty of 

the work arises from the progressive nature of the corrosion investigation . The research 

evolved from the comparison of different alloys to criticizing the common measurement 

techniques and suggesting improved approaches. 

The main scientific contributions of this work are: 

 Conduction of a wide range of corrosion studies on sintered Nd-Fe-B magnets taking 

into consideration several methods for improving the corrosion resistance, and 

resulting in important new knowledge of different alloys and coatings and, particularly, 

of their joint influence on the overall corrosion performance of the magnets. 

 Improvements in the theoretical understanding of the corrosion mechanisms of sintered 

Nd-Fe-B magnets, with an important addition of the magnet’s self-field taken into 

consideration. 

 Comparison of the magnetic and weight losses due to the corrosion of the magnets 

and observations on the evolution of the magnetic losses as a function of time. 
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The corrosion mechanism studies and evaluation of the effect of different dopants used in 

commercial grade magnets formed an essential base for assessing what are the main 

corrosion mechanisms and which tests and measurements would give the most usable 

information. As a result, a novel combination of measurements comparing the percentage 

losses in the weight and in the magnetic flux produced by the magnet was put into practice. 

The measurement systems in Publications IV and V gave new perspective to the corrosion 

mechanisms of magnetized samples. Throughout the work, the potential of utilizing the results 

of this study in the industry by the end-users was promoted by using commercial grade 

magnets.  
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3 EXPERIMENTAL PROCEDURES 

This chapter describes the experimental procedures used in this thesis. The sintered Nd-Fe-B 

magnets differing in terms of their composition, manufacturing route, and properties were 

received from the manufacturers. Two types of metallic coatings and their corrosion protection 

properties on sintered Nd-Fe-B magnets were also studied. For examining the corrosion 

behavior of the magnet materials, various heat-humidity tests were employed. The 

electrochemical nature of corrosion was further studied using electrochemical measurements, 

where the magnets were immersed in an electrolyte. The test procedures were adjusted partly 

to investigate the factors causing component failures in real applications, e.g., some of the 

coatings were intentionally scratched prior to corrosion exposures. 

3.1 Materials 

Table 1 provides a summary of the studied magnet grades in terms of the most important 

parameters in their chemical composition and surface condition. The chemical compositions 

were determined by XRF and ICP measurements. The total rare-earth TRE content is given 

as it may be considered as a rough indicator of the ratio of the rare-earth rich grain-boundary 

phase and the amount of the magnetic phase. As Table 1 shows, TRE varied from 30.9 to 32.3 

wt.%. The cobalt and dysprosium contents are listed in the table, since they are the best-known 

alloying elements for the improvement of coercivity, corrosion resistance, and thermal stability. 

The cobalt content in the studied magnet grades varied from 0 to 2.5 wt.% and dysprosium 

from 0 to 7.3 wt.%. Some of the specimen types have several abbreviations: SG stands for 

Standard Grade magnet with minimal alloying (0% Co and 4.1 wt.% Dy), IS for the grade with 

Improved Stability and IC(R) for Improved Corrosion Resistance due to the high Co-alloying. 

Specimens used in Publications IV and V were tested also in the magnetized state; otherwise 

the magnet specimens were in a non-magnetized state, because the magnetic field would 

cause difficulties with the measurements and electron microscopy. A few different sizes of 

magnet specimens were used because of different manufacturing batches, but the most widely 

used size was 24 mm x 24 mm x 4 mm (the last one is the direction of the easy-axis, EA). In 

each case, the specimens had a shape of a rectangular prism (parallelepiped) so that the large 

faces were the pole faces of the magnet. The exceptions to the above-mentioned specimen 

sizes were the magnets in Publications I and V, where the sizes of 10 x 10 x 10 (EA) mm and 

10 x 10 x 5 (EA) mm were used.   
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Table 1. Specimens used in this study. The surface finishes tested for each magnet type are 

denoted as passivated (Pa), ground (G), polished (Po), and coated (Coat). 

Specimen TRE [wt.%] Co [wt.%] Dy [wt.%] Surfaces Publications 

M1, SG, Ref-A 32.2-32.3 0.0 4.1 Pa, G, Po, Coat I, II, III, VI 

M2 31.7 0.0 3.6 Pa I 

M3, IS 31.7 0.0 7.3 Pa, G, Po I, III, IV, V  

M4 31.2 1.0 7.0 Pa, Po I 

M5 30.9 1.0 6.5 Pa, Po I 

M6 31.8 2.5 6.0 Pa, Po I 

M7, IC or ICR 31.2-31.7 2.0-2.5 7.2 Pa, G, Po I, III, IV, VI 

M8, Ref-B  31.3 1.0 1.3 Coat II 

M9, Ce-alloy 31.3 0.3 0.0 G, Po VI 

The surface finishing was either ‘ground’ (G), ‘polished’ (Po), ‘passivation treated’ (Pa), or 

‘coated’ (Coat). Ground is the loosest specified surface condition aiming to imitate the most 

common case where no particular surface treatment is applied. The sample was sawn from a 

bigger block and the surface was finished by grinding down to grit #240 SiC abrasive paper. 

In the polished magnets, the surface was first ground and then polished using a diamond 

product down to 1 µm in size in order to achieve as smooth surface as possible. Such polished 

mirror-like surfaces are ideal for the microstructural characterization by SEM and they yield 

easy-to-examine surfaces for surface-sensitive measurements, but they are not a realistic 

reproduction with respect to the industrial applications. Therefore, specimens with a more 

realistic surface finish treatment were also tested. The passivation-treated surface was the 

standard finishing procedure of the manufacturer at the time when the samples were produced. 

The surface of the magnet was first glass-bead blasted and then treated with a commercial 

iron phosphating agent to passivate the surface, resulting in a surface roughness of Ra=0.9 

µm. 

Protective coatings and their ability to protect the Nd-Fe-B magnets from corrosion were 

examined in Publication II. Within the wide variety of coatings available commercially, 

electrodeposited nickel and tin coatings were selected for this study. For the magnets to be 

coated, acid pickling was used as an activation treatment prior to applying an electrolytic 

coating. The nickel coating was deposited from a semi-bright acidic (pH 4.3) nickel bath, while 

the tin coating was applied in a sulphuric acid based sulphate bath. The resulting coating 

thicknesses were 13±2 µm and 17±2 µm for the nickel and tin coatings, respectively.  
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3.2 Corrosion tests 

The corrosion performance of the magnets was studied using accelerated heat-humidity 

corrosion tests and immersion studies. The electrochemical behavior and reactions were 

approached using electrochemical measurements. 

3.2.1 Corrosion exposures 

In order to investigate the corrosion of the magnets, several test methods with various 

corrosive factors were used. These included exposing the magnets to elevated temperatures, 

water, humidity, and a NaCl-solution. A summary of the test methods with the relevant 

temperature, humidity, duration and publication number is presented in Table 2. Before 

exposing the magnets to the tests, they were cleaned with ethanol and dried carefully. In the 

HAST and BCT tests, the magnets were weighed to the nearest 0.01 g prior to testing and 

again after the tests, when the corrosion products formed during the tests were removed. 

Visual and microscopical inspection was performed on all types of exposed magnets.  

The corrosion resistance of uncoated and coated magnets in the heat-humidity environment 

was studied with the so-called 85/85 steady-state test utilizing the temperature of 85°C and 

the relative humidity of 85% [95]. The tests were performed in a temperature-humidity chamber 

ESPEC PR-1 for the durations of 500 and 1000 hours for the coated magnets, and for the 

duration of 96 hours for the uncoated magnets with passivated, ground, and polished surfaces.  

The Bulk Corrosion Test, BCT (also called the Pressure Cooker Test, PCT), exposes the 

specimen to saturated water vapor. The tests were conducted using Parr 4748 pressure 

vessels partially filled with water. The specimens were placed in the vessels during the tests 

so that they were above the water level and the large (pole) faces were in a vertical position. 

The closed vessels were placed in a thermal chamber heated to 120°C in order to generate 

pressurized water vapor inside the vessel for the desired duration. In this test configuration, 

the specimens were not immersed in the water but the surfaces may have wet due to the 

condensation of the water vapor. In the BCT test of Publication VI, the ASTM standard A1071M 

[91] was followed and grading of the tested magnets was performed. Therefore, the surface 

areas of each specimen were determined by precision measurements prior to testing. 

Weighting was performed prior to the test and after the exposure, when the specimens were 

first cleaned under a water stream and ethanol and dried. Grading was based on the scale 

from A to F so that a BCT grade A refers to the best corrosion resistance category with the 

weight losses of 1.0 mg/cm2 or less, while a BCT grade F refers to a poor corrosion resistance 

category with the weight losses of 36 mg/cm2 or more. The grades B to E fall between these 

values. 
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The Highly Accelerated Stress Tests, HAST, were conducted using two different test devices. 

In Publication I, the tests were conducted with a specially designed and built device where the 

desired humidity was obtained manually by adding water into the chamber. The condensation 

of water on the specimens was avoided by introducing a cooled lid (to facilitate condensation 

onto the lid instead of the specimens). In Publications I, II, IV and V, the HAST tests were 

conducted with a commercial equipment Espec EHS-211, which is an automatically controlled 

corrosion test device. Here, the most significant difference as compared to the BCT tests was 

that the humidity was kept at 95% (instead of 100%) and the condensation of water on the 

surface of the specimen was avoided. The test durations of 96 and 240 hours were used.  

The immersion tests in water and NaCl solution were performed simply by immersing 

specimens in the electrolyte for a required duration. During the tests, the specimens were 

placed so that the large faces were in a vertical position, similarly to the BCT tests. 

The salt spray tests for the coated and uncoated magnets were performed according to the 

ISO 9227 standard [96] in a Liebisch Constasal salt spray chamber at 35°C with 5 wt.% NaCl. 

The tests were interrupted at predefined intervals to check the specimens; different exposure 

times ranging from 24 to 480 hours were used. The durations to failure were tracked and the 

specimens were removed when considered significantly damaged. 

Table 2. Corrosion exposure tests. 

Test name Temperature 
[°C] 

Prevailing water 
phase, relative 
humidity [%] 

Durations 
[hours] 

Publications 

85/85 85 Vapor, 85 96, 500, 1000  II, III 

BCT 120 Vapor, 100 96 III, VI 

HAST 130 Vapor, 95 96, 240 I, II, IV, V 

Immersion test 
(water) 

23 Liquid, 100 96 III 

Immersion test (3.5 
wt.% NaCl) 

23 Liquid, 100 168 II 

Salt spray test  (5 
wt.% NaCl) 

35 Vapor, liquid 24-480 II 

The testing of coated magnets included steps with mechanical and thermal deterioration prior 

to the corrosion exposure. The mechanical deterioration was performed by scratching the 

coatings with a sharp blade so that the substrate was exposed for a length of 10 mm. Thermal 

cycling was conducted in a thermal cycling chamber where the temperature was varied from -

40°C to +125°C with a ramp rate of 1.6 ºC/min and a soak time of 15 min according to standard 

JEDEC No 22-A104D [97]. The cycle was repeated 100 times giving the total test duration of 

400 hours. 
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3.2.2 Electrochemical measurements 

The electrochemical measurements were conducted with a computer-controlled Gamry 

Instruments potentiostat model G750 using a traditional three-electrode cell, which consisted 

of the specimen as a working electrode, a silver-silver chloride (Ag/AgCl, 3 M KCl, +0.197 V 

vs. standard hydrogen electrode) reference electrode, and a platinum counter electrode. 

Before conducting the potentiodynamic polarization or electrochemical impedance 

spectroscopy (EIS) measurements, the specimens were let to stabilize immersed in the 

electrolyte for 30 or 60 minutes. The open circuit potential (OCP) of the specimens was 

monitored during the stabilization period. In the potentiodynamic polarization measurements, 

the potential was varied from -500 mV to +500 mV vs. EOCP at a scan rate of 0.5 or 1.0 mV/s. 

In the EIS measurements, an alternating current (AC) voltage with an amplitude of 10 mV was 

applied over the frequency range from 100 kHz to 5 mHz. Gamry Echem Analyst and Gamry 

Instruments EIS300 software were used to analyze the polarization curves. The Tafel 

extrapolation method was utilized to determine the corrosion potentials and corrosion current 

densities from the polarization curves. Some of the EIS data curves were analyzed by fitting 

an appropriate equivalent electrical circuit model (describing the corroding magnet or coating), 

resulting in the determination of the electrical parameters related to the corrosion behavior. 

The electrolyte in which the electrochemical measurements were performed was 3.5 wt.% 

NaCl solution in Publications I, II and VI. In Publication II, the EIS measurements were 

performed as a function of the immersion time in the electrolyte, typically after 0, 2, 6, 24, 48, 

96 and 168 hours of immersion. In Publication III, the magnets were immersed in ion-

exchanged water and let to stabilize for one hour. The OCP measurements were performed 

during the stabilization period and then continued for 96 hours. The EIS measurements were 

carried out after the stabilization for one hour and again at the end of the 96 hours of immersion. 

All electrochemical measurements were carried out at room temperature (23±2°C) in naturally 

aerated and unstirred solutions. 

3.3 Material characterization 

Visual inspection and photographing of the samples were done after the corrosion tests. 

Notable corrosion damage was often detected visually. Especially the accelerated tests, such 

as HAST, introduced great differences between the test samples that could be detected by 

bare eye. 
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3.3.1 Microscopy and profilometry 

The Scanning Electron Microscopy (SEM) studies were performed using a Philips XL-30 

microscope equipped with an EDAX DX4 energy-dispersive X-ray spectrometer (EDS). 

Secondary electron (SE) imaging was used mainly to characterize the surface morphology and 

topography, whereas the back-scattered electron (BSE) mode was very useful for the 

observation of different phases and areas with different chemical composition. EDS spot and 

area analyses were conducted to identify the phases. Although the ability to detect light 

elements in Nd-Fe-B magnets, mainly boron and oxygen, is limited with EDS, the relative 

fractions of rare-earths and iron were used to identify the phases. EDS mapping in Publication 

IV was performed using a field emission gun (FEG) SEM, Zeiss ULTRAplus equipped with an 

EDS INCA Energy 350 micro-analysis system from Oxford Instruments.  

The as-received passivated surfaces and polished surfaces of the magnets were studied by 

SEM to reveal the microstructure. Some specimens were mounted in conductive resin or non-

conductive epoxy prior to grinding and polishing. Silicon carbide papers were used in the 

mechanical grinding followed by polishing with diamond products down to the size of 1 µm. 

Because the Nd-Fe-B magnets are known to corrode rapidly in the presence of water, rapid 

cleaning and drying immediately after each preparation step and the use of non-water based 

lubricants were preferred. 

The cross-sectional specimens normal to the pole face were examined in the connection of 

the studies of the interface between the magnet substrate and the coating [Publication II] and 

the sub-surface crack formation during HAST [Publication IV]. The corroded surfaces of the 

specimens after the corrosion exposures or electrochemical tests were in many cases 

examined with SEM. Prior to examination, the corroded specimens were cleaned gently in 

ethanol and dried carefully. Loose corrosion products were collected and studied separately 

by attaching them into SEM specimen tubs with conductive carbon tabs.    

A Wyko NT1100 optical profilometer with 2.5X objective and Vision software were used to 

measure the arithmetic mean surface roughness (Ra) values for the specimens with different 

surface finishes in Publication III. An optical profilometer Alicona Infinite Focus G5 was used 

for characterizing the surface profiles and heterogeneous corrosion on the pole faces after the 

HAST tests in Publication V. 

3.3.2 Contact angle analysis  

Contact angle analysis was used to characterize the morphology and wetting properties of 

differently finished (passivated, ground, polished) magnet surfaces in Publication III. A drop 

was dispensed onto a clean and dry magnet surface and an image of the drop was recorded. 
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The measurements were conducted using water droplets of 5 µl in volume, and the results are 

given as an average of five measurements.  

3.4 Measurement of losses in the magnetic flux 

In Publications IV and V, the magnet specimens were in a magnetized state during the 

corrosion exposures. Special attention was put in the planning of the flux measurement 

procedures with two test durations and multiple measurement points. Since the measurement 

procedures were not used before, observations on the specimens were made in each phase 

of the procedures in order to obtain as much information as possible.  

3.4.1 Stabilization heat treatment 

Magnetized specimens were used to measure the losses in the magnetic properties during the 

corrosion tests. In order to separate the time-dependent demagnetization, i.e., the thermal 

losses from the structural corrosion losses during the tests, all specimens were thermally 

stabilized. The stabilizing heat treatment, where the magnets are exposed to a temperature 

10°C higher than in the following static exposure was presented by Haavisto [83]. The 

treatment introduces initial polarization losses, but further temperature-induced losses are 

detected only after about 100 hours of static exposure. In this study it was ensured by a similar 

type of treatment that the magnets would not suffer losses due to temperature during the 10 

days in HAST (T=130°C). The practice was adapted by placing the magnets in a laboratory 

furnace heated to 150°C for one hour before exposing them to HAST. Afterwards the magnets 

were let to cool down to room temperature.  

3.4.2 Losses in the magnetic flux 

The corrosion induced magnetic flux losses were determined by measuring the total induction 

by the magnets placed in a Helmholtz (HH) coil (MS 150 by Magnet-Physik) before and after 

the corrosion tests. An integrated precision fluxmeter (Electronic fluxmeter EF5 by Magnet-

Physik) was used for the measurements. The average flux values of three parallel 

measurements are reported.  

The first flux values were measured immediately after the pulse magnetization (measurement 

point HH1) and the second ones (HH2) after the thermal stabilization.  The third measurements 

were done after the corrosion test were performed and the corrosion products were cleaned. 

In Test series 2 in Publication IV, the measurements after the corrosion test (HH3) were done 

first immediately after the corrosion exposure with the detached corrosion products still present 
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on the surface of the specimens due to the magnetic field, and then again after cleaning the 

corrosion products.   

In Publication IV, two test series were conducted, differing from each other in terms of the 

magnet grades used, the test duration, and the specimen holder. In the first test series, two 

magnet grades, IS and ICR, were tested. A total of seven IS magnets (5 magnetized and 2 

unmagnetized) and six ICR magnets (4 magnetized and 2 unmagnetized) were exposed to the 

HAST test. The test series followed the process described by the flow chart in Figure 3. Each 

specimen was placed in a glass beaker in the HAST chamber and the test was continued for 

96 h. In addition, magnetized reference samples (two of each grade in both reference 

atmospheres) were similarly kept in a laboratory furnace at 130°C and at room temperature (T 

= 22±2°C) for the same duration as in the corrosion tests, i.e., 96 h. In total, three HH-

measurement points were used, as shown in Figure 3. After the HAST test, removal of the 

corrosion products was performed using an adhesive tape, after which the magnets were 

weighed to determine the weight losses. The same was done to the magnets kept in the 

reference conditions. 

 

Figure 3. Test series 1 [Publication IV]. HH stands for a magnetic flux measurement point. 

In the second test series of Publication IV, a total of six HH-measurement points were used, 

as shown in Figure 4. All 14 tested IS magnets were in a magnetized state. The samples were 

positioned in pairs with an air gap between them. A polytetrafluoroethylene-coated net was 

used to maintain an air gap between the magnets positioned in pairs and, hence, a maximum 

contact area between the magnets and the surrounding humidity. The test was first interrupted 

at 96 h, and some of the magnets were removed from the test chamber for measurements. 

After the HH-measurement, the magnets were returned to the test chamber with the exception 

of two, which were further studied with SEM. Furthermore, some of the removed magnets were 

left untouched (corrosion products were not removed at 96 h) until the end of exposure for 240 

h, while the rest of the samples were cleaned of the corrosion products to see if there was an 

effect from removing the corrosion products on the corrosion behavior during further exposure. 
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At the end of the test period of 240 h, all magnets were subjected to the removal of the 

corrosion products. 

 

Figure 4. Test series 2 [Publication IV]. HH stands for a magnetic flux measurement point. 

In Publication V, magnetized IS grade magnets with two different geometries were HAST 

tested with an almost similar procedure as in Test series 2 in Publication IV. A total of eight 

specimens of both geometries was tested. Here, the flux and mass measurements were 

performed at both test durations (96 and 240 hours) immediately after the loose corroded 

powder formed during the test was removed.  

3.4.3 Demagnetization 

In order to characterize the magnets corroded in the magnetized state with SEM, the selected 

samples were thermally demagnetized. A laboratory furnace with an inert argon gas was used 

to avoid oxidation of the magnets during the thermal exposure. The magnets were heated up 

to 350°C [Publication V] or 400°C [Publication IV], both being above the Curie point of about  

310°C  of the Nd-Fe-B magnets [2].   
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4 RESULTS AND DISCUSSION 

This chapter summarizes the most important results obtained in this thesis work and presented 

in detail in the attached six publications. First, the aspects influencing the corrosion resistance 

of the magnets are analyzed through microstructural studies and the effects of these aspects 

on the corrosion test results are discussed. After that, the observations on the corrosion 

mechanisms distinguished in the magnets exposed to different conditions are reported. The 

last part concentrates on presenting the degradation of the magnetic properties as a function 

of time in the corrosion exposure, aiming at evaluating the amount of realized losses. 

4.1 Corrosion protection strategies and the microstructure 

A commonly used method for improving the corrosion resistance of magnets is alloying in order 

to make the magnet less prone to the selective corrosion of the GB phase, i.e., intergranular 

corrosion. A second approach is the use of protective coatings to separate the magnet from 

the corrosive environment. These two strategies are covered well in the literature, as shown in 

Chapter 1, and there is a variety of alloying elements and coating materials to efficiently 

improve the corrosion resistance of the magnets. Cobalt alloying is widely utilized in 

commercial grade magnets and it unquestionably improves the corrosion resistance, but the 

reasonable amount of alloying is not that clearly presented earlier. In this work, the interest is 

in the effective amount of cobalt alloying. The coating materials selected for this study are two 

types of commercial metallic coatings. This work comments the ability of these coatings to 

protect sintered Nd-Fe-B magnets as well as discusses how the metallic coating material may 

influence the corrosion of the magnet substrate. 

Cerium as a substituent alloying element was included in this work as it shows potential as a 

future economical magnet additive but no studies on its effects on the corrosion resistance of 

Nd-Fe-B magnets have been done before. 

Besides alloying and the use of coatings, this work reports a third means to influence the 

overall corrosion performance of uncoated magnets: the surface finish. In many cases, surface 

modifications may serve as part of the pretreatment process to improve the adhesion of 

coatings, but as the pretreatments found in the literature include introducing new chemical 

elements by conversion coatings, the effect of pure surface morphology has not been studied 

before. 

The aim of this Chapter is to present and discuss the effects that these corrosion protection 

strategies have on the behavior of the magnets. Instead of focusing on searching for the best 
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available alloying element, surface finish, or a coating material, the joint effect of the strategies 

and the importance of these means are discussed. This kind of comparison studies of different 

strategies are rare for the sintered Nd-Fe-B magnets. The magnet grades and coatings used 

in this study are all commercially available and therefore the aim is rather to understand the 

significance and role of the alloy composition, surface finish and use of coatings in the overall 

corrosion performance of a magnet component than to develop the most corrosion resistant 

magnet type or magnet-coating pair.  

4.1.1 Composition  

The chemical composition of the commercial magnet grades used in this study varied in terms 

of several elements from one grade to another. Therefore, the challenge was to understand 

which of the alloying elements had a role in the stability of the material, or whether there were 

differences in the microstructural features that could influence the corrosion resistance. Based 

on an earlier experience of the manufacturer, two main compositional variables of interest were 

selected, the cobalt content and the TRE content.  

The microstructure of all studied magnet grades was examined with SEM. BSE-SEM images 

revealed the contrast differences based on the distribution of elements between the main 

phases. Figure 5 a) shows an example of the magnet grade M4 with three different phases 

recognized. The highest volume fraction in the material, seen with a dark grey contrast in the 

BSE images and marked by (1) in Figure 5, consisted of the magnetically hard “matrix” phase 

Nd2Fe14B grains with a diameter of about 5-10 µm. These grains were surrounded by a phase 

seen with a clearly lighter contrast, the rare-earth-rich GB phase. The contrast difference 

between these two phases in the BSE images is due to the fact that the magnetic phase is rich 

in iron, while the phases located at the GB areas are rich in rare-earths with a higher atomic 

number. Furthermore, the GB areas contained areas seen with an essentially white contrast 

together with the areas with a light grey contrast (marked by (2) and (3) in Figure 5), implying 

some compositional difference and thus a probable presence of at least two separate phases. 

All magnets have some small degree of natural porosity, whereas some of the porosity seen 

with the black contrast may also originate from the sample preparation. Thus, in principle, the 

basic microstructure in each of the studied magnet grades is similar to this example case. 
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Figure 5. Microstructural study of magnet M4 with 0.9 wt.% Co-alloying, a) BSE-SEM image 

and EDS spectra of the phases seen in dark grey (1), light grey (2) and white (3) color, and b) 

EDS elemental maps [Publication I]. 

The phase composition and the location of the alloying elements could be studied by EDS 

analyses collected from individual spots and defined areas of the microstructure. The detection 

of light elements is limited with EDS so that boron can-not be quantified. Therefore, the main 

phases were identified based on the relative amounts of iron and neodymium. The EDS 

spectra for the characterized phases (1)–(3)  are shown in connection with the SEM image in 

Figure 5a, and the results from the EDS spot analyses of the grade M4 magnet in Table 3. The 

matrix phase (1) contained iron, neodymium, dysprosium, praseodymium, cerium and cobalt. 

Dysprosium additions modify the magnetic properties of the magnets, but the presence of 

praseodymium is mainly due to properties similar to those of neodymium and a cheaper price. 

In terms of corrosion behavior, the standard electrode potentials of these rare-earth elements 

are practically equal, and thereby the expected effect on the corrosion properties of the magnet 

is minor [72]. Overall, the composition of the matrix phase was uniform irrespective of the 

studied area, whereas the GB phase had a lot of variation in the composition locally. 

Furthermore, in the case of M4 in Figure 5, two separate GB phases are clearly seen as they 

differ in terms of the oxygen content, which was higher in the phase (2) seen in a light grey 

color than in the phase (3) seen in a white color. In this case, the light grey phase is presumably 

neodymium oxide. Generally, the GB phase (3) was rich in RE elements, but included evidently 
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oxygen, cobalt and iron as well. Comprehensive separation of the different GB phases is 

unfeasible, but the observations of the heterogeneous nature agree with the results of Mo et 

al. [11] and Shinba et al. [12]. The composition of the phases in all magnet grades were very 

similar and the amount of cobalt in each phase was proportional to the overall cobalt content 

of the magnet. In magnet grades M6 and M7, the Co-contents of the matrix phase and the 

white GB phase were 3.4 and 6.7 wt.%, respectively, their overall cobalt contents being 2.3 

and 2.4 wt.%. The cobalt contents of the white GB phase (3) was found to be higher than that 

of the matrix phase in each of the studied Co-alloyed magnet grades. Therefore, despite the 

challenges caused by the heterogeneous nature of the GB phases and the limited accuracy of 

EDS, it can be stated that cobalt is preferentially located in the GB phase(s). 

The distribution of elements in the magnets was determined by EDS elemental maps. The 

maps for M4 are provided in Figure 5b, with the distribution of iron, neodymium, oxygen and 

cobalt being presented. The maps showed clearly that iron was the main element in the matrix 

phase and neodymium was the major constituent in the phase seen with a white contrast. The 

oxygen content was the highest in the GB phase in the light grey areas, which is in agreement 

with the EDS spot analyses. Based on the maps, the distribution of cobalt was relatively even 

in the matrix and in the white GB phase.  

EDS maps showing the distribution of Ce and Nd in the Ce-alloyed magnet grade are shown 

in Figure 6. The maps revealed that cerium coexisted with neodymium in every phase but 

concentrated more in the GB phase than in the matrix grains, in agreement with the studies by 

Kablov et al. [98]. Again, the heterogeneous nature of the GB phase was evident, also in terms 

of the distribution of neodymium and cerium. Cerium was abundant in the areas of a continuous 

GB phase, i.e., in the thin sections between the matrix phase grains, whereas the occasional 

round areas in the triple junctions were mostly neodymium oxide. Although cerium is located 

in the GB areas, the stability of the GB phase is not considered to be improved similarly as 

with cobalt alloying since cerium is not known to form compounds with active neodymium. 

Table 3. Results of EDS spot analyses collected from the different phases in the grade M4 

magnet [Publication I]. 

  (1) Dark grey phase (2) Light grey phase (3) White phase 

  wt.% at.% wt.% at.% wt.% at.% 

Fe 69.1 84.6 9.1 11.2 16.5 28.2 

Nd 16.6 7.9 53.2 27.3 53.5 38.9 

Dy 7.7 3.3 11.2 5.2 2.1 1.3 

Pr 4.9 2.4 15.9 8.4 24 18.1 

TRE 29.2 13.5 80.4 40.9 79.6 58.3 

O - - 10.5 47.9 1.5 9.8 

Co 1.7 1.9 - - 2.4 3.7 
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Figure 6. SEM-SE, SEM-BSE images and EDS maps showing the distribution of Ce and Nd 

in the Ce-doped Nd-Fe-B magnet microstructure [Publication VI].  

Clear differences could be observed in the distribution and relative amount of phases between 

the magnet grades. Particularly the Ce-alloyed magnet differed from the other studied magnet 

grades (Figure 7). The GB phase in the Ce-alloyed magnets was very finely and uniformly 

distributed and the grains of the magnetic phase were therefore systematically separated. 

These findings are in agreement with the study of Huang et al. [31], which showed that the 

eutectic transformation temperature of a Ce-containing magnet is lower than that of the 

corresponding Nd-Fe-B magnet without cerium, resulting in better wetting characteristics and 

thickening of the RE-rich grain boundary phase. In the other tested magnet grades, most of 

the GB phase was usually concentrated in the triple junctions of the magnetic grains, i.e., they 

occurred as larger ‘reservoirs’, leaving the matrix grains less effectively separated than in the 

case of the Ce-alloyed magnet grade. 
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Figure 7. BSE-SEM images of a) Ce-alloyed magnet, b) SG reference and c) ICR reference 

magnets [Publication VI]. 

The effect of the differences in the composition between the magnet grades was evaluated 

using corrosion tests. In Publication I, HAST tests were conducted using two different test 

devices and seven as-received magnets, M1-M7 including magnets with cobalt contents of 0, 

0.9, 2.3 and 2.4 wt.%. The average weight losses per area of the specimens were determined 

for all studied magnet grades. Although the absolute weight loss values differed significantly 

between the tests, with both tests devices the magnet grade M1 experienced the greatest 

weight losses (5.5 mg/cm2 in HAST1 and 169 mg/cm2 in HAST2). The tests showed the lowest 

weight losses for the magnet grades M5 and M7, 0.4 mg/cm2 in HAST1 and 0 mg/cm2 in 

HAST2 for both grades, indicating the best corrosion resistance. The weight losses for the 

magnet grades M4 and M6 amounted to 0.5 mg/cm2 in HAST1 and 0.8 and 2.3 mg/cm2 in 

HAST2. 
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The HAST tests included two magnet grades, M4 and M5 with 0.9 wt.% of cobalt and two 

grades with significantly higher amounts, M6 2.3 wt.% and M7 2.4 wt.% of cobalt. It is evident 

that Co-alloying lowers the weight loss of a magnet exposed to HAST. However, all cobalt 

containing magnets resulted in relatively equal weight losses so that no trend of ever-lowering 

losses with increasing amount of cobalt could be observed. Thereby, the exact amount of Co-

addition, 0.9 or 2.3-2.4 wt.%, did not have a clear impact on the magnet weight losses, 

indicating that 0.9 wt.% may be a “sufficient” amount of added cobalt. This finding disagrees 

to some degree with the earlier observations by Fernengel et al. [82], where the cobalt content 

linearly correlated with the mass losses in HAST. It is assumed that information of the location 

and distribution of cobalt in the magnet would be needed for further understanding of the 

reason for the disagreement of the results. 

The milder heat-humidity exposure in the 85/85 test, however, did not reveal any differences 

between the corrosion rates of the studied alloys. The corrosion performance of all three tested 

magnet grades, SG, IS and ICR, was practically the same in the 85/85 test [Publication III]. In 

the case of immersion in water [Publication III], the dissimilarities in the extent of the corrosion 

damage between the magnet grades were, similarly, relatively small and could not be attributed 

to the cobalt alloying or other compositional features. In the BCT tests, the magnets with Co-

alloying resulted in the lowest weight losses [Publications III and VI], indicating improved 

stability of the Co-alloyed magnets in the BCT conditions, i.e., in the presence of pressurized 

saturated water vapor.  

In the electrochemical measurements, the ICR magnet with the cobalt content of 2.5 wt.% 

showed the highest open circuit potential (OCP) among the studied magnet grades during the 

first half hour of immersion, but as the system stabilized, the OCP values of all magnet grades 

were similar [Publication III]. The EIS measurements performed for the magnets immersed in 

water revealed slight differences in the behavior between different magnet grades. In the 

electrochemical measurements performed in a NaCl solution, the magnets without cobalt 

additions had systematically lower corrosion potentials than those with the cobalt alloying 

[Publication I], implying that the cobalt-free grades were more active. 

In the study of coated magnets in Publication II, an evident difference in the behavior between 

the specimens involving different substrate magnet grades was observed. The effect was 

significant in the immersion tests using nickel-coated magnets that were scratched prior to the 

exposure, as well as in the HAST tests. This finding is probably related to the Co alloying and 

will be explained in more detail in Chapter 4.1.3. 

In Figure 8, the magnet grades M1-M7 are arranged in the order of decreasing corrosion 

resistance summarizing the effects of TRE and Co-contents. The rating is based on the 

parameters determined through polarization measurements and weight losses obtained in the 
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HAST tests. The magnet grades were sorted by the electrochemical values so that high Ecorr 

and low icorr indicated good corrosion resistance as did naturally low weight losses in the HAST 

tests. The columns in Figure 8 represent the amounts of TRE and Co in the magnets. Hence, 

the magnets with the best corrosion resistance were characterized by the highest or moderate 

cobalt alloying levels plus a low TRE content. The greatest weight losses in the HAST tests 

were experienced by the magnets with high TRE contents and no cobalt alloying. In turn, the 

poorest corrosion resistance was connected to the absence of cobalt alloying and a high 

overall TRE level. During the 96 hour HAST test in Publication IV, there were no measurable 

mass losses in any of the tested ICR magnets.  

 

Figure 8. Magnet grades M1-M7 and their TRE and cobalt contents in the order of increasing 
corrosion tendency (based on the combined results from polarization measurements and 
HAST tests) [Publication I].  

The Bulk Corrosion Test following the ASTM standard test method for permanent magnets 

was performed in order to accelerate the corrosion process with pressurized water vapor 

[Publication VI]. The average weight losses measured for the Ce-alloyed, SG and ICR magnets 

are presented in Table 4 together with the corresponding BCT grading (A-F) according to the 

ASTM standard. The magnitude of the weight losses fell in all cases in the BCT grade B 

category, which corresponds to specific weight losses from 1.1 to 3.9 mg/cm2. The standard 

grading was the same for all three magnet grades, yet the Ce-alloyed magnets underwent 

slightly more weight losses than the two types of reference magnets.  
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Table 4. Weight losses for the three magnet grades in the BCT test. The BCT grading is done 

according to the ASTM standard using the scale A-F, where A is the most corrosion resistant 
alloy [Publication VI]. 

Specimen Weight loss [mg/cm2] BCT grade 

Ce-alloyed 3.8 B 

SG 2.6 B 
ICR 2.3 B 

 

4.1.2 Surface finish 

The initiation of corrosion is dependent on the behavior of the surface layer of the magnet, the 

area where the magnet is in contact with the surrounding atmosphere. The alloy composition 

influences the chemical nature of the surface layer, but also secondary factors, such as the 

surface roughness, may contribute to the corrosion rate of the magnet [Publication III]. 

Additional studies on the relationship between surface modifications and corrosion 

performance of Nd-Fe-B magnets were performed and published in the conference 

proceedings of EUROCORR [99]. In that study, four surface finishes of magnet grades M2 and 

M7 were compared in terms of corrosion resistance. The surfaces were either passivated, 

ground, polished or sandblasted. SEM-BSE images for the type M1 magnet with the four 

different surface finishes are presented in Figure 9. The corresponding images for the M7 

magnets are not presented, as the differences in the chemical composition between the 

magnets did not result in any differences in the surface morphology.  
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Figure 9. SEM-BSE images of M2 with a) passivated, b) ground, c) sand blasted and d) 

polished surface finish [99]. 

In the passivated magnet (Figure 9a), the grains of the matrix phase were slightly deformed by 

the preceding glass-bead blasting process, but in most areas separate matrix phase grains 

and GB phase could be observed. In some areas of the surface, the phases present were 

difficult to distinguish due to the surface deformation and roughness. The passivation treatment, 

including the glass-bead blasting and the following phosphate solution treatment, did not result 

in a phosphate layer detectable by SEM, but in the visual inspection the color of the surface 

was matt grey, while the other surface types where quite bright in color. This observation is 

consistent with the results by Martins et al. [7], who could not detect the corrosion hindering 

phosphate layer on the sintered Nd-Fe-B magnets by SEM but saw the color change with 

naked eye. The surface of the ground magnet (Figure 9b) was evidently smoother than that of 

the passivated magnet, but scratches from the grinding were evident. The morphology of the 

sand blasted magnet (Figure 9c) was quite similar to that of the passivated magnet, but the 

matrix grains were more flattened, indicating stronger forces of the mechanical bombarding. 

Also the contours between the phases were difficult to detect. The surface morphology of the 

polished magnet (Figure 9d) was very smooth and the relative amount of different phases 

corresponded to that in the bulk material. In applications, the polished surface is probably the 

most unlikely case of the studied surfaces, since the preparation of such smooth surface is 

laborious and thereby uneconomical. Additionally, if the magnets are, for example, glued, the 

adhesion properties are most likely better with rougher surfaces than with smooth ones.   
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The morphology of the studied surfaces was characterized also by using optical profilometry. 

3D images showing the surface topographies together with the measured average arithmetic 

mean surface roughness, Ra, values are provided in Figure 10. The passivated and ground 

surfaces had the most similar surface roughness values, 870 nm and 430 nm, respectively. 

The sand blasted surface had the highest surface roughness value, 2.5 µm, which is almost 

three times that of the passivated magnet. The polished surface was the smoothest with the 

surface roughness of 125 nm. The roughness of the surface may contribute to the wetting 

behavior [100]: in the case of condensation of water, the wetting behavior may have an effect 

on the corrosion performance of the magnet. 

 

Figure 10. Arithmetic mean surface roughness (Ra) values and surface morphology 3D 

images of a) phosphated (i.e., passivated), b) ground, c) sand blasted and d) polished 
magnet surface [99]. 

An additional HAST test was performed in the study published in EUROCORR proceedings 

[99], where the focus was placed on comparing the changes in the surface morphology of the 

magnets, which are essentially connected to the prevailing corrosion mechanisms. 

Photographs of the magnets after the HAST test for 96 hours are shown in Figure 11. Again, 

the improved corrosion resistance of the magnet grade M2 alloyed with cobalt is evident. In 

visual inspection, all grade M2 magnets (Figure 11 a-d) were pulverized to some degree, 

whereas the surfaces of M7 magnets (Figure 11 e-h) did not contain any loose corrosion 

products. Both polished surfaces showed a slight violet tint, which may refer to the formation 

of an iron-oxide layer. Overall, the corrosion products on the M2 magnets were black in color 

and relatively loosely attached to the surface. However, small amounts of red rust were 

detected on the surfaces of the passivated and ground M7 grade magnet. The formation of red 

rust refers to the general corrosion of the iron-rich matrix phase [101]. Red rust was probably 
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formed also on the M2 grade magnets as a result of general corrosion, but in very low amounts. 

Therefore, pulverization by intergranular corrosion clearly dominated the corrosion process of 

the M2 grade magnet. 

As the two magnet grades were tested in the same test set, it was evident that the cobalt 

alloying was the primary factor affecting the corrosion performance, but also the surface 

topography had a corrosion hindering role seen in the M2 samples. As may be detected in Fig. 

11, the ground surface contained least corrosion products of the studied surfaces. 

 
Figure 11. Photographs of magnets exposed to HAST for 96 hours with different surface 

finishing; a) phosphated (i.e., passivated) M2, b) ground M2, c) sand-blasted M2, d) polished 
M2, e) phosphated M7, f) ground M7, g) sand-blasted M7 and h) polished M7 magnet 
surface [99].  

Roughness may act as a corrosion hindering feature, because the condensed droplets will wet 

the surface less [Publication III]. Therefore, interaction between a water droplet, which may 

originate for example from the condensed humidity, and the magnet surface was studied in 

Publication III for three types of surface finishes. Figure 12 from [Publication III] shows 

photographs of the specimens with three different surface finishes: passivated, ground and 

ground and polished after the 85/85 test together with the measured values of the surface 

roughness and the contact angles measured prior to testing. The wetting behavior examined 

by the contact angle analysis showed that the wetting was greatest in the case of the polished 

surface (contact angle 50.7°, Ra 125 nm), explaining partly also the formation of the well-

adhered corrosion product layer on the surface of the polished magnet (Figure 12c) during the 

heat-humidity test. In turn, in the case of the ground surface (Ra 430 nm), the extent of 

corrosion was the lowest, as evaluated visually, and the contact angle was the highest (59.2). 

These results demonstrate that although the wetting is not linearly connected to the roughness 
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of the surface (as the roughest surface had the middlemost contact angle) the surface 

roughness clearly has some role in the wetting behavior. 

 

Figure 12. Photographs showing M1 (SG) magnets after the 85/85 tests together with the 

measured surface roughness values and contact angles: magnet with passivated (a), ground 
(b), and polished (c) surface [Publication III]. 

Both the harsh HAST test and the milder 85/85 heat-humidity test showed differences between 

the same magnet material with a different surface finish. In HAST, cobalt alloying was the 

primary factor affecting the corrosion performance, but also the optimized surface topography 

had a corrosion hindering role.  

The passivation treatment used by the magnet manufacturer, including glass-bead blasting 

and phosphate solution immersion, did not provide the magnets with an efficient corrosion 

protection in, e.g., HAST. However, the treatment may provide protection for the surface in dry 

conditions and as such act as a corrosion protection method for example during transport or 

before installation, i.e., in very mild corrosion environments [102].  

4.1.3 Coatings 

Two electrochemically deposited metallic coatings were investigated in this work with respect 

to their corrosion protection properties for two substrate magnets, M1 and M8. Cross-sectional 

SEM images of the nickel-coated and tin-coated M1 magnets are shown in Figure 13. The 

nickel coatings had a layered structure, whereas the tin coatings featured a columnar cross-

sectional morphology. Sub-surface cracks were detected in the fractured nickel-coated 

magnets in the near-surface regions. The cracks originated most likely from the hydrogen 

generation and the resulting magnet embrittlement during the plating process in the acidic bath. 

Similar challenges in the case of nickel-coated magnets were previously reported by Heng Xiu 
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et al. [103]. Also the mechanical properties of the coating, particularly ductility and hardness, 

may affect the crack propagation and fracturing behavior of the magnet. 

 

Figure 13. Cross-sectional SEM SE images of nickel (a) and tin (b) coated M1 grade Nd-Fe-

B magnets [modified from Publication II]. 

As the coatings were applied on two magnet grades, M1 (Ref-A) and M8 (Ref-B), the possible 

role of two different substrate materials on the corrosion behavior was also investigated. The 

coated magnets were exposed to salt spray tests, 85/85 heat-humidity tests, and HAST tests. 

In addition, scratched specimens were immersed in a 3.5 wt.% NaCl solution for one week. A 

summary of the observations of the corrosion performance of the coated magnets in the tests 

is presented in Table 5.  

The corrosion mechanisms between the tests varied greatly. The salt spray tests corroded the 

uncoated reference magnets so heavily that they were considered to have failed the test 

already after 24 hours. The surfaces were covered by a layer of red rust. The principal 

corrosion mechanism of the coated magnets was pitting. The corrosion resistance was directly 

related to the quality of the coating, because some of the specimens were retained intact during 

the tests, whereas some parallel specimens with poorer quality, e.g., those with pores and 

pinholes, contained several corrosion pits during the first days of exposure. When the test was 

prolonged to 480 hours, the corrosion pits had reached the substrate and thus the difference 

in the behavior between the magnet grades became evident. Both magnet grades were anodic 

compared to the metallic coatings, but as the grade Ref-A (M1) was less noble than Ref-B 

(M8), it formed a stronger galvanic pair with the coatings leading to higher corrosion rates.  

To further simulate the stresses that the magnets may encounter in the applications, the 

resistance of the coated magnets to alternating elevated and low-temperature extremes was 

tested using thermal cycling tests. The nickel coating stayed intact, whereas in the tin coating 

small nodules and cracks were detected in the outermost parts of the coating layer after 100 

cycles. Two replicas of grade M1 magnets with tin and nickel coatings that were first exposed 
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to thermal cycling were tested in the salt spray chamber for 96 hours. As stated earlier, the 

nickel coatings stayed intact in the thermal cycling, and therefore their behavior in the 96 hour 

salt spray tests did not differ from that of non-cycled specimens. In the tin-coated magnets, in 

turn, the observed changes in the microstructure resulted in poorer corrosion resistance than 

for the non-cycled specimens. Large areas of the coatings flaked and delaminated during the 

corrosion tests of the tin-coated magnets that had undergone thermal cycling.  

The 85/85 heat-humidity test introduced a mild heat-humidity exposure for a relatively long 

exposure time. Both nicked-coated specimens were retained intact for the standard test 

duration of 500 hours. The tin-coated magnets with the M1 grade substrate underwent 

deterioration due to corrosion of the substrate. In addition, the color of the coatings turned from 

bright silvery to essentially golden with the increase of the test duration from 500 to 1000 hours.  

The HAST tests revealed the intergranular corrosion tendency of the specimens and 

particularly the improvement in the corrosion resistance by the cobalt addition in the magnet 

grade M8 (Ref-B). The degree of pulverization and the corrosion damage depend both on the 

substrate and the coating material, as seen in Figure 14. In the presence of defects or pinholes 

in the coatings, the corrosion of the substrate magnet was drastically accelerated, particularly 

as the metallic coatings are cathodic to the magnets. The corrosion products that formed on 

the nickel- and tin-coated magnets were mainly corrosion products of the substrate. 

 

Figure 14. Uncoated magnets (a) M1 (Ref-A), (b) M8 (Ref-B), nickel-coated (c) Ni-A, (d) Ni-

B, and tin-coated (e) Sn-A and (f) Sn-B after 10 days in HAST [Publication II]. 
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Compared to the tin coatings, the nickel coatings provided a good protection for the Nd-Fe-B 

magnets against corrosion in the 85/85 and HAST tests. However, once corrosion was initiated, 

the strong galvanic coupling between the nickel coating and the magnet (Figure 15) and the 

loss of adhesion resulted in rapid peeling off of the coating.  

The aim of immersing scratched specimens in a NaCl solution was to evaluate how the 

presence of coating defects, such as scratches, influences the corrosion damage and peeling 

off of the coating. The uncoated magnet corroded slightly by the formation of red rust, which 

did not form deep cavities, but only the outermost layer of the magnet was partly corroded. 

The scratches in the metallic coatings exposing the substrate and forming galvanic cells 

accelerated the corrosion of the magnet. Therefore, grade M1 (Ref-A) substrates were 

corroded to a greater extent than the grade M8 (Ref-B). The delamination around the scratch 

was less severe in the tin-coated magnets than in their nickel-coated counterparts. The most 

significant outcomes of the immersion tests were the following: In addition to the strength of 

the galvanic pairs (difference in Ecorr) and the chemistry of the corrosion products, in the case 

of scratched coatings the loss of adhesion of the coating has an evident role in the corrosion 

resistance. Also, the total material losses of the uncoated reference magnets were actually 

less than those of the coated and scratched magnets due to the formation of new galvanic 

pairs between the coating and the substrate and, thus, acceleration of the corrosion reactions. 

Table 5. General observations after the corrosion tests of uncoated (Ref-A and Ref-B), nickel 

coated (Ni-A and Ni-B) and tin coated (Sn-A and Sn-B) Nd-Fe-B magnets [Publication II]. 

Name Salt spray 
96 h 

85/85 test  
500 h 

HAST  
10 days 

Immersion of scratched 
specimens 168 h  
(3.5 wt.% NaCl) 

Ref-A Red rust Some red rust Heavy 
pulverization 

Some red rust 

Ref-B Red rust Some red rust Slight 
pulverization 

Some red rust 

Ni-A Pits evolved Intact Some 
detachment and 
pulverization 

Detachment of a large area of 
the coating 

Ni-B Pits evolved Intact Intact Detachment of the coating 
near the scratch 

Sn-A Pits evolved Heavily 
deteriorated 
coating, 
pulverization  

Detachment of 
the coating, 
heavy 
pulverization 

Detachment of the coating  
near the scratch 

Sn-B Pits evolved Color change Intact Detachment of the coating  
near the scratch 
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The polarization behavior of the coated magnets and uncoated reference magnets were 

measured in a 3.5 wt.% NaCl solution. The behavior of the coated magnet was independent 

of the substrate.  In Figure 15, typical polarization curves for all four cases are presented. Both 

of the coatings exhibited higher corrosion potentials than the uncoated magnets. The values 

for the corrosion potential and the corrosion current density shown in Table 6 were obtained 

by the Tafel extrapolation method. These results confirm that the coatings were more noble 

than the magnets. 

 

Figure 15. Polarization curves for the nickel and tin coatings on Nd–Fe–B magnets and for 

the bare substrates in a 3.5 wt.% NaCl solution [Publication II].  

Table 6. Values for corrosion potential, Ecorr, and corrosion current density, icorr, of the 

magnets and coatings [Publication II]. 

 Ecorr [mV] icorr [µA/cm2] 

M1, Ref-A -996 12.02 

M8, Ref-B -875 1.24 

Ni-coatings -355 2.72 

Sn-coatings -443 1.65 
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To summarize the protection provided by the two metallic coatings for the sintered Nd-Fe-B 

magnets, nickel provided an overall higher corrosion protection for the sintered Nd-Fe-B 

magnets than the tin coatings. Both coating types were cathodic to the Nd-Fe-B magnets but, 

in addition, the tin coatings were sensitive to thermal stresses [Publication II]. In the presence 

of NaCl, i.e., a conducting electrolyte, a galvanic pair was created between the magnet and 

the coating.  

4.1.4 Summary of the corrosion protection  

Chapter 4.1 presented several methods to protect sintered Nd-Fe-B magnets from corrosion 

in different environments. In the case of uncoated magnets exposed to a corrosive environment, 

the composition of the magnet has a significant role in the corrosion performance of the magnet. 

In the presence of salts or pressurized water vapor, cobalt additions evidently increase the 

corrosion resistance by stabilization of the GB phase. In mild heat-humidity environments, the 

uncoated magnets may benefit from a ground surface finish so that the initiation of corrosion 

on the surface of the magnet is hindered. 

In the case of coated magnets, the principal factor influencing the corrosion performance is the 

quality of the coating. With dense and defect-free coatings, sintered Nd-Fe-B magnets may 

tolerate very corrosive environments. In the case of coating failure or a defect, the properties 

of the substrate magnet material dominate. Figure 16 summarizes the findings for the corrosion 

protection strategies for sintered Nd-Fe-B magnets. 

 

Figure 16. Corrosion protection strategies summarized for uncoated and coated Nd-Fe-B 

magnets.  
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4.2 Corrosion mechanisms and rates 

Microstructural characterization of the corroded specimens aims to increase the understanding 

of the corrosion mechanisms and reactions. Characterization of the microstructures of the 

magnets was performed before and after the corrosion exposures. The comparison enabled 

to detect the degree and nature of the corrosion damage and thus to define the corrosion 

mechanisms, e.g., which of the phases corrodes and how the corrosion attack is distributed 

on the surface. This chapter summarizes the findings on the corrosion mechanisms during the 

heat-humidity exposures and the corrosion behavior of the magnets when immersed in liquid 

electrolytes. 

4.2.1 Different mechanisms observed under heat-humidity exposure  

The corrosion mechanisms were traced by inspecting the corroded surfaces after different 

corrosion tests. The mild heat-humidity exposure in the 85/85 test introduced general corrosion 

in all tested Nd-Fe-B magnets. The amount of corrosion was not dependent on the alloying 

elements, with negligible differences between the studied magnet grades being detected. In 

the case of the 85/85 test and the standard grade magnet M1, a part of the surface was evenly 

corroded and no preferential dissolution of any of the phases was observed. Here, the 

dominant corrosion mechanism was general corrosion. However, detailed SEM examination 

(Figure 17) disclosed the corrosion damage to occur in three ways or stages. First, the 

Nd2Fe14B grains are protruding from the surface, probably due to the volume expansion of the 

surrounding GB phase (area marked by 1 in Figure 17a). This may be because of, e.g., 

formation of hydroxides (Equation 1).  The second damage mechanism is an even dissolution 

of the surface without any particular phase being primarily attacked (area indicated by 2 in 

Figure 17a), i.e., the general corrosion mentioned above. Third, shallow (depth equal to 

multiple grain sizes) corrosion craters are formed due to the detachment of several grains (area 

3 in Figure 17a). The damage in the first and third steps refers to the corrosion of the GB phase, 

which causes the disintegration of the Nd2Fe14B grains, i.e., pulverization of the magnet. The 

damage caused by the second mechanism results from a uniform electrochemical dissolution 

reaction of the Nd2Fe14B phase in the test environment (general corrosion of the matrix phase 

in some areas of the surface). A BSE image of the same examined area is provided in Figure 

17b, where the contrast between the different phases of the magnet is evident, i.e., white for 

the GB phase, grey for the matrix, and black for the traces of the corrosion products. 
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Figure 17. SEM SE (a) and BSE (b) images of the corroded surface of grade M1 magnet. 

After the 85/85 corrosion test for 96 h, three different types of morphological changes were 
observed, as marked in image (a) [Publication III]. 

The BCT and HAST tests were the most aggressive corrosion environments as they made use 

of pressurized water vapor. The lower relative humidity, RH 95 %, in HAST enables exposure 

to pure pressurized water vapor, whereas condensation is unavoidable in the BCT test with 

RH 100%. Indeed, the specimens characterized after the BCT tests showed a mixture of two 

corrosion mechanisms with most of the area of the magnet surface having undergone general 

corrosion in the form of formation of red rust, while some other areas had experienced a 

preferential dissolution of the GB phase (Figure 18). The HAST tests, in turn, introduced pure 

preferential dissolution of the GB phase and therefore revealed the most significant differences 

between the magnet grades with different chemical compositions. Indeed, the results indicate 

primarily the stability of the GB phase, which is generally directly related to the cobalt alloying. 

If cobalt was used as an additive only for improving the corrosion resistance of the magnets, 

more attention should be paid on targeting the cobalt into the GB phase. Based on these 

results, the presence of cobalt in the Nd2Fe14B phase does not significantly affect the corrosion 

behavior of the magnet. However, cobalt alloying is not done only for the improved corrosion 

resistance but also to improve the temperature coefficient of remanence, i.e., the thermal 

stability of the magnets [104]. 
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Figure 18. SEM SE a) and BSE b) images of the corroded surface of a grade M1 magnet 
after the BCT test for 96 h, c, d) after the HAST test for 240 hours. Pulverized (1) and 
undamaged or slightly corroded (2) areas detected in BCT tested magnets are marked in 
image a) [Unpublished]. 

The case of mixed corrosion mechanisms in the BCT tests was further studied by analyzing 

the surface and the corrosion products formed on a M1 magnet. The corrosion products were 

gently collected and visually categorized as black or red. In the SEM studies, two different 

areas were recognized: a pulverized area (Figure 19a) in the case of black corrosion products 

and an area where the surface was partially dissolved (Figure 19b) and contained red corrosion 

products (red rust). SEM images showing the morphologies and the formed corrosion products 

are presented in Figures 19 a-d. The elemental EDS analysis revealed that the black powder 

(Figure 19c) constituted mainly of the magnetic Nd2Fe14B grains, both as large agglomerates 

and individual grains. In the former case, small amounts of the GB phase (seen white in the 

BSE-image) were naturally present between the matrix grains. The black corrosion product 

was a result of the pulverization process, as the grains were intact. The HAST tests in 

Publication V resulted in an identical corrosion product. The particles seen in the red rust 

sample had a spherical or equiaxed shape (Figure 19d), and based on the EDS spot analyses, 

they consisted mainly of iron and oxygen. The composition refers to iron oxides and/or 
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hydroxides, e.g., typical red rust similar to that of atmospheric corrosion of iron [105]. However, 

the composition was very heterogeneous and therefore the exact composition could not be 

identified based on EDS. 

 

Figure 19. SEM BSE images of corroded magnets after the BCT test. Images of (a) pulverized 
area, (b) area with general corrosion as well as (c) red corrosion product and (d) black 
corrosion product collected from the SG grade specimens [Publication III – modified and 
corrected version].  

4.2.2 Immersion 

Immersion of the magnets in pure water introduced a corrosion morphology which, to the best 

of our knowledge, has not been reported before: locally the GB phase was retained intact, 

while the Nd2Fe14B phase underwent dissolution. During the immersion test, the surfaces of 

the magnet, independently of the magnet grade, were covered by a layer of red corrosion 

products that was rinsed away when cleaning the specimens. Photographs of the magnet 

grade M3 immersed in water for 24 and 96 hours, and after a 96-hour test and removal of the 
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corrosion products, are shown in Figure 20. The polished mirror-like surface was partly intact, 

but the areas seen in black in the cleaned specimen (Figure 20c) disclosed a new type of 

corrosion morphology when examined with SEM. The behavior was observed with all three 

tested magnet grades, i.e., M1, M3 and M7. 

 

Figure 20. Photographs showing a polished immersion test specimen M3 and the formed 

corrosion product layer after (a) 24 h and (b) 96 h of immersion and (c) after cleaning the 
corrosion products from the specimen shown in b) [Publication III]. 

As in other exposures, an iron-rich corrosion product was formed on the magnet surfaces. 

Evidently the iron-rich Nd2Fe14B phase had undergone oxidation in such areas. However, the 

Nd-rich GB phase did not dissolve or undergo any attack, as seen in the collection of SEM 

images in Figure 21. The GB phase formed a net-like structure protruding from the surface of 

each tested magnet. The GB areas were relatively thin to be accurately analyzed by EDS, but 

after numerous measurements their composition was disclosed to include 30–40 at.% oxygen 

the rest, i.e., 60–70 at.%, being neodymium or other rare-earth elements, which is a similar 

composition as in the as-received magnets. Water oxidized the Nd2Fe14B grains, leaving the 

grain boundaries intact. An explanation for this could be a change in the electrochemical 

potentials of the phases by the change in the pH value, as predicted by the Pourbaix diagram 

[106]. Under immersion, the Nd-rich phases in the GB areas become cathodes and the nearby 

areas of the Nd2Fe14B grains anodes. An earlier polarization study by Sueptitz et al. [107] 

showed that during the initial stages of immersion in distilled water, the pH level rises in front 

of the magnet surface and a temporary protective hydroxide layer is formed. In their study, the 

anodic polarization broke down the protective effect but here, as immersion was continued for 

96 hours, the black areas could have been protected by such hydroxide film. The reason for 

the pH change near the surface could arise from the dissolution of Fe2+, and as the surrounding 

water is stagnant, it stays near the magnet surface attracting negative charges. This theory is 

supported by additional tests, where such areas with preferential leaching of the matrix phase 

were not observed in stirred water.  
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Figure 21. SEM images showing the morphology of the black areas on the surface of a 
magnet cleaned from the corrosion products after immersion for 96 hours in water. Both SE 
and BSE images of the same spot for grade M1 (a,b), M3 (c,d) and M7 (e,f) magnets are 
shown [Publication III]. 

The behavior of the magnets immersed in pure water was further studied through the open 

circuit potential records. Figure 22 shows the development of the OCP values during the first 

hour (Figure 22a) and the whole immersion period of 96 hours (Figure 22b). The OCP values 



 

 

51 

 

for all three magnet grades, M1, M3 and M7 (SG, IS and ICR), reached a steady-state value 

at the end of the 1 h stabilization period. Immediately after immersion in water, the open circuit 

potential of the M7 magnet was somewhat higher than the corresponding values for the M1 

and M3 magnets, but it slightly decreased towards the end of the first hour of immersion, 

reaching the value of –435 mV after one hour. In the beginning of the immersion test, the OCP 

values for the M1 and M3 magnets first had a slightly decreasing trend, after which the OCP 

values rose again reaching the values of –416 mV for M1 and –560 mV for M3 at the end of 

the first hour. Based on these curves, evidence for the beneficial effect of cobalt alloying cannot 

be found.  

During the 96 hours of immersion, all magnet grades showed fluctuations in the OCP value, 

but at the end of the measurement, the OCP levels of all magnet grades were within the range 

of 100 mV. The initial differences in the overall OCP level of the three magnets leveled off 

during the test period, referring to a relatively similar behavior and nature of the exposed 

surfaces after 96 h. It is assumed that most of the OCP fluctuations are related to the 

occurrence of corrosion, such as the build-up of corrosion products. As seen in Figure 20b, the 

corrosion product formation during 96 hours of immersion in water is evident. The fluctuations 

in OCP were somewhat fewer in the case of the M7 (ICR) magnet than in the case of the other 

two magnet grades, although measurable or visual differences in the corrosion product 

formation were not detected. This is supported by the SEM studies shown in Figure 21, where 

the corrosion behavior was similar independently of the magnet grade. 

 

Figure 22. Open circuit potential records for magnet grades SG (M1), IS (M3) and ICR (M7) 

during a) the period of 1 h and b) 96 hours of immersion in water [Modified from Publication 

III]. 

The corrosion behavior of the magnets immersed in saline electrolyte was studied with 

polarization measurements and EIS [Publications I, II, III and VI]. The polarization curves were 
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Tafel extrapolated to deduce the values for the corrosion potential and the corrosion current 

density corresponding to the corrosion tendency and rate of each magnet grade. 

The polarization measurements were performed for all magnet grades M1-M9. General 

observations common for all measurements can be summarized so that passivation of the 

magnets was not observed within the studied potential range. The magnets exhibited typical 

hydrogen evolution type polarization curves in the cathodic region, while the anodic sides were 

controlled by active dissolution. Typical polarization curves for M1, M7 and M9 are presented 

in Figure 23. Substitution of neodymium with cerium was not found to influence the 

electrochemical behavior significantly. 

 

Figure 23. Potentiodynamic polarization curves for the grade M9 (Ce-alloyed), M1 (SG) and 

M7(ICR) magnets in NaCl solution. Potential values were determined with a Ag/AgCl 
reference electrode (Eref) [Publication VI].  

The corrosion potentials in the NaCl solution varied from -1010 to -790 mV so that the lowest 

values were measured for the magnet grades without cobalt alloying and the highest for the 

grade with the highest cobalt contents. The corrosion potential increase by the cobalt addition 

has been earlier reported by Sunada et al. [108]. The corrosion current densities deduced for 

the magnets varied from 1 to 61 µA/cm2. There was no direct correlation between the corrosion 

current density and any specific alloying element content, but the lowest current densities 

(implying lowest corrosion rate) were obtained for the cobalt-containing magnets and the 

highest values for those without cobalt. Some of the tested cobalt-alloyed magnets had a 

complex anodic branch in the polarization curve with several noses being detected. The 



 

 

53 

 

observed current peaks may indicate a temporary formation of a protective surface film or 

correspond to the presence of several corrosion reactions, most probably related to the 

different phases present in the microstructure.   

The EIS measurements did not give simple answers concerning the corrosion resistance, 

especially the differences between the magnet grades. Compared to the polarization 

measurements, the test conditions of EIS are less aggressive due to the nearly open circuit 

conditions. According to the EIS studies performed on magnet grades M1-M7 in Publication I, 

the Nd-Fe-B magnets had several surface phenomena occurring during corrosion. 

Considerable variations between the replicate measurements in EIS were observed, which 

may be due to the reactive nature of the GB phase that affects the very small signals measured 

in the technique. It has been shown that the Nd-rich phase oxidizes even at room temperature 

[34], and it is most likely that this process is active during immersion, too. 

In Publication II, the EIS measurements for two magnet grades (M1 and M7) with and without 

two metallic coatings were performed at increasing exposure times ranging from 30 minutes 

(only the stabilization period) to 168 hours of immersion in 3.5 wt.% NaCl solution. The 

corrosion resistance of both uncoated and coated magnets changed as a function of immersion 

time. In the case of uncoated magnets, the corrosion products formed on the magnet surface 

slowed down the corrosion process. After 30 minutes and 6 hours of immersion, the behavior 

of magnet grade M1 indicated lower corrosion resistance (charge transfer resistance) than that 

of magnet M7. After 24 hours of immersion, the difference between the magnet grades had 

vanished. In the case of metallic coatings, a temporary oxide film formation is suggested based 

on the results, but after longer immersion times in the electrolyte, pitting corrosion and thereby 

the exposed substrate dominate the corrosion behavior. 

The EIS measurements were performed also for magnet grades M1, M3 and M7 (SG, IS and 

ICR) after immersion in water for 1 and 96 hours [Publication III]. Like in the case of NaCl 

solution, the differences in the charge transfer resistance of the magnet grades were 

essentially smaller after 96 hours of immersion. 

The EIS measurements in Publication VI were performed for M1, M7 and M9 (SG, ICR and 

Ce-alloyed) at three different potentials; at 100 mV below OCP, at OCP, and at the potential 

100 mV above OCP. The behavior of the ICR grade was the most stable at the studied 

potentials among the three studied magnet grades. The greatest differences between the three 

potentials were detected for the SG grade. The results suggest that alloying (Ce, Co) makes 

the surface processes more stable in near-OCP potential areas.  

The Ce-alloyed magnets were examined with SEM again after the electrochemical 

measurements. SEM BSE images in Figure 24 show the surface morphology of the area 
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exposed to electrolyte after EIS (a) and polarization (b) experiments. Since the EIS 

measurement applied only 10 mV of AC, it is considered practically non-destructive. Therefore, 

the surface represents the same situation as if the magnet would have been immersed in a 

NaCl solution for about two hours. Most of the surface is similar to that of the as-polished 

magnets, but the areas with the GB phase seen with light grey contrast were corroded and 

Nd2Fe14B grains therefore distinguishable. This implies a potential difference between the 

phases and the greatest activity of the GB phase with a light grey contrast. Anodic polarization 

(Figure 24b) resulted in the same mechanism, but in this case the GB phase was corroded 

throughout the specimen surface and dissolved completely leaving behind only the Nd2Fe14B 

phase, which was also partially damaged (small pores) with the matrix phase loosened. The 

Nd2Fe14B phase grains were only loosely attached to the substrate, the outermost layer of 

grains being already partly detached. Thereby, it can be stated that the NaCl solution as an 

electrolyte brings out intergranular corrosion in the Ce-alloyed magnet, similarly to the typical 

Nd-Fe-B magnets. Nevertheless, the oxides of neodymium are retained intact at the grain 

boundaries. 

 

Figure 24. SEM BSE images of the Nd-Ce-Fe-B magnet subjected to EIS measurement at 

OCP (a) and potentiodynamic polarization (b) in 3.5 wt.% NaCl [Publication VI]. 

4.2.3 Summary of the corrosion mechanisms 

As a summary, a schematic presentation of the corrosion mechanisms in two types of heat-

humidity environments and in immersion in water is shown in Figure 25 [Publication III]. The 

simplified microstructure of the Nd–Fe–B magnet and the imposed environmental stresses are 

illustrated as the starting point for the corrosion reactions (0 hours), and the resulting 

microstructure after the exposure to the accelerated conditions for 96 hours is understood as 

the end result.  

The presence of pure water vapor (Figure 25a) results in the general corrosion of the magnet 

and formation of a relatively thin layer of red rust. The corrosion damage is very moderate and 

does not result in significant material losses. In the case of pressurized water vapor (Figure 
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25b), the possibility of condensation of water on the magnet surface is included in the 

presentation. The situation can be regarded as a mixture of pressurized water vapor and liquid 

water and it is the most aggressive corrosion environment for the Nd–Fe–B magnets.  In this 

case, both reported mechanisms of corrosion, i.e., selective corrosion of the GB phase and 

general corrosion of the Nd2Fe14B grains, are present. Detachment of the Nd2Fe14B phase 

grains, i.e., pulverization, follows the corrosion of the GB phase, but the magnet surface is also 

partly covered with red rust. The disintegration of the magnet structure is clearly accelerated 

by the applied pressure, which allows water vapor to penetrate the magnet along the grain 

boundaries and pores possibly present in the structure.  

The detachment of individual grains and fragments of the magnet exposes new areas to the 

corrosive environment, which further enhances the disintegration of the magnet. The surface 

cannot passivate in the pressurized environment. In turn, the pressure enables the water vapor 

to penetrate deeper into the material. 

Immersion in liquid water (Figure 25c) reveals a corrosion mechanism on the magnet surface 

that has not been reported before, i.e., the formation of a network of grain boundaries. Iron-

rich corrosion products are detected in such areas where dissolution of the matrix phase occurs. 

The GB phase stays intact with the composition similar to the as-received magnets. This 

behavior is attributed to a formation of a weak protective hydroxide layer in stagnant water. 

The evaluated corrosion damage is significantly lower in the cases of exposure to the water 

vapor and immersion in water compared to that in pressurized water vapor. 
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Figure 25. Schematic model for the corrosion mechanism under the three different accelerated 

conditions; (a) water vapor, (b) pressurized water vapor and condensation, and (c) immersion 
of the magnet in liquid water [Publication III].  

4.3 Degradation of the magnetic properties due to corrosion 

In order to understand the true corrosion losses, the weight and flux losses formed during the 

corrosion tests of Nd-Fe-B magnets were compared in this study. Such combined 

measurements of weight and flux losses related to the degradation of the magnets have not 

been done before. The two test durations used (96 and 240 hours) gave valuable information 

about the progress of corrosion. Here, not only the corrosion mechanism and the degree of 

corrosion were of interest, but also the knowledge of whether the degradation of the material 

will slow down or whether there is a risk of a total loss of the magnet at an accelerating rate. 

The few existing corrosion studies involving Nd-Fe-B magnets in the magnetized state have 

shown that the magnetization state can have a clear influence on the corrosion behavior [92–

94]. Here, HAST was selected as the test method, as the corrosion mechanisms that occur 



 

 

57 

 

during HAST are well known, weight losses can be accurately quantified to enable the 

comparison between the specimens, and the magnetized state does not interfere with the test 

procedure (in contrast to, e.g., electrochemical measurements). 

Due to the relatively high temperature of the HAST test, 130°C, the magnet grades for the tests 

were selected from those alloyed with dysprosium for increased stability at elevated 

temperatures. Otherwise, the thermal losses would dominate and the corrosion losses could 

not be separated from them. Grades M3 (IS) and M7 (ICR) were selected in order to compare 

the losses of non-cobalt containing and cobalt-containing magnet grades. The thermal 

stabilization treatment was performed for the magnets before the corrosion testing. 

The Nd-Fe-B magnets show microcrystalline anisotropy due to the alignment of the grains 

during the manufacturing process. Due to the anisotropic nature, the geometry of the magnet 

is one of the key properties defining the produced magnetic field. Until now, the effect of 

magnet geometry has not been taken into account in the corrosion studies, although the 

anisotropic corrosion behavior in highly textured permanent magnets has been reported by 

Rada et al. [109]. In Publication V, magnets with two different geometries were tested in order 

to study if the corrosion behavior is affected by the geometry. All tested magnets had the 

passivated surface finishing and were in a magnetized state. 

4.3.1 Thermal stabilization treatment 

The HAST tests were performed at the temperature of 130ºC, while the thermal stabilization 

was performed by exposing the magnets to a slightly higher temperature of 150ºC. A similar 

approach and the scientific background of the stabilization treatment is described by Haavisto 

et al. [110]. The main idea of the treatment is to demagnetize the weakest domains of the 

magnet. Thereby, the domains that are not demagnetized by the stabilization treatment are 

assumed to be stable for a certain period of time when exposed to temperatures below the 

stabilization temperature. All tested magnets experienced flux losses in the thermal 

stabilization treatment. The treatment was performed in a similar manner in Publications IV 

and V. In Publication IV in Test Series 1, the average flux losses were 3.1±1.7% for grade IS 

magnets and 0.8±0.6% for grade ICR magnets. In Test Series 2, the average flux losses for 

IS grade magnets during the thermal stabilization treatment were 3.3±1.2%. 

The focus of these studies is on the flux losses as a result of the corrosion of the magnets. 

Therefore, the losses caused by the temperature only had to be separated from those caused 

by corrosion in HAST. One set of reference magnets was placed in a laboratory furnace heated 

to the temperature of 130°C, while another set was left at room-temperature to study whether 

the magnets that were thermally stabilized at 150°C would suffer further flux losses. None of 

the reference samples kept at room temperature or in the furnace lost any of their magnetic 
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flux during the following 96 h. Thereby, it is assumed that all of the losses discussed in the 

following originated from the material degradation by corrosion. When discussing the flux 

losses resulting from corrosion, the flux value measured after the stabilization treatment is thus 

considered as the initial value of the magnetic flux, and all of the following flux losses are 

presented relative to it. 

4.3.2 Corrosion of magnetized specimens 

Parallel measurements of flux and weight losses were performed in Publications IV and V. The 

corresponding percentage weight losses were systematically smaller than the flux losses with 

the exception of one specimen, indicating that the total experienced flux losses do not originate 

from the material losses only. The percentage flux losses varied from 0.0 % to 45.6 % 

depending on the magnet grade and test duration. Differences in the losses between individual 

specimens of the same type were rather large. Two test sets were conducted. The losses of 

grade M7 (ICR) were negligible in Test series 1, and the following Test series 2 was conducted 

using grade M3 (IS) specimens only. 

The heterogeneous corrosion behavior was detected visually as the preferential corrosion of 

the pole faces, in agreement with literature [109]. Indeed, the only measurable change in the 

sample dimensions in Publication IV was in the direction of the easy axis of the specimens, 

indicating the highest corrosion rate on the pole faces. The average thickness of the magnets 

after a 240 h HAST test was 3 mm, the original thickness being 4 mm. Figure 26 supports the 

finding of heterogeneous corrosion and shows the arrangement of the corrosion product in the 

magnetic field (Figure 26a), as well as the same specimen after the removal of the corrosion 

products (Figure 26b). The detached grains and the corrosion products on the magnet pole 

faces were captured and aligned to the magnetic field revealing their ferromagnetic nature. 

Test series 2 included flux measurements before and after the removal of the corrosion product. 

The results showed that the extent of flux losses increased with the removal of the corrosion 

products. Therefore, even if the material has detached from the magnet, it still acts as an 

intensifier of the produced magnetic field. 
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Figure 26. Heavily pulverized magnet M3 specimen (F) (a) immediately after 240 h of HAST 

corrosion testing conducted in the magnetized state and (b) after removal of the corrosion 
products [Publication IV]. 

In the SEM characterization of the exposed magnets, numerous subsurface cracks parallel to 

the surface were found in the cross-sectional specimens of grade M3 (IS) magnets, whereas 

no cracks were found in the M7 (ICR) magnets. The difference between the M3 (IS) magnets 

tested in the unmagnetized and magnetized states were further examined. The depth of the 

cracks varied locally. The most severe cracks, reaching to the depth of about 200 μm below 

the surface, were found in the specimens tested in the magnetized state. Therefore, the results 

suggest that cracking was more severe in the case of magnetized M3 (IS) grade magnets than 

in the case of the corresponding unmagnetized magnets. Figure 27 shows SEM SE and BSE 

cross-sectional images of a grade M3 (IS) magnet tested in the magnetized state in HAST for 

240 hours. The images were taken in the BSE mode so that the Nd2Fe14B phase (seen with 

grey contrast) and the grain-boundary phase (white contrast) are clearly distinguished. It was 

observed that the regions of the Nd2Fe14B phase near the major cracks showed an essentially 

darker contrast than elsewhere in the structure, especially in the BSE images (Figure 27d). 

The EDS analyses disclosed that the dark regions were enriched with oxygen. Previously, 

similar microstructural changes due to the oxidation of the Nd2Fe14B phase have been reported 

[111,112], but in the temperature range of 250°C to 500 °C.The mechanical degradation plays 

a significant role in the overall degradation process. The cracks evolved in the sub-surface 

regions act as pathways for the water vapor and oxygen to penetrate deeper into the structure. 

Oxidation of the Nd2Fe14B phase probably increases the volume of the oxidized areas, 

resulting in higher mechanical stresses and further cracking of the structure.   
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Figure 27. SEM images of the cross-section of a corroded M3 magnet (HAST 240h) at two 
different magnifications. The original surface of the magnet was passivated [Publication IV].  

Corrosion tests of magnets with a flat and cube geometry were performed using grade M3 

magnets to study the influence the different geometry of magnets and, thus, the different 

magnetic field they produce have on the overall corrosion behavior [Publication V]. Although 

the flat magnets had relatively more pole face surface compared to the cube magnets, the total 

losses of the flat magnets were smaller than those of the cube magnets. In both cases, the 

side faces were essentially intact. Therefore, it is evident that the presence and strength of the 

magnetic field has an impact on the corrosion performance of the magnets. The optical 

profilometry studies of the pole faces performed after the removal of the corrosion products 

verified the visual observations that the pole faces of the cube magnets corroded quite evenly 

(Figure 28a), whereas in the case of flat magnets (Figure 28b) the most severe (corrosion) 

degradation took place in the areas near the edges of the pole face surfaces. This behavior 

may be partly a result of the magnetic flux density distribution on the pole face surface  [94].  

With FEM modeling it can be explained how the geometry of the magnet influences the initial 

flux density on the surface: the flat magnets have a gradient flux density on the pole face as 

compared to the more even flux density of the magnets with a cube geometry.  
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Figure 28. Optical profilometer images of the pole faces of (a) cube (10 x 10 x 10 mm) and (b) 

flat (10 x 10 x 5 mm) M3 magnets after 240 hour corrosion tests, demagnetization, and removal 
of the corrosion products [Publication V]. 

The depth profiles of the M3 magnets corroded in HAST for 240 hours were measured with an 

optical profilometer. The profiles plotted together with the demagnetization factor (DMF) are 

presented in Figure 29. The DMF values for the original pole faces for both magnet geometries 

were constructed with FEM for the same diagonal direction as the depth profiles from the 

profilometer measurements in Publication V. It can be seen that the two parameters correlate, 

i.e., in the cube magnets both DMF and the corrosion depth of the surface are quite even, 

whereas in flat magnets DMF falls dramatically from the center of the pole face to the corners, 

which is consistent with the increasing corrosion losses toward the corners. 

 

Figure 29. Variations in the modeled DMF and the measured depth profile of corroded M3 

magnets along the diagonal cut of the pole face for (a) cube and (b) flat magnet geometries 
[Publication V].  

It is evident that when exposing magnets to the corrosion of the GB phases in the magnetized 

state, the Nd2Fe14B grains in the outermost layers of the pole faces of the magnets are 

attracted by the magnetic field and pulled away from the surface. The initial stage of the 

corrosion mechanism with both specimen geometries was similar, but the stronger magnetic 
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field in the case of the cube magnets due to the larger volume and total flux accelerated the 

corrosion as a function of time. The shape of the magnet was relevant also because the 

distribution of the flux density on the surface was different in the two studied cases and uneven 

thinning of the flat specimens was observed.  

Based on these observations, the magnetic field due to the magnet itself may contribute to the 

detachment of the grains and, thus, to the degradation process of the magnet. These 

observations on the influence of the magnetic fields on the overall corrosion performance 

should be known when evaluating the corrosion risks of permanent magnet materials. In 

practice, permanent magnets are always used as part of a larger entity forming a magnetic 

circuit. The accelerated laboratory corrosion tests are, however, performed in so-called open 

magnetic circuit environments. In order to simulate the corrosion behavior in actual motor and 

generator applications, other components of the circuit should be taken into account in the 

future studies.  

4.3.3 Development of the losses in the magnetic flux 

The two measurement points enabled the examination of the formation of flux losses as a 

function of time. The development of the remaining magnetic flux of each tested grade M3 (IS) 

magnet (A-N) in Test series 2 are presented in Figure 30. The HH-points refer to the Helmholz 

coil measurements for the determination of the remaining flux (process presented in Figure 3). 

All flux values are expressed as percentage values of the original flux. Instead of using the 

average value for all specimens, the development of the flux values of each specimen is 

presented. The deviation between the flux values of parallel specimens is evident. 
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Figure 30. Development of flux values of 14 grade M3 (IS) magnets (designated by letters A 

through N) during the exposure to HAST in Test Series 2. The results are scaled so that the 
initial flux (after thermal stabilization) corresponds to 100 % [Publication IV]. 

When the flux loss results were analyzed as a function of time, it could be observed that the 

development of losses accelerated after the 96-hour measurement point. If the losses would 

progress linearly, the formation of flux losses during the first 96 hour-period resulted in average 

loss amounts between 0% and 2% per day, whereas during the last 6 days of the test (from 

96 hours to 240 hours) the flux losses evolved at a daily rate of 2% to 7%. Hence, it can be 

safely stated that corrosion was accelerated as the test proceeded.  

4.3.4 Summary of the flux losses 

The corrosion testing of magnetized specimens revealed new features influencing the 

observed corrosion mechanism and enabled to measure the losses in magnetization. The 

corrosion test used, HAST, caused pulverization of the magnets without cobalt alloying. The 

loosened powder detached from the surface is ferromagnetic, and the magnetic field of the 

magnet captured the loosened powder, i.e., the detached Nd2Fe14B grains near the pole 

surface. Sub-surface cracking resulted in the oxidation of the Nd2Fe14B phase. The volume 

expansion due to oxidation further promotes cracking and thus accelerates the degradation.  
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Cobalt addition is not directly related to the amount of this mechanical degradation, but as it 

evidently prevents the first step of the corrosion process, i.e., corrosion of the GB phases, 

corrosion does not proceed to the cracking phase. Therefore, Co-alloyed magnets showed 

almost negligible losses. 

Differences in the losses between individual specimens of the same type were large mainly 

due to the differences in the initiation of the corrosion process on the surface of the magnet 

[Publication IV]. Once corrosion initiated on the surface of a Nd-Fe-B magnet in the accelerated 

test, the following material removal was fairly quick and accelerated towards the end of the 10-

day test. The volume and geometry of the magnet affect the strength of the magnetic field and 

the distribution of the flux density on the pole surface. These features were shown to affect the 

corrosion, as uneven thinning of the flat specimens was observed, whereas the cubic specimen 

shape resulted in higher weight losses with less localized corrosion. The flux losses formed 

during the tests were significant: such losses would probably result in a malfunction of the 

machine.  
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5 CONCLUDING REMARKS 

Sintered Nd-Fe-B magnets are essential components of many modern machines. In order to 

build reliable motors, generators and other magnet-based systems also in the future, the 

corrosion behavior of the magnets has to be predictable and suitable protection needs to be 

applied. The development of sintered Nd-Fe-B magnets is aiming at stronger magnets with 

good thermal stability using less expensive and more sustainable raw materials. The corrosion 

resistance should not be the limiting factor in the use of permanent magnets in new potential 

applications and, thus, the methods to improve the corrosion stability need to be understood 

in more detail. 

5.1 Novel scientific conclusions 

The aim of this study was to achieve a deeper understanding of the corrosion behavior of 

sintered Nd-Fe-B magnets and thus to facilitate the development and selection of proper 

corrosion protection methods. The results obtained in this thesis enable the following 

conclusions to be drawn. 

I. The level of corrosion protection needed is dependent on the corrosive environment as it 

largely determines the dominant corrosion mechanism. The test methods chosen for this study 

were selected to describe the most potential corrosive media around the magnets, mainly pure 

water (e.g., condensation), humidity, and saline solution (sea water environment). Already 

within these environments, the role of different methods to improve the corrosion resistance 

varied. 

II. The GB phase of sintered Nd-Fe-B magnets is not inevitably the anodic phase, which will 

corrode first. Immersion in stagnant pure water introduced a new type of corrosion mechanism, 

where the matrix phase was preferentially corroded.  Although the found mechanism is not the 

most probabilistic or severest form of corrosion in applications causing failure of magnet 

components, the finding emphasises that the principal corrosion mechanism may change even 

by small alterations in the prevailing conditions in water.   

III. The measurement of the losses in the magnetic flux reveal the true functional losses and 

enhance the understanding of the corrosion failure mechanisms. Typically, most of the 

information concerning corrosion gained with material characterization is concentrated on the 

chemical and electrochemical reactions and their result on the surface layer. Here, measuring 

and understanding the development of the flux losses during corrosion tests showed the 

accelerating nature of microstructural degradation. In order to simulate the corrosion in 
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applications, magnets should be tested in the magnetized state. This is recommended not only 

because the loss measurements could then be done with respect to the magnetic properties, 

but also because the state of magnetization and flux density variations affect the amount and 

type of corrosion damage. 

5.2 Research questions revisited 

The research questions stated in Chapter 2 can be now answered as follows: 

1. What corrosion protection method should be prioritized in motor and generator applications? 

The potential of PMs in motor and generator applications should not be limited by corrosion 

resistance, if the humidity of the environment can be kept low and a protective coating layer is 

applied. The coating layer acts as the principal protection mechanism in normal service 

conditions, but cobalt alloying increases the reliability in the case of coating failures. The 

needed corrosion protection must be deduced according to the requirements of the application 

in question by studying both the magnet material and the corrosion environment. Thereby, 

knowing the possible corrosion mechanisms and selecting the most reasonable corrosion 

protection strategies, decent corrosion resistance will be achieved and the reliability of the PM 

machines can be assured. 

Cobalt alloying inhibits the selective corrosion of the GB phase. Effective inhibition is reached 

with about 1 wt.% addition of cobalt. From the viewpoint of risk management, adding cobalt is 

a very reasonable method to prevent the rapid degradation in critical applications, such as in 

wind turbines, where the maintenance interval should be long. In mild corrosion environments, 

such as those of only moderate humidity, corrosion of the magnet is mainly general corrosion 

of the iron-rich matrix phase and, hence, addition of the stabilizing elements does not 

contribute to the prevention of the corrosion risks significantly. Instead, the surface modification 

by altering the roughness and morphology of the surface may act as a corrosion hindering 

feature in mild heat-humidity environments. 

Coatings provide protection against the corrosion of sintered Nd-Fe-B magnets as long as the 

barrier effect is total and the coating layer is flawless or hermetic. In that case, the corrosion 

risks are negligible even in very harsh environments. However, in the presence of pores or 

other defects, whether they originate from the coating process or are formed during the use, 

secondary factors, such as rapid loss of adhesion between the corroded substrate and coating, 

will take a more important role in the overall corrosion resistance. With coated magnets, the 

volume expansion due to the formation of the corrosion products may further accelerate the 

coating delamination, exposing more of the magnet to the corrosive environment. The 
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corrosion resistance of the substrate magnet will play a role in the overall corrosion protection. 

As observed in the corrosion testing of magnet-coating pairs, those with a more active 

substrate material were highly damaged by corrosion when the coating failed, whereas when 

the substrate material was cobalt-alloyed (i.e., more corrosion resistant), the total corrosion 

damage was essentially less severe. 

2. What are the relevant corrosion mechanisms in sintered Nd-Fe-B magnets in typical 

applications? 

The HAST test was used to measure the stability of the GB phase. Thus, the results from these 

tests do not reflect the corrosion risks in moderate corrosion environments without the 

presence of pressurized humidity. However, it is realized that the corrosion mechanism that 

pressurized water vapor initiates is very severe, leading to the pulverization of the whole 

magnet (vs. formation of a corrosion product layer on the surface). A very similar corrosion 

mechanism but with minor damage was observed when the magnets were immersed in a NaCl 

solution. Therefore, the risk must be taken into account in demanding environments, such as 

offshore applications.  

The examined corrosion mechanisms and the modifications of the surfaces described mainly 

the initial stages of the corrosion events, which are crucial for the subsequent degradation of 

the material. The sequence of the corrosion events and the resulting losses were further 

explained by the measurement of losses in the magnetization, which were found relatively 

higher than the corresponding weight losses. The large scatter between parallel magnet 

specimens that was detected in the results, especially in the measured magnetic losses during 

the corrosion tests with the duration of days, asserts the theory that the initiation stage of 

corrosion might differ between nominally identical magnets. Once initiated, (pulverization) 

corrosion proceeds rapidly through the grain boundaries. The sub-surface cracks parallel to 

the surface of the pole face developed in the near-surface regions play an important role in the 

further degradation as they detach larger fragments of material and also act as paths for the 

corrosive species to enter deeper into the material. Evidence of the oxidation of the Nd2Fe14B 

phase along the cracks was found. The magnetized specimens showed that the 

microcrystalline anisotropy resulted in heterogeneous corrosion, where the pole faces 

degraded preferentially to the side faces.  

3. What are the parameters that would best represent the true corrosion losses and could be 

reliably measured when evaluating the corrosion resistance of magnets? 

The corrosion evaluation of magnets should be based on the losses in the magnetization 

during the corrosion exposure, i.e., operation. This may be done by measuring the flux losses. 

The results showed that the losses in the magnetization were detected prior to other physical 
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changes, such as weight losses or changes in the appearance. The measurements of flux 

losses could be used in the condition monitoring of applications (generators, motors), because 

they enable the corrosion detection under the coating and possibly under embedding resin. 

5.3 Suggestions for future work  

Future work on the sequence of events after the corrosion of the surface layers could be useful. 

The evolution of magnetic losses as a function of time was followed here, but more could be 

done by building models for the long-term corrosion performance of the magnets. New 

substitutes and alloying elements that are introduced due to either higher performance or lower 

cost requirements may change the potential of the phases. Replacing some of the critical rare-

earth elements with the most promising low-cost substitute material, cerium, did not deteriorate 

the corrosion properties. Modern magnets also go towards smaller grain sizes and more even 

distribution of the GB phase, which will change the relationship of the anodic and cathodic 

areas on the magnet surface. Therefore, the corrosion tests should be continued and included 

in the development projects of new magnet materials. 
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