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1 Introduction

The quick rise of environmentally friendly technologies based on fairly large motors and gen-
erators used in HEVs, EVs as well as wind power generation has raised the demand of perma-
nent magnet materials. Due to the highest energy product of any known magnet, Nd—Fe—B
magnets are widely used in high-performance electric machines where high efficiency, weight
reduction, safe operation and comfort improvements are desired.

For instance, permanent magnet excited synchronous motors have a high efficiency as there is
no need for electrical excitation, which eliminates electrical losses in the rotor and achieves

motor efficiencies of up to 97 %21,

In addition, a more compact design leading to higher
power densities (power to space ratio) is possible and makes this type specially interesting for
electrical drive applications.

Furthermore, permanent magnet excited generators can be produced in both, a slip-ring and a
transmission free (direct drive) design, hence the number of wear susceptible and maintenance-
intensive components in wind turbines can be considerably reduced and service intervals can
be extended 3] which makes them predestinated for off-shore applications where long service
intervals are pursued.

As a consequence, rare earth elements have increasingly been used for the production of per-

manent magnet materials for the last decade and this trend is expected to continue (Figure 1.1).

I Vagnets [l Catalysts [l Glass, polishing and ceramics [l Alloys [ ] Phosphors [ | Others

16%

15% 28%

12%
17% 6%

15,5% 5,5%

36% 26%

Early 2000's 2015

Figure 1.1: Projected development of REEs from the early 2000’s to 2015. Data adopted from [4] and [5].
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Figure 1.2: Price trends for selected rare earths®.

The steadily escalating demand has consequently risen concern about the availability and sus-
tainability of supply of rare earth elements (REEs). A valid point for this is the limited ge-
ographical concentration abundance of adequate mining sites. While natural reserves of rare
earth metals can be found in Russia, USA, Democratic Republic of Congo, Greenland and
Brazil, China produces 97 % of the word’s rare earth supply which was reflected in the price
increase of rare earth oxides and metals in 2010 and 2011 due to a restriction on Chinese ex-
ports, as shown in Figure 1.2. After export quotas increase by the end of 2011, oxide and metal
prices decreased as a result. However there is still concern that due to the above described ap-
plications and due to the increasing demand of emerging economies the demand will increase
beyond supply in the near future!*].

In the light of these facts, a special focus has been placed on the efficient use of REE’s for
permanent magnet applications. In this context, it is not necessarily the light rare earths such
as praseodymium or neodymium but the heavy rare earths such as dysprosium and terbium
which are the main concern since they are currently almost exclusively mined in Chinese

deposits.



The reliability of permanent magnet excited electrical machines presupposes that the inte-
grated permanent magnet cannot be demagnetized, thus the coercivity has to be high enough
during regular and especially even during faulty operation (e.g. a short circuit in the stator).
Electricity-driven/assisted vehicles require permanent magnets in the DC motors to operate
at temperatures as high as 200 °C. Operating at high temperatures equals a substantial loss
in coercive field strength H:y; which in turn reduces the ability of the permanent magnet to
withstand demagnetizing fields. To prevent this, a certain minimal value for H.j at room
temperature is necessary.

A frequently used approach to solve this issue is the partial substitution of Nd by up to 10 wt.
% heavy rare earth elements (HREEs) such as terbium or dysprosium to dramatically enhance
the coercivity in Nd-Fe-B-type magnets for high temperature operations. In the first instance,
this approach is disadvantageous from an economical standpoint. As previously discussed and
because Tb is far more scarce and thus far more expensive for industrial application, Dy is used
for substitution although it is inferior in regard of improvement to the initial material 111,

A further drawback that has to be pointed out is the anti-parallel coupling of the magnetic
moment of Dy with that of Fe in the RE,Fe,,B-lattice caused by the partial substitution of
Nd which leads to much lower levels of magnetization, which will be discussed in detail
in chapter 2. Lower magnetization, in turn leads to a lower energy product (BH )max. The
loss in (BH )max, an index for the maximal magnetic energy stored per unit volume, can be
compensated by the use of more magnetic material which results in an increase of material
costs as well as a significant weight increase, thus limiting the application of high performance
Nd-Fe-B magnets.

This has called for increasing research in the development of HREE sparring or even HREE-
free Nd-Fe-B-type magnetic materials.

It has been shown that the substitution of LREEs by HREEs by application of HREE-metal
coatings on Nd-Fe-B-sintered magnets with subsequent annealing and low-temperature aging
results in the allocation of the HREE along the grain boundaries and then into the outer shell of
the grains resulting in an increased coercivity H ¢y with only negligible reduction in remanence
B2l called “Grain Boundary Diffusion Process” (GBDP).

However, high-purity metallic coatings of rare earth elements have to be produced by PVD-
techniques, which are not only very costly due to the required high vacuum conditions but
also have relatively low deposition rates making it cost ineffective as a large-scale industrial
process.

The overall aim of this study is to develop an alternate electrochemical process for the coating

of permanent magnets with metallic heavy rare-earth elements as a source for the grain bound-
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ary diffusion process, which combines up-scalability, low cost, versatility and fast deposition
rates without corrosion promotion as well as being able to overcome geometric restrictions.

This work was based on our previous experience with electrodeposition of dysprosium from
solutions with organic solvents!!314l. Due to a number of promising features of ionic liquids

(ILs) replacement of organic solvents by ILs was tested as well.



2 Theoretical Background

2.1 Electrochemical Fundamentals

2.1.1 Electrochemical Deposition Kinetics and Mechanism
Essentials of Electrode Reactions

For every electrochemical reaction one can state the corresponding equation:

Ox +ze R:ed\Red [1]
Ox

where Ox represents the oxidized form of a species and Red its reduced form. In the case of
equilibrium, the electrode potential E is linked to the bulk concentrations cox and cg.; of the
participants by the Nernst equation?%):

RT COx

E=E"*"_In

2.1
Z2F CRea 1)

here, E represents the so called formal potential. In contrast to standard electrode potential it
is affected by omitting activity coefficients in Eq. (2.1).
For the case that mass transport is not a limiting factor, the current is often related exponen-

tially to the overpotential 7). A linear form has been given by Tafel in 1905121

N = a+blog(i) (2.2)

A valid model of electrode kinetics must satisfy Eq. (2.1) and Eq. (2.2). Eq (2.2) is known as
the Tafel equation.
Considering the reactions in equation [1], the reaction rates v are linked to the concentrations

c(x,t) of the species by rate constants k for the reduction and oxidation, respectively:

iRed
zFA

VRed = kRedCOx(07t) - (23)

for the reduction reaction and
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[ Ox
zZFA

for the oxidation reaction. R describes the gas constant, F' is the Faraday constant, A is the

Vox = koxCReq(0,t) = (2.4)

area and z the number of transfered electrons. The net reaction rate is given by:

i
ZFA

and by resolving Eq. (2.5) into i, the current i in terms of the electrochemical rate is given by:

Vnet = VRed — VOx = kRedCOx(Oyt) - kOxCRed (O;t) = (25)

[ = iped — iox = 2FA [kgeacox(0,1) — koxCrea(0,1)] (2.6)
The rate constant in the general chemical reaction [1] can be written as:

kRea = BRreaexp [—%] and kox = Boxexp [—%} (2.7)
RT RT
for the reduction and oxidation reaction. R is the gas constant, 7" the absolute temperature and
AG* the activation energy for reduction or oxidation.
The rate constant k and the reaction rate v depend on the electrode potential in an electrochem-

ical reaction, so one can state:
AG" = f(E) (2.8)
When the electrode potential is shifted by AE, the free energy AG¥ also changes by —zFAE =

—zF (E — EV). This is illustrated in Fig 2.1.

For AE > 0 the energy barrier for the oxidation reaction, AG , is reduced by (1 — a)zF (E —
EY) while the reduction barrier AG},, increases by ozF (E — EV):

AGH, = AG% o, — (1 — a)zF (E — E®) (2.9)

and

AGY,; = AG gy + 0zF (E — E°) (2.10)

where o represents the transfer coefficient in the range of O to 1 and is often assumed to be
0.5 corresponding to a symmetric energy barrier.

After combination of Eq. (2.7) with Eq. (2.9) and Eq (2.10), one can see the dependence of
the rate constant on the electrode potential:
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a)
A G#
A fed T ‘Q‘G# Ox QGDO'-* O
E
Ox+e Red
Reaction coordinate
b)
A G#

(1-o)F(E-E9)

o F(E-E9)

Ox+e Red

Reaction coordinate

Figure 2.1: a) Dependence of the free energy AG* from the potential shift AE b) Magnification of the highlighted
area in a). Figures redrawn according to Ref. [29].
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AG%# 1 — o)zFAE
kox = Boxexp {— RTOX] exp {%} (2.11)
for the oxidation process and
AG g4 azF AE
kRrea = Breaexp l—Te exp| == (2.12)

for the reduction process. The first two factors in 2.11 and 2.12 are independent of potential
and represent the rate constant at equilibrium (E = Ep).
Finally, the combination of the current with k yields the current-potential relationship for

partial reactions:

, AG;,"Red azFAE
iRed = ZFACcoxBRreqexp [— ]énT } exp {— RT ] (2.13)
for the cathodic partial current ig,; and
, —AG;,*ox 1 - a)zFAE
iox = ZFACReqBoxexp {_R—;i} exp {%} (2.14)

for the anodic partial current.
In the case of equilibrium of an electrode immersed in an electrolyte (at equilibrium potential
E = E(y and AE = 0), the partial current densities for reduction and oxidation, jg.; and jo, are

equal:

- AG;y, Red ozFAE
JRed = ZF coxBReaexp | — exp|—

RT RT
_ —AG;,*ox 1 —a)zFAE 2.15
Jox = ZF creaBoxexp |:_ RT } exp |:< R)T :| = ( )

=i
thus, the net current density i(E() is zero and becomes the exchange current density jo:

jox_jred =0 (216)

For the general case where the applied potential departs from equilibrium by an amount, also

known as the overpotential 7, the applied potential £ can be described as:

E=FEy+n (2.17)



2.1 Electrochemical Fundamentals

therefore Eq. (2.13) and Eq. (2.14) can be expanded to:

' AG;y,Red azFEy azFn
= zFc,xB — — — 2.1
Jred A CoxDyredeXp |: RT ‘| exp |: RT exp RT ( 8)
and
. AG;,"ox (1—a)zFEy (1—a)zfn
Jox = 2F ¢reqBoxexp [— RT ]ex {T PR (2.19)

Further combination of Eq. (2.15) with Eq. (2.18) and Eq. (2.19) ultimately delivers a relation-
ship between the overpotential 11 and the net current density j, known as the Butler-Volmer

Equation?%;

1—o)zF F
J=1Jo {exl? [%} —exp [— aIZQTn] } (2.20)

In the case of small overpotentials, equation (2.20) can be approximated to':

j= jo%n (2.21)
which shows that within a small range near the equilibrium potential, the current is linearly
related to 1. The charge-transfer resistance R, an index of kinetic facility, is given by the
ration /J :

Ro=—o 222)

JozF
For large values of |n|, either the cathodic or the anodic partial current can be neglected and

equation (2.20) becomes (301,

o 1—a)zF
J = joexp {—( RT> nan] (2.23)
.. —ozF
J = Joexp [7 Tlcat] (2.24)
or in terms of 1n:
2.3RT 2.3RT
=— j —1 j 2.25
nan (1 . a)ZF Og(]0)+ (1 —(X)ZF Og(.]) ( )

and

IFor small values of x, the exponential ¢* can be approximated as 1+x.
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2.3RT 2.3RT
=——log(jo) — ——Ilog(Jj 2.26
Mear = = —p—l0g(jo) — = ~——1og(j) (2.26)
which describe the Tafel lines for high anodic and cathodic overpotentials, respectively. The

plot of log(i) vs 1, known as Tafel plot, is shown in Figure 2.2.

-3.5+

4.0

45

-5.0 +

log| j |

Slope = (1-F/2.3RT) .85 7 Slope = -aF/(2.3RT)

-0.2 -0.1 0.0 0.1 0.2
n/Vv

Figure 2.2: Simulated Tafel-plots for anodic and cathodic branches of the current-overpotential curve. a = 0.5, T
=298 K, and jo = 10 x 1079 A cm~2. Redrawn according to Ref. [29]

2.1.2 The Electrochemical Double Layer
Metal - Solution Interphase

As an electrode of the metal M comes in contact with a solution containing the corresponding
metal ions M**, metal ions are exchanged at the metal - electrolyte interphase. In this pro-
cess, metal ions are released from the bulk electrode and in turn, ions from the solution are

incorporated into the electrode?!:

MZ+S()1 — Mz+bulk (227)

Depending on the equilibrium condition, one side of the equation is preferred causing an
excess of positive or negative charge near the electrode. As a response to the excess charge
at this interface, charges in the solution will be rearranged. The charge of the electrode will
attract opposingly and repel samely charged ions, respectively. Several models have been
postulated to describe how excess charges are distributed on each side of the interphase. The

most significant will be shortly discussed in the rest of this section.

10
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Compact Double-Layer Model by Helmholtz

The model to describe the electrochemical double-layer by Helmholtz is the simplest. Here
the double-layer is considered a rigid array, consisting of solvated ions at a given distance
from the electrode (Figure 2.3). As there is no charge between electrode surface and the rigid

layer, the electrical potential has to change in a linear fashion. The change of the electrical

potential with the distance is given by the Poisson-equation3%-31:
d*¢, p
pr o = (2.28)

where ¢, is the electric potential and p is the charge density at the rigid Helmholtz plane. With
a distance a between the electrode and the ions at the interphase, which equals to the radius of

the solvated ion species, the dependence of ¢ from a can be described as:

(Pel — Cx

a

O(x) = Qo — (2.29)

where { represents the Zeta-potential, the potential at the rigid difference between the potential
of the outer Helmholz-layer and the bulk solution. This model represents a simple plate-type
capacitor, which does not take statistically distributed ions into consideration. Experimental
evidence also shows the dependence of the capacitance from the applied electrode potential,

which is not accounted for in equation (2.29) (291,

11
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Figure 2.3: Electrochemical double-layer model by Helmholtz.
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Figure 2.4: Electrochemical double-layer model by Gouy and Chapman.

Double-Layer model by Gouy and Chapman

In contrast to the Helmholtz-model of the double-layer, Gouy and Chapman developed a
model, in which ions are statistically distributed depending on the electrode potential (Fig-
ure 2.4)B%311 " This distribution is a consequence of the superposition of electrostatic inter-
action and thermally induced motion, which in turn results in the formation of a rigid and
a diffuse portion of the double layer. Within the rigid part, the electrode potential changes
linearly and within the diffuse portion of the double-layer the potential changes exponentially
with increasing distance to the electrode.

The diffuse portion (space charge) of the double-layer can be described in analogy to the ionic
cloud theory by Debye and Hiickel2°!:

d*o(x) 1

2 EP(X) (2.30)

Iy e
with K as the Debye-length % =1/ % which represents the thickness of the diffuse

13
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double-layer.

Double-Layer model by Stern and Graham

The works of Stern and Graham led to a model, which unites and modifies both previous
models and represents reality more quantitatively 30311,
In this model, the total capacitance C of the interface is given by the Helmholtz capacitance

Cy and the Gouy-Chapman capacitance Cgc connected in series:

11,1
C Cn Coc

The electrode surface is primarily covered by solvent molecules. Anions can also be only

(2.31)

partly solvatized and interact stronger with the electrode, while the primary solvent sheath of
cations is stronger, thus preventing a closer approach. While specifically adsorbed anions are
attracted by Van-der-Waals forces, solvated cations are attracted to the electrode by Coulombic
interaction. As a consequence, two parts of the double-layer can be defined:

A rigid portion which consists of oriented solvent molecules and partially solvated, adsorbed
anions, covering the electrode surface, building the inner and outer Helmholtz-layer, respec-
tively. Next to this layer continues the diffuse layer, in which the spacing of metal ions to
one another is governed by the ion concentration. The concepts and potential-distance profile

embodied in the Stern-Graham model are illustrated in Figure 2.5.

2.1.3 Nucleation and Growth Models

The first theoretical model for electrochemical crystal growth in terms of atomistic models as
described by Erdey-Gruz and Volmer in the 1930’s considered the substrate as a perfect crystal
surface 32331, As perfect surfaces do not have sites to promote growth, nucleation must be the
first step in the process of electrodeposition. Subsequently, the imperfection of the substrate
surface (Frank3# and Burton3>), thus the existence of a variety of growth sites was taken into
account as well as experimental applications of in situ surface analytical methods, resulting in

a variety of new models.

Formation and Growth of Adion Clusters

There are two fundamentally important processes in the formation and growth of adion clus-
ters30:

1. The arrival and adsorption of atoms or ions at the surface

14
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Figure 2.5: a) Stern-Graham model of the electrochemical double-layer. b) Potential-distance profile. c) Equiva-

lent capacitor.
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2. The motion of those adsorbed adatoms or adions on the surface

Each one of these processes can be further broken down. Preceding the adsorption of ions to
the electrode, they must diffuse from the bulk electrolyte to the double layer. Following the
adsorption, electron and ion transfer take place, in which case the adsorbed species partially
or completely lose their solvation layer or ligands!!'3]. Next, adatoms diffuse on the electrode
surface to form growth nuclei by formation of clusters, because the binding energy of single
adions to a perfect crystal surface is small, thus unstable. The free energy of formation AG(N)

for a cluster of consisting of N ions can be expressed by 3"

AG(N) = —Nze|n|+ ¢(N?*/?) (2.32)

where the first term expresses the transfer of N ions from solution to the surface and increases
linearly with N and the overpotential 17. The second term expresses the increase of surface
energy due to increasing cluster surface as a function of N1, The critical nucleus size N, at
which spontaneus growth starts is given by (30l
N. = bse” ; (2.33)
(zem)

where b 2 is a shape dependent, geometric factor, s is the area occupied by one atom on the

cluster surface and € is the surface energy.
The processes for electrocrystallization the dependence of the free energy of formation are

shown in Figure 2.6.

2.1.4 Atomistic Aspect of Metal Electrodeposition

In the electrodeposition of metals, a metal ion M** is transfered into the metal lattice from

solution, which can be expressed as:

M (solution) — M~ (lattice)

This reaction is followed by discharge of the ad-ion by z electrons and incorporation into a
kink site (see Figure 2.7).

Surface inhomogenities cause the transition of M**(solvated) to the final state M** (kink) to
occur via either of two possible mechanisms, namely step-edge site ion-transfer or terrace site

ion-transfer mechanism.

2p=p? /4S8, where P is the perimeter and S the surface area of the nucleus.
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\ solvated metal ion
a) bulk diffusion to b)

) % 0 the electrode Q 0
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\_D growth sites

Figure 2.6: a) Electrocrystallization of solvated metal ions on the cathode. b) Free energy of formation for a
2D-cluster as a function of N3],
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initial state solvted ion

final state

kink site

Figure 2.7: Initial and final states in metal deposition.

Step-Edge lon-Transfer

In this ion-transfer mechanism, an ion is transfered from solution to the kink site of a step
edge (direct transfer mechanism) or to any other step edge site and subsequently diffuses to
the kink site (step-edge diffusion mechanism). Both cases are illustrated in Figure 2.8. Both

cases result in a partially solvated adatom in the crystal lattice of the metal.

Terrace lon-Transfer

A metal ion is transfered from solution to the flat face of a terrace in this mechanism. The
metal ion is weakly bound to the crystal lattice, as it is in an adsorbed, adion state and has
most of its solvent layer. To reach a state of lower energy, it diffuses on the surface to a kink
site as the final position (Fig 2.8).

Depending on the type of nulceous, four types can be defined!!3]:

Zero-dimensional nuclei The deposition of single ad-atoms to an active site.

18
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@ solvated ion
solvated ion @

@

kink site

- J\/

Figure 2.8: Illustration of the ion-transfer mechanisms. Left: Direct and diffusive step-edge ion-transfer mecha-
nisms. Right: Terrace ion-transfer mechamism.

kink site

One-dimensional nuclei This type is described by a series of ad-atoms which congregate

along the edge of a mono-atomic step.

Two-dimensional nuclei Planar agglomeration of ad-atoms influenced by the orientation

of the underlying substrate (epitaxy).

Three-dimensional nuclei Spacial aggregation of ad-atoms, which is not influenced by
the substrate lattice structure. In the case of similar lattice structures for metal and substrate,
nucleation may exhibit epitaxial behavior. The existence of surface defects on the substrate
such as edges, corners or steps can act as active centers, triggering nucleation and also being
capable to influence its subsequent course.

The free energy of formation on zero-, one-, two- and three-dimensional crystal nuclei drasti-

cally increases with dimensionality.

Growth mechanisms

Growth mechanisms are most importantly influenced by two parameters: The binding energy
between deposited species (M-M), intermolecular interaction between the deposited species
and the substrate (M-S) and the crystallographic misfit between M and S. These can be divided
into two major categories 20

1. Bonding energy between deposited atoms (M-M) is higher than intermolecular forces

between deposited species and substrate (M-S). This case leads to the formation of sin-
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20

gle growth sites (crystallites) which grow in a three-dimensional motion, described by
the model of Volmer and Weber (Figure 2.9 a)). In this case, the crystallographic misfit

does not show any effect. The misfit mf is defined as:

mf =28 ;M“M (2.34)

where ag and ay are the lattice spacings for the substrate and metal deposit, respectively.

. If the opposite case is true and the binding forces between deposited species and sub-

strate (M-S) are stronger than those among the species forming the layer (M-M), two

subcases can be distinguished:

2.1. If ag =~ ay, the misfit is close to zero and the mechanism of deposition will be

layer by layer, also known as Frank-Van der Merve growth mechanism (Figure 2.9
b)).

2.2. If as # am, a positive or negative misfit is present and growth proceeds in a
Stranski-Krastanov mechanism, which includes two steps. First, a 2D overlayer
on the substrate is formed and subsequently 3D crystallites grow on top of the

predeposited overlayer, as shown in (Figure 2.9 c)).
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c)

Figure 2.9: Illustration of different growth mechanisms: a) Volmer-Weber model. b) Frank-Van der Merve model.
¢) Stranski-Krastanov model. Red: deposit, grey: substrate, green: overlayer (3031,
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2.1.5 Nucleation of Surface Nuclei

The uniform probability with time of conversion ¢ of a site on the electrode into nuclei is given

by the nucleation law, which represents a first-order kinetic model:

N = No(1—e™4) (2.35)

where N is the maximum possible number of nuclei on the unit surface (total number of sites)
and A is a nucleation rate constant. For the initial stages of nucleation (small ), there are two

limiting cases for equation 2.35:

* The nucleation rate constant is large. In this case the exponential term can be approxi-
mated to zero, which results in N ~ N, indicating that all electrode sites are converted

to nuclei instantaneously (instantaneous nucleation).

* The nucleation rate constant is small. Here, equation (2.35) can be approximated to N ~

NoAt indicating the time dependence of the nucleation rate (progressive nucleation)?.

The diagnostic relationship and the possibility to experimentally distinguish these two limiting

cases by use of potentiostatic current-time transients will be discussed in 2.1.5.

The rate of 2-dimensional nucleation J is given by 3]
bse?
J=k — 2.36
1exp [ kT n} (2.36)

where k; is a rate constant. The other symbols have their usual meaning *.

Layer Growth Mechanisms

Diagnostic Relationships between Current and Time
For two-dimensional nucleation, the theoretical relationships between time and current are

given by the following equations:

m;:a—mz (2.37)
lntiz —c—dp (2.38)

3for a small exponent, the exponential term can be represented by linear approximation: —exp™' ~ —1 — At
4b, s and € have been defined in (2.33).
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for the case of instantaneous and progressive nucleation, respectively. a, b, ¢ and d are con-

stants.

Diagnostic Relationships between Current, Maximum Current and Time

A theory which deals with potentiostatic current transients for three-dimensional nucleation
with diffusion-controlled growth was developed by Scharifker and Hills’*”1. According to this
theory, the diagnostic relationship for instantaneous and progressive nucleation is given by the

following dimensionless (reduced) terms:

N 2
i \? 19542 ¢
(_jm) =~ {l—exp {—1.2564 (ZH} (2.39)

for the case of instantaneous nucleation and

i\? 1.2254 Nk
(j_m) =~ {l—exp [—2.3367(5) ” (2.40)

for the case of progressive nucleation. Figure 2.10 shows the theoretical current transients

(i/im)? vs (t/tm) simulated for /,, = 0 to 10 for instantaneous and progressive nucleation,

respectively.

These non-dimensional relationships will be used in chapter 8 for analysis of experimental
data.
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(i/i )

Figure 2.10: Theoretical, dimensionless current-time transients for instantaneous (squares) and progressive (cir-
cles) nucleation.
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2.1.6 Electrolytes for Electrodeposition
Aqueous Solutions

The most important metals, which are electrodeposited commercially are Cu, Cr, Ni, Ag, Au,

[38] " Because of the feasible deposition of these

Zn, Cd and some Zn- and Cu-based alloys
elements from aqueous solutions, the plating market is based on aqueous electrolytes. One
exception is aluminum, which is deposited from non-aqueous organic solutions. For the de-
position of more electronegative metals, other methods such as chemical vapor deposition or
plasma deposition techniques are usually applied. The versatility of possible substrates as
well as the fact that deposition is not restricted to pure metals, but also alloys or compounds
(nitrides, oxides, carbides, silicides, etc.) can be deposited, makes these techniques very inter-
esting. Major drawbacks involve high capital investment and relatively slow deposition rates
which make it difficult to obtain thick coatings, thus making them commercially profitable
only for high value niche markets 3%,

Aqueous solutions have numerous advantages, which have led them to be the mainstay of

metal plating[4°];
* Low cost
* Non-flammability
* Electrolytes and metal salts are highly soluble
* High conductivities, thus low Ohmic losses and high throwing power

* Low viscosity, leading to high mass transfer rates.
Aqueous baths also exhibit striking limitations, to name a few (391,

* Low potential windows

 Concurring gas evolution which can be extremely detrimental to the substrates (H,-

embrittlement)

* Passivation of the electrode material can cause problems with cathodic and anodic pro-

cesses
* Environmentally dangerous bath components (e.g. cyanide complexing agents, acids,...)

» Necessity of waste water treatment before return to the water course.
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All these limitations prevent the use of aqueous solutions for the electrodeposition of techni-
cally important materials. Key goals include the replacement of environmentally toxic baths,
deposition of semiconductors and innovative alloys and to develop new coating methods for
reactive metals. The driving force for the research in non-aqueous electrochemistry has been
the desire to deposit refractory metals, the likes of Al, Ti and W, known for their excellent

corrosion resistance and abundance [*9!,

Non-aqueous Solutions

The interest in non-aqueous organic solvents, especially polar aprotic solvents, started in the
1950s in various fields of pure and applied chemistry. Since then, they have greatly contributed
to numerous advances in chemical sciences and technologies !, such as the electroplating of
reactive metals, development of high-performance batteries and electrochemical double layer
capacitors, electrochromic applications and photoelectrochemical cells40431,

Therefore, organic solvents have to show a number of favorable properties. For example,
they must be physically and chemically stable over a wide temperature range, have low vapor
pressures, high solubility of salts, wide potential windows, low viscosities and low toxicities
and a low price.

Unfortunately, to obtain certain properties, others must be excluded. A low vapor pressure
entails high viscosities and high dielectric permittivities > frequently result in high viscosities
as well. For each application, a solvent (or oftentimes a combination thereof) has to be chosen
that unites the most desired properties.

The use of non-polar organic solvents (predominantly aromatic hydrocarbons) has been ap-
plied with limited success. Low polarity also results in low solubility of metal salts and also
extremely low conductivities. The exception is the very conductive and so far the only indus-
trially important deposition of aluminum. Triethylaluminum is used as aluminum source in a
toluene-based bath. In spite of the high pyrophoricity of Al(Et); and flammability of toluene,
the SIGAL (Siemens Galvanisch Aluminium) is one of the most important and currently the

only electrochemical method for the deposition of aluminum 3.

High-Temperature Molten Salts and lonic Fluids

The use of ionic liquids is an alternative to molecular solvents. Due to their high lattice en-

ergies, ionic materials usually melt at high temperatures. These high-temperature melts are

>The solubility of a salt in a solvent is determined by its dielectric permittivity &, dipole moment p and donor
number DN 41, As organic solvents obtain their polarity from electronegative elements such as N and O,
they are by nature also good electron pair donors.

26



2.1 Electrochemical Fundamentals

widely used in a number of industrial applications such as electro-winning of reactive met-
als (e.g. Li, Ca, Ti and Al) at temperatures ranging from 150 °C to 1000 °C, metal coating,
energy conversion*>*31 and treatment of by-products!**. They unify most advantages of
aqueous electrolytes (high conductivities and solubility for metal salts, nitrides, oxides and
carbides!*?!) and overcome most of their limitations (wide potential windows, low vapor pres-
sure). However, their operational conditions substantially limit the range of substrates that can
be used for electrodeposition®?]. Another drawback is their highly corrosive character!*3].
By reduction of the lattice energy by increasing the ionic size, a significant number of lower
temperature molten salts have been developed in the 20th century. With the deposition of alu-
minum at low temperatures as a main objective, the first widely applied ionic liquids consisted
of LiCl, KCl, AICl; eutectics with melting points near 100 °C 391,

By substitution of the small cations by larger organic ions such as pyridinium or imidazolium,
the symmetry and coulombic interactions are decreased by charge distribution, as a result

crystallization is disfavored (Figure 2.11)146:47],

000 T (A0 @

O O O

symmetric, large
anion

Figure 2.11: Schematic crystal lattices for conventional inorganic salts and ionic liquids.

Replacing the simple inorganic anions by larger, organic, often fluorinated anions with charge
distribution over larger structures also contributes to a further reduction of the melting points
to below room temperature, thus coining the term “room temperature ionic liquids”. Since
the introduction of air- and water-stable anions, the interest in ionic liquids has increased
dramatically.

The combination of different cations and anions leads to about 10'® possible combinations, of
which more than 1000 have been described in the literature and several hundred are commer-

[48]

cially available!™®!. A few of the chemical structures of commonly applied ionic liquids are

shown in Figure 2.12.
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Figure 2.12: Chemical structures of commonly studied cations and anions used for ionic liquids.

Ionic liquids have found interest in a wide range of applications such as biosciences for the dis-
solution of cellulose, solvatization of proteins, biofuel cells and biomimetic applications*%),
electrolytes for metal and semiconductor deposition 3?9321 deposition of nanomaterials >3],
synthesis and catalysis'>* and of course electrochemical devices such as electrochemical sen-
sors!>?! organic ionic plastic crystals, actuators and conducting polymers°!, photoelectro-
chemical solar cells%! additives and electrolytes in lithium-ion batteries and capacitors 2781,
For further introduction to the history and chemical as well as physical properties of ionic

liquids, the reader is referred to extensive literature reviews 09051 and books 00681,
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2.2 Magnetism

2.2 Magnetism

2.2.1 Quantum Origin of Magnetism
Principal quantum number n

The principal quantum number n determines the energy of the electron level and although it
does not determine the magnetic dipole moment directly, it influences the dipole moment due
to the fact that it does determine which values for [ and m are permitted%>7%. 5 can obtain
values of 1, 2, 3, 4,...

Orbital quantum number [

This orbital quantum number determines the magnitude of the electron’s orbital angular mo-

mentum |L|. [ is related to |L| of an individual electron by

IL| = 7/1(1+1) (2.41)

[ =0,1,2,...n-1 correspond to the labels s, p, d,... for the atomic orbitals.

Magnetic quantum number m

The magnetic quantum number m labels the (quantized) orientation of the orbital angular
momentum with respect to a magnetic field. The values for m; range from —/ to 4/ in single

integer steps.

Spin quantum number m;s

The spin quantum number describes the value for the electron spin which is 1/2. Analogous
to the magnitude of the orbital angular momentum |L|, the magnitude of the spin angular
momentum of an individual electron |S| is given by

V3

S| =1/s(s+1) = 5-n (2.42)

Magnetic spin quantum number mg

Just as my, mg is quantized with respect to a magnetic field. mg can take values of -1/2 and
+1/2.
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2.2.2 Many-Electron Systems

As stated above, the energy of electrons only depends on n. While this is correct for the hydro-
gen atom, in many-electron atoms the electrons interact with each other and the nucleus. As a
result, the energy of an electron depends on n and /. Electrons with lower angular momentum
are lower in energy, which leads to the known ordering of atomic orbitals 1s; 2s,2p; 3s,3p,3d;
4s,...

Spin-Orbit Coupling

The magnetic moment of an electron’s spin interacts with the atomic magnetic moment due to
the electron’s orbital angular momentum (spin-orbit coupling). Its magnitude is proportional
to Z*, with Z as the atomic number. As a result, spin-orbit coupling is negligible for a hydrogen
atom and becomes the more significant with increasing Z. Not only spin-orbit coupling exists

but there is also spin-spin and orbit-orbit coupling (which becomes important for light atoms).

Pauli Principle and Hund’s Rules

The Pauli principle states, that two electrons can’t occupy the same set of quantum numbers.
So, only two electrons can occupy an atomic orbital (which means n, [, m; and s are equal)
and they must have opposite spin orientations (different rmg)6%-701,

Hund derived three rules by which the lowest energy configuration of electrons in a partially

occupied shell can be identified 701

1. The electrons’ total spin |S| has to be maximized. This means that each orbital will be
occupied by one electron with the same spin orientation first and then will be paired

with the remaining electrons of the opposite spin (Pauli’s principle)

2. For a given spin arrangement the configuration with the lowest total atomic angular
momentum L is the lowest in energy
3. The third rule differs between two cases:

Shell is less than half-full: The lowest total angular momentum quantum number J is

the lowest in energy

Shell is more than half-full: The highest total angular momentum quantum number J is

the lowest in energy.
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Total angular momentum J

The total angular momentum J can be calculated by combination of the total spin angular and
the total orbital angular moments S and L in conjunction with Hund’s third rule. This results

in the following:
e Shell is less than half-full: J = L-S
e Shell is more than half-full: J = L+S

Due to interaction between the total orbital angular momentum and the total spin momen-
tum, the observed effective momentum differs from the sum of J of all atoms. The effective

magnetic moment can be calculated by:

JU+1)+S8S(S+1)—L(L+1)
2J(J+1)

where up is the fundamental quantum value of the magnetic moment (the Bohr magneton)

with a value of 9.274009 x 10724 JT~!. gj is the Landé g-factor.

In the solid bulk of the material there is an interaction of magnetic dipoles, the so called

(2.43)

Herr = g1Jp with g =1+

exchange interaction, of which characteristic and strength are given by the overlap of the

electron orbits of adjacent atoms (%701,

Fe Co
+
Y f
e
=] b A, Ni
©
@ Ad {
& .
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E D _ atomic separation
3 Mn d  diameter of 3d orbital

Figure 2.13: Strenght of the exchange energy in as a function of the ratio of the interatomic distance D to the
diameter d of the 3d shell.

The exchange interaction is a function of the relative atomic distance, the quotient of the
inter-atomic distance and the diameter of the shell that contains the uncompensated electrons.
It can cause an anti parallel coupling of the magnetic dipoles where they cancel each other
out completely (antiferromagnetism) or partially (ferrimagnetism). The opposite case is a

constructive coupling of the magnetic dipoles leading to intense, strong ferromagnetism!7!1.
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The so called Bethe-Slater curve (Figure 2.13) demonstrates this behaviour for some of the
transition metals, namely Mn, Fe, Co and Ni. Negative interaction in Mn leads to antifer-
romagnetic behaviour while Fe, Co and Ni have the right ratio to exhibit parallel coupling,
though it is possible to adjust the distance by alloying other metals, e.g. Al, Cu, etc.

Dipoles don’t couple parallel over the whole body, they are confined in many lone domains,
also known as Weill domains separated by domain walls. The magnetization of adjacent do-

mains are bound to certain directions in the crystal lattice (lattice anisotropy).

2.2.3 Magnetic Properties
Induction

The permeability u dictates how much magnetic induction B is generated in a given magnetic

field strength H. The following relation applies for the vacuum field!"?:

B=uoH +J (2.44)

The induction B, is proportional to the applied magnetic field H. L is the permeability in
vacuum with a value of 47 x 107’ TmA~! and J as the magnetization. In equation 2.44 J
equals zero in the case of the vacuum field and J # 0, when a material is introduced.

Ferromagnets have high induction and because the magnetic dipoles can be aligned by an
applied magnetic field, they also posses a high saturation field strength. Two kinds of materials
can be distinguished. Soft magnets reach high saturation at relatively low field strength but
their magnetization is easily reversible. Soft magnets have a low remanence B; (for H=0) as
well as low coercive field strength H, the applied field to demagnetize the material (B=0).
Hard magnets show the opposite properties, namely high remanence and high coercive field

strength.

Coercivity

As an intrinsic property, Hcy describes the strength of the applied magnetic field needed to
demagnetize the sample, in other words its resistance to demagnetization. Hcjy is a function of

of the magnetic saturation J gy

Hcy = (245)

MoJsar
ki 1s a constant related to the preferred alignment of the magnetic dipole moments, the so

called magnetocrystalline anisotropy and L is the permeability of vacuum!19].
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For differentiation between soft and hard (or permanent) magnets the coercivity is often used
as a guideline by which to divide between these two types. Soft magnets have low and hard
magnets have high values for Hcy. Values below 1000 Am™! are usually considered soft, values
over 10000 Am™! are considered hard!?7.

Saturation Magnetization and Remanence

Jsat 18 the extent to which the magnet can be magnetized and only depends on the magnitude

of the atomic magnetic moments and the number of atoms per unit volume.

N
Jsat - VgJJIJvB (246)

where N presents the number of atoms in a given volume V, gy the g-factor and J the total
angular momentum, respectively.

The remanence B; is the magnetic field produced by a given volume of material at zero field.
After the applied magnetic field is removed from a previously magnetized (magnetic moments
aligned) body, the magnet will revert to a residual magnetic state upon saturation after partial
reversal of the magnetic moments into an unaligned state. This and the previously mentioned

key values are shown in the hysteresis curve in Figure 2.14.

Maximum Energy Product

The maximum energy product (BH )max represents a magnet’s ability to store energy or deliver
work outside its volume. High (BH )nyax values allow for low material volumes in a given
application. (BH ), can be depicted as the biggest rectangle fitting in a B(H) curve, as seen
in Figure 2.14 The maximal energy product of an ideal magnet with the remanent polarization

Jois:

1
(BH) ppax = —J,° (2.47)
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Figure 2.14:
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2.2.4 Rare Earth-3d Metal Alloys

The 4f-electrons of rare earth elements are strongly shielded by the electrons of the outer shells
(652 652 and 5d") and can therefore maintain their magnetic moments. The magnetic moments
of rare earth elements are high due to their incompletely filled 4f-shell, which can contain
up to seven unpaired electrons with aligned spins. However, the temperature up to which
these elements can withhold their ferromagnetic properties (so called Curie temperature) is
well below room temperature!’3!. Another significant advantage of of rare-earth containing
compounds is the high magnetic anisotropy, which means they are easy to magnetize in one
particular direction at the expense of any other. By alloying rare earths with transition metals,
such as the ferromagnetic Fe, Co or Ni with high ordering temperatures, the resulting Curie
temperature can reach above room temperature (271,

The combination of these unique properties (high magnetic moment and high magnetic aniso-
tropy) result in high magnetic strength. Rare-earth-3d metal alloys combine the highly lo-
calized magnetism of the RE sublattice with the itinerant magnetism of the transition metal
lattice.

A well-known example are SmCo-alloys. High performance permanent magnet materials such
as SmCos and Sm,Co - exhibit excellent properties such as high temperature stability due to

strong 3d-3d exchange interaction.

2.2.5 Nd-Fe-B-Type Magnetic Materials

Due to the high prices of Sm and especially Co in the 1980s and limited availability of these
elements, researchers have tried to substitute Sm by more abundant rare earth elements such
as Nd and Pr which also exhibit higher magnetic moments than Sm. Fe is also much more
abundant compared to Co and it also possesses a 27 % larger magnetic moment. Binary RE-Fe
compounds did not show satisfactory results as LREEs and Fe form few stable intermetallics
with too low Curie temperature for practical application and too low uniaxial anisotropy to
show sufficient coercivity!’l, but ternary compounds RE,Fe,,B, especially Nd,Fe,,B showed
excellent properties 8.

Magnets employed in high-performance applications are typically composed of rare-earth and
transition-metal elements, each of these composing their own sublattice. While the rare-earth
sublattice provides high magnetocrystalline anisotropy, high magnetostriction and high mag-
netic moments, the 3d sublattice causes high magnetic ordering temperature. To obtain opti-
mal magnetic properties, the two sublattices must be strongly coupled. It is found, that light

rare-earth and the 3d-spin moments couple parallel and 3d- and rare-earth-spin moments of
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the heavier elements couple antiparallel’?1. Antiparallel coupling of the rare earths is caused
by interaction of the 5d-rare-earth electrons and the 3d-transition metal electrons.

While all lanthanoids except of La form a stable tetragonal RE,Fe,B-phase, there are some
major differences with regard to RE.

The saturation magnetization Jy,; behaves in a similar fashion as other RE-TM compounds.
Light RE-containing compounds show a higher magnetization than heavy RE-compounds.
As previously described, the LRE sublattice couples ferromagnetically to the TM-sublattice
resulting in a ferromagnetic material while the opposite is true for the HREs rendering these
materials ferrimagnetic.

The Curie temperature 7, shows a maximum for Gd implying an enhancement of 7, with the
exchange interaction between RE and Fe moments. The lower Curie temperature of REFe-
binary compounds in comparison to RE,Fe ,B may also result from an increase in itinerancy,
changes in interatomic Fe-Fe distance or coordination number.

The magnetocrystalline anisotropy Hy is considered to arise from the single ion anisotropy. A
summary of lattice parameters and magnetic properties of different RE,Fe,,B-compounds is

presented in Table 2.1.

Compound Lattice Parameter Jg M H, T,
(K] ao [nm] co [nm] [T] [us/F.U.] [MA/m] [°C]
Ce,Fe,B 0.877 1.211 1.16 22.7 3.7 424
Pr,Fe ,B 0.882 1.225 1.43 29.3 10 564
Nd,Fe ,B 0.882 1.224 1.57 32.1 12 585
Sm,Fe,,B 0.880 1.215 1.33 26.7 basal 612
Gd,Fe,,B 0.879 1.209 0.86 17.3 6.1 661
Tb,Fe ,B 0.877 1.205 0.64 12.7 28 639
Dy,Fe,,B 0.875 1.200 0.65 12.8 25 602
Ho,Fe,,B 0.875 1.199 0.86 17.0 20 576
Er,Fe ,B 0.874 1.196 0.93 18.1 basal 554
Tm,Fe,B 0.874 1.195 1.09 21.6 basal 541
Y,Fe,,B 0.877 1.204 1.28 253 3.1 565

Table 2.1: Lattice parameters, atomic radii and magnetic properties of RE,Fe,,B-compounds. Adopted and mod-
ified from [7].
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2.2 Magnetism

Magnetic Properties and Microstructure

There are three different phases in sintered Nd-Fe-B-magnets responsible for this material’s

magnetic properties. These are:

e ®-phase - The Nd,Fe,,B-phase is the hard magnetic, ferromagnetic phase of sintered
Nd-Fe-B-magnets responsible for the exceptional properties. It crystallizes in a tetrag-
onal lattice with anisotropy along the ¢ axis due to the boron atoms which distort the
cubic unit cell. As previously stated the light atoms in the RE sublattice couple parallel
with the Fe sublattice. Figure 2.15 shows the unit cell of the hard magnetic Nd,Fe, ,B-
phase!”*]. While in real magnets the matrix grains are irregularly shaped, ideal magnets

are composed of small grains of regular shape with their c axis aligned.

® RE
® Fe
e B

Figure 2.15: Crystall structure of the tetragonal Nd,Fe 4B unit cell[®],

* n-phase - Isolation and decoupling of the grains with non magnetic, Nd-rich Nd,Fe
grain boundary phase ensures that reverse domains cannot spread as easily through the
sample, which leads to enhanced coercive strength. This quite low melting phase en-
hances densification of the sintered magnets, thus increasing the magnetic and physical
density. For the ideal magnet, the Nd-rich phase is evenly distributed providing highest
possible isolation of the grains. High enthalpy of formation for NdO is the cause for the
preferred incorporation of oxygen impurities in this phase and the corrosive behavior of
Nd-Fe-B-magnets!’>!.

* 1-phase - This boron-rich phase which mainly consists of Nd, , .Fe,B, as well as the

Nd-rich phase are located in the intergranular regions of the 2-14-1-matrix phase. A
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schematic illustration of the microstructure of sintered Nd-Fe-B-magnets is shown in
Figure 2.16. First Nd—Fe—B magnets containing a significant amount of excess (over
stoichiometric) Nd to allow stable sintering processes were relatively sensitive to cor-
rosion in the grain boundaries. In advanced magnets this extra Nd content is largely
reduced leading to a higher magnetic moment (less non-magnetic 1-phase ), reduced

sensitivity to corrosion and also reduced raw material costs.

Nd-rich phase
(n—phase)

' 4

RE oxide B-rich phase

(n-phase)

NdFe,,B phase
(¢—phase)

Figure 2.16: Schematic illustration of the Nd-Fe-B-sintered magnet microstructure (%),



2.2 Magnetism

2.2.6 Production of sintered high perfomance Nd-Fe-B-magnets
Strategies to improve magnetic properties of Nd-Fe-B sintered magnets

There are a number of issues which have to be addressed to improve nanocrystalline as well
[15].

as microcrystalline Nd-Fe-B permanent magnets. These include
* Higher maximum energy product. Basically, three factors affect the remanence B, and

because its proportionality to B;2, the maximum energy product (BH)pax

1. The saturation magnetization: This is an intrinsic property of the magnetic phase

and can only be affected by compositional changes.

2. The proportion of magnetic phase: The remanence of a magnet is proportional to
the volume fraction of magnetic phase and can only be improved by increasing the
density of the magnet and decreasing the proportion of non-magnetic secondary

phases or binder.

3. The degree of crystal alignment for anisotropic magnets: The maximum rema-
nence of an anisotropic magnet is proportional to the cosine of the angle of mis-
alignment averaged over each grain. Therefore, maximum alignment would re-

quire the c-axis of each grain to be orientated in the direction of magnetization.

* Improved environmental stability and corrosion resistance at elevated operating temper-

atures.

* Reduction of grain size. The size of the hard-magnetic grains is desirably reduced to
that of a single domain, so in presence of a magnetic field they can only be switched

completely. An empirical relationship between grain size and coercive strength at room

temperature H CZJO can be described by "7l

H% o (grainsize) 04

* Near-net-shape manufacture.

* Improved magnetization behavior.
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2 Theoretical Background

Fabrication of Nd-Fe-B-Sintered Magnets

(751,

The production route of RE-magnets starts with alloying The alloys for any rare earth

permanent magnet type are commercially made by one of the following methods !

* Melting of constituents in their metallic form, or

¢ Calcio-thermic reduction of the RE-oxides and transition metal constituents in vacuum

induction furnaces and subsequent separation of the alloy powder from the melt.

The polycrystalline cast ingots are then ground into micron-sized particles after several me-
chanical crushing and milling procedures to achieve a defined texture, see Figure 2.17. At this
point the easy axes and the magnetic moments are randomly distributed. The fine powders
are compacted under an external magnetic field vertical to the pressing direction to pre-align
the magnetic moments, if anisotropic magnets are desired. A following sintering procedure
at about 1000 °C further densifies the material and facilitates final cutting or grinding steps
to final shape. A final re-magnetizing step with an optional coating for corrosion protection

completes the fabrication process.

Vacuum-Melting |:> Crushing |:> Milling

Casting
A 1 A
7 7
* ) b s X 7 H)‘
F At 14 A
y N 'Y
N A A Y y
Sintering/Annealing <:I Pressing <:I Aligning
77 7
¥ ¥ A7
Surface finishing I::) Magnetizing
/
¢ ¥ 7
y
s 2

Figure 2.17: Schematic sequence of the Nd-Fe-B sintered magnet production steps !’
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2.2 Magnetism

2.2.7 Grain Boundary Diffusion Process

As mentioned before, HREE-addition has shown to be essential for high temperature use of
Nd-Fe-B-type magnets. The reason being that HRE increase the anisotropy of the 2-14-1-
phase and therefore the coercivity leaving more safety against accidental demagnetization at
elevated temperatures. One possibility to introduce HREE is the addition during the sintering
process. A major drawback of this approach is the need of excessive amounts of expensive rare
earth metal. By substituting larger amounts of the light rare-earth elements in the compound
by heavy ones, raw material costs not only increase, but as discussed above, an antiparallel
coupling of the HRE with the iron sublattice results in dramatic decrease of the remanence!!"].
Although several propositions have been made to reduce HRE content, grain boundary diffu-
sion excels among all of them. This process was first reported in a Japaneses patent!’3! and
later presented to to the scientific community by Park et al. in 20001181 Tt is still the method of
choice to achieve high concentrations of HREEs in the grain boundary as well as cost reduc-
tion due to less need of expensive HREEs during the production process. Hereby the HREE is
introduced into the material after the sintering process through annealing. The grain boundary

diffusion process is schematically outlined in Figure 2.18.

. PO
— —s s

Conventional low-grade HRE coated Md-Fe-B magnet Partial substitution of Nd, formation

Md-Fe-B magnet with sarmple ofhard magnetic Nd..Dv.Fe,,B shel
minar Dy addition

Figure 2.18: Schematic representation of the grain boundary diffusion process!'®!

First, a coating containing the desired additive (in this case Dy or Tb) has to be applied to the
magnet. Different methods have been successfully reported such as sputtering[!°!, vapor de-
position (2], electrophoresis!'?! and the use of powders, slurries or pastes. In the latter cases,
different materials such as oxides?!??1, sulfides!?}! and fluorides?!-**! have been applied ei-
ther as powders or suspensions in long-chain alcohols. Recently also the grain boundary
diffusion treatment with low melting eutectic alloys has been investigated 23261,

Following the coating step, the magnet undergoes an annealing process, in which the magnet
is exposed to elevated temperatures at about 800 °C to 1000 °C for several hours. This tem-

perature is above the melting point of the Nd-rich phase (670 °C) but still low enough not to
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promote grain growth or even melting of the matrix phase (T,,, = 1196 °C!"?!). During this
step the HRE in the coating diffuses through the Nd-rich phase into the material, where it
concentrates and partially substitutes Nd at the edges of the hard magnetic Nd,Fe, ,B-grains
resulting in a hard magnetic Nd, , HRE, Fe ,B-shell. The amount of substituted Nd increases
with annealing time and results in an increase of H.; and a decrease in B,, respectively. Since
the HRE only substitutes Nd in a very small region along the grain boundaries, the reduction
of B, is much lower than for the case where Nd is substituted throughout the entire magnet
body.

A subsequent, secondary heat treatment is applied in which the magnet is held at lower tem-
peratures between 300 °C to 500 °C for several hours to release internal stress and reduce

interfacial energy 3.
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3 Experimental Methods and

Instrumentation

3.1 Electrochemical Techniques

3.1.1 Cyclic Voltammetry

Cyclic voltammetry is a very versatile technique and is thus called the electrochemist’s spec-

troscopy (811,

Fundamentals

A voltage applied to a WE against a reference electrode and is scanned linearly from an initial
value, E;j to a predetermined limit £, where the scan direction is reversed (see Figure 3.1).
In contrast to a linear sweep, where the scan ends at E; the potential can be cycled from
E back to another preselected value E; while the current response is plotted as a function
of the applied potential ®?!. Linear sweep and cyclic voltammetry thus are potentiodynamic
methods.

- - Diz;iF
Ji=—Dj-gradc;+c; I;]l"

E + c;vi (3.1

Equation 3.1 which is called the Nernst-Planck-Equation?], describes the motion of chemi-
cal species in homogeneously dense media. The first term describes the diffusion of species
caused by a concentration gradient. The second and third describe the migration caused by an
applied field (in this case electric) and the convection caused when movement in the solution
is forced, e.g. by stirring, respectively.

Migration and convection can be avoided by increasing the conductivity of the solution (e.g.
use of conducting salts) and thermostatic control. Consequently, the measured currents arise

from diffusion.

RE
Non-aqueous reference electrodes with the qualities of aqueous secondary electrodes should

offer:
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3 Experimental Methods and Instrumentation

v

Figure 3.1: Potential profile with time in a CV-experiment.

« Stable, reproducible potentials with negligible temperature dependence
* Potentials not dependent on current (non-polarisable)

* Fast and reversible potential equilibrium of the redox-pair.

One non-aqueous reference electrode to conform to these conditions was suggested by

(831 By complexation of Ag*-ions by crown ethers in organic solvents (acetonitrile),

Izutsu
stable complexes with high complexation constants are formed and the concentration of silver
ions is fixed, similar to classical reference electrodes where highly insoluble AgCl or Hg,Cl,
is responsible for the fixed concentration of Ag- and Hg-ions, respectively. The use of crown
ethers also reduces the sensitivity of the electrode potential to water contents and to the used
solvent itself.

Due to the fact that measurements at high temperatures were conducted in this study, refer-
ence electrodes consisting of organic solvents could not be applied. In the literature, other
electrodes for the use in ionic liquids have been suggested. The redox reaction between silver
and a monovalent silver species is a commonly used redox couple for reference electrodes in
aqueous and non-aqueous media. The Ag/Ag* electrode is composed of a Ag electrode im-
mersed in an ionic liquid containing Ag™ at concentrations of 0.01 to 0.1 mol/L, introduced as

silver trifluoromethanesulfonate (Ag[OTf]) or silver bis(trifluoromethylsulfonyl)imide
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3.1 Electrochemical Techniques

(Ag[Nsz])[39’66]. This electrode has shown to share some of the merits of organic solvent-

based, non-aqueous reference electrodes and some of their handicaps such as limited lifetime.

Reference Substance

The comparison of different reference electrodes is achieved by the measurement of a re-
versible system. Due to its (nearly) solvent independent redox-potential and good solubility
in most solvents, the ferrocene/ferrocenium-couple is a well established non-aqueous refer-
ence system 34l The standard potential of a reversible system in a cyclic voltammogram (CV)
equals to the half step potential (Figure 3.2(b)): Eip = (EY + EF)/2 with Ef and E! as the

anodic and cathodic peak potentials, respectively 34,

12 €08 04 0.0
E/Vvs Ag/Ag”

Figure 3.2: (a) Ferrocene-ferrocenium redox system. (b) Actual measurement of ferrocene against the Ag/Ag*-
reference electrode applied in this study and described in ¢,

The reference electrode applied here consisted of a silver wire immersed in a 0.01 mol/kg
Ag[NTf,] in 1-ethyl-1-methylimidazolium bis(trifluoromethylsulfonyl)imide ((EMIM][NTT,]).
The electrolyte of the reference electrode was separated from the solution by a Vycor glass
frit.

Long term stability of the Ag/Ag™-reference electrode applied in this work was periodically
measured against ferrocene (Merck, purified by sublimation) and replaced once the redox po-
tential shifted by more than 10 mV, which was the case after about 4 weeks, depending on
actual experimental conditions (temperatures and electrolytes used). The potential of the
Ag/Ag*-reference electrode against Fc/Fc* is 391 mV as shown in Figure 3.2. All the po-
tentials are represented against this reference unless stated otherwise.
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3 Experimental Methods and Instrumentation

3.1.2 Chronoamperometry and Chronopotentiometry

Chrono methods are part of the so called non-stationary techniques based on the abrupt dis-
turbance of a system in equilibrium while its response is recorded. It is necessary that the

disturbance happens almost instantly, much faster than the response 81,

Fundamentals

Chronoamperometry

With this technique the change of current is recorded after a potential is applied which forces
diffusion for z > 0. At times ¢ < O the potential equals the equilibrium potential. After an initial
potential Ej is applied, a fast rise in current is measured, which quickly declines. The high rise
is caused by charge of the electrochemical double-layer, which acts as a capacitor. After a very
short period the capacitive charge current iq; drops and the measured current originates only
form faradayic and adsorption processes (i and i,gs, respectively). Due to reduction/oxidation
of species at the electrode surface, concentration changes occur and so occur changes in the
measured current which become visible by a drop in current proportional to % Contributions
to the total charge caused by adsorption (Q,q4s) and capacitance (Qq4;) can be subtracted from
total current by integration of the measured current i from ¢ = 0 to # = #¢ and plotting of Q(¢)
as a function of /7?1

D-t
Qtozal:Qf+QadS+le:2"’1'F‘A‘C0'\/7+n‘F'A'FO+le (3.2)

where Iy is the surface coverage of the electroactive area and the other symbols have their pre-
viously defined meaning. Eq. (3.2) corresponds to a linear plot, which can deliver the diffusion
coefficient of the active species from the slope and contributions caused by the double-layer
and by adsorption from the ordinate intercept, respectively.

Another possibility to describe the current-time relationship in chronoamperometric experi-

ments is given by Cottrell (2831

. n'F-A-C,"\/D,'
1=
Vi

it is visible, that the Cottrell-equation is the derivative of Qf in Eq. (3.2) in respect to time.

(3.3)
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3.1.3 The Fast Impedance Scanning - Quartz Crystal
Microbalance

Since the introduction of the quartz microbalance as an analytical instrument by Sauerbrey [*4!,

its high sensibility to environmental changes has eased its advance to an important analytical
instrument. Besides its high sensibility to mass changes on its surface the quartz microbalance
is used as a temperature, pressure and acceleration sensor 36381, When coupled with electro-
chemical measurement systems, the electrochemical quartz microbalance becomes one of the

most suitable methods for research of electrochemical processes.

Fundamentals

Quartz crystals are piezoelectric materials which can turn mechanical strain into electrical
charges on the surface of the crystal. More so the inverse piezoelectrical effect converts elec-
trical potential into mechanical deformation.

Thickness shear vibrations are excited by application of an electrical alternating potential on
both evaporated (mostly gold) electrodes on both sides of the slice shaped quartz. This vi-
bration expands as a transversal acoustic wave perpendicular to the surface of the crystal. If
the right frequency is applied, the crystal can be excited to resonance, by this the acoustic
wavelength equals the odd, half-integer multiple of the quartz thickness and a standing wave

18 created:

d=n/2A, n=1,2,3,... (3.4)

A basic approach to realize mechanical and electrical waves is given by the Mason-Model 3!
for the one dimensional case, where no lateral expansion of a shear wave has to be taken into
account. Near the resonance region, the Butterworth-van-Dyke-Model can be deduced for an
undamped quartz (Figure 3.3)9%91,

The circuit consists of an oscillating circuit, the motional branch and of a parallel capacitance
Co. The components of the resonant circuit describe the piezoelectric properties of the quartz.
The mass of the quartz equals the dynamic inductance Ls;. The mechanical elasticity is de-
scribed by the dynamic capacity Cs and the internal friction and damping by the resistance
R;. A plate capacitor is created by the evaporated gold electrodes on both sides of the disk
shaped quartz in which the disk acts as dielectric. The only real term, the parallel capacitance
Cy contains all induced capacitances (e.g. by all connections).

L, Cs, R and Cy determine the resonance frequency of the quartz. Under consideration of

Figure 3.3, the serial resonance frequency fs and the parallel resonance frequency fp can be
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Figure 3.3: Equivalent circuit of a quartz according to the Butterworth-van-Dyke-Model.

determined as follows 2!

1 f 1
= — p=
2T V LsCs 274/ chfgo

If one side of the resonator is in contact with a liquid, the impedance of the motional branch

fs (3.5)

has to be completed as shown in Figure 3.4[%31:

CE. Lﬁ Rﬁ LD |‘|||:| Ri|:|
||
Il
CE

Figure 3.4: Adaption of the BVD-Model for a one-sided damped quartz.

The equivalent circuit is build by the same components but completed by elements which
characterize the rigid layer on the quartz surface as well as the loading due to the liquid.

These can be divided into an inductance L. caused by a rigid layer, an inductance L;;, and a
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resistor R;;, due to the contact with a liquid.
The frequency dependence of the mass loading of the quartz is described by the well-known

Sauerbrey-equation 4

212
nA\/lopo

Jfo 1s the frequency of the unloaded quartz, A the exposed area, [ the shear modulus, pgy the

Af=— Am = —CyAm (3.6)

density and n the order of the harmonic vibration of the quartz crystal.
By solving of the Sauerbrey-equation for the mass and area, a mass density is accessible from
the frequency shift:

Am _ AfnyBgopg _

1 272 Ps (3.7

Equation (3.6) was developed for quartzes used in vacuum. Because the layer is interpreted as

an expansion of the crystal thickness, following requirements have to be fulfilled >/

* The deposited mass hast to be rigid
* The layer on the quartz surface has to be thin, rigid and even

* The frequency shift should be below 2% of the initial frequency.

The dependence of the frequency shift can be described by the following equation*®!:

Af = —CyAm—Cpp(np)'/? +CpAP (3.8)

n and p stand for the viscosity and density of the solution, AP the change in hydrostatic
pressure. Cr, Cyp and Cp are constants characteristic for the used material.
When the mass difference is caused by electrochemical experiments, Eq. 3.8 can be coupled

with the second Faraday law to the following (7!

M.
Af = —CrAm = —cfZ—FxAQ (3.9)

M is the molar mass of the deposited/dissolved element, z the number of exchanged electrons,
F the Faraday constant and the passed charge Q. This equation allows to gather information
about the passed charge from the shift in frequency and vice versa.

Because the serial resonance frequency fs, as shown above, is only determined by the prop-
erties of the crystal, the shift in fg is exclusively used for the determination of a change in

mass.
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The calibration factor Cy for a 6 MHz, 0.55 ” quartz crystal electrode (INDOMET, Griindau)at
25 °C was determined by electroplating of copper from a 0.1 mol1~! CuSO, -5 H,0 solution in
diluted 1 mol 1! H,SO, (981 " As the presence of chloride can lead to error due to side reactions
with copper, a Hg/HgSO,-reference electrode was used to avoid chloride contamination®!,
Prior to plating, the solution was flushed with N, for about 10 min to remove oxygen. The plat-
ing procedure was conducted at room temperature under galvanostatic conditions at —0.1 mA

' could

for 300 s and subsequently 0.1 mA for the same duration. A value of (246+ 1) Hzug™
be determined for Cy.

A home built Teflon cell adopted from Ref. [100] was applied for EQCM measurements.
For a safe operation inside the glovebox, the temperature was controlled by a custom built
peltier-element-based thermostat capable to reach up to 150 °C with a precision of +1 % of

the temperature.

Fast Impedance Scanning - Quartz Crystal Microbalance

The vast majority of commercially available electrochemical quartz micro balance (EQCM)
setups are either based on oscillator or network analyzer designs. While oscillator circuits are
the most common for vacuum applications they are highly dependent on phase stability. High
damping caused by liquids greatly reduces phase stability and interferes with the determination
of the resonance frequencies f and f;,. During an experiment loading parameters can change
continuously, so even the use of complex circuits which can be adjusted to the actual system
can cease to work 20921,

Setups based on network analyzer designs contain a high information density as they don’t
only scan over the resonance frequencies, but the whole impedance spectrum. The obtained
data subsequently needs to be fitted to a BVD-circuit (see Figure 3.4) by non-linear curve fit-
ting to extract information which (amongst other reasons) dramatically reduces data collection
speed. Additionally, for the fit to converge, the starting parameters have to be very good to
begin with 90921,

The fast impedance scanning quartz micro balance (fis-QCM) developed in the workgroup
“Electrochemistry and Electrolytes™ at the University of Regensburg combines the advantages
of both methods:

1. Well suited for heavily damped quartz crystals.

2. No need for manual compensation. Resonance frequencies are detected by a software

algorithm.
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3. Impedance measurements within wide frequency ranges from 1 MHz to 15 MHz.
4. High-speed linear curve fitting enables high data collection speeds .
5. High frequency resolutions of < 0.2 Hz.

6. Suitable for the use of cost-saving 0.55” crystals.

! An international patent was granted for this method of curve fitting: PCT/EP2008/065248

51



4 Analytical Methods

4.1 Determination of Water Contents

The KF is a method for quantitative and specific detection of water contents by titration devel-
oped by the German chemist Karl Fischer!!%!l. This method is based on the Bunsen-reaction,

used for the determination of sulfur dioxide in water!1921:

SO, +1, + H,0 — H,S0, +2HI 2]

If there is an excess amount of SO, and a base for scavenging acid, this reaction can be used
to determine water. As this method was developed, toxic pyridine was used as the organic acid
scavenger, as the pH of the solution has to be between 5 and 7 to proceed stoichiometrically
and at its highest rate. Today’s reagents are pyridine-free !.

In the absence of alcohols sulfur dioxide reacts with iodine in presence of water as follows %3]

H,0+S0,+1, — SO;~ +21" +4H" [3]

If ethanol is present in the solution, it reacts with sulfur dioxide to an acid ester, which is

neutralized by a base RN:

CH,CH,OH + SO, + RN — (RNH)(CH,CH,0S0,) [4]

In the titration step, in which iodine in ethanol is used in the titration solution, the ethyl sulfite-

anion is oxidized to ethyl sulfate by the iodine in presence of water. lodine is hereby reduced

to colorless iodide 194

"Imidazole reacts similar to pyridine but it is odorless, more basic and less toxic. Imidazole is the most com-
monly used base in Karl-Fischer-Reagents nowadays. Methanol which was used initially has almost com-
pletely been replaced by less toxic alcohols such as ethanol as well 103,
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(RNH)(CH;CH,0S0,) + I, + H,0 + 2RNH — (RNH)(CH;CH,0S0;) +2(RNH)I [5]

This reaction only takes place until all water is consumed. Modern titrators recognize the
endpoint of the reaction by electrometrical detection instead of visual determination.
Karl-Fischer-Titration has become the reference method for water determination because of

its qualities such as:
* High specificity and precision
* Wide detection window (from ppm to 100 %)

¢ Short measurement time.

Volumetric and coulometric techniques can be used for this method. In the volumetric method
the titer contains the iodine needed for the reaction. High variation of the components is
possible this way, so different substances (ketones, aldehydes, hydrophobic substances) can
be analyzed. Water contents should be rather high for this method (100 ppm-100 %). The
coulometric method coulometrically generates iodine directly in the iodide containing solution
and is suited for very low moisture contents (1 ppm to 100 ppm). The apparatus for water
determination used in this work is a TitroLine KF Trace Module 3 coulometric titrator by SI-
Analytics GmbH. The titrator was calibrated with a Hydranal water standard with 0.01% H,O
by Sigma Aldrich before use.
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4.2 Elemental Analysis

The determination of carbon, nitrogen, hydrogen and sulfur was conducted by combustion

analysis 2.

4.3 Thermogravimetric Analysis

In a thermogravimetric analysis (TGA) experiment the mass change Am of a sample is recorded
as a function of time ¢ and temperature 7. Here, the heating rate can be adjusted. Therefore,
a basic instrumental setup for TGA are a high-resolution micro balance with a platinum pan
loaded with the sample and a programmable furnace. The sample chamber inside the furnace
can be purged with inert (Ar or N,) to prevent, or any other gas such as O, to illuminate spe-
cific reactions!'%!. Thermogravimetric analysis was used to investigate the thermal stability
of the synthesized metal salts. A TGA Q500 from TA Instruments, New Castle, USA, was
used for TGA analysis. A constant heat rate of 10 °C/min was applied in a temperature range
from room temperature up to 400 °C under nitrogen atmosphere. A sample of typically 2-5

mg was transfered to the platinum pan as fast as possible to avoid water uptake .

4.4 Surface Analytical Methods

4.4.1 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful spectroscopic technique able to assess
the elemental composition as well as chemical and electronic state of the analyzed sample.
It is based on the photoelectric effect. Spectra are obtained through irradiation of the sample
surface with x-rays. As the beam hits the surface, it penetrates about 10nm into the material
and causes electrons from the inner atom shells to be emitted with a characteristic set of kinetic

energies which are then measured!1%7]:;

Ebinding = Lphoton — (Ekin + ¢) (41)

Evinding 18 the binding energy of an electron, Ephoron 18 the energy of the photons and ¢ is the

workfunktion of the spectrometer.

2 At this point I thank the Siemens analytics department in Neuperlach-Sued, Munich for the sample analysis.
3My tanks to M. Futschik for performing the thermogravimetric analysis.
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4.4.2 Electron Probe Micro-Analysis

In contrast to XPS, energy dispersive roentgen spectroscopy (EDX) and wavelength disper-
sive roentgen spectroscopy (WDX) are based on the x-ray emission after excitation by elec-

§[108]

tron . Primary electrons usually have an energy range of 5 to 50keV, allowing them to

penetrate and interact with the sample. Mainly three different processes occur:

* Elastic interaction: Electrons are scattered back. As a consequence the focused electron

beam is broadened

* Bremsstrahlung: Incoming electrons are deflected and decelerated by the increasing

coulomb force near the nucleus and irradiate x-rays with continuous energy

* Inelastic interaction: Sample-atoms are ionized pulling out electrons of the inner shells
by the electron beam electrons. This vacancy is filled by an electron occupying a shell
higher in energy. The discrepancy in energy is emitted as discrete x-ray radiation of
characteristic energy. A competitive reaction is the emission of Auger-electrons, which
is dominant for light elements with low binding energies. Both processes are represented

in Figure 4.1

EPMA (Electron Probe Micro-Analysis) is a scanning electron microscope (SEM) which
probes are usually equipped with several WDX detectors. This enables the detection of sev-
eral elements at the same time. WDX offers a higher resolution in comparison to EDX, which
allows to distinguish between elements with very similar spectral lines and offers an overall
higher detection limit (about an order of magnitude higher than EDX).
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Figure 4.1: Schematic representation of x-ray fluorescence (left) and Auger electron emission (right): a) incident
electron beam ejects a K-shell electron, b) relaxation by fillig with an L;-shell electron, c) photon
emission with energy Ex — Ep, d) energy difference is transmitted to another electron of the same or
more shallow shell, e) emitted Auger electron!%1,
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4.5 Magnetic Characterization

4.5 Magnetic Characterization

4.5.1 Hysteresis graph for Hard Magnetic Materials

The hysteresis graph is mainly used to record the second-quadrant hysteresis loop of bulk
permanent magnets. This method of characterization allows to measure important material
parameters such as remanence B;, maximum energy product (BH )max and the coercivity H.j.
For the measurement, the sample is placed between two pole caps (electromagnets of equal
magnetic potential) and the upper pole can be lowered to close the magnetic circuit. If this
condition is fulfilled, the sample is homogeneously magnetized and the field strength inside
and outside of the sample are equal.

The used system utilizes a J-compensated surrounding coil # suitable for hard-magnetic ma-
terials. As seen in Figure 4.2 a) the coil consists of an inner winding enclosing the sample
and an outer winding. The inner winding surrounds the sample and senses the magnetic flux

penetrating the sample!!19:

(Ps - BsNiAs (42)

where N; is the number of windings of the inner coil and By the flux density and Ag the cross-
sectional area of the magnet sample, respectively. As the coil is not completely filled by the

specimen, the magnetic flux of the air between the winding and the sample,

¢Ai = [,L()HNi(Ai —As) (43)

is also detected, where A; is the cross-sectional area of the inner coil. To remove this effect,

the outer coil is used to measure only the air flux in the air next to the sample:

(])AD = uoHNvo (44)

The area-turns of the coils are adjusted to be equal, leading to

NiA; = N,A, 4.5)

with the total magnetic flux given by

0 =95+ 9 — 9o = (B— oH )NiA; = INiA; (4.6)

“In the absence of a specimen, the output signal is zero, compensating the air flux, as shown in eq. (4.6).

57



4 Analytical Methods
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Figure 4.2: Schematic representation hysteresis graph setup: a) J-compensated surrounding coil b) Measuring
setup.

The applied field strength H is measured by a third coil as shown in Figure 4.2.

A merit of this method is a high accuracy of the measured parameters due to the closed mag-
netic circuit. A major drawback is the limited measuring range due to the (soft magnetic) steel
or iron-cobalt materials. Because of this, rare-earth permanent magnets have to be magnetized
by a pulsed magnetic field prior to the measurement. This method was chosen for the case of
inaccurate measurements of the remanence with the PFM and the measurements were con-
ducted at the Siemens magnetic laboratories Neuperlach-Sued in Munich >. A Magnet-Physik
Dr. Steingroever IM-K010020A pulse magnetizer coupled with a Brockhaus HG 200 hystere-
sisgraph by Brockhaus Messtechnik GmbH & Co. KG were used to magnetize the samples
and to record B(H) and J(H) hysteresis loops, respectively.

4.5.2 Pulse Field Magnetometer

Capacitive-discharge magnetizers are composed of two major components, namely the capac-
itor discharge magnetizer and the magnetizing fixture (coil)[!!%. As the name implies, the
capacitor discharger consists of a large capacitor bank, which stores electrical energy. As
soon as enough energy is stored, a switch is closed and the capacitors are discharged in a fast
pulse through the fixture, which in turn transforms as much electrical energy into a magnetic
pulse of a few milliseconds (1-50 ms), thus magnetizing the sample. The efficiency for the

conversion of electrostatic into magnetic energy is enhanced by the application of short pulses.

3 At this point I thank Dr. Michael Krispin for providing access to the measurement equipment at the magnetism
laboratories in the Siemens AG facilities in Neuperlach-Sued and his help with the measurements.
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=

YY\ wvw

Figure 4.3: Scheme of the pickup coil setup in a PFM.

The method uses a system of so-called Helmholtz coils to measure the magnetization. This

coaxial setup produces a high volume of (almost) homogeneous magnetic field (Figure 4.3)[!110]

Due to the measurement in a magnetically open circuit, some corrections have to be made to
get the correct hysteresis loop as a function of the internal field. One of them is the selection

of the demagnetizing factor N, a number 0 < N <1 depending on the symmetry of the sample.

Further, Eddy currents and magnetic-viscosity effects are another cause of error by the ap-
plication of transient fields. In the first case, the dynamic field creates magnetic moments in
conducting samples anti parallel to the external field. In the case of sintered permanent mag-
nets, the specific resistivity is rather large, therefore errors are rather small. Errors caused by

magnetic viscosity  scale with the duration of the pulse.

Hysteresis curves were assessed by using a capacitive discharge magnetizer (CDMM magne-
tizer 28kJ 3kV) in conjunction with a HyMPulse hysteresis meter from Metis Instruments &
Equipment NV. Temperature was kept constant at 2940,5 with a NESLAB ThermoFlex 1400

recirculating chiller by Thermo Scientific.

®This property refers to a time dependent change in magnetization at constant applied field. In most cases the
magnetization is related to time by a logarithmic function J(¢) = J(0) + Sin(z), where J(0) is a constant and
S is the magnetic viscosity coefficient!!1!,
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4.6 Materials and Purity

The water content of all purchased materials was determined before use. Ionic liquids were

dried under vacuum at 100 °C for 15 to 20 h before use to reach water contents given in Ta-

ble 4.1.

4.6.1 Solvents

ITonic Liquid Manufacturer Water [ppm]
1-Butyl-3-methylimidazolium trifluoromethanesul-  Sigma Aldrich < 15 ppm
fonate

1-Butyl-2,3-dimethylimidazolium trifluoromethanesul-  Sigma Aldrich < 15 ppm
fonate

1-Butyl-1-methylpyrrolidinium dicyanamide Merck < 30ppm
1-Butyl-1-methylpyrrolidinium Merck <5ppm
bis(trifluoromethylsulfonyl)imide

1-Butyl-1-methylpyrrolydinium  trifluoromethanesul-  Sigma Aldrich < 15 ppm
fonate

1-Ethyl-1-methylimidazolium tetrafluoroborate Sigma Aldrich < 15 ppm
Acetone Prolabo < 30ppm

Table 4.1: Water content of the applied ionic liquids

4.6.2 Metal Salts

ITonic Liquid Manufacturer Water [ppm]
Silver-(I)-trifluoromethanesulfonate Sigma Aldrich <40 ppm
Copper-(II)-trifluoromethanesulfonate Sigma Aldrich <45 ppm
Dysprosium-(III)-trifluoromethanesulfonate Sigma Aldrich <40 ppm
Terbium-(III)-trifluoromethanesulfonate Sigma Aldrich <50 ppm
Neodymium-(II)-trifluoromethanesulfonate Sigma Aldrich <50 ppm
Dysprosium-(III)-chloride, anhydrous Sigma Aldrich <20 ppm

Table 4.2: Water content of applied commercially available metal salts
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5 Metal Additions by Physical
Vapor Deposition

The following chapters lie focus on the effect of metallic coatings prepared by physical vapor
deposition (PVD) after subsequent grain boundary diffusion treatment of sintered Nd-Fe-B

permanent magnets.

Reasoned in the concern about the future supply of heavy rare-earths, several attempts have
been made to increase the coercivity without the addition of these elements. In the literature,
aluminum has been added to HRE-free alloys of Nd-Fe-B before sintering to enhance H.; by

increasing the isolation of the Nd,Fe,,B matrix grains.

The addition of copper to HRE-free Nd-Fe-B alloys has shown an increase of H.; as well.
Basically, the mechanism by which the coercivity is increased is the same as that of aluminum.
Lower-melting intergranular phases enhance the wetability of the matrix grains which in turn

improves their magnetic isolation.

In this study, the addition of Al and Co by grain boundary diffusion into Nd-Fe-B sintered
magnets with minor Dy-content will be studied.

Tb,Fe ,B has a higher magnetocrystalline anisotropy than Dy,Fe ,B. Superior results of
GBD of terbium into Nd-Fe-B sintered magnets compared to dysprosium have been reported.
Most of these studies have either just shown the improvement for a single addition of Tb in
comparison to a reference sample, or a series of additions but no comment about the actual
amount of used HRE was given. Coatings applied by PVD result in series of precise additions
of this element to elucidate their effect on the magnetic properties of Nd-Fe-B- sintered mag-
nets.

Finally, a comparison of the grain boundary diffusion treatment of Nd-Fe-B sintered magnets
by dysprosium ! and terbium is investigated. Therefore, the resulting demagnetization curves

and the respective percentage increase with varying HRE-content are compared.

IThe effects of metallic Dy-coatings applied by PVD on Nd-Fe-B sintered magnets were studied within the
master thesis of Amanda Lorenz. At this point, the author expresses his gratitude for the data.

61



5 Metal Additions by Physical Vapor Deposition

5.1 Addition of Aluminum

Aluminum is present in nearly all commercial Nd-Fe-B magnets as an impurity of boron. The
substitution of Fe by Al has been shown to be beneficial for the coercivity as it increases the
c/a ratio by entering the matrix phase. However, it causes a decrease of the Curie temperature
by approximately 8 K/ at. %1121, The addition of Al leaves the magneto-cristalline anisotropy
unaffected!!!3], so the improvement in coercivity can be traced to a modification of the grain
boundaries. Addition of Al causes a decrease in the contact angle between the grains and
the liquid boundary phase though improving the wetting of the grains by the paramagnetic,
intergranular phases resulting in a better distribution of Nd and a better isolation of the grains
by magnetic decoupling!' 3. Improvements in coercitivity of up to 28 % have been reported
for the addition of 2 at. % Al to HRE-free Nd-Fe-B alloys during the alloying process have
been reported 1121161,

Al has not only been added into the bulk material of Nd—Fe—B-sintered magnets to improve
their magnetic properties but it has been used as a coating for corrosion protection, as well.
Therefore, magnets have been coated with IVD-Aluminum (Ion Vapor Deposition) as this has
several benefits compared to other metallic coatings (e.g. Zn, Ni) for corrosion prevention
such as high temperature resistance, no cracking of the grain boundaries and no hydrogen

embrittlement during the coating procedure !4,
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5.1 Addition of Aluminum

5.1.1 Deposition of Aluminum

Within this work Al was deposited by sputtering technique. Coatings of different thicknesses
were applied to achieve different compositions, which are given in Table 5.1

Coating Thickness [nm] Total Al-content [A wt. %]
310 7.5%x 1073

414 0.01

1447 0.035

Table 5.1: Correlation between Al-coating thickness and concentration in the Nd-Fe-B samples.

5.1.2 Effects of Al-addition

Prior to submission to the GBD-process, the samples were individually wrapped in Mo-foil
and transfered into a quartz tube. The tube was evacuated (p < 1 x 1073 Pa) and reduced pres-
sure was maintained until all following procedures were finished. All samples were annealed
at 900 °C for 6 h with subsequent cooling to room temperature. A final aging procedure was
conducted at 500 °C for 1 h. The demagnetization curves of the whole Al-series are shown in
Figure 5.1. It is immediately visible that the coercivity declines with increasing Al-addition,
while the opposite is true for the remanence. The shapes of the curves after GBD are similar to
the reference, however H,; drops from 1120kA m~! to 950kA m~! and B, increases slightly
from 1.31 Tto 1.35T.

Fig.5.2(a) further illustrates the behavior described above. An increase of Al by 7.5 x 1073
wt. % is accompanied by a dramatic drop in coercivity of about 20 %. A further increase of
the Al-content only decreases Hj slightly.

However, an increase of the Al-content leads the contrary effect for B;, as illustrated in Fig-
ure 5.2(b). Contrary to literature reports, B; increases by 3.75 % for a total addition of 0.035
wt. % Al and shows a maximum at 0.035 wt. %. It must be pointed out, that literature reports
investigated the addition of aluminum to HRE-free Nd-Fe-B alloys. Within the scope of this
thesis, all treated samples contain an intrinsic amount of Dy of 0.5 wt. %. Further additions
of this alloying element decrease the concentration of HRE in the base body and a reduction
in H,; is measurable as a result. The slight decrease in remanence can be ascribed to a slight
dilution of the matrix phase in the intergranular phases. Aluminum is able to enter both the
matrix and grain boundary phase where it forms a paramagnetic Nd(FeAl) phase at the grain
interfaces at the cost of the amount of matrix phase!!!?]. This offers an explanation for the

slight increase in the remanent polarization, as shown in Figure 5.2(b).
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Figure 5.1: Demagnetization curves for GBD-treated samples with different additions of pure Al.
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Figure 5.2: (a) Changes of the coercivity. (b) Changes of the remanence with increasing aluminum content.
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5 Metal Additions by Physical Vapor Deposition

5.2 Addition of Copper

The incorporation of Cu leads to inter-metallic compounds with lower melting points. They
enhance the wetting ability of the liquid Nd-rich phase and enclose the hard magnetic grains
of Nd-Fe-B magnets during sintering, leading to refined microstructures. Furthermore, an
increase in coercivity due to impeded reverse domain growth, an increase of the energy density,
an improved corrosion resistance and enhanced mechanical properties have been reported for

the addition of copper to HRE-free alloys!!!7-118],

5.3 Deposition of Copper

Different coating thicknesses were applied by sputtering to achieve different compositions, all

of which are given in Table 5.2.

Coating Thickness [nm] Cu-content [A wt. %]
312 0.025

469 0.0375

625 0.05

Table 5.2: Correlation between Cu-coating thickness and concentration in the Nd-Fe-B samples.

5.3.1 Effects of Cu-addition

Prior to the grain boundary diffusion treatment, the samples were prepared as described in the
previous section for Al-treated samples. Annealing took place at 900 °C for 6 h and an aging
procedure at 500 °C was conducted for the duration of 1h. Figure 5.3 shows the demagne-
tization curves after the incorporation of Cu by grain boundary diffusion. While the shapes
of the curves for the Cu-diffused samples do not vary from the reference, the values of the
remanence and coercivity decreased slightly after the GBDP.

In comparison to Al, the incorporation of Cu does not lead to a noticeable change in coerciv-
ity. A minor increase of about 1.5 % for an addition of 0.025 wt. % is visible, as presented
in Figure 5.4(a). Further additions of Cu only lead to a slight decrease of the coercivity in
comparison to the untreated reference of up to -2.5 % for the highest addition.

The effect of Cu-addition on the remanence is shown in Figure 5.4(b). While an increase of Al
by 0.025 wt. % enhanced B; by 5.1 %, the same amount of Cu results in a decrease of -8.8 %
and recovers slightly to about -6 % for the largest addition.

66



5.3 Deposition of Copper

12
09 |
_ | |
06 .
ref
0.3 - —0.03 _
——0.04

L 0.05 1

OO | | | | L |
-1250 -1000 -750 -500 -250 0

H/KAm’

Figure 5.3: Demagnetization curves for GBD-treated samples with different additions of pure Cu.

As Cu does not enter the major ¢-phase, this results can be attributed to microstructural ef-
fects[!19. In this case, two opposing effects are apparent: On the one hand, the enhanced
decoupling of the grains caused by the formation of NdCu, slightly increases H.;, on the
other hand the formation of additional non-isolating intergranular phases i.e. NdFe has the
adverse effect on the coercivity. The amount of nonferromagnetic phases increases slightly

for the addition of copper, which in turn leads to a decrease in remanence!!'],
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Figure 5.4: (a) Changes of the coercivity. (b) Changes of the remanence with increasing copper content.
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5.4 Addition of Terbium

5.4 Addition of Terbium

Due to the high magnetocrystalline anisotropy of Tb,Fe,,B as reported by Sagawa et al. 7] the
addition of Tb by grain boundary diffusion into Nd—Fe—B sintered magnets has been widely
studied. Although the substitution of Nd by Tb leads to higher coercivities than Dy due to a
higher magnetocrystalline anisotropy constant H s of the Tb,Fe ,B phase (see Tab. 2.1), Dy
has become more important for industrial application due to its lower price.

Tb has been applied to Nd—Fe—B sintered magnets in the form of oxides 211231 fluorides12!-122!
and metallic coatings!'?3>124. However, only very vague descriptions of the coating proce-
dures were given by these authors. In this work, the effects of specified additions of heavy

rare-earths on the magnetic properties is studied.

5.4.1 Deposition of Terbium

Terbium coatings were applied by physical vapor deposition as 1 um, 2 um, 5 pum and 10 pm
thick layers on the pole sides (1 x 1 cm? of the cuboid- shaped Nd—Fe—B-samples supplied
by Vacuumschmelze Co. & K. G.). The additions in terms of Awt. % are given in Table 5.3.
For the grain boundary diffusion treatment, the coated magnets were individually wrapped
in Mo-foil and subdued to an annealing procedure at 900 °C for 5h and a subsequent aging

procedure at 500 °C for 1 h inside an evacuated quartz tube (p < 1 x 1073 Pa).

Coating Thickness [um] Tb-content [A wt. %]
0.07
0.15

5 0.37

10 0.73

Table 5.3: Correlation between Tb-coating thickness and concentration in the Nd—Fe—B samples.

5.4.2 Effects of Tb-Addition

Microstructural Analysis

Figure 5.5(a) shows a backscattered electron image and cross-section image of the near surface
microstructure of a Nd—Fe—B sintered permanent magnet treated with 5um Tb under the
conditions described in section 5.4.1. It is found that near-surface Nd,Fe,B-matrix grains are

smaller in size and become larger with increasing distance to the coated surface. The grains
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5 Metal Additions by Physical Vapor Deposition

in the vicinity of the surface show pronounced core-shell structures with Tb-rich shells about
0.5 um thick. The shells exhibit an enhanced BSE signal that appears brighter. This indicates
a higher average atomic weight of the Nd, Tb,_ Fe ,B-shells while the inner grains show no
noticeable substitution of Nd by Tb. A shell thickness of a few tens of pm can be estimated for
the inner shells, consistent with literature reports'!>>!. At about 10 um from the Tb-sputtered
surface, a rounding of the grains is visible as well as brightening and cracks of the grain
boundaries which are still visible at depths of about 60 um to 70 um, as shown in the cross-
sectional magnification in 5.5(b). Those are indications for the melting of the grain boundary
phase near the surface which causes the rounding of the grains as well as the cracking of the
grain boundary phase upon cooling but also explains the allocation of Tb within a distance
close to the surface. Samardzija et al. report a decreasing Tb-concentration up to 200 um into
the bulk of Nd—Fe—B permanent magnets!'231. In their report, the base body was coated with
an alcoholic slurry containing Tb, O followed by a grain boundary diffusion process at 850 °C
for 10 h and aging at 500 °C for 1 h.

EPMA elemental intensity mapping (Figure 5.5(c)) of the area outlined in Figure 5.5(a) shows
a correlation of the sharp, bright grain boundaries with an accumulation of Tb as well as a
presence of this element in the oxidic Nd-Pr-intergranular phases whereas no terbium can be
detected inside of the matrix grains at any depth. While HREs are found in the Nd-rich and
grain boundary phases, there is no observation of HREs inside the ¢-phase. The distribution
of heavy rare earths in grain boundary diffusion treated sintered magnets is a well studied
subject. A sharp decrease in concentration within a few nanometers was found in the junction
between (NdTb),Fe,,B-grain boundary and Nd,Fe ,B- matrix phase for terbium!?>! as well
as for dysprosium diffused sintered magnets!'3!. The authors in Ref. [131] investigated the
formation of HRE-rich shells with WDX and EDX along a line that crosses reaction phase,
matrix grain and reaction phase. Elemental concentration profiles show a constant sum of the
HRE and Nd atomic concentrations within the shell and the core which amounted to about 12,
respectively. Simultaneously, while the ratio of HRE to Nd was close to 1:1 for near-surface
grain shells and about 1:3 for the inner grain shells, no accumulation of the heavy rare earth
elements inside the cores was found. This finding is of particular interest, as it indicates that
the shell formation is unlikely to occur by a conventional diffusion process. A model for the
formation of the surface region of (Nd,HRE, | ),Fe,,B grains has been recently proposed by
Sepehri-Amin et al. in which partial melting of the surface region of Nd,Fe ,B-grains takes
place. During the molten state, the grain boundaries enrich with heavy rare-earth element.
After solidification and crystallization of the matrix grains upon cooling, (NdHRE),Fe,,B-

shells are formed 126!,
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Figure 5.5: a) Backscatter electron image of the metallurgical cross-section of Tb-coated sample. b) Magni-
fication of the outlined area. c) EPMA elemental intensity mapping of b). d) EPMA quantitative
concentration depth profile for GBD-processed Nd—F—B-sintered magnet.

Differences in terms of crystal orientation and the orientation of magnetic domains between
core and shell of the grains have been investigated by Lowe et all!3!l. Electron backscatter
diffraction (EBSD) was applied to elucidate the crystal orientation of the grains and the results
show that the intergranular misorientation angle was below the detection limit of 1° indicating
epitaxial growth of the shells. In this same study, Kerr microscopy showed that there was
no correspondence of BSE and Kerr contrast with the shell-core structures, meaning that the
majority of the magnetic domains run uninterrupted through the shell-core interface but are
also separated by the paramagnetic intergranular phases.

EPMA quantitative concentration depth profiling of the cross-section is presented in Fig-
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5 Metal Additions by Physical Vapor Deposition

ure 5.5(d). Simultaneously with a decrease of the concentration of the light rare earths Nd
and Pr near the coated magnet surface, a higher Tb-concentration can be detected about up
to 150 um inside the bulk of sample which declines rapidly with increasing diffusion depth.
This concentration profile is characteristic for GBD-treated sintered magnets and has also been
shown e.g. indirectly by measurement of the local coercivity in dependence from the surface
of the magnets!!?8]. Brombacher et al. characterized Dy-diffusion processed Nd—Fe—B mag-
nets and showed the same correlation between the concentration gradient of dysprosium and
B; as well as a distribution of Hy with the distance from the magnet surface. The dysprosium
concentration inside the shells of Dy-diffusion processed samples in respect to the distance to
the coated surface was measured by EDX and could be fitted with a simple effective medium

diffusion model for a given temperature!!%7!

c(x,t) =cs— (cs—cp)erf(B) (5.1)
where x represents the diffusion length, cg is the surface concentration and cp the bulk com-
position against at a point far from the interface, respectively. The parameter f is given by:

X

fp=—F—= (5.2)

A\ /4Deffl‘

therein D, ¢y describes the effective diffusion coefficient and ¢ the time. The error function

erf(B), is given by:

B
erf(B) = %/0 e vdr (5.3)

In Ref. [127], the diffusion coefficient D,rs is reported to range between 1.5 X 1074 to
7 x 10713 m?s~! for 5um to 20 um thick metallic coatings applied by PVD and annealed at
900 °C for 6 h 2. Cook et al. report a value of 2.9 x 10~ m? s~! for the diffusion coefficient
D of dysprosium in Nd, (Fe_,Co,),,B (no liquid Nd-rich phase) at 1050 oC 1291,

The Tb-profile of the EPMA concentration depth graph presented in Figure 5.5(d) was fitted to
equation (5.1). From this fit, a diffusion coefficient could be determined to
(4.340.6) x 107 ¥ m?s~ 1,

In accordance to the results reported in [127], Nakamura et al. also reported a noticeable
concentration dependent decrease in surface coercivity with increasing distance from the sur-

face. However, results from measurements of H.; with respect to the distance from the surface

2This study was conducted within the PerEMot project in cooperation with Vacuumschmelze GmbH & Co.
KG, Technische Universitidt Darmstadt and IFW Dresden.

72



5.4 Addition of Terbium

conclude that while the gradient in H,; increases with the amount of applied coating, but the

diffusion depth is almost not affected by coating thickness. This behavior can be explained by

the assumption that the diffusion process consists of mainly two steps!!28!:

* Liquification of the Nd-rich grain boundary phase and diffusion to the surface. Once
the melt reaches the surface, a reaction with the HRE-coating follows. This enables the
diffusion of the HRE-dopants into the bulk through the grain boundary liquid phase.

* Volume diffusion into the ¢-phase which advances by partial exchange of light rare-
earths (Nd, Pr) for the heavy rare earth element!!?!! is the rate-determining step in the
grain boundary diffusion process, as diffusion along grain boundary diffusion is typi-

(1301 This substitution entails

cally 4 to 6 orders of magnitude higher than bulk diffusion
the refinement of the grain boundaries from rough to smooth ones and the formation of

shell-core structures as shown in Figure 5.5 (a) and (b).

Magnetic Properties

Figure 5.6(a) presents the demagnetization curves for treated and untreated Nd—Fe—B mag-
net samples. It reveals a considerable increase in coercivity by up to 48 % from 1100 to
1790kA m~! for 10 um (shown in Figure 5.6(b)) thick coatings while showing remanence
values at practically the same level as the reference sample (—20 mT which is about 1.5 %).
Besides showing a good enhancement of magnetic properties compared to reference samples,
the demagnetization curves of all additions mantained good squareness as the shapes of the de-
magnetization curves were not drastically altered by the grain boundary diffusion procedure
of terbium coatings applied by PVD. A square shaped demagnetization curve is important
to minimize irreversible demagnetization losses at operation conditions caused (for instance,
by reverse fields!'33l). Inappropriate heat treatment procedures or just unsuitable base body
dimensions can explain this behavior by uneven distribution of the HREE inside the bulk ma-
terial.In contrast to this, Nakamura et al. 1?81 reported a loss of squareness for GBD-processed
Nd—Fe—B magnets coated with a suspension containing terbium fluoride Nd—Fe—B. The
amounts of coating were specified (16, 41 and 96 g cm_z), however no further details about
the composition of the suspension were given.

Change in coercivity with increasing terbium addition are given in Figure 5.6(b). A steep
increase is seen for minor additions of 0.07 and 0.15 wt %. This is characteristic for the grain
boundary diffusion treatment of sintered Nd-Fe-B magnets with HRE’s. On the other side, the
effect of terbium on H,; is less pronounced for for high additions. Under the given conditions,

a part of the coating does not reach sufficient depth to substitute Nd far inside the base body.
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Diffusion depth can be improved by longer annealing times. As a tradeoff, grain growth and

higher energy consumption should be taken into account!!34],
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Figure 5.6: Change of magnetic properties with Tb-addition. (a) Demagnetization curves for GBD-treated sam-
ples with different Tb-content. (b) Change in Hy with Tb-addition.
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To further illustrate the impact of uneven distribution of HRE on the properties of a GBD-
processed magnet, a second series of terbium coated Nd—Fe—B-samples was prepared. There-
fore, magnets were coated only on one of the pole sides with thicknesses between 1 um to
20 um and subdued to the same GBD-process as discussed above. The demagnetization curves
of all samples are shown in Figure 5.7. It is obvious that single-sided coated magnets lose their
squareness as compared to double-sided coated ones. When comparing curves with the same
amount of Tb, an additional difference in the achieved coercivity can be noticed. Single-sided

coated samples achieve an improvement about 4 % lower than their double-sided counterparts.
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Figure 5.7: Demagnetization curves of single-and double-sided Tb-coated magnet samples. Full squares: doubl
sided, half-filled squares: single-sided coating.
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5 Metal Additions by Physical Vapor Deposition

5.4.3 Comparison of Dy and Tb Grain Boundary Treated
Sintered Magnets

Metallic coatings of equal thickness were applied to sintered Nd-Fe-B magnets to produce
samples with comparable mass ratios of Dy and Tb, respectively. A comparison of the results
of Tb- and Dy-addition is shown by the demagnetization curves presented in Figure 5.8(a)
and Figure 5.8(b), respectively. The superiority of Tb can be noticed instantly by comparison
of the demagnetization curves. The demagnetization curves treated with Dy show a smaller
degree in squareness compared with their Tb-diffused counterparts, in accordance to the re-
sults presented in Ref. [21]. The authors studied the effect of GBDP of Nd—Fe—B magnets
coated with several millimeters of a mixture composed of ethanol or water mixed with TbF;,
Dy, 05 or DyF; in a 1:1 weight ratio. The superiority of terbium-diffused samples was shown,
as is expected because the magnetic anisotropy field of Tb,Fe,,B is higher than the one of
Dy,Fe 4B as reported by Hirosawa et al.!33] (also, see Table 2.1). Hirosawa also showed,
that in the case of dysprosium, oxidic sources of the element delivered inferior results com-
pared to fluorides. In contrast to Dy, 05, DyF; dissolves more easily in the Nd-rich phases by
formation of NdOF with the neodymium oxide phases!??, which as a consequence resulting
in a higher effective concentration of free dysprosium.

The change in coercivity with Dy- and Tb-addition is further illustrated in Figure 5.8(c). The
latter shows an increase in Hey of 1790 kA m~!, which is about 200kA m~! (or about 14 %)
higher than the Dy coated sample with 1521 kA m~! for an addition aroung 0.73 wt. %.
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5.4 Addition of Terbium
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Figure 5.8: Comparative representation of the changes in the magnetic properties with Dy- and Tb-additions. (a)
Demagnetization curves for GBD-treated samples with different Dy-content. (b) Demagnetization

curves for GBD-treated samples with different Tb-content. (c) Change in Hy with HRE-addition.
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6 Grain Boundary Diffusion of
Metal Alloys by Physical Vapor

Deposition

The GBD-process has shown to have a great effect in the enhancement of the magnetic prop-
erties of Nd—Fe—B permanent magnets, however the very nature of this process also presents
a drawback that can not be overlooked in respect to large scale industrial application. Based
on the diffusion of a HRE from the surface into the bulk of the magnet, this process is not
suited for samples of large thickness (respective distance perpendicular to coated surfaces)
as a uniform distribution of the dopant inside the permanent magnet is needed to elicit op-
timal performance enhancement. Founded by the assumption that the use of melting-point
depressants for the grain boundary phase increase the diffusivities of the elements, Oono et
al. investigated the grain boundary diffusion of an eutectic alloy powder with the composi-

(261 ' This paste was applied on both pole sides of

tion Dy-;Nig sNi;; 5 suspended in paraffin
the 7mm x 7 mm x 5 mm sized squares with subsequent GBD-treatment at 900 °C and 500 °C
for 3 h, respectively. Although no further specifications about the amount of diffused Dy are
given, results show a substantial increase in coercivity of 600 kA m~!, reaching a level com-
parable with values reported for the treatment with metallic Tb-coatings in Ref. [121] as well
as those reported within this work for an addition of 0.73 wt. % Tb. For this reason, two bi-
nary systems of low-melting eutectic alloys, namely Dy—Cu ! and Dy—Al were investigated

within the PerEMot project.

'The Dy—Cu-system was investigated in the scope of the master thesis of Amanda Lorenz and will not be
further discussed here

78



6.1 Grain Boundary Diftusion of Aluminum-Dysprosium Alloys

6.1 Grain Boundary Diffusion of

Aluminum-Dysprosium Alloys

Due to their application in the automotive and aerospace industry, the interest in aluminum-
based, light-weight alloys is rising continuously. Recently, the effects of the incorporation
of rare-earth elements into Mg—Al-alloys on their microstructure and mechanical properties
have been studied. Several interesting effects such as the improvement of fluidity, hardness,
high temperature tensile strength and ignition-proof performance have been shown 1361,

The binary system Dy—Al shows two eutectic equilibria, one on the Al-poor and one on the
Al-rich region (henceforth named low-Dy and high-Dy alloys, respectively) both of which
have a considerably lower melting point than pure Dy (1407 °C), as shown in Table 6.1.

Composition Phase Melting point [°C]
[wt. % Al]

22 AlDy, 940

87.6 Al;Dy 636

Table 6.1: Compositions, phases and melting points of the applied eutectic alloys. Data taken form Ref. [137] .

Coated Nd-Fe-B samples with the compositions described in Table 6.1 were produced by
PVD. The used samples have an initial Al-content of 0.09 wt. %. The final content after

deposition of the alloy in the samples is calculated by:

Al Al
Mdep + 6OSample *MSample
mdepAl + mdepr + MSample

Wy = 6.1)

wherein m, pAl represents the deposited mass of Al, m, pr the deposited mass of Dy, @Ws,, pleAl
initial mass fraction of Al in the sample and mg, ;. the sample weight.

The mass fractions coAllOyAl and coSampleDy in the alloy are fixed:

Al Al Al D
MAlloy ™ Walloy Dy MAlloy  * WAlloy Y

= from which follows: myy = (6.2)
Moy Oarioy?” > Wat10y™!
Substitution of Eq. (6.2) into Eq. (6.1) and resolution of Eq. (6.1) into mg, pAl gives:
Al ((DAI - COSampleAl) *MSample
Mgep" = oD (6.3)
U= oq1 — a1 2o

With help of eq. (6.3) the needed mass of Dy and Al to obtain the desired total mass fraction of
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6 Grain Boundary Diffusion of Metal Alloys by Physical Vapor Deposition

aluminum in the coated magnet can be calculated. A concentration series for low-Dy and high-
Dy alloys were produced, respectively. The needed mass in g was converted into a coating

thickness d in um according to the following relationship:

metal
Miep

_ 4
= 5 pmear 7" 10 (6.4)

where p™¢'® is the density of the sputtered metal in gcm ™2, A the sample area in cm® and the
factor 2 accounts for a the application of the coating on the pole-sides as alternating stacks
Dy-Al-Dy-Al.

Restricted by the slow sputtering times for Al-coatings with the given set-up, only two types
of coatings could be applied for the low-Dy series. The compositions of series are given in
detail in Table 6.2.

low-Dy high-Dy
Wrotal m [mg] d [Hm] Wrotal m [mg] d [Hm]

Comp. 1 Al 0.2 2.46 4.56 0.1 0.23 0.42

Dy 0.52 0.38 0.22 0.69 4.34 2.54
Comp. 2 Al 0.4 6.95 12.88 0.11 0.46 0.84

Dy 0.55 1.07 0.63 0.89 8.7 5.08
Comp. 3 Al 0.12 0.69 1.27

Dy 1.08 13.08 7.64
Comp. 4 Al 0.13 0.90 1.7

Dy 1.27 17.48 10.21

Table 6.2: Resulting mass fraction of Al and Dy in the magnet samples after coating with low- and high-Dy
eutectic alloys.
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6.1 Grain Boundary Diftusion of Aluminum-Dysprosium Alloys

6.1.1 Magnetic Properties of Grain Boundary
Diffusion-Processed Sintered Magnets coated with
Al-Dy-Alloys

Sintered Magnets Processed with Low-Dy-Alloys

Figure 6.1(a) shows the demagnetization curves of samples treated with the alloy-coatings as
listed in Table 6.2. The squareness of the curves are well maintained, but in spite of a slight
increase of the mass fraction of dysprosium in the magnet, the coercivity suffers a decrease of
almost 20 %, as shown in the plot of H.y and B; against the Al and Dy content in Figure 6.1(b).
Pure Dy-coatings, as shown in the previous section in Figure 5.8, increases H.j by about
180 kA m~! for an addition of 0.1 wt. %. This result is comparable to those presented in the
previous chapter for the addition of pure Al. This could be explained by insufficient diffusion
of dysprosium into the material as compared to the pure metal coating due to the application

of alternating layers of Al and Dy.
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6 Grain Boundary Diffusion of Metal Alloys by Physical Vapor Deposition
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Figure 6.1: Change of magnetic properties after grain boundary diffusion treatment with low-Dy alloys. (a)
Demagnetization curves for GBD-treated samples with low-Dy alloys. (b) Changes in H.y and B;
after GBD-treatment with low-Dy eutectic alloys.
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6.1 Grain Boundary Diftusion of Aluminum-Dysprosium Alloys

Sintered Magnets Processed with High-Dy-Alloys

The demagnetization curves of the treated Nd—Fe—B samples are shown in Figure 6.2(a),
the extracted values for Hy and B; with respect to Dy and Al incorporation are presented in
Figure 6.2(b). For the remanence, it is observed that all values of B; stay consistently lower
than the reference sample (data points at 0.09 wt. % Al /0.5 wt. % Dy) as well as the samples
treated with pure Al, where a steady increase of B; was confirmed. On the other hand, Hy
decreases for the first sample in spite of an increase of the heavy rare-earth content. Compared
to pure Dy, a mass fraction of ~0.7 % would lead to an increase of H¢y by ~250kA m~'. Fig-
ure 6.2(b) shows, that after an initial decrease, Hy increases due to an increasing dysprosium
mass fraction and peaks at 0.89 wt.% Dy and 0.11 wt. % Al, respectively. At higher Al and
Dy contents, the coercivity stays relatively constant while the remanence drops even further
with each following addition.

Microstructural analysis was performed on the sample with 0.11 wt. % Al / 0.89 wt. % Dy
as presented in Figure 6.3 for the near-surface analysis of the grain boundary diffused sample
and a magnification of the outlined are of the BSE enhanced cross-sectional area illustrated in
Figure 6.3(a). Compared to the BSE-images of Tb-treated sintered magnets, a difference in
the microstructure is clearly visible. The sample treated with the Al—Dy-alloy shows a bright
area near the surface, which can be appointed to a higher concentration of heavier elements,
as in this case Dy. This can be affirmed by EDX maps of this area, presented in Figure 6.3(b).
While a higher concentration of the coating material near the surface is characteristic for the
GBDP, the heavy rare element seems to be confined at within the first 10 pm.

Figure 6.3(c) shows WDX concentration depth profiles of Al, Dy, Pr, Nd, Fe at depths up to
550 um. This can be traced to the intrinsic content of Al and Dy. The profiles are consis-
tent with the results of the BSE-images and EDX maps as they show that the concentrations
of the added aluminum and dysprosium drop rather quickly within the first 100 um. WDX
concentration maps shown in Figure 6.3(d) additionally show that the added aluminum and
dysprosium concentrate mostly in the intergranular phases.

Figure 6.4 shows the microstructural analysis of the same sample at distances of about 100 um
(Figure 6.4(a)-(c)) and 200 um (Figure 6.4(d)-(f)) from the surface. At these depths, the mi-
crostructure seems unaffected by the GBD process. The main components, namely Nd and
Fe are present, but Dy is not detected in the qualitative EDX maps (Figure 6.4(c) and Fig-
ure 6.4(1)).

83
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Figure 6.2: Change of magnetic properties after grain boundary diffusion treatment with high-Dy alloys. (a)
Demagnetization curves for GBD-treated samples with high-Dy alloys. (b) Changes in H.y and B;

after GBD-treatment with high-Dy eutectic alloys.
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6.1 Grain Boundary Diftusion of Aluminum-Dysprosium Alloys
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Figure 6.3: Near-surface cross-sectional images and elemental maps of Nd-Fe-B sintered magnet after GBD-
treatment with an Al—Dy-alloy consisting of 22 wt. % Al and 78 wt. % Dy. (a) Cross-sectional
SEM-BSE image. (b) Quantitative EDX maps. (c) WDX depth-profiles. (d) WDX intensity maps of
the cross-sectional near-surface area highlighted in (a).
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Figure 6.4: Microstructural characterization of Nd-Fe-B sintered magnet after GBD-treatment with Al—Dy-alloy.
(a) Cross-sectional BSE-enhanced SEM micrograph. (b) Magnification of the area highlighted in (a).
(c) Elemental map of (b) at a distance of 100 um from the coated surface. (d)-(f) show the same
features for a distance of 200 um from the surface.
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7 Material Synthesis

7.1 Synthesis of Silver-(1)-Bis(trifluoromethyl-

sulfonyl)imide

1.1381 It was prepared

Ag[NTf,] was prepared following the procedure reported by Vij et. a
by reaction of 2.5 g (9.1 mmol) Ag,CO; (Sigma Aldrich) in an aqueous solution of 4.84 g
(17.2 mmol) H[NTY,] (Sigma Aldrich) at room temperature for 2 h. After filtration and drying
in vacuum ( pressure < 10~3 mbar) at 150 °C for 48 h, 6.38 g (95.4 % yield) white powder was

obtained.

Elemental analysis - calc: C, 6.19; N, 3.61; S, 16.53; found: C, 5.85; N, 3.42; S, 16.41. Water
content < 50 ppm

7.2 Synthesis of Copper-(l1)-Bis(trifluoromethyl-

sulfonyl)imide

Cu(I) bis(trifluoromethylsulfonyl)imide has been synthesized by electrochemical dissolution
of a solid copper electrode in [BMPyr][NTT, ] (1607,

In this case, copper-(II)-bis(trifluoromethylsulfonyl)imide (Cu[NTf,],) has been prepared ac-
cording to procedures reported in the literature!!%”! by using an aqueous solution of 4.2 g (19
mmol) CuCO; - Cu(OH), (Sigma Aldrich) and 20.3 g (72.2 mmol) H[NTT,] (Sigma Aldrich).
Filtration and drying at 150 °C for 48 h at reduced pressure (< 10~ mbar) provided 19.2 g
(85.3 % yield) of a pale green powder.

Elemental analysis - calc: C, 7.7; N, 4.49; S, 20.56; found: C, 7.47; N, 4.51; S, 20.52. Water
content < 65 ppm.
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7 Material Synthesis

7.3 Synthesis of Dysprosium-(Il1)-Bis(trifluoro-
methylsulfonyl)imide

This compound was prepared as described in Ref. [ 140] but Dy,(CO5); was used as starting
material instead of Dy,Oj5 as it resulted in a faster reaction time, in accordance to Ref. [141]
as well as a higher yield (96.3 %) than the oxide (89 %). Therefore, 9.0 g (15.6 mmol)
Dy,(COs), - 4H,0 was gradually added to an aqueous solution of bis- (trifluoromethylsul-
fonyl)imide acid (25 g, 88.9 mmol) and stirred at 80 °C under reflux for 2 h until no carbonate
was consumed. The remaining solid was filtered out and the solvent evaporated in a Schlenk
setup under < 10~3 mbar at 200 °C for 41 h to obtain a white solid. Yield: 28.6 g (96.3 %).
Elemental analysis - calc: C, 7.19; N, 4.19; S, 19.18; found: C, 7.6; N, 4.23; S, 19.2. Water
content < 50 ppm.

7.4 Synthesis of Terbium-(ll1)-Bis(trifluoromethyl-
sulfonyl)imide

Terbium-(I1I)-bis(trifluoromethylsulfonyl)imide (Tb[NTTf,];) was synthesized following the
same procedure described for Dy[NTf, ], [140.141] "The salt was prepared by the reaction of 8.1
g (15.7 mmol) Tb,(CO5); with 25 g (88.9 mol) H[NTT,] in water at 80 °C. After filtration and
drying at 200 °C at reduced pressure (< 1073 mbar). Yield: 28.4 g (96 % yield).

Elemental analysis - calc: C, 6.68; N, 3.90; S, 17.83; found: C, 6.69; N, 3.91; S, 17.88. Water
content < 50 ppm.

7.5 Synthesis of Neodymium-(I11)-Bis(trifluoro-
methylsulfonyl)imide

Nd[NTf,]; was synthesized according to the procedure described in Ref. [142]. Instead of
Nd, O3, Nd,(CO5)5 -4 H,O was used as precursor for the same reasons described before for
the synthesis of Dy[NTf,];. Therefore 25 g (88.9 mmol) bis(trifluoromethylsulfonyl)imidic
acid reacted with a slight excess of Nd,(CO3); -4 H,0, 8.4 g ( 15.6 mmol) in MilliQ quality
H,O at 80°C. Unreacted carbonate was filtered off and water was removed by evaporation
and subsequent drying at 200 °C for 48 h at reduced pressure (< 107> mbar). Yield: 26.3 g
(90.3 %).
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7.6 Synthesis of Cobalt-(I1)-Bis(trifluoromethylsulfonyl)imide

Elemental analysis - calc: C, 6.82; N, 3.98; S, 18.20; found: C, 6.75; N, 4.10; S, 18.17. Water
content < 50 ppm.

7.6 Synthesis of Cobalt-(l1)-Bis(trifluoromethyl-
sulfonyl)imide

CoCO;5 - H,0 (6.4 g, 46.8 mmol) was slowly added to a solution of 25 g ( 88.9 mmol)
bis(trifluoromethylsulfonyl)imidic acid in deionized water. After stirring at room temperature
for 2 h, the blue solution was filtered to remove unreacted carbonate followed by evaporation
and vacuum drying (pressure < 103 mbar) at 200 °C for 48 h to obtain 5.3 g (87 % yield) pink
crystalls 1431,

Elemental analysis - calc: C, 7.76; N, 4.53; S, 20.71; found: C, 7.54; N, 4.55; S, 20.67. Water

content < 50 ppm.

7.7 Synthesis of Iron-(I1)-Bis(trifluoromethyl-
sulfonyl)imide

Metallic iron powder (2.61 g, 46.8 mmol) was suspended in deionized water under N, at-
mosphere. Bis(trifluoromethylsulfonyl)imidic acid (25 g, 88.9 mmol) was added drop wise.

°C[144]  Unreacted iron was removed by

The solution was stirred under reflux for 2 h at 80
filtration and the solvent was evaporated. Drying at 200 °C for 48 h under reduced pressure
(1073 mbar) resulted in 21.5 g (yield 78.2 % ) of a white powder!144].

Elemental analysis - calc: C, 7.80; N, 4.55; S, 20.81; found: C, 7.56; N, 4.56; S, 20.77. Water

content < 55 ppm.
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8 Metal Electrodeposition

The main part of this work focuses on the replacement to the commonly used physical vapor
deposition methods used in enhancing the coercivity of Nd-Fe-B sintered magnets.

Based on the previous chapters and the failed attempts to plate dysprosium on bare Nd-Fe-B
sintered magnets, the plating of a copper adhesion layer was investigated. As will be discussed
in the following section, Nd-Fe-B are very prone to oxidation and the presence of moisture
causes embrittlement of the alloy. Furthermore, chloride rapidly increases the corrosion of
iron, which is present in very high amounts in this type of magnet. For these reasons, this

work focuses on the application of chloride-free, air- and water-stable ionic liquids.

8.1 Electrodeposition of Copper

As shown in the previous section, the addition of Cu turned out to have the least negative effect
on the coercivity after grain boundary diffusion treatment. Furthermore, it was shown that
Dy could be electroplated on copper substrates as a dense layer but not on Nd-Fe-B magnet
samples. For this reason, copper was chosen as an adhesion layer before any Dy-electroplating

steps.

Electroplating of copper is essential for a multitude of purposes and has become a stan-

dard method of large scale use in the micro-electronics industry for production of circuit

boards (1431461 case hardening of steel!!47]

148]

and as protective layers for the subsequent ap-
plication of further coatings!
Due to the positive redox potential, copper electrodeposition easily feasible from aqueous
electrolytes. However, the substrates to be coated within this study are based on Nd—Fe—B-
type alloys. Although the pure rare earth elements Nd, Pr and Dy present in the individual
intergranular phases of sintered magnets are very prone to corrosion, the potential difference
between the individual phases in the alloy further increase the corrosion rate. In the presence
of water, corrosion is attributed to the selective oxidation of the intergranular phases along the

grain boundaries!'*°! which decompose according to the following scheme!!>%:

2Nd + 3H,0 — NdH, + Nd(OH), [6]
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8.1 Electrodeposition of Copper

NdH, + 3H,0 — Nd(OH), + 3H, [7]

Nd+ 3H, — NdH,4 (8]

As shown in [6] and [7] the rare earth reacts to metal hydroxide and metal hydride. The
latter is not stable under these conditions and decomposes to a stable hydroxide, releasing
hydrogen which embrittles the remaining intergranular phase starting the cycle anew ([8]).
Consequently, this selective dissolution of the Nd-rich intergranular phase facilitates the sep-
aration of Nd,Fe,B grains and granular B-rich phase (Nd, , .Fe,B,) from the magnet alloy
(“white rust”) 121,

For these reasons, the application of aqueous electrolytes had to be omitted. Cu- plating has
been realized from simple deep eutectic solvents (DES) based on quaternary ammonium salts
of the type R;R,R;R,N*X" and hydrogen bond donors (acids, amides, alcohols) [152-154]
Since their introduction, many studies regarding the electrochemical behavior and electrode-
position of copper have been made in zinc and aluminum chloride-based ionic liquids 331571,
The drawbacks of this type of ionic liquids has been discussed in section 2.1.6. Additionally,
the presence of Cl™-ions greatly accelerate the corrosion of Nd—Fe—B magnet materials >8],
Electroplating from water stable ionic liquids based on tetrafluoroborates [BF,] (1591 bis-
(trifluoromethylsulfonyl)imides [NTf;] [160-162] 'trifluoromethanesulfonates [OTf ]3], dicyan-
amides [DCA™]163] and salicylates[l64] have been reported as well. In the studies cited, the
use of CuCl as a copper source was the most common. While the solubility of this species in
chloride-based ionic liquids or ILs with strongly coordinating anions such as dicyanamide, the
solubility of CuCl or CuCl, in the chloride-free ionic liquids based on weakly coordinating an-
ions is rather low!!%°1. Copper species with the same anion as the IL applied were introduced

by anodic dissolution of copper wires[13-1611,

A major drawback of chlorometalate melts is their hydrophilic behavior as well as the un-
desired presence of Cl™ and the resulting evolution of chlorine gas during the electroplating
process. Tetrafluoroborate and hexafluorophosphate containing ionic liquids suffer from hy-
drolysis, therefore the remaining (commercially available) candidates to realize the conditions
described in 2.1.6 are trifluoromethylsulfonyl- and bis(trifluoromethylsulfonyl)imide - con-
taining ILs. Although the water uptake by hydrophobic ionic liquids is by no means negligible,
the handling of these ILs is by far more manageable than their chlorometalate counterparts.

This work focuses on the electrochemistry of halide-free hydrophobic ionic liquids. For better
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8 Metal Electrodeposition

solubility, copper species with the same anions as the IL were used.

8.1.1 Electroplating of Copper from Triflate-based Electrolytes

Electrochemistry of Cu(ll)-trifluoromethanesulfonate in

1-butyl-3-methylimidazolium trifluoromethanesulfonate

Copper-(II)-trifluoromethanesulfonate (Cu[OTf],) was chosen for further investigation as it
represents a halide-free, commercially available source of copper based on a hydrophobic,

I'solu-

weakly coordinating anion. Figure 8.1(a) shows a cyclic voltammogram of 0.1 mol kg™
tion of Cu[OTf], in 1-butyl-3-methylimidazolium trifluoromethanesulfonate ([BMIm][OTI])
recorded on a gold-sputtered quartz electrode. During a scan from the OCP to —2.5V vs REF
to 1.5V and back to OCP in Figure 8.1(a), two redox-pairs are present. The first pair a;/c;

presents the following redox-reaction1%9:

Cut = cu’ [9]

and the second one, represented by the anodic and cathodic peaks a, and c;, respectively:

Cu?*t = Cut [10]

Figure 8.1(b) shows a chronoamperogram and of the system described above. The inset of
Figure 8.1b shows the change in series resonance frequency fy, which was simultaneously
recorded.

By rearrangement of equation (3.9) and resolving into %, an equivalent mass change per mole

of electrons (mpe) can be calculated!163]:

__ (A F
mpe = (AQ) c; (8.1)

where Af /AQ represents the slope in the plot of the change in frequency vs the passed charge.
This plot is presented in Figure 8.1(c). The slope was calculated to be
(0.0736+0.0001) MHz C~! by linear fitting of the data (red line), from which a mpe of
28.9 gmol~! can be extracted. This is close to the theoretical mpe of 31.8 g mol~! for copper.
A comparison of the theoretical deposited and the experimentally deposited mass (shown in
the inset in Figure 8.1(c)) shows a current efficiency of 91 %, which is explains the low mpe

value.
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8.1 Electrodeposition of Copper

Copper was potentiostatically electroplated from a 0.25 mol kg~! solution at 100 °C for 900 s
at —1 V (passed charge: —0.62 C) to obtain Cu-coated Nd-Fe-B-samples. A current efficiency
on this substrate was calculated by comparison of the theoretical deposited mass and the mass
change of the sample after plating. The deposits were cleaned of any electrolyte residue
with dry acetone and analyzed by SEM micrography and EDX analysis, which are shown
in Figure 8.2(a) and Figure 8.2(b). This deposition conditions delivered a granular structure
with deposits of about 50 um. The corresponding EDX pattern confirms the deposition of

copper and minimal impurities of F.
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Figure 8.1: (a) Cyclic voltammogram and of 0.1 mol kg’1 Cu[OTf], in [BMIm][OT{] on Au-quartz electrode
25°C recorded with 5mVs~L. (b) Chronoamperogram of 0.1 mol kg_1 Cu[OTf], in [BMIm][OTf]
on Au-quartz electrode 25 °C recorded at —0.4 V for 600s. (c) Change of resonance frequency with
passed charge from the CA in (b).
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Figure 8.2: (a) SEM micrograph (b) EDX pattern of Cu deposited from 0.25 mol kg~! Cu[OTf], in [BMIm][OTf]
on Nd-Fe-B substrate 100 °C.
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Electrochemistry of Cu(ll)-trifluoromethanesulfonate in
1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate

A system based on the 1-butyl-1-methylpyrrolidinium cation was considered as well for its
large cathodic stability and the commercial availability of 1-butyl-1-methylpyrrolydinium tri-
fluoromethanesulfonate ([BMPyr][OTf]). Furthermore, the variation of the cation or anion

[166] A saturated

have been ascribed to influence the morphology of the deposits as well
solution of Cu[OTf], in [BMPyr][OTf] has been reported by Zein El Abedin et al. for the de-
position of nanocrystalline copper!!6%. The electrochemical behavior of the Cu species was
determined to be quasi-reversible and diffusion controlled at room temperature.

The electroplating process was investigated by the fis-QCM. The cyclic voltammogram shown
in Figure 8.3(a) is as reported in Ref. [160]. The potential was scanned from OCP to -3V
to 1.5 V back to OCP. Two reduction scans can be recorded during the cathodic scan, namely
c1 and ¢;. c¢; can be ascribed to the bulk deposition of Cu®. While ¢, is correlated to the
underpotential deposition of copper, see Ref. [160]. However, chronoamperometry at the
peak potential E., did not show a decrease in Afj, in disagreement with this assumption. A
chronoamperogram of (.25 mol kg_1 Cu[OTf], in [BMPyr][OTf] recorded for 600 s at 25 °C
at —0.4V on a gold electrode is shown in Figure 8.3(b) and a complementary plot of the
change in frequency with time is shown in the inset graph. The theoretical and the experimen-
tally deposited mass are plotted in the inset of Figure 8.3(c). The theoretical mass calculated
from the passed charge in the chronoamperometric experiment is very close to the experimen-
tal value (current efficiency 99.9 %. From the plot of the Af; against the passed charge (shown
in Figure 8.3(c)) an mpe of 31.7 gmol~! can be calculated.

A SEM micrograph of the deposits received after potentiostatic deposition (£ = —1V, ¢ =
900s, O = —0.58 C, current efficiency: 86 %) of a 0.25 mol kg*1 solution of Cu[OTf], in
[BMPyr][OTf] at 100 °C is show in Figure 8.4(a). A granular microstructure similar to the
morphology of samples produced from [BMIm][OTf] can be observed for the cleaned sample.
The influence of the cation on nucleation behavior of Al deposits deposited from mixtures of
AlCl; in [EMIm][NTT,] and [BMPyr][NTf,] was reported by Moustafa et al. and ascribed
to the different charge distribution in the [EMIm*] and [BMPyr*] and their influence on the

rl1%6] It can be assumed that the effect of the elevated temperature is more sig-

double laye
nificant than the effect of the cation on the morphology of the deposits. EDX analysis shows

deposition of copper and minor impurities of fluorine and sulfur as shown in Figure 8.4(b).
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Figure 8.4: (a) SEM micrograph (b) EDX pattern of Cu deposited from 0.25molkg~' Cu[OTf], in
[BMPyr][OTf] on Nd-Fe-B substrate 100 °C under potentiostatic conditions (-1 V vs REF). Passed
charge —0.58 C.
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8.1 Electrodeposition of Copper

8.1.2 Electrodeposition from a

bis(trifluoromethylsulfonyl)imide-based electrolyte

Electrochemistry of Cu(ll)-bis(trifluoromethylsulfonyl)imide in
3-butyl-1-methylimidazolium bis(trifluoromethylsulfonyl)imide

Due to the favorable properties of the weakly coordinating, hydrophobic NTf,-anion, an ionic
liquid of with this anion was chosen as well. In this system, home made Cu[NTf,], served as
the Cu-source.

Figure 8.5(a) shows a cyclic voltammogram of 0.1 molkg~! Cu[NTf,], in

[BMIm][NTT,] recorded at a scan speeds of 5 mV s~ 1 at room temperature on a gold electrode.
The potential was scanned from OCP in the cathodic direction to —2.5 V to 1.4 V back to OCP.
As previously observed for the triflate-based systems, two redox-processes can be identified
as the plating and stripping of copper (al/c1) and oxidation/ reduction of monovalent Cu* to
Cu®* (a2/c2), respectively. The results of a chronoamperometric experiment of this system
conducted at —0.4V at 25°C for 570s is presented in Figure 8.5(b). Simultaneously. the
frequency f; with respect to time was recorded with the fis-EQCM and is shown in the inset
in Figure 8.5(b), where a drop in the frequency can be observed, corroborating the plating of
Cu at the conditions applied.
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Figure 8.5: (a) cyclic voltammogram and (b) chronoamperogram of 0.1 mol kg’1 Cu[NTf,], in [BMIm][NTT,]
on Au-quartz electrode 25 °C

Cu-plated Nd-Fe-B samples were produced by potentiostatic deposition at 100 °C for 900 s
at —1V, (charge passed: —0.6 C). This experiment resulted in a current efficiency of 87 %.
Figure 8.6(a) shows a SEM micrograph a copper coated sample. The morphology observed
for this sample is granular with deposits of about 40 um diameter. The color of these coatings
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was slightly darker than the ones produced with triflate based electrolytes. EDX showed the

presence of a thick copper layer with minor impurities of F and C from the ionic liquid.
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Figure 8.6: (a) SEM micrograph (b) EDX pattern of Cu deposited from 0.25molkg~! Cu[OTf], in

[BMPyr][OTf] on Nd-Fe-B substrate 100°C under potentiostatic conditions (-0.1V vs Ag,Ag").
Passed charge —0.6C.
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8.2 Electrodeposition of Dysprosium

The economical importance of dysprosium has come a long way from niche markets (mag-
netostrictive materials such as Terfenol, dopants for lasers, neutron catchers in fission reac-
tors[168:1691) to an important and newly scarce resource as a component of temperature-stable
high-performance permanent magnets. The rising importance of this element is mirrored by
an increasing total world consumption, from 188 tonnes in 2010 to an estimated 331 to 864 t
by 201511701 As a lanthanoide, dysprosium has a very negative standard potential of -2,31104]
and can’t be deposited from aqueous media. Several studies on dysprosium deposition from
organic media from Dy(NO,); have been reported!!7!172! and from Dy[OTf]; in DMF by
Lodermeyer!4],

Electroplating of reactive metals is quite common from high-temperature melts, the electro-
chemistry of dysprosium has been reported by several authors. Castrillejo et al. have investi-
gated the deposition of Dy from DyCl; in a LiCL/KCI eutectic melt at temperatures of 400 °C
and above!!”3]. Saila et al. have investigated DyF; in a LiF/CaF, melt in the temperature
range of 840 °C to 930°CH74l. With the intent in mind to promote sustainable nuclear fuel
cycles, the efficient separation of actinoides and lanthanoids in spent nuclear fuel has been
recently investigated in high-temperature LiCl/KCI melts as well 1751771,

Recently, the electrochemistry of dysprosium in air- and water-stable, tailor-made phosphonium-
based ionic liquid triethylpentylphosphonium bis(trifluoromethylsulfonyl)imide has been re-

ported by Kurachi and Kazama!140-1781,

8.2.1 Electrodeposition from Solutions Based on

Dysprosium-(I11)-Halides

Electrochemistry of Dysprosium-(l11)-Chloride in 1-Butyl-3-methylimidazolium
Tetrafluoroborate

Pyonghun et al. reported the deposition of Dy metal from 0.01 moll~! DyCl; in 1-ethyl-1-
methylimidazolium tetrafluoroborate ((EMIM][BF,]) (1791~ An intent to reproduce the results
reported failed. Figure 8.7 shows a cyclic voltammogram of a 10 mmol1~! solution of DyCl,
in [EMIM][BF,]. The potential was scanned from the OCP to —3.2V to 1.8 V and back to
OCP. During the cathodic scan, starting at —2.5V an increasing cathodic current is visible
which can be ascribed to the reduction of Dy**. From the nucleation loop, an overvoltage
of about 0.5V can be estimated, consistent with the results reported by Pyonghun et al. The

anodic peak can be partially be ascribed to the evolution of chlorine gas and the stripping of

102



8.2 Electrodeposition of Dysprosium

the Dy. Attempts to plate Dy under potentiostatic and galvanostatic conditions failed. No
deposition of Dy was observed upon SEM or EDX analysis even at temperatures as high as
150°C. A variation of the ionic liquid for a more stable one, in this case [BMIM][BF,], did
not show any improvement. Any further attempts to plate dysprosium from this system were

not performed.

j/ mA cm?

-3.0 -

-4.5

E/V vs AgiAg*

Figure 8.7: Cyclic voltammogram of 0.01 mol1~! DyCl; in EMIMBF, at 25 °C.

Electrochemistry of Dysprosium-(lll)-Chloride in 1-Butyl-1-methylpyrrolidinium
Dicyanamide

Some of the benefits of ionic liquids based on the dicyanamide anion are low viscosity as well
as high conductivities. DCA-based ionic liquids show very good solubilities to metal salts due
to the good ligand properties caused by the Lewis basic character of the DCA-anion!'8%!, For
this reasons a representative of this class, namely 1-butyl-1-methylpyrrolidinium dicyanamide
([BMPyr][DCA]) was chosen as a solvent. Figure 8.8(a) shows the cathodic branch of cyclic

I at room temperature (straight line) and at 150°C (dashed

voltammograms of 0.1 molkg™
line). A rising cathodic current density is visible starting at —2.4 V and a cathodic peak is
reached at —2.85V at room temperature. The cathodic peak current increases and shifts to
more positive potentials when high temperatures are applied. A chronoamperogram for a
concentration of 0.5molkg~! is shown in Figure 8.8(b) recorded at —2.0V at 150°C for
5500s. Although negative current densities were recorded, no deposits could be observed
upon SEM and EDY analysis under these conditions. After all potentiostatic experiments,
a strong smell of chlorine could be noticed when the deposition cell was opened. Attempts
to obtain deposits under potentiostatic conditions at high temperatures up to 150 °C and high

concentrations (> 0.5 mol kg~ !) failed as well.
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Figure 8.8: (a) Cyclic voltammograms of 0.1 mol kg’1 DyCl; in [BMPyr][DCA] at 25°C (straight line) and
150 °C (dashed line) recorded with a scan speed of SmV s~!. (b) Chronoamperogram of 0.5 mol kg !
DyCl; in [BMPyr][DCA] at 150 °C. WE: Au, CE: Dy.
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8.2 Electrodeposition of Dysprosium

8.2.2 Electrodeposition from Solutions Based on

Dysprosium-(l11)-trifluoromethanesulfonate

Metal trifluoromethanesulfonate salts have been widely studied as green catalysts due to their
superior performance compared to conventional ones. Compounds of the type Ln[OTf]; have
shown to be highly selective (fewer by-products) and also allow the use of non-chlorinated
reagents at mild reaction conditions while being less toxic than many transition metal based

[68,181-184] * However, electroplating from OTf-based metal salts and ionic liquids

catalysts
is fairly uncommon. Only few attempts to study the electrochemistry of triflate metal salts
have been reported, even less so in ionic liquids containing this anion. Mg[OTf]ZUSS‘ISS]
has been studied as potential salt for magnesium ion batteries. Only a few lanthanoids,
namely Yb, Gd and Y in their triflate forms have been studied in [OTf]- based ionic liquids
by Glukhov et al.['81, In this study, the possibility of their deposition from different ionic lig-
uids 1-butyl-2,3-dimethylimidazolium trifluoromethanesulfonate ([BMMIm][OT(]), tributyl-
methylammonium trifluoromethanesulfonate ([Bu;MN][OTf]) and [BMPyr][OTf] at 100 °C
was investigated. The successful plating of all those metals is claimed, as black deposits are
formed on copper after deposition under potentiostatic and galvanostatic conditions. However,
no further proof in the form of surface/composition analysis for the deposition of metallic lay-
ers was given by the authors. Lodermeyer investigated the deposition of dysprosium from
dysprosium-(III)-trifluoromethanesulfonate (Dy[OTf];) in 1-ethyl-3-methylimidazolium tri-
fluoromethanesulfonate ([EMIm][OTf]). Attempts to plate Dy from this electrolyte at room
temperature failed, even after the addition of DMF to increase the conductivity / decrease
viscosity 3. Due to the commercial availability of dysprosium triflate, an attempt to plate
dysprosium from different triflate-based systems was made in this work as well.

The more stable yet still low-viscous and highly conductive ionic liquid [BMIm][OTf] was
applied. Figure 8.9 shows the cathodic branch of cyclic voltammograms of a 0.2 molkg™!
(0.23 mol 1) solution of Dy[OTf]; in [BMIm][OTTf] recorded on a gold-sputtered quartz crys-
tal electrode with a scan speed of SmV s~! at room temperature (black curve) and at 150 °C
(gray curve). The potential was cycled from the OCP to —2.5 back to OCP. The onset of a
cathodic current starts at about —0.9 V vs. REF, which can be assigned to the reduction of
Dy**. Cathodic peak current density of this system increases at higher temperatures and the
peak potential shifts to more positive values, which is caused by the enhanced mobility and a
reduced overpotential.

The diffusion coefficient of Dy** was determined by semi-integral analysis of the voltammo-

s[190—192].

gram. This technique was first described by Oldham in the 70’ Here, the semi-
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Figure 8.9: Cathodic branch of cyclic voltammograms of 0.23 mol 1! Dy[OTf]; in [BMIm][OTI] at 25 °C (black
curve) 150°C (gray curve).

integral of the current with time m(¢) is given by the following equation (29,1941,

d-1/2

The result of this operation produces a quantity m(¢) intermediate between the current i(¢) and
the charge Q(¢). Furthermore, the diffusion coefficient can be calculated from this neopolaro-

gram as follows:

m* = zFAcV/D (8.3)

where m* is the value of m(t) at the end of the ramp in the polarogram. The following RLO !

algorithm was used to calculate the values of m(z) 194

Ar'A , t t
m(t) = ;;[z(xm)ﬂ(xm—m)] \/E—)H—l—\/g—x (8.4)

From the recorded current-time transients, the current values i(0), i(Ar), i(2At),...i(xAt), i(t)
can be read off at evenly spaced time intervals Atz. The CV for this system and the cor-

responding plot m(z) vs. E is shown in Figure 8.10b(a). According to (8.3) the diffusion

2

coefficient was determined to be 1.76 x 10~2 cm? s—!. Diffusion coefficients in the order of

IThe RLO algorithm is derived from the Riemann-Liouville definition of semi-integration and allowes the nu-
merical calculation of fractional integrals. It becomes exact as #/A approaches infinity (1941
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8.2 Electrodeposition of Dysprosium

1 x 1072 cm?s~! are reported for different electrode materials for the divalent Mg?* in the
system Mg[OTf],/[BMIm][BF,] at room temperatureUSS]Unfortunately, no diffusion coeffi-

cients for Y, Gd or Yb are mentioned in Ref. [ 189] to draw comparisons.
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Figure 8.10: (a) Cathodic branch of the cyclic voltammogram of 0.23 mol 1! Dy[OTf]; in [BMIm][OT(] (black
curve) and convoluted curve (gray curve). AE: Au, CE: Dy. (b) Chronoamperogram of the same
system recorded at 150 °C at —2.0V (black curve) and change in resonance frequency during the
CA experiment (grey curve).(c) SEM micrograph for coatings produced in galvanostatic mode from
0.23 mol 1! Dy[OTf]; in [BMIm][OT{] at 150 °C. j = 0.25mA cm~2, t = 30min. (d) Correspond-
ing EDX pattern.

Electroplating was attempted from this system at 150 °C. Although higher temperatures should
further facilitate reduction kinetics, plating experiments showed no improvement 2. Fig-
ure 8.10(b) shows a chronoamperogram of this solution at 150 °C. The inset shows the shift
in resonance frequency f; recorded simultaneously during the CA-experiment. Cathodic cur-

rent densities are recorded at —2.0 V and a constant decrease of the resonant frequency is

Despite the thermal stability of the used components far exceeds 200 °C, the deposition solution changed its
color to dark brown after the deposition experiments. The adhesion of the coatings suffered as well, which
affected the coating thickness. This behavior can be explained by a reduction of the electrochemical window
at higher temperatures
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observable as well, indicating the plating of Dy metal.

Dy-coatings were obtained after deposition in galvanostatic mode with a current density of
—0.25 Acm™2 on an Au electrode for 2h. A SEM micrograph is shown in Figure 8.10(c).
As seen in the micrograph, it appears that the coating of is only partial. This assumption is
confirmed by EDX analysis, as shown in Figure 8.10(d). Besides a signal for dysprosium, the
coating shows F, S, N, C and O impurities and rather large signals of Au coming from the

substrate. Variation of deposition parameters had no significant effect on the coating quality.
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8.2.3 Electrodeposition from Solutions Based on

Dysprosium-(l11) Bis(trifluoromethylsulfonyl)imides

Ionic liquids based on the [NTf;]-anion are highly conductive, low viscous, as well as ther-
mally and electrochemically stable, it is for these reasons that these types of ionic liquids
have found profound interest in research!!?3. To increase the solubility of the dysprosium
species in the bis(trifluoromethylsulfonyl)imide ionic liquids, an analogous dysprosium-(I1I)-
bis(trifluoromethylsulfonyl)imide (Dy[NTTf, ;) salt was synthesized.

The electrochemistry of Dy[NTf,]; has been studied by Kurachi!'#%! and more recently by
Kazama!!78!_ In those studies the ionic liquid applied was triethyl-pentylphosphonium bis(tri-
fluoromethylsulfonyl)imide ([P,,,5][NTf]). For this study the commercially available 1-butyl-
1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ((BMPyr][NTf,]) was applied, as it

shows a very wide electrochemical window as well as low viscosity.

Electrochemistry of Dysprosium-(lll)-bis(trifluoromethylsulfonyl)imide in
1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

As the [BMIm][OTH] ionic liquid showed first promising results, [OTf | was substituted for the
[NTf,]. Figure 8.11 shows a cyclic voltammogram of 0.2 mol kg*1 Dy[NTf,]; in [BMIm][NTf,].
An increasing cathodic current density is visible starting at —1.6 V vs. REF. which can be as-
signed to the reduction of Dy>*. As no other peaks are visible, it is assumed that no intermedi-
ate products are formed in accordance to Ref. [ 140]. The small anodic current density starting
at about —0.2' V vs. REF are assumed to originate from partial oxidation of decomposition

products form the cathodic scan.
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Figure 8.11: Cyclic voltammogram of 0.2 mol kg*l Dy[NTf,]; in [BMIm][NTT,] at 25 °C recorded on a gold
electrode with v =5mV s~!. WE: Au, CE: Dy.

Potentiostatic as well as galvanostatic deposition on copper electrodes at 150 °C resulted in
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black, non-adhesive deposits which could not be submitted to composition analysis.
This result could be assigned to the cathodic breakdown of the [BMIm*] cation as shown by
the rather large amounts of impurities in the deposits from Dy[OTf]; / [BMIm][OTf]. For this

reason the more stable pyrrolidinium cation [BMPyr*] was applied.
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8.2 Electrodeposition of Dysprosium

Electrochemistry of Dysprosium-(lll)-bis(trifluoromethylsulfonyl)imide in
1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide

In contrast to the triflate-based ionic liquid [BMPyr][OTf], the [NTf,]- based [BMPyr][NTf,]
was able to dissolve large amounts of the triflamide dysprosium salt.

A series of cyclic voltammograms of 0.147 mol1~! was recorded at room temperature with
scan speeds of SmVs™!, 10mVs~!, 25mVs~! and 50mV s~! on gold sputtered quartz crys-
tal electrodes. The corresponding CV's are shown in Figure 8.12(a). A rise of the peak current
densities and a shift of the peak potentials is observable for increasing scan rates. A series of
CVs recorded at temperatures of 25 °C, 50 °C, 100 °C and 150 °C at a scan rate of 25 mV g1
is shown in Figure 8.12(b). An increase of the mobility of Dy-ions as well as a reduction
of nucleation overvoltages lead to higher current densities and a shift of E), to less negative

values with with higher temperatures.
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Figure 8.12: (a) Cyclic voltammograms of 0.147 mol 1~ Dy[NTf, ], in [BMPyr][NTTf,] recorded at room temper-
ature on Au-WE, v=5mVs~!, 10mVs~!, 25mVs~! and 50mVs~!, CE:Dy. (b) Cyclic voltam-
mograms at different temperatures at 25mV s~!. (c) Plot of the peak current densities against the
square root of v at 25 °C. (d) Cathodic peak potential versus log(v) at 25 °C.

The diffusion coefficient for this system was calculated by different methods.
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D can be obtained from the slope of the plot of the peak current density against the square

root of the scan speed, as shown in Figure 8.12(c)*’!

. As the peak potential is linearly de-
pendent of the logarithm of the scan speed (Figure 8.12(d)) and of course there is no visible
oxidation peak, this system can be considered irreversible by electrochemical definition. For
an irreversible system, the cathodic peak potential E,. and the cathodic half-wave potential

E) are related according to the following relationship:

RT
ongF

|Epc — Epejp| = 1.857 (8.5)

where « is the charge transfer coefficient, ng is the number of exchanged electrons. The other
constants have their usual meaning.
For an irreversible system, the relationship between the (cathodic) peak current density j.

and the scan rate can be described by:

Dvana > 05 (8 6)

Jpe = O.4958naF3/2c( o7

The diffusion coefficient D can be determined from the slope of the plot of j,. against \/v.
By application of Eq. (8.5), a value for ang of 0.76 can be calculated. Inserting this value into
Eq. (8.6) and solving for D, a value of (2.040.1) x 1078 cm?s~! can be obtained.
Additionally, by calculation of the semi-integral of the CV, m(t) of this system is obtained,
as shown in Figure 8.13(a). Inserting A = lem?, ¢ = 0.147 x 10 3molem ™3, z = 3, m* =
—0.00583 A s!”? into Eq. (8.3), delivers a value of D = 1.88 x 10~8cm?s~!. The coefficients
are close to the value of 2.0 x 1077 cm?s~! reported by Kurachi et al. for Dy[NTf,]; in
[P,,,5][NTf,] at 25 °C calculated by the semi-integral method 140!, Figure 8.13(b) shows a
series of chronoamperograms recorded under different potentiostatic conditions at 25 °C. The
relationship between the squared dimensionless current density j/j,, and the dimensionless
time ¢ /1,, for the Dy(IIl) species in this system is shown in the inset in Figure 8.13(b), along
with the theoretical curves derived from Eq. (2.39) and Eq. (2.40). From this plot, it is visible
that the data quite well described by a progressive nucleation model.
Diffusion coefficients in different ionic liquids can be compared with the help of the well-
known Stokes-Walden-rule stating that diffusion coefficients D and molar conductivities & in
two different liquid electrolytes are inversely proportional to the liquid’s viscosity1>1961:
1 1 2
% o % o % 8.7)

where the indexes 1 and 2 refer to two different temperatures or two different electrolytes
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Figure 8.13: (a) Semi-integral analysis of 0.147 mol 1! Dy[NTf,]; in [BMPyr][NTTf, ] recorded at room temper-
ature. WE: Au, CE: Dy. (b) Chronoamperograms of the same electrolyte recorded under different
potentiostatic conditions at 25 °C.

altogether. This relationship described by Eq. (8.7) is also often written as:

Dn = const

(8.8)

Table 8.1 summarizes the diffusion coefficients, their method of determination, as well as the

viscosity of the applied ionic liquid and their calculated Walden products for all cited systems

as well as the ones reported in this work.

Electrolyte Diffusion Method Ref. Viscosity Walden
coefficient mPas product
cm?s~! mPacm?
Dy species ionic liquid
0.147mol1~" [BMPyr][NTf,] 2.01x1078 CV 851191 1.7x107¢
Dy[NTf, 1, 1.88x 1078 SI
0.23moll"!  [BMIm][OTf] 1.76 x 1072 SI 10911971 1.92x 1077
Dy[OTfl,

1.56 x 10787
0.075mol 17! [Pyy,s][NTH,] 20x1077  SI [140] 88198l 1.76 x 1076
Dy[NTf,],
0.1mol 1! [EMIm][BF,] 4.87x 10710 cv [179] 21911%! 1.06 x 1077
DyCl;

7.76 x 1079

Table 8.1: Electrolyte compositions, diffusion coefficients, viscosities and Walden-products for different dyspro-
sium electrolytes. *) Diffusion coefficients predicted by the Walden-rule.

As shown in Table 8.1, the Walden products are predicted accurately for the systems based on
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8 Metal Electrodeposition

the NTf,-anion unlike the product for the tetrafluoroborate- electrolyte which is two orders of
magnitude lower than predicted by Eq. (8.8), indicating a higher association of Dy>* by the
BF, and CI -anions compared to the large, weakly coordinating NTf,- anion in phosphonium
- and pyrrolidinium -based systems.

After the plating procedure, electrolyte residue was removed with dry acetone under Ar-
atmosphere. A SEM micrograph of as-deposited Dy is shown in Figure 8.14(a). Complemen-
tary analysis by EDX and XPS are shown in Figure 8.14(b) and Figure 8.14(c), respectively.
The morphology presented for the sample is slightly porous. Impurities of S, C, F and O are
shown in the EDX spectrum of the sample. Additionally, the coating composition in respect to
depth was investigated by XPS depth profiling by Ar-ion-sputtering. The results indicate that
the impurities are only superficial as their atomic fractions nearly disappear with increasing
etching time, as shown in Table 8.2. The shift of the Dy4d5 peak (shown in Figure 8.14(d)
from 152.3eV from metallic Dy to around 157 eV and a constant concentration of oxygen
in the XPS depth profile indicate dysprosium oxide/hydroxide formation!!°°! which can be

ascribed to short exposure to air during transfer into the XPS- chamber.

Atomic concentration % Elemental peak

Cls Nls Ols Fls S2p Dy4d5 Au4f
As deposited 14.6 22 59.3 9.9 4.1 6.8 2.1
After Ar-etching 0.0 1.0 59.0 29 0.1 8.4 11.0

Table 8.2: Composition analysis of electroplated coating shown in Figure 8.14a as deposited and after Ar-etching
by XPS.
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Figure 8.14: a) SEM micrograph of as-plated dysprosium (b) EDX-pattern of the sample shown in (a). (c) XPS
pattern before (top graph) and after (bottom graph) Ar-ion sputtering. (d) Shift of the Dy4d5 peak
with increasing sputtering time (top to bottom) of a sample produced under galvanostatic condi-
tions at —0.5 mA cm~2 for 2 h at 150 °C from 0.147 mol1~! Dy[NTf,]; in [BMPyr][NTf,] on Au-
sputtered quartz crystal electrode.

115



8 Metal Electrodeposition

Grain Boundary Diffusion of Nd-Fe-B Sintered Magnets

First attempts to plate Dy on bare Nd-Fe-B failed. After the deposition experiment, black de-
posits were found at the bottom the deposition cell. It became clear, that the deposits were not
only deposited Dy but also parts of the magnet base body as they showed magnetic properties >
To still manage to coat the samples, an intermediate coating had to be applied. Based on the
results of coatings deposited by PVD discussed in chapter 5 as well as previous results pre-
sented in this chapter, copper was chosen as the adhesion layer. Therefore, Nd-Fe-B samples
were polished with 1200 and 2000 grit polishing paper and rinsed with dry acetone under
Ar-atmosphere.

A bath of 0.2 mol kg*1 Cu[OTf], in [BMIm][OT{] and a deposition time of 15min at —1V
at 100 °C was used to deposit coatings of about 100 nm. The sample thickness was calculated
by the passed current as well as the sample weight before and after deposition using a high
precision microbalance with a resolution of 10 ug, respectively.

Samples of varying Dy content were produced by galvanostatic deposition (—0.5 mA cm™?)
with a fixed temperature of 150°C for 1 h to 11h. The Dy content was calculated by the
following equation:

(8.9)

where m represents the deposited mass of Dy and @; and s are the initial dysprosium mass
fraction in the magnet sample and the sample weight, respectively. The layer thickness after
plating was calculated assuming an even distribution of the coating.

Each sample was cleaned from electrolyte residue with dry acetone and individually wrapped
in molybdenum foil do decrease volatilization of the coating and transfered into a quartz tube.
After evacuation of the tube (p < 1 x 1073 Pa) the samples were annealed at 900 °C for 6 h and
subsequently cooled to room temperature. The final aging procedure was done at 400 °C for
2h.

The demagnetization curves for all samples are demonstrated in Figure 8.15a. A good square-
ness of the curves is obtained for the samples with 0.55 and 0.62 wt. % while the samples
with 0.72 and 0.91 wt. % show a knee in the intrinsic curve. As discussed in the previous
chapter, an uneven distribution of local coercivity due to limited diffusion of the coating (thus
decreasing concentration of Nd,_ Dy, Fe ,B shells) explains the loss of squareness with in-

creasing coating thickness. Figure 8.15b further illustrates the percent increase of H.; with

3Dysprosium is ferromagnetic below its Curie Temperature (T¢ = 88 K). Above T¢, this metal transfers to a
helical anti-ferromagnetic ordering up to 180 K, which becomes paramagnetic for higher temperatures 2901,
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8.2 Electrodeposition of Dysprosium

Dy content for the electrochemically coated samples. The experimental conditions and the

resulting properties of all magnet samples are summarized in Table 8.3.

Deposition Time Deposited Coating Total Dy Current AH_j [%]
[s] Dy thickness content Efficiency

[me] [um] [wt%] [%]
4500 1.01 0.29 0.55 79.9 10.3
12000 2.47 0.80 0.62 73.3 13.1
21600 4.55 1.48 0.72 75.1 16.4
39600 8.7 2.5 0.91 78.3 20.4

Table 8.3: Deposition times, mass of deposited Dy, coating thickness, current efficiencies and increase in H.; for

different samples.
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8 Metal Electrodeposition

Figure 8.15: (a) Demagnetization curves obtained for a reference sample (straight line) and samples with 0.55
(open circles), 0.62 (open triangles), 0.72 (open squares) and 0.91 wt % (half shaded circles). Pro-
duction of the samples is shown in Tab. 8.3. (b) Effects of Dy content on the coercivity of VD 722
magnets with a base Dy concentration of 0.5 wt. %. The additional Dy > 0.5 wt. % is added by
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8.3 Electrodeposition of Terbium

8.3 Electrodeposition of Terbium

Apart from being a component of the magnetostrictive alloy Terfenol-D # used in a number of
electronic devices, terbium is used as a dopant in different solid state devices (CaF,, CaWOQ,,
SrMoQO, as well as a stabilizer of high temperature fuel cells!168:1691 The Jargest consumption
of the world’s terbium supply is represented by lighting technology, where it is used as a green
phosphor!168.1691,

The electrochemistry of terbium has not been very well investigated. The electrochemical
behavior of terbium in high temperature molten salts, namely the eutectic melt LiCI-KCl has
been reported by Bermejo et al. and Kim et al.[?932041 Qui et al. reported the synthesis

of TbFe, from terbium oxide Tb,0; and iron oxide Fe,O5 in molten CaCl, 20!

. Sugitomo
developed an electroplating bath for Tb—Co—Fe ternary alloys from polar aprotic solvents for
magneto optical recording!?%®! and even the deposition of alloys from aqueous electrolytes has
been claimed?%7-298 but to the author’s knowledge, electroplating from air-and water-stable
ionic liquids haven’t been reported. From the previous chapter, the striking performance of
GBD-processed Nd-Fe-B sintered magnets calls for an attempt to electroplate Tb. Keeping
in mind the requirements that have to be met by the electrochemical process and based on
the results of dysprosium deposition, the focus of this section lies on the electrochemistry of

Tb-species in triflate- and triflamide based ionic liquids.

8.3.1 Electrodeposition from Solutions Containing Terbium-(I11)-

Trifluoromethanesulfonate

The attempted deposition from triflate based systems, namely 0.01 molkg™! Tb[OTf]; in
[BMPyr][OTf] and [BMIm][OT{] was unsuccessful. Cyclic voltammograms recorded for of
both electrolytes at room temperature with a scan rate of 5mV s~! are shown in Figure 8.16(a)
and Figure 8.16(b), respectively. The CVs show cathodic currents starting at about —1 V and
—1.5V, however no Tb could be plated from potentiostatic deposition at the respective peak
potentials. Potentiostatic deposition at 150 °C at ten-fold concentrations did not show any

improvement either.

4When a magnetic field is applied, the boundaries between the domains shift and the domains rotate causing a
change in the material’s dimensions. This property is shown by ferromagnetic materials of which Terfenol-D

(Tb,Dy,_ Fe,(x~ 0.3)) exhibits the strongest magnetostrictive behavior so far!201:2021,
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Figure 8.16: Cyclic voltammograms of (a) 0.01 molkg~! Tb[OTf]; in [BMPyr][OTf] (b) 0.01 molkg ™!
Tb[OTf]; in [BMIm][OTf] at 25°C. v =5mV s~ !. WE: Au, CE: Tb
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8.3 Electrodeposition of Terbium

8.3.2 Electrodeposition from Solutions Containing Terbium-(111)

Bis(trifluoromethylsulfonyl)imides

Electrochemical Deposition from Tb[NTf,]; in 1-Butyl-1-methylpyrrolidinium
Bis(trifluoromethylsulfonyl)imide

Previous study of [BMIm][NTI,] for the electroplating of Dy showed that this IL. was not
suited. For this reason, this IL was not further tested.

Figure 8.17(a) shows a series of cyclic voltammograms for 0.047 moll~! Tb[NTf,]; in
[BMPyr][NTf,] at 25 °C at scan speeds of 5 to 100 mV s~! recorded on a platinum WE. At
room temperature, a cathodic current starts at about —0.9 V vs. REF, and peaks at —3.3 'V vs.
REF. A shift of the peak potentials is visible with incrasing v, indicating that this system is
irreversible. During the anodic scan, an oxidative peak is seen at about 0.75 V. The peak cur-
rent density j,, of this peak increases with v, whereas E,, does not. A slight bump in the CV
of the pure ionic liquid was seen as well. Therefore, this signal can be assigned to an impurity
and not to stripping of plated Tb. Figure 8.17(b) shows CVs of this system at temperatures
between 25 °C to 150 °C at a fixed scan speed of 25mV s~!. An increase of j pe accompanied
by a shift of E),. to less negative values can be observed for increasing temperatures, which
can be attributed to a facilitation of Tb deposition due to higher mobility of the Tb>*-species
and reduced overvoltages.

The relationship between the cathodic peak potential E),. as well as the cathodic peak current
density j,. and the applied scan speed are presented in Figure 8.17(c) and Figure 8.17(d). As
shown in the plot of j,. against /v, the cathodic peak current is a linear function of the square
root of the applied scan speed, indicating that the reduction of Tb* is diffusion controlled. The
linear dependence of the cathodic peak potential on the logarithm of v (alongside an absence
of the stripping peak) determines this system to be electrochemically irreversible.

From the plot shown in Figure 8.17(c), the diffusion coefficient for the Tb>* species can be
determined from the slope according to Eq. (8.6). By using all experimental values (v =
5mVs! ¢=0.047moll" !, A =0.0707 cmz, T = 25°C), a value of D can be determined to
be (4.5+0.4) x 1078 cm? s,

Electroplating of Tb was conducted using a 0.25molkg™~! solution of Tb[NTf,]; in
[BMPyr][NTf,] under galvanostatic conditions with a current density of —0.5 mA cm 2 at
a temperature of 150 °C for 2 h on a Cu substrate inside an Ar-filled glovebox. After the plat-
ing procedure, the sample was cleaned of electrolyte residue with dry acetone. During the
cleaning step, it was noticed that the adhesion of the dark grey deposits to the substrates was

fairly poor. A change in deposition parameters was attempted as well. j was varied from 0.25
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Figure 8.17: (a) Cyclic voltammogrames of 0.047 mol 1! Tb[NTT,]; in [BMPyr][NTTf,] recorded at room tem-
perature on Pt-WE, v = 5mVs~!, 10mVs~!, 25mVs~! and 50mVs~!. (b) Cyclic voltammo-
grames at different temperatures at 25mVs~!. (c) Plot of the peak current densities against the
square root of v at 25 °C. (d) Cathodic peak potential versus log(v) at 25 °C.

to 2mAcm 2. Lower j led to the same results, higher j resulted in a fairly quick change
in color of the solution to dark brown. A SEM micrograph of as-deposited Tb is shown in
Figure 8.18(a). A magnification of this image, as presented in Figure 8.18(b), shows a rough

and cracked surface of the coating.

The composition of this coating was analyzed by WDX (Figure 8.19). Some impurities of O,
F, and S were detected, which can be traced to either entrapped ionic liquid or inclusion of its
decomposition products. Oxygen impurities can be traced to exhibition of the sample to air
during the transition into the WDX chamber. Due to the cracked morphology of the sample,
a Cu signal can be detected, which is attributed to the substrate. The small amount of fluorine
detected in the sample and rather large signal for sulfur are indicative for the incorporation of
ionic liquid decomposition products over the entrapment of IL molecules. Additional WDX
elemental maps were performed, as demonstrated in Figure 8.20. As seen in this image,

the impurities F, S and O are well distributed over the majority of the surface. The signal
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Figure 8.18: (a) SEM micrograph of as-deposited Tb from 0.25 mol 1! Tb[NTA, ]; in [BMPyr]|[NTf,] at 150°C
(b) Magnification of (a). Deposition conditions: j = —0.5 mA ecm~2, ¢t =2h, WE: Cu, CE: Pt.

intensities of O and F are also well below S. From the magnification of the area highlighted in
Figure 8.20(a), it can be seen that the surface is only partially covered, as the darker regions
in the image shown strong signals of the underlying copper substrate. The intensity of sulfur
is correlated to Tb. It can be considered, that the coating consists of Tb,S;.
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Figure 8.19: WDX analysis of electroplated Tb coating shown in Figure 8.18.
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Figure 8.20: (a) SEM micrograph of the Tb-coated sample described above. (b) WDX elemental maps of the
highlighted area.
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Grain Boundary Diffusion of Nd-Fe-B Sintered Magnets

Nd-Fe-B-samples were prepared by galvanostatic deposition with a current density of
—0.5mA cm™? with a fixed temperature of 150 °C for 1h to 3 h. Prior to this step, Nd-Fe-B-
samples were coated with copper, as described in the previous section. Samples were cleaned
from electrolyte residue with dry acetone and individually wrapped in molybdenum foil do
decrease volatilization of the coating and transferred into a quartz tube. Poor adhesion of the
coatings resulted in a partial loss of the coating prior to annealing. After the quartz tube was
evacuated (p < 1 x 1073 Pa), the samples were annealed at 900 °C for 6h and subsequently
cooled to room temperature. The final aging procedure was done at 500 °C for 2 h.

Figure 8.21 shows the demagnetization curve of a grain boundary diffusion treated sample
with electroplated terbium for the best performing sample. The increase in coercivity is small,
which can be attributed to a small amount of diffused Tb. By comparison with the values
obtained for the GBD-treatment with coatings prepared by PVD, an addition of Tb of about

0.02 wt. % can be estimated.
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Figure 8.21: Demagnetization curve of grain boundary diffusion processed sample electroplated with Tb. Dotted
line: untreated reference sample. Straight line: sample treated with electroplated Tb.

126



8.4 Electrodeposition of Neodymium

8.4 Electrodeposition of Neodymium

For the production of Nd-Fe-B sintered magnets a slight excess of Nd is needed to obtain
their characteristic microstructure and magnetic properties. Close to stoichiometric amounts
of Nd are used to produce a second group of Nd-Fe-B based magnetic materials- hot deformed
anisotropic Nd-Fe-B magnets.

Hot-deformed anisotropic Nd-Fe-B magnets comprise of small Nd,Fe ,B grains of about
300nm in length and about 80 nm in thickness, which is one order of magnitude smaller
than that of typical commercial sintered magnets with approximately 8 um?%!. However,
recent studies on the microstructure of hot-deformed magnets have shown, that the lower-
than-expected coercivity of these materials can be assigned to a substantial amount of iron in
the intergranular Nd-rich phase which causes ferromagnetic coupling between grains!126:2101,
Isolation of the grains by formation of a non-ferromagnetic intergranular layer could be a
possibility to achieve higher values of H,;.

While further addition of neodymium to Nd-Fe-B-sintered magnets should not have any effect
on the magnetic properties as they already posses Nd-rich, non-magnetic intergranular phases,
GBD-treatment of hot-deformed Nd-Fe-B magnets with RE-TM eutectic alloys (where RE =
light rare earth and TM = transition metal, mostly Cu) has been proposed and independently
reported by several authors [211-2121,

The electrochemical behavior of Nd has been mostly studied in high temperature molten salts
with the intent to deposit Nd alloys such as Nd-Ni!?13:2141 'Nd-A11215] or for the separation of
lanthanoids in spent nuclear fuel 2162181,

Room temperature eutectic melts (acetamide-urea-NaB-KBr) have been reported for the depo-
sition of RE-Co (RE= Dy, ND, Eu) alloys?'°! and electroplating of Nd from the ionic liquid
[P,,,5][NTf,] has been reported by Kondo et al. [142]

8.4.1 Electrochemical Deposition from Nd[NTf,]; in
1-Butyllmethylpyrrolidinium
Bis(trifluoromethylsulfonyl)imide

In contrast to previously investigated [OTf |- rare earth metal compounds, the solubility of

Nd[OTf]; in different ionic liquids was extremely low, excluding this compound from further

attempts to plate neodymium.

As reported in the previous sections, the triflamide compounds showed the most promising

results. Based on this, an analogous compound, Nd[NTT,],, was investigated for the electro-
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plating of Nd.

Figure 8.22(a) shows a series of cyclic voltammograms of 0.145 mol 1! Nd[NTf,]; in
[BMPyr][NTf,] at 25 °C recorded with different scan rates on a gold sputtered quartz crys-
tal electrode. A reduction peak is visible starting at —2.5V vs. REF which is ascribed to
the reduction of Nd**. The cyclic voltammograms of this system recorded at temperatures
between 25 °C to 150 °C with a fixed scan speed of 25 mV s~! are shown in Figure 8.22(b).
While the cathodic peak potentials migrate to more positive potentials for increasing tem-
peratures, E,. shifts to more negative potentials for increasing values of the scan speed, as
illustrated in Figure 8.22(d) and Figure 8.22(b), respectively. It is also noticeable, that the
current density increases with increasing 7" and increasing V. The absence of a corresponding
anodic peak as well as a linear relationship of E) to the logarithm of v (Figure 8.22(d)), in-
dicate that the reduction of Nd is an electrochemical irreversible process. The cathodic peak
current density increases with the square root of the scan speed in a linear manner, fitting to a
diffusion controlled reaction as shown in the plot of j,. against /v in Figure 8.22(c).

With Eq. (8.6), the diffusion coefficient of the Nd>*-species in this system can be calculated.
From the slope of the fit shown in Figure 8.22c, a diffusion coefficient of 1.37 x 10~2 cm?s ™!
can be determined. Additionally, semi-integral analysis was performed to determine D. The
convoluted curve of the CV recorded with a scan rate of SmV s~! is shown in Figure 8.23
After insertion of the experimental values for A = 0.357 cm? and ¢ = 0.145mol 17!, into
Eq. (8.3), a diffusion coefficient of 3.92 x 10~ cm? s~! can be calculated by the semi-integral
method. From a plot of In(D) against 1/T as presented by Kondo et al.!*?], a value for D of
about 7 x 1072 cm? s~! at 50°C can be extracted, which is rather small in comparison to the
values reported in this work.

Electroplating was attempted from a 0.145 mol 17! solution of Nd[NTf,]; in [BMPyr][NTf,]
at 150°C on a copper substrate under galvanostatic conditions (j = —0.5mAcm™2). The
microstructure of the obtained sample and the corresponding EDX pattern are shown in Fig-
ure 8.24(a) and Figure 8.24(b). A porous but well adhesive structure was obtained and rather
large amounts of F, S and C are detected. The results show, that this system is suitable for
the electroplating of Nd, but further investigation regarding the optimization of deposition

parameters is needed.
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Figure 8.22: (a) Cyclic voltammograms of 0.145 mol 1! Nd[NTT, ] in [BMPyr][NTTf, ] recorded at room temper-
ature on Au-WE, v=5mVs~!, 10mVs~!,25mVs~! and 50mVs~!. (b) Cyclic voltammograms
at different temperatures at 25 mV s~!. (c) Plot of the peak current densities against the square root
of v at 25 °C. (d) Cathodic peak potential versus log(v) at 25 °C.
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Figure 8.23: Black curve: cathodic branch of the cyclic voltammogram of 0.145moll~! Nd[NTf,]; in
[BMPyr][NTf,], gray curve: convoluted curve.
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1.0kV 4.1mm x11.0k SE(U) '

Figure 8.24: (a) SEM micrograph and (b) EDX pattern of electroplated neodymium. Conditions described in the
text.

8.5 Electrodeposition of Transition-Metals and

Rare-Earth-Transition-Metal Alloys

Rare-earth-transition-metal alloy exhibit interesting properties, such as giant magnetostric-
tion in Sm, Fe??!l, perpendicular magnetic anisotropy for magneto-optical recording media
in Gd,Co???!, hydrogen storage functionality as for the case of La, Ni[>?>236]_ Ternary alloys
of the type TM, —TM, —RE have found application in magneto-optical recording [225.226] apd
they show promising properties for hydrogen storage!?’!, as well.

Cobalt is one of the most important components for magnetic and corrosion-resistant alloys.
Mainly due to the large magnetocrystalline anisotropy of SmCos, RECos intermetallic com-
pounds have received considerable interest!2%3].

Ionic liquids are in a very promising position for industrial application for electroplating of Co
as electroplating from aqueous solutions are generally difficult because of the narrow electro-
chemical window of aqueous electrolytes and the negative redox potential of Co of —0.28 V
vs NHE 104 Several studies have been published for the deposition of cobalt from ionic lig-
uid based electrolytes, including chloroaluminates?2-2311, [BF,] based ionic liquids (232] and

[143.233.234] " However, in the presence of Cl, magnets quickly

triflamide-based ionic liquids
form red rust!!>%. For this reason, the application of chloride compounds (ionic liquid and/or

metal source) for the coating of Nd-Fe-B-sintered magnets is unfavorable.
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8.6 Electrodeposition of Cobalt-Dysprosium Alloys

Deposition of Dy—Zn—Co from zinc chloride-1-ethyl-3-methylimidazolium chloride ionic
liquids has been investigated by Hsu et al. A content of up to 24.5 % Dy was reported for
potentiostatic deposition from a 50-50 mol % ZnCl, —EMImCI melt containing 1.687 mol %
CoCl, and 1.114 mol % DyCl; on a nickel electrode at 100 °C determined by EDX. How-
ever, hysteresis loops recorded for the deposited alloys showed a very small value for the
coercivity suggesting that no reduction of the trivalent dysprosium to dysprosium metal but
only incorporation of Dy} occured [237.238] ' Samarium-cobalt alloys have been deposited from
choline-chloride/ urea deep eutectic solvents with Sm(NO;); and CoCl, as the electroactive
species(?3%]. Ispas et al. reported the electrodeposition of thin Sm-Co layers from the air- and
water stable ionic liquid [BMPyr][NTf,] and taylor made Co[NTf,], and Sm[NTT,], 2401,

As previously mentioned for Tb and Nd compounds, experiments with Co[OTf], as the metal
source showed a very small solubility of the triflate in various ionic liquids. Deposition and
electrochemical characterization of cobalt from triflamide ionic liquids has been reported in
the literature. Most frequently [BMPyr][NTf,] has been utilized either as a neat ionic lig-
uid 2% or enriched with different additives such as acetone 211, thiourea'*3! or coumarin 143!,
A very low crystallinity of the deposits as well as very poor adhesion to the substrate has been
reported for the deposition of Co from neat [BMPyr][NTf,] [241] * Similar results have been

reported for the deposition of iron>*! and nickel>*! in this ionic liquid.

As triflamide-based ionic liquids have shown promising results for the previous metals, in this
study [BMIm][NTf,] was applied for the characterization and plating of cobalt and later on
as electrolyte for the electroplating of Dy-Co alloys. Electroplating of Co from the system
Co[NTf,], / [BMIm][NTH,] has not been reported in the literature.

A series of cyclic voltammograms of 0.1 mol -1 Co[OTf], in [BMIm][NTf,] recorded at room
temperature on a Pt WE at different scan speeds is presented in Figure 8.25(a). A cathodic
peak at about —2V is visible for plating of Co, while no corresponding anodic peak for the
stripping of Co is visible. The current density increases and the peak potential shifts slightly
to more negative values with v. Figure 8.25(b) shows CVs recorded at 25 °C and 100 °C at
25mV s~ !, respectively. A large increase in current is visible as well as a shift of j pe t0 @
more positive potential. At 100 °C, the a peak in the anodic region, ascribed to the stripping
of electroplated Co metal becomes visible at about —0.4 V. A linear relationship between the
cathodic peak current densities and the scan speeds is visible for the series of CVs recorded at
room temperature, as shown in Figure 8.25(c), indicating a diffusion control of the reduction

mechanism. The cathodic peak potentials E). shift to more negative values with increasing

131



8 Metal Electrodeposition

scan rate in a linear manner, as presented in the plot of E,. vs log(v) in Figure 8.25(d). Ad-
ditionally, the anodic peak currents for the dissolution of Co are smaller than those of the
deposition regardless of scan rate or temperature. This behavior has also been reported by
Fukui et al. for the system Co[NTf,], / [BMPyr]|[NTf,] (1431 "1t is explained by the solubility
of Co[NTf,], in the ionic liquid and/or a change of the local viscosity in the vicinity of the
electrode during the dissolution process. Oxidation of metallic Co forms Co[NTf,], which
quickly saturates the solution near the electrode because the diffusivity of ions is lower in this
electrolyte compared to aqueous solutions. These observations suggest an electrochemically
irreversible behavior of this system, so that Eq. (8.6) can be applied to calculate D from the
slope of the plot in Figure 8.25(c). For a = 0.09 a value of (1.60+0.06) x 108 cm?s~! can
be determined.
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Figure 8.25: a) Cyclic voltammograms of 0.141 mol 1! Co[NTHf,], in [BMIm][NTT,] recorded at room tem-
perature on Pt-WE, v = 5mV sl 10mVs™!, 25mVs!, 50mVs~! and 100mVs~!. b) Cyclic
voltammograms at different temperatures at 25 mV s~!. ¢) Plot of the peak current densities against
the square root of v at 25 °C. d) Cathodic peak potential versus log(v) at 25 °C.

Electrodeposition of cobalt was performed at different potentiostatic conditions at elevated

temperature, as shown in a series of SEM micrographs in Figure 8.26. A change in the mi-
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8.6 Electrodeposition of Cobalt-Dysprosium Alloys

crostructure is visible with the change of potentials. For a change from —1.6V to —1.8V
the appearance of the deposits becomes smoother and less granular. EDX analysis shows
only small amounts of carbon and oxygen for both samples as well as a high concentration
of cobalt. Further increase of the deposition potential to —2 V has a detrimental effect on the
coating quality. What can be mistaken for a smooth coating from the SEM image is the sput-
tered Au substrate, as confirmed by the strong Au signal in the EDX spectrum. More negative
potentials resulted in poor adhesion of the deposits to the substrate. During a cleaning pro-
cedure before EDX analysis to remove electrolyte components, parts of the coating could be

rinsed off of the electrode.
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Figure 8.26: SEM micrographs and EDX patterns of electroplated cobalt under different potentiostatic condi-
tions. E=—1.6V, —1.8 Vand —2.0V vs REF, T = 100 °C, AE: Au, CE: Co.
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Figure 8.27: WDX pattern of electroplated cobalt at —1.6 V at 100 °C 1 h on a gold substrate. Left: as-deposited.

Right: after Ar-ion sputtering.

To further distinguish between superficial impurities and incorporation of extraneous elements

into the coating, WDX analysis of a sample was performed as received and after argon ion

etching. The spectra shown in Figure 8.27 show that N and O are just superficial impurities,

whereas F and S can still be detected in the bulk material after sputtering which leads to

the assumption that decomposition products containing higher amounts of these elements are

incorporated into the coating during plating. The atomic composition of the coating before

and after Ar-etching is given in Table 8.4.
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8 Metal Electrodeposition

Atomic concentration %
Element

As deposited After Ar-ion etching
N 18.1 5.6
0] 134 33
F 8.5 14.2
S 2.1 3.6
Co 57.9 73.3

Table 8.4: Composition analysis of electroplated cobalt coating as shown in Figure 8.26 as deposited and after
Ar-etching.

Electrodeposition of Dy-Co alloys was investigated using an electrolyte consisting of different
mixtures of Dy[NTf,]; and Co[NTf,], in [BMIm][NTf,]. The black curves in Figure 8.28(a)
show cyclic voltammograms for mixtures of Dy[NTf,]; and Co[NTf,], at molar ratios of 5:1
and 3:1 recorded at 100 °C, respectively. Differences to pure Co-containing electrolytes as
previously shown in Figure 8.25(b) are clearly visible. During the anodic scan, two peaks can
be seen in the CV of the mixed electrolyte, whereas no peak is visible for pure Dy and only
one broad peak is visible for the pure Co-electrolyte. On the cathodic side, an increasing sup-
pression of the current densities caused by cobalt deposition is visible for higher Dy-content.
Similar behavior has been reported by Hsu et al. for the system DyCl;-CoCl, in ZnCl,-
EMImC1?37!, The change in resonance frequency was recorded with the fissEQCM during
the cyclic voltammogram of the mixture of a molar ratio of 5:1 as shown in Figure 8.28(b).
During the scan in the cathodic direction, a decrease in Af; starts at about —0.6V simulta-
neously with an increasing cathodic current density in the CV and Af; follows the current
density with a small delay. After reaching the cathodic potential limit of —2.4 V, Af; contin-
ues to decrease until it reaches a plateau at about —1.3 V and stalls up to about —0.6 V. From
the beginning dissolution of Co/Dy, an increase of Af; is expected at this point. Interestingly,
Af; does not increase but even slightly decreases during the anodic scan. This is consistent
with the assumption, that a change in viscosity near the electrode surface competes with the
dissolution of the metallic coating affecting Af; as reported by Fukui et al.['*3]. With posi-
tive current densities an increase in signal noise can be observed. This can be assigned to a
roughening of the electrode surface.

Electrodeposition of Dy-Co-alloys was attempted at temperatures between 50 °C to 150 °C

and potentials —1.4 V to —1.8 V but none succeeded for either of the mixtures.
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Figure 8.28: (a) Cyclic voltammograms of mixtures of Dy[NTf,]; and Co[NTf,], in [BMIm][NTf,]. v =
5mVs~!, T =100°C. Straight line: 0.1 molkg~' Dy[NTf,];, 0.02molkg~! Co[NTf,],. Dot-
ted line: 0.1 molkg~! Dy[NTf,];, 0.033 molkg~! Co[NTf,],. Red Line: 0.1 mol1~! Co[NTf,],.
(b) Cyclic voltammogram of 0.1 mol kg~ Dy[NTf, 15, 0.02 mol kg~! Co[NTf,], in [BMIm][NTH,]
(black curve), corresponding shift in resonant frequency (grey curve). AE: Au, CE: Pt.
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8.7 Electrodeposition of lron-Dysprosium Alloys

Fe—Dy-alloys have found academic as well as practical interest. Alloys with the formula
Fe ;RE, show high saturation magnetization Jy,, low Curie Temperatures (7¢) and planar
anisotropy >*31. A very interesting property of these materials is the ability to absorb a high
amount of interstitials such as nitrogen or carbon with up to three atoms per formula unit
which result in an change in volume as well as T¢ and Jy, because of an increase in the

s?431 " For example, a Curie Temperature of 107 °C

exchange interaction of the iron atom
Fe ,Dy, which increases to 362 °C for DyFe, (2441 Binary Dy—Fe- alloys have been produced
in high-temperature molten salts (LiCl-KCI-DyCl; on Fe-electrodes) 2461 in acetamid-urea

melts2471 as well as ionic liquids like [EMIm]C1 (248]

Iron can be electroplated from aqueous solutions, of which acidic sulfate- or chloride-based

solutions are the most common [24]

The electrochemical behavior of the system Fe[NTf,], in [BMIM][TFSI] was studied by
cyclic voltammetry. Figure 8.29(a) presents a series of cyclic voltammograms of 0.05 mol 1~
Fe[NTf, ], in [BMIM][TFSI] recorded at room temperature with different scan rates on a gold
electrode. A cathodic peak ascribed to the plating of Fe is visible at about —2.1 V. In contrast
to the Co-system studied above, there is a noticeable anodic current density at about —0.4 'V,
caused by stripping of previously plated Fe. An increase of the scan rate causes the peak po-
tentials E),. and E,, to drift apart as well as an increase of the peak current densities j,. and
Jpa» respectively.

The effect of a higher temperature on the behavior of the plating/stripping process is shown in
Figure 8.29(b). It is noticeable, that the peak current density increases for higher temperatures.
Also, the peak potential difference between the cathodic and anodic peak potentials decrease
with increasing temperature by a shift of E,. of about 0.6 V. The effect of the temperature is

not as pronounced for E,,, as the potential shifts by just about 0.1 V.

The cathodic peak current densities are plotted against the square root of the scan rate in Fig-
ure 8.29(c). A linear response indicates that the reduction process is diffusion controlled. The
linear behavior of the cathodic peak potential in respect to the logarithm of the scan rate, as
shown in Figure 8.29(d) indicates that the process is electrochemically irreversible. From the
slope in Figure 8.29(c) and a value of o = 0.13, a diffusion coefficient of
(6.684+0.02) x 1078 cm?s~! can be calculated.

The effect of different deposition potentials on the morphology and composition on the elec-
troplating of iron from 0.05 mol 1! Fe[NTf,], in [BMIm][NTf,] was investigated by SEM
microscopy, EDX and WDX. Potentials from —1.6 to —2.0 V were applied for 1 h at 100 °C
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Figure 8.29: (a) Cyclic voltammograms of 0.05 mol 1! Fe[NTTf,], in [BMIm][NTT,] recorded at room tempera-
ture on Au-WE, v=5mVs~!, 10mVs~!, 25mVs~! and 50mVs~!. (b) Cyclic voltammograms at
different temperatures at 25 mV s~ 1. (c) Plot of the peak current densities against the square root of
v at 25 °C. (d) Cathodic peak potential versus log(v) at 25 °C.

to obtain iron-plated Au-sputtered quartz substrates. The effect of E is demonstrated in Fig-
ure 8.30. At —1.6 V, SEM micrograph shows small deposits, which partially cover the sub-
strate. Au-signals that are present in the corresponding EDX pattern corroborate this observa-
tion. The sample is rather pure, as no impurities from the electrolyte can be detected.

A more negative potential (—1.8 V) produces a thick, cracked layer of iron. The corresponding
EDX pattern shows no significant impurities. The presence of oxygen and carbon can be
attributed to the exposure of the sample to air.

In the SEM micrograph presented for deposits produced at —2.0 V, the underlying substrate
is visible, just as for the deposition of Co at this potential. EDX analysis shows that there are
no significant impurities present, but that the surface is not covered by iron as shown by the

large signals of gold and silicon.
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Figure 8.30: SEM micrographs and EDX patterns of electroplated iron under different potentiostatic conditions
from 0.05mol1~! solution of Fe[NTf,], in [BMIm][NTf,] . E = —1.6V, —1.8V and —2.0V vs
REF, T = 100 °C, AE: Au, CE: Fe.
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Complementary WDX analysis was performed for a sample with potentiostatic conditions at
—1.8'V as it showed to be mechanically stable and pure iron from EDX analysis. WDX pat-
terns recorded for an as-deposited sample are shown on the left spectrum in Figure 8.31. The
spectrum recorded after Ar-sputtering is shown on the right. It is visible, that the (superficial)
signals for fluorine and sulfur are reduced after the sputtering procedure and the signal from
nitrogen even disappears completely. The iron as well as oxygen signals remain present after
sputtering, indicating partial oxidation of the layer throughout the entire sample. The amount

of impurities given in at. % are summerized in Table 8.5.
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Figure 8.31: WDX pattern of electroplated iron from 0.05 mol 1! Fe[NTf,], in [BMIM][NTF,]. E=—-1.8V, T
=100°C. WE: Au, CE: Fe. Left: as-deposited. Right: after Ar-ion sputtering.

Mixtures of different molar ratios of Dy[NTf,]; and Fe[NTf,], in [BMIm][NTf,] were in-
vestigated to attempt the electrodeposition of Dy-Fe alloys. Figure 8.32(a) shows the cyclic
voltammograms of 5:1 (0.1 mol17':0.02mol1~!) and 3:1 (0.1 mol171:0.033 mol 1~ !) ratios of
Dy to Fe at 100 °C. The red curve shows the CV for an electrolyte containing only iron. It is
instantly noticeable, that the shapes of the voltammograms shown for the mixtures containing
Dy deviate from one without dysprosium. Furthermore, for the 5:1 and 3:1 mixtures, a ca-
thodic peak at about —2.4 V is visible, whereas for the iron solution, the peak corresponding
to the reduction of iron is seen at —1.8 V. The cathodic peak disappears almost completely.

Small anodic current densities are seen, which are shifted to more positive values in compari-
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Atomic concentration %

Element . . .
As deposited After Ar-ion etching
N 7.0 -
o 17.4 17.7
F 11.2 9.6
S 59 33
Fe 583 69.4

Table 8.5: Composition analysis of electroplated iron coating as shown in Figure 8.30 as deposited and after
Ar-etching.

son to the peak corresponding to the stripping of pure Fe from —0.4 V to 0 V. An explanation
can be given by co-deposited Dy, which shows irreversible behavior in this system (also, see
previous chapter). Electroplated Dy could not be dissolved in this ionic liquid. This means,
that either a substantial amount of the charge passed during the cathodic scan in the CV is
attributed to the reduction of Dy3+, which can not be dissolved during the anodic scan or that
co-deposited Dy inhibits the stripping of iron.

Recording of the CV of a 5:1 mixture of Dy:Fe was accompanied by the recording of the
resonant frequency by the fis-EQCM. The plot of the change in resonant frequency A f; during
the CV is shown in Figure 8.32(b). The scan was started from OCP to —2.8 V. Af; starts to
decrease at about —1 V along with an increasing cathodic current density, where the frequency
stays relatively constant until about —2 V where it starts to drop again and the current density
starts to increase as well. During the scan back to 1.5V, Af; does not drop any further until it
starts rising at about O V where also anodic current densities are visible.

Attempts to deposit Dy-Fe-alloys were not successful. Variations of the temperature between
50 to 150°C and of the potential between —1.5 to —2.0 °C delivered very poorly adhesive
black deposits which were not suitable for SEM or EDX analysis.
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Figure 8.32: (a) Cyclic voltammograms of mixtures of Dy[NTTf,]; and Fe[NTf,], in
[BMIm][NTf,]. v=5mVs~!, T = 100°C. Straight line: 0.1 molkg~! Dy[NTf,],, 0.02mol kg~
Fe[NTf,],. Dotted line: 0.1 mol kg~ Dy[NTf,1;,0.033 mol kg ! Fe[NTTf,],. Red Line: 0.1 mol1~!
Fe[NTf,],. (b) Cyclic voltammogram of 0.1 molkg~' Dy[NTf,];, 0.02molkg~! Fe[NTf,], in
[BMIm][NTTf,] (black curve), corresponding shift in resonant frequency (gray curve). AE: Au,
CE: Pt.
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O Summary and Conclusions

9.1 Aim and Results of this Thesis

The presented thesis aims at the improvement the magnetic properties of Nd-Fe-B-sintered
magnets by grain boundary diffusion. This approach was reported in Chapters 5 and 6 us-
ing grain boundary diffusion treatment of Nd—Fe—B-sintered magnets coated with different
metals produced by physical vapor deposition.

Literature reports positive effects on the addition of aluminum and copper to HRE-free Nd-
Fe-B sintered magnets. This work studied the effect of grain boundary diffusion of HRE-
free coatings on the magnetic properties of Nd-Fe-B sintered magnets with a low initial HRE
content. It could be shown that the grain boundary diffusion treatment with non-rare-earths,
namely Cu and Al did not lead to positive changes the coercivity H,.;, the most important
application-oriented key value. The addition of Al led to a substantial decrease in coercivity
of almost 20 %, even for the lowest addition. In comparison to Al, Cu decreased the coercivity
by about 7.5 %.

Grain boundary diffusion treatment of magnetic samples with the heavy rare earths dyspro-
sium and terbium led to an increase of H,; of up to 34 % and 48 %, respectively. The response
of the coercivity with increasing addition is characteristic for grain boundary diffusion- pro-
cessed sintered magnets where small additions of up to 0.07 wt % result in a strong increase
of the coercivity of about 16 % and 28 % for dysprosium and terbium, respectively. Analy-
sis of cross-sectional SEM micrographs show a rounding and cracking of near-surface grains
caused by melting of intergranular phases and their fast solidification upon cooling. Wave-
length dispersive x-ray spectroscopy depth-profiling and EPMA elemental mapping was used
to determine the distribution of the dopants inside the material. Depth-profiling revealed a
decreasing concentration of the heavy rare earth detectable up to about 100 um perpendicular
to the coated surface. From the fit of the WDX depth-profile to a simple effective medium
diffusion model a diffusion coefficient for Tb was calculated. EPMA elemental mapping re-
vealed a concentration of heavy rare earth along the grain boundaries while no HRE is present
inside the Nd,Fe,,B matrix grains, distinctive for grain boundary diffusion treated magnets.
In order to increase diffusion depth, a series of coatings with low-melting eutectic binary alloys

consisting of Al and Dy were applied. Grain boundary diffusion of a series of alloys with a
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fixed weight fraction of 22 % aluminum and 78 % dysprosium (“low-Dy alloy”) resulted in
a negative effect on the coercivity in spite of a total increase in heavy rare earth content for
each sample of the series. A second series with a fixed weight ratio of 87.6 % aluminum
and 12.4 % dysprosium (“high-Dy alloy”) was investigated as well. Grain boundary diffusion
treatment of samples coated with this alloy showed an increase of the coercivity up to additions
of 0.11 wt. % Al. Cross sectional SEM microscopy of high-Dy alloy treated samples revealed
the microstructure characteristic of GBD-processed sintered magnets. WDX depth-profiling
conclude that the application of this alloy did not have an effect on the diffusion of Dy. EPMA
analysis was conducted to reveal the concentration of Al and Dy of GBD-processed samples

and showed that Al was concentrated in the intergranular phases.

The second and main part of this thesis, presented in Chapter 7 focused on the electrochemistry
of rare earth and transition metal elements and their electroplating as the first step of the grain

boundary diffusion process.

Air- and water-stable room temperature ionic liquids were for the plating baths, as their prop-
erties makes them more favorable for the treatment of Nd-Fe-B-sintered magnets than ionic
liquids based on chlorometalate-based ILs and high temperature molten salts. Plating on bare
Nd-Fe-B proved to be fairly difficult, and based on the results obtained for GBD-treatment
with HRE-free coatings, copper was selected as an adhesion layer. Electroplating of Cu on
Nd-Fe-B-samples was successfully conducted from different ionic liquids and various cop-
per sources, among which copper-(11)-bis(trifluoromethylsulfonyl)imide was synthesized and

characterized.

Electroplating of dysprosium was attempted from different ionic liquids and various dyspro-
sium salts as the metal source, including tailor-made dysprosium-(III)-bis(trifluoromethyl-
sulfonyl)imide. Electroplating from triflate-based electrolytes did not show satisfactory re-
sults, as seen by SEM-microscopy and EDX analysis, and the attempts to plate Dy from
tetrafluoroborate-based ILs, as reported in the literature, as well as from a dicyanamide-
based IL failed. However, electroplating from triflamide-based systems, specially from a
pyrrolidinium-based ionic liquid with the corresponding Dy salt allowed the deposition of
dense Dy-coatings of up to 2.5 um thickness with current efficiencies of around 78 %. EDX
and WDX analysis showed only superficial impurities of the coatings. This system was thor-
oughly characterized by cyclic voltammetry and chronoamperometry and the diffusion coef-
ficient of this system was determined. A subsequent grain boundary diffusion process with

electrochemically coated Nd-Fe-B-samples enhanced the coercivity by up to 20.4 %.

Given by the results for the GBD-treatment of magnet samples with terbium by PVD, elec-
troplating of this element from an ionic liquid-based electrolyte was attempted as well. Based
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on the results of dysprosium deposition, [OTf]- and [NTf,]- based ionic liquids presented
the focus of the study. Despite the promising features of the corresponding CVs and CAs,
potentiostatic as well as galvanostatic deposition from triflate-based ionic liquids failed. A
NTi,-based system on the other hand showed that a the deposition of Tb is feasible from
Tb[NTf,]; in 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsuflonyl)imide. This system
was thoroughly characterized. SEM-microscopy showed a fibrous, cracked morphology for
the coating for the received for the applied deposition conditions. WDX analysis and elemen-
tal mapping showed a high concentration of sulfur and terbium in the coating indicating the
formation of Tb,S;. Nd-Fe-B-magnets coated with the thin, brittle coating were subdued to a
GBD-process and demonstrated an increase of the coercivity of about 9.1 %, comparable an
addition of about 0.02 wt % Tb.

Studies on the grain boundary diffusion treatment of hot-deformed Nd-Fe-B magnets with
alloys containing neodymium and copper have reported an increase in the coercivity, due to
a better isolation of the matrix grains by the formation of non-magnetic intergranular phases.
Similar treatment as Nd-Fe-B sintered magnet is conceivable for hot-deformed magnets, there-
fore the deposition of Nd was studied in different ionic liquids. Triflate-based electrolytes
were excluded, as the solubility of the Nd-salt was very low, even at elevated temperatures.
just as shown for Dy and Tb, [Tf,]-based electrolytes showed the best results. Porous but well
adhesive deposits were obtained for galvanostatic deposition. Composition analysis by EDX
shows significant impurities of F, S and C. Nonetheless, this system might show considerable

improvement in coating quality upon further optimization.

Finally, the deposition of transition metals and RE-TM-alloys (RE = Dy; TM = Co, Fe) from
ionic liquid-based electrolytes were investigated. Well adhesive, dense coatings of cobalt and
iron could be deposited under potentiostatic conditions at —1.6 V and —1.8 V, respectively.
WDX analysis of a sample plated with Co showed superficial impurities of N and O, whereas
F is found after removal of the top layers by Ar-sputtering. In the case of iron, F and O are

found throughout the entire sample thickness, N and S are mostly superficial.

The deposition of Dy—Co alloys from 5:1 and 3:1 molar mixtures of Dy[NTf,]; and Co[NT1,],
was investigated by cyclic voltammetry. An effect of an increasing molar ration of Dy on the
shapes of the voltammograms could be observed. The change of resonant frequency with
the potential could be observed that confirmed the deposition of Dy/Co as expected from the
cathodic currents of the CV. During the anodic scan, there is no apparent increase of the fre-
quency, indicating that the electroplated coating is not stripped from the electrode despite
anodic current densities in the CV. This observation was ascribed to an increase of the viscos-

ity near the electrode upon dissolution of Dy and Co and saturation of the IL with Dy and Co
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salts. A damping effect on the crystal electrode as well as a roughening of the surface caused
by stripping of the coating. Deposition of alloys under different potentiostatic conditions and
temperatures were not successful.

Electrolytes containing 5:1 and 3:1 molar ratios of Dy[NTf,]; and Fe[NTf,], were studied
at elevated temperatures. It is visible, that the cathodic peak currents shift to more negative
potentials with increasing Dy concentration. In contrast to the system Dy-Co, the stripping
peak observed for the pure iron-system is almost completely suppressed in the presence of
Dy. An explanation for this particular behavior was given by the irreversible plating of co-
deposited Dy. The change in resonant frequency was recorded for the cyclic voltammogram
of 5:1 Dy:Fe. A decrease of Af; was observed with cathodic current densities, indicating a
deposition process. As the potential scan was reversed, the frequency remained fairly constant
and slightly increased as anodic current densities increased but did not return to zero. Passed
cathodic charge was higher than the anodic charge, corroborating the incomplete stripping of
Dy/Fe during the previous cathodic scan. Different potentiostatic conditions and temperatures
were applied to deposit alloys from these mixtures. The deposits obtained were black and not

adherent to the substrate.
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9.2 Innovations presented in this Work

First of all, a new method was presented to coat Nd-Fe-B-sintered magnets with copper by an
electroplating process from an air-and water-stable ionic liquid. Electroplating of Nd-Fe-B-
sintered magnets with corrosion-protecting coatings of Zn, Al, and Ni from chlorometalate
melts have been reported. However to the author’s knowledge no plating of Cu on this type of
material has been attempted for subsequent plating / GBD-treatment.

To investigate the most suitable electrolytes for plating of rare earths, routes for TM- and RE-
salt synthesis described in the literature were modified by using carbonate-precursors. It was
found that the substitution of dysprosium oxide by dysprosium carbonate led to an increase
of the yield from 89 to 96.3 % as well as a reduction of reaction time for the synthesis of
Dy[NTf,];. The substitution of metal oxides by their respective carbonates showed similar
results for the synthesis of Tb[NTTf,];, Nd[NTf,];, Co[NTf,],, Cu[NTf,]; and Ag[NTT,] for
which in the most cases yields well over 90 % were obtained. Table 9.1 gives an overview of

the salts synthesized according the new procedure and their respective yields.

Metal salt Yield [ %]
Ag[NT1, ] 95.4
Co[NTf, ], 87
Cu[NTf, ], 85.3
Fe[NTf,], 78.2
Dy[NTf, 15 96.3
Nd[NTH, ], 90.3
Tb[NTH, 14 96

Table 9.1: Listing of the synthesized salts used in this work

Within this work, a procedure for the electroplating of dense, well adhesive Dy-coatings is
presented. Furthermore, this procedure can be successfully applied as the first step in the grain
boundary diffusion treatment of Nd-Fe-B-sintered magnets to improve the magnetic properties
of this material. These results were presented at several conferences (see section 9.3).

Following the plating of Dy, attempts were made to plate metallic Tb from air- and water-
stable RTILs. Despite the fact that the obtained coatings contained major amounts of sulfur,
to this point the electroplating of pure Tb from ionic liquids has not been reported in the

literature.
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The grain boundary diffusion treatment of hot-deformed with Nd-Cu-alloys presents a feasible
way to increase their coercivity. The electrochemistry of neodymium in different electrolytes
was studied. Albeit the plating procedure to obtain metallic Nd coatings requires further
optimization, this rare earth element was deposited from a triflamide-based electrolyte, of
which there are no reports in the literature.

Attempts were made to deposit Dy-Co as well as Dy-Fe alloys from an imidazolium-based
ionic liquid. Although the deposition of the alloys failed, the transition metals could be
deposited from the so far unreported systems Co[NTf,], / [BMIm][NTf,] and Fe[NTf,], /
[BMIm][NTT,], respectively.

In conclusion, a summary of the determined diffusion coefficients, their method of determina-
tion and the investigated system of all rare-earth systems studied in this work as well as others

reported in the literature are given in Table 9.2 for comparison.

Ln3*- species D 10% cm?s! Method  Ionic liquid Reference
0.145mol 1! Nd[NTf,]; 1.37 Ccv [BMPyr][NTf,]  this work

3.92 SI this work
0.25mol 17! Nd[NTf,]; 0.7 (at 50°C) CP [P35 [NTT, ] [142]
0.1mol1~! Sm[NTTf,], 3.1 CA [BMPyr][NTf,]  [220]

2.7 CP [220]
0.1mol 1~ ! Eu[NTf,], 3.1 CA [BMPyr][NTf,]  [220]

2.8 CP [220]
0.147mol 1"! Dy[NTf,]; 2.01 Ccv [BMPyr|[NTf,]  this work

1.88 SI this work
0.075 mol 1! Dy[NTf,]; 2.0 SI [P3y,5][NTT, | [140]
0.047 mol1=! TH[NTf,] 3 45+04 Ccv [BMPyr][NTf,]  this work
0.1mol 1! Yb[NTT,], 3.6 CA [BMPyr][NTf,]  [220]

3.4 CP [220]
0.141 mol1~! Co[NTf,], 1.6040.06 Ccv [BMIm][NTT,] this work
0.1 mol 17! Co[NTf,], 10 (at 27.8 °C) CA [BMPyr][NTf,]  [241]
0.05 mol 1! Fe[NTf,], 6.68 £0.02 Ccv [BMIm][NTT, ] this work
0.1mol 1~! Fe[NTf,], 9.7 CA [BMPyr][NTf,]  [242]

Table 9.2: Summary of diffusion coefficients of trivalent Ln>*-species in [BMPyr][NTTf,] determined in this work
and reported in the literature. CV: Cyclic voltammetry. CP: Chronopotentiometry. CA: Chronoam-
perometry. SI: Semi-integral method.
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Appendix

Ag[NTH, ]
Ag[OTf]
Cu[NTf,],
Cu[OTf],
Dy[NTf, ],
Dy[OTfl,
Tb[NTT, ],
[BMIm][OTf]
[BMMIm][OT(]
[BMPyr][DCA]
[BMPyr][NTf, ]
[BMPyr][OTf]
[EMIM][BF,]
[EMIM][NTH,]
[EMIm][OTI]
[Py2,51[NTH]

CE
CV

EDX
EQCM
EV
fis-QCM
HEV
KF

mpe

RE

TGA

WDX

silver bis(trifluoromethylsulfonyl)imide

silver trifluoromethanesulfonate
copper-(II)-bis(trifluoromethylsulfonyl)imide
copper-(II)-trifluoromethanesulfonate
dysprosium-(I1I)-bis(trifluoromethylsulfonyl)imide
dysprosium-(IIl)-trifluoromethanesulfonate
terbium-(III)-bis(trifluoromethylsulfonyl)imide
1-butyl-3-methylimidazolium trifluoromethanesulfonate
1-butyl-2,3-dimethylimidazolium trifluoromethanesulfonate
1-butyl-1-methylpyrrolidinium dicyanamide
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
1-butyl-1-methylpyrrolydinium trifluoromethanesulfonate
1-ethyl-1-methylimidazolium tetrafluoroborate
1-ethyl-1-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-ethyl-3-methylimidazolium trifluoromethanesulfonate
triethyl-pentylphosphonium bis(trifluoromethylsulfonyl)imide

counter electrode

cyclic voltammogram

energy dispersive roentgen spectroscopy
electrochemical quartz micro balance

electric vehicle

fast impedance scanning quartz micro balance
hybrid electric vehicle

Karl-Fischer

equivalent mass change per mole of electrons
reference electrode

thermogravimetric analysis

wavelength dispersive roentgen spectroscopy

Xxii



WE working electrode

XPS X-ray photoelectron spectroscopy
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