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Abstract

Neodymium-iron-boron (Nd-Fe-B) was discovered in 1983 and is currently the most
powerful permanent magnet known to man. Nd-Fe-B is lighter and less expensive to
produce than comparable permanent magnets, and the alloy is therefore capable of
providing significantly more magnetic flux per unit weight or volume than any other
permanent magnet available. Such advantages have provided a strong incentive for
manufacturers to replace existing permanent magnet materials with Nd-Fe-B. Despite the
potential benefits of employing the Nd-Fe-B magnet, however, its known susceptibility to
corrosion has been cited as a problem with its use in many applications. Magnetic flux is
dependent upon the volume of magnetic material present, and corrosive metal loss therefore
directly decreases the power of a permanent magnet. If a substantial portion of a permanent
magnet is lost due to corrosive dissolution, the magnet can eventually become incapable of
performing its intended function. Many parts of industrial machines are exposed to
potentially corrosive environments, and the technological impact of this new alloy may thus
be limited unless its corrosion problems can be reduced.

The current research project was initiated in an attempt to address this possible obstacle to
the viability of the Nd-Fe-B magnet. The project was divided into two related tasks:
studying the corrosion behavior of the alloy in an attempt to learn about the types of
corrosion which control its behavior, and devising a practical, cost-effective corrosion
control method which is capable of protecting the alloy from degradation in service. Both
electrochemical and microscopic investigation methods were utilized in the present study.
Electrochemical techniques were employed in an effort to determine corrosion rates and
mechanisms; the specific methods utilized include potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS), galvanic corrosion testing, and hydrogen
permeation testing. Microscopy was used in order to evaluate the dissolution morphology
of the alloy. Corroded surfaces were analyzed using a scanning electron microscope, a
confocal laser microscope, and an electron probe microanalyzer. Since the alloy is
expected to be exposed to in-service environments containing chloride ions as well as
sulfate ions, testing was performed in aerated, non-agitated NaCl and Na,SO; solutions at
23°C, and to a lesser extent in both NaCl and Na,SO, at 80°C.

“Pitting attack was found to be the primary form of corrosion in rapidly solidified Nd-Fe-B
“alloys in NaCl and Na;SO4 solutions at both 23°C and 80°C. It is believed that this form of
corrosion has not been previously reported for RSP Nd-Fe-B. Pits were found to initiate
within 15 minutes of immersion, and propagated to a depth of more than 200 um within
three months in NaCl at 23°C. Intergranular corrosion was not found to be a significant
attack mode in rapidly solidified Nd-Fe-B. It had been previously believed by many
researchers that intergranular corrosion was the primary mode of attack for this material.



Pitting is considered to be a less severe form of attack than intergranular corrosion in terms
of the magnetic flux loss expected to result from corrosive attack during service. Flux loss
is dxrectly related to the volume of metal dissolved, rather than to the rate of metal
penetration. Since pitting results in a high metal penetration rate but only a moderate loss in
metal volume, the corrosion problems of the alloy are not as serious as they would be if
intergranular attack were occurring. Corrosive metal loss is still expected to be a problem
for this material in many environments, however. Permanent magnets are typically thin by
design, and even the moderate metal loss associated with pitting can cause such a magnet to
lose a significant percentage of its flux over time. The actual amount of pitting which can
be tolerated will depend upon the geometry and the design requirements of the magnet
considered.

Pits were found to initiate preferentially but not exclusively at the boundaries between
adjacent rapidly solidified ribbons in the material. Enrichment of both neodymium and
oxygen was detected at the ribbon boundaries, as a result of oxidation of the free ribbon
surfaces prior to hot pressing. Pores were also found to be located preferentially at the
ribbon boundaries, as a result of incomplete metallurgical bonding of the adjacent ribbons
during pressing. It is believed that pit initiation may be related to the pre-existing porosity
within the material; pit initiation at pore sites is thought to occur by a microcrevice type of
mechanism.

Environmentally-assisted cracking (EAC) of Nd-Fe-B was found to occur under free
corrosion conditions in NaCl, and to a lesser extent in Na;SO4. Hydrogen permeation
tests indicate that the fracture is related to an anodic cracking mechanism rather than to
hydrogen embrittlement. It is believed that the observed EAC may be specifically related to
the presence of pitting attack. The combination of localized anodic dissolution and stress
concentration within a pit can conceivably lead to crack initiation and ultimately to fracture.
Insoluble corrosion products formed as a result of metal dissolution within pits can also
contribute to fracture by exerting a wedging action which creates tensile stresses at the base
of cavities in the material.

Two modes of corrosive degradation can therefore be identified for RSP Nd-Fe-B alloys:
metal loss and anodic cracking. Both degradation modes can lead to a loss of magnetic
flux, and eventually to magnet failure if corrosion is not controlled. In particular, the
elimination of pitting attack should be targeted in order to increase the resistance of Nd-Fe-
B to both magnetic flux loss and anodic cracking.

It has been conclusively demonstrated that zinc coatings are capable of providing complete
protection to Nd-Fe-B at breaks in the coating. A zinc coating-organic coating protection
scheme thus appears to be a cost-effective corrosion control method which is able to
provide both barrier and sacrificial protection to Nd-Fe-B. It may additionally be possible
to produce a magnet with increased resistance to pitting attack by modifying the ribbon
boundaries, pcrhaps via improved processing techniques which result in full densification
of the metal. Elimination of pre-existing porosity may remove the sites of pit initiation. It
is believed that several levels of corrosion protection can be conferred to Nd-Fe-B through
the use of both ribbon boundary modifications and a zinc coating-organic coating protection
scheme. The zinc and organic coatings will initially act as barrier layers which shield the
Nd-Fe-B base metal from the corrosive electrolyte. If the coating is penetrated due to
cracking or prolonged corrosion of the zinc, the sacrificial coating will protect the exposed
Nd-Fe-B. When the protection is finally exhausted due to zinc consumption, the Nd-Fe-B
will have improved pitting resistance due to the ribbon boundary modifications.

Thesis Supervisor: Ronald M. Latanision, Professor of Materials Science and Engineering
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1. Introduction

Neodymium-iron-boron (Nd-Fe-B) was discovered in 1983 and is currently the most
powerful permanent magnet known to man. Nd-Fe-B is also lighter and less expensive to
produce than comparable permanent magnets, and the alloy is therefore capablé of
providing significantly more magnetic flux per unit weight or volume than any other
permanent magnet available. Such advantages have provided a strong incentive for

manufacturers to replace existing permanent magnet materials with Nd-Fe-B.

Despite the potential benefits of employing the Nd-Fe-B magnet, however, its known
susceptibility to corrosion has been cited as a problem with its use in many applications.
Magnetic flux is dependent upon the volume of magnetic material present, and corrosive
metal loss therefore directly decreases the power of a permanent magnet. If a substantial
portion of a permanent magnet is lost due to corrosive dissolution, the magnet can
eventually become incapable of performing its intended function. Many parts of industrial
machines are exposed to potentially corrosive environments, and the technological impact

of this new alloy may thus be limited unless its corrosion problems can be reduced.

The current research project was initiated in an attempt to address this possible obstacle to
the viability of the Nd-Fe-B magnet. The project was divided into two related tasks:
studying the corrosion behavior of the ;ctlloy in an attempt to learn about the types of
corrosion which control its behavior, and also to devise a practical, cost-effective corrosion

control method which is capable of protecting the alloy from degradation in service.
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2. Literature Review
2.1 Permanent Magnets

Permanent magnets are typically used to supply magnetic energy in motors and other
engineering devices. Magnetic flux is present at the surface of a permanent magnet. This
flux can be employed to perform useful work if a small opening (known as an air gap) is

designed into the magnetic circuit, thus creating a usable magnetic field in the gap [1].

Applications of permanent magnets are numerous. Permanent magnets are used in
brushless d.c. motors, voice coil actuators, accelerator systems such as free electron lasers
and synchrotron light sources [2], stepper motors, synchronous motors, limited motion
actuators [3], industrial machine tool drives, computer disk drives, aerospace flight control
surface acuators, and aerospace generators [4]. A more extensive list of permanent magnet
applications is shown in Table 2.1. A graphical example of the pervasive nature of these
magnets is shown in Figure 2.1, which illustrates automotive applications that involve

permanent magnets.

In addition to the traditional permanent magnet applications outlined above, new markets
are also emerging which involve devices that are intended to replace components based on
electromagnets [5,6,7]. Electromagnets produce a magnetic field by passing an electrical
current through a wound coil. Replacement of electromagnets with permanent magnets
allows the heating losses associated with the wound field to be eliminated, thus improving
motor efficiency. Permanent magnet devices are smaller and lighter than those employing a
wound coil, and have a lower overall cost since no power supply is needed to maintain the
field excitation [6]. Development of improved, lower cost permanent magnets is expected

to lead to an expansion of the permanent magnet market [4].
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Table 2.1 Applications of Permanent Magnets [8].

General property More specific method

of magnetsused of application Particular devices

Mechanical forces exerted Torque on magnet in magnetic field Compass, magnetometer

by or on magnets
Attraction between magnet and Notice boards, games, door catches, magnetic filtration, retrieval
iron or other magnets devices, drives and couplings, switches, thermostats.
Attraction induced between other Reed switches, railway warning systems, magnetic clutches
iron parts
Repulsion: magnet and magnet Bearings, levitated transport, toys
Electromagnet and magnet Brake for coil winder

Electromagnetic forces Moving cail devices Loudspeakers and telephone receivers, instruments, d.c. motors
Moving magnet devices Synchronous and brushless motors, clocks, hysteresis motors
Moving iron devices Some telephone receivers, polarized relays

Electromagnetic induction Relative motion of coil and magnet Flux measurement, generators, sensing devices, microphones
Eddy currents Damping devices, brakes, speedometers

Forces on moving electrons  Focusing Electron microscope, klystron, traveling wave tube

and ions
Crossed field action Magnetron, mass spectrometer, ion pump, blow-out on switches

Magnetic resonance NMR Chemical analysis, magnetocrystalline anisotropy

Action of magnetic ficlds Magnets in magnetic circuits Saturistors, magnetizers and magnetic heat treatment

on solid and liquid media
Electronic and semiconductor Wave guides, circulators, Hall and magnetoresistance devices

Throttie and
Crankshatt Position
Sensors

Figure 2.1 Automotive applications involving permanent magnets [9].
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2.1.1 Magnetic Properties

Permanent magnets derive their useful properties from the presence of strong atomic
moment spin alignment in ferromagnetic materials. Small areas of the material which have
a constant magnetic moment orientation are known as domains [10]. When an external
magnetic field is applied, a driving force exists for all atomic moments in the material to
align with the external field. This process can occur by three possible paths: favorably
oriented domains can grow in size (propagation), new domains can form whose magnetic

moment is parallel to the applied field (nucleation), or domain rotation can occur.

An external magnetic field (designated H) can be applied incrementally to the material, and
the resulting field induced within the material (known as induction, B) can be measured. A
plot of B vs. H is called a hysteresis loop, as shown in Figure 2.2. Starting from the
origin of the plot, an incremental application of an external field (H > 0) will eventually
result in complete alignment of all domains in the direction of the applied field. At this
point, the induced field in the material is known as the saturation induction (Bs). Most of
the domains will remain aligned upon removal of the external magnetic field (H — 0) [1].
The remanent induction, or remanence (designated By), indicates the amount of magnetism
that will be left in the material after it is removed from the magnetization coils and placed
into service. By is an important property for a permanent magnet. A reverse field (H < 0)
must be applied to demagnetize the material. At a value H, known as the coercive force
(or coercivity) of the magnet, the domain orientation is totally random and the induction in
the material is equal to zero. Hg is a relevant permanent magnet property, since the

coercivity of a magnet indicates how well it can resist stray demagnetizing fields in practice.

The power of a permanent magnet is most readily indicated [11] by a property known as its

maximum energy product, (BH)max, Which is shown as the shaded region in Figure 2.2.
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Figure 2.2 Hysteresis loop for a typical permanent magnet [12]. The shaded region indicates the maximum
energy product, (BH)max. The unit of (BH)max is the Gauss-Oersted.

(BH)max is obtained by determining the maximum rectangular area in the second quadrant
of the hysteresis loop, and is not simply the product of By and He. The maximum energy

product is the most frequently cited figure of merit for a permanent magnet.

Another relevant magnetic property is the Curie Temperature (T¢) of a permanent magnet.
Thermal energy tends to randomize the alignment of the domains, and all magnets will thus
become thermally demagnetized at some elevated temperature. The upper limit of service

temperature (usually < T¢) is an important quantity for a permanent magnet.

Microstructure is known to have a significant effect on permanent magnet properties [8].
Precipitates or other second phase particles, for example, can pin domain walls and force
domain reorientation to occur by nucleation rather than by simple domain propagation. The
same second-phase particles can also promote demagnetization, however, by serving as

domain nucleation sites. Material inhomogeneities can thus significantly affect coercivity.
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2.1.2 Comparison of Existing Permanent Magnets

Nd-Fe-B was discovered in 1983 by the General Motors Corporation (USA) and by the
Sumitomo Special Metals Company of Japan. The premier high performance permanent
magnet prior to this discovery was Samarium-Cobalt (Sm-Co), which is typically produced
in two different forms: SmCos and SmyCo;7. The magnetic properties of Sm-Co alloys
are excellent in many respects, but these magnets have at least one rather serious drawback.
Material costs are relatively high for all Sm-Co alloys, owing to the scarcity of samarium
and to the relatively high market price of cobalt [13]. In fact, the search for substitute
elements which would allow a high performance permanent magnet to be produced at a

lower cost was actually the driving force behind the discovery of Nd-Fe-B.

Replacement of Sm and Co with Nd and Fe, respectively, leads to a substantial reduction in
the cost of raw materials. These savings are reflected in the relative price per pound for the
permanent magnets, as shown in Table 2.2. The density of Nd-Fe-B (0.27 1b/in3) is

slightly less than that of Sm-Co (0.3 1b/in3) [6], resulting in a lower cost per unit volume as

well (Table 2.2).

In addition to the cost savings conferred by Nd-Fe-B, the alloy additionally possesses

Table 2.2 Approximate cost of Sm-Co and Nd-Fe-B on the basis of weight and volume [14].

Magnet Cost/Ib. Cost/in3
SmCos $125 $38
Nd-Fe-B $80 $22
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magnetic properties which are superior in many respects to those of Sm-Co alloys. Nd-Fe-
B offers significantly higher remanence, coercivity, and maximum energy product than
Sm-Co. Table 2.3 contains a comparison of typical magnetic properties for the alloys, and

Figure 2.3 is a demagnetization curve (second quadrant of hysteresis loop) for both alloys.

Table 2.3 A comparison of room temperature magnetic properties of Sm-Co and Nd-Fe-B [15].

Magnet Remanence Coercivity Energy Product
Type (kilogauss) (kilooersteds) (MGOe)
SmCos 8.8 8.8 19

SmyCoy7 10 7.5 23

Nd-Fe-B 11.8 10.3 33
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Figure 2.3 Typical demagnetization curves for Nd-Fe-B and SmCos [6].
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The ability of Nd-Fe-B to provide significantly more magnetic flux than Sm-Co (owing to
its higher (BH)max) suggests that the cost benefits of Nd-Fe-B may be even more
pronounced than indicated by Table 2.2. Users of permanent magnets are primarily
concerned with cost per unit of magnetic energy rather than cost per unit weight, and it is
therefore relevant to recompare the two materials on this basis. As shown in Table 2.4,

Nd-Fe-B is markedly less expensive than SmCos on an energy product basis.

Table 2.4 Cost of SmCos and Nd-Fe-B on a per energy product basis [14].

Magnet Cost/MGOe
SmCos $6.25
{\Id-Fe-B $2.50

It is apparent that the Nd-Fe-B alloy is capable of providing significantly more magnetic
flux per unit weight or volume than Sm-Co permanent magnets, at a substantially reduced
cost. These advantages have provided a strong incentive for manufacturers to replace Sm-

Co permanent magnets with Nd-Fe-B.

Despite the superior room temperature magnetic properties of Nd-Fe-B, however, its ‘
temperature limitations are more stringent than those of Sm-Co alloys. As shown in Table
2.5, the Curie temperature and the maximum service temperature of Nd-Fe-B are both
lower than for the Sm-Co materials. Since Nd-Fe-B is not effective above ~150°C, Sm-Co

is still the premier high performance permanent magnet available at elevated temperatures.
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Table 2.5 Temperature limitations for Sm-Co and Nd-Fe-B alloys [14,15].

- Curie Maximum Service
Magnet Temperature Temperature
Type O O
SmCos 690 250
Sm7Co17 910 400
Nd-Fe-B 310 150

It is important to realize that if the maximum useful service temperature is exceeded, even
on a transient basis, the alloy will be demagnetized and will no longer perform its intended
function. The degradation of magnetic properties with temperature is therefore a significant
limitation on the use of Nd-Fe-B. In practice, temperature constraints provide an even

more severe limitation on the use of Nd-Fe-B than its susceptibility to corrosion.

Numerous permanent magnet applications still exist below 150°C, however. In this
temperature range, Nd-Fe-B is the preeminent permanent magnet from a performance
standpoint. The main problem with the use of this alloy in applications below 150°C is its
inherent susceptibility to corrosion. Many analysts have cited the importance of addressing
the corrosion problems of this alloy, and it is believed that the continued market penetration
of Nd-Fe-B will depend in great part on its ability to resist environmental degradation [16].

The corrosion behavior of Nd-Fe-B will be discussed in detail in Section 2.3.
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2.2 Characteristics of Nd-Fe-B
2.2.1 Processing of Rapidly Solidified Nd-Fe-B Alloys

Rapidly solidified Nd-Fe-B alloys are typically prepared using a technique developed by
the General Motors Corporation. The first step in the rapid solidification process (RSP)
consists of directing a fine stream of molten Nd-Fe-B onto the surface of a cold rotating
substrate in order to form a brittle ribbon. A large number of these ribbons are then
crushed and compacted together in a die at approximately 700°C and 100 MPa to form a
fully dense product known as a hot pressed (h.p.) magnet [7]. The energy-product of the
Nd-Fe-B alloy is less than optimal in the hot pressed form, due to the isotropic nature of
the h.p. magnet. The energy-product of a permanent magnet can be increased by
crystallographically aligning its axis of easy magnetization in a common direction. The
direction of easy magnetization for the Nd-Fe-B alloy is the c-axis of its ferromagnetic
phase, Nd;Fe4B. In order to produce a high energy-product anisotropic magnet, the h.p.
alloy is subjected to a thermomechanical treatment known as die upsetting, which consists
of anisotropic pressing at approximately 700°C and 70 MPa [17], as shown in Figure 2.4.
This procedure results in a crystallographically textured product known as a die upset

(d.u.) magnet, in which the c-axis of the Nd;Fe 4B grains are aligned.

lc

h.p. —_— :@: — ld.u. I c-axis

LY
\— ffc

Figure 2.4 Schematic representation of the process used to fabricate die upset magnets.
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Although both the h.p. and d.u. alloys emerge from their final processing dies in a non-
magnetized state, these alloys can subsequently be magnetized by placing them in an
external magnetic field. Optimal magnetic properties are obtained for the die upset material

if it is magnetized along the axis of easy magnetization (c-axis), as shown in Figure 2.5.

du. Lc
surface

‘\ du.llc
surface

Figure 2.5. Magnetic flux lines emerging from a d.u. alloy which has been magnetized along its c-axis.
Surfaces which lie perpendicular and parallel to the c-axis (d.u. L ¢, d.u. Il ¢) are indicated on the diagram.

2.2.2 Commercial RSP Products

Magnetic properties for magnetized h.p. and d.u. alloys are shown in Table 2.6 (note that
intrinsic coercive force is used as a measure of coercivity). Due to their crystallographic
anisotropy, d.u. magnets have a considerably higher energy product than h.p. magnets.

Die upset alloys are therefore utilized when magnetic flux output is of primary importance.

The resistance of the h.p. magnets to thermal demagnetization is superior to that of the d.u.
magnets. The h.p. magnet is thus used extensively in applications where the maximum
service temperature is expected to approach the useful limit of the alloy (150°C), or if

resistance to demagnetization is needed at slightly elevated temperatures [7].
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Table 2.6 Typical magnetic properties of h.p. and d.u. alloys at room temperature [18].

Intrinsic
Magnet Remanence Coercive Force Energy Product
Type (kilogauss) (kilo-oersteds) (MGOe)
h.p. 8 16 14
d.u 12 13 37

The Nd-Fe-B alloy is sold commercially in both the h.p. and the d.u. forms. Either
product may be used directly in its fully dense form, or may be pulverized and mixed with
resin to form a product known as a bonded magnet. The fully dense h.p. and d.u. alloys

are fabricated to near-net shape and then subsequently machined to net shape [19].

The term fully dense (as used above) refers to the fact that an intact metal part is produced

with no accompanying polymer matrix. The use of this term does nor imply the absence of
internal pores. In fact, the h.p. and d.u. alloys are found to contain significant amounts of
pre-existing porosity, which is typical of most materials produced by hot pressing. Figure

2.6 shows a photographic representation of typical porosity observed in an h.p. alloy.

100HM

Figure 2.6 Pre-existing porosity in h.p. Nd-Fe-B (as-polished surface).






The current study is solely concerned with the fully dense products (h.p., d.u.), but the
general principles of corrosion behavior observed should also be applicable to bonded

magnets since the starting material is identical in both cases.

2.2.3 Microstructure of the Rapidly Solidified Alloys

2.2.3.1 Grain Structure

Transmission electron microscopy studies [20-22] indicate that the primary constituent of
h.p. Nd-Fe-B is ferromagnetic Nd;Fe4B. This phase generally appears in the form of
isotropic, polygonal grains which are 80-100 nm in diameter, as shown in Figure 2.7.
Most of the NdyFe 4B grains are surrounded by a continuous 1-5 nm wide Nd-rich grain
boundary phase [23-25]. The characteristics of the Nd;Fe 4B and Nd-rich phases are

discussed in Section 2.2.5 and Section 2.2.6, respectively.

Die upsetting results in the formation of elongated Nd,Fe 4B grains which lie
perpendicular to the press direction, as shown in Figure 2.8. The platelet-shaped grains in
the d.u. magnet are approximately 300 nm in diameter and 60 nm thick, with most of the

grains surrounded by the Nd-rich phase.

The magnetic anisotropy exhibited by the d.u. alloys is related to the crystallographic
alignment of the c-axis of the Nd,Fe 4B grains. The die upsetting process creates a texture
in which the axis of easy magnetization (c-axis) is preferentially aligned along the
longitudinal axis of the grains; the long axes of adjacent grains are nearly parallel, which
results in large-scale alignment of the c-axis. As a result of this crystallographic alignment,
greater magnetic flux can be developed along the axis of a d.u. magnet than along the axis

of an h.p. magnet.
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Figure 2.7 Microstructure of h.p. Nd-Fe-B alloys. Note that no scale was provided with the photograph;
grains are approximately 80-100 nm in diameter [21,22]

Figure 2.8 Microstructure of the d.u. magnets (a) parallel to the c-axis (Il ¢), and (b) perpendicular to the ¢-
axis (L c¢) [26].
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2.2.3.2 Macrostructure

In addition to the grain structure discussed above, the RSP alloys have an additional level
of structure which must be considered. During the hot pressing process, adjacent ribbon
fragments in the die are metallurgically bonded to one another, thus forming the fully dense
alloy part. The fusion between adjacent ribbons is incomplete, however, and the ribbon
boundaries in the final material thus tends to contain a significant number of pores. The
boundaries are visible in the as-polished state, and can be revealed even more clearly by
etching in nital, as shown in Figure 2.9 (a). Ribbon boundaries are also present in the d.u.
alloy, though they tend to be elongated as a result of anisotropic pressing (Figure 2.9 (b)).

It is emphasized that each individual ribbon contains thousands of grains. Two levels of
structure therefore exist in the RSP alloys: ribbons with approximate dimensions 40 um x

500 pm x 500 um [27], and grains with much finer diameters (80-100 nm).

Figure 2.9 Ribbon Structure for (a) h.p. and (b) d.u. alloys [28].
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2.2.4 Production of Nd-Fe-B Alloys by Sintering

Although the alloys tested in this study were produced by rapid solidification methods, it is
important to note that Nd-Fe-B can also be produced using a sintering technique initially
developed by the Sumitomo Special Metals Company of Japan. The microstructure of
alloys produced by sintering differs from the RSP alloy structure by the size of the

Nd;Fe 4B grains formed, and also by the minor phases present in the magnets [29]. In
sintered magnets, the Nd;Fe4B grains (~ 5-15 um in diameter) are approximately 2 orders
of magnitude coarser than those in the RSP magnets [30]. Magnets produced by sintering
also contain a third phase, a non-continuous boron-rich compound (Nd; ;Fe4B4), which is
located at the grain boundaries. The Nd-rich phase in the sintered magnets (~ 20 nm wide)
tends to surround both the Nd,Fe 4B phase and the Nd; ;Fe4B4 phase [31]. Sintered

magnets do not contain the ribbon structure described in Section 2.2.3.2.
2.2.5 The Nd,Fe4B Phase

The Nd,Fe 4B phase comprises 85-95 vol.% of the h.p. and d.u. alloys. This phase has a
tetragonal structure and is ferromagnetic with all of its moments parallel to the c-axis of its
unit cell [32]. The inherent magnetic moment of this phase is responsible for the
outstanding remanent magnetization exhibited by Nd-Fe-B. The fact that the magnetic
moment of NdyFe4B is far stronger along its c-axis than in any other direction (known as

magnetocrystalline anisotropy) contributes to the high coercivity of the Nd-Fe-B alloy.
2.2.6 The Nd-rich Phase

The Nd-rich phase comprises about 5-15 vol. % of the Nd-Fe-B alloy, depending upon the

composition used to produce the magnets. This phase resides at the grain boundaries in the
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RSP (and sintered) alloys; its width has been reported as 1-5 nm in RSP materials [23-25].

According to Hiitten and Haasen [23], the Nd-rich phase is present on all RSP Nd,Fe 4B
grain boundaries. Li et al [24] also investigated RSP magnets and state that the Nd-rich
phase is found on most but not all grain boundaries; the exact percentage of Nd;Fe 4B

grains which are fully surrounded by the Nd-rich phase is thus not definitively known.

The Nd-rich phase'is believed to be important in the deformation processes associated with
die upsetting, owing to the lack of plastic deformation exhibited by the Nd;Fe 4B phasé.
Although the exact deformation mechanism is not known, it is believed that some type of
grain boundary sliding occurs during the die upsetting process [33]. The Nd-rich phase

also contributes to the high coercivity exhibited by the alloy, as discussed in Section 2.2.7.

Two main forms of the Nd-rich phase have been reported, depending on whether or not
Nd-Fe-B has been alloyed with cobalt. The different formulations of the alloy are

described below as Co-free and Co-containing.

Despite numerous TEM investigations and the establishment of the Nd-Fe-B phase diagram
[34-37], the Nd-rich phase in Co-free magnets is not well-understood [39]. This phase has
been reported to have a hexagonal close packed (hep) structure [30,35,40,41] or a face
centered cubic (fcc) structure [8,24,32,41,42,43], depending upon the amount of oxygen
admitted to the system during processing. The approximate composition of this phase has
been reported as 70-85 wt% Nd and 15-30 wt% Fe [21,23,45], with an undetermined
amount of oxygen in the phase. It appears that the Nd-rich grain boundary phase in RSP
(and sintered) magnets contains Nd, Fe, and O, with little or no B present. The presence
of oxygen in RSP ribbons [25,45] as well as the final alloys indicates that this element

enters the system with the starting materials or during the melt-spinning process (perhaps
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due to oxidation of the free ribbon surface). In both cases, the oxygen is likely assimilated

into the bulk alloy during heat treatment at high temperature.

Co-containing Nd-Fe-B magnets were developed in an attempt to improve the magnetic
properties of the alloy. Nd-Fe-B was initially formulated with only Nd, Fe, and B present
in the alloy melt. Many subsequent studies were conducted in an attempt to increase the
useful temperature range of the magnet by using various alloying additions. Much of this
work was aimed at partially replacing Fe in the Nd,Fe 4B phase with Co in order to obtain
NdjFe14.xCoxB. One result of these studies is that additions of Co were found to reduce
the susceptibility of sintered Nd-Fe-B alloys to intergranular corrosive attack, as shown by
Ohashi et al [43]. Nd-Co intermetallic phases which form at the grain boundaries in Co-
containing magnets are thought to be less electrochemically active than the Nd-rich phase in
the Co-free alloys, thus reducing the driving force for galvanically-driven intergranular
attack. Diffraction patterns obtained by Hirosawa et al [44] for the grain boundafy phase in

a Co-containing alloy indicate that this phase may correspond to NdzCo.

Studies have not been performed to investigate the effects of Co alloy additions on the
corrosion behavior of rapidly solidified Nd-Fe-B. In fact, one of the goals of the present
study is to determine whether or not Co-containing RSP alloys suffer from intergranular

attack (note that RSP alloys containing 2.5 wt.% Cobalt will be utilized in this study).
2.2.7 Relationship between Coercivity and Microstructure

The high coercivity of Nd-Fe-B is partly derived from the magnetocrystalline anisotropy of
the Nd;Fe 4B phase. The dual-phase structure of the alloy is also essential if high
coercivity is to be attained, however, because sufficient coercivity cannot be acquired from

a single crystal of NdpFe4B. The paramagnetic Nd-rich grain boundary phase acts to
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magnetically isolate each ferromagnetic grain, which precludes domains from propagating
from one grain to another. The Nd-rich phase is thus considered to act as a pinning site for
magnetic domain walls in RSP magnets. Each grain is forced to reverse its magnetization
independently [8], which results in high coercivity. If the microstructure consisted of
single-phase Nd,Fe;4B, the barrier to magnetization reversal would be far less effective
and coercivity would decrease dramatically as a result. Similarly, a grain boundary phase
consisting of a ferromagnetic material such as o.-Fe would not be effective at magnetically

isolating the NdyFe 4B grains from one another.
2.2.8 Alloy Composition

According to the above discussion, the optimal Nd-Fe-B micfostructure consists of
NdjFe 4B grains surrounded by a paramagnetic grain boundary phase such as the Nd-rich
or Nd3Co phases typically found in industrially produced materials. The composition
needed to produce this structure must be richer in Nd than the stoichiometric Nd,Fe 4B
compound. The nominal composition used to prepare RSP magnets is Nd15 - Fe77 - B8
(at. %); preparation of the Nd-Fe-B alloy using lower Nd contents has been found to lead

to reductions in coercivity [37].

NdyFe 4B forms peritectically from liquid and solid iron (L + Fe (s) & Nd;Fe4B) [46].
If the starting alloy melt is rich in Nd relative to the stoichiometric Nd,Fe;4B composition,
not all liquid will solidify to Nd;Fe 4B during the peritectic reaction. When the Nd;Fe 4B
phase nucleates to form grains, the remaining Nd-rich liquid will reside in between these
grains, eventually forming a grain boundary phase upon solidification. Since this liquid is
rich in Nd (and Co in alloys containing this element), a Nd-rich phase (or a Nd3Co phase)

will be present at the grain boundaries.
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2.3 Corrosion of Nd-Fe-B

It was demonstrated in Section 2.1 that in applications below 150°C, Nd-Fe-B possesses
marked advantages relative to Sm-Co permanent magnets in terms of cost, weight, and
magnetic performance. The poor corrosion resistance of Nd-Fe-B has been cited as a
problem with its use in a large number of engineering applications [2,13-15], however,
owing to the fact that many machines are exposed to potentially corrosive environments.
The technological impact of this relatively new alloy may be limited unless its corrosion
problems can be addressed. According to Hirosawa et al [44] of the Sumitomo Special
Metals Company, improvements in corrosion resistance are crucial if the application area of

Nd-Fe-B is to be expanded past its present level.

Corrosion resistance is an important property for Nd-Fe-B and other permanent magnets.
Magnetic flux is directly dependent on the volume of magnetic material present, and metal
loss due to corrosion therefore decreases the power of a permanent magnet. It was
observed by Minowa et al [47], for example, that a 25% loss in magnetic flux resulted from

a 72 hour exposure of sintered Nd-Fe-B to an autoclave environment (120°C, 2 atm.) [47].

An important problem relating to the corrosion of this alloy is that rare earth permanent
magnets (such as Nd-Fe-B) are typically thin by design, which results in the utilization of
magnets with a relatively high surface area to volume ratio [48]. Such geometry is
necessary in order for the material to fulfill its primary function as a magnet, butis"
deleterious to the alloy in terms of corrosion resistance. Corrosive degradation is a
function of exposed surface area, and a given amount of corrosion will lead to a greater
percentage of magnetic flux loss if the magnet considered has a relatively low total volume.
The amount of corrosive degradation experienced by a permanent magnet is clearly

dependent on both corrosion resistance and magnet geometry.
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The susceptibility of Nd-Fe-B to corrosive degradation is not unexpected in view of its
composition. Fe-based alloys are known to be susceptible to corrosion in atmospheric and
near-neutral aerated environments, and it is expected that the addition of reactive elements
such as Nd and B might lead to increased corrosion susceptibility under such conditions.
Weight loss and electrochemical tests have in fact conclusively demonstrated the fact that

Nd-Fe-B generally exhibits poor resistance to corrosive attack [17,49,49a].

Although previous testing has been able to confirm the susceptibility of Nd-Fe-B to
corrosion, the majority of these studies have been quite limited in nature. A detailed
understanding of the corrosion behavior of Nd-Fe-B has generally not been obtained,
especially in the case of magnets produced by rapid solidification techniques. A summary
of the previous work performed on the corrosion of Nd-Fe-B alloys is provided in the

remaining sections of the present chapter.

2.3.1 Electrochemical Testing

Anodic polarization diagrams were acquired by Bala ez al [49] in deaerated 0.5M H,SO4
(25°C) for sintered Nd-Fe-B alloys with various starting compositions, as shown in Figure
2.10. Curve 3 corresponds to the typical alloy composition of Nd15 - Fe77 - B8. Active
behavior is observed for all three materials in the vicinity of the corrosion potential, and the
alloys also exhibit a various reduction in current density at oxidizing potentials. Bala ez al
[49a] also performed polarization tests on sintered magnets in deaerated NaySOy (25°C), as
shown in Figure 2.11. The solid line represents Nd15 - Fe77 - B8, and the remaining
curves represent alloys containing dysprosium (Dy) and other alloying elements. Again,
the Nd-Fe-B alloys show a slight reduction in current density at oxidizing potentials, but no
significant passivation was observed in this solution. The lack of passivation observed in

these test solutions would likely result in a relatively high corrosion rate for Nd-Fe-B.
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Figure 2.10 Anodic polarization of sintered Nd-Fe-B in deaerated 0.5 M HySO4 at 25°C. Alloys with
various compositions were tested; curve 3 corresponds to Nd15 - Fe77 - B8 [49].

Figure 2.11 Polarization curves for sintered magnets in deaerated 0.5 M NaySOj4 at 25°C The solid line
represents the Nd15 - Fe77 - B8 composition [49a]
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Anodic polarization tests were conducted on sintered Nd-Fe-B by Chin et al [50] in
deaerated test solutions, as shown in Figure 2.12. Active behavior was obtained in both
1 N H,SO4 and Ringers solution (9 g NaCl, 0.425 g KCl, 0.119 g CaCl, 0.1 g NaHCO3

in 1 L H,0). Limited passivation was observed in dilute (10 wt %) orthophosphoric acid.
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Figure 2.12 Anodic polarization behavior of sintered Nd-Fe-B in various deaerated solutions (30°C) {50].

The three studies cited above were each conducted using sintered Nd-Fe-B alloys. It was
more difficult to locate electrochemical tests employing rapidly solidified Nd-Fe-B, but two

studies utilizing RSP materials were found to be available, as described below.

Cyclic voltammetry experiments were performed by Warren et al [51] on several types of
Nd-Fe-B alloys in deaerated 0.15 M NaH;PO4 (pH 4), as shown in Figure 2.13. The
curve marked “GM” represents the results of the test performed on RSP magnets. Active-
passive behavior is evident for the RSP material, with a relatively high passive current
density of about 0.25 mA/cm? observed. It was reported that passivity could be completely

eliminated by adding 1000 ppm or more of NaCl to the 0.15 M NaH;POj4 test solution.
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Figure 2.13 Cyclic voltammograms in deaerated NaH,POy4 (pH 4) at 5 mV/sec [51].

Anodic polarization tests were performed by Kang ez al [52] on rapidly solidified Nd-Fe-B
ribbons (the ribbons were fabricated in the author's laboratory) . The alloy was found to
exhibit active behavior in NaCl test solutions. Limited passivation was observed in both

H;PO4 and NaOH solutions.

According to the results of previous electrochemical tests, Nd-Fe-B appears to have poor
resistance to solutions containing Cl” and SO%’ ions, whether the alloys are prepared by
RSP or by sintering [49,492,50,51,52]. The corrosion behavior of the alloy in Cl-
containing solutions is relevant because of the presence of chloride ions in marine
atmospheres, as well as in road de-icing salts and other potential service environments for
the alloy. Tests performed in suifate solutions are also relevant, since SO%‘ ions are often
present in the atmosphere, especially in industrial enviroﬁments where SO, gases are

released into the air and then converted to sulfuric acid by water.

Several of the previous electrochemical studies have been conducted in electrolytes such as

H3PO4 [50], H2SO4 [49,50], NaH;PO4 [51], NaOH [52], and Ringer's solution [50],
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primarily under deaerated conditions. Since corrosion of Nd-Fe-B is a concern in
industrial and marine environments, it is believed that tests performed in aerated, near-
neutral electrolytes such as NaCl and NaySQ; are likely to be more relevant to actual

service conditions than tests performed in the various electrolytes mentioned above [53].

2.3.2 Dissolution Morphology

The microstructure which is so beneficial to the magnetic properties of the alloy may also
be detrimental to its corrosion resistance, as materials with dual-phase microstructures are
often susceptible to micro-galvanic corrosion. Nd is an electrochemically active element,
and the preferential location of the Nd-rich phase at the grain boundaries of the RSP Nd-

Fe-B alloy suggests that intergranular attack could occur.

No evidence is available regarding intergranular corrosion in rapidly solidified Nd-Fe-B,
however. The extremely fine grains present in RSP alloys provide a significant barrier to
such a study, and it is likely that the lack of available information is related to the relative

difficulty of such an analysis.

Intergranular attack in sintered Nd-Fe-B is more readily investigated, however, and several
studies have been performed to evaluate whether or not preferential grain boundary
corrosion occurs in these materials. The answer to this question has been found to be

highly dependent on the Co content of the alloy, as discussed below.

In Co-free Nd-Fe-B, the Nd-rich grain boundary phase is believed to be anodié to the
NdjFe4B phase, due to the electrochemical activity of elemental Nd. The presence of a
thermodynamically active phase at the grain boundary has led Sugimoto ez al [54] to

propose a general corrosion mechanism for Co-free Nd-Fe-B, as shown in Figure 2.14.
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Figure 2.14 Proposed corrosion mechanism of the sintered Nd-Fe-B magnet in Co-free alloys [54].

Intergranular corrosion has been observed in sintered Nd-Fe-B by several authors [43,54]
using conventional scanning electron microscopy analysis of corroded surfaces. Evidence
of intergranular attack consisted of grains shown in relief, as well as preferential metal loss

at the grain boundaries.

A related type of attack was observed in sintered Nd-Fe-B by Cygan and McNallan [55].
Co-free alloys were exposed to several autoclave tests and intergranular corrosion was
observed, which is consistent with the results described above. The authors additionally
reported that the intergranular attack sometimes tended to collect into shallow localized

areas resembling pits; such morphology had not been reported in previous work.

The resistance of sintered Nd-Fe-B alloys to intergranular attack is substantially increased if
Co is added to the material. Ohashi et él [43] have demonstrated the general absence of
intergranular attack in corroded samples which contain 5% Co.- The observed resistance of
Co-containing alloys to intergranular corrosion has been attributed to the presence of Nd-
Co intermetallic phases (e.g. Nd3Co) at the grain boundaries. The Nd-Co intermetallic
phase(s) are believed to be less electronegative than the Nd-rich phase which resides at the

grain boundaries in the Co-free magnets.
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2.3.3 Summary of the Corrosion Behavior of Nd-Fe-B

Some important advances have been made towards the understanding of corrosion
phenomena in sintered Nd-Fe-B. A great deal of information remains to be obtained,
however, and further study certainly appears to be warranted, given the importance of
corrosive degradation to the engineering viability of Nd-Fe-B. These comments are even
more appropriate in the discussion of corrosion studies in RSP materials. It is clear that the
current understanding of corrosion in rapidly solidified Nd-Fe-B is very rudimcntary.b
Since the viability of the Nd-Fe-B permanent magnet in many different applications is
dependent upon its ability to withstand environmental degradation, a more thorough
understanding of its corrosion behavior would appear to be important. Several authors

have in fact called attention to the need for long-term study of this problem [10,13].
2.3.4 Environmentally-Assisted Crackirig

In addition to the magnetic flux loss resulting from corrosive dissolution, another potential
degradation mechanism for the Nd-Fe-B alloy is environmentally-assisted cracking (EAC).

Cracking of Nd-Fe-B has been reported by three investigators under different conditions.

Bala and Szymura [49,49a] have observed cracking of sintered Nd-Fe-B, for example
under extreme cathodic polarization (ic ~ 0.4 - 1.3 A/cm? in HySO4 of pH 0 to 1). The
authors attributed the observed failures to hydrogen-assisted cracking, a logical conclusion
based on the known susceptibility of Nd-Fe-B to hydrogen degradation [56]. Because of
the very severe testing conditions employed, this finding is not expected to be relevant to
the corrosion behavior of the material in its service environment. Hydrogen-assisted
fracture such as that observed by Bala and Szymura is unlikely to occur in Nd-Fe-B in

practice, since the material will not be subjected to extreme cathodic polarization. Cracking
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was also observed by Minowa er al [47] on sintered Nd-Fe-B, as test sample(s) were
reported to have cracked after removal from an autoclave environment. The authors were
not certain whether or not the observed cracking was directly related to corrosion, and it
was considered possible that the sample(s) were thinned by corrosion and were broken
during handling; further details were not available [57]. Cracking resulting from corrosive
attack has been observed for rapidly solidified Nd-Fe-B by Magnequench®, a primary
manufacturer of the RSP alloys. Cracking occurred in salt spray environments [58], which
is significant because no external polarization is imparted to the magnets during such a test.
Cracking observed in salt spray tests is believed to be much more relevant to in-service
behavior than the cracking reported by Bala and Szymura, which took place under extreme
cathodic polarization. In the study conducted by Magnequench®, cracking was found to
occur especially in cases where the magnet parts had been machined prior to testing. Itis
likely (as discussed in Section 6.3) that the specific effect of the machining treatment is to
either impart residual tensile stresses to the surface of the part, or to produce grinding

cracks which can lead to fracture.

2.3.5 Corrosion Control Methods

Nd-Fe-B is currently protected using either epoxy coatings or metallic coatings such as
nickel. Both types of coatings have been found to provide protection to the Nd-Fe-B alloy
as long as the coating itself remains intact. Neither epoxy coatings nor nickel coatings,
however, are capable of protecting Nd-Fe-B, however, in cases where the base metal is
exposed due to coating degradation. In fact, nickel can even accelerate the corrosion of
Nd-Fe-B galvanically by acting as a cathode. According to Kang et al [52], once a coating
is broken (degraded), significant corrosion of Nd-Fe-B magnets often occurs at the portion
of the coating which failed. The ability of barrier coatings such as epoxy and nickel to

resist degradation is thus an important criterion to be used in evaluating their effectiveness.
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Autoclave testing (160°C, 6 atm) of epoxy-coated sintered samples was conducted by
Willman and Narasimhan [59]. The epoxy was considered to be effective for the first 100
hours of testing, after which corrosion eventually results as the coating becomes more
permeable to atmospheric constituents. The epoxy-coated sintered samples of Minowa et al
[60] were found to be markedly deteriorated after autoclave testing (120°C, 2 atm, saturated
with water vapor). Minowa et al [60] also evaluated Al-ion and Ni coatings on sintered
magnets, and found both to withstand a similar autoclave test. However, both metallic
coatings showed evidence of pitting in 96 hour salt spray tests (35°C, 5 % NaCl). An
unfavorable evaluation of metallic coatings was reported by Kim and Jacobson [61], who
found that most metallic coatings, including Al, Cu, Cd, Ni, and TiN, exhibited depleﬁon'

from the surface of the sintered magnet after being kept in air for a couple of years.

In summary, corrosion control methods which can provide reasonable short-term
protection to Nd-Fe-B (e.g. epoxy or nickel coatings) have been devised. The primary
limitations of these types of barrier coatings are their known propensity to degrade at some
point during their service life, combined with their inability to protect the base metal once
the coating itself has been compromised. The fact that coating degradation will lead to a
loss of magnetic flux (and possibly also to cracking) of the substrate Nd-Fe-B indicates that
improvements in corrosion control are needed. It is important to either develop coatings
which can provide protection to Nd-Fe-B upon penetration of the coating, or to improve the
resistance of the substrate Nd-Fe-B to corrosion so that the alloy will not degrade rapidly
upon coating failure; the importance of the corrosion resistance of the coated Nd-Fe-B
substrate has been emphasized by Kim ez al [62]. Ideally, both of these goals should be
accomplished in order obtain a material with acceptable long-term resistance to corrosive
degradation. The first step in improving the corrosion susceptibility of the substrate Nd-

- Fe-B is to understand the types of corrosion which occur in the alloy system and their

causes; such insight clearly facilitates the development of useful corrosion control methods.
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3. Research Objectives

The current study was initiated with two primary goals in mind: to develop a detailed
understanding of the corrosion behavior of the Nd-Fe-B alloy, and to devise a practical,
cost-effective method to control its corrosion while in service. The objectives were later

extended to include a study of the environmentally-assisted cracking behavior of the alloy.

The corrosion behavior of the alloy was studied in an attempt to learn about the types of
corrosion which control its behavior. Greater understanding of these issues assists in
accurately evaluating the severity of the corrosion problem, and also allows a focus on
what the problems are in terms of using the material. It is also difficult to intelligently
design a corrosion control method without knowledge of how the material actually
corrodes. Electrochemical techniques and microscopic analysis were used to study the

corrosion behavior of the alloy, as described in Chapter 5.

Corrosion control methods were studied in an attempt to improve the engineering viability
of the material. In this phase of the work, emphasis was placed on developing a practical
solution to the problem of Nd-Fe-B corrosion, one which could actually be utilized to

protect the material in service. Corrosion control methods are discussed in Chapter 7.

Environmentally-assisted cracking was also studied in this work. Several test samples
were observed to fracture during immersion in the test electrolytes, and it was judged that ‘
cracking might be a significant degradation method for this alloy under certain conditions.

The environmentally-assisted cracking of the alloy is discussed in Chapter 6.
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4. Experimental Work
4.1 Materials

All of the Nd-Fe-B alloys tested in this study (h.p. and d.u.) were produced via rapid
solidification techniques by the Magnequench® Division of the General Motors
Corporation. Industrially-produced alloys were utilized in order to ensure that the results
of the study were as relevant to actual service application as possible. Although ekact élloy
specifications were not available due to the proprietary nature of the products, the
metallurgical characteristics of the test samples were stated by Magnequench [19] to be very
similar to those reported in the literature. Details pertaining to the metallurgical properties
of both h.p. and d.u. Nd-Fe-B alloys are summarized in Section 2.2. The h.p. alloys were
obtained in non-magnetized form and the d.u. alloys in magnetized form. All alloy samples
were cylindrical in shape. Some of the samples were ground and polished directly from the
as-received condition, and other samples were first subjected to a centerless grinding

treatment in order to obtain test specimens with a constant diameter.
High purity zinc metal (> 99.9%) was obtained from J ohnson-Matthey Chemicals Limited.
4.2 Electrolytes

Corrosion of Nd-Fe-B is a major concern in environments containing sulfate ions, such as
industrial atmospheres. The presence of chloride ions is also a concern, since the alloy can
be exposed to marine atmospheres as well as environments which may contain road de-
icing salts. Although exposure to nitrate ions is also expected in service, experiments were
not performed in nitrate-containing solutions since the oxidizing power of these ions would

likely provide an overly aggressive testing environment.
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The electrochemical techniques utilized in this study required the use of liquid electrolytes
rather than salt spray or humidity test environments. Near-neutral environments are
believed to be more relevant to actual service applications than acidic or alkaline
environments {22], and 0.5M NaCl (pH = 6) and 0.5M Na3SO4 (pH = 6) were therefore
chosen as test solutions. All test solutions were prepared using analytical grade reagents

(Mallinckrodt AR®) along with high-purity deionized water (18 MQ - cm).

As most service applications are believed to involve exposure to air, all solutions were
aerated prior to testing by purging with Airco® compressed air for at least 45 minutes
before the start of each experiment. The purge gas was shut off prior to sample immersion

in order to establish a reproducible degree of convection.
4.3 Electrochemical Testing

Electrochemical tests are commonly used in corrosion science in order to obtain quantitative
and mechanistic information about the metal-electrolyte system of interest. The use of
electrochemical tests is based upon Faraday's Law, which states that the weight lost by a
corroding metal is directly proportional to the charge passed across the metal-electrolyte
interface. The amount of charge passed per unit time is measured as electrical current.
Since the rate of metal loss can be defined as the weight lost by a corroding metal in a unit
time period, the cell current is actually a quantitative measure of the metal loss rate. This
relationship between cell current and metal loss rate is a very powerful tool in the study of
metallic corrosion. For example, a determination of the corrosion current density, icorr, by
electrochemical methods allows the réte of metal loss to be estimated using Faraday's Law.
Five main types of electrochemical testing were performed in this study: potentiodynamic
polarization, electrochemical impedance spectroscopy (EIS), galvanic corrosion, long-term

immersion, and hydrogen permeation testing. The sample preparation and test cells used in
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the potentiodynamic polarization, EIS, and galvanic corrosion tests are rather similar, and
are therefore collectively described below (Sections 4.3.1 - 4.3.3). The sample preparation
procedure used in the long-term immersion tests and hydrogen permeation tests are

discussed in Sections 4.3.7 and 4.3.8, respectively.
4.3.1 Test Samples

Electrochemical test samples were prepared using the following procedure. An electrical
contact was affixed to the back of each cylindrical test specimen using conductive silver
paint and a 24 gauge copper wire. The mechanical integrity of this joint was subsequently
ensured by cementing the contact to the sample using 5-minute® epoxy. The electrical
resistance of the joint was measured to ensure that it was smaller than 0.5 Q in orderto
minimize IR voltage drop through the electrical contact apparatus during testing. The
sample was then embedded in Epon® 828 epoxy resin in order to facilitate mechanical
polishing. The copper wire was shielded from the test solution by encapsulating it within a

Pyrex® tube which was affixed to the mounted sample via Epoxi-Patch® resin.

All test samples were wet polished to a 1200 grit finish using a series of ExtecTM silicon
carbide grinding papers. The polished specimens were then cleaned in a detergent solution
consisting of Alconox® and water, degreased with acetone, and masked with a thin layer of
room temperature vulcanization (RTV) silicone rubber adhesive (Shin-Etsu Chemiéal Co.)

" in order to expose a rectangular section of sample to the solution. Neutral-cure silicone
rubber was used to ensure that acetic acid was not released upon curing. The masking
agent was allowed to cure in a dessicator for at least 16 hours prior to testing. The area to
be exposed to the test solution (normally ~ 0.1 cm2) was rhcasured using calipers prior to

immersion. A typical electrochemical sample is shown schematically in Figure 4.1.
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Figure 4.1 Construction of a typical electrode utilized for electrochemical testing

4.3.2 Test Cell

The electrochemical cell was an airtight Pyrex® unit containing ports through which cell

elements could be introduced. The counter electrode in all tests was platinum gauze with an

area of approximately 12 cm2. Two types of reference electrodes were normally employed:
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a saturated calomel electrode (SCE) for tests performed at 30°C or less, and a silver/silver

chloride electrode (Ag/AgCl) for tests performed at temperatures higher than 30°C.

In the polarization and galvanic corrosion tests, the reference electrode was placed in an
auxiliary cell adjacent to the main cell. Both cells were filled with the same test solution,
and ionic continuity between the reference and working electrodes was established by

placing a Luggin capillary filled with test solution into both cells (Figure 4.2 (a)).

Due to the finite resistivity of the test electrolytes, current flow between the working and
counter electrodes leads to an IR or ohmic voltage drop in the solution between the two
elecrodes. The existence of IR voltage drop can prevent the potential of the working
electrode from being accurately maintained unless steps are taken to minimize the extent of
this error. In this work, the effects of IR drop were minimized by placing the tip of the

Luggin capillary approximately 2 mm away from the working electrode surface .

Use of the Luggin capillary in the EIS tests led to an unacceptably high level of electrical
noise, however, and the reference electrode therefore had to be placed directly into the test
cell during EIS measurements (2-3 mm from sample), as shown in Figure 4.2 (b). Note
that IR voltage drop through the electrolyte was not considered to be problematic in these

particular tests due to the low value of the currents which flow during EIS experiments.

A more significant consequence of eliminating the Luggin capillary from the setup is the
inevitable leakage of ClI” ions from the SCE into the vicinity of the test electrode. In order
to avoid the problem of CI” ion contamination in EIS tests performed in NapSQy, a
mercury/mercurous sulfate electrode (Hg/Hg,SO,) was used in place of the SCE. Since
the leakage from the Hg/Hg,SOy, electrode will consist of SO7” ions rather than C1- ions,

utilization of the Hg/Hg,SOy electrode allows the CI” contamination problem to be avoided.
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Figure 4.2 Schematic representation of the cell setup used in (a) polarization tests and (b) EIS tests.
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4.3.3 Electrolyte Temperature

It was found that reproducible, noise-free EIS data could not be obtained when the
temperature of the test solution was controlled by a thermostatic device. All EIS
experiments were therefore performed at ambient temperature. In order to facilitate a
correlation to the EIS work, many of the other electrochemical tests in this study were also
conducted at ambient temperature. The test solutions in these experiments had an average
temperature of approximately 23°C. A number of polarization and galvanic corrosion tests
were also performed at 30°C and 80°C. Temperatures were controlled at 30 = 0.5°C using
a Cole-Parmer Lab Monitor® III thermoregulator in conjunction with a nichrome resistance
wire heating coil and a standard mercury thermometer. Temperatures were controlled at 80
+ 10C using two Dyna-Sense® thermoregulators in conjunction with a thermal bath heated
by a pair of 250 watt Vycor® heating elements. Changes in the concentration of the test
solution due to evaporation were minimized by connecting the cell to a condenser tube
chilled by flowing cold water. The temperature of the Ag/AgCl reference electrode was
maintained at 80 £ 1°C by immersing the electrode in an auxiliary cell within the heated

bath and connecting the main and auxiliary cells with a Luggin capillary.

Five main types of electrochemical tests were performed in this study: potentiodynamic
polarization, electrochemical impedance spectroscopy (EIS), galvanic corrosion tests, long-
term immersion tests and hydrogen permeation tests. A brief introduction to each of these
techniques appears below, and Appendix 10.1 contains a comprehensive discussion of
these electrochemical methods. In Appendix 10.1, emphasis was placed on the discussion
of topics judged too lengthy to be included in the present section. Subjects discussed in the
appendix include an in-depth description of the modeling process used to quantitatively

analyze EIS data, and the detailed procedure used to evaluate galvanic corrosion systems.
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4.3.4 Potentiodynamic Polarization Testing

Determination of the polarization curve (current-potential relationship) for the metal-
electrolyte syStem under study is a very basic and important test method in corrosion
science. A current-potential, or polarization curve is generated by scanning fhe electrode
potential at a known rate and measuring the current as a function of potential. The electrode
potential is known to have a substantial effect on the rate of electrochemical reactions. For
example, polarization of the electrode to more electropositive (anodic) potentials generally
increases the rate of oxidation reactions in the system while decreasingv the rate of reduction
reactions. These changes in rate are registered experimentally as changes in the cell
current. The proportionality between reaction rate and current is derived from Faraday's
Law, as described in Section 4.3. Both anodic and cathodic polarization diagrams are
normally measured for each metal-electrolyte system of interest. Polarization diagrams can
provide an investigator with much useful information; for example, the important
electrochemical reactions in a system can often be inferred from polarization testing. The
presence or absence of passivation in a given metal-electrolyte system can also be
established using this method, and corrosion rates can additionally be estimated from the

current-potential relation using the Tafel extrapolation technique.

Potentiodynamic anodic polarization tests can also be used to indicate the presence or
absence of localized corrosion, if scan reversal (cyclic polarization) techniques are
employed. The presence of higher current densities in the reverse scan is known as
hysteresis, which normally indicates that the rate of anodic dissolution has increased as a
direct result of the corrosion process which took place during the forward scan. The
increase in current density is typically attributed to the compositional changes (such as
acidification) which occur during corrosive attack in localized environments such as pits or

crevices. As anodic dissolution proceeds within a local environment, the restricted mass-
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transfer out of the local area causes the concentration of metal cations to increase markedly
within the localized or occluded region. The metal cations can then react with water to form
both a metal hydroxide and hydrogen ions in a process known as hydrolysis. The
production of H* ions will result in acidification of the local area, which normally leads to
an increase in the rate of local corrosive attack; the increase in attack rate is observed
experimentally by a rise in the measured dissolution current during the reverse scan. The
presence of localized corrosion can also be diagnosed using the potentiostatic anodic
polarization method in which the potential is held at a constant anodic value and the
dissolution current is monitored as a function of time. An increase in current with time
usually indicates that a local electrolyte is becoming more aggressive, leading to an increase

in the rate of corrosive attack and to a corresponding rise in the dissolution current.

All polarization samples were allowed to stabilize at open-circuit for a predetermined length
of time before testing was initiated; pre-polarization immersion times of 1, 24, and 72
hours were employed. At the end of the immersioﬁ period, the test sample was polarized at
a rate of 0.167 mV/sec in either the anodic or the cathodic direction. Polarization of the test
samples was generally conducted using a Model 173 EG&G Princeton Applied Research
(PAR) potentiostat/galvanostat equipped with an Aardvark Model Scan-4 Scanning Unit.

4.3.5 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is emerging as an extremely powerful tool
in the analysis of corrosion and other electrochemical systems. When employed correctly,
this technique can provide mechanistic information about the nature of the electrochemical
reactions occurring at a metal-electrolyte interface, as well as instantaneous estimates of
corrosion rates. Despite these advantages, data generated using the EIS technique are

difficult to analyze and often require rigorous modeling in order to be interpreted correctly.
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The EIS experiment is typically conducted by applying a small amplitude, fixed frequency
sinusoidal voltage perturbation, E(w), to the metal-electrolyte system. Measurement of the

resulting current, I(w), allows the cell impedance, 2((0), to be determined via:

[4.1] Z(w) =%

where o = 2nf is the angular frequency of the perturbation signal.

The actual EIS measurement is performed using a potentiostat in conjunction with a
frequency response analyzer (FRA). The FRA is used to generate the sinusoidal
perturbation voltage, which is then attenuated by the potentiostat and applied to the
electrochemical cell. The potentiostat measures the resulting current (which will also be
sinusoidal in nature), and passes the current and voltage signals to the FRA. The analyzers
of the FRA will use these signals to determine the phase change undergone by the current
as well as the magnitude of the impedance. The magnitude of the impedance, Ifl, is equal
to the amplitude of the voltage signal divided by the amplitude of the current signal. The
phase angle, 9, is equal to the amount by which the current signal either leads or lags the
voltage signai in time. The phase angle is considered to be negative if the current leads the

voltage, as in capacitive systems.

The impedance is a complex quantity since the measured current may be changed both in
amplitude and in phase angle from the pertﬁrbation voltage. The measured impedance will
therefore consist of two components, which can be reported alternatively in either polar
form (lﬁ,¢) or cartesian form (Z',-Z"), where Z' is the real or in-phase part of the
impedance and -Z" is the imaginary or quadrature part of the impedance. These alternative

representations are not independent, and the impedance can be converted from one form to
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the other using standard polar/cartesian relationships. The impedance can be

mathematically represented as:
[4.2] Z(w) = IZlexp(-0) = 1Zl[cos(d) - j-sin(9)] = Z' - j-Z"

A schematic description of the relevant impedance parameters is shown in Figure 4.3.
Note that complex plane plots are usually constructed as Z' vs. -Z" in order that EIS data
can be plotted in the first quadrant of the cartesian axis system. EIS data tend to have a
negative imaginary component (as well as a negative phase angle), due to the fact that
capacitive reactance is much more common in electrochemical systems than is inductive

reactance.

EIS measurements are typically performed at a number of different frequencies over a wide
bandwidth in order to generate an impedance spectrum, where one (Z', -Z") data pair is

acquired for each individual frequency in the spectrum. A large number of frequencies are

-Z"(Q) Impedance
' data point
/\/ at frequency
=01
-Z"(w1)
1Zl (1)
-9 (01) Z (01)
Z'Q)

Figure 4.3 Schematic diagram showing how the impedance of a given data point can be alternatively
represented in polar form or in cartesian form.
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utilized as a result of the fact that the impedance associated with processes in an
electrochemical cell are often frequency dependent. Measurement of impedance spectra
over a wide frequency bandwidth can provide information about the types of processes
present in the electrochemical system, and can also provide important data from which
instantaneous corrosion rates can be derived. Impedance data are normally presented in
three different graphical forms: a complex plane or Nyquist plot (-Z" vs. Z'), a Bode-
magnitude plot (log [Z] vs. log f), and a Bode-angle plot (- vs. log f).

The preferred method of analyzing EIS data is to model the measured cell impedance using
electrical analogs such as capacitors and resistors, where each electrical analog is chosen to
represent a type of physical process believed to occur in the electrochemical system of
interest. The detailed process used to analyze EIS data is referred to as equivalent circuit

modeling; this process is described at length in Appendix 10.1.

All EIS samples were allowed to stabilize at the open-circuit potential for a predetermined
length of time before the éxperiment was begun; pre-test immersion times of 1, 24, and 72
hours were used in order to provide a correlation to the results of the polarization tests and
microscopic analysis. EIS measurements were conducted using a Model 273 PAR
potentiostat interfaced with a Solartron® Model 1260 FRA. The perturbation voltage in all
cases was 3 mV rms (4.24 mV amplitude). All samples were held at the open-circuit
potential during the measurement using a d.c. bias voltage. Impedance spectra were

acquired over a frequency range of 19 kHz to ~ 2 mHz.
4.3.6 Galvanic Corrosion Testing

Galvanic corrosion techniques are employed when it is relevant to study the electrochemical

properties of metals which are placed in electrical and electrolytic (ionic) contact with one
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another. In this work, galvanic corrosion testing was utilized to evaluate the feasibility of
employing sacrificial zinc coatings as a corrosion control method for Nd-Fe-B. Galvanic
corrosion properties are of interest as they relate to the Zn/Nd-Fe-B galvanic couples which
are likely to form during service at breaks in the zinc coating. An established technique for
analyzing galvanic systems consists of utilizing the mixed potential theory, usually in
combination with galvanic corrosion testing. The mixed potential theory is capable of
predicting the rates of electrochemical reactions in a corroding system as a function of
electrode potential. The approximate electrode potential attained by a Zn/Nd-Fe-B couple at
a break in a zinc coating can be determined using galvanic corrosion tests, and the mixed
potential theory can then be utilized to predict the rate of anodic dissolution on Nd-Fe-B at
the couple potential; such an analysis is capable of predicting whether or not Zn can provide
sacrificial protection to Nd-Fe-B at breaks in a zinc coating. The detailed procedure used to

evaluate corrosion control via sacrificial metallic coatings is described in Appendix 10.1.

The galvanic corrosion experiments were performed by measuring the open-circuit potential
(Ecorr) of each specimen about 10 minutes after immersion in the test elec&olyte; the two
samples were then electrically shorted together through a zero resistance ammeter (ZRA).

The galvanic current (Ig) and the couple potential (Ecouple) Were monitored for 20 hours.
4.3.7 Long-term Immersion Tests

Long-term immersion tests were conducted in order to measure either the amount of anodic
dissolution or the cracking rate of Nd-Fe-B samples subjected to different polarization
conditions. The long-term immersion samples were originally designed to maximize the
accuracy of weight loss measurements. Sample weight loss was to be measured after
removal from the test solution in order to evaluate the anodic dissolution rate at various

electrode potentials. The sample design outlined earlier (Section 4.3.1) was not suitable for
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these purposes, because of the relatively small surface area exposed to the electrolyte (~ 0.1
cm?). Samples with small exposed area will experience a relatively low weight loss, which
~ can lead to erroneous results if weighing inaccuracies contribute significantly to the
measured weight change. Another shortcoming of the previous electrode design is that
solution uptake into the epoxy resin is liable to result in some degree of weight gain during

immersion.

In order to circumvent these limitations, a different sample configuration was utilized, with
the entire circumference and one face of each cylindrical sample polished to 1200 grit and
exposed to the solution. This sample design allowed a significantly larger area (~ 2 cm?) to
be exposed to the electrolyte than in the previous electrode arrangement, and also avoided
the use of epoxy resin. The electrical contact procedure described in Section 4.3.1 was
used to affix a copper wire to the back of each sample, and the contact was then masked
off from the test solution using two coats of Microstop® electroplating lacquer (Micro
Products). A rubber stopper was used to attach the sample securely to a glass tube. A
similar procedure was used to prepare cylindrical samples of high purity zinc metal for

long-term galvanic couple tests.
4.3.8 Hydrogen Permeation

The hydrogen permeation technique is based on using electrochemical means to create a
hydrogen concentration gradient across a metallic membrane [63]. The membrane
effectively becomes a bi-electrode in two separate electrical circuits. Hydrogen atoms are
generated on one side of the metallic membrane sample, either by deliberate electrochemical
reduction or as a by-product of a corrosion reaction on the surface of the metal. The side of
the membrane on which hydrogen production occurs is known as the input or charging side

of the sample. The other side of the membrane is electrochemically polarized to a potential
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at which hydrogen atoms are thermodynamically unstable and will oxidize to form protons.

This side of the membrane is referred to as the output or discharge side of the sample.

The hydrogen atoms generated on the input side of the membrane may either combine to
form hydrogen molecules or become absorbed into the metal itself. Absorbed hydrogen
atoms will diffuse through the sample, due to the concentration gradient created by the
electrochemically maintained zero hydrogen concentration boundary condition on the output

side of the membrane. The permeation process is illustrated schematically in Figure 4.4.

Hydrogen atoms which diffuse through the metal will be electrochemically oxidized at the

discharge surface according to the reaction:

[4.22] Ho H*+e

The potentiostat will remove the electrons produced by [4.22], and the permeating

hydrogen flux will therefore be registered as an electron current. The number of electrons

Input/charging Output/discharge
side side
H* e Membrane
Hads [~ H abs

H abs—>1H ads

Figure 4.4 Discrete steps involved in the electrochemical permeation technique [63].
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collected at the discharge side is a quantitative measure of the amount of hydrogen

permeating through the sample. Data are generally reported as hydrogen flux versus time.

The hydrogen permeation technique requires the use of a relatively thin wafer or foil of the
metal to be analyzed. Nd-Fe-B and other permanent magnets are generally not fabricated as
foil or sheet specimens, and sections therefore needed to be cut from existing cylindrical
samples. Even if fabricated thin sheets were available, it would be preferable to use wafers
which had been sectioned from bulk samples. The ultimate objective of the permeation
experiments is to compare the data to results obtained in the long-term immersion tests, and

thin samples could have properties which are very different from those of the bulk material.

Nd-Fe-B wafers (approximately 3 mm thick) were cut from the cylindrical h.p. samples
supplied by Magnequench®. Sectioning was performed using an Accutom-2® (Struers)
cutting saw equipped with a diamond-impregnated blade. This cutting instrument allowed
parallel-sided sections of reproducible thickness to be obtained. The saw also permitted the
samples to be cut in a reasonable amount of time (~1 hour), and did not lead to cracking of
the wafers during cutting. Previous attempts to cut the hard, brittle Nd-Fe-B samples with
other saws had resulted in cracking of the wafer during the cutting process, or to cutting

times which were unacceptably long.

The experimental setup used for the hydrogen permeation studies was designed and
constructed by Abdul-Hamid [63]. The permeation cell consists of two cylindrical half;
cells with a sample mounting assembly clamped in between, as shown in Figure 4.5 (a).

The cell was machined completely out of Teflon® polytetrafluoroethylene (PTFE) sections.

Conical openings were machined through both rectangular slabs in the sample mounting

assembly (Figure 4.5 (b)) in order to permit the metallic wafer to contact the electrolytes in

65



Membrane
Potentiostat Potentiostat

Top view
In
Out
AN ERA
( : ) o 1.2cm
i T+
Membrane Front view Side view
@ (b)

Figure 4.5 Schematic representation of (a) the permeation cell and (b) the sample mounting assembly.

the half-cells. The circular hole adjacent to the seating area of the sample was ~ 1.2 cm in
diameter, which presented a complication for the present experiment. The cylindrical
samples which the wafers had been sectioned from were only 0.6 cm in diameter, and the
samples were thus too small for the existing openings in the permeation cell. In order to
avoid the expense of machining a new sample holder, or of using a different permeation

cell, the problem was solved using the sample arrangement described below.

After both sides of the sample had been polished to 1200 grit, two electrical contacts were
made to the side of the wafer using the contact procedure described in Section 4.3.1. The
electrical contact apparatus and a thin rim around the edge of each polished surface were
masked off using electroplating lacquer. Small holes were cut in two polyethylene (PE)
sheets of dimensions 5 cm x 5 cm x 0.07 cm. The sample and its attached electrical contact -
were placed between the two PE sheets and the sample was pressed into both of the circular
holes. Silicone rubber adhesive was then applied in order to seal the gap between the
sample and the hole in each sheet, leading to the final sample arrangement shown in Figure

4.6. Once the silicone had cured, the sample was clamped into the permeation cell and the
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Figure 4.6 Schematic representation of the hydrogen permeation sample arrangement.

arrangement was verified to be leak-proof. The resistance of the polymeric materials to

NaOH was subsequently verified by immersion testing.

4.3.8.1 Palladium Deposition

It was necessary to perform an additional step before utilizing the samples for testing.
Since the output side of the membrane is anodically polarized in order to oxidize any
permeating hydrogen, an active metai such as Nd-Fe-B will exhibit a very high corrosion
rate if exposed to the electrolyte on the discharge side of the membrane. The anodic
dissolution reaction will produce a large and likely unstable electron current, which will be
superimposed upon the hydrogen permeation current. In order to avoid this problem, the
output side of all Nd-Fe-B membranes was coated with a layer of palladium metal (~ 1 pm
thick). The ability of palladium to passivate in NaOH will allow a low, stable background
current to be established, from which the hydrogen current is easily distinguishable.
Palladium also has an extremely high hydrogen diffusion coefficient, such that the thin

coating will not act as a barrier for hydrogen transport through the membrane.
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The palladium was deposited using a Materials Research Corporation Model 8620 RF
sputtering system. An argon ion plasma is created in the chamber and is then directed at a
palladium target to produce a sputtering effect. The membrane samples are coated by the
sputtered Pd, with the process continued until a 1 um coating has been deposited.

An important requirement of the deposition process was that the palladium coating had to
be pinhole-free so that the Nd-Fe-B was not exposed to NaOH on the discharge side of the
sample. Abdul-Hamid found that a 1 um deposition thickness was more than adequate té
produce a continuous Pd coating, using operating conditions which were essentially
identical to those employed in this study [63]. It was also of critical importance that no
palladium be deposited on the input side of the samples, in order to avoid the formation of
Pd/Nd-Fe-B galvanic couples on this side of the membrane. The presence of Pd would
likely change the electrochemical behavior of the input surface under certain conditions.
Palladium was prevented from reaching the input side of the membrane by using Al foil to

completely mask this side of the sample before it was placed in the sputtering chamber.

Hydrogen permeation tests were conducted using the following procedure. The test sample
was first clamped into the permeation cell, and NaOH was added to the Pd-coated output
side of the membrane. The output side was polarized to +0.5 V (SCE) in order to oxidize
all incoming hydrogen. Once a stable passive current density was attained on the Pd-coated
side of the sample, the test solution (NaCl or NapSO4) was added to the other half-cell and
the appropriate input condition established. The start time of the experiment was recorded

and the current on the output side monitored in order to record the flux transient.
4.4 Microscopy

Electrochemical tests can provide a great deal of information to the corrosion scientist. A

considerable limitation of electrochemical corrosion tests, however, is that the morphology
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(location) of corrosive attack can generally not be identified using these methods. Given
the importance of identifying and understanding the corrosion morphology in the system
under test, it is considered to be critical in most corrosion work to combine electrochemical

testing with a microscopic analysis of the damage resulting from corrosive attack.

Although microscopic analyses would ideally be performed in-situ while the sample is
corroding in the electrolyte, in-situ testing was prevented in this study by the formation of
insoluble corrosion products on the surfaces of all Nd-Fe;B samples. In situations where
in-situ experiments are precluded, an alternative process known as ex-situ analysis also
allows the changes in corrosive attack to be followed with time. Ex-situ analysis consists
of immersing test samples in the corrosive electrolyte for different periods of time and then
removing them from the solution prior to viewing in the microscope; all experiments in this

study were performed using the ex-situ method.

The Nd-Fe-B samples employed in the microscopic analysis were identical to those utilized
for electrochemical testing (Section 4.1). Each sample was polished to a 1200 grit finish,
cleaned in detergent solution, and degreased with acetone. The sample was immersed in
the appropriate electrolyte for a predetermined length of time. At the end of the immersion
period, the sample was removed and rinsed in deionized water. An effort was then made to
remove the insoluble corrosion products formed during immersion. Insoluble corrosion
products on the surface of the sample were generally removed by ultrasonic cleaning in
deionized water. Corrosion products still occasionally obstructed the viewing process even
after this cleaning step, but in general the sample surface was clear enough for adequate
observation. It is not feasible to remove the corrosion products from Nd-Fe-B via acid
pickling, because reliable inhibitors have not been established for this alloy system. If acid
cleaning were used, subsequent microscopic investigation would produce ambiguous

results, since it would not be clear whether the observed damage occurred during
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immersion in the test solution or during the acid cleaning step. An attempt to remove the

corrosion products using cellulose acetate replica stripping was unsuccessful.

Immersion times for the microscopy samples were 15 minutes, 1 hour, 12 hours, 24
hours, 72 hours, 1 month, and 3 months. All samples were immersed at ambient
temperature, and were oriented such that the polished surface exposed to the solution was

placed in a vertical position, in order to facilitate a correlation with the electrochemical tests.

Several different types of microscopes were employed in the current study. Imaging of the
surface was performed with a scanning electron microscope (SEM), and a confocal laser
microscope was used to obtain quantitative surface topography information. A field
emission SEM was used to attain images at high resolution, and an electron probe
microanalyzer (EPMA) was employed to obtain compositional (chemical) information.

Non-magnetized samples were utilized for all electron microscopy work.

Images of the corroded samples were acquired using a Cambridge Stereo Scan® scanning
electron microscope (SEM) operating at an accelerating voltage of 20 kV. The instrument
was used in secondary electron mode in order to permit the observation of topographic
detail. Samples were generally coated with a thin layer of sputtered gold in an effort to
reduce charging effects from incompletely removed corrosion products. Compositional

analysis was occasionally performed using energy-dispersive x-ray spectroscopy (EDX).

Quantitative topographical information was obtained using a Lasertec 1LM11 confocal

microscope. The 1LM11 is actually an optical microscope which employs a laser (HeNe,
632.8 nm) as a light source. The confocal microscope is capable of generating profiles of
the attacked or corroded surfaces. The microscope is fitted with a motor which allows the

lens system to translate up and down relative to the plane of the sample. The nature of
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confocal optics leads to a very small depth of field whereby light only reaches the detector
when the sample is precisely at the focal length of the currently selected lens. During the
translation process, the microscope will record the position of maximum light intensity for
each point along a selected profiling line on the sample surface. Each maximum intensity

point is then correlated to surface height, and a topographical profile is generated.

High resolution images were obtained using a JEOL 6300 field emission SEM. Such
images were necessary because of the fine scale of the grains in the rapidly solidified alloys
(80-100 nm). Samples were not coated with gold prior to viewing, as the gold islets which
form can interfere with high resolution imaging. The instrument was operated at a low

accelerating voltage (1 kV), in order to increase the surface sensitivity of the images.

Compositional information was obtained using a JEOL Superprobe® 733 electron probe
microanalyzer (EPMA). The instrument was employed in backscatter mode, with an
accelerating voltage of 15 kV. The standards utilized in the calibration of the instrument are
shown in Table 4.1. The EPMA was not able to measure the composition of boron, due to
the low atomic weight of this element. In order to reduce charging effects, all samples

were coated with carbon (~25 um thick) prior to placement in the specimen chamber.

Table 4.1 Standards used in the calibration of the electron probe microanalyzer.

Element Standard Chemical Symbol

Nd Neodymium fluoride NdF3

Fe ' Iron Fe

Co Cobalt Co

(0] Hematite FepO3

Cl Scapolite Nag Al3SigOy4Cl
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5. Corrosion Behavior of the Alloy

The work described in the following chapter was performed in order to obtain a
comprehensive understanding of how the Nd-Fe-B alloy corrodes. The analysis was
conducted using electrochemical methods (e.g. electrochemical impedance spectroscopy,
potentiodynamic polarization) in conjunction with microscopic techniques such as scanning

electron microscopy and confocal laser microscopy.

All tests were performed on industrially-produced Nd-Fe-B alloys, in order to ensure that
the results of the study were as relevant as possible to actual service conditions. It should
be mentioned, however, that the corrosion of the alloy could have been studied using an
alternative method. The corrosion of a metal possessing a multiphase microstructure can be
analyzed using galvanic corrosion methods (with the constituent phases of the alloy serving
as the coupled metals) in order to simulate the microgalvanic cells which are operative on

the corroding surface.

Such an analysis normally provides insight into the corrosion behavior of multiphase
alloys, but these tests were believed to be of questionable utility in the current study. The
identity of the Nd-rich phase is disputed in the literature, and it was not considered feasible
to procure test samples which adequately represented the grain boundary phase. Strong
consideration was given to fabricating "facsimile" grain boundary phase samples, but this
alternative was ultimately rejected because of the expected difficulty of the fabrication task.
In addition, it was believed that any results obtained using "facsimile" grain boundary
samples would likely be of diminished significance due to the ambiguity surrounding the
actual composition of the Nd-rich phase in the industrially-produced alloy. It was
considered to be much more efficient and relevant to test the actual Nd-Fe-B alloy used in

service.
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5.1 Polarization Behavior of h.p. and d.u. Alloys

A preliminary investigation of the corrosion behavior of Nd-Fe-B can be performed by
measuring its polarization behavior in relevant test solutions. The results will provide some
basic but important diagnostic information about the corrosion of the alloy, as described in
Section 4.3.4. A rapid determination of whether corrosion is occurring in the active state
or in the passive state can be made using this technique. Polarization testing can often be
used to qualitatively identify the important reactions occurring during the corrosion process
(e.g. metal dissolution, oxygen reduction). The effects of magnetic flux and solution
composition on the corrosion of the alloy can be rapidly assessed. Tafel extrapolation

techniques can be used to obtain a preliminary estimate of the corrosion rate of the alloy.

It is emphasized that the results presented in Section 5.1 are meant to serve as a preliminary
analysis of the corrosion behavior of Nd-Fe-B. It will be necessary to study the corrosion
of the alloy in far more detail than can be obtained using the results of the polarization

curves alone. A comprehensive analysis is contained in Sections 5.2 - 5.4.

Anodic and cathodic polarization curves were measured for h.p. and d.u. alloys in NaCl
and Na;SO4. Two orthogonal planes of the d.u. magnets had to be tested because of the
crystallographic and magnetic anisotropy exhibited by die upset Nd-Fe-B. To account for
crystallographic anisotropy, one test plane was approximately perpendicular to the c-axis of
the elongated Nd,Fe,4B grains (d.u. L c) and the other plane was approximately parallel to
the c-axis of the grains (d.u. Il ¢). The selected test planes also accounted for the magnetic
anisotropy of the d.u. alloys, as magnetic flux lines are perpendicular to the test plane of
the d.u. L ¢ specimens and parallel to the test plane of the d.u. Il ¢ samples (Figure 2.5).

As discussed in Section 4.1, all d.u. alloys examined in this study were tested in the

magnetized condition, while all h.p. alloys were tested in the non-magnetized condition.

73



5.1.1 Anodic Polarization Behavior at 30°C

Anodic polarization curves for the h.p. and d.u. alloys (30°C) are shown in Figure 5.1. In
order to enhance the clarity of these figures, regions of high anodic overpotential were not

inclﬁde‘d_in the plots (these regions are shown instead for the h.p. alloy in Figure 5.2).
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Figure 5.1 Anodic polarization diagrams for h.p. and d.u. alloys in (a) NaCl and (b) Na3SO4 at 30°C.
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Nd-Fe-B was found to exhibit active (Tafel) corrosion at low anodic overpotentials in both
test solutions, as shown in Figure 5.1. The strong dependence of current density on
potential and the approximate linearity of the E-log i curve are both characteristic of metal

dissolution occurring under charge-transfer control, as discussed in Section 4.4.1.

At higher anodic overpotentials, mass-transfer control was found to exist up to +1.5V
(SCE) in NaCl, as shown in Figure 5.2. A slight reduction in current density was
observed at potentials noble to -0.2 V (SCE) in Na;SO4. Current density reductions at
oxidizing potentials have been previously observed for Nd-Fe-B in various SO3" solutions

[48,54], but this limited passivation appears to be of little or no engineering significance.

In order for passivation to be useful, the alloy would have to exhibit a low passive current
density (preferably below 105 A/cm?2), since a low ipass corresponds to a low metal
dissolution rate via Faraday's Law. The passive film ideally would not have to be induced

by anodic polarization, but rather would be spontaneously stable at open-circuit.
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Figure 5.2 Anodic and cathodic polarization behavior of h.p. Nd-Fe-B in NaCl and Na3SQOj4 at 30°C.
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5.1.2 Cathodic Polarization Behavior at 30°C

Cathodic polarization curves for the h.p. and d.u. alloys (30°C) are shown in Figure 5.3.
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Figure 5.3 Cathodic polarization diagrams for h.p. and d.u. alloys in (a) NaCl and (b) Na3SO4 at 30°C.
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At low cathodic overpotentials, the alloy was found to exhibit diffusion-limited oxygen
reduction kinetics in both test solutions, as shown in Figure 5.3. The nearly vertical region
of the E-log i curve is characteristic of processes which are under mass-transfer control, as
discussed in Section 4.4.1. The observed ijim values are typical for diffusion-limited

oxygen reduction processes in aerated, non-agitated near-neutral solutions [64]. At higher

cathodic overpotentials, the linear regions in Figure 5.3 correspond to the reduction of

water to hydrogen (under charge-transfer control).

Electrochemical data from Figures 5.1 and 5.3 are shown in Table 5.1. The corrosion

current density (icorr) values were calculated by Tafel extrapolation (average of both anodic

and cathodic tests). The i¢orr values will be used to estimate metal loss rates in Section

5.1.10, and the B, values to estimate metal loss rates from EIS data (Appendix 10.2).

Table 5.1 Average electrochemical data from polarization of Nd-Fe-B in (a) NaCl and (b) NazSO4 at 30°C.

@
Alloy Ecorr (V) icorr (1A/cm2) Ba (V/decade) itim (LA/cm?)
h.p. -0.794 577 0.042 954
du. Lc -0.823 58.6 0.046 89.1
d.a. lic -0.822 74.6 0.052 130.9
®)
Alloy Ecorr (V) icorr (WA/cm?) Ba (V/decade) ilim (A/cm?)
h.p. -0.824 542 0.034 87.8
d.u. Lc -0.839 41.7 0.033 68.0
d.u. lc -0.840 38.6 0.034 65.5
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5.1.3 Anodic Polarization Behavior at 80°C

Anodic polarization curves for the h.p. and d.u. alloys (80°C) are shown in Figure 5.4.

Regions of higher anodic overpotential were again removed in order to improve clarity.
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Figure 5.4 Anodic polarization of h.p. and d.u. alloys in (a) NaCl and (b) Na3SO4 at 80°C. The passive
current density (ipass) and the critical current density for passivation (i) are indicated in (b).
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Nd-Fe-B was found to exhibit active corrosion at low anodic overpotentials in both test
solutions, as shown in Figure 5.4. At higher anodic overpotentials, mass-transfer control
was found to exist up to +1.5 V (SCE) in NaCl, as shown in Figure 5.5. An active-

passive transition was observed in Na;SOy4 at 80°C (Figure 5.4 (b)), as discussed below.

Passivation was induced by anodic polarization at 80°C in Na3SQy, but the obtained
passive film appears to be limited in itsbusefulness. A viable passive film should be stable
at open-circuit and exhibit a low ipass, as mentioned earlier. A low critical current density
for passivation is also important, since icrj; dictates the amount of current which must be
supplied by the cathodic reactant in order to form the passive film. Passivity should also be

stable over a broad potential region, so that the passive film will resist oxidizing conditions.

The alloy exhibits active dissolution at open-circuit in Na;SO4. Both the passive current
density (~ 100 pA/cm?) and the critical current density for passivation (~ 20 mA/cm?2) are
relatively high; the passive region is also very narrow (< 0.1 V). The corrosion rate of the

alloy is substantial (~ 110 LA/cm2), despite the presence of the active-passive transition.
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Figure 5.5 Anodic and cathodic polarization of h.p. Nd-Fe-B in NaCl and NapSO4 at 80°C.
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5.1.4 Cathodic Polarization Behavior at 80°C

Cathodic polarization curves for the h.p. and d.u. alloys (80°C) are shown in Figure 5.6.
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Figure 5.6 Cathodic polarization of h.p. and d.u. alloys in (a) NaCl and (b) NapSOy at 80°C.
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At low cathodic overpotentials, the alloy was found to exhibit diffusion-limited oxygen
reduction kinetics in both test solutions, as shown in Figure 5.6. The measured ijjm in
these tests is higher than at 30°C, due to the effect of temperature upon the rate of oxygen
diffusion to the surface. As a result, the predicted corrosion rate is higher at 80°C than at

30°C (126 pA/cm? as opposed to 58 pA/cm? for the h.p. alloy in NaCl).

At higher cathodic overpotentials, the observed linear regions again correspond to the

charge-transfer controlled reduction of water to hydrogen.
5.1.5 Summary of Polarization Results

The results of the anodic and cathodic polarization measurements at both 30°C and 80°C are
compatible with previous reports of poor corrosion resistance for the Nd-Fe-B magnet [47,
49,49a]. The inability of the alloy to passivate spontaneously indicates that it is corroding
actively at open circuit. Under these conditions, the corrosion rate of the magnet is

controlled by electrochemical reactions which are not related to passivation.

The most important reactions in the corrosion of Nd-Fe-B appear to be anodic metal
dissolution under charge-transfer control and oxygen reduction under mass-transfer
control. The overall rate-controlling reaction in the corrosion of Nd-Fe-B in all four test
solutions appears to be the diffusion-limited oxygen reductiox{ reaction. Due to the nearly
vertical slope of the cathodic curves and the relatively low slope of the anodic curves, ihe
cathodic reaction has a more substantial influence on the corrosion rate than does the anodic
reaction. For example, if the oxygen access rate were to increase as a result of solution
flow or the formation of a thin electrolyte film, the corrosion rate should increase due to
rapid access of oxygen (the cathodic reactant) to the metal surface. This disproportionate

influence of the cathodic reaction on the corrosion rate is known as cathodic control.
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5.1.6 Effect of Solution Composition

The polarization behavior of h.p. and d.u. alloys at 30°C did not appear to be significantly
affected by differences in solution composition (Figures 5.1 and 5.3). The limiting current
density is slightly higher in the NaCl solutions than in the Na;SOy4 solutions, owing to the
difference in the solubility of oxygen in the two solutions. The salt content (in terms of
weight percent) is higher for the 0.5M Na;SO4 solutions than for the 0.5M NaCl solutions
(owing to the greater formula weight of Na;SOy), and the solubility of oxygen in a given
solution is known to be inversely proportional to its salt content. At 80°C, the open-circuit
behavior was not generally affected by solution composition, but the behavior of the

material under anodic polarization was markedly different (Figure 5.4 (b)).

5.1.7 Effect of Magnetization

The nearly identical polarization behavior exhibited by the d.u. L ¢ samples and the d.u. ll ¢
samples (Figures 5.1, 5.3, 5.4, 5.6) indicates that the direction of the magnetic flux relative
to the sample surface does not significantly influence the polarization behavior of Nd-Fe-B.
In fact, the presence of a strong magnetic flux was found to have little effect upon the
polarization behavior of Nd-Fe-B, as evidenced by the general similarity between the
polarization diagrams for the h.p. (nonmagnetized) and d.u. (magnetized) samples. The
microstructural changes which result from subjecting the h.p. alloy to the die upsetting

process were additionally found to exert only a slight effect on the polarization of Nd-Fe-B.
The absence of a magnetic field effect on the samples tested in this study is consistent with

theoretical expectations. Magnetic flux has been shown by Kelly [65] to exert a significant

effect on the rates of electrochemical reactions occurring in flowing electrolytes, but this
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effect is not believed to apply to the quiescent (non-flowing) electrolytes utilized in this

study. The alloy is not expected to be exposed to flowing electrolytes in service.

Magnetic fields can affect corrosion rates because of their ability to induce electrical
potential differences according to Faraday's Law of Ihduction [66]. An electrical potential
difference, if induced across the metal-electrolyte interface, would likely have a significant
effect on the electrochemical reaction rates in the corroding system. The possible presence
of magnetically-induced potential differences is therefore a significant concern in the

corrosion of a system exposed to a magnetic field.

A magnetic field will typically induce an electrical field in the presence of relative
mechanical motion, such as a physical translation of either the magnetic field or of the
electrolyte containing charged (ionic) species. The change in the potential difference at a

metal-electrolyte interface due to the presence of a magnetic field (AEmag) is [65]:
[5.1] AEmag:-'Z'B'a'V

where B is the magnetic flux density, a is a geometric factor, and v is the velocity of the
flowing elccﬁolyte. Equation [5.1] shows that an electrical field can be induced in the
presence of charge movement. The movement of faradaic current through the metal-
electrolyte interface would not be expected to induce a potential difference across the
interface, however, since the induced field must act at right angles to both the applied
magnetic field and the movement of charge. Magnetic flux should thus not affect the
corrosion behavior of this particular system, owing to the absence of a flowing electrolyte.
A potential difference can also be induced by changes in the magnetic field over time, again

via Faraday's Law of Induction [66]. This particular mode of induction would not be
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expected to affect the corrosion of a permanent magnet, since the magnetic field output of

such a material is expected to be very stable over time.

Another possible influence of magnetic flux on the corrosion rate of Nd-Fe-B is related to
the types of insoluble corrosion products which form on the metal surface. One corrosion
product which can form on the surface of a ferrous alloy is magnetite (Fe304). Due to its
magnetic properties, a magnetite corrosion product could be tightly bound to the surface of
a magnetized Nd-Fe-B sample. This attraction would take place only in alloys which have
been magnetized. If magnetite were protective to the alloy, disparate corrosion rates might

be obtained between magnetized and non-magnetized samples.

Magnetite was visually observed in the corrosion products at the end of anodic polarization |
tests (magnetite can generally be identified by its characteristic black color), but not in tests
conducted at open-circuit with no external anodic polarization. Magnetite is not stable in
the presence of oxygen, as it is readily oxidized to form a ferric corrosion product. It is
likely that magnetite was temporarily stable after external anodic polarization, since the
anodic dissolution products had not yet had time to oxidize to a significant extent. These
corrosion products were found to gradually oxidize to the ferric state if allowed to remain at
open-circuit after anodic polarization was removed. When the corrosion was not driven
externally by the potentiostat, the corrosion products appeared to be in the ferric or oxidized

state (although an underlayer of magnetite could conceivably have been present).

If magnetite were protective to Nd-Fe-B in terms of passivation, a noticeable decrease in
current density should have been obtained at some point during the anodic polarization
tests. The absence of such a current density decrease in the three test solutions besides
NaySO;4 at 80°C indicates that magnetite is not protective to Nd-Fe-B, which suggests that

the corrosion of Nd-Fe-B should not be affected by its presence on a magnetized sample.
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5.1.8 Hot Pressed Alloys as Primary Test Samples

The results of the present study have provided a strong indication that corrosion behavior is
essentially independent of magnetic flux, a conclusion which agrees with established theory
regarding non-flowing electrolytes [65]. The corrosion behavior of the alloy is apparently
also not affected by the processing of h.p alloys into d.u. alloys; a result which is not
unexpected, since the same phases are present in both products (although the phases are

isotropic in h.p. and elongated in d.u.).

In order to perform an in-depth analysis of the corrosion behavior of Nd-Fe-B in a
reasonable length of time, a decision was made to use only one formulation of the alloy in
the remaining investigations. The essentially identical electrochemical behavior of the h.p.
and d.u. alloys in the work described in this section was used as a justification for this

decision, as was the fact that the similarities in behavior are theoretically reasonable.

It was decided that h.p. alloys should be employed as the primary test sample in the
remainder of the study. A significant benefit of utilizing h.p. alloysis that the isotropic
nature of the h.p. alloys prevents two samples from being needed for each test condition.
In other words, two times as many tests can be performed on h.p. samples as on d.u.
samples in the same time period, since there is no need to test two orthogonal planes of the
h.p. alloys. This decision was also influenced by the better availability of the h.p.
samples, as it was judged that an insufficient number of d.u. samples were available to
perform an in-depth analysis. Another major obstacle to using the d.u. samples as primary
test specimens is related to the difficulty of characterizing magnetized specimens in an
electron microscope. Magnetized specimens are known to affect the electron beam, which

is especially problematic for a very strong permanent magnet such as Nd-Fe-B. It might

85



therefore be difficult to attain the very high resolution needed to investigate intergranular

corrosion, unless non-magnetized samples (such as the h.p. alloys) were employed.

It was believed that utilizing the d.u. samples would lead to significant limitations in terms
of the number of tests performed, and the types of microscopic techniques available. The
h.p. alloys offered no such limitations, and are thus utilized as the primary test sample in

-the remainder of the study.

5.1.9 Polarization Behavior of h.p. Nd-Fe-B at 23°C

It was necessary to conduct polarization testing at ambient temperature (~23°C), in order to
facilitate an effective correlation to results of the EIS tests and microscopy described in
Sections 5.2 - 5.5. In accordance with the foregoing discussion, only the h.p. samples
were used to perform these experiments. The general characteristics of the polarization
curves at 23°C were very similar to those obtained at 30°C. The only significant difference
between the polarization behavior at the two temperatures is that the change in ijjm value for
the diffusion-limited oxygen reduction reaction leads to a slightly lower corrosion current
density at 23°C (39 uA/cm?) than at 30°C (58 wA/cm?2). The igqr value obtained at 23°C

will be used in the following section to estimate the metal loss rate for the alloy.

5.1.10 Estimated Rate of Metal Loss

The corrosion current density (icorr) can be estimated by extrapolating both the anodic and
cathodic polarization curves to the corrosion potential. For h.p. Nd-Fe-B in NaCl at 23°C,
for example, the average icorr was estimated as 39 pA/cm2. Faraday's Law can be used to
convert this value into a penetration rate in either mils per year (mpy) or millimeters per

year (mm/y) using the following equation [64]:
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m{cmz atomic weight [mo]e] |
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cm

[5.2] Penetration Rate [mpy] = (0.129)

The effective atomic weight of Nd-Fe-B was estimated as 66 g/mole and the number of
electrons transferred as 2.2, using weighted averages based on the standard alloy
composition of 15% Nd, 77% Fe, and 8% B (at%). The density of h.p. samples is 7.6
g/cm3, Using these parameters in equation [5.2], the rate of metal loss was estimated as 20

mpy (0.50 mm/y), assuming general corrosion to be operative.

The rate of metal loss for h.p. samples at 30°C was estimated as 29 mpy (0.74 mm/y) in
NaCl and 27 mpy (0.69 mm/y) in Na;SQOy, using the method outlined above. The rates of
penetration at 80°C were calculated as 63 mpy (1.6 mm/y) in NaCl and 55 mpy (1.4 mm/y)
in Na;SO4. The penetration rates rise with an increase in temperature due to the increase in
the rate of oxygen transport to the metal surface, and are slightly lower in NapSOy than in
NaCl due to the difference in oxygen concentration between the two solutions. Since
penetration rates greater than 5-20 mpy are usually considered excessive for expensive
alloys such as Nd-Fe-B [64], the estimated penetration rates indicate that corrosion control

methods may be needed in order to improve the engineering viability of Nd-Fe-B.

No attempt was made in the preceding calculation to identify whether or not preferential
corrosion was taking place. A significant limitation of polarization testing is that it does not
provide information regarding the morphology of corrosive attack. If localized corrosion is
taking place, the penetration rates calculated above are likely a significant underestimate of
the actual metal loss rate of the alloy. In this case, it would be even more important to
employ corrosion control methods than was previously stated. The morphology of

corrosive attack is discussed in sections 5.2 and 5.3.
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5.2 Corrosion Behavior of Nd-Fe-B at Short Times (< 1 hour)

The polarization studies described in Section 5.1 have provided a preliminary
understanding of the corrosion behavior of Nd-Fe-B. In order to develop a more
sophisticated understanding of the alloy's corrosion behavior, an in-depth analysis was
performed using various electrochemical and microscopic techniques. Electrochemical
impedance spectroscopy (EIS), cyclic anodic polarization, potentiostatic polarization,
scanning electron micxioscopy, and confocal laser microscopy were utilized in this

investigation, as described in Sections 5.2 - 5.4.

The work discussed in the remainder of this chapter was performed mainly at ambient
temperature (~23°C), in order to provide an effective correlation to the results of EIS
testing. EIS tests were conducted only at 23°C, since electrical noise was found to impede

data acquisition if the temperature of the test solution was fixed by a thermostatic controller.
5.2.1 Electrochemical Impedance Spectroscopy (EIS) Testing

EIS testing is often performed to obtain both mechanistic information about corrosion
processes and instantaneous corrosion rate data. EIS results are shown in Figure 5.7 for
samples which were immersed in NaCl at open-circuit for 1 hour before testing was begun.
Two distinct frequency regimes are visible in the Nyquist plot shown in Figure 5.7 (a). At
frequencies greater than 0.2 Hz, a partially formed semicircle appears to be present. The
appearance of a semicircle in a Nyquist plot is generally attributed to the presence of a
resistance and capacitance in parallel, as discussed in Appendix 10.1.2. It can be initially
postulated that the resistance and capacitance in question are associated with the metal
dissolution reaction and the electrical double layer, respectively. The actual physical

processes associated with these circuit elements are discussed in Appendix 10.2.

88



v 1} M ¥ ¥ 1
400 =
-Z"
@Qcm?) | 0.5 Hz
2.5 Hz a 0
200 %ﬁqﬁ o -
'8 02 Hz
2 mHz 3'
0 o, %%
0 200 400 600
Z' (Q-cm?)
(2)
3
log IZI
(Q.cmZ) 2 [
1
o 1 3 I ] 1 1 ) 1
-3-2-10 1 2 3 4 5
log f (Hz)
(b)
90 R ! ] i ] ¥ 1 [{
75 b N
-0 ! ]
(o) 60F ]
s :
C o :
15 |- o 7
0 [ ‘d L1 L1 [
-3-2-10 1 2 3 4 5
log f (Hz)
©

Figure 5.7 EIS data after 1 hour in NaCl. Data from three separate trials are included to show
reproducibility. One trial (x) was started at 10 mHz to minimize changes in the sample during immersion.
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At lower frequencies (below 0.2 Hz), the data are observed to curl under or "undercut” the
semicircle. The undercutting feature in the Nyquist plot corresponds to the presence of a
low frequency maximum in the Bode-magnitude plot (Figure 5.7 (b)). The physical
processes which give rise to the low frequency data points are not apparent at this time.

The physical significance of these points are discussed in Appendix 10.2.

The preferred method of analyzing EIS data is to utilize the equivalent circuit modeling
process described in Appendix 10.1.2. A physically plausible equivalent circuit model is
postulated, and the experimental data are then fit to the model in order to obtain quantitative
estimates of parameters associated with the corrosion process. Analysis of the EIS data

using equivalent circuit modeling is discussed at length in Appendix 10.2.

It is also relevant to initially analyze the EIS data qualitatively, in an attempt to correlate the
obtained results to previous work reported by other investigators. Since certain features of
EIS plots have been correlated to different physical phenomena by past researchers, a brief
examination of the present experimental data may permit information to be obtained about

the system under test. Such a comparative method will be utilized in the present section.
5.2.1.1 Comparison to Previous Work

Dawson and Ferreira [67,68] have previously reported EIS data exhibiting the undercutting
(Nyquist) and low frequency maxirﬁum (Bode-magnitude) features in tests perforfned on
316 stainless steel in chloride-containing solutions, as shown in Figure 5.8. In this work,
it was emphasized that these characteristic features were observed only when the stainless
steel was polarized above its pitting potential (Figure 5.8 (a)), or was deliberately creviced
(Figure 5.8 (b)). The presence of these features was therefore qualitatively correlated to the

presence of localized corrosion. Comparison to the present EIS data suggests that pitting
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Figure 5.8 EIS data taken from the work of Dawson and Ferreira [67,68]. The data were obtained on 316
stainless steel electrodes in NaCl. The data in (a) were taken from an electrode polarized above its pitting
potential, and the data in (b) from an electrode which was deliberately creviced.

or crevice corrosion may be occurring on Nd-Fe-B at open-circuit (NaCl). Complementary
electrochemical techniques can be used to obtain additional information regarding this

possibility, as described below.
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5.2.2 Cyclic Anodic Polarization

Localized corrosion can be diagnosed electrochemically by the presence of hysteresis in a
cyclic anodic polarization scan, as discussed in Section 4.3.4. If localized corrosion is
occurring during the forward scan, the resulting compositional changes taking place within
the occluded or localized cell will give rise to an increased current during the reverse scan.
A cyclic anodic polarization diagram for Nd-Fe-B in NaCl at 23°C is shown in Figure 5.9.
The hysteresis observed in the cyclic scan strongly suggests that localized corrosion is
occurring on Nd-Fe-B at open-circuit after 1 hour of immersion. Hysteresis was also
observed if the sample was held at open-circuit for only 15 minutes prior to testing. It
should be noted that the presence of linear (Tafel) kinetics at low anodic overpotentials in
the forward scan is consistent with localized corrosion, as such behavior has been observed

in the past for many metal systems which exhibit localized corrosion [67].
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Figure 5.9 Forward and reverse anodic polarization in NaCl. The scan was reversed at -0.61 V vs. SCE
(Ma = 0.2 V) in order to minimize the area increase which would result from continued anodic polarization.
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5.2.3 Potentiostatic Anodic Polarization

Further confirmation of the presence of localized corrosion was obtained by holding the
electrode at open-circuit for 1 hour and then stepping the potential directly from open—circuif
to a potential in the anodic Tafel region of the forward scan. The resulting current is then
monitored as a function of time. The selected polarization potential was -750 mV vs. SCE,
since this potential allows substantial anodic polarization to be provided without causing
significant IR drop errors. The results of the potentiostatic anodic polarization test are
shown in Figure 5.10. Similar data were obtained if the sample was held for only 15

minutes at open-circuit prior to polarization.

The rising nature of the current density shown in Figure 5.10 indicates that the corrosive
attack is intensifying with time. As discussed in Section 4.3.4, such behavior is usually

attributed to increasing aggressiveness of the occluded pit or crevice solution as localized
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Figure 5.10 Potentiostatic anodic polarization in NaCl after 1 hour at open-circuit. The sample was
polarized to -0.75 V vs. SCE (ng = 60 mV).
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corrosion propagates. It is clear that the anodic current density rapidly surpasses the value

measured at -750 mV during the forward polarization scan, as indicated on Figure 5.10.

The results of EIS testing, cyclic anodic polarization, and potentiostatic anodic polarization |
therefore indicate that localized corrosion is likely occurring on Nd-Fe-B after short

immersion times (15 minutes, 1 hour) in NaCl.
5.2.4 Microscopy

A microscopic analysis was performed in order to definitively evaluate whether or not
localized corrosion was taking place, and also to determine the form of localized corrosion,

if applicable.

Low magnification images of the corroded surfaces were obtained using a scanning
electrdn microscope (SEM), as shown in Figure 5.11. Small depressions which resemble
pits can be seen on the surface after only 15 minutes of immersion. Closer examination
confirms that these depressions are indeed pits, as illustrated by Figure 5.12. Although the
image shown in Figure 5.12 was taken after 1 hour of immersion, similar corrosive attack
was obtained after an immersion time of only 15 minutes. Pitting was reproducible, as
demonstrated by the presence of pits on several different test samples after short-term
immersion. Nd-Fe-B surfaces were also investigated for evidence of crevice attack at short
immersion times (15 minutes, 1 hour). Crevice corrosion was found to initiate only after
24-36 hours of immersion, and it is thus apparent that the electrochemical characteristics

described in the previous sections are the result of pitting rather than crevice corrosion.

The SEM provides excellent image quality, and additionally allows pit width to be
measured rather easily. The width of the pit shown in Figure 5.12 is approximately 7 pum.
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Figure 5.11 Low magnification SEM image of a Nd-Fe-B surface after 15 minutes of immersion (NaCl,
23°C).

Figure 5.12 SEM image of a pit present on a Nd-Fe-B surface after 1 hour of immersion in NaCl at 23°C.
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Important quantities such as the pit density can also be determined using SEM images; the
measured pit density is discussed in Appendix 10.2. One of the main limitations of using
the SEM to study pitting corrosion, however, is its inability to readily measure pit depths.

This limitation was surmounted using the profiling ability of the confocal microscope.

Images of pits profiled after 15 minutes and 1 hour of immersion are shown in Figures
5.13 (a) and 5.13 (b), respectively. The solid horizontal line in both micrographs indicates
the line across which the surface profile was taken. The second solid line visible in the
photograph indicates the surface profile itself. In both micrographs, a depression in the
profile is clearly associated with each pit, and the surface profile is relatively flat in the
areas adjacent to the observed pit. The dashed cursors can be used to delineate the height
of the profile (i.e. pit depth). The profiles shown in Figure 5.13 correspond to pit depths
of 2.76 pm (15 minutes) and 3.38 um (1 hour). These values represent the maximum pit

depths measured on both samples.

A large number of pits (= 30) were profiled on both 15 minute and 1 hour samples using
the confocal microscope. In order to avoid reporting a large number of pit depths for each
immersion time, several pit depths were selected which were believed to approximately
represent the actual pit depth distribution on the sample. A stipulation used in compiling
the representative distribution is that the maximum pit depth measured on the sample was
always included, since it is important to monitor the maximum penetration rate at different
immersion times. Representative pit depth distributions were compiled for the 15 minute
and 1 hour samples using the above procedure, which will also be utilized for all other

immersion times analyzed in this study.

A plot of the representative pit depth distributions for both 15 minutes and 1 hour of

immersion is shown in Figure 5.14.
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(a)
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Figure 5.13 Confocal images of pits profiled after (a) 15 minutes and (b) 1 hour of immersion in NaCl at
23°C. The measured depth of the pits was 2.76 um in (a) and 3.38 um in (b). These values represent the
maximum pit depth measured after 15 minutes and 1 hour, respectively.
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Figure 5.14 Representative plt depth distribution on Nd-Fe-B samples after 15 minutes and 1 hour of
immersion in NaCl at open-circuit (23°C).

Pit propagation is clearly occurring between 15 minutes and 1 hour of immersion, as both
the maximum and average pit depths were seen to increase during this time period. The

rate of pit propagation appeared to be slowing with time during the hour, however, as the
pit growth rate is much higher in the first 15 minutes after immersion than during the next
45 minutes. The effects of longer immersion time on pit propagation will be discussed in

Section 5.4.

5.2.5 Corrosion Behavior in Na;SOy4 at 23°C

The corrosion behavior of Nd-Fe-B was studied in Na;SOy4 (23°C) using electrochemical

and microscopic techniques similar to those used to investigate corrosion in NaCl.

EIS tests were performed after 1 hour of immersion in NaSQy, and the results are shown
in Figure 5.15. The diameter of the observed semicircle is larger in Na;SO4 than in NaCl,
which indicates that the corrosion rate may be lower in Na;SOj4 than in NaCl. The EIS

data shown in Figure 5.15 otherwise display a strong similarity to the results obtained in
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Figure 5.15 EIS data after 1 hour at open-circuit in NapSO4. Data from two separate trials are included to
show reproducibility.
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NaCl. The presence of characteristic features previously correlated to localized corrosion
(undercutting, low frequency maximum) indicates that localized attack such as pitting may

be occurring in Na;SO; as well as in NaCl.

Cyclic and potentiostatic anodic polarization tests were conducted in order to further
investigate the possibility of localized corrosion in Na;SO4. The results of tﬁese tests are
shown in Figures 5.16 and 5.17, respectively. Hysteresis is clearly evident in the cyclic
polarization experiment, and the current density is observed to rise with time in the
potentiostatic polarization test. The results of the cyclic and potentiostatic polarization tests

indicate that pitting corrosion may be occurring at short immersion times in NazSOa.

The confocal microscope was used to evaluate whether or not pitting attack was occurring
on Nd-Fe-B surfaces immersed in NaSOy. Pitting attack was found to be very evident on
surfaces exposed to NaySQOy after only 15 minutes of immersion. A confocal image and

associated surface profile are shown in Figure 5.18.

Evidence that pitting attack occurs in Na;SOj is noteworthy, since pitting in other alloy
systems is normally associated with the presence of aggressive halide ions such as CI'. A
possible explanation of why pitting attack may be occurring in Na;SOj solutions as well as

NacCl solutions is provided in Section 5.4.5.1.

Pits were found to be shallower in Na;SQO, than in NaCl after 15 minutes of immersion, as
evidenced by the maximum pit depth of 1.39 um measured for Na;SO4 (compared to 2.76
pum in NaCl). The lower attack rate is consistent with the higher diameter of the semicircle
in the Nyquist representation of the EIS data (Figure 5.15 (a)), and also with the lower
current density measured at the same anodic overpotential in the potentiostatic polarization

tests (Figures 5.10 and 5.17). It is possible that the discrepancy in attack rates between
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Figure 5.16 Forward and reverse anodic polarization in Na2SO4. The scan was reversed at -0.64 V vs.
SCE in order to provide the same degree of polarization from E .,y before reversal as for NaCl.

io000 p—m—p—vr—p-r—y—r——a——T1 - 2.0

L logi

i
(LA/cm?2) (uA/cm?2)

Current density value

1000 3 “¢— measured at -780 mV E 3.0
during forward scan ]
100 - 1 " 1 ] " 1 2 1 i - 4 o
0 10 20 30 40 50 60
Time (min.)

Figure 5.17 Potentiostatic anodic polarization in Na2SO4 after 1 hour at open-circuit. The sample was
polarized to -0.78 V vs. SCE in order to apply the same anodic overvoltage (n, = 60 mV) relative to the
corrosion potential as for the test conducted in NaCl.
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Figure 5.18 Confocal image of a pit profiled after 15 minutes of immersion in NaSOy4 at 23°C. The
measured depth of the pit was 1.39 um, which represents the maximum pit depth measured on the sample.

NaCl and Na;SOy4 can be attributed to differences in the chemical conditions obtained
within a growing pit in the two solutions. Such a notion qualitatively agrees with the
results of Mankowski and Szklarska-Smialowska [69], who found that adding chlorides to
a non-buffered solution resulted in an increase in hydrogen ion activity (i.e. a decrease in
pH). The reduction in pH was attributed to the strong hydrolysis exhibited by species such
as FeCly; since similar species are likely to be contained within growing pits in CI
solutions [69], the more aggressive (lower pH) solution created by strong hydrolysis may

lead to a faster rate of pit propagation than is obtained in non-Cl- solutions.

5.2.6 Corrosion Behavior at 80°C

Microscopic examination of a sample immersed in NaCl at 80°C for 1 hour also revealed
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evidence of pitting attack. The pits were found to be deeper at 80°C than at 23°C, as shown
by the confocal microscope profiles in Figure 5.19. The maximum pit depth on this sample
was 8.98 pm, which is significantly larger than the maximum depth observed in NaCl at
23°C. The fact that pitting corrosion was more rapid at 80°C than at 23°C can also be seen
by comparing the representative pit depth distributions measured at both temperatures, as
shown in Table 5.2. The increased rate of pitting corrosion is likely related to the more
rapid diffusion rate of dissolved oxygen in the solution at 80°C than at 23°C. The electrons
produced by the metal cations dissolving within a pit must be consumed by an
accompanying cathodic reaction. Since the main cathodic reaction in the present metal-
electrolyte system is diffusion-limited oxygen reduction (Section 5.1.5), it is expected that

any increase in the access rate of dissolved oxygen might lead to an increased pitting rate.

Pitting was also observed to occur on Nd-Fe-B surfaces immersed in Na;SOy at 80°C for 1

hour. Pit depth information was not obtained for the Na;SO4 samples.

Table 5.2 A comparison of the representative pit depth distributions in NaCl at 23°C and 80°C.

Temperature Pit depths (um)
23°C 34 32 29 2.8 2.1
80°C 89 7.5 52 33 -
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Figure 5.19 Confocal images of pits profiled after 1 hour of immersion in NaCl at 80°C. The measured
depth of the pits was 8.06 um in (a) and 8.98 um in (b).
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5.2.7 Implications of the Observed Pitting Attack

Nd-Fe-B has been shown to undergo pitting attack at open-circuit in NaCl and Na3SO4 at
both 23°C and 80°C; pitting was found to initiate rapidly in all four of these test solutions.
It is believed that pitting has not been previously reported for rapidly solidified Nd-Fe-B
alloys. The ramifications of this type of attack in terms of its effect on the engineering

viability of Nd-Fe-B will be discussed in Section 5.3.

It is important to note that this type of attack does not appear to be confined to a narrow set
of electrolyte conditions, as pitting was observed in two different types of solutions and at
two rather different temperatures. This result has important implications for the in-service
behavior of the material, since Nd-Fe-B magnets are expected to be subjected to a relatively

broad set of electrolyte conditions in practice.
Although the discovery of pitting at short immersion times is an important result, it is

equally relevant to examine the effect of time on the dissolution morphology. A

determination of whether or not the pits propagate over time will be made in Section 5.3.
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5.3 Corrosion Behavior of Nd-Fe-B at Longer Immersion Times

The corrosion behavior of Nd-Fe-B at short immersion times has been described at length
in Sections 5.1 - 5.2. Itis relevant at this point to extend the analysis to include the effects
of time. Although pitting has been established as a primary mode of corrosive attack at
short times, the engineering utility of the material is ultimately just as dependent on pit
propagation as it is on pit initiation. An analysis was therefore performed to determine
whether or not pits propagate with time, and also to quantify the rate of pit propagation if
applicable. A second objective of this investigation was to determine if any notable

changes occurred in the corrosion behavior of the material over time.

The analysis was performed using electrochemical tests as well as ex-situ microscopic
observation at immersion times of 1, 24, and 72 hours (and occasionally 6, 12, or 48 hrs.).

Microscopy was additionally performed at immersion times of 1 month and 3 months.

To facilitate the completion of an in-depth analysis in a reasonable amount of time, one test
solution was selected to serve as the primary electrolyte in the evaluation of the effects of
time. More severe attack was evident in NaCl than in NaySOy in the short-time tests, and
the corrosion behavior of the material in NaCl was thus believed to represent a worst-case
condition which would be more critical to investigate than the corrosion behavior in
Na,SOy solutions. The work in this section thus deals exclusively with tests conducted in

Na(Cl at ~23°C.

An investigation of intergranular corrosion is additionally discussed in this section.
Intergranular attack has been proposed by several researchers as the main mode of
corrosion in Nd-Fe-B [54], and a determination of whether or not this form of attack is

occurring in rapidly solidified alloys was therefore considered to be important.
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5.3.1 Anodic Polarization with Time

The anodic polarization behavior of Nd-Fe-B was measured after 24 and 72 hours of
immersion at open-circuit, as shown in Figure 5.20. The material is corroding in the active
state over this time period, which is very similar to the behavior obtained after 1 hour.
Although insoluble corrosion products were observed to form on the surface of the samples
during the three day immersion period, these products are clearly not protective to the metal
in terms of passivation. Estimates of icorr were obtained via Tafel extrapolation for 24 and
72 hours, but were not reported as useful data; the icorr results are believed to be relatively

inaccurate as a result of the area changes which occur during the corrosion of the sample.

The presence of hysteresis upon scan reversal provides a preliminary indication that pits
may be propagating during the three day immersion time. Crevice formation often occurred
at the metal/masking agent interface after about 24 hours, however, and it is thus possible
that the hysteresis observed after 72 hours (or even after 24 hours) may be due to crevice

attack rather than pit propagation.

E
(V vs SCE)

-7 -6 -5 -4 -3 -2 -1
log i (A/cm?)
Figure 5.20 Cyclic anodic polarization of Nd-Fe-B in NaCl at 23°C.
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5.3.2 Electrochemical Impedance Spectroscopy (EIS) with Time

The results of EIS tests performed after 24 and 72 hours of immersion at open-circuit are

shown in Figure 5.21. Data from the 1 hour tests are included for comparative purposes.
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Figure 5.21 EIS data after 1, 24, and 72 hours of immersion at open-circuit in NaCl at 23°C.
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In order that the results might be displayed more clearly, the EIS data have been replotted in

the Nyquist representation, as shown below (Figure 5.22).
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Figure 5.22 Nyquist representation of EIS data after 1, 24, and 72 hours in NaCl at 23°C.
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The effect of time on the EIS data appears to be substantial. One apparent change is the
marked difference in the low frequency appearance of the Nyquist plots in Figure 5.22.
The low frequency "undercut” data points present after 1 hour of immersion have been
supplanted after 24 hours by a small semicircular loop in the fourth quadrant of the plot
(actually present even in 6 hour tests). Since the undercut points were correlated to pitting
attack in Section 5.2, it is possible that their replacement by the fourth quadrant loop
indicates that pitting has terminated during the first 24 hours of immersion. The change in
form of the low frequency time constant is not readily interpreted, however, since the
appearance of such a fourth quadrant loop has also been reported to coincide with the onset

of stable pitting for 304 stainless steel (in 0.25M NapSOy4 + 100 ppm CI” at pH 1) [70].

Equivalent circuit modeling of the 24 and 72 hour EIS data is discussed in Appendix
10.2.6. A quantitative explanation for the apparent decrease in semicircle diameter with

time is also provided in this Appendix (Section 10.2.6.1).

5.3.3 Cathodic Polarization with Time

The cathodic polarization behavior of Nd-Fe-B was measured after 24 and 72 hours of
immersion, as shown in Figure 5.23. The alloy is seen to exhibit an oxygen diffusion-
limited current density (ijjm) over this time period, which is very similar to the behavior
obtained in the 1 hour tests. The fact that ijjy, increases rather than decreases with time
indicates that the insoluble corrosion products formed on the samples during the three day
immersion period do not impede the transport of oxygen to the surface of the metal. The
effects of corrosion products on oxygen access are important because the overall reaction
rate is governed by the rate of oxygen arrival at the metal surface (as discussed in Section
5.1.5). The increasing nature of ijjmy, is believed to be related to an increase in surface area

with time due to corrosive attack, which would initially appear to support the notion that
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pits are propagating with time. The pits in this study are likely to be deaerated (owing to
the formation of corrosion product caps), however, and an increase of the pitted area with
time is thus not capable of explaining the observed changes in ijj;;. This result implies that
the area increase may be occurring on the external metal surface between the pits. Surface

dissolution may therefore be occurring in addition to the expected corrosive attack in pits.
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Figure 5.23 Cathodic polarization of Nd-Fe-B in NaCl at 23°C after 1, 24, and 72 hours of immersion. An
expanded view is provided in (b) to emphasize the changes in ij;, with time.
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5.3.4 Morphology of Attack

The electrochemical tests described in the preceding sections have provided quantitative
insight regarding the corrosion behavior of Nd-Fe-B (NaCl, ~ 23°C) for immersion times
up to 72 hours. In order to fully characterize the corrosive attack occurring during this time
period, however, it was necessary to perform a comprehensive microscopic analysis. The
goals of this analysis were to identify the types of corrosion taking place on the Nd-Fe-B
surface and to measure the rates of the obtained corrosive attack; emphasis was placed on

the evaluation of pitting (Section 5.3.4.1) and intergranular corrosion (Section 5.3.4.3).
5.3.4.1 Pit Propagation with Time

In Section 5.2, it was demonstrated that the primary form of corrosive attack at short
immersion times (15 minutes, 1 hour) was pitting corrosion. The effect of time on pitting
attack was investigated by subjecting Nd-Fe-B to microscopic examination after 12 hours,
24 hours, 72 hours, 1 month and 3 months of immersion in NaCl at 23°C. Microscopy
was performed in order to determine whether or not pits propagate over time periods longer

than 1 hour, and also to measure the rate of pit propagation if applicable.

Images obtained using the SEM and the confocal microscope will be presented in this
section. Owing to the difficulty of providing individual images of a large number of pits on

a given surface, selected representative pits will be shown for each immersion time.
5.3.4.1 (a) Immersion times up to 72 Hours

Examination of a surface immersed in NaCl for 12 hours reveals the presence of extensive

pitting attack. An SEM image of a representative pit (12 hour immersion) is shown in
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Figure 5.24. The width of the observed pit (~ 17.5 pm) is clearly larger than the width of
the pit shown in Figure 5.12 (~ 7 um), which was developed after 1 hour of immersion in
NaCl. The increase in pit width between 1 hour and 12 hours of immersion provides a

preliminary indication that pits may be propagating with time.

A more effective gauge of pit propagation can be obtained by comparing the pit depths
measured on the 12 hour sample to pit depths previously reported for 1 hour of immersion.
The maximum pit depth observed on the 12 hour sample was 8.81 um, as shown by the
confocal micrograph in Figure 5.25. The maximum pit depth measured after 1 hour was
3.38 um, and it is thus apparent that significant propagation of at least one pit occurred

between 1 and 12 hours of immersion.

Many pits were in fact observed to propagate during this time period, as demonstrated in
Table 5.3, which is a comparison of the representative pit depth distributions for 1 hour
and 12 hours of immersion. The representative pit depth distribution at 12 hours was

compiled by the method previously described in Section 5.2.4.

Table 5.3 A comparison of the representative pit depth distributions for 1 hour and 12 hour samples.

Immersion time Pit depths (um)

1 hour 34 3.2 29 2.8 21

12 hours - 8.8 58 52 26 —
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Figure 5.24 SEM image of a representative pit after 12 hours of immersion (NaCl, 23°C).

Figure 5.25 Confocal microscope image and profile of the deepest pit found on the 12 hour surface
(measured depth is 8.81 um).






Examination of samples immersed for 24 hours and 72 hours also revealed evidence of pit
propagation. Confocal microscope profiles taken from 24 and 72 hour samples are shown
in Figures 5.27 and 5.28. The width of the pits was observed to increase during the
immersion period. Pit widths of approximately 24 um and 44 um were noted at 24 and 72
hours, respectively, according to Figures 5.27 and 5.28. Pit depths were also found to
increase with time, as maximum depths of 12.8 yum and 21.4 um were measured at 24 and

72 hours (note that the pit in Figure 5.27 was not the deepest pit profiled at 24 hours).

Representative pit depth distributions were compiled for the 24 and 72 hour immersions,
and are plotted in Figure 5.26 along with the distributions for 0.25, 1, and 12 hours of
immersion. The maximum penetration depth at all times is represented by the upper line.
Figure 5.26 graphically displays the fact that pits are propagating with time during the 72
hour immersion period. The maximum pit depth is increasing with time, as is the average
pit depth (not shown on Figure 5.26). The propagation rate appears to be approximately

parabolic in nature, with the pit growth rate fastest at the shortest times shown.

Pit
Depth
(um)

0 12 24 38 48 60 72
Time (hours)

Figure 5.26 Representative pit depth distributions over a 72 hour time period. The upper line represents
the maximum pit depth measured at each immersion time.
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Figure 5.27 Confocal microscope image and profile of a pit on the 24 hour surface (measured depth is
11.65 um).

Figure 5.28 Confocal microscope image and profile of a pit on the 72 hour surface (measured depth is
21.37 um).
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Pits were observed to be nearly hemispherical in shape during the 72 hour immersion
period. A pit width of 17.5 um and a pit depth of 8.81 pum were measured in Figure 5.25
(taken after 12 hours of immersion), which corresponds to a depth-to-radius ratio of 1.007;
this ratio is very close to the value of 1 expected for a perfect hemisphere. Similar data
were obtained by examining Figure 5.27 (24 hours) and Figure 5.28 (72 hours), as shown

in Table 5.4. Pits were generally found to be slightly shallower than perfect hemispheres.

Table 5.4 Depths, widths, and depth-to-radius ratios for pits shown in Figures 5.25, 5.27, and 5.28.

Immersion time (hrs.) Width (um) Depth (um) Depth-to-radius ratio

12 17.5 8.8 1.007
24 238 11.6 0.975
72 438 214 0.977

The density of pits did not appear to significantly increase between. 1 hour and 72 hours of
immersion. In fact, some of the existing pits were not observed to propagate, thus leading
to a decrease in the "active” pit density with time. It was difficult to accurately determine
the active pit density at 12, 24, and 72 hours without profiling each and every pit on these
surfaces; completely reliable pit density values were therefore not obtained at times greater
than 1 hour. It is believed, however, that the pit densities at 12, 24, and 72 hours were
reasonably close to the pit density value measured after 1 hour of immersion, since most of
the pits formed during short-time immersion did appear to propagate over 72 hours. The

fraction of inactive pits at 12, 24, and 72 hours was thus considered to be relatively low.
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5.3.4.1 (b) Immersion times up to 3 Months

In order that the pit depth analysis would not be limited to a period of only three days,
immersion times of 1 and 3 months were also utilized in this study. Pit depths were
measured using the confocal microscope, and representative pit depth distributions were
compiled. A small number of pits (~ 10) was used in the construction of the representative
pit depth distribution, owing to the fact that much of the sample surface was obscured by

corrosion products, making it difficult to accurately profile a large number of pits.

Confocal microscope profiles for two different pits on the 1 month sample are shown in
Figure 5.29 (a) and 5.29 (b); the images correspond to pits with measured depths of 45.6
pum and 84.0 um, respectively. The maximum measured pit depth at 1 month was 84 pum.

The images in Figure 5.29 are lower in quality than the confocal images previously shown
(e.g. Figures 5.25), due to both corrosion product blockage and anodic dissolution of the

surfaces between the pits (surface dissolution is discussed in Section 5.3.4.2). The image
and profile are separated into two photographs in Figure 5.29 (b) because of the difficulty

of discerning the surface profile atop the image.

A three month sample was also subjected to microscopic analysis. SEM images of the
largest pit found on the sample surface are shown in Figure 5.30. This pit was found to be

215.4 um in depth using the confocal microscope.
A plot of the representative pit depth distributions during the three month immersion period

is shown in Figure 5.31. The maximum measured pit depths indicate that the pits are

propagating with time, even after three months of immersion.
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Figure 5.29 Confocal microscope images and profiles taken after 1 month of immersion. Measured profile
depths were (a) 45.6 um and (b) 84.0 um.
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Figure 5.30 SEM images taken after 3 month of immersion, where (b) represents a higher magnification
view of (a).
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Figure 5.31 Representative pit depth distribution during a three month immersion period.

The approximately linear nature of the propagation of the maximum pit depth from 72
hours to 3 months allows extrapolations to be made. The estimated penetration during one
year of immersion is approximately 0.9 mm, which is a relatively high metal penetration

rate. The ramifications of such a penetration rate will be discussed in Section 5.3.5.

A compilation of pit depth distributions for all immersion times is given in Table 5.5.

Table 5.5 Representative pit depth distributions during 3 months of immersion.

Time Pit depths (um)
15 minutes 2.8 22 2.0 - -
1 hour 34 32 29 28 2.1
12 hours 8.8 5.8 52 2.6 -
24 hours 12.8 11.7 6.9 54 3.6
72 hours 214 16.8 15.6 6.9 -
1 month 84.0 50.0 455 - -
3 months 2154 190.2 85.3 - -
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5.3.4.2 Surface Dissolution

It was stated in the previous section that the quality of confocal microscope images taken
after 1 month of immersion was found to be degraded by the presence of surface
dissolution. Corrosive attack of the metal surface in the areas of the sample lying between
pits was a definite characteristic of all sa;rlples examined in this study. Surface dissolution
was clearly evident on the 12 hour sample, for example, as illustrated by the fact that the
area above and to the right of the pit in Figure 5.24 has apparently undergone anodic
dissolution. Surface dissolution can be more clearly observed in Figure 5.32, in which
certain regions of the surface (in between the pits) have obviously suffered from corrosion.
These attacked regions are visible as shallow depressions, some of which are marked by
arrows. Evidence of surface dissolution can also be obtained by viewing the sample at
lower magnification, as shown in Figure 5.33. The observed roughness of the surface in
this photograph is a direct result of anodic dissolution of the metal surface. The confocal
microscope is also capable of revealing surface attack, as shown in Figure 5.34 (this
photograph was taken after 24 hours of immersion). The dark circular areas in Figure 5.34
are pits, while the irregularly shaped area marked by the arrow represents a region in

between the pits which has undergone surface dissolution.

Surface attack was normally somewhat heterogeneous in nature. This type of attack was
often found to occur to an uneven extent on the 12, 24, and 72 hour samples, as some
areas of these specimens exhibited a greater amount of surface attack than other areas. At
the longer immersion times, however, the surface dissolution eventually extended so that
nearly the entire metal surface was covered, though some unattacked regions were present
even at the longest immersion times. Evidence of surface dissolution on the three month
sample is provided by Figure 5.30. The area around the pit in this micrograph clearly

exhibits the rough, uneven characteristics associated with corrosive attack.
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Figure 5.32 Dissolution of the surface between the pits, as observed on a sample which had been immersed
for 12 hours in NaCl at 23°C. The regions marked with arrows correspond to the surface attacked areas.

200HM

Figure 5.33 Dissolution of the metal surface, as shown at low magnification on sample immersed for 12
hours in NaCl at 23°C. The dissolution is illustrated by the obvious roughness of the metal surface.
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Figure 5.34 Surface dissolution as illustrated in the confocal microscope. The region which has undergone
surface attack is the irregularly-shaped region marked by an arrow.

It was difficult to obtain quantitative depth measurements on the regions exhibiting surface
attack, since these regions were typically too wide and shallow to fall withing the operating
limits of the confocal microscope profiler. Qualitative determinations indicated, however,
that the corroded surface areas were substantially shallower than pits. The irregular nature
of the surface profiles in the regions adjacent to the pits in Figures 5.29 (a) and 5.29 (b)

(1 month immersion) is believed to be related to the anodic dissolution experienced by the
surface. According to these profiles, the surface attack appears to be only a few microns
deep after 1 month of immersion. This observation was confirmed by moving the sample
to a region where areas which had not undergone surface dissolution could be observed
along with surface attacked areas. The confocal microscope was focused on the unattacked

metal surface, and then on the bottom of regions which had undergone surface attack. The
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attack depth could then be estimated by determining the amount of microscope translation

necessary to alter the focus from one area to the other.

It is important to discuss the fact that the macroscopic roughening of the surface shown in
Figure 5.33 was not clearly evident until about 12 hours of immersion had elapsed.
Although observable surface dissolution was not present at short immersion times (15
minutes, 1 hour), evidence obtained using the confocal microscope indicates that the
surface was corroding prior to the time when this type of attack could be readily detected in
the SEM. Due to the particular type of optics used in constructing a confocal microscope,
this instrument was found to be very sensitive to the intensity maximum generated by a
highly reflective surface. For this reason, it was often difficult to obtain high-quality
images of as-polished Nd-Fe-B surfaces. Imaging problems were not encountered when
corroded samples were analyzed, however, even if short immersion times of 15 minutes or
1 hour were employed. Surfaces on the 15 minute and 1 hour samples were found to
exhibit a significantly lower reflectivity than were the as-polished samples, suggesting that
small-scale surface dissolution and accompanying surface roughening had occurred during
the 15 minute or 1 hour immersion period. This dissolution eventually becomes readily

visible at a later time, as shown by the surface attack evident in Figures 5.32 - 5.34.

According to the foregoing discussion, the metal surface appears to have been in the active
rather than the passive state during its entire immersion period, which indicates that the
metal does not form a protéctive (passive) film on its surface when immersed in NaCl at
23°C. The importance of this observation will become apparent in Section 5.4.5.1, when
an attempt is made to identify the operative pitting mechanism in the Nd-Fe-B system. It
should be noted that the presence of surface dissolution is highly unusual in a material
exhibiting pitting attack, since the presence of pits is normally associated with the existence

of a passive surface film.
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The appearance of surface dissolution is additionally important because of its ability to
explain the continuous increase in ijjm noted in the cathodic polarization tests (Figure 5.23).
An increase in the area of the external metal surface is capable of explaining the obtained
results, and the observed trend in ijj; can therefore be attributed to surface dissolution,

since this type of attack results in a steady increase in the area of the metal surface.
5.3.4.3 Intergranular Corrosion

Intergranular attack has been proposed by several researchers as the main mode of
corrosion in both sintered and rapidly solidified Nd-Fe-B alloys [54]. Definitive evidenc;e
of intergranular attack has been obtained [43,54], but only for Nd-Fe-B alloys produced by
sintering. Experimental results indicating whether or not intergranular attack occurs in RSP
alloys are currently not available. However, it has been conjectured that intergranular
corrosion may also occur in RSP materials, since alloys produced by both rapid
solidification and sintering techniques are known to contain a similar Nd-rich grain
boundary phase. It is important to realize, however, that intergranular corrosion has been
documented only for sintered Nd-Fe-B alloys which do not contain cobalt additions (i.e.
Co-free magnets). The addition of 5% cobalt to sintered Nd-Fe-B has been found to
dramatically reduce its susceptibility to intergranular attack [43]. It has been presumed that
the observed reduction in attack is related to the formation of a Nd-Co intermetallic grain
boundary phase (possibly Nd3Co [44]) . The improved intergranular corrosion resistance
of Co-containing magnets suggests that the Nd-Co phase may be less electronegative than

the Nd-rich grain boundary phase which exists in Co-free magnets [43].

The Nd-Fe-B samples employed in the present study are known to contain 2.5 wt% Co
[58]. Although Co additions have been shown to reduce the susceptibility of sintered Nd-

Fe-B to intergranular attack, it is not known a priori whether or not the same benefit will be
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obtained when Co is added to the RSP alloy. Owing to the substantial differences between
rapid solidification processing and sintering, the metallurgical distribution of cobalt in Nd-

Fe-B could obviously be very different in magnets produced by the two types of processes.
It is possible, therefore, that the beneficial aspects of adding Co to sintered alloys might not

be obtained in alloys produced by rapid solidification.

The preceding paragraphs have emphasized the fact that the process of intergranular attack
in RSP Nd-Fe-B is clearly not well-understood. Available experimental evidence appears
to be essentially nonexistent on this topic, and the existing discussion in the literature has
been exclusively speculative in nature. A determination of whether or not intergranular
corrosion occurs on the industrially-produced RSP samples was thus considered to be an
important part of the present study. This task is believed to be especially relevant in view
of the expected deleterious effects of intergranular corrosion on the magnetic properties of
Nd-Fe-B. The undesirable effects of intergranular attack in a permanent magnetic material
are described below, along with a quantitative estimate of the amount of corrosion expected

if such attack were taking place in rapidly solidified Nd-Fe-B.

If the grain boundary phase in the alloy is undergoing preferential attack, grains would tend
to fall out of the material once they are undercut by corrosion. It is believed that
undercutting and subsequent fallout of grains can continue indefinitely due to the
interconnection of the grain boundary phase; note that eliminating the interconnection of
this phase would adversely affect the coercivity of the magnet. If preferential grain
boundary corrosion were occurring, it would be qualitatively expected that the resulting
metal loss and the associated magnetic flux loss would be substantial during long-term
exposure to a corrosive environment. The effects of preferential grain boundary corrosion
were quantitatively estimated by modifying the calculation in Section 5.1.10 in order to

account for the presence of preferential grain boundary attack. The measured corrosion
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current, Icorr (determined via Tafel extrapblaﬁon) is normally assumed to be derived from
the entire metal surface; this parameter is then divided by the nominally exposed area to
determine the corrosion current density, icorr (as was done in Section 5.1.10). The rate of
intergranular attack was estimated in the present calculation by assuming that Icorr is derived
solely from the corrosion of the grain boundary phase. The rationale for this assumption is
shown schematically in Figure 5.35. In the event that intergranular corrosion is taking
place, essentially all of the corrosion current should be emerging from the grain boundaries
rather than from the entire surface. The intergranular corrosion current density, igb.,
should thus be determined by dividing the measured corrosion current, Lyorr, by the

estimated grain boundary area rather than by the nominal sample area.

ne"(—- -

@ (b)
Figure 5.35 Schematic diagrams illustrating (a) general corrosion and (b) intergranular corrosion. Electrons

are being produced all over the metal surface in (a), but only on a small portion of the sample area in (b).
The symbols Me, Men+, and n e- represent metal atoms, metal cations, and electrons, respectively.
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The value of icorr for Nd-Fe-B in NaCl at 23°C was previously given as 39 HA/cm? in
Section 5.1.10. The ratio of grain area to grain boundary area was approximately 95 : 5,
according to an estimated ratio cited in the literature [30]. In other words, 0.05 cm2 of
grain boundary area and 0.95 cm2 of grain area are estimated to be present in a sample
having a nominal surface area of 1 cm2. The grain boundary corrosion current density,

ig.b., can then be estimated using the calculation shown below:

[5.3] igb[ ]:icm[ pA 1. 0.95[cm? falloy]

cm?2 [gbl] cm? [alloy]]  0.05 [cm2 [g.b.]]

The value of igp, was estimated as 741 [A per cm? of grain boundary area.

The revised corrosion current density (igp.) was placed into equation [5.2] in order to
determine the penetration rate associated with intergfanular corrosion; several parameters
had to first be estimated for the grain boundary phase. The density of the Nd-rich phase
was estimated as 7.3 g/cm3, the atomic weight as 118 g/mole, and the number of electrons
transferred as 2.7. These values were calculated using weighted elemental averages based
on an approximate grain boundary composition of Nd;Fe3 which is one of several

compositions that have been estimated for the Nd-rich phase in the literature [29,45].

Equation [5.2] was then used to calculate the penetration rate as 573 mpy (14.5 mm/yr),
whicﬁ is clearly a very high value. It was assumed in this calculation that the undercutting

of grains can continue indeﬁnitcly due to the interconnection of the grain boundary phase.
The foregoing calculation was designed to demonstrate how strongly preferential grain

boundary attack would affect the overall metal loss rate; the magnitude of the calculated

corrosion rates clearly show the detrimental effects of intergranular corrosion. The mass
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loss (or, alternatively, the volume loss) associated with grain fallout leads to a loss of
magnetic flux. The percent flux loss for a given amount of metal loss obviously depends
on the size of the initial magnet considered, but given the calculated penetration rates, the
magnetic flux losses would be expected to be very large for almost any magnet considered.
The expected degradation of magnetic properties which would result from such attack
emphasizes the importance of determining whether or not intergranular corrosion is taking

place in RSP Nd-Fe-B. The determination made in the present study is described below.

The calculation outlined above was capable of providing an estimate of the penetration rate
which is expected to result from the intergranular corrosion of Nd-Fe-B. This calculation
has an additional purpose, however, besides simply demonstrating the expected negative
implications of grain boundary corrosion on magnetic flux. Since one of the measured
parameters in the present study was the metal penetration rate as a function of time, indirect
evidence indicating the presence or absence of intergranular corrosion can be obtained by
comparing the measured and calculated metal penetration rates to one another. The
comparison between measured and calculated quantities would have ideally been performed
using weight loss rather than penetration rates, but the cracking of several test samples at
relatively short times precluded the collection of accurate weight loss data. Performing the

comparison using penetration rates was considered to be the best available alternative.

The maximum measured penetration depths have all been associated with pits in this study.
Surface dissolution has been observed, but the depth of this attack has been shown in
Section 5.3.4.2 to be far less that that obtained from pitting corrosion. The penetration
depths measured by the confocal microscope can thus be compared to the penetration
depths calculated for the same immersion time using the above calculation. If the observed
corrosion is proceeding via intergranular attack, the measured and calculated penetration

rates should be similar in magnitude. The actual comparison was made by superimposing
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the measured and calculated penetration rates, as shown in Figure 5.36. The calculated

rates for both general and

intergranular corrosion have been included on the plots, and the

calculated rates after 72 hours and 89 days are additionally listed in Table 5.6.
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Figure 5.36 Calculated and measured penetration rates in Nd-Fe-B in NaCl at 23°C after (a) 72 hours and

(b) 89 days.
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Table 5.6 Calculated penetration rates for general and intergranular corrosion in NaCl at 23°C.

Type of Corrosion 72 hours 89 days
General 4.1 um 121 um
Intergranular 119 um 3530 um

The evident divergence between the measured and calculated penetration rates in Figure
5.36 provides substantial evidence that intergranular corrosion is not occurring on the RSP
samples; the measured corrosion rates appear to be too low to correspond to intergranular
attack. Although the comparison shown in Figure 5.36 provides important information in
the attempt to determine whether or not intergranular corrosion is taking place, this
evidence still must be considered indirect in nature. As such, it would be extremely useful

if direct evidence could be obtained to supplement the argument outlined above.

Completion of a direct investigation of intergranular corrosive attack in rapidly solidified
Nd-Fe-B (grain diameter 80 - 100 nm) is a relatively challenging task, however. Direct
evidence of intergranular corrosion is normally obtained by analyzing a corroded surface
using an SEM. Surfaces which have suffered from intergranular corrosion tend to have a
characteristic appearance: grains normally appear in relief, creating a surface topography
which has a height approximately equal to the grain diameter. This type of procedure was
used in the evaluation of intergranular corrosion in sintered Nd-Fe-B (grain size ~ 10 ym)
by Ohashi et al [43]. For RSP samples, however, such an investigation is hindered by the
extremely fine NdsFe14B grains (80-100 nm diameter) produced by rapid solidiﬁcatioﬁ.
The small size of the grains precludes their resolution in a conventional SEM, and more

sophisticated instruments must be utilized in order to perform such analysis. An additional
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complication in this work was related to the buildup of insoluble corrosion products during

immersion, which can obstruct viewing of the sample surface in a microscope.

It might be initially thought that the presence of a Nd-rich corrosion product might indicate
intergranular corrosion, but such an analysis neglects the possibility of preferential element
dissolution (dealloying). An electrochemically active element such as Nd could actually
dissolve from the Nd,Fe14B phase more rapidly than Fe. An identification of the chemical
composition of soluble or insoluble corrosion products therefore does not provide

definitive evidence regarding the presence or absence of intergranular corrosion.

Direct evidence in this particular case can be most readily obtained using a high resolution
scanning electron microscope. A JEOL 6300 SEM equipped with a field emission electron
source was utilized, and the instrument was operated at an accelerating voltage of 1 kV in
order to accentuate surface detail. A sample immersed for only 15 minutes (NaCl, 23°C)

was utilized in an attempt to mimimize the blockage related to insoluble corrosion products.

If intergranular corrosion were taking place on the metal surface, the expected penetration
depth after 15 minutes of immersion can be determined by referring to the penetration rate
calculation above. The calculated depth of grain boundary corrosion after 15 minutes is
410 nm, which indicates that if intergranular corrosion is occurring, approximately 4 to 5
NdyFe 4B grains should have been undercut by the time the sample is removed from the
corrosive solution. The purpose of this brief calculation is to demonstrate that the amount
of intergranular corrosion taking place in 15 minutes should be sufficient for evidence to be

available on the metal surface if this form of corrosion is indeed occurring.

When examining the corroded surface, it is important to look for topography commonly

associated with intergranular attack, such as grains in relief with a characteristic size of
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about 80 - 100 nm. Metal loss at the grain boundaries often also provides a good indication
that intergranular corrosion is taking place, but the extremely small size of the grain
boundary phase in RSP Nd-Fe-B (1-5 nm wide) indicates that this phase is unlikely to be
resolved, even in the field-emission SEM. Surface topography associated with grains thus
appears to be the most relevant indicator of the presence or absence of intergranular

corrosion in this metal.

A high resolution micrograph of the surface of the 15 minute sample is shown in Figure
5.37. A few small islands of white corrosion product are visible in this area, but the bare
metal surface is clearly visible in the remainder of the photograph. No evidence of any sort
of 80 - 100 nm topography can be observed on the metal. In fact, the surface appears to be
essentially featureless. The image shown in Figure 5.37 is thus consistent with the
previous contention that intergranular corrosion is not occurring on the surface of rapidly

solidified Nd-Fe-B.

Figure 5.37 A high-resolution SEM image of a Nd-Fe-B surface which had been immersed for 15 minutes
in NaCl at 23°C. An accelerating voltage of 1 kV was utilized 1o form the image.
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The evidence presented in Figure 5.37 would be even more convincing if the ability of the
microscope to clearly image 80 - 100 nm topography could be confirmed. The high

resolution SEM was found to be capable of detecting such topography, as described below.

A different area of the same sample imaged in Figure 5.37 is shown in Figure 5.38. Itis
clear that Figure 5.38 corresponds to an area of the surface which is directly adjaceht toa
pit. The observed pit appears to be almost completely surrounded by insoluble corrosion

| products, except for a small area in the region just above and to the right of the pit. A high
magnification view of the insoluble corrosion product is shown in Figure 5.39. The area
from which Figure 5.39 was taken is indicated by an arrow on Figure 5.38; this arrow
confirms the fact that Figure 5.39 was taken from a region which is completely covered by
insoluble corrosion products. The high resolution micrograph of the corrosion products
(Figure 5.39) reveals the presence of nodular topography, with nodule diameters which
vary from about 40 to 110 nm.

The fact that the high resolution SEM was able to provide relatively good images of the
corrosion product morphology indicates that the microscope is capable of detecting features
which would be associated with intergranular corrosion in this fine-grained metal. The fact
that such features are not observed on the metal surface itself strongly suggests that
intergranular attack is not occurring. If this form of attack were taking place, grains should
appear in relief on the surface of Figure 5.37. The corrosion product morphology in
Figure 5.39 indicates that the absence of such topography in Figure 5.37 is not due to

microscope limitations.

It is emphasized that the nodular surface in Figure 5.39 is characteristic of the corrosion
product itself rather than of the metal; it would simply appear to be coincidental that the

nodules happened to be ~110 nm or less in size. The fact that the nodular topography
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shown in Figure 5.39 is characteristic of incompletely removed corrosion products can be
verified by moving to another area of the sample where the metal surface is visible without
being blocked by corrosion products; the nodular topography is not apparent in these

regions.

The results of the present study thus indicate that intergranular corrosion is not occurring
on the surface of rapidly solidified Nd-Fe-B in NaCl at 23°C. This result can be attributed
to the presence of cobalt in the alloy, as a previous report [43] indicated that Co additions
are capable of minimizing intergranular attack in sintered Nd-Fe-B. Although the
metallurgical distribution of Co in the RSP samples was not investigated in this study, it
appears that the grain boundary phase(s) responsible for intergranular corrosion resistance

 in sintered Nd-Fe-B are also present in alloys produced by rapid solidification.
5.3.4.4 Inter-ribbon Attack

Another type of localized attack which should be considered in addition to intergranular
corrosion is inter-ribbon attack. This form of localized corrosion is specific to materials
which are produced by rapid solidification. Fragments of the rapidly solidified ribbons are
metallurgically bonded together during the hot pressing process, as described in Section
2.2.3.2. The boundaries between the adjacent rapidly solidified ribbon fragments provide
a possible pathway for localized corrosive attack. The complete interconnection of these
boundaries throughout the material indicates the importance of considering such attack, as
ribbons themselves could be undercut and fall out of the metal in a process similar to that of
intergranular corrosion. Such a process could result in substantial mass loss and therefore
magnetic flux loss. This type of attack has not been considered in the literature, mainly
because most corrosion studies have employed sintered magnets, which do not contain

ribbon boundaries. Inter-ribbon attack should not be overlooked, however, because if
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Figure 5.38 A high resolution SEM image of a sample which had been immersed for 15 minutes in NaCl
at 23°C (1 kV). Note that arrow denotes the area which is imaged in Figure 5.39.

Figure 5.39 A high resolution SEM image of the morphology of incompletely removed corrosion products
(1kV). The image was taken from the region marked with an arrow in Figure 5.38.
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ribbons were to begin to drop out of the material due to preferential dissolution of the
boundaries, this type of attack could conceivably cause a serious problem for the viability
of the alloy. It is emphasized that in order to be truly damaging to the material, the entire
ribbon boundary would have to corrode in a relatively even fashion. Attack of only part of
the boundary would be far less problematic, as this type of attack would not be expected to
lead to the undercutting and fallout of ribbons; it is the actual loss of the ribbons themselves
from the metal surface which would result in a very large loss of magnetic flux. An image
taken from a sample which had been immersed for 12 hours in NaCl is shown in Figure
5.40. Although a slight etch of the ribbon boundaries can be observed in this images,
rapid, preferential attack of the boundaries was not found to occur in this material. Such
attack would be expected to result in the presence of sharp ditches at the ribbon boundaries,
which are not observed in Figure 5.40. Examination of surfaces at the longer immersion

times (1 and 3 months) also did not reveal evidence of significant ribbon boundary attack.

T 10FM

Figure 540 SEM image showing that a slight eich is present at the ribbon boundaries, but that significant
inter-ribbon attack is not occurring (12 hours, NaCl, 23°C).
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5.3.5 Summary of Rate and Type of Attack

Pitting corrosion was found to be the controlling form of corrosive attack in Nd-Fe-B at
23°C at both long and short immersion times; pitting is accompanied by relatively shallow
surface dissolution at immersion times greater than about 12 hours. Intergranular corrosion
is not believed to be a significant form of attack under these conditions, based on the results
of calculations as well as direct observation of the corroded surface. It is relevant at this
point to consider how the observed forms of corrosive attack would affect the ability of the
material to perform its intended service function. If a particular material is to be used as
tubing or piping, for example, the primary parameter of interest would be the rate of metal
penetration. In fact, the relatively.high penetration rate measured in this study would be a
significant concern if the material were to be used for such an application, since sustained
attack might lead to wall penetration and subsequent leakage. Nd-Fe-B is a permanent
magnetic material, however, and its primary function is to supply magnetic flux to drive a
magnetic circuit. This ability is much more closely related to the mass loss or volume loss
of the material than to its penetration rate, since magnetic flux is directly proportional to the
volume of metal present. Penetration rates have been reported much more extensively in
this study than rates of weight loss, as a result of the cracking exhibited by several test
samples. Cracking precluded the collection of acceptable weight loss data, and penetration
rates therefore had to be utilized in order to facilitate comparisons between measured and
calculated values (as in Section 5.3.4.3). At this point, however, the actual volume loss
resulting from the observed corrosive attack should be estimated. It can be qualitatively
stated that pitting attack should not be nearly as severe a form of corrosion for a permanent
magnet as would intergranular attack, for example. Though both forms of corrosion can be
associated with relatively high penetration rates, the mass loss resulting from the
undercutting and subsequent fallout of grains on the metal surface would be expected to be

much higher than the mass loss associated with pits. The metal loss resulting from pitting
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corrosion can still become significant, however, if pits continue to widen and deepen with
time. The possibility that the estimated rate of metal loss may lead to corrosion concerns is
increased by the fact that rare earth permanent magnets (such as Nd-Fe-B) are typically thin
by design [48], which results in the utilization of magnets with a relatively high surface
area to volume ratio. Such magnet geometry suggests that even the moderate metal loss
normally associated with pitting may be capable of causing a magnet to lose a significant
percentage of its magnetic flux over time. The effect of pitting corrosion on the volume of
metal lost (and hence the magnetic flux lost) from the surface of Nd-Fe-B is considered
below. The volume of metal lost due to pitting can be estimated by considering the width
and the depth of the observed pits, along with the measured pit density on the metal
surface. At a particular point in time, the average pit volume can be estimated from
measured depth and width statistics; this value can then be multiplied by the corresponding
pit density to obtain the total volume loss due to pitting at the given immersion time (the

obtained value can be extrapolated if necessary).

The representative pit depth distribution at 72 hours will be used in this calculation. Since a
pit density value was not directly determined for this immersion time, the value measured
after 1 hour of immersion (1.05 x 104 pits/cm? of surface area; see Appendix 10.2) will be
used instead. Even though not every pit on the 1 hour surface is still actively propagating
at 72 hours, it was stated in Section 5.3.4.1 (a) that the fraction of inactive pits after 72
hours was considered to be relatively low; the 72 hour pit density is thus believed to be
reasonably close to the pit density value measured after 1 hour of immersion (note that the
rate of pitting is much more consistent at 72 hours than at 1 hour; an estimate collected for
72 hours is thus more amenable to extrapolation than an estimate obtained from 1 hr. data).
The estimated volume per pit was determined by calculating the volume of each pit in the 72
hour representative pit distribution using a hemispherical approximation (V = 0.667-x-d3).

These data were then averaged to obtain the approximate volume per pit on the surface after
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72 hours (9.7 x 109 cm3/pit). This value was multiplied by the estimated pit density and
then extrapolated to 1 year of immersion to obtain the estimated volume loss per square cm
of nominally exposed surface area. The calculated volume loss is 0.012 cm? per cm2 of

surface area in 1 year. A conversion of this value to magnetic flux density appears below.

The actual flux density output by a magnet is dependent on both its remanent magnetization
(By) and the length of the air gap (Lg) in the magnetic circuit. By represents the upper limit
of the flux density output, and the maximum flux density loss is thus equivalent to the loss
in remanent magnetization due to corrosion (the actual flux density loss in each case would
also be dependent on the Ly for the given magnetic circuit). The remanent magnetization
(B;) of Nd-Fe-B is 11.8 kiloGauss per cm3 (Table 2.3), and the corresponding maximum
loss in magnetic flux density is 143 Gauss per cm? of exposed surface area. Even though
the total volume loss is readily converted to an absolute magnetic flux loss, it is believed to
be more relevant to consider the percent magnetic flux loss. Use of the percent loss allows
the obtained results to be more easily interpreted, since a given amount of flux loss may
have serious consequences for the viability of one magnet and yet cause only a mild
problem for another, depending on the initial flux output of the magnet in question. The
percent magnetic flux loss is highly dependent upon the size (volume) and surface area of
the magnet considered. Corrosive degradation is a direct function of exposed surface area.
A given amount of corrosion-related flux loss will lead to a greater percentage of magnetic
flux loss if the magnet considered has a relatively low total volume. The amount of
corrosive degradation experienced by a permanent magnet is clearly dependent on both

corrosion susceptibility and magnet geometry.

The geometry of a permanent magnet is expected to vary in size and shape depending upon
the particular application in question. Information relating to the sizes and shapes used in

actual practice was obtained from Magnequench® [19]. Magnet sizes were grouped into
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three general categories: small, average, and large. The surface area and volume was
provided for each size category, and the percent flux loss was then calculated by using the
surface area of the magnet to obtain the total estimated volume loss in 1 year; this value was
then divided by the volume of the magnet considered to determine the estimated percent
flux loss per year. The results of the estimates are shown in Table 5.7. Since the smallest
magnet considered has a total surface area of 1.5 cm?, the calculated value corresponds to a
total estimated metal loss of 0.018 cm? in 1 year. The small magnet has a total volume of
0.125 cm3, and the calculated percent volume loss (i.e. flux loss) in 1 year is thus equal to
14%; this value obviously represents a significant flux loss, which indicates that pitting
corrosion can lead to a substantial rate of flux loss for relatively small magnets. Table 5.7
also indicates that the percent flux loss is markedly dependent upon the size and shape of
the magnet considered (particularly upon the surface area/volume ratio). The observed
deleterious effects of corrosion on smaller magnets is especially important in view of the
fact that the size of Nd-Fe-B magnets is expected to decrease steadily over the next several
years. In fact, the primary manufacturer of RSP Nd-Fe-B (Magnequench®) expects the
magnets which are categorized as "small" in Table 5.7 to represent average size magnets in
the relatively near future [19]. This trend towards miniaturization clearly has implications
for the effects of corrosion on the viability of Nd-Fe-B; corrosion issues should become

increasingly important as magnets become smaller and smaller with time.

Table 5.7 Estimated percent flux losses for various magnet geometries.

Surface % flux
Magnet Arca Volume loss/
Size (cmz) (cm3) year
Smail 1.5 0.125 14
Average 16.1 6.58 29
Large 38.7 39.5 12
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The calculation presented above does not indicate that corrosion will be a problem for every
Nd-Fe-B magnet placed into service, but it does indicate that the observed pitting attack can
result in a considerable amount of flux loss. Such flux loss is expected to impede the
intended function of Nd-Fe-B magnets in certain applications, especially when smaller
magnets are to be used in a relatively aggressive environment (also note that since the rate
of pitting attack was found to be substantially higher at 80°C than at 23°C after 1 hour,

exposure at elevated temperatures may increase the flux loss associated with pitting).

The actual amount of pitting which can be tolerated will depend upon the geometry and the
design requirements of the magnet considered. In order to judge the expected severity of
pitting corrosion, factors such as the expected severity of the environmental conditions, the
anticipated time of service, and the maximum amount of flux loss tolerable would also need
to be considered. Another relevant consideration is the fact that the material will likely not
be exposed to full immersion in service. Electrolyte is expected to be condensed on the
surface during only part of the magnet's service life, and pits will thus be growing for only
a frac