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Université de Mons
December 2009.



DEDICATION.

In memoriam

Professor Christian Dumortier
16/02/1950 - 23/10/2008

Professor Philippe Liénard
02/01/1952 - 11/10/2004



b THANKS.

THANKS.

After five years working on this project, there are many people I’d like to thank.

I’d like first of all to thank Professor Fabienne Delaunois who has accompanied me
during this whole project, first as an advisor and then as head of department and who
has become far more than a boss to me. Her input in my scientific work, but also in my
personal approach to work in general, has been invaluable to me.

I am also infinitely grateful to professors J. Lecomte-Beckers from Service de Métal-
lurgie et Science des Matériaux at ULG, M. Olivier from Service de Science des Matériaux
at UMONS and E. Filippi from Service de Génie Mécanique at UMONS who have been
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ABSTRACT

Electroless nickel-boron coatings are obtained by a chemical aqueous process that pos-
sesses most of the advantages of electrolysis but is exempt of its major inconveniences.
This process allows the deposition of continuous coatings with a constant thickness on
a very large range of substrates including non-metallic materials. The coatings have a
wide range of interesting properties that make them suitable for application in various
industries.

The properties of the coatings are really interesting and overall well known, but the
fundamental knowledge about the formation mechanisms and the structural state of the
coatings is not extensive. This work aims to increase this knowledge.

In the present work, the formation of the coating was studied by various techniques
which lead to several findings:

• the rate limiting step of the plating process was identified,

• a routine for semi-predetermined replenishment was implemented,

• the initiation of the coating was investigated and the effects of roughness and sub-
strate nature on this were observed,

• the formation of the coating was observed and a link between the local lead content
and the morphology was established.

The structural state of as-deposited electroless nickel-boron coatings was also exten-
sively studied and their nanocrystalline nature was identified. The mechanical properties,
wear and corrosion resistances of the deposits were also observed, as well as the influence
of heat treatments on the coatings.

Finally, modeling of the structural state of as-deposited coatings and of the influence
of heat treatments on electroless nickel-boron was undertaken. A model of the grain size
of the material was obtained, and the basis for the predetermination of the crystallization
temperature of nickel-boron were set.



RÉSUMÉ

Les dépôts chimiques de nickel sont obtenus par la réduction de sels de nickel en phase
aqueuse par un réactif chimique. Le procédé est similaire sur certains aspects à l’électrolyse,
mais il est exempt de la plupart des inconvénients de cette dernière. Les dépôts obtenus
sont continus, d’épaisseur constante et peuvent être appliqués sur une large gamme de
substrats, y compris non-métalliques. Ils possèdent des propriétés très intéressantes pour
un grand nombre d’applications industrielles.

Bien que les propriétés des dépôts sont généralement bien connues, la connaissance
des mécanismes de formation et de la structure de ceux-ci n’est pas très approfondie.
L’objectif de ce travail est d’apporter de nouvelles informations à ce sujet.

La formation des dépôts a été étudiée par diverses techniques et les résultats suivants
ont été obtenus:

• le procédé est limité par la diffusion du réducteur dans la solution,

• une procédure semi-prédéterminée de régénération des bains a été mise au point,

• l’initiation du dépôt et l’influence qu’ont sur celle-ci la rugosité et la nature du
substrat ont été observées,

• un lien a pu être établi entre la teneur locale en plomb des dépôts et leur morphologie.

La structure des dépôts de nickel-bore a été étudiée et il a été possible d’observer leur
état nanocrystallin et de déterminer la taille des grains. Les propriétés mécaniques, les
résistances à l’usure et à la corrosion des couches ont également été évaluées, de même
que les effets des traitements thermiques.

Enfin la modélisation de la structure des dépôts en sortie de bain et l’influence des
traitements thermiques sur celle-ci a été entamée. Un modèle analytique de la taille des
grains a pu être établi et validé, tandis que les bases d’un modèle de prédétermination de
la température de crystallisation des dépôts ont été posées.
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GENERAL INTRODUCTION.

Electroless nickel-boron coatings are obtained by a chemical aqueous process that pos-
sesses most of the advantages of electrolysis but is exempt of its major inconveniences.
This process allows the deposition of continuous coatings with a constant thickness on a
very large range of substrates including non-metallic materials. Electroless coatings have
a wide range of interesting properties that make them suitable for application in various
industries: their electrical and magnetic properties are useful in electronic applications,
their corrosion resistance is used in the chemical and food industries, their hardness and
wear resistance allow them to be used in mechanical applications, such as aeronautic and
automobile parts, molds, cutting tools (for examples saws) and firearms.

The properties of the deposits are overall well known. This is attested by the numer-
ous studies focused on this subject and their various industrial applications. However,
the same cannot be said about the mechanisms inducing those coatings and their more
fundamental aspects, in particular for electroless nickel-boron: most fundamental studies
dedicated to those deposits are entirely focused on the observation of the effect of bath
composition and parameters and/or heat treatments on the coatings’ properties and very
few of them examine the causes and mechanisms that bring about those effects.

The fundamental knowledge about electroless deposition is really paradoxical: there
is a very extended comprehension of the electrochemical aspect of the deposition pro-
cess (everything that leads to the reduction of nickel) but the understanding of why and
how the reduced metal adheres to the substrates and then forms the coatings is not well
developed. The lack of knowledge is even worse for electroless nickel-boron than for nickel-
phosphorous as most of time the behavior of the first is simply considered to be the same
that (or similar to) those observed on the NiP.

This is unfortunate because knowledge of those aspects could be really useful for the
electroless nickel-boron industry: they could allow improvement of the in-use properties
and optimization of the products and processes involved for their synthesis simply by
eliminating problems during the synthesis and heat treating of the coatings.

The present work aims mainly to explore some of the overlooked aspects of electroless
nickel-boron coatings: their formation, their structural state and the way heat-treatments
influence their structure, not only in a descriptive point of view but also from a mech-
anistic approach. The ultimate goal is to get a better understanding of the coatings’
comportment. This will be carried out through several more defined objectives. The first
is to observe the initiation and formation of the coating, which have a great influence on
their structure and properties. Observation of the effect that several parameters, such as
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the substrate roughness, have on the creation of the coating will provide useful pointers
for their industrial uses.

A second aim of this work is to gain the best possible knowledge of the coatings that
we synthesize, with an important focus on the structure of the deposits: materials science
has evolved tremendously in the last couple of decades and most of the investigation work
about the structural state of electroless nickel-boron was carried out in the eighties or
early nineties. It thus predates, for example, the discovery of nanocrystalline materials
and structures. As such, there is a lot of information that can be obtained from a careful
investigation of the coating using the more modern techniques and the latest evolutions
of materials science.

Another of our objectives is the understanding of the structural state of the coatings
and how it is influenced by heat treatments. For this, analytical modeling including ther-
modynamic and kinetic aspects of the material was used to obtain, on one hand, the size
of the crystallites inside an as-deposited film and, on the other hand, the crystallization
temperature of electroless nickel-boron coatings.

One last, secondary, objective of our work arose from our intent to decrease our wastes
and to increase the synthesizing capacity of our equipment. For this, an extended study
of the consumption of reactive during the deposition process is needed. This study will
then be used to implement a replenishment process that will bring the desired savings.

The present work will be divided in three main parts, each one being dedicated to a
single aspect of the project. In the first part, the theoretical background of electroless
plating will first be presented. Then, practical aspects of nickel-boron coatings and the
state of the art knowledge about their properties will be described. Their applications
will also be briefly discussed.

The second section will be focused on the experimental work carried out for this study
and on its exploitation. In that, the experimental set up and conditions for the synthesis
of electroless nickel-boron coatings will be described. Then, the study of the reactive
consumption and the bath replenishment will be discussed. This will be followed by the
observation of the initiation and formation of the deposit, including the influence of var-
ious substrate parameters, such as roughness and chemical composition. After that, two
chapters will be dedicated to the characterization of the coatings and to the investiga-
tion of the influence of heat treatments on their properties. In the two last chapters,
the structural study of the material will be emphasized as this aspect of the coatings’
characteristics is often overlooked in recent research.

The last part of this text contains the modeling work. In that part, the theoretical
background for the determination of the grain size and crystallization temperature of the
coating will be presented. After this, the modeling assumptions and equations will be
presented.
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INTRODUCTION.

Electroless deposition was accidentally discovered in the 19th century by Wurtz [1, 2].
However, it was at the time considered as a lab curiosity because of the unpredictable na-
ture of the reaction: the reduced metal was precipitated in powder form at the bottom of
the vessel. Other 19th century researchers managed to obtain coatings but they appeared
indiscriminately on all surfaces in the reaction cell. This early electroless process did not
lead to any practical application and was soon forgotten.

This process was incidentally rediscovered in 1946 by Brenner an Riddel [3] while de-
veloping an electroplating process for coating the inside of steel tubes with nickel alloys
[2, 4]. They observed, while trying to avoid oxidation of some reactive, that the current
efficiency was higher than 100% when hypophosphite was added to the plating bath and
that the outer face of the tube was also coated. Their work led to the development of the
’kanigen’ process (catalytic nickel generation) by the General American Transportation
Corp (G.A.T.C.) which lauched a pilot line in 1955 [2]. Since then, the industrial uses of
the electroless deposition process have increased manifold.

The first electroless deposition bath was based on a solution of nickel salts to which
sodium hypophosphite was added as a reducing agent. It was later discovered that other
agents could be used to the same results, which allowed the deposition of other alloys like
pure nickel and nickel-boron alloys [2]. The first borohydride reduced bath was proposed
in 1954 and the technology was developed in 1957-1958, less than 20 years after the first
synthesis of sodium borohydride [5].

While nickel-phosphorous remains to this day the most used electroless plating pro-
cess, nickel-boron, which is the subject of this work comes second and is preferred, despite
its higher cost [2], for a lot of high technology applications.

This part of the work will be dedicated to a comprehensive study of nickel-boron
plating and of the resulting deposits. This study will begin by a description of theoretical
aspects of the electroless deposition process. After this, practical bath compositions and
procedures for nickel-boron deposition, then the known properties of nickel-boron coatings,
will be examined.
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1. SYNTHESIS OF NICKEL-BORON DEPOSITS.

In this chapter, each aspect of electroless nickel-boron deposition will be discussed. First,
the theory of aqueous redox deposition processes and, among those, of electroless depo-
sition will be presented. As this process is controlled by two sets of conditions, the first
related to the thermodynamic possibility of the electroless reaction, and the second to the
kinetic aspects of the process, both being strongly linked to the choice of the reducing
agent, they will be described in the general case and specifically for nickel deposition.

After this, the composition and control of industrial electroless nickel deposition baths
will also be discussed, beginning from a theoretical point of view and then in view of their
practical application to nickel-boron deposition.

1.1 Aqueous redox deposition processes.

Aqueous redox deposition processes are based on the reduction of metal salts, in aqueous
solution, following equation 1.1.

Mez+ + ze−
reduction→ Me (1.1)

Deposition processes can be separated in three main classes according to the electron
giving source[2, 6]:

1. The electrons needed for reduction are given by the dissolution of a less noble metal
(mostly the substrate). This process is called displacement coating and follows
equation 1.2. The displacement coating ends as soon as the substrate is entirely
covered by the nobler metal, generating extremely thin coatings.

Me2
oxidation→ Mez+2 + ze− (1.2)

2. If the electrons are given by an external current source, the deposition process
is called electrolysis and the principal chemical reaction that takes place is the
reduction of the dissolved metal as in equation 1.1.

3. If the electrons are brought by reduction of a chemical agent instead of a less noble
metal, the process is called chemical or electroless deposition. This process follows
equation 1.3

Reducing agent
oxidation→ oxidised reducing agentz+ + ze− (1.3)
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1.2 Theory of electroless deposition.

1.2.1 Introduction.

Electroless deposition is based on the spontaneous reduction of metals salts, in aqueous
solution, by a reducing agent. To allow this process, two sets of conditions must be re-
spected. First of all, the oxydoreduction potentials of the metal and the reducing agent
must be chosen in a way that the spontaneous reaction is thermodynamically possible.
This is described by the thermodynamic condition.

Secondly, the deposition must be controlled to obtain quick coating buildup on the
substrate and no deposition on other surfaces nor reduction of the metal salts inside the
solution. This can only be obtained by a catalytic phenomenon. This catalytic aspect
is the reason why electroless deposits are often called autocatalytic. It constitutes the
kinetic and catalytic condition for deposit formation.

The choice of reagents for electroless deposition must be made according to both sets
of conditions. It will be discussed in the general case and for nickel deposition.

1.2.2 Thermodynamic condition.[7–10]

The thermodynamic condition can be easily deduced from the global electroless nickel
deposition reaction (as written in equation 1.4).

Ni2+ + reducing agent→ Nicoating + oxidized form of the reducing agent (1.4)

This reaction can be expressed as a combination of two partial reactions, both taking
place at the substrate:

• metal salts reduction: Mez+ + ze− →Me

• reducing agent oxidization: reducing agent→ oxidized reducing agentz+ + ze−

It is possible to obtain the oxydoreduction potential of the redox couple for each
partial reaction following Nernst’s law. Those potentials are expressed as functions of
solute concentration and pH.

UNi/Ni2+ = U0
Ni/Ni2+ +

2.3 ∗RT
2 ∗ F

log
[
Ni2+

]
(1.5)

URéd/Ox = U0
Réd/Ox +

2.3 ∗RT
n ∗ F

log
[Ox]

[Réd]
(1.6)
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The knowledge of the equilibrium potential of each couple leads to an analytical ex-
pression of the thermodynamic condition: as the reaction must be spontaneous, its free
energy variation ∆G must be negative (or it’s affinity (A = (−∆G)) must be positive).
It can be written as a function of electrochemical potential:

A = (−∆G) = n F ∆Ueq (1.7)

With

• ∆Ueq = UNi/Ni2+ − Ureducing agent/oxidised reducing agent;

• n =number of exchanged electrons;

• F = Faraday’s constant, representing the electrical energy needed for the reduction
of a mole of electrons.

A spontaneous reaction can thus take place only if A is positive, meaning UNi/Ni2+ >
Ureducing agent/oxidized reducing agent. Moreover, the more positive the affinity the better, so
the reducing agent will be chosen to maximize the potential difference, while keeping in
mind that a too big difference will lead to bath destabilization by spontaneous oxidization
of the reducing agent.

1.2.3 Kinetic and catalytic condition.[7, 9–16]

The need for preferential deposition on the substrate implies that a catalytic phenomenon
must take place: in its absence, there would be no guarantee that the reducing agent’s
oxidization would not happen spontaneously in the bulk of the solution, causing the for-
mation of small nickel particles that can then deposit anarchically on every surface in
contact with the solution.

To avoid this kind of destabilization, the solution must be (meta)stable in the absence
of a suitable substrate and reaction can only be happening on the substrate’s surface and
after that on the previously deposited substrate. This condition is only respected if the
substrate and the deposited metal are catalysts of for the oxidization of the reducing
agent, which is the reason why this process is sometimes called ‘autocatalytic’.

Those conditions can be expressed in terms of potential: when two redox couples
are put together, they reach their kinetic equilibrium by a progressive equalization of
their potentials. This equilibrium potential is called Mixed Potential (Um) and can be
calculated from the partial polarization curves. Those curves are obtained from electro-
less nickel baths without reducing agent for the cathodic polarization curve of the metal
(i=f(Ucath/ECS)) and without metallic ions for the anodic polarization curve of the reduc-
ing agent, any other parameters and concentrations kept constant. The drawing of both
curves on a single diagram allows determination of the mixed potential, where oxidization
et reduction currents are equal, as is shown on figure 1.1.

If we consider that the deposition current is the current at the mixed potential, an in-
tuitive expression of the catalytic condition is: the deposition current must be important
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on the substrate and the deposited metal and must be approximatively nil everywhere
else. This current is dependent on the equilibrium potential of both couples but also on
the overpotential, as shown on figure 1.2. An important overpotential will displace the
mixed potential towards less negative values and will generate a less important deposition
current meaning smaller deposition rate while a small one will ensure a very negative
mixed potential and a important deposition current.

Fig. 1.1: Mixed potential determina-
tion. [7]

Fig. 1.2: Effect of the catalytic activity of the
metal on the deposition current. [7]

1.2.3.1 Determination of the deposition rate.

The drawing of polarization curves is informative about the mixed potential but not re-
ally reliable to calculate the deposition rate. The deposition rate can nevertheless be
evaluated from the polarization resistance (Rp), Rp =

(
dη
di

)
η→0

, which is the slope of the

global polarization curve at the proximity of the mixed potential, as shown on figure 1.3.
The polarization resistance has the dimensions of an electrical resistance and is inversely
proportional to the deposition current and by this to the deposition rate by I = K

Rp
. This

last expression allows to assess, by the use of Rp, the variations of the deposition rate
because K is constant for a given bath.

While evaluating the deposition rate by way of the polarization resistance, prudence is
required because the two reactions occurring in the bath (reduction of metallic ions and
oxidization of the reducing agent) are interdependent and are also influenced by local pH.
Extrapolation of partial results for the determination of the deposition rate is thus not
very reliable and the measurement of the polarization resistance in an operating bath is
thus recommended.
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Fig. 1.3: Polarization resistance. [7]

The other way to obtain the deposition rate of an electroless process is by measurement
of the deposition current. The relation between deposition rate and current is:

r =
M ∗ I

96500 ∗ n
(1.8)

with

• r, deposition rate (g/s.cm2)

• M, atomic mass of deposited metal (g)

• i, current density (A/cm2)

• n, number of electrons exchanged during the reaction

1.2.4 Summary of the conditions for electroless deposition.

The two conditions for electroless deposition can be written as:

1. the global reaction must be possible and spontaneous (UNi/Ni2+ > URéd/Ox),

2. the reaction rate must be high on the substrate and nil at any other point in the
bath (in solution and on any other surface put in contact with the bath).

1.2.5 Importance of the metal - reducing agent association.

The kinetic condition for electroless deposition shows how important the choice of the
couple (reducing agent - metal) is: the catalytic activity of the substrate and of the de-
posited metal is required for the formation of a deposit. Of course, this activity is not the
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same for all reducing agents, as was documented by Ohno et al. [10] for the oxidization of
several reducers on various metals. This classification of metals by their catalytic activity
was obtained by galvanostatic tests: the potential of each metal placed in a solution of
the reducing agent under an anodic current of 10−4 A/cm2 was measured. The results of
this classification are shown on figure 1.4.

Fig. 1.4: Catalytic activity of various metals at 25℃, under an anodic current of 10−4 A/cm2,
for diverse reducing agents. [10]

A metal is considered as having a catalytic activity against a given reducing agent if
the potential taken by this metal in the solution of reducing agent is more negative than
the equilibrium potential of the metal couple (UMe/Men+). Otherwise, the establishment
of a mixed potential is impossible. For example, in the case of nickel (whose equilibrium
potential is drawn in red on figure 1.4), electroless deposition is only possible using the
reducing agents that have a potential on nickel drawn at the left side of the equilibrium
potential of nickel, meaning all the possible agents, except formaldehyde.

This last part is only usable in the steady state, after the initiation of the deposit.
For the initial reaction, the substrate is not yet covered by nickel and the nickel redox
couple Ni/Ni2+ must be compared with the oxidization potential of the reducing agent
on the substrate. This means, in the case of nickel, that it is not possible to plate copper
using sodium hypophosphite without previous preparation because copper is not catalytic
for the oxidization of this reducing agent. It is however possible to avoid the need for
a catalytic substrate by various methods: the deposition can be initiated by putting the
substrate in contact with a less noble metal, by displacement (if the substrate is less
noble than nickel) or, in extreme cases, by immersing the substrate in a catalytic solution
(containing for example PdCl2) [2, 17–19] or by functionnalizing the surface [20].
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1.2.6 Reducing agents for electroless nickel deposition.

The thermodynamical (paragraph 1.2.2) and catalytic (paragraph 1.2.3) conditions allow
the determination of the reducing agent that can be used for electroless nickel deposition.

1. Sodium hypophosphite can be used to obtain a nickel-phosphorous alloy. This re-
ducing agent is stable in a large range of pH and is used in both acid and alkaline
media.

2. Hydrazine can be used to produce quasi pure nickel.

3. Two families of reducing agents can be used to obtain nickel-boron alloys:

• Dimethylamineborane (DMAB) is stable in acid and alkaline media.

• Sodium borohydride can only be used in strong alkaline media because it hy-
drolyses spontaneously in acid and neutral solutions [21, 22].

1.3 Electroless nickel baths.

Now that the theoretical principles of electroless deposition have been introduced, it is
useful to take our interest to more practical aspects of the deposition process: the com-
position and control parameters of the electroless baths. Their study is indispensable for
a good understanding and application of those processes. Without knowledge of this, the
bath can be seen as a ’black box’ process and the problems encountered during its use are
often unsolvable, leading to important quality problems in the deposit. Moreover, when
experimenting with processes like electroless deposition, which can often be tricky, a very
thorough understanding of the phenomena and of the importance of each bath constituent
is required to allow for process flexibility.

For this, the role of the bath components, the bath formulations and the influence of
the many process parameters will be extensively presented in this section.

1.3.1 Chemistry of electroless nickel baths.

Electroless deposition baths are constituted of several chemical agents, each of whose
have a critical role in the working of the bath. Firstly (in paragraph 1.3.1.1), the role of
each component will be examined in a general way, without reference to any particular
bath composition. The composition of the baths used for nickel-boron deposition will be
examined later (in paragraph 1.3.1.2).

1.3.1.1 Role of the components of electroless nickel baths.[2, 7, 22–28]

There are lots of formulations for electroless nickel deposition baths. However, each and
every of those are similar as far as the general set up is concerned: the number of reagents
and their functions are similar, whatever the formulation and the baths differ only by the
actual reagent used for a particular use.
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In this paragraph, we will only examine the roles of the components of the bath, ex-
plain the way those components work in the bath and, when needed, give examples of
reagents that can be used.

Electroless nickel deposition, in its most basic expression, can be obtained when a
well-chosen reducing agent and metallic ions are mixed in liquid solution. While it is not
impossible that such a composition would work, electroless baths contain other compo-
nents whose role is not directly linked to the principal reaction but is nevertheless crucial
for the good functionment of the deposition process.

A typical electroless deposition bath is thus composed of at least 5 components:

1. A metallic salt which is the source of the metallic ions that will be reduced to form
the deposit.

2. A reducing agent which, during its oxidization, produces the electrons needed to re-
duce the metallic ions. The choice of a reducing agent must be made very carefully,
following the principles exposed in paragraph 1.2, in order to ensure that the sub-
strate and the metal deposited are both catalytically active for the reducing agent’s
oxidization.

3. A complexing agent, whose tasks in the electroless bath are multiple:

• The complexing agent regulates the free metallic ions concentration and in-
creases the solubility of those ions in the solution.

• In alkaline media, the precipitation of insoluble hydroxides is avoided by the
formation of stable complex with the metallic ions. The absence of any hy-
droxide precipitates is very important for the good operation of a bath because
they can serve as heterogeneous germs for metal deposition, leading to desta-
bilization of the bath. The use of complexants is thus unavoidable when the
reducing agent imposes to work in alkaline conditions (for example: sodium
borohydride, which is not stable in neutral and acid solutions).

• The complexing agent modifies the equilibrium potential: the more stable the
complex, the more negative the equilibrium potential.

• The complexing agent has got a buffering effect on the bath.

The effect of of the complexant in the particular case of strongly alkaline baths will
be explained in paragraph 1.3.1.2.

4. The stabilizer limits the risk of uncontrolled reactions: the main reaction in electro-
less baths is catalytic and spontaneous reduction must be avoided in the solution
and on the surfaces of the cell, precipitates and eventual impurities. Spontaneous
reduction in the solution is often accompanied by the formation of a powdery de-
posit at the bottom of the deposition cell and is called ’plate out’.
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The risk of plate out is diminished by a precise control of the bath kinetic, by
blocking of a part of the catalytically active sites. This is generally obtained by the
adsorption of primary stabilizers on the reactive surface and consecutive limitation
of the number of active sites for the reaction. The most popular stabilizers are
organic molecules (mainly sulfur-based, like thiourea) and heavy metals salts.
The use of stabilizers can have some negative side effects:

• increase of internal stress,

• increase of deposit porosity,

• decrease of corrosion resistance,

• decrease of plating rate,

• increase of deposit brightness.

To limit those side effects, the amount of stabilizer in the bath must be the smallest
possible.

Deposition on surfaces and impurities is avoided by secondary stabilizers that are
poisons of the homogeneous catalysis of the deposit.

5. pH regulators (and buffers) are used to maintain the bath in the optimal working
conditions.

Electroless nickel bath can also contain, but not systematically, other components such
as accelerating agents that prevent to some extent the decrease of plating rate caused by
the complexing agents and stabilizers. In use, the baths accumulate reaction byproducts
(orthophosphite HPO2−

3 , borate BO−2 , ions H+,. . . ) which must be eliminated peri-
odically in the case of replenished baths (which are the norm for industrial deposition
facilities).

1.3.1.2 Bath formulations and reactions for electroless nickel-boron
deposition.[2, 7, 8, 22, 24]

As we said earlier (in paragraph 1.2.6), two categories of reducing agents can be used
to synthesize electroless nickel-boron deposits: borohydride compounds such as NaBH4

or KBH4 and amineborane compounds such as dimethylamineborane (usually cited as
DMAB). According to the reducer that is used and the plating conditions, it is possible
to obtain deposits containing from 1 to 8% boron. In this section, we will describe only
borohydride-based bath as it the class of bath that was used in this study.

In the following sections, the reactions that take place inside the nickel-boron depo-
sition baths are first described, then the problem of the very restrictive pH conditions
needed for the good operation of those baths is discussed and finally some typical bath
compositions are presented.



1.3. Electroless nickel baths. 17

1.3.1.2.1 Deposition reaction in borohydride-reduced electroless nickel-boron baths.

There are two principal reactions involved in the deposition of electroless nickel-boron.
The first one is the reduction of metal by the borohydride ion and the second one is the
formation of metallic boron that is then codeposited. The reduction reaction is not very
dependent on the metal that is reduced and is thus used to describe the deposition of
nickel but also of other metals such as those used as stabilizing agents.

The reduction of nickel by sodium borohydride follows equation 1.9 [7]:

2Ni2+ +NaBH4 + 4OH− → 2Ni+NaBO2 + 2H2O + 2H2 ↑ (1.9)

This reaction leads to the formation of a boron-based by-product, NaBO2, that can
accumulate in the bath during operation and may need to be removed in industrial (replen-
ished) baths. The build up of this sodium borate can lead to several problems concerning
bath operations and deposit quality that will be discussed later. The previous reaction is
of course accompanied by the ’autogeneration’ of metallic boron following equation 1.10:

2BH−4 + 2H2O → 2B + 2OH− + 5H2 ↑ (1.10)

Both reactions are accompanied by hydrogen evolution that can induce hydrogen trap-
ping in the coating if the growth rate is high. When this phenomenon is observed, a heat
treatment at low temperature to facilitate hydrogen release can be beneficial for the coat-
ing’s properties.

Non negligible amounts of other metals can also be deposited together with the nickel
and boron due to the use of heavy metal salts as stabilizing agents in electroless baths.
Those metallic ions can be reduced by boron according to equation 1.11.

xMey+ +NaBH4 + 4OH− → xMe+NaBO2 + 2H2O (1.11)

As was said before, the reaction that describes the codeposition of other metals with
nickel is very similar to nickel deposition.

The spontaneous formation of nickel boride Ni2B is also possible, as in equation 1.12

8BH−4 + 4Ni2+ + 18H2O → 2Ni2B + 6H3BO3 + 25H2 ↑ (1.12)

The 4 reactions that were just described are the desired reactions in electroless nickel-
boron baths. However, other reactions can also take place in those baths and some of
them can be very detrimental to bath operation, as shown in section 1.3.1.2.2.

1.3.1.2.2 Stability and unwanted reactions of the borohydride ion.[2, 7]

Sodium borohydride is a very unstable compound. It hydrolyzes in slightly alkaline,
neutral and acidic media. This implies that borohydride-reduced baths must always op-
erates at a very high pH (> 12). The hydrolysis reactions in various pH conditions are
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described hereunder. Those reactions are very detrimental to bath operation because they
use an important part of the reactive and deplete the bath. They can lead to very low
(and even possibly null) reaction rate.
In slightly alkaline solution, the hydrolyze of borohydride follows equation 1.13.

BH−4 + 2H2O → BO−2 + 4H2 ↑ (1.13)

This reaction can be very detrimental to electroless deposition because the deposition
reactions induce a constant reducing of the pH value, as shown in equations 1.9 and 1.11.
When the pH value reaches 12, equation 1.13 becomes possible and the borohydride ceases
to be active for the reduction of nickel. To avoid this, borohydride baths formulation must
contain a strong alkaline compound (such as concentrated NaOH) and eventually a buffer-
ing agent. A regular or, if possible, continuous pH verification is also indispensable and
alkali additions may be needed.

If the pH is lowered further, the following equations can take place in neutral (equation
1.14) and acid (equation 1.15) solutions. However, if the bath is managed carefully, the
pH conditions needed for those parasitic reactions is never reached.

BH−4 + 4H2O → B(OH)−4 + 4H2 ↑ (1.14)

BH−4 +H3O
+ + 2H2O → H3BO3 + 4H2O (1.15)

1.3.1.2.3 Importance of the complexing agent in borohydride-based baths.[2, 7]

As borohydride-reduced electroless deposition baths work in strongly alcaline con-
ditions, preventive steps must be taken to avoid nickel hydroxide precipitation. This
precipitation follows equation 1.16 and the solubility (Ks) of nickel hydroxide at 25℃
is Ks =[Ni2+] × [OH−]

2
= 10−16. As the electroless baths operate in strongly alkaline

conditions (pH = 14), it is possible to simplify the Ks expression because [OH−]=1.

Ni2+ + 2OH− → Ni(OH)2 (1.16)

If a complexing agent is used, the equilibrium reaction between the free and complexed
forms of the nickel ions is:

Men+ + Z Complexing agent↔Me(complexing agent)n+
z (1.17)

The stability of the complex increases together with the value of the complexing con-
stant (Kc), that is expressed by equation 1.18.

KCNi-Complexing agent
=

[Complex]

[Complexing agent]z × [Ni2+]
(1.18)

When a complexing agent is used, the concentration of free Ni2+ ions is greatly de-
creased and the importance of the decrease is proportional with the stability of the com-
plex. This allows to reach free nickel ions concentrations that are lower than the threshold



1.3. Electroless nickel baths. 19

for Ni(OH)2 precipitation, thus avoiding the presence of particles in the bath that can
serve as germs for the destabilization of the solution. Moreover, the decrease of the free
ions concentration influences strongly the value of the mixed potential: as was shown in
equation 1.5, the equilibrium redox potential of the Ni/Ni2+ couple becomes more and
more negative when the free Ni2+ decreases, meaning a more negative mixed potential
can be established.

UNi/Ni2+ = U0
Ni/Ni2+ +

2.3 ∗RT
2 ∗ F

log
[
Ni2+

]
= −0.25 +

0.059

2
log
[
Ni2+

]
(1.5)

The use of a complexing agent decreases the affinity of the reaction because it de-
creases the gap between the equilibrium potentials of the Ni/Ni2+ and the ’oxidized
agent/reducing agent’ couples. This is a great opportunity for bath control because a
wise choice of complexing agent allows to finetune the value of the mixed potential and
consequently to regulate the plating rate. However, the composition and plating operation
must be optimized for each complexing agent separately.

1.3.1.2.4 Typical formulations and operating conditions for borohydride-reduced electro-
less nickel-boron baths. [2, 6, 7, 22, 29]

Borohydride is the most powerfull of the reducing agents suitable for electroless nickel
deposition. As we already said, sodium borohydride is not stable in neutral and acid
media, so plating must be carried out at pH over 12. It is possible to reduce approxi-
matively one mole of nickel using one mole of borohydride (0.6kg of NaBH4 for 1kg of
Ni). Strong complexing agents (such as ethylene diamine) are needed to avoid the precip-
itation of nickel hydroxide. Typical electroless nickel-boron deposition bath compositions
are shown on tables 1.1, 1.2 and 1.3.

Constituents -
parameters

baths
Bath 1 Bath 2 Bath 3 Bath 4

Nickel chloride, g/l 20 30 24 36
Sodium hydroxide, g/l 40 40
Ammonia (28 % NH3), g/l 120 132
pH 12-14 12-14 10-12 10-12
Sodium borohydride, g/l 0.67 0.6 0.4 2.2
Ethylene diamine, g/l 44 50
Thallium sulfate, g/l 0.07
Temperature, ℃ 97 90 60 40
Plating rate, µm/h 8.8 12.5 1.3 0.7

Tab. 1.1: Typical compositions for electroless deposition baths.[30]
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Constituent or
condition

Aminoborane Borohydride

Bath 7 Bath 8 Bath 9
Bath
10

Composition
Nickel chloride, g/l 30 24-48 20
Nickel sulfate, g/l 50
DMAB, g/l 3-4.8 3
DEAB, g/l 3
Isopropoanol, mL 50
Sodium citrate, g/l 10
Sodium succinate, g/l 20
Potassium acetate, g/l 18-37
Sodium pyrophosphate, g/l 100
Sodium borohydride, g/l 0.4
Sodium hydroxide, g/l 90
Ethylene diamine, g/l 90
Thallium sulfate, g/l 0.4

Operating conditions
pH 5-7 5.5 10 14
Temperature, ℃ 65 70 25 95
Plating rate, µm/h 7-12 7-12 15-20

Tab. 1.2: Typical compositions for electroless deposition baths.[22]

Nickel chloride, g/l 31
Sodium hydroxide, g/l 42
Ethylene diamine (98%),
g/l

52

Sodium borohydride, g/l 1.2
Thallium nitrate, g/l 0.022
pH >13
Temperature, ℃ 93-95

Tab. 1.3: Typical composition for a borohydride-reduced electroless nickel deposition bath.[29]

In most electroless nickel-boron baths, nickel is provided as chloride or sulfate and is
complexed by ethylene diamine. The amount of reducing agent is generally in the range
0.4-1.2g/l but some baths operate with concentration up to 2.2g/l. The pH of all baths
is over 10 and is adjusted using either sodium hydroxide or ammoniac. The operating
temperature is generally high (around 95℃) but the baths with higher NaBH4 concentra-
tions are used at lower temperature (40-60℃), for very specific application were heating
is prohibited and deposition rate is not the main goal (their deposition rate is close to
1µm/h instead of 10µm/h or more for high temperature baths).
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The choice of stabilizing agent is what differentiates most nickel-boron baths: while
thallium, in its nitrate or acetate form, is probably the most effective agent and is widely
used [2, 6, 7, 22, 29, 31], its toxicity has lead to research for alternatives. Recently devel-
oped baths operate with lead compounds such as PbWO4 [7, 8, 32] or PbNO3 [33, 34]. In
all cases, the amount of stabilizer is never higher than 0.5g/l.

1.3.2 Bath control parameters.[2, 7, 15, 22, 25, 27, 33, 35–38]

The chemistry of electroless nickel baths is far more complex than that of electrolytic
baths, particularly because many precautions must be taken to avoid destabilization and
uncontrolled deposition on the walls of the deposition cell.

Bath operation can be operated with good quality, stability and reproducibility only
if a great number of parameters are fine tuned coordinately. The deposit growth rate is a
function of those parameters and can be written as [2, 7]:

deposition rate = f

(
T, pH,CNi2+ , CRed, CORed,

S

V
,K,B, n1, n2, . . .

)
(µm/h) (1.19)

In this expression,

• T represents the bath temperature,

• pH is of course the pH of the solution,

• CNi2+ is the free nickel ions concentration,

• CRed is the reducing agent concentration,

• CORed is the consumed reducing agent concentration. This amount is linked to the
formation of byproducts,

• S
V

is the ratio between the surface of the sample and the volume of solution (i.e.
bath charge),

• K is the complexing agent concentration,

• B represents the influence of accelerating agents,

• n1,n2,. . . represent other factors such as agitation, contamination, age of the bath,. . .

We will now discuss shortly the influence of those parameters on the deposition rate
and the deposit quality. This section does not intend to be an exhaustive review of the
influence of the many variable parameters on bath operation but rather to be a short
reminder of the most important parameters. Further information on bath operation can
be found in the abundant literature dedicated to the deposition of electroless nickel-boron
[7, 8, 36, 39–43] and nickel-phosphorous [2, 25–27, 35, 44–47] coatings.
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1. Influence of bath temperature.

Temperature is one of the more important control parameters for electroless baths
because the heat is the only energy source for the deposition process. Moreover,
the kinetics of the reactions taking place in the bath are very strongly influenced
by the temperature. Consequently, there are few electroless nickel-boron baths that
operate at low temperature because reaction rates are too small below 40℃ for the
formation of deposits. On the other hand, most baths operate under 95℃ because
the very high reaction rates obtained over this temperature induce a loss of bath
stability. The effect of temperature on the reaction rate is similar whatever the bath
chemistry and the reducing agent.
This effect implies that the operating temperature is chosen wisely to provide the
best possible compromise between fast deposition and stability. It also indicates
that this parameter must be closely monitored and that the presence of any hot
spots in the deposition unit must be avoided because even a very localized overheat-
ing can engender a plate out (destabilization) of the bath. This leads to very strict
operating instructions as far as temperature control is concerned.
The choice of the heating method for the solution must be made to avoid the for-
mation of hot spots. An external heating such as water (or oil) bath can be a wise
choice for a small unit but the use of resistive heaters is often preferred for bigger
deposition tanks.

2. Influence of pH.

As was said earlier in diverse sections, the pH of the solution is very important.
When nickel ions are reduced, the pH of the solution decreases continuously (equa-
tion 1.9) and this causes generally an increase of the equilibrium potential of the
reducing agent’s couple, thus leading to a diminution of the potential gap between
the equilibrium couples of the metal and the reducing agent, all this resulting in a re-
duction of the deposition rate. To avoid this, buffers are usually added to deposition
baths and the bath pH is monitored and adjusted if needed.

3. Effect of the reducing agent’s concentration.

The amount of reducing agent in the bath is of course an important parameter for
the deposition rate. However, the ratio between the reducing agent and the nickel
ions concentration is the important parameter as there is an optimum value of this
ratio for quick deposition.

4. Influence of the nickel ions and complexing agent concentrations.

As most of the electroless processes use complexing agent, the concentration of nickel
ions has a very small influence on the deposition rate: the free ions concentration
is lowered by several orders of size by the addition of the complexing agent and it
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stays nearly constant over the deposition process as long as the total nickel ions
concentration is sufficient. As nickel is put in an important excess in electroless
baths, the effects of nickel depletion are not observed because it is preceded by the
depletion of the reducing agent.
The effect of the complexing agent concentration is more marked: the deposition rate
usually increases when a small amount of complexing agent is added and decreases
for high concentrations.

5. Influence of stabilizer concentration.

As the stabilizer blocks a lot of the catalytically active sites, it has a tremendous
influence on the deposition rate. Any other conditions kept constant, the deposi-
tion rate will decrease with an increase in the amount of stabilizer. However, if no
stabilizer is used, the bath may be unstable and thus be unsuitable for deposition.
This is the reason why most stabilizers are used only in minute quantities.

6. Influence of the bath charge and agitation.

Those two parameters influence the deposition rate but their influence must be
studied for each bath chemistry.

7. Influence of the bath aging.

Bath life of electroless nickel solutions is limited, even in the case of continuous
filtration and replenishment. The bath life is calculated from the number of times
the nickel content of the initial bath has been consummed (MTO : Metal Turn
Over). The extension of bath life is a constant preoccupation of the people that
use electroless plating in industry [48]. The deposition rate of aged baths decreases
strongly.

As we have seen, the parameters that influence the deposition of electroless nickel are
numerous. For this reason, a very strict monitoring of the process is always needed.

1.3.3 Bath replenishment.

We have seen in the previous section that nickel is put in excess in the bath and that an
industrial bath can be used for several MTO, meaning its nickel content can be replaced
many times. To implement this prolongation of the bath life, a regeneration or replen-
ishing process is needed and can take several forms, from the simple periodic addition of
new reactives in the bath to a continuous bath analysis accompanied by filtration and
additions.

It is not the object of the present work to study the regeneration of electroless nickel-
boron deposition baths but, as we work with a bath that was developed in our department
by Dr Delaunois [7, 8], we had to take some interest in the regeneration process in order
to implement it for our bath.
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Replenishment is indispensable for an economic (and hopefully ecologic) use of elec-
troless deposition: the electroless deposition bath contains compounds that do not react
during operation, such as the complexing agent, or that are in strong excess, such as
nickel salts. The use of non-regenerated baths implies that every unreacted substance is
disposed of after one use of the bath. This brings an important cost in waste treatment
and in reactive replacement. Moreover, as some of the reactive present a non-negligible
toxicity, bath regeneration decreases strongly the risk of toxic matter release in the envi-
ronment. For those reasons, we decided to implement a very basic regeneration process
for our bath, that will be described in the experimental section.

However, as regeneration is mainly an industrial concern, we won’t describe it any fur-
ther in the theoretical part. Pertinent information can be found in the following references
[2, 45, 48–53].
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2. PROPERTIES OF NICKEL-BORON DEPOSITS.

The theory and practical aspects of electroless deposition have been introduced in the
previous chapter. This one is dedicated to another important aspect of those deposits:
their properties.

The attributes of electroless nickel-boron deposits are of great interest in regard to
their industrial applications. They are very often compared to the characteristics of nickel-
phosphorous coatings as those are more widespread. As nickel-phosphorous coatings are
not the object of this work, we won’t include a section on their properties.

2.1 General properties, composition and morphology of nickel-boron
deposits.[2, 7, 54]

The denomination ’electroless’ puts into evidence one of the most important properties of
this kind of deposits: they are synthesized without the use of an external current source.
This is very important for potential applications because it means that

• they can be deposited on non-conducting substrate (the substrate doesn’t have to
channel the electrical power needed for their formation);

• they are exempt of edge current effects. This means that the deposit thickness is
not contingent on the current repartition in the part and is thus constant on the
whole substrate, even in the case of complex shapes, as is shown on figure 2.1.

Fig. 2.1: comparison of thickness homogeneity of elec-
troless and electrolytic deposits. Fig. 2.2: brightness of an electro-

less nickel-boron deposit.

One other general characteristic of electroless nickel deposits is their bright aspect,
that is shown in figure 2.2.
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Those two properties are common to all electroless deposits, contrary to those that
are described in this section and the next ones for electroless nickel-boron deposits.

The boron content of electroless nickel-boron deposits varies between 0,5 and 10%
boron. This content depends on the bath chemistry and operating conditions.

The morphology of electroless nickel-boron deposits is very distinctive: cross-section
observation reveals a columnar structure due to the deposit growth (see figure 2.3) and
their surface presents a typical ’cauliflower-like’ aspect that is the consequence of the
growth mechanism of the coating (see figure 2.4). The morphology of the coating seems
strongly related to its growth mechanism.

Fig. 2.3: Cross-section of a nickel-
boron deposit showing the
columnar structure.[55]

Fig. 2.4: Surface of a columnar nickel-boron deposit
showing the typical ’cauliflower-like’ surface
texture.[55]

They are not many works dedicated to the study of the morphology and growth of
electroless nickel-boron coatings but the few existing works offer many useful information.

In 1986, Clerc [54], described the structure of electroless nickel-boron coatings as con-
stituted of several layers of columns. She observed that the number of columns in each
stratum decreased with increasing distance form the substrate. This phenomenon is at-
tributed to an important germination of the columns in the early phase of deposition that
enters in concurrence with column growth in the later growth of the deposit. 3 main
classes of columns were thus identified: the smaller ones, that are the first to be blocked,
are never bigger than 2,5µm; the second layer is constituted of columns with an average
size of 5 to 6µm; the third layer constitutes the rest of the deposit. She did not describe
her operating conditions but the drawings of her experimental set up suggest an non agi-
tated and non replenished bath.

Rao et al. [56] have observed the formation of electroless nickel-boron deposits in a
non-replenished and non-agitated bath. While their results could not be extrapolated
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to industrial baths (which operate under agitation and nearly always constant replenish-
ment), they are pertinent in view of an experimental bath. They observed, in the first
stages of their experiment, the typical columnar morphology of electroless nickel-boron
deposits but this was then replaced by a nodular growth later in the experiment. Accord-
ing to them, this morphology is due to the formation of a thick diffusion layer near the
deposits when the bath depletes in reactive species (as shown in figure 2.5). This diffusion
layer would then slow the growth of the columns and induce a new germination phase
leading to the nodular layer.

Fig. 2.5: Diffusion layer on top of nickel-boron deposit during deposition [56].

As there is so few information about the formation of the coatings and its influence on
their morphology, a section of our experimental work will be dedicated to those subjects.

2.2 Structure of as-deposited nickel-boron deposits.

The structure of as-deposited nickel-boron coatings is of a very great importance for their
in use properties. This structure is greatly modified by any kind of heat treatment that
is applied to the nickel-boron after the deposit synthesis.
As one of the aims of this work is to describe and model the structural modifications
occurring during heat treatments, an in depth knowledge of the initial state is needed.
This is the reason why we will describe the structure of as-deposited coatings as in depth
as possible from the knowledge of the literature.

2.2.1 The nickel-boron phase diagram and the equilibrium structure of nickel-boron
alloys.

The solubility of boron in solid nickel is very low and boron and nickel can form several
line compounds such as Ni3B, Ni2B, Ni4B3 and NiB [57]. As such, the nickel-boron
phase diagram (shown on figure 2.6) predicts a mixture of c.f.c nickel and orthorhombic
Ni3B (with a structure similar to cementite Fe3C) for alloys with a boron content lower
than 5.8 wt.% (or 25 at.%). Between 5.8 and 8.5 wt.% of boron, the equilibrium structure
is composed of Ni3B and Ni2B phases.

2.2.2 Structure observed by X-ray diffraction in nickel-boron deposits
[2, 7, 22, 31, 33, 54–56, 58–60].

As boron has a very low solubility in solid nickel and diffusion is very difficult in the
range of temperature used for electroless deposition, it is not surprising that the structure
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Fig. 2.6: Nickel-boron phase diagram. [57]

of nickel-boron deposits, as observed by X-ray diffraction, is different from the expected
equilibrium structure.

In a macroscopic point of view, nickel-boron deposits are supersaturated solid solutions
of boron in nickel. Most authors consider that the structure of the deposit is microcrys-
talline for the lowest boron contents and becomes progressively amorphous when the boron
content increases, reaching a completely amorphous character for 5 to 6 wt% of boron.
This is supported by X-ray diffraction data, as shown in figure 2.7, which present a typical
X-ray diffraction pattern for an ’amorphous’ electroless nickel-boron deposit.

Some researcher have discriminated the amorphous and crystalline phases in nickel-
boron deposits by X-ray diffraction pattern deconvolution [60]. They have followed the
amount of crystalline and amorphous phases in electroless nickel-boron deposits with vari-
able boron content.

It is generally accepted that electroless deposits with 4 to 6 wt.% are fully amorphous.
However, the amorphous character of nickel-boron deposits has been described as early as
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1970 [61] and has never been questionned since in the literature. In regard of the recent
discovery (in the late 1980’s [62, 63]) of nanostructured (or nanocrystalline) materials, it
is a real possibility that the gerenally accepted structure is not the most revelant. We
will, in the next section, discuss some generalities on nanocrystalline materials and ex-
amine if it is possible to consider electroless nickel-boron coatings as materials of this type.

Fig. 2.7: Typical X-ray diffraction pat-
tern for an electroless nickel-boron
coating.[58]

Fig. 2.8: Disposition of atoms in nanocrys-
talline material (black circles =
atoms in crystal; open circles =
atoms in boundaries) [63]

2.2.3 Notions of nanocrystalline structure and application to electroless nickel-boron
deposits.[63, 64]

The concept of ’nano’-materials was introduced by gleiter [62], in the late 1980’s. Nanocrys-
talline materials are polycrystals with grain size in the nanometer range (less than 100nm
in at least one dimension). They are characterized by a large volume fraction of grain
boundaries (or interfaces), which can alter their properties compared to those of ’macro-
crystalline’ coarse-grained materials. Assuming that grains are spherical (or cubic), it is
easy to estimate the volume fraction of boundaries in the material as 3∆

d
(where ∆ is

the average grain boundary (or interface) thickness and d is the average grain diameter).
This volume fraction is of the order of 50% for 5nm grains, while it is only 3% for 100nm
grains [64].

Nanocrystalline materials are often considered as formed of dispersed nanocrystals
(with a structure similar to coarse-grained crystals) and of a continous boundary phase
[65–67] that is considered as a ’frozen gas’ [62] by some authors and as ’cement-like’
[68] by others. The cement-like theory is derived from early (1910s) theories about grain
boundary structure in coarse grained materials. Phillpot et al. think that the most impor-
tant feature of grain boundaries in nanocrystalline materials is not their detailed atomic
structure but the existence of heavily disordered structural inhomogeneities of more or
less uniform width which act as a ’cement-like’ phase holding the grains together but
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they cannot affirm that this grain-boundary phase is actually amorphous[68]. A ’dilated
crystal’ model was also proposed [65]. The grain boundary phase has always a lower den-
sity than the crystallized phase in nanocrystalline materials. A schematic representation
of the grains and grain-boundaries in nanocrystalline materials is shown on figure 2.8.
Properties of nano-grain-boundaries, especially their thermodynamic properties will be
discussed in more details in the model development (part III)

Keeping in mind this definition of nanocrystalline materials, one must now try to see if
it can be applied to electroless nickel deposits and in particular to electroless nickel-boron,
based on the published data available on those coatings.

• As early as 1983, Watanabe [59] published an extensive study of the structural prop-
erties of DMAB-reduced nickel-boron coatings, for a wide range of boron content
(up to 17.1 at.%). As of today, this work stays the more extensive study of this
kind. The thin sections were obtained by dissolution of the substrate. The TEM
observation was thus carried out parallel to the growth direction of the coating.
They concluded that films containing 5.5 at.% B were composed of

... the aggregation of Ni microcrystals about 10nm in size.

As their paper predates the concept of nanocrystalline materials by some years, the
nanocrystalline nature of this particular nickel-boron alloy cannot be questioned.

In the same paper, they describe coatings with a boron content of 7.9 at.% B as

... an aggregation of many microcrystals about 3nm in size and has high
elastic strain. The formation of the lattice strain implies an increase in in-
ternal strain together with a decrease in the size of Ni microcrystals. This
structure shows a transitional state from the crystalline to the amorphous
phase.

This description matches what one would expect of a nanocrystalline material. How-
ever, as those materials had not yet been described, the authors used the concepts
in use in their time and suggested an amorphous character of the coating.
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The same can be told about coatings with 17.1 at.%B (3.6 wt.%B) which are de-
scribed as

... almost homogeneous amorphous structure. However, ... , some lattice
fringes are observed. The spacing of these fringes... agrees with that of Ni
111. Hence the above results suggest that this film has area where score of
atoms arranged orderly in the amorphous matrix are dispersed. However,
the structure ... may mean that this plated film consists of aggregation
of microcrystals with a size about 1 nm in diameter. For observations of
lattice image by transmission electron microscopy only the lattice plane
which is parallel or very nearly parallel to the incident beam gives lattice
fringes in the photograph, but there is a possibility that the microcrystals
also exist in the area from which the lattice fringes are not observed. ...
it should be considered that the lattice fringes ... result from the real
existence of ordered regions of atoms. For this reason the Ni-B film has a
heterogeneous structure with very fine crystals about 1 nm in diameter,
distributed in an amorpous structure. This heterogeneous structure was
termed ’amorphous-like’ ....

If one looks at this description using the newer knowledge of nanocrystalline ma-
terials, it is obvious that the material is described as nanostructured, the so-called
amorphous matrix being the grain-boundaries, which constitute the greater part of
the material for grain sizes under 5nm.

Most of the works on nickel-boron coatings still use nowadays the ’amorphous-like’
concept introduced by Watanabe et al.

• Kumar and Nair [60], also carried out an extensive structural study of electroless
nickel-boron coatings in 1984 (thus before the first paper on nanomaterials). Their
work was mainly focused on the deconvolution of the X-ray diffraction profiles of
nickel-boron coatings to calculate the relative intensities of the crystallized and
’amorphous’ phases. When read with the knowledge of nanocrystalline materials,
their work can indicate that the coatings, which they consider as amorphous, is in
fact nanocrystalline.

• Recent work done on the structural characterization of electroless nickel-phosphorous
by APFIM (Atom probe field-ion microscopy) and TAP (Tomographic atom probe)
lead to several conclusions that are of great interest in our case. Cerezo et al.[69]
measured, by atom probe techniques, the grains size and segregation of phospho-
rous in electroless nickel with varying phosphorous content. Table 2.1 presents the
results they obtained. They obtain an unquestionable nanocrystalline structure for
coatings with P content as high as 22 at.%.

The structure of electrodeposited Ni-B is slightly different but not unlike that of
electroless Ni-B. It can thus be reasonably assumed that electroless Ni-B coatings
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with roughly the same composition can be considered as nanocrystalline and not
as amorphous as they are usually described [2, 22]. It can be useful to note that
Riedel emitted doubts about the structural characterization of electroless coatings
on pages 68 to 71 of his book ’ Electroless nickel plating’ [2].

Material Grain size (nm)
Large grained Ni � 100
Ni 18.3± 0.7
Ni-9 at.%P 13.0± 0.4
Ni-22 at.%P 7.3± 0.1

Tab. 2.1: Grain size in electrodeposited Nickel-Phosphorous alloys measured by atom probe
techniques [69].

• As there is few extensive work on structural characterization of electroless NiB, we
took a look at what was done in the case of electrodeposited Ni-B alloys [70, 71].
The work of Gaevskaya et al. [71] is really interesting in this regard. They recorded
X-ray diffraction patterns for coatings containing up to 30 at.% B. Their results are
very similar to results obtained for electroless deposits of comparable composition.
They also determined the average grain size from their X-ray diffraction data. They
obtained a grain size of 3.5 nm for a coating with 6 at.%B.

All the works described above indicate a strong possibility that the structure of elec-
troless nickel boron coatings has been to some extent wrongly described as amorphous
while it is in fact nanocrystalline.

The strong tendency to segregation that is common to both phosphorous and boron in
traditional metallurgy [72–79] is also observed in the case of electroless or electrodeposited
coatings when modern methods of investigation are used [69, 80, 81]. As this tendency
to segregation is known to impede grain coarsening [82], it is not unexpected that an in-
crease in boron or phosphorous content in the alloy should be accompanied by a sensible
reduction in grain size, that can, for very high solute content, reach sizes so small that
the materials are nearly amorphous.

To support this, figures 2.9 and 2.10 present X-ray diffraction patterns obtained on
nanocrystalline TiO2 and NiP. Both sets of diffraction curves are very similar and they
resemble strongly the typical X-ray pattern of NiB coatings (see figure 2.7). The similarity
of those X-ray diffraction data can be verified by the examen of other works focused on
structural characterization of nanostructured materials [83–85].
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Fig. 2.9: X-ray diffraction patterns of nanocrystalline TiO2 with an average grain size of a - 21.6
nm, b - 14.8 nm, c - 9.2 nm, d - 4.6 nm.[85]

Fig. 2.10: X-ray diffraction patterns of nanocrystalline NiP (3.6%atP) with average grain size
of a: 9nm, b: 11nm, c: 22nm, d: 33nm, e: 78nm.[80]
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It is not possible to draw a definitive conclusion on the structural characteristics of
electroless NiB coatings using only published data. For this reason, we will dedicate a
section of our experimental work to the experimental observation of the structure of our
coatings by transmission electron microscopy. It can be however interesting to note that
even authors that consider electroless nickel coatings as amorphous state that they contain
ordered nuclei (see figure 2.11) [86].

Fig. 2.11: schematic illustration of nuclei growth of NiP alloy in 2D (20 at.% P) [86].
(left) Ordered clusters of as-deposited coating.
(right) Crystalline nuclei in the alloy after P segregation.

2.3 Physical properties of nickel-boron deposits.

The physical properties of nickel-boron coatings, just as many of their other properties,
vary with the amount of boron contained in the coating. The present section is not
dedicated to a complete description of theses properties, but rather to an overview of the
main tendencies in these properties.

2.3.1 Density [2, 7, 22].

The density of electroless nickel-boron deposits is always lower than the density of pure
bulk nickel (8.91) and decreases when the boron content increases. It is generally accepted
that deposits with 5 wt.% B have a density of 8.25.

2.3.2 Porosity [2, 55].

Electroless nickel-boron coatings can be used as protection against corrosion. As their
protection is of a cathodic (barrier) type, their (lack of) porosity is very important for
this kind of applications. It is possible to assess the porosity of an electroless coating by
accelerated corrosion tests.
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In the case of a porous coating, the substrate is not perfectly isolated from the corro-
sive environment by the coating and can suffer some damage due to corrosion. It is thus
very important to avoid at all cost the presence of defects (and especially of transversal
porosity) in electroless coatings when they are destined to corrosion applications.

While the first generations of electroless nickel-boron baths did not allow to prepare
coatings with sufficient compactness, recent developments have lead to coatings that are
at least as compact as electroless nickel-phosphorous coatings and present a very low pore
density [55].

2.3.3 Melting point [2, 7, 24].

The melting point of electroless nickel-boron coatings follows the prediction of the Ni-B
alloy phase diagram (fig 2.6). It varies between the melting temperature of pure nickel
(1455℃) and the temperature of the eutectic solidification of Ni/Ni3B (1093℃), meaning
that the melting temperature, just like the density, decreases with an increase of boron
content.

2.3.4 Electrical and magnetic properties [2, 7, 40, 87].

The presence of boron leads to an increase of resistivity of the deposits, as compared
to pure nickel, which goes from 8µΩ × cm for pure nickel up to 90µΩ × cm for a de-
posit with 5 wt.% boron. Deposits with 1 wt. % boron have a lower resistivity (around
10 to 20µΩ×cm) and deposits with 7 wt. % boron can reach values as high as 190µΩ×cm.

As-deposited nickel-boron coatings are slightly ferromagnetic. Baskaran et al.[27] mea-
sured the magnetic hysteresis loop of deposits with varying boron content (fig 2.12). They
observed a decrease of the saturation field with an increase of boron content of the de-
posits. As a matter of fact, the magnetic properties of electroless nickel-boron coatings
evolve similarly to their grain size or crystallinity.

Fig. 2.12: Magnetic properties of electroless nickel-boron deposits.[40]
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2.3.5 Thermal properties [2, 7, 22].

The thermal conductivity of electroless nickel-boron is influenced by their boron content
and thermal history. There are few, if any, published numeric data for this property and
one is limited to qualitative assessments.

The thermal expansion coefficient of Ni-5wt.% B coatings has been measured as
12.6µm/m× ℃, compared to 13.3µm/m× ℃ for pure nickel. It can be further mod-
ified by an heat treatment to reach 10.8 µm/m×℃.

2.3.6 Solderability [2, 7].

Electroless nickel is often used in microelectronics because of its good solderability [45, 88–
92]. The solderability of electroless NiP coatings has been studied much more extensively
than NiB but NiB is easily solderable and is used as a barrier against diffusion in flip
chips if the boron content of the coating is low [87, 93, 94].

2.3.7 Adhesion of NiB coating on the substrate [2, 7, 22, 24, 32, 55].

The adhesion of electroless nickel-boron coatings is good on metallic substrates. It is
difficult to obtain precise quantitative information on this kind of properties because of
the high sensitivity of the measure to the experimental method. However, here are some
results that can be used to back this affirmation: pulling out tests carried out with epoxy
glue have shown that the adhesion of the electroless nickel-boron coating to the substrate
was greater than the cohesive resistance of the glue (68.9 MPa).

Dr Delaunois carried out scratch tests on nickel-boron coated aluminium [7, 32] and
has shown the good adhesion of those coatings.

2.4 Mechanical and tribological properties of nickel-boron deposits.

The mechanical properties of nickel-boron deposits have been of great interest for a lot of
industrial applications because they are, even in the as-deposited state, quite remarkable.
As a section of our experimental work is dedicated to the mechanical and tribological
characterization of electroless nickel-boron coatings, we will try the describe them as
clearly as possible in order to provide the reader with a comparison point for our results.

2.4.1 Internal stress[2, 7, 22].

The internal stress level of electroless nickel-boron deposits is usually very high (and
higher than the stress level in electroless nickel-phosphorous deposits). Typical values
for borohydride reduced coatings are 110 to 200 MPa and the internal stress level can
reach 480MPa for coatings with 0.6 wt.% boron. The internal tensile stress level seems
to be decreased by an increase of boron content of the coating but stays high in every case.
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It has to be noted that the internal stress level is strongly dependent on the coating’s
thickness and is higher in thicker deposits. Other factors such as bath temperature and
composition have also a significant influence on this parameter.

Hydrogen entrapment, which was an important problem of early nickel-boron deposi-
tion technologies, can also increase the internal stress level. However, recent technological
development have allowed an important reduction of this phenomenon.

A too high internal stress level can lead to several problems during the use of the
coating, such as premature breakdown of the part by fatigue of the substrate, loss of
deposit adherence and cracks formation in the coating.

2.4.2 Hardness[2, 7, 8, 22, 24, 31, 32, 39, 42, 55, 58, 95].

The hardness of electroless nickel-boron coatings is remarkable because it reaches, in their
as-deposited state, 650 to 750 hv100, instead of 500 to 700 hv100 for electroless NiP de-
posits. Moreover, as we will see in section 3, well chosen heat treatments can be used to
increase it to higher values still.

It is often difficult to compare hardness values obtained by different research groups
because they do not use the same additives and operating conditions, and thus the effect
of boron on the deposit properties is difficult to isolate. However, a recent paper by
Anyk et al. [39] has studied the hardness of electroless nickel-boron coatings with variable
boron content. As the results were obtained by a sole group, we can use them to describe
the effect of boron on the properties. The hardness of electroless nickel-boron deposits
increases from 500 hv100 for 5wt.% boron to nearly 800 hv100 for 8wt.% boron, as shown
on figure 2.13.

Fig. 2.13: Effect of boron content on hardness of as-deposited electroless nickel-boron.[39]
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2.4.3 Young’s modulus, ductility, yield strength.[2, 7, 24]

Nickel-boron coatings have a relatively low ductility and tensile strength (Rm). A deposit
with 5 wt.% boron has an elongation of 0.2% and a yield strength of roughly 110MPa.
The modulus of elasticity of those coatings is close to 120GPa and their final elongation
is close to 0.25%.

2.4.4 Roughness [54].

The roughness of nickel-boron coatings has not been studied very much. However, in the
early days of this technology, Clerc did an extensive research on this subsject [54]. The
roughness of electroless nickel-boron deposits is dependent on the substrate roughness.
This is due to the growth mechanism of the coating that forms columns locally perpen-
dicular to the surface. If the substrate is smooth, the columns will be parallel and the
coating will be even smoother than the substrate. However, if the substrate is rough, the
columns will be arranged in a ’fan’-like disposition and the coating will be rougher than
the substrate.

2.4.5 Wear resistance and friction coefficient [2, 7, 22, 24, 54, 55, 58, 95–97].

Electroless nickel-boron deposits have a low friction coefficient (fig. 2.14) when compared
to other materials such as hard chrome or electroless nickel-phosphorous. The value of the
friction coefficient is 0.12 in lubricated condition and 0.43 in dry sliding. This coefficient
is nearly constant during the testing, as shown on figure 2.15.

Fig. 2.14: Friction coefficient of electroless
nickel-boron against steel, in lu-
bricated conditions; comparison
with other materials. [55]

Fig. 2.15: Evolution of the friction coeffi-
cient of nickel-boron deposits dur-
ing testing.[58]
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Wear resistance of electroless nickel-boron coatings is better than nickel-phosphorous
coatings. Wear tests carried out by Sankara et al. [96] led to wear losses of 2.45 ×
10−10kg/(N ×m) for NiB and 4.6× 10−10kg/(N ×m) for NiP. As can be seen on figure
2.16, the wear resistance of electroless nickel-boron is better than hard chromium, which
is often considered as the reference coating for tribological applications. Typical value of
Taber Wear Index for as-deposited electroless nickel-boron (with CS-10 wheels) is 9.

Fig. 2.16: Wear loss of electroless nickel-boron and comparison with other materials.[55]

Electroless nickel-boron deposits have good wear properties because, firstly, the boron
in the deposits can act as a solid lubricant and decrease adhesive, fretting and abrasive
wear, secondly, the typical ’cauliflower-like’ surface texture reduces the contact area up to
70% and decreases as a result the friction between the parts, and finally, the ’cauliflower-
like’ texture is favourable to the retention of lubricants.

2.4.6 Fatigue resistance [22]

As electroless nickel-boron coatings have a tendency to cracking under cyclic load, they
can lead to a significant decrease of the fatigue resistance of the substrate by 10 to 50%.
The importance of this effect is influenced by various factors such as deposit composition,
thermal history and the initial fatigue resistance of the substrate. The fatigue resistance
of the susbtrate is also dependent on the deposit thickness: the thicker the deposit, the
higher the decrease of the fatigue limit (fig: 2.17).
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Fig. 2.17: Effect of NiB deposit thickness on the fatigue resistance of the substrate.[22]

2.5 Corrosion resistance of nickel-boron deposits.[2, 7, 22, 31, 55, 98, 99]

The corrosion resistance of electroless nickel-boron, while reputed to be less good than
electroless nickel-phosphorous deposits in some media, is better than the resistance of
electrolytic nickel coatings. Electroless nickel-boron coatings are used as cathodic pro-
tection, and as such, a great part of their action is linked to their ability to completely
isolate the substrate from the corrosive medium.

Electroless nickel-boron coatings have an interesting resistance to non-oxidizing min-
eral acids, hydrofluoric acid and heavy metals. Data about the relative corrosion resistance
of nickel-boron in various media can be found in Riedel’s ’Electroless Nickel Plating’ [2].

Tests carried out by Riddle et al. [99] proved that electroless nickel-boron coatings
provided a protection against corrosion for 380 hours, and even for 1000 hours, using the
ASTM B117-02 standard. The coating is left undamaged after this test, as shown on
figure 2.18.

Other research groups [31, 39, 98] have recently studied the corrosion resistance of
electroless nickel-boron coatings by electrochemical methods, and mainly Electrochemical
Impedance Spectroscopy (EIS). They obtained single semi-circles for as-deposited coatings
and a good corrosion resistance (event if it is not as good as the best electroless nickel-
phorphorous coatings), as shown on figure 2.19
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Fig. 2.18: Electroless nickel-boron coating after a 380 hours long corrosion test.[99]

Fig. 2.19: EIS results on an as-deposited electroless nickel-boron coating.[31]

2.6 catalytic properties.

The catalytic properties of electroless deposits, and particularly of electroless nickel-
boron, have been studied with great interest in recent years [100–110], mainly as a
catalyst for the hydrogenation of various chemicals, such as soy bean oil, sulfolene and
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p-chloronitrobenzene. It is well known that nickel possesses catalytic properties, and
Raney’s nickel is a very widespread catalyst. The advantages of electroless deposits for
this kind of application is that they can be deposited on any support, once the surface
has been sensitized to deposition. Moreover, the thickness of the coating can be easily
adapted to the need of the user.
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3. INFLUENCE OF HEAT TREATMENT ON THE PROPERTIES OF
NICKEL-BORON DEPOSITS.

Heat treatment is often applied to electroless nickel-boron coatings because it allows the
enhancement of several properties in ways that will be described hereunder. Typically,
heat treatments are carried out in neutral atmosphere (argon-based) or in air, between
150 and 450 ℃, and for relatively short times (up to 10 hours).

Heat treating electroless nickel-boron deposits induces important modifications of
nearly every properties of electroless nickel-boron coatings. For this reason, we will ex-
amine each group of properties and how they are modified by those treatments. The
properties linked to the microscopic state of the deposits are subject to very important
changes while the macroscopic properties are less influenced.

3.1 Morphology, composition and general properties of heat treated
nickel-boron deposits.

Fig. 3.1: cross section of an eletroless nickel-
boron deposit after heat treatment
at 180℃. [32]

Fig. 3.2: cross section of an eletroless nickel-
boron deposit after heat treatment
at 450℃. [32]

The composition and general properties of electroless nickel-boron deposits are ’macro-
scopic’ properties. As such they are not really influenced by heat treatments. The
morphology of the coating stays mainly unmodified after conventional heat treatments
[2, 7, 32, 34, 96] and retains its columnar aspect (fig. 3.1 and 3.2) and ’cauliflower-like’
surface texture. It is nevertheless possible to modify the visible morphology by treatment
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at high temperature [111]. Moreover, even in cases where the morphology was not visibly
modified, important diffusion phenomena have been reported on some substrates, such as
aluminium alloys [7, 32].

3.2 Structure of heat treated nickel-boron
deposits[2, 7, 22, 31–33, 39, 59, 60, 98, 112–114].

Electroless nickel-boron coatings possess, in their as-deposited state, a non-equilibrium
structure: the Ni-B phase diagram predicts a mixture of crystallized Ni and NixBy phases
and the observed structures can be considered as either nanocrystalline monophase nickel
or an amorphous phase. Consequently, any heat treatment applied to those coatings
will induce important modifications and structural reorganization in the coating. Those
modifications can be studied either by X-ray diffraction (post treatment or in situ) or by
Differential Scanning Calorimetry (DSC).

The modification appears, on X-ray diffraction data, as either the crystallization of a
previously amorphous phase or the growth of previously very small grains, according to
the chosen description for the as-deposited coating. In any case, heat treated coatings
appear, after a sufficient heat treatment, to be fully crystalline and their grain size, which
can be obtained from the breadth of the X-ray peaks, increases with increasing treatment
length and temperature.

The structural modifications become noticeable when the treatment temperature ex-
ceeds 250℃ and the use of calorimetry allows to determine the crystallization temperature
of the various NixBy phases (such as Ni, Ni2B, Ni3B and Ni4B3). The phases that are
observed and the temperature at which they are formed depends strongly on the boron
content of the deposits: deposits with a very small boron content (less than 1 wt.%)
are fully crystallized (with large nanocrystallites or even microcrystals) even in their as-
deposited state because such small amounts of boron do not constitute an obstacle to the
crystallization of nickel during the deposition process. Consequently, those deposits do not
present any detectable structural modification during heat treament. Deposits containing
1 to 4.5 wt.% boron are not fully crystallized after deposition and the nanocrystals they
contain are modified during heat treatment. In this range of composition, only the crys-
tallization of Ni3B is observed by DSC, between 300 and 350℃. Between, 4.5 ant 7 wt.%
boron, the crystallization of Ni3B is followed by another DSC peek, slightly over 400℃
that corresponds to the formation of Ni2B. This is shown on figure 3.3 for an electroless
deposit with 6.4wt% boron. Deposits with more than 7wt.% boron will only present the
Ni2B peak in DSC. However, some authors have detected another peak around 350℃,
that is attributed to Ni4B3, as shown on figure 3.4.
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Fig. 3.3: DSC profile of an electroless nickel-boron deposit with 6.4wt.% boron [31]

Fig. 3.4: DSC profile of an electroless nickel-boron deposit showing crystallization of the Ni4B3

phase.[98]

Fig. 3.5: DSC profile of an electroless nickel-boron deposit showing the change of crystallization
temperature with the boron content ( 0.9 to 8.2 wt.%) .[112]
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The crystallization temperature of the different phases is influenced by the boron con-
tent of the deposit, as is shown on figure 3.5. Moreover, the boron content influences
strongly the kinetics of the nickel borides formation which is retarded in presence of a low
boron content because boron must first be concentrated by diffusion[113].

After heat treatment, several phases can be found in nickel-boron coatings, depending
on their boron content and thermal history, among which Ni, Ni2B, Ni3B and Ni4B3. The
crystallography of the Ni3B phase has only recently been described [115].

It is usually accepted that the crystallinity of electroless nickel-boron deposits increases
with length and temperature of the heat treatment, as shown on figures 3.6 and 3.7.

Fig. 3.6: Structural evolution of electroless nickel-boron deposits during heat treatment.[39]
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Fig. 3.7: Structural evolution of electroless nickel-boron deposits during heat treatment.[33]

3.3 Mechanical and wear properties of heat treated
nickel-boron[2, 7, 22, 31–33, 39, 42, 114].

The important structural reorganization induced by heat treatment is accompanied by
a modification of the mechanical properties of the coatings. Those modifications are of
course strongly influenced by the temperature and length of the heat treatment: the hard-
ness of the deposits is first improved by heat treatment up to an optimum. However for
treatments longer or hotter than the optimum, a degradation of the mechanical properties
is observed due to grain growth and decrease of grain-boundaries density (according to
the Hall-Petch effect).

Fig. 3.8: Effect of treatment temperature on hardness of electroless nickel-boron coatings. Heat
treatment length: 1 hour [42].
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Several studies have been made about the optimal heat treatment for electroless nickel-
boron [7, 31–33] and it is now widely accepted that a treatment of one hour at 400℃, or
equivalent, allows to obtain the best mechanical properties for electroless nickel-boron, as
shown on figures 3.8 and 3.9. The hardness of those deposits can reach 1200 hv100.

Fig. 3.9: Effect of treatment temperature on hardness and wear resistance of electroless nickel-
boron coatings. Heat treatment length: 1 hour [22].

Hardness is not the only mechanical property of electroless nickel-boron coatings that
is favorably influenced by heat treatment: the wear resistance of the coatings is also im-
proved by crystallization, as shown on figure 3.9. As a matter of fact, the heat treatment
conditions that give the best hardness are also those who maximize the wear resistance
of the coating.

However, heat treatment is not always beneficial for electroless nickel-boron as they
can lead to an increase of internal stress in the coating. As such, they are thus detrimental
for the fatigue resistance of the substrate material. The evolution of the fatigue resistance
of steel coated with a 5wt.% B electroless nickel coating is shown in table 3.1 during heat
treatment. While they induce a loss of hardness, heat treatments at higher temperature
(600 to 800 ℃) suppress the fatigue sensitization of the substrate by formation of a diffu-
sion layer at the substrate-coating interface.
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Heat treatment conditions Fatigue limit (MPa)
Nude steel 350

As-deposited coating 270
250℃, 1h 260
350℃, 1h 245
400℃, 1h 270

Tab. 3.1: Evolution of the fatigue limit of steel (0.42%C) coated with electroless nickel-5 wt.%
boron during heat treatment. [22]

3.4 Corrosion resistance of heat treated nickel-boron
deposits[2, 7, 22, 31, 39, 98].

The corrosion resistance of electroless nickel-boron coating is lower after a crystallization
heat treatment than in the as-deposited condition, as shown on figures 3.10, 3.11 and 3.12.
Most authors attribute this comportment to the structural modification of the coating:
the crystallization that occurs during the heat treatment is said to be accompanied by
the formation of defects and grain boundaries that are of lesser importance in as-plated
coatings [31, 39, 98]. Moreover, as the heat treatment can induce cracking in some coat-
ings, its detrimental effect on the corrosion properties is undiscussed.

Fig. 3.10: Effect of heat treatment temperature on the EIS comportment of electroless nickel-
boron coatings.[39]
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Fig. 3.11: EIS results on heat treated electroless nickel-boron coating [31]

Fig. 3.12: Effect of heat treatment length and temperature on the EIS comportment of electroless
nickel-boron coatings.[98].
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4. APPLICATIONS OF ELECTROLESS COATINGS.

It is not our objective to provide an exhaustive review of the numerous applications of
electroless nickel coatings, as they are extensive works presenting those [2, 22, 116, 117].
However, we feel that any work carried out on those coatings would be incomplete without
a section, whatever short, on their practical uses as they dictate the research for better
and better properties of the deposits.

In the very beginning, electroless nickel-coatings were developed as a protective coat-
ing for the transport of molten sodium hydroxide. Their good corrosion resistance ensures
that they are still very much used in the chemical industry, for applications as various as
compressors and valves (see figure 4.1) in the chlorine industry, transport and handling
of chemicals, distillation apparatus and coolers. Electroless-nickel coatings allows the re-
placement of costly alloys by cheaper ones that can reach the same corrosion resistance
with the coating. They are often cheaper, and just as effective as other alternative for the
chemical industry such as glass or PTFE-coated steel [116].

The food industry uses also electroless nickel for various applications such as packing
apparatus and molds (see figure 4.2). The meat transforming (mainly the minced meat
production) and bread making industries make a great use of electroless nickel coatings to
reduce the corrosion of their equipment due to exposition to sodium chloride [22, 116, 117].

Fig. 4.1: Electroless nickel coated
control valve.[117]

Fig. 4.2: Electroless nickel coated mold for agri-food
industry.[117].
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The petroleum and gas industry is also a great user of electroless nickel, which is used
to coat pumps, valves and pipes because it has a good comportment to abrasion, corrosion
and heat, and also to erosion corrosion [22, 46, 116]. In this industry, electroless nickel is
used in all types of operation, either on surface, downhole or off shore. Ball valves (figure
4.3) and downhole drill motor rotors (figure 4.4) are usually coated with eletroless nickel
.

Fig. 4.3: Electroless nickel coated 105
cm ball valve plug.[116]

Fig. 4.4: Electroless nickel coated downhole drill mo-
tor rotors.[116]

In the automotive industry, the applications of electroless nickel are numerous: it
is often used to enhance the performances of steel and aluminum components such as
heat sinks, pistons, engine bearings, pinion gear shafts (figure 4.5), synchronizer rings,
hose couplings,carburetor parts and exhaust systems [22, 99, 116–118]. Recently, the suc-
cessful application of electroless to plastic portable fuel containers (figure 4.6) has been
reported [119].

Fig. 4.5: Electroless nickel coated pinion gear
shaft.[99]

Fig. 4.6: Electroless nickel coated
portable fuel container.[119]
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In the aerospace industry, electroless nickel plating is used in the refurbishing of motor
parts [116, 117, 120] but also to enhance the durability of various elements such as landing
gear, flap and actuators components, navigational systems (see figure 4.7), metallic optics.
The defense aerospace industry uses electroless nickel for catapult covers and caps and
missile guidance systems (see figure 4.8). In defense applications, electroless is used to
coat firearms parts and allows the construction of lubrication-free armaments [121].

Fig. 4.7: Electroless nickel coated navigational
system.[116]

Fig. 4.8: Electroless nickel coated mis-
sile directional canister.[117]

The electronics industry is also a great user of electroless nickel coatings. The most
well known application in this field is hard drive manufacturing (see figure 4.9), for which
electroless nickel has become a standard barrier coating to avoid interferences between
opposite sides of the disk [22, 116, 117]. Printed circuit boards do also make an important
use of electroless nickel [45, 87, 122] because it is solderable and constitute a good diffusion
barrier. The electroless-nickel/immersion gold (ENIG) finish is a standard procedure in
the electronic industry. An important part of the research about electroless nickel nowa-
days concerns its use in printed board applications and its comportment to soldering and
reheating.

Electroless nickel is also used in sand foundry to coat the parts used to shape molds
because it has a good resistance to abrasion and the resins used do not adhere to this
material. In various industries using molding as a shaping process, such as the glass,
ceramic and plastic industries (see figure 4.10), electroless nickel is used to protect the
mold against abrasion and corrosion. In the printing industry, electroless nickel is used
for the coating of printing rolls, while it is also used in the textile industry to decrease
the wear of parts that are in direct contact with the textile fibers. A lot of industrial
machinery, such as saw blades and chain saws are also regularly coated with electroless
nickel to reduce their wear and corrosion.
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Fig. 4.9: Electroless nickel coated mem-
ory discs.[116]

Fig. 4.10: Electroless nickel coated molds.[116]

Finally there are other, less current, applications for those coatings, such as ultra-
high precision molding dies [123], ultra-high solar absorbers for optical instruments (after
an appropriate blackening treatment) [124] and the reduction of friction in orthodon-
tic wire [125]. Recent research on the catalytic activity of electroless coatings indicates
future applications in catalysis and in particular for the hydrogenation reaction [100–110].
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INTRODUCTION.

The present part of this work is dedicated to experimental set-ups and results. It is di-
vided in several chapters and sections, each one emphasizing one particular point of the
project.

The first chapter of this part will be dedicated to the description of the experimental
procedures that were used for the production of electroless nickel-boron. This chapter
will be constituted of 3 main parts, corresponding respectively to the bath composition
and operating conditions, the sample preparation procedures and the deposition cells. In
each part, the evolutions and improvements of the set-ups and procedure will be described.

The second chapter will be alloted to the experimental work carried out to develop a
semi-predictive, batch, bath replenishment. This section may look out of place in a work
that uses a pre-established bath but it is not devoid of interest. First of all, because the
implementation of bath regeneration, whatever rudimentary, allows the saving of impor-
tant amounts of reactive and decreases the cost of waste treatment, and finally because
working on bath composition and its evolution gave very useful indication about some
mechanisms of the deposition process.

The third chapter will focus on a more fundamental aspect of our work, which is the
description and understanding of the formation of the deposits. Surprisingly, there is very
little work in the electroless nickel-boron community dedicated to the formation of the
coatings and its influence on the properties. Most of the work focuses either on the de-
velopment and improvement of bath chemistry and operation or on the characterization
of the coatings. What happens during the immersion is nearly never discussed in the
literature. However, as the deposition itself conditions all the properties of the coatings,
we thought it was useful to try and see how this was happening.

The fourth and fifth chapters of this part are dedicated to more classical work about
the characterization of electroless nickel-boron deposits, in their as-deposited state and
after heat treatments. The aim of those chapters is to describe in the most complete way
possible the coatings that we synthesized in order to compare them with other products.
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5. EXPERIMENTAL SET UP AND PROCESS, BATH
COMPOSITION AND OPERATION.

The experimental part of this work is completely based on a bath (and the correspond-
ing operating conditions) that was developed by Dr Fabienne Delaunois during her PhD
project [7]. However, a lot of the procedures were developed specially for this work and
the experimental setting was greatly modified. The objective of this chapter is thus to
describe the procedures as they were first developed by Dr Delaunois and the successive
modifications we implemented to improve the quality of the samples or increase their size.

5.1 Bath composition and operating conditions.

The bath we use is a borohydride-based bath. As such, there are a few conditions that
have to be respected for smooth operations. First of all, as we said in section 1.3.1.2.2, the
borohydride ion is not stable in acidic, neutral and slightly alkaline media. This means
that the pH of the bath must be very high in all circumstances to avoid destabilization.
For this reason, it will contain an important amount of sodium hydroxide. The second
condition is a direct consequence of the pH: to avoid the precipitation of insoluble nickel
hydroxide, the nickel will be complexed in this bath.

The electroless nickel-boron deposition solution formulated by Dr Delaunois has the
following composition [7]:

• 24g/l nickel chloride hexahydrate (NiCl2.6H2O)

• 39g/l sodium hydroxide (NaOH)

• 59g/l (60ml) ethylene diamine (NH2–CH2–CH2–NH2)

• 0.021g/l lead tungstate (PbWO4)

• 0.482g/l sodium borohydride (NaBH4)

This bath operates at 95℃, under continuous agitation. The average immersion length
is 1 hour and the resulting coating is roughly 15− 20µm thick.

As the complete formulation is quite unstable, even before being heated, the bath is
constituted of 3 solutions. The first one contains the nickel chloride, sodium hydroxide,
ethylene diamine and distilled water and is called the basis solution. The second one is a
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solution of the stabilizer (lead tungstate) in concentrated sodium hydroxide. The last one
is the reducing agent, dissolved in concentrated sodium hydroxide. The break up of the
bath in 3 solutions not only allows to avoid destabilization before the use of the bath but
is also really useful for the replenishment as it is possible to add the main components in
a non-dependent manner.

Before deposition, the basis solution is heated up to 95℃. The stabilizer and reducing
agent are then added, successively, just before the sample is immersed. Great care is
taken during the addition of those reactive because their faulty dispersion could lead to
serious operation problems. They are thus added under strong agitation, near the center
of the cell.

The stability window of this bath is not very large: the solution is definitively desta-
bilized when heated over 97℃ and when its pH is lowered. For this reason a very fine
control of the parameters must be carried out and the temperature must always be kept
within 1℃ of the consign. Hot points in the plating installation must also be avoided at
all cost.

5.2 Substrate preparation procedures.

Surface preparation of the substrate is a crucial step of the electroless plating process
because of its catalytic nature: if the sample is not entirely clean and free of pollution,
the formation of the deposit will be difficult and can even be impossible in extreme cases.
To obtain a clean, catalytically active surface, the preparation procedure must adapted
to the nature of the substrate. In this section, we will discuss the procedure we applied
to aluminum alloys and steel (stainless and mild).

Before any preparation, the pieces that are to be coated must be cut accordingly to
the tests they will be submitted to. If necessary, holes are drilled in the parts to allow
mounting on the sample-holding system.

Whatever the nature of the substrate, the surface condition is of tremendous impor-
tance for the process. All the parts are thus mechanically polished up to 4000 mesh.
Depending on the shape of the part, a metallographic polisher or a hand polisher can be
used. After the polishing, the chemical part of the surface preparation process is carried
out. It differs for every kind of substrate.

Most of our experimental work was carried out on mild steel, as this substrate is
cheap, easily machinable, can be submitted to various heat treatments without losing
its mechanical properties and requires only a very simple surface preparation process.
However, as this project is a follow up of Dr Delaunois’ work on nickel-boron coating
of aluminum alloys, some of our experiments were carried out on aluminum. For this
reason, the preparation process for this kind of alloys, while fastidious, will be described
hereunder along with the process we developed to prepare steel.
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5.2.1 Chemical preparation steel samples.

The chemical preparation of steel is very straightforward, even in the case of stainless
steel. We were able to develop a single procedure that allowed us to plate monophased
steel alloys : extra mild steel (ST 37 grade) and austenitic stainless steel (AISI 304).

After polishing, the samples are degreased in acetone or isopropanol. They are then
submitted to an activation etching in 30 vol.% hydrochoric acid, for 5 minutes, rinced in
distilled water and directly immersed into the deposition bath.

In the case of stainless steel, while the procedure is perfectly identical with mild steel,
the less important surface reactivity of the samples requires that the hydrochloric acid
is renewed far more often. In rare cases, principally just before the acid is changed, the
etching was not sufficient to activate the surface of some stainless steel samples. The
deposition was thus initiated by putting the sample in contact with a less noble metal
(zinc) in the solution.

5.2.2 Chemical preparation of aluminum-based samples.

The chemical preparation of aluminum samples is far more complicated than the prepa-
ration of steel, for diverse reasons.

First, aluminum is a very reactive metal and a protective oxide layer is spontaneously
formed on this metal when exposed to air. This layer is very stable from a chemical point
of view and is not at all catalytic.

Secondly, aluminum is amphoteric and dissolves in strongly alkaline media. This means
that a continuous protective coating must be deposited on the sample before its immer-
sion in the electroless nickel-boron bath. We have chosen to coat the sample with a thin
coating of electroless nickel-phosphorous, using an acid bath.

After polishing, the aluminum parts are first degreased in acetone or isopropanol. They
are then desoxidized with a commercial acid solution (Ridoline 124N, Henkel®). After
this, they are rinsed in distilled water before being submitted to the double zincate process.

The aim of the zincate process is to replace the unreactive Al2O3 surface layer by
a zinc-based layer that is dissolved during the deposition of the protecting layer and
allows the initiation of the acid nickel-phosphorous deposition by displacement of nickel
[2, 7, 126, 127]. The process is the following:

• Immersion for one minute in a commercial zincate solution (ARP 303 ZN, Mac
Dermid).

• Distilled water rinse.

• Immersion for 30 seconds in 50 vol.% nitric acid.
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• Distilled water rinse.

• Immersion for 30 seconds in a commercial zincate solution (ARP 303 ZN, Mac
Dermid).

• Distilled water rinse.

• Immediate immersion in the electroless nickel-phosphorous bath.

All operations are carried out at room temperature.

This particular treatment is called ’double zincate’ process because it involve 2 im-
mersions in the zincate bath. It allows the growth of a continuous, extremely thin and
fine grained zinc layer on the aluminum surface : the first immersion leads to the growth
of an irregular layer with overlapping grains, that leads to an incomplete coverage. The
dissolution of this layer by nitric acid leaves only very small residues on zinc on the surface
that later serve as germ for the growth of the final zinc layer during the second immersion
in the zincate bath [7]. The zincate process and its influence on the roughness and surface
topography have been extensively studied by Alexis [126].

As we already said, the double zincate process does not allow the immediate immersion
of the part in the alkaline nickel-boron bath. The part is thus first immersed in an acid
commercial nickel-phosphorous bath (Niklad 767, Mac Dermid) for 5 minutes. This leads
to the formation of a roughly 5µm thick mid-phosphorous NiP protective layer on the
substrate. After this, the sample can be conserved some time before the actual electroless
nickel-boron deposition.

5.3 Experimental setting.

Fig. 5.1: Schematic representation of the early deposition cell [7].
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The experimental setting has been greatly modified in the progress of this work, for vari-
ous reasons. Our early setting was a double-walled cell, thermostatted by oil circulation.
The agitation was carried out by the rotation of the sample that was mounted on a home-
made mechanical agitator, as shown on figure 5.1. The capacity of this cell was 0.8 liters.

The first reason that lead to the successive modifications of the experimental set-up
was the aspect of the samples: the agitation mean used on the early cell was not at all op-
timal and the samples presented flame-like surface effects (see figure 5.2) that were caused
by inhomogeneities in the coating’s structure. Those inhomogeneities, while acceptable
for the development of a bath, were very detrimental to the fine characterization of the
coating.

Fig. 5.2: Flame-like surface defects on electroless nickel-boron deposits synthesized in the early
deposition cell.
Sample 6: best results obtained on early deposition cell.
Sample 11: results currently obtained.

Another, and very important, driving force for the changes implemented to the de-
position cell, was the size of the early cell. The maximal sample size that was risk-free
coated in this cell was a cylinder with a diameter of 25 mm and a thickness of roughly
10 mm. While this kind of sample is useful, it is impossible to use them for some tests,
such as Taber abrasion tests or electrochemical corrosion tests, due to their small size. A
bigger cell was thus needed if those characterization were to be implemented.

The third reason for the cell modification is the regeneration of the bath: in the early
configuration, the implementation of bath regeneration is nearly impossible because the
amount of reactive is very small which leads to important errors. In this configuration,
it is necessary to use a new bath for every sample and this leads to wastage of an im-
portant amount of reactive. However, the use of greater quantities of solution reduces
the importance of the measuring errors and will allow the implementation of a basic bath
regeneration.
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The modifications were carried out in 2 phases. The first phase began at the very
beginning of the project and concerned only the agitation mechanism. The second phase,
more radical, consisted of a complete replacement of the early cell by a newer, bigger one.
As a long time elapsed before the final cell was operational, a very important part of the
project was carried out using the old cell. As such, we think it is important to describe
all set up adaptations. They will be separated in 2 sections: the agitation modification
will be discussed first, then the new cell.

5.3.1 Modification of the agitation system.

In order to improve the surface state of the deposit, the agitation system was greatly
modified. A 4 blades mechanical agitator was placed on the vertical axis of the deposition
cell in the position used earlier for the sample holder. This blade agitator is propelled by
a electrical motor with varying speed. The sample is maintained in the bath by the mean
of a threaded rod fixed to the cell roof, at a distance of the cell center equal to a half of
the cell radius, as shown on figure 5.3.

Fig. 5.3: Modified installation with new agitation mean.

The material chosen for the agitator, was PTFE. Stainless steel was used for an early
test but electroless nickel deposited on the surface after 2-3 uses, which rendered the
system unusable. However, this problem was less important for the PTFE agitator: the
deposits that form on the surface after 5-6 uses are easy to dissolve in concentrated nitric
acid without degradation of the PTFE. This allows almost infinite use of the agitator if
the cleaning is done carefully after each deposit and the agitator is soaked in nitric acid
every night during the deposition campaign.
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The choice of the agitation mean is not the only parameter that allowed the improve-
ment of the surface of the samples; the agitation speed and sample position were also
optimized for the small cell by a trial and error method. The results of this optimization
were that the agitation speed should be as low as possible (40 rpm in this case), that
the sample should be positioned at an angle of 75◦ with the radius of the cell (see figure
5.4) and that the samples should not be left static during the experiment but should be
rotated by 180◦ every quarter of an hour. This allowed to obtain an improved, nearly
homogeneous, surface texture that is shown on figure 5.5.

Fig. 5.4: Positions of the samples in the cell, in the new configuration.
left: perpendicular to the radius;
center: parallel;
right: 75◦.

Fig. 5.5: Improved surface texture of a sample synthesized in the new configuration.
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5.3.2 Design and implementation of the new deposition cell.

Even with the improved agitation system, the small early cell was not able to answer
all our needs for the synthesis of electroless nickel-boron samples: while the surface of
our samples was far better than with the early system, their size was still limited by the
small dimensions of the deposition cell. A new, bigger, one was thus put into use during
the project. This cell is constituted of a PTFE-lined thermostable bath with a nominal
capacity of 11 liters (see figure 5.6) and presents a lot of advantages compared to the older
one:

• it is auto-regulated (the temperature regulation of the early heater was based on
the measure of the temperature of the oil that circulated in the double-lined vessel),

• it warms quicker (the solution needed to be pre-heated in an external vessel in the
early configuration),

• the temperature of the bath is more homogeneous,

• the PTFE lining is less susceptible to electroless nickel deposition than the surface
of the old glass vessel,

• the increased volume allows to place more control means (thermometers, ...) in the
bath.

Fig. 5.6: New installation, with agitator and modular cover.
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The cell was initially coverless. However, as the work temperature is very high, the
loss of solution by evaporation was detrimental to the good working of the deposition.
The cover designed for this cell is a modular Plexiglas cover. It is constituted of 6 sections;
two of them are designed to hold the agitator and control thermometers, the others are
designed to hold 1 sample each and can be replaced by unperforated sections during the
heating and cooling phases.

As the agitation developed for the small cell was satisfactory, it was kept mostly un-
modified: the PTFE agitator was placed in the center of the cell, but the agitation speed
was slightly modified and was fixed at 60 rpm after optimization trials. The new cell
being exempt of cylindrical symmetry, the flow is very different from the older one and
it has been needed to adjust the orientation and movement of the samples. The samples
placement is as follow: one or two samples are hanged from the cover on each side of the
agitator. The samples are parallel to the small side of the cell and are not displaced during
the coating experiment (see figure 5.7). The surface state obtained in this configuration
is as good as with the optimized small system.

Fig. 5.7: Disposition of the samples in the new installation.
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6. REACTIVE CONSUMPTION DURING BATH OPERATION AND
BATH REPLENISHMENT.

As we said before, bath replenishment, while out of the main focus of this work, is a
much needed step for any work on electroless nickel, because it allows to cut the cost and
loss of reactive and to speed the synthesis by avoiding the heating of a new bath before
each deposition process. It is impossible to implement a replenishment process, whatever
primitive, without adequate knowledge of the evolution of reactive consumption during
plating. For this reason, an important part of the present chapter will be dedicated to
the study of reactive consumption.

This study was lead in 4 phases. The first, preliminary phase, was carried out with the
small deposition cell and aimed to select adequate methods to follow the concentration of
reactive. A second preliminary phase, carried simultaneously with the first one, allowed
to observe the major trends of the evolution of reactive concentration. The third step
consisted of a more detailed study of the reactive consumption, carried out on the bigger
cell and aimed to get a more precise idea of the reactive consumption. The fourth and
last step was the actual implementation of the replenishment.

6.1 Selection of the analytical methods for the measure of reactive
concentration in the bath.

Several analytical techniques were tested to study the concentration of reactive of the
bath, depending on the element to be analyzed. First, some simple methods were used to
measure the concentration of reactive in a new bath and their efficiency was evaluated.
In a second phase, other ones were implemented to supplement the inaccuracies of some
of the first ones.

6.1.1 Analysis of nickel concentration.

Three different methods were used for the titration of nickel in the solution: atomic ab-
sorption spectroscopy (AAS), ICP-AES (inductively coupled plasma - atomic emission
spectrometry) and a gravimetric method based on the formation of an insoluble complex
of nickel with dimethylglyoxime (see section ?? for a detailed description of this method.).
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All three of those methods present various advantages and disadvantages:

• Atomic absorption is a rapid and flexible method. However, it is usually used for
very diluted solutions (1 to 100 ppm), which is not the case for the titration of
nickel in the electroless nickel-boron bath. The solution must thus be diluted a
great number of times before being analyzed and those dilutions bring errors into
the measures.

• ICP-AES, while it usually allows to measure the concentration of several elements in
one run and thus to shorten the analysis time, could not be used in this way in our
case because of the great difference in the reactive concentrations. Moreover, the
ICP-AES apparatus is less flexible than the AAS and its operating cost is higher.

• The gravimetric method is time consuming because of the numerous steps and cool-
ing times it needs. Moreover, for this method to be really precise, the dexterity of
the operator is critical as there is a lot of sampling and dilution implied.

At first, the gravimetric method appeared to be the most effective because it can be
used on an undiluted solution. However, the length and complexity of the manipulation
were a obstacle to the implementation of a rapid regeneration process. For this reason, a
great effort was made for the dilutions needed before AAS and this method was chosen
for the measure of the nickel content of the bath.

The results obtained for the analysis of a new bath by this method are :

• Nominal concentration : 5.93 g of nickel by liter,

• Mean concentration : 5.843 g of nickel by liter,

• Confidence interval (95%) 5.76g/l < [Ni2+] < 5.94g/l.

Those results are well into the accepted range, knowing the nickel solution is synthe-
sized in a 5l beaker, which implies a non negligible error on the solution volume and thus
on the concentration.

6.1.2 Analysis of borohydride concentration.

ICP-AES (inductively coupled plasma - atomic emission spectrometry) was first used for
the measure of the boron concentration in the electroless bath, together with a colori-
metric method (see section ??). However, those techniques are not really adapted to this
testing because they measure the concentration of elemental boron which is not neces-
sarily the same as the borohydride concentration. Indeed, during the deposition process
some of the borohydride is oxydized in NaBO2 and other compounds that accumulate in
the bath and elemental analysis techniques cannot differentiate those compounds from
borohydride. The results obtained with those 2 techniques are thus not really reliable for
used baths.
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There is however an analysis method that allows to measure only the boron in its
borohydride form: the iodometric titration described in section ?? is based on the reaction
of borohydride with iodine (equation 6.1), which is selective with the oxidation state of
boron.

4 I2 + NaBH4 + 10 OH− → 8 I− +BO3−
3 + 7 H2O + Na+ (6.1)

This method, while not as quick as AAS, takes less than half an hour of manipulation
and the results that are obtained are quite good: analysis of a new bath leads to a boro-
hydride concentration of 0.568 g/l against a nominal concentration of 0.602 g/l, which
means an error of around 5%. This iodometric method is thus chosen for the systematic
investigation of the borohydride concentration in used baths.

6.1.3 Analysis of lead concentration.

The range of analytical techniques applicable for the measure of the lead concentration
is less wide than for the other elements because of the far lower concentration of lead in
the bath (the lead concentration is in the ppm range). AAS and ICA-AES are the only
techniques fit for this range of concentration. As in the case of nickel, AAS is preferred
because it is more flexible.

Measures carried out on a new bath lead to calculated concentrations ranging from
8.86 up to 10.48 mg/l instead of 9.56 mg/l, meaning an error of less than 10%.

6.1.4 Analysis of carbon concentration.

The carbon concentration of the bath was not included in the first stages of the consump-
tion study. However, in the course of the experiment, some questions were raised about
the comportment of ethylenediamine during the deposition process: did this component
decompose due to the heat and thus did it need to be replaced regularly? Or was it left
unmodified during the deposition process thus building up every time some was added?

Ethylenediamine being the only carbon-based component of the bath, the measure of
the total carbon concentration of the bath was used to study its comportment in the bath.
This method is based on the calcination of a known amount of solution and measure of
the quantity of emitted CO2 and is usually used in water and effluent analysis.

6.1.5 Evolution of bath pH.

The pH of the bath was evaluated using indicator papers, as this method is by far the
simpler to implement and is reliable.
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6.2 Preliminary study of reactive consumption in the small cell
(volume : 800 ml).

The aim of this preliminary study was to evaluate the evolution of the concentration of
the various reactive in the bath during the synthesis of a deposit. The objective was not
to obtain precise data but to observe the main trends of the reactive consumption, and
thus to be able to plan the experiment in the best way possible for the study in the 8 liters
cell. In this preliminary study, only the concentration of the 3 most important reactive
(nickel, borohydride and lead) were studied.

This study was carried out on baths that were used for the coating of a sample with a
surface close to 20 cm2, which means that the bath load is in the order of 25 cm2 per liter.
For this preliminary study, the samples were immersed in the bath for a predetermined
time, then the bath was left to cool down before sampling. This methodology was used
because the amount of solution needed for the bath analysis (50 ml) represents more than
6% of the total bath volume and its withdrawal modifies sensibly the bath which then
becomes unusable for further analysis.

6.2.1 Nickel consumption.

The preliminary study of nickel consumption was carried out mainly by ICP-AES and
AAS. The results that were obtained before and after the use of the bath where un-
reproducible and some anomalies were detected, such as an apparent increase of nickel
concentration. Those problems were studied in detail and several conclusions were drawn
from them:

• A sensible part of the anomalies can be explained by dilution errors. A greater
emphasis was put on experimental precision and the results obtained after this were
better.

• An observation of the solution level in the cell showed that the evaporation was
important. Moreover, this effect varies from sample to sample and brings thus a
non-reproducible factor in the experiment.

• The apparent increase in nickel concentration observed in certain cases is directly
linked to the solution evaporation. This evaporation happens mostly during the
pre-heating of the solution and the placement of the sample (when the cover is not
placed on the cell) but there is also a non negligible evaporation through holes of
the cover (around the sample, thermometer and agitator).

• The analysis of nickel consumption realized on the 800 ml cell cannot be used in
either a quantitative or qualitative way and the other results obtained on this cell
must be used with the utmost prudence.
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While those results could not be used, the experiment was not wasted because it put
an emphasis on some important points for the implementation of the study on the bigger
cell:

• The evaporation of the solution must be compensated (by a liquid addition) before
the analysis of the bath to obtain reproducible results.

• In order to study and compensate the bath evaporation, a mean must be imple-
mented to measure the bath volume or to mark the nominal volume of the bath.

• In order to limit the evaporation phenomena, the cell cover must be as air-tight as
possible. This means that the sections of the cover must be adapted as closely as
possible; the cover must be fastened and kept together by a closing system; the holes
destined to receive agitators, sample holders, thermometers and other appliances
must be the smallest possible and in the smallest number possible and unperforated
sections must be used whenever possible, mainly during heating and cooling phases.

• Another action that can be easily implemented to avoid excessive evaporation is to
pre-heat the solution in the cell (which was not practicable with the smaller cell)
and to shorten the periods when the cell is uncovered (placement and pick-up of
samples).

• The AAS results must be checked against another technique (in our case, the gravi-
metric method) in the early stages of the study to ensure that the experimental
errors are kept as low as possible.

6.2.2 Borohydride consumption.

The boron concentration was followed by colorimetry, ICP-AES and iodometry. However,
only the iodometric method gave usable results, even on new baths. Results obtained on
5 successive baths are listed in table 6.1. The values measured on new baths are very
close to the nominal value and the results of reproduced experiments are in very good
accord (the standard deviation for new bath and after a deposition of 60 minutes is less
than 4 mg/l).

Bath number Deposition time (min)
NaBH4 concentration
(mg/l)

nominal value 137
1 0 141
5 0 135
4 15 111
3 30 107
1 60 104
2 60 95
5 60 98

Tab. 6.1: Measure of borohydride concentration in electroless nickel-boron bath after deposition
(iodometric method).
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Contrary to the measure of nickel concentration, the experiment carried out with
borohydride seems reproducible and the results follow the expectations. The most of the
borohydride consumption seems to happen during the first 15 minutes of deposition, as
shown on figure 6.1. The study on the bigger cell will thus focus as much as possible
on the beginning of the deposition process to confirm this observation. However, as the
evaporation was not taken into account, it is possible that the apparent lower use of boro-
hydride during the last stages of the process is not so pronounced.

Fig. 6.1: Borohydride consumption, measured by an iodometric method, in the 800ml cell.

6.2.3 Lead consumption.

The lead concentration was measured by AAS and ICP-AES. The ICP results proved
to be less consistent than the AAS so only the latter were used for the study. Results
obtained on the same 5 baths as previously are listed in table 6.2. It is clearly visible
that the measures are less reproducible than in the case of boron (the standard deviation
is close to 1 mg/l, which amounts to nearly 10% of the measure). The results don’t look
anomalous and the lead use appears to be slightly more important in the beginning of the
deposition process, as shown on figure 6.2. However, these results must be confirmed by
testing on the bigger cell.

Bath number Deposition time (min) PbWO4 concentration (mg/l)
nominal value 9,56

1 0 10.48
3 0 8.86
5 0 9.968
4 15 8.506
3 30 7.73
1 60 7.46
5 60 5.487

Tab. 6.2: Measure of lead tungstate concentration in Ni-B plating bath after deposition (AAS).
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Fig. 6.2: Lead tungstate consumption in the 800ml cell.

6.2.4 Summary of the observations and actions to implement in the further study.

The observations made during this preliminary study will be transcribed into actions that
will be implemented during the reactive consumption study on the 8 liters cell. Here is a
summary of the most important ones:

• The evaporation of the solution induces irreproducibility in the concentration study.
Several actions must be taken to remedy this fact: the cell cover must be designed to
limit the size and number of openings; the plating procedure must be studied to avoid
opening of the cell cover; the cell must be equipped with a mean of measuring the
solution volume and the evaporation loss must be compensated before the chemical
analysis are carried out.

• Most of the reactive consumption seems to happen during the first 30 minutes of
the plating. This period must thus be investigated very thoroughly. However, as
the effect of evaporation may mask some phenomena later in the process, the later
part of the deposition will be studied as well.

• The measure of nickel concentration by AAS is the most adapted method but it
must be used very carefully (to avoid dilution errors) and it must be checked against
another method regularly.

• Iodometry is the best method for the measure of borohydride concentration.

• Lead tungstate must be measured by AAS if possible but great care must be taken
because of the important error observed on the measures.
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6.3 Study of reactive consumption in the 8 liters cell.

After getting a rough idea of the reactive consumption by the way of tests made with the
800ml cell, a better knowledge of it was needed. Tests were thus carried out on the 8
liters cell to determine the concentration profile of the various reactive.

For the implementation of those tests, simple 10 * 10 cm square sheets of extra-mild
steel were used. The bath load was modified by varying the number of samples placed
in the bath (0.5, 1 and 2 samples respectively). To follow the composition changes as
precisely as possible while modifying the bath load in the least possible extent, we chose
to withdraw approximatively 25 ml from the bath for each test. The sampling was car-
ried out firstly after the lead tungstate addition (and, in some cases but not all, after
the sodium borohydride addition) and then after 5, 10, 15, 20, 30, 45 and 60 minutes of
deposition.

6.3.1 Initial concentration of reactive in the bath.

Before any study of reactive consumption, it is indispensable to have a precise idea of
the initial amount of each chemical present in the bath. This is the object of the present
section.

The sampling of solution before the beginning of the deposition allowed us to measure
the exact lead tungstate (and, when possible, sodium borohydride) content in the bath
before operation. Those values were in most of case different from the nominal concen-
tration, as shown in table 6.3. The nickel content was measured only for the very first
trial run because the results obtained for this reactive were unreliable, as will be shown
in section 6.3.3.1, and is thus not discussed in this section.

Bath reference PbWO4 content (g) NaBH4 content (g)
nominal value 0.167 4.816
1 sample 0.224
1 sample (2nd run) 0.165 5.696
1 sample (3rd run) 0.166 4.917
2 samples 0.205
2 samples (2nd run) 0.218 4.109
2 samples (3rd run) 0.186 4.425
1/2 sample 0.182
1/2 sample (2nd run) 5.534
1/2 sample (3rd run) 0.207 5.732
1/2 sample (4th run) 0.218 6.127
Average 0.177 4.567
Standard deviation 0.022 0.749

Tab. 6.3: Measure of initial reactive concentration in the bath.
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As can be seen in table 6.3, only one sample (shown in red) is very close to the
nominal value for both the lead tungstate and sodium borohydride concentration. The
initial concentrations are always higher or equal to the nominal value for the lead tungstate
but there are a few occurrences of lower values for the sodium borohydride. The origins
of the dispersion of the values are multiple:

• The basis solution (containing the nickel, ethylene diamine and sodium hydroxide)
is prepared in a 5 liters beaker, which can already induce a slight error on the volume
and concentration. As 8 liters are needed, a whole beaker is used plus 3 liters drawn
out of another one. The measure of the 3 liters is another source of error. Moreover
it is not unusual that some liquid is lost during the transfer into the cell. It is thus
possible that the volume of solution present in the cell before the experiment is
sensibly smaller than 8 liters.

• The bath is heated before the lead tungstate and sodium borohydride are added.
While all precautions are taken to avoid evaporation, it is impossible to fully cir-
cumvent this phenomenon. As such, a further decrease of the cell volume can be
expected.

• The amount of lead tungstate solution that must be added is very small (less than 20
ml) and it is drawn from a larger volume prepared in advance (because that solution
is very stable). As such, the amount of lead tunsgtate added to the bath is usually
reliable. This is not the case however for the sodium borohydride: this solution is
very unstable and the 40 ml needed for a bath are prepared just before they are
used. As sodium borohydride cannot be put in contact with water, it is difficult
to rinse the container after emptying it in the bath. Moreover, the concentrated
sodium hydroxide solution in which this compound is dissolved is quite viscous and
it is difficult to avoid that a small amount of solution remains in the container. The
amount of sodium borohydride put in the bath can thus be, in some cases that we
try to avoid, slightly smaller than the nominal amount.

• The experimental technique used to measure the borohydride content of the solution
is an iodometric titration. It is thus very much influenced by the dexterity and ex-
perience of the operator and this technique can induce non negligible experimental
errors, even when the experiment is carried out with the utmost care.

As the initial reactive concentration varies slightly from bath to bath, we decided to
use a normalization of the values in order to compare different baths. This was carried
out by calculation of the initial divergence (difference between the measured and nominal
value) which was then subtracted from the measured data.



76 6. Reactive consumption during bath operation and bath replenishment.

6.3.2 Evaluation of the consistency of the experiment.

Now that steps were taken to ensure that the initial state of all baths is controlled and
corrected, there is a need for a way to discriminate eventual abnormal runs of the ex-
periment: as the electroless nickel-boron bath may be quite unstable, it was necessary
to ensure that the experiment was carried out in adequate conditions. To do this, the
samples were weighed before and after the deposition process to determine the amount of
nickel deposited on their surface. This allowed us to reject experiment during which the
amount of nickel deposited was abnormally low or high. Table 6.4 presents the amount
of deposit weighed on the samples during the regeneration experiment. The weights de-
posited with a similar load (the load is the ratio of the sample surface and bath volume)
are close. It is expected that different amounts of nickel are deposited when different bath
loads are tested.

Sample
bath load
(cm2/l)

deposit
weight (g)

1 sample (2nd run) 25 3.46

1 sample (3rd run) 25 3.12

2 samples (2nd run) 50 4.34

2 samples (3rd run) 50 4.79

1/2 sample (2nd run) 12.5 1.59

1/2 sample (3rd run) 12.5 1.39

1/2 sample (4th run) 12.5 1.52

Tab. 6.4: Amount of nickel-boron deposited on the samples after one hour, as a function of the
bath load.

6.3.3 Evolution of the concentration of reactive during deposition.

In this section, the actual results of the experiment will be discussed.
The evolution of the concentration of the various reactive in the bath was studied as

follow: samples were drawn just before the substrate is immersed in the bath, then after
5, 10, 15, 20, 30, 45 and 60 minutes. This was carried out without replenishment of the
bath, with a constant substrate nature (St 37 steel), position and size (10 * 10 cm). Most
samples were weighed before and after the deposition process to ascertain that the deposit
growth was unimpeded.

The samples of solution were analyzed as soon as possible after the experiment and
never later than 48 hours after their making. The techniques used were AAS for the follow-
ing of nickel and lead concentration and iodometric titration for the sodium borohydride
content.
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6.3.3.1 Evolution of nickel chloride concentration

As was already said in section 6.2.1, the study of nickel concentration in the bath is not
very easy: the AAS technique is quick but it needs important dilutions of the solution
and is not very reliable. The gravimetric technique is far too time-consuming to be imple-
mented for a systematic study of the concentrations (it takes at least 1 hour per sample
excluding the heating, cooling and settling times). Given the important number of sam-
ples that had to be analyzed, we chose to use the AAS method. Partial results obtained on
the first run of the experiment are found in table 6.5. As can be seen, the measured values
fluctuate due to experimental error in a range of roughly 10% of the value. However, the
nickel excess is such that the nickel content stays within the range of the experimental
error. It is thus impossible to use those results to assess the consumption of nickel.

Sample Nickel content (g)

Nominal value 192

Initial value 178.20

After 5 minutes 193.49

After 15 minutes 181.18

Tab. 6.5: Evolution of nickel chloride concentration during plating.

The study of the kinetics of nickel consumption in the bath was not carried out further
because of the very important nickel excess in the bath: the maximal amount deposited
during this experiment was weighed in the case of 2 samples plated simultaneously and
was 4.8g. If we consider that only nickel is deposited on the sample, we can obtain the
amount of nickel chloride needed to make this deposit: 19.4 g. That represents only 10%
of the initial amount of nickel present in the bath.

This very low relative consumption of nickel explains partially the difficulties encoun-
tered while following the evolution of its concentration. Moreover, as very few of the
initial nickel is used after one hour of deposition, there is no need for nickel replenishment
during the deposition, even when thicker samples are needed: the nickel concentration
will never become the rate limiting parameter of the process, except if extremely thick
coatings were envisaged, which is not the case.

6.3.3.2 Evolution of lead tungstate and sodium borohydride concentrations.

The evolution of lead tungstate and sodium borohydride concentrations were studied si-
multaneously, in order to evaluate if both reactive were used in the same manner or not.
First, the consumption in a bath with the typical load (one sample: 25cm2/l) was studied,
then the effect of bath load on the amplitude and kinetics of reactive consumption was
investigated.
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6.3.3.2.1 Evolution of the concentrations under the ’normal’ load of the bath.

Figure 6.3 presents the evolution of normalized reactive concentration during deposi-
tion with a bath load of 25cm2/l. Several observations can be made from this figure.

Fig. 6.3: Evolution of reactive concentration in the 8 liter cell with a load of 25 cm2/l.

• First, the experiment appears to be reproducible: 3 runs were carried out and the
curves for those follow the same trend. The borohydride concentration appears to
evolve in a very similar way for all samples, while the evolution of lead concentration
is somewhat different for each sample, however, in both cases, the end value is
similar.

• The low residual borohydride concentration indicates that the bath is nearly de-
pleted after one hour and that continuing the experiment after one hour without
replenishment is thus not useful to obtain thicker coatings.

• The evolution of the reactive consumption is similar to what was observed in the
800 ml cell with a load close to 25cm2/l (see figures 6.1, page 72 and 6.2, page 73).
The concentration decreases in a non-linear way, with an higher use of reactive at
the beginning of the process. The half of the sodium borohydride present in the
bath is consumed during the first 30 minutes and 70% of this reactive are used at
the end of the experiment (after one hour). The consumption of lead tungstate is
less important: only 40% of the reactive are used at the end of the experiment,
of which only 25-30% during the first 30 minutes. The choice of 30 minutes for
the timing of bath replenishment appears thus to be a good compromise between
deposition rate (the consumption rate is proportional to this rate) and practical
aspects (regeneration is carried out manually, so must not be too frequent to allow
preparation of the reactive).
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• The sodium borohydride seems to be consumed more regularly than the lead tungstate,
that appears to be used by steps. However, as the steps of lead tunsgtate consump-
tion are not the same on three runs and its concentration is very low, it is possible
that this comportment is an artefact of the analysis.

• A comparison of the initial sodium borohydride concentrations (table 6.3) and the
amount of nickel deposited (table 6.4) with the normalized concentration curve
shows that an higher initial concentrations (observed for the second run) induces
a more important nickel deposit and a more important consumption of reactive.
However, the real concentration of borohydride in the bath after the experiment
is similar in both cases (2.11g for run 2 and 2.21g for run 3 in real concentration
against 1.23g (run 2) and 2.11g (run 3) as normalized concentration). For the lead
on the opposite, the initial value seems not to have any influence on the amount of
reactive used during the experiment: the initial value for run 1 was higher than for
run 2 and 3. However, the normalized residual values are similar: 0.091, 0.102 and
0.100g respectively while the real values keep the initial difference (0.148, 0.100 and
0.099g respectively), and the amounts of lead tungstate consumed are respectively
0.076, 0.065 and 0.067g.

6.3.3.2.2 Influence of bath load on reactive consumption.

Now that the evolution of reactive concentration was investigated with one sample in
the bath, the influence of the bath load on this evolution will be examined by doubling
and halving the load.

6.3.3.2.2.1 Reproducibility.

Fig. 6.4: Evolution of reactive concentration
in the 8 liter cell with a load of 50
cm2/l.

Fig. 6.5: Evolution of reactive concentration
in the 8 liter cell with a load of 12.5
cm2/l.

First, the reproducibility of both experiments was investigated by comparing normal-
ized concentrations for at least 3 runs. Those results are presented in figures 6.4 and 6.5.
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The reproducibility of the results obtained for borohydride consumption with a load of
50cm2/l (2 samples) is very good. It is not as good for the other measures but it stays
acceptable: the trends are the same for every sample and the residual concentrations are
in the same range. The differences can be explained, in the case of lead tungstate, by the
very low concentration of this reactive in the bath that induces important relative errors
and, for borohydride in the case of a very low load (1/2 sample), by the very low reactive
surface (a load of 25cm2/l is already considered low for industrial baths).

6.3.3.2.2.2 Use of sodium borohydride.

Fig. 6.6: Evolution of reactive concentration in the 8 liter cell as a function of bath load.

To compare the evolution of composition for baths used with different loads, the av-
erage normalized composition for the different loads were plotted altogether in figure 6.6.
The normalized consumption of sodium borohydride is nearly identical for loads of 25 and
50 cm2/l (the residual concentration with the higher load being only slightly lower). It
could mean that the maximal amount of sodium borohydride consumed is reached in both
cases, which is not very realistic. Examination of the real sodium borohydride concen-
trations brings a more pertinent explanation: after one hour of deposition, the residual
sodium borohydride content is on average (see table 6.6 for complete data) 3.45g for a
load of 12.5 cm2/l, 2.03g for a load of 25 cm2/l and 1.08g for a load of 50 cm2/l. The
same concentration level is reached after one hour, for baths with a similar load, even if
the initial reactive concentration is different, as shown in table 6.7. This means that the
amount of nickel deposited is less linked to the bath load than the final concentration of
reactive.
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Sample
final
NaBH4

content (g)

final
PbWO4

content (g)

NaBH4

used (g)
PbWO4

used (g)

1 sample (1st run) 1.77 0.148 0.076

1 sample (2nd run) 2.11 0.100 3.58 0.065

1 sample (3rd run) 2.21 0.099 2.7 0.067

2 sample (1st run) 1.23 0.106 0.099

2 samples (2nd run) 0.95 0.109 3.16 0.109

2 samples (3rd run) 1.05 0.084 3.37 0.102

1/2 sample (1st run) 3.20 0.143 0.039

1/2 sample (2nd run) 3.08 2.54

1/2 sample (3rd run) 3.755 0.144 1.98 0.063

1/2 sample (4th run) 3.755 0.177 2.37 0.041

Tab. 6.6: Consumption and final concentration of NaBH4 and PbWO4 as a function of the bath
load.

Run
Initial con-
tent (g)

Final content
(g)

Consumption
(g)

2 5.696 2.112 3.58

3 4.917 2.212 2.75

Tab. 6.7: Initial and final sodium borohydride content, for a bath load of 25 cm2/l.

The clear correlation between the bath load and those concentrations, and the lesser
correlation between the load and the amount of borohydride consumed (and thus with
the amount of material deposited), indicates that the rate limiting step in for the use
of borohydride is diffusion and that the reaction of borohydride at the surface is instan-
taneous. This confirms the findings of Rao [56] for an unagitated bath but this adds
new information: the diffusion is the rate limiting step even when the bath is agitated.
The differences in residual concentration between baths with different loads shows that
there still is a correlation between the bath load and the sodium borohydride consumption.

6.3.3.2.2.3 Use of lead tungstate.

The comportment of lead, however, is very different from borohydride: while the lead
tungstate content is different in every bath after one hour of plating (see table 6.6), the
amount of lead consumed during the experiment is nearly constant for every load: 0.105g
in average for 50 cm2/l, 0.066 for 25 cm2/l and 0.041 for 12.5 cm2/l. This means that
diffusion is not the rate limiting step for the use of lead in the bath and that the amount
of lead used is correlated with the surface of the sample. Knowing the role of the lead
salts in the electroless bath, it is not surprising: the lead salts play a regulating role in the
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plating process by blocking a part of the active catalytic sites. The correlation between
the surface of the sample and the lead ions consumption cannot be established directly
because lead serves also to block other catalytic sites in the cell (surface of the vessel,
particles in suspension, ...). However, as the amount of lead tungstate needed to block
those sites is not dependent on the bath load and should thus be constant, it is possible
to calculate it: it is approximatively 0.022 g. If this amount is subtracted from the lead
salt used during plating, the consumption is 0.0831 g in average for 50 cm2/l, 0.0441 for
25 cm2/l and 0.0195 for 12.5 cm2/l. The correlation is thus established (see table 6.8).

Bath load
(cm2/l)

bath load
ratio

consumption
(g)

variable part of the
consumption (g)

consumption
ratio

50 2 0.105 0.0831 1.88

25 1 0.066 0.0441 1

12.5 0.5 0.041 0.0195 0.44

Tab. 6.8: Influence of bath load on lead consumption.

6.3.3.2.2.4 Correlation between the bath load, the consumption of reactive, the amount
of material deposited and the deposit composition.

The bath load has a great influence on the reactive consumption and weight deposited.
However, when comparing results for both those parameters, it appears that the amount
of boron used is similar for 25 and 50 cm2/l while the amount of material deposited is
consequently higher in the case of the higher bath load (4.57 g instead of 3.29 g), as shown
on table 6.9. This suggest that the composition of the deposit could be influenced by the
bath load.

Bath load 12.5 cm2/l 25 cm2/l 50 cm2/l

NaBH4 used (g) 2.26 3.14 3.27

PbWO4 used (g) 0.0414 0.0663 0.1058

Weight deposited (g) 1.5 3.29 4.57

Wt % Ni 94.01 94.31 93.15

Wt % B 4.78 4.64 5.45

Wt % Pb 1.20 1.05 1.40

Tab. 6.9: Influence of bath load on reactive consumption, amount of material deposited and
composition of the deposit.

To verify this, samples synthesized with varying bath loads were analyzed by ICP to
obtain their average composition. Those results are also shown in table 6.9. The lead
content of the samples appears to be quite stable, whatever the bath load. The boron
content, while similar for 12.5 and 25 cm2/l, is higher for the highest bath load. This is
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unexpected because the deposition of an higher weight of material with a similar amount
of boron suggest that more of the borohydride is used for the reduction of nickel and less
for the auto-deposition of boron, which would lead to a lower boron concentration in the
deposited material.

There is another possible explanation for the difference in weight and composition of
the deposition in the case of an higher load: the borohydride ion is unstable and tends to be
oxidized or hydrolyzed spontaneously. Moreover, it has been shown in section 6.3.3.2.2.2
that the diffusion of the borohydride ion towards the surface is the rate limiting step of the
deposition process. Consequently, it is probable that the use of an higher bath load, which
increases the deposition kinetics, will favor the use of the reducing agent for the actual
deposition against its decomposition. The higher amount of material deposited, and the
higher boron concentration in the deposit, could thus be linked to a better efficiency of
the reaction in the case of higher loads. However it has not been possible at the present
time to prove that hypothesis.

6.3.4 Conclusions and preparation of the bath replenishment.

The study of the initial concentration of reactive in the bath and of the evolution of the
bath content was very informative. First, it was shown that the experimental error stays
very important even with a more important volume of solution and that part of the dis-
crepancies between successive experiments can be attributed to the making and use of the
bath. However, the main trends have been proved reproducible, which allow conclusions
to be drawn from the data.

Secondly, the monitoring of the nickel content of the bath has been as non-conclusive
as when studied on the smaller cell. It is possible that the evaporation loss, which could
not be taken into account during this study (because all the volume measuring devices are
calibrated at 25℃), is important enough to mask the evolution of the nickel concentration.
Nevertheless, other means than bath analysis will probably have to be used to provide
data for nickel replenishment.

Thirdly, the lead tungstate and sodium borohydride are mostly consumed during the
first 30 minutes of the deposition process. The replenishment of in-use baths to obtain
thicker deposits will thus have to be carried out at that time at the latest. The deposition
time before addition of reactive could be shortened but would have to stay long enough
to allow preparation of the solutions to be added, as the whole procedure will be designed
to be implemented entirely by one operator.

Fourthly, the final concentration of sodium borohydride is more influenced by the bath
load than the amount of this reactive that is used during the experiment. However, as far
as lead tungstate is concerned, it is the consumed amount that is directly linked to the
bath load. The reason for this divergence resides in the very different way both reactive
are consumed: sodium borohydride reacts as soon as it reaches the reactive surface (the
diffusion being the rate-limiting step) while lead tunsgtate adsorbs much slower on the
surfaces.
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This information will be taken into account during the implementation of a replenish-
ment procedure, to decide of the best time for the addition of reactive but also to keep in
mind that the measure of nickel content of the bath is not very reliable and that a known
amount of lead tungstate is used by adsorption on the various walls of the cell.

6.4 Bath replenishment.

The aim of the study of bath replenishment, as we have carried it out is not to obtain
a replenishment algorithm or a predictive model of reactive consumption but to gain a
sufficient knowledge of the bath to be able to synthesize a maximal number of successive
samples without having to throw away the bath and to add reactive during the plating of
a sample to obtain a thicker coating.

The study and implementation of bath replenishment was carried out in a number of
phases. First, the used baths were left to cool before sampling, analysis and replenish-
ment to the initial composition. This first phase of the study allowed to detect a series
of problems that had to be solved and to get a database of values in prevision of the
next phases. The second phase of the implementation was the use of the collected data
to replenish the bath after each coating without the need to measure the concentrations
systematically. Finally, the data were used to evaluate the amount of reactive to add in
the bath in order to obtain samples with a predetermined thickness.

6.4.1 Replenishment of spent, cold baths;
Problems encountered during replenishment and their solutions.

This first step towards replenishment, which is by far the most important, was carried out
during a sample-making campaign. After each sample was coated, the bath heating was
switched off, the cover was sealed (to avoid evaporation during the cooling) and the bath
was left to cool, typically for a whole night. Then, after complete cooling, a 50ml sample
of the spent solution was taken and its boron, lead and nickel content were analyzed to
calculate the amount of reactive used. Finally, the bath was replenished (just before the
next sample is immersed) using three different solutions for the nickel, the stabilizer and
the reducing agent.

During the implementation of this procedure, simple and straightforward as it appears,
several problems were encountered and had to be examined.

6.4.1.1 Compensation of the evaporation loss.

The compensation of the volume loss by evaporation was the first issue to be studied
because without this, there is no possibility to obtain reproducible data for the measure
of reactive concentration in the bath. The first step towards the compensation of evap-
oration loss is the knowledge of the solution volume in the bath. As the thermostable
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bath was not equipped with level or volume measurement, we had to implement our own
measuring device. To this effect we used a simple graduated rule and we calibrated this
device by adding known amount of water in the bath. We obtained a calibration curve
that is shown on figure 6.7.

Fig. 6.7: Calibration of the volume measurement.

Once the volume calibration obtained, it was easy to measure the volume of the bath
and to determine the amount of fluid needed to compensate the evaporation loss. The
choice of fluid to compensate the missing solution was the next step to implement. Several
choices were available for this: distilled water, the basis solution of the bath (nickel
chloride, ethylene diamine and sodium hydroxyde) or a solution of nickel chloride in
distilled water. Each of these possibilities possesses advantages and disadvantages for this
application so we decided to use alternatively distilled water and the basis solution for
the following reasons:

• The boiling point of ethylene diamine is slightly higher than that of water (116℃),
thus the loss of this compound by evaporation should be less than water. Systematic
replenishment by the basis solution would indubitably lead to ethylene diamine build
up.

• Sodium hydroxide is not lost by evaporation of the solution. Consequently this
compounds does not require systematic compensation. However, the pH increase
due to the deposition reaction must be taken into account and may require the
addition of alkaline reagents. Using the basis solution regularly for the evaporation
compensation would guarantee sufficient alkalinity of the solution.
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6.4.1.2 Measurement precision and reliability.

The problems linked to the precision, reliability and reproducibility of the measurements
are really important in view of the bath replenishment. The amount of NaBH4, PbWO4

and NiCl2.6H2O to add in the solution after use and analysis are presented in table 6.10
for 21 experiments, together with the coating thickness and the weight of nickel deposited.
Those results are relative to samples with a total surface of 150 or 200 cm2 that were left
in the bath for 1 hour.

Bath number

sample
thick-
ness
(µm)

Ni
(g)

NiCl2.6H2O
add. (g)
from anal-
ysis

NiCl2.6H2O
add. (g)
from Ni
deposited

NaBH4

addi-
tion
(g)

PbWO4

addi-
tion
(mg)

1 22.79 3.69 107.91
2 4.71
3 12.16 2.17 -15.47 8.78 2.73 102.39
4 9.00 1.61 -16.94 6.50 3.41 71.54
5 (New) 18.28 2.44 28.87 9.86 3.17 68.22
6 8.65 1.20 -4.51 4.85 38.79
7 9.89 1.37 -9.74 5.55 3.34 57.62
8 (New) 16.91 2.34 -18.41 9.48 2.60 64.83
9 16.95 2.39 -6.31 9.69 2.59 69.97
10 13.85 1.86 -7.78 7.54 2.79 72.03
11 18.93 2.67 10.81 2.17 92.61
12 12.31 1.71 6.90 2.40 63.80
13 14.17 1.96 -11.06 7.94 1.97
14 13.91 1.93 7.80 2.68 61.74
15 12.32 2.20 -20.51 8.90 3.24 43.19
16 8.65 1.54 -3.14 6.25 4.54 33.79
17 6.44 1.15 3.77 4.65 4.77 22.26
18 15.33 2.73 4.83 11.07 4.55 22.26
19 9.58 1.71 6.31 6.92 3.44 58.47
20 8.85 1.58 17.80 6.39 3.37 67.89
21 6.95 1.24 5.02 3.85 92.69

min 6.44 1.15 -20.51 4.65 1.97 22.26
max 18.93 2.73 28.87 11.07 4.77 107.91
mean -2.63 7.56 3.23 58.92
median -5.41 7.54 3.29 64.83
std deviation 13.43 1.97 0.81 20.20
variation (%) 26.04 24.95 34.28

Tab. 6.10: Composition analysis for bath regeneration: sample size 10*10 cm, deposition lenght:
1h, solution volume : 8l.
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Bath number
sample
surface(cm2)

sample thick-
ness (µm)

nickel de-
posited (mg)

Bigger cell
1 156.31 18.28 2440
2 156.31 16.91 2340
3 156.31 16.29 2090
4 242.00 17.46 3460
5 242.00 15.73 3120
smaller cell
6 19.57 15.90 256.40
7 19.24 14.05 221.80
8 19.32 14.20 225.60
9 19.39 12.29 195.50
10 17.38 15.60 223.70
11 17.45 14.40 206.90
12 17.39 15.10 216.40
13 17.44 15.60 224.10
14 16.84 16.04 221.60
15 17.38 14.80 211.90
16 17.84 14.80 216.80
17 17.61 16.20 234.10
18 17.34 16.75 238.30
19 18.97 16.87 262.60
20 18.74 16.76 257.70
21 19.08 15.77 247.00
22 19.17 16.22 255.00
23 19.14 17.21 270.30
24 17.78 16.65 242.90
25 19.20 17.19 270.80
26 19.12 14.30 224.40
27 19.85 13.01 202.30
28 17.59 12.48 180.00
29 18.73 12.18 187.10
30 19.02 12.42 193.70
30 19.18 14.18 233.10
32 20.07 14.45 237.90
33 16.96 15.97 222.30
mean (small - whole) 15.05 - 15.34 227.86
std dev. (small - whole) 1.52 - 1.59 23.97
median (small - whole) 15.35 - 15.73 224.25

Tab. 6.11: Weight of nickel deposited and thickness for various samples. Substrate: steel, plating
duration: 1h.
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The weight of nickel deposited on the sample varies from 1.15 to 2.73 grams. This is
due to (sometimes very slight) variations in the experimental conditions such as sample
size, bath volume and temperature but also in an important way to the inherent error
induced on the bath composition by the replenishment. As a proof of this, the thick-
ness and weight of nickel deposited are listed in table 6.11 for samples made using each
time a new bath (to have a more important database, samples synthesized using both
the small (0.8l) and the bigger (8l) cells are listed in this table). The range of thickness
and deposited weight is far smaller in the case of samples synthesized with a new bath
than for an used bath, even without taking into account the sample surface variations,
which were important in the small cell due to the geometry of the samples. However,
the reproducibility of the deposition process is not perfect, even when a new bath is used
and the slight differences between samples are accentuated by the errors induced by the
replenishment process.

The calculation of nickel consumption (and of the subsequent additions) from the
measure of the bath concentration caused some problems: the reliability and precision of
the nickel analysis (either by AAS or gravimetric method) is not good, even when great
care is taken during the experiment. The amount of nickel chloride to be added to the
bath varies from -20.51g (!) which is entirely impossible to 28.87g which is far too high.
We thus decided no to give too much credit to those values and to use the amount of de-
posited nickel (obtained by weighing the samples before and after plating) to calculate the
nickel chloride additions. Those values vary between 4.65 and 11.07g. Their dispersion is
less important than the dispersion of the analysis results but the standard deviation still
amounts to 26% of the average value, due to the lack of reproducibility of the deposition
when the bath is replenished.

The variations obtained for sodium borohydride and lead tungstate consumption are
of the same order as the variations of the weight of deposited nickel (with standard devi-
ations of respectively 25 and 34 % of the average value). This means that the precision of
the analysis is good, because it doesn’t increase the dispersion of the values compared to
the fluctuations of the process (measured by the amount of nickel deposited on a sample
of fixed surface area during a given time).

By surveying the results of the analysis of cold, spent baths, we were able to show
that:

• As was expected from the study of bath composition, the analysis of the nickel
content by AAS or by a gravimetric method is not a reliable tool to determine the
amount of nickel chloride to add for the replenishment of the bath.

• The analysis of the boron and lead content of the bath can be used to calculate the
amount of the corresponding reactive (sodium borohydride and lead tunsgtate) to
add in the bath.

• The amount of nickel to add in the bath can be evaluated quite satisfactorily by the
weight of nickel deposited on the sample.
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6.4.1.3 Nickel additions and ethylenediamine build up.

Replenishing the bath in nickel chloride is a problem for other reasons than just the un-
reliability of the analytical methods for this reactive: the nature of the medium used for
this addition is also the source of some difficulties.

Nickel chloride is readily soluble in water but forms insoluble hydroxide in alkaline
media if it does not form stable complexes with an agent such as ethylene diamine. It
is thus possible to use either a neutral solution of nickel chloride in water or an alkaline
complexed solution for the nickel chloride replenishment.

For the first tests, the replenishment was carried out with a solution of nickel chloride
in 100 g/l sodium hydroxide and 140 g/l ethylene diamine. The amount of nickel chlo-
ride varied according to the replenishment needed. The volume of solution used for the
replenishment was kept constant, at 100ml. The use of this combination, heavily con-
centrated in sodium hydroxide and ethylene diamine, together with the use of the basis
solution (also containing sodium hydroxide and ethylene diamine) for the compensation
of evaporation was however rapidly questioned as we thought it would lead to a build up
of ethylene diamine which does not react during the deposition process.

To investigate the possible build up of ethylene diamine, the total carbon content of
the sample was measured (the apparatus and analytical method are described in section
??). The measure of the carbon content of the bath allowed us to obtain the ethylene
diamine concentration because it is the only carbon containing compound of the bath.
Table 6.12 presents the results of the analysis of new and replenished baths. It is clear
that the use of a solution containing ethylene diamine for the replenishment of the bath
causes an increase of the concentration of this reactive: the measured concentration varies
from 20.5 g/l for a new bath (which is quite close to the nominal value) up to 31g/l af-
ter only 6 replenishments, and up to 33g/l after 7 replenishments. To avoid potential
problems linked with this build up, the replenishment procedure was modified and the
nickel chloride was dissolved in distilled water. We thus assume that the eventual loss
of ethylene diamine will be compensated by the regular use of the basis solution for the
compensation of evaporation.

Bath EN content (g/l)
Carbon content
measured g/l

Nominal concentration 53.940 21.576

New bath 44.652 20.540

After 6 replenishments 68.000 31.280

After 7 replenishments 71.696 32.980

Tab. 6.12: Evolution of the ethylene diamine content of the bath after replenishment.
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6.4.1.4 Lead target concentration.

In section 6.3.3.2.2.3, the comsuption of lead tungstate during the deposition process was
studied and it was found that a non negligible amount of this reactive is used whatever
the bath load, because it adsorbs on the walls of the deposition cell. When the lead
concentration of the bath is measured, this amount (22 mg) is not detected but is not
needed anymore if the cell has not been emptied and rinsed (if the lead can stay adsorbed
on the cell walls). This means that replenishment made using the measured value of lead
tungstate consumption will produce a bath with an higher lead concentration that what
is needed.

The consequences of this lead tungstate increase can be observed intuitively in table
6.10 (page 86): samples made with a new bath (no over-concentration of lead tungstate)
appear thicker than most of the other ones. It was thus envisaged to lower the amount
of lead tungstate addition by the adsorbed amount. However as the volume of solution it
represents is very low (only 1 ml to be added in 8l of plating bath) and clearly does not
exceed the standard deviation of the measures, we preferred to use the calculated value
for the lead tungstate addition. This increases the risk of slightly lowering the deposition
rate but allows us to avoid destabilization and plate out that could be induced by a bath
with an under-concentration of lead tungstate.

Moreover, as it is not known if lead continues to adsorb on the cell walls after one hour
(the consumption study was not carried out for times longer than that), it is possible that
some of the added lead will be used at this effect after replenishment. Lowering the lead
tungstate additions to take into account the adsorbed fraction could thus greatly increase
the risk of plate out.

Observation of table 6.10 (page 86) also shows that the lowest measured consumption
of lead tungstate corresponds to the calculated value of the adsorption on the walls.

6.4.2 Towards replenishment of hot, in use bath.

As shown in the previous section on the replenishment of cold, spent, baths, the regener-
ation process is not very reliable nor easy to implement at the lab scale. Two options are
however open to us for our approach of this problem in the case of hot baths (in order to
coat several samples without cooling the bath).

The first option is to withdraw liquid from the bath systematically between two plating
sessions (after the evaporation compensation), to cool it in the fastest possible way and
to proceed to an immediate analysis of the bath composition. This option was used by
Dr Delaunois when she worked with a Thallium stabilized bath [7]. It is time consuming
and requires attention and precision from the operator to obtain usable results.

The other option is to evaluate the reactive consumption from a database of previous
experiments and to use the average value to replenish the bath. To avoid important de-
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viation of the bath composition, the bath is analyzed once a day (in the morning, during
the heating phase).

The second option was implemented for this study because the first option, while it
is usable for the bath replenishment between samples, is very difficult to implement dur-
ing the deposition process (it is impossible to run the complete analysis in less than 15
minutes, cooling time excluded). This means that the amount of reactive to add during
the process in order to extend the plating time has to be predetermined. It is thus more
coherent to use the predetermination for the whole process.

In order to choose the values as wisely as possible, we compared the average and me-
dian values for the various additions (see table 6.10 for the complete data). In the case
of nickel chloride and sodium borohydride, both values are very close (average : 7.56 g
for NiCl2.6 H2O and 3.23 g for NaBH4; median 7.54 g for NiCl2.6 H2O and 3.29 g for
NaBH4). The difference seems higher for lead tunsgtate (average : 58.92 mg; median :
64.83 mg) but it is merely due to the very small amount of this reactive that is needed.
The values chosen for bath replenishment were : 7.5 g NiCl2.6 H2O, 3.3 g NaBH4 and 60
mg PbWO4.

This procedure proved useful and reliable as it rendered possible to plate 11 successive
samples in the bath without plate out or any other problem while the previous procedure
(using the analysis of cold baths) allowed a maximum of 7 replenishments. Our goal of
reducing waste and the cost of reactive was thus reached.

6.4.3 Replenishment during the deposition process.

The problem of replenishment during the plating of one (or more) sample is intimately
linked to the problem of the regeneration of hot baths. This process is used mostly to
obtain thicker samples (the thickness is in the 10 - 15 µm range after one hour without
replenishment) but can also be used when more than one sample must be plated simulta-
neously.

As the thickness goal for thicker samples is around 20-30µm (instead of 10-15 µm), the
choice was made to consider the replenishment during the deposition process as needing
as much reactive as the replenishment between two following samples. This replenishment
was carried out 30 minutes into the deposition process and the sample was left in the bath
for another hour. When very thick samples were needed, two replenishments were carried
out after 60 and 90 minutes of plating (the first replenishment is delayed to avoid any
over-concentration of reactive during the second replenishment). This allowed us to obtain
samples as thick as 36 µm (plating time 2.5 h, with replenishment after 60 and 90 minutes).
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6.5 Conclusion.

The study of reactive use during the deposition process and of bath replenishment was
very informative. Firstly, it allowed us to obtain data about the amount of reactive really
consumed by the plating process and to measure what was lost when a bath was thrown
away after only one plating.

Secondly, the kinetics of the various reactions taking place into the bath could be de-
termined: the oxidation of sodium borohydride is immediate as the reactive arrives at the
reactive surface, the rate limiting step being the diffusion of reactive towards the reaction
site. The consumption of lead tungstate however, is not limited by diffusion and the ad-
sorption must be the rate limiting step. It also possible to determine the amount of lead
tungstate that is consumed by the cell walls independently of the samples during one hour.

Thirdly, the study of the influence of the bath load on the concentration of reactive has
shown that the composition of the deposit is not an intrinsic property of the deposition
bath as it is influenced by the ratio of the bath volume to the sample surface.

Fourthly, the problem of evaporation loss was identified and solutions were imple-
mented to limit its impact on the deposition process. Other problems, like the progressive
build up of nickel and ethylene diamine, were also detected and resolved during the study
of cold bath replenishment.

The implementation of a semi-predetermined replenishment system (in which the con-
centrations are controlled once a day and the additions during the day are predetermined)
allowed us to plate up to 11 successive samples in a same bath, which represents a very
important economy of reactive (mainly nickel, sodium hydroxide and ethylene diamine)
and a non negligible decrease of the waste treatment costs. Moreover, it is now possible
to synthesize thicker coatings (up to near 40 µm) if they are required for a particular test.

In short, this study has brought a better working understanding of the deposition
bath and has increased our control over its comportment. As a direct consequence of
this, the occurrence of unexplainable plate-outs has decreased very much after this study
was carried out: most of the remaining plate-outs have been easily linked to experimental
problems like overheating or aged reactive.
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7. INITIATION AND GROWTH OF NICKEL-BORON DEPOSITS.

The initiation and growth of electroless deposits, while it is assumed to have an influence
on the coating’s properties, is not very extensively studied. Many reasons can be pro-
posed to explain this: the chemistry of the baths is very complex and results found with
a particular composition could not be easily transposed to other baths; most studies on
electroless deposition are carried out on experimental unreplenished baths while indus-
trial applications use continuously replenished ones; the experimental means for an in-situ
study of initiation and growth are very limited. Moreover, there is a lot of interest on
the achievement of better properties for electroless nickel but not on the understanding
of how and why those properties are obtained.

In the present chapter, we will try to gain a better understanding of the initiation and
growth mechanisms of electroless nickel-boron deposits and to link it with the properties
of the coating. First, a review of previously published studies on deposit growth will be
presented, then the initiation of the deposit will be observed, as well as the influence of
substrate roughness and nature on the phenomenon. Finally, the growth of the coating
will be studied in a un-replenished bath.

7.1 Review of previous research about electroless nickel deposits
initiation and formation.

The study of the initiation and formation of electroless deposits has not been the object
of many works but some of the existing papers are of great interest. In this section, the
findings of those papers will be summarized and their application to the present study will
be discussed. The papers and sources describing the growth of electroless nickel-boron will
be presented first, then the research about the initiation and formation of other electroless
coatings (Nickel-Phosphorous and ternary alloys) will be described.

7.1.1 Work carried out on electroless nickel-boron deposit formation.

There are two main works describing the formation of electroless nickel-boron coatings,
as was already said in section 2.1. Dr Clerc’s thesis, written in 1986 [54] is the most
extensive but Rao’s work that was published in 2005 [56] is also of great interest.

Clerc worked with a borohydride reduced bath (of a slightly different composition that
the one developed by Dr Delaunois) that uses nickel chloride, ethylene diamine (as a com-
plexing agent), sodium hydroxide, lead chloride (instead of lead tunsgtate in our case)
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and mercapto-2 benzothiazol (as a brightening agent, that is not used in Dr Delaunois’
bath). The bath temperature was maintained at 95 ± 1 ℃, with a pH of 14 and a bath
load of 1 dm2/l. The bath was not agitated by any means other than natural convection.

The samples used for Clerc’s study of deposit growth were made of ARMCO iron.
They were plated for times varying from 5 to 60 minutes (by 5 minutes intervals). The
influence of different parameters such as grain size, substrate roughness and bath temper-
ature was observed.

She observed a columnar growth of the deposit that could be divided in 3 phases,
each one corresponding to one stratum of the deposit. During the first phase, which in-
cludes the first 2.5 µm of the deposit, the thickness of the columns is close to 0.1 µm and
is clearly observed on the sample surface. During the second phase, wider columns are
growing and the surface texture has been qualified by Clerc as ’walled’. This phase begins
after the deposition of approximatively 2.5 µm and ends after 5-6 µm. The last phase of
the deposition, including the topmost part of the deposit, is constituted of columns with a
diameter close to 0.5 µm. The deposition rate differs during the process: it is the highest
during the third step and the lowest during the second one.

This three-layered deposit morphology is not modified by the experimental parame-
ters but the arrangement of the columns is modified by the roughness of the substrate:
rough substrates induce a fan-like arrangement of columns that induces an increase of the
part’s roughness after deposition while the columns formed on smooth substrates are par-
allel and lead to a slight decrease of the part’s roughness by a leveling effect of the deposit.

Rao also used a borohydride reduced bath, with nickel chloride complexed with ethy-
lene diamine and lead ions. However he used potassium borohydride and does not state
which lead salt was used. The pH of the bath was fixed at 13 and the temperature at 85
± 1℃. The bath was not agitated nor replenished. The substrate was mild steel.

By a combination of low penetration X-ray diffraction and etching (by sputtering),
Rao et al. observed an increase in deposit crystallinity from the surface to the substrate.
They attribute this to an influence of the substrate structure on the structure of the de-
posit that decreases when the deposit gets thicker.

They also studied the morphology of cross sections of the coatings at different stages of
the deposition process and observed firstly the typical columnar morphology of electroless
nickel-boron deposits. However, later in the deposition, the columnar growth gave place
to a nodular one. They attributed this phenomenon to a diffusion layer, formed on the
top of the deposit when the bath is depleting, that slowed the growth of the columns (as
shown on figure 2.5 (page 27 )) and induced the germination of a nodular layer on areas
where the diffusion films is broken by bubbling of evolved hydrogen.
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7.1.2 Work carried out on the initiation of other electroless deposits.

The morphology of electroless nickel-boron deposits is not very similar to nickel- phospho-
rous (which usually present a layered morphology with a very smooth surface) or other
electroless nickel deposits [2]. As such, work carried out on the formation of those de-
posits would not be useful in the present context. However, a review of the studies done
on deposit initiation is relevant because such work is quasi non existent in the case of
nickel-boron.

First of all, it should be noted that a lot of studies are dedicated to the trial of various
activators and catalysts that allow deposition of electroless nickel on all kinds of surfaces
[128–131] but they are mostly centered on the resulting coating and few of them focus on
the catalyst’s effect on the first steps of deposition. Examination of the first steps of the
deposition process without the application of a catalyst is nearly unheard of.

The most popular catalyst seems to be palladium which is the subject of a number of
studies. Li et al.[132] used an acidic PdCl2 solution to sensitize the surface of SiCp/Al
composites for the deposition of NiP. They observed that the palladium was adsorbed
on the surface partly as clusters of PdCl2 and partly as Pd(0). After immersion in the
bath, the Pd(2+) species are reduced into Pd(0) by the hypophosphite. This allows the
nucleation of the nickel deposit which appears first as hemispheric grains that grow si-
multaneously vertically and laterally until the whole surface of the sample is covered.

Fig. 7.1: TMAFM image of electroless NiP films on polyimide at the initial stage of deposition
with various activation methods [133].

Homma et al. [133] used several variations on the PdCl2 activation process to sensitize
a polyimide substrate. They then observed the formation of the deposit by tapping mode
atomic force microscopy (TMAFM). They observed the nuclei formed at the very first
stages of deposition (see figure 7.1) and compared the nucleation density obtained after
the different activation processes. They observed that all the films were constituted of
aggregated ’particles’ with a size from a few to 10 nm and that the films differed only
in the aggregation state of the ’particles’ (observable by the size of the aggregates, see
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figure 7.2). However when the thickness of the film reaches 2000 nm, the differences due
to the initial germination density are completely leveled. They also affirm that the film
formation takes places by germination and growth of successive very small ’particles’.

Fig. 7.2: TMAFM image of electroless NiP films on polyimide morphology of the grains [133].

Fig. 7.3: Roughness evolution of NiP films during their formation [133].



7.1. State of the art. 97

They also observed nucleation on an NiP/Al surface and noticed a similar comport-
ment but with an higher nucleation density, the size of the ’particles’ or grains that form
on that surface being the same as on sensitized polyimide.

Furthermore, they measured the roughness of the growing films and observed an initial
increase of roughness followed by a leveling for the unconductive substrate while they ob-
served a monotonous increase of roughness on the NiP/Al substrate (which was originally
smoother), but at a lower level, as shown on figure 7.3.

Matsubara et al. [18, 19] carried out an in situ study of the formation of electroless
NiP films with a quartz micro-balance, completed by TEM observation of peeled off films.
The substrate used for this study (polyimide and quartz micro-balance sensor) were cat-
alyzed with palladium prior to the experiment. They observed, in the very first stages of
deposition, an induction period of approximately 20 seconds before the nucleation of the
deposit, then a period of fast growth, followed by a decrease of deposition rate down to a
stabilized level (see figure 7.4).

Fig. 7.4: Deposition rate and thickness evolution observed by QCM method [18].

Their observation of the first stages of deposition by TEM showed that the process be-
gan on some of the catalyst particles to form islands that then grow up to the formation of
a continuous film (obtained for a thickness close to 40 nm, at the beginning of the deposit
rate deceleration). A cauliflower-like texture is very quickly formed, as shown on figure 7.5.
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Fig. 7.5: Surface morphology of an electroless NiP coating with a thickness of 40 nm measured
by AFM [18].

Fig. 7.6: Model of initial deposition of NiP on Pd-catalyzed surface [19].

Matsubara et al. also observed a grain size in the nanometer range in their NiP films.
This grain size decreased from 34 down to 10 nm when the nucleation density increased.
However, it was not linked to the density of palladium nuclei adsorbed on the surface but
to the bath chemistry and deposit composition. Those authors established a schematic



7.1. State of the art. 99

model in which they describe the initial deposition of NiP (presented on figure 7.6): the
deposition is in all cases initiated at the palladium nuclei (which have a similar density)
but the density of grains is higher in case B (which has a slower growth rate) than in
case A in which the grain growth is the most important phenomenon and where unused
Pd nuclei are covered by growing grains instead of being used as germs for the formation
of new ones. This growth-based process leads to bigger grains and to an increase of the
transition thickness between the island and continuous structures. On the other hand,
in case B, where growth is slower, the more important mechanism is germination and an
higher density of smaller grains is obtained, meaning the thickness required to obtain a
continuous deposit is smaller. The main factor influencing the growth morphology seems
thus to be the autocatalytic activity of the deposit itself: the lower this activity, the thin-
ner the continuous deposit.

The initiation of electroless deposition on magnesium alloys, mainly after fluoride
activation, has been studied by several authors in recent years [134–138]. Liu [135],
Ambat[136] and Anik[137] have observed the initiation of electroless nickel-phosphorous
deposit on AZ91 magnesium alloys after fluoride activation. They observed that the de-
posit nucleates primarily on the grain boundaries of the β phase then spread progressively
to the whole surface, as shown on figure 7.7. Ambat et al attributed this to a galvanic
coupling effect between the more cathodic β phase and the α phase in the magnesium
alloy. They also observed that the deposit grows slower, is discontinuous and has a more
important defect density on the β phase.

Fig. 7.7: Initiation of electroless deposition on the β phase of AZ91 Magnesium alloy. [136]
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Fig. 7.8: Kinetics of deposit growth on smooth and rough AZ91 Mg alloy. [135]

Liu [135] observed the deposition rate on AZ91 magnesium alloy (see figure 7.8) and
noticed a rather long incubation period at the beginning of the process. The deposition
rate was also shown to be higher on the rough substrate than on the smooth AZ91 al-
loy notably because the first nuclei are bigger and more numerous on the rough surface,
as shown on figure 7.9. In another paper, they also showed that the deposition rate is
higher, and the induction period shorter on magnesium alloys than on pure magnesium
[134], because the galvanic coupling that allows the primary nucleation is not present on
the pure metal.

Fig. 7.9: Influence of substrate roughness on germination:
a) smooth surface; b) rough surface. [135]

Sun et al [138] used a very different method of activation: they coated their magnesium
alloy with a composite of an organic adhesive and TiB2 particles that have a catalytic
activity for the deposition of electroless nickel. As the surface of the alloy is completely
coated by the adhesive, the initiation of the coating is very different than what was ob-
served by the other groups.
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Finally, Khan et al [139] studied the initiation of electroless deposition on the surface
of zincated aluminum alloys. In this case, the deposition process is initiated by the an-
odic dissolution of the zinc layer, the nickel coating is thus deposited on an oxide-free
aluminum surface, as shown on figure 7.10.

Fig. 7.10: Initiation of electroless nickel deposit on zincated aluminum surface. [139]

7.1.3 Conclusion.

In the literature review presented hereover (in sections 7.1.1 and 7.1.2), most of the re-
search is dedicated to either the initiation of electroless nickel-phosphorous coatings on a
determined substrate after a catalysis process (as in the case of non-conductive substrate,
aluminum or magnesium) or the growth of the deposit in un-agitated conditions. As we
are working with a non-catalyzed (the activation phase consists only of an etching of the
oxide layer formed on the steel sample) and agitated system, the data we found in this
review cannot be a priori applied in our case. The system used in this study will thus
have to be characterized for the initiation and germination of the deposit, but also for the
growth phase, as it is possible the comportment of an agitated system is different from
an unagitated one. The results obtained will then be compared to the literature to get a
more complete understanding of the phenomena.

The influence of roughness and substrate nature (monophased, polyphased and com-
position) on the initiation will also be examined.
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7.2 Study of the initiation of electroless nickel-boron deposits.

7.2.1 Introduction.

The study of deposit initiation will be carried out in 3 phases. The first phase will be
dedicated to the observation of electroless nickel deposition on the substrates that are
usually used for this study (hand polished mild steel sheets), which will constitute the
reference state. After this, two parameters will be examined separately and compared to
the reference state: the roughness of the substrate that will be modified by varying the
grade of the last grinding paper and the nature of the substrate.

7.2.2 Study of deposit initiation on polished mild steel.

This study was carried out on mild steel (St 37) coupons that were submitted to the usual
surface preparation process for this kind of alloy (see section 5.2 for details). The samples
were immersed in the plating solution from 5 second up to 4 minutes, as shown in table 7.1.

Sample number 1 2 3 4 5 6

Deposition time 5s 15s 30s 60s 90s 4min (240s)

Tab. 7.1: Deposition time for the observation of the initiation of electroless deposits.

To assess the germination sites and the initiation mechanism, the progressive colo-
nization of the surface, and other parameters linked to the first stages of the deposition
process, the surface was investigated by several analytical techniques, such as SEM, EDX
and XPS analysis and roughness measurement.

7.2.2.1 Surface and cross section observations.

The surface morphology of the samples will be examined first. Immersion in the bath up
to 15 seconds brought no evidence of nickel deposition detectable by SEM observation.
This period can be considered, as far as the microscopic observation is concerned, as an
induction period. The first nodules of electroless deposit are observed after an immersion
of 30 seconds and are preferentially concentrated on the scratches and defects of the
surface. As can be seen on figure 7.11a, they do not form a continuous layer yet and
their size is in the range of 0.1-0.2 µm. The shortness of this induction period is in good
agreement with the fact that the rate-limiting step of the process is sodium borohydride
diffusion towards the active surface (see section 6.3.3.2.2.2).

60 seconds after the immersion, the whole surface has been colonized by the aggregates
but the layer formed is not yet continuous (see figure 7.11b). Observation at higher
magnification (figure 7.11c) shows that, on some part of the samples, the deposit is already
constituted of several layers of nodules. At this stage, the size of the nodules is close to
0.5 µm.
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Fig. 7.11: SEM image of the surface of a steel sample after immersion in the electroless nickel-
boron bath for 30s (a) and 60s (b and c)

After 90s and 4 minutes (240s) of plating, the size of the nodules is bigger and the
surface appears to be more leveled, as can be seen on figure 7.12. This will of course have
to be confirmed by roughness measurements on the samples.

On cross section observations, a very thin and continuous layer of nickel can be seen
near the interface after an immersion of 90s (see figure 7.13a). Over this layer, nodules
of various size can be seen growing. The presence of this continuous layer under a low-
compacity arrangement of nodules suggests that some nickel must be deposited before the
formation of the nodules (probably during the very first seconds of immersion), in such
a way as not to modify the topography of the surface and thus not to be observable on
the SEM micrographs. After an immersion time of 4 minutes (240s), the whole surface is
colonized and the nodules have begun to coalesce (see figure 7.13b). The coating thickness
reaches then nearly 1µm and the porosities are beginning to close.
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Fig. 7.12: SEM image of the surface of a steel sample after immersion in the electroless nickel-
boron bath for 90s (a) and 240s (b)

Fig. 7.13: SEM cross section of a steel sample after immersion in the electroless nickel-boron
bath for 90s (a) and 240s (b).

7.2.2.2 Roughness.

Figure 7.14 presents the evolution of roughness during the plating process. This confirms
the observations made during the previous experiments: the roughness of the sample
increases during the beginning of the process because of the formation of isolated nodules
(islands). It then decreases up to a plating time of 4 minutes because a continuous layer
is progressively formed. The depths of valleys (Rv) increases more than the height of
peaks (Rp) which is not surprising, knowing the morphology of the deposit at this stage
of growth: the deposit is formed of nodules that grow close together but there are some
spaces left between them (the valleys). Other than that, all parameters evolve in a similar
way. The evolution of roughness during the first stages of plating is in accord with the
results of Homma et al. [133], that were shown on figure 7.3 on page 96.
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Fig. 7.14: Roughness evolution of electroless nickel-boron coated steel during the plating process.

7.2.2.3 EDX analysis.

EDX analysis was used to determine a ’nickel coverage ratio’ of the coating. To obtain
consistent results, a surface of 1 square millimeter (1 mm2) was analyzed at a magnifica-
tion of 100 times, during 60 seconds. The results of this analysis represent the composition
measured on the surface of the sample. However, this does not represent the uppermost
surface because, contrary to XPS analysis that only interact with the first 60 nm of the
coating, the penetration depth of the EDX analysis is of the order of 1µm. Moreover, as
boron is not detected by this technique, the nickel/iron ratio cannot be used as a quanti-
tative tool. Nevertheless, this analysis allows to detect the complete absence of nickel on
the surface and gives qualitative indications about the formation of a continuous coating.

As can be seen in table 7.2, while no nickel is detected after 5 seconds of immersion,
a non negligible amount is already measured after 15 second, while no nodules are ob-
served. The induction period is thus shorter than 15 seconds as far as chemical analysis
is concerned.

Deposition time 5s 15s 30s 60s 90s 4min (240s)

Fe (%) 100 94.3 81 42 26 7

Ni (%) 0 5.7 19 58 74 93

Tab. 7.2: Evolution of the surface composition (by EDX analysis) during the first stages of
deposition.
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As the nickel deposited after 15 seconds cannot be observed by SEM, it is highly prob-
able that either a very thin continuous layer is formed on the whole surface or the nickel
is present on the surface as nuclei too small to be observed. A mapping of the surface
indicated that the nickel is homogeneously distributed on the surface, thus reinforcing
the idea of a continuous layer, such as the one observed on cross sections of the samples
immersed for 90s.

After a plating time of only 30s, the amount of nickel detected is already close to 20%.
The nodules that are observed on the surface cover a quite smaller fraction of the sample.
This suggest that a non-negligible amount of nickel is detected outside of the nodules. Af-
ter 60s, the nickel content reaches 60%, which confirms that a nearly continuous layer is
formed. The continuity is attained after 4 minutes, as indicated by the SEM observations.

7.2.2.4 X-ray Photoelectron Spectroscopy (XPS) analysis.

As EDX analysis does not give information about the surface of the sample but about
the sub-surface (roughly the top 1µm), X-ray Photoelectron Spectroscopy (XPS) analysis
were carried out in order to obtain information about the composition of the last deposited
material (the instantaneous composition of the deposit). The aim of this experiment was
to detect the time of the complete disappearance of the iron signal, and thus of the for-
mation of a continuous film.

Deposition time (s) 15 30 60 90 240 600 3600

Fe (at.%) 31.22 28.58 23.86 26.39 18.67 16.04 24.28

Tab. 7.3: Evolution of the iron content at the surface of the sample (by XPS analysis) during
the first stages of deposition.

The first noteworthy result obtained by XPS analysis is that, contrary to our expecta-
tions, it cannot be used to determine when a continuous coating is formed: an important
amount of iron is detected on the surface of the sample even after one hour of plating,
as can be seen in table 7.3. We were able to ensure that the iron that is detected does
not come from the bulk of the coating by GD-OES analysis (the results of this analysis
are presented and discussed in section 7.3.1.3). However, a non-negligible amount of iron
was also detected at the very beginning of the GD-OES analysis (even before any nickel
is detected). It is thus quite sure that the detected iron comes from a superficial contam-
ination of the samples. It was impossible to identify the origin of this pollution but it is
possible that the iron come from the bath or the bath surface (the samples are only rinsed
once between the etching and plating and some iron could be dissolved in the plating
solution), from any other ulterior manipulation (the samples are weighted on a metallic
scale, cut to size with metallic shears, ...) or even from exposition to iron dust in the lab
(in some places of the lab, iron and steel samples are cut, polished and manipulated every
day, which produces iron dust that can then deposit on the samples left nearby).

While the XPS results are not exploitable to determine the formation of a continuous
coating, they confirm the information gained from the EDX analysis that there is already
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a non-negligible amount of nickel deposited on the surface of the sample after 15s. In this
case, even boron and lead are already detected at the following levels (including the iron
substrate and possible iron pollution): Ni: 57.15 at.%; B: 11.35 at.%; Pb: 0.29 at.%; Fe:
31.22 at.%.

Other interesting information, like the evolution of the composition of the last formed
deposit was obtained from the XPS results. It will be discussed in section 7.3.1.5.

7.2.2.5 Initiation mechanism.

The SEM observation and EDX analysis do not allow to identify the mechanism that
induces the initiation of the deposit formation: a non-negligible amount of nickel has
been detected on the surface after a very short time but this nickel does not appear to
form the typical nodules of electroless nickel-boron deposits. The presence of this nickel
can be attributed to 2 phenomena:

1. The formation of an ultra thin layer of nickel by displacement (redox reaction be-
tween nickel ions and the substrate, accompanied by dissolution of the substrate
material, without intervention of the reducing agent).

2. Deposition of a very thin nickel layer by the electroless process (catalytic oxidation
of sodium borohydride and reduction of nickel salts) on which the growth is then
impeded by lead adsorption.

Fig. 7.15: SEM observation of the surface of a sample immersed in a bath exempt of reducing
agent for 240s.

To identify the mechanism taking place in our bath, an experiment was carried out in
a bath exempt of the reducing agent, every other parameter kept constant. The samples
were immersed in this bath for the same lengths of time as for the previous experiment
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(see table 7.1) and were then observed by SEM. No nickel was detected on any of the
samples, even after an immersion of 4 minutes. However, lead has been detected on the
surface by EDX and forms small cubic crystals that are concentrated on the surface defects
(polishing scratches, ..), as shown on figure 7.15. This observation allows to exclude that
the deposit is initiated by displacement, as this reaction would have happened without
the reducing agent were it the case. The formation of lead crystals is however attributed
to a displacement reaction between iron and lead, which is not really surprising because
the redox potential of lead is higher than nickel and iron ( -0.47 V for Fe2+/Fe ; -0.27 V
for Ni2+/Ni ; -0.13 V for Pb2+/Pb).

7.2.3 Influence of substrate roughness.

It is well known by the electroless platers that the state of the substrate has a great
influence on the plating process, but also on the coating’s properties. Among research
about of this kind, lets emphasize two: first, the work of Liu [135] about the influence of
the roughness of a magnesium-based alloy; secondly a study that was carried out by Lee
[140] about the influence of substrate roughness on the corrosion resistance of electroless
Ni-P.

The substrate roughness is a parameter that is sometimes difficult to control in an
industrial process: the parts are often supplied by the client without particular surface
preparation, and most of them have complicated geometries (because the plating of this
kind of parts is a major application of electroless plating), which makes mechanical prepa-
ration (such as grinding) difficult to implement. As such, it is of great interest for the
final application of the process to gain the most extensive knowledge of the influence of
the substrate surface condition on the initiation. This will allow to judge more effectively
when and which preparation process is needed.

To study the influence of this parameter on the initiation, we will follow three main
properties of the coating: the morphology of the coating, the coverage (as measured by
EDX analysis), and the roughness. This will be carried out on substrate having been sub-
mitted to 5 different mechanical preparation processes, as described in table 7.4, before
the chemical step of the surface preparation. The samples where then left in the plating
bath for the same lengths of time as previously (see table 7.1).

The parameters chosen to represent the roughness in this study are Ra (arithmetic
average of the height of every point of the surface) and Rp (maximum peak height). Ra

was chosen because it is the most in use roughness parameter. However, as the electroless
process takes place in solution, we feel that the peaks will have a more important con-
tribution to the deposit initiation and growth than the valleys, thus we chose to use Rp

conjointly with Ra.

Table 7.4 shows that grinding with grade 220 SiC abrasive paper (P1) induces a slight
decrease of Ra with a non negligible increase of Rp. Here follow the results of ordering the
samples from the rougher to the smoother according to Ra : NP, P1, P3, P2, Complete;
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Process description Ra(µm) Rp(µm)

NP
unpolished substrate (as re-
ceived)

0.674±0.111 1.896±0.502

P1
polished with grade 220 SiC
paper

0.559±0.144 2.122±0.467

P2
polished with grade 1200
SiC paper

0.294±0.084 1.103±0.515

P3
polished with grade 4000
SiC paper

0.476±0.120 1.759±0.596

Complete
polished with grade 1200
and 4000 SiC paper (usual
preparation process)

0.184±0.0640 0.510±0.329

Tab. 7.4: Mechanical preparation processes for substrate roughness influence on deposit initia-
tion.

and according to Rp: P1, NP, P3, P2, Complete.

The P3 sample, which has been ground with 4000 grade paper only is rougher than
the sample ground with grade 1200 paper (P2) because this paper, when used without
pre-grinding, provides a less effective surface preparation. The P1 sample has an higher
Rp roughness than the NP sample but this difference is not statistically significant because
the standard deviation for both values (close to 0.5) is higher than the difference between
them.

7.2.3.1 Influence of the substrate roughness on the coating morphology during the first
stages of deposition.

After a plating time of 5 seconds, the increase of substrate roughness favors the deposit
initiation, as shown on figure 7.16: the sample with the complete surface preparation
treatment is exempt of nodules and their density increases on the other samples with
increasing roughness. Moreover, the size of the nodules present on the surface appears
smaller when the roughness is higher, with a nodule size of the order of 50nm on the un-
polished surface. This shows that the germination of the nickel nodules on the substrate
is easier when the substrate is rougher. The higher density of nodules on the rougher
substrate is in accordance with the findings of Liu et al [135] but we don’t observe the
formation of bigger nodules on the rougher substrate as they do. However the NiP does
not form nodules on the Mg alloy substrate but small cubic crystals, which denotes a
different initiation mechanism. Moreover, low magnification micrographs on our samples
give the impression of bigger deposits on the rougher substrate because aggregates are
already formed in this case.

After an immersion of 15 seconds in the plating bath, the density of nickel nodules
is still decreasing with decreasing roughness (see figure 7.17) but the size of the nodules
appears homogeneous on all the samples and is close to 50 nm. On the smoother sample,
the deposition process is not yet initiated.
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Fig. 7.16: SEM observation of the surface of samples with varying roughness immersed in the
plating bath for 5s.

Fig. 7.17: SEM observation of the surface of samples with varying roughness immersed in the
plating bath for 15s.

After 30 seconds in the plating bath, the first nodules are observed on the sample
submitted to the ’complete’ grinding process while the surface of the other samples is
nearly completely colonized by the nickel deposit (see figure 7.18). The size of the nodules
is still similar for all the samples.

After one minute, all the samples are completely colonized (see figure 7.19). However,
the deposit appears more homogeneous on the sample that was submitted to the ’P1’
surface treatment (which has the higher Rp), but this will have to be verified by rough-
ness measurements. Longer immersions in the plating bath lead to homogeneization and
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Fig. 7.18: SEM observation of the surface of samples with varying roughness immersed in the
plating bath for 30s.

Fig. 7.19: SEM observation of the surface of samples with varying roughness immersed in the
plating bath for 60s.

densification of the coating, as shown on figure 7.20. The size of the nodules is still in
the same range as in the previous cases but they tend to form aggregates, that are clearly
distinguishable on low magnification images while the nodules are only observables at
high magnification. Cross section examination reveals that, while the coating appears
homogeneous from the surface, it is not yet the case (see figure 7.21). Between 90 and
240 seconds of plating, a transition occurs between three dimensional (equiaxial) nodules
and columns growing perpendicular to the substrate. However, the coating is not yet fully
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densified.

Fig. 7.20: SEM observation of the surface of samples with varying roughness immersed in the
plating bath for 90 and 240s.

Fig. 7.21: SEM observation of the cross section of samples with varying roughness immersed in
the plating bath for 90 and 240 s.

7.2.3.2 Influence of the substrate roughness on the deposition rate.

It is difficult to measure accurately the deposition rate (by weighting or thickness mea-
surement) of electroless nickel-boron in the first stages of the plating process, and thus
to compare the deposition rate on substrates with different roughnesses. However, EDX
analysis can be used as a qualitative tool to compare the deposition rate coatings of a
similar composition: the thicker the deposit, the more nickel is detected on the surface.
This technique can be used as long as the coating thickness has not reached the maximal
penetration depth of the EDX analysis.



7.2. Study of the initiation of electroless nickel-boron deposits. 113

The results of the EDX analysis carried out on substrates with varying roughness are
presented in table 7.5 and figure 7.22. After 5 seconds, a similar amount of nickel is de-
tected on the samples with NP, P1 and P2 preparation while the nickel is slightly lower on
the P3 sample and completely absent on the ’Complete’ sample. This is in agreement with
the SEM observation that roughness favors deposit initiation. After 15 seconds, the P3
sample has reached the same level as the NP, P1 and P2 samples and only the ’Complete’
sample has a lower nickel content on the surface.

Deposition time
Surface state 5s 15s 30s 60s 90s 4min (240s)

Unpolished
Fe(%) 95.18 88.8 69.62 40.56 25.75 6.47
Ni (%) 4.82 11.2 30.38 59.44 74.25 93.53

Grade 220 paper
Fe(%) 95.6 87.48 63.68 26.22 13.96 6.9
Ni(%) 4.34 12.52 36.32 73.78 86.04 93.10

Grade 1200
paper

Fe(%) 95.17 88.99 75.36 51.9 21.72 6.54
Ni(%) 4.83 11.01 24.64 48.10 78.28 93.55

Grade 4000
paper

Fe(%) 97.5 89.34 77.38 51.13 7.75
Ni(%) 2.5 10.66 22.62 48.87 92.25

Complete
Fe (%) 100 94.3 81 42 26 7
Ni (%) 0 5.7 19 58 74 93

Tab. 7.5: Evolution of the surface composition (by EDX analysis) during the first stages of
deposition, as a function of the substrate preparation.

Fig. 7.22: EDX analysis carried out on samples with varying substrate roughness, during the
first stages of the plating process.
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At later stages, is it clear that the P1 samples has an higher deposition rate (its nickel
content is already close to 90% after 90 seconds) than all the other samples. The ’Com-
plete’ sample has a longer induction period but grows quicker once the deposit is initiated.
The NP sample on the other hand has a faster initiation but grows slower and reaches
similar valuer to the ’Complete’ sample after 60 to 90 seconds.

From those results, it seems that the P1 surface treatment produces the best results
as far as deposit initation is concerned, which confirms the results of section 7.2.3.1. This
is not surprising because the sample submitted to the P1 treatment has the higher Rp

roughness. This sample has thus higher peaks that are preferred nucleation sites. The NP
sample shows a good comportment at the very first stages but the deposit grows slower
on this sample, probably because its higher roughness is due to valleys (the Rv roughness,
that measures the depth of valleys, is 1.98±0.4 for the NP sample and 1.75±0.6 for the
P1 sample) in which the deposition is slowed by the diffusion of reactive needed to attain
them. A similar phenomena explains why the sample submitted to the ’Complete’ treat-
ment grows quicker than the others after the initiation took place on it: while there are
less peaks that provide favorable sites for the deposit nucleation, there are also far less
valleys that need diffusion to be coated.

7.2.3.3 Influence of the substrate roughness on the roughness of the coating during the
first stages of deposition.

It would be very difficult to present a review of all interesting parameters for the samples
concerned. As the Rp parameters appears to play an important role in the initiation of
the deposit and all parameters have previously (see section 7.2.2.2) shown a similar com-
portment, only the evolution of this parameter was examined.

The roughness increase observed during the very first steps of the deposition process
on the sample submitted to the complete surface preparation treatment is still observable
on the other samples (see figure 7.23). However, this effect appears to be amplified by the
initial roughness of the sample, which is in agreement with the results of Homma [133].
The very important roughness increase on the P2 sample however cannot be explained
this way but a careful observation of the SEM images can lead to an explanation: on
this sample, the nodules appear to grow on top of the others before the previous layer
of nodules is complete. The reason behind the apparition of this phenomenon, however,
remains unknown.

After a deposition time of 4 minutes, the roughness of the deposits evolves in the same
manner than the average roughness (Ra) of the substrates: (in decreasing order) NP, P1,
P3 and nearly ex-aequo P2 and ’Complete’. The values after 4 minutes are however gen-
erally slightly higher than the initial roughness of the substrate.
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Fig. 7.23: Evolution of the coating roughness, as a function of time and initial roughness of the
substrate.

7.2.4 Influence of the nature of the substrate.

The nature of the substrate influences the initiation process as much, if not more, than
its roughness. In section 7.1.2, published results obtained on different magnesium alloys
were examined and it appeared that the initiation of the deposition process was favored
on polyphased alloys (probably due to galvanic coupling) and took place principally on
phase boundaries [134–136].

Studying the influence of the substrate’s nature is very difficult because it is close to
impossible to compare effectively substrate of very different natures: the surface prepara-
tion needed to allow deposition on aluminum, for example, is very different than for steel.
Moreover, the initiation mechanism is very influenced by the redox comportment of the
substrate. We thus decided to limit this study to ferrous alloys that can be plated using
a single surface preparation process.

The alloys that were used for this study are :

• St 37 low carbon steel. This alloy is the ferritic steel that was used for the previous
initiation study.

• AISI 304 austenitic stainless steel. This alloy was chosen because it is widely used
for lots of applications and it is monophased.

• 2205 Duplex stainless steel. This polyphased (austeno-ferritic) alloy was chosen to
determine if the galvanic coupling effects described by Liu et al. for magnesium
alloys are also observable on steel alloys.
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The composition of the alloys used are shown in table 7.6. They were similarly pre-
pared by grinding up to 4000 grade SiC paper, degreasing and etching in 30 volume %
chlorhidric acid. The only parameters changed were the duration of the etching (1 minute
for st 37 steel; 5 minutes for stainless steels) and the frequency of the renewal of the
etching bath that was higher for the stainless steels.

C Cr Ni Mo N Mn Si P S Fe

St 37 0.17 0.009
0.20-
0.50

0.30 0.05 0.05 bal.

AISI 304 <0.08
17.5-
20

8-11 <2 <1 <0.045 <0.03 bal.

2205 du-
plex steel
(Ur 45N)

<0.03 21-23
4.5-
6.5

2.5-
3.5

0.8-2 <2 <1 <0.03 <0.02 bal.

Tab. 7.6: Composition of the ferrous alloys used to investigate the influence of the substrate
nature on the initiation of the deposit (wt %).

The initiation of the deposition process on the three different substrates was studied
by the observation of their morphology and of the coverage ration determined by EDX.

7.2.4.1 Influence of the substrate nature on the coating morphology during the first
stages of deposition.

The initiation on St 37 steel was already described in section 7.2.2. As shown on figure
7.24, the first nodules observed on the surface appear after an immersion time of 30
seconds and the surface is wholly colonized after only 60 seconds.

Fig. 7.24: Morphology of the deposit in the beginning of the deposition process on St37 steel.
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On AISI 304 stainless steel, the very first nodules of nickel are observed after only
15 seconds (figure 7.25) but their density after 30 s and 60 s is far lower than on the
low carbon steel. It appears thus that, while the initiation is quicker on stainless steel
than on mild steel, the propagation of the deposit on the surface is then far slower.
The quicker initiation could be caused by a displacement reaction between nickel and
some component of the alloy (probably Cr which has a very low redox potential). This
hypothesis is reinforced by the slower propagation of the deposit on the surface: the
presence of dissolved metal salts in the solution could reinforce the catalytic blocking of
sites caused by the lead salts.

Fig. 7.25: Morphology of the deposit in the beginning of the deposition process on AISI 304
stainless steel.

On 2205 duplex steel, the initiation of the deposition takes place even sooner than on
AISI 304 as the first evidence of nickel nodules formation can be observed after only 5
seconds of plating (figure 7.26). However, the progression of the deposit on the surface
does not appear to be quicker than on the other stainless steel.

The diminution of the apparent induction time on stainless could be imputed to sev-
eral factors:

• A first factor that applies to both stainless alloys: the lower redox potential of the
alloy (stainless steels are not corrosion resistant because they are noble but because
they have the ability to form a dense protective oxide coating on their surface) that
can lead to a very quick displacement reaction inside the solution.
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Fig. 7.26: Morphology of the deposit in the beginning of the deposition process on 2205 duplex
stainless steel.

• A second factor that also applies to both alloys: the presence of nickel (which is
catalytic for the oxidation of sodium borohydride) in the substrate. However, the
low concentration of nickel in the alloys (8-11 wt.% for AISI 304 and 4.5-6.5 wt.%
for 2205 duplex stainless steel) does suggest that this factor is not the principal one.

• A last one that only applies to the duplex steel: galvanic coupling between the
austenitic and ferritic phases of the alloy.

It is evident that the lowering of the redox potential on stainless steel plays an impor-
tant role in deposit initiation. Moreover, comparison of the comportment on Duplex and
Austenitic stainless steel shows that the initiation is quicker on the Duplex steel, which
has an higher nickel and chromium content and is polyphased. This suggests that galvanic
coupling may influence the initiation.

The observation of samples immersed in the solution for longer times shows that the
substrate is already completely covered by the deposit after 60 s on the St 37 sample but
the coating stays porous until a plating time of 4 minutes is reached (figure 7.27). On the
AISI 304 (figure 7.28), the surface appears to be completely colonized only after 7 minutes
of plating but the coating looks dense as soon as it is continuous. On the duplex steel
(figure 7.29), the substrate is completely covered by a densified coating after 4 minutes in
the bath. Those results confirm that the propagation of the deposit on the sample surface
is slower on stainless steel than on low carbon steel.
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Fig. 7.27: Morphology of the deposit after 90s to 10 minutes of the deposition process on st37
steel.

Fig. 7.28: Morphology of the deposit after 90s to 10 minutes of the deposition process on AISI
304 stainless steel.
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Fig. 7.29: Morphology of the deposit after 90s to 10 minutes of the deposition process on 2205
duplex stainless steel.

7.2.4.2 Influence of the substrate nature on the deposition rate.

The evolution of the Ni content was measured on the surface by EDX. As was said in
section 7.2.2.3, it does not represent the effective surface of the sample but the average
composition of the top 1µm of the coating. It can thus only be used to give qualitative
indications about the formation of a continuous coating and a qualitative image of the
deposition rate.

As the stainless steels already contain nickel (approx. 5wt% for 2205 duplex and 10
wt% for AISI 304), the EDX measured were corrected to take into account the nickel
contained in the substrate.

The correction applied was the following:

• The weight ratio between iron and nickel was calculated from the nominal compo-
sition. It was found that the weight of iron was 6.9 times the weight of nickel in the
AISI 304 and 11.9 times for the 2205 duplex.

• From this, the atomic ratios were calculated and found to be quite close to the
previous ratios (the molar weights of iron and nickel being in the same range): 7.2
for AISI 304 and 12.5 for 2205 steel.

• The amount of nickel present in the steel was subtracted from the measured value
to obtain the amount of nickel deposited. The initial values and results of the
calculation are shown in table 7.7.
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Plating
time (s)

Measured Ni
content (at.%)

Measured Fe
content(at.%)

calculated Ni
content(at.%)

AISI
304

2205
duplex
SS

AISI
304

2205
duplex
SS

AISI
304

2205
duplex
SS

5 10.7 7.43 67.83 64.68 1.32 2.25

15 7.41 13.77 62.92 60.91 8.71 8.90

30 21.58 14.18 59.22 60.1 13.39 9.37

60 34.86 22.79 48.43 54.21 28.17 18.45

90 39.78 29.27 45.38 49.23 3.51 25.33

240 66.46 62.56 24.5 24.94 63.07 60.56

420 86.12 75.9 10.02 16.12 84.73 74.61

600 92.35 88.96 5.67 7.38 91.57 88.37

Tab. 7.7: Unprocessed and corrected Ni content detected on stainless steel after immersion in
the electroless plating bath for various times.

Fig. 7.30: EDX analysis carried out on various ferrous samples, during the first stages of the
plating process.

The evolution of the nickel linked to the deposit on St 37, AISI 304 and Duplex steel
is shown in figure 7.30. Those results confirm the SEM observation made on the coating:
while nickel is deposited earlier and in a slightly greater amount on stainless steel than
on carbon steel up to 15 seconds into the deposition process, the deposition rate becomes
then far slower on stainless steel and the amount of nickel detected after 10 minutes of
plating is significantly lower on those substrates. The AISI 304 steel appears to be coated
slightly quicker than the Duplex steel which reinforce the hypothesis than chromium may
have a detrimental affect on the plating rate. While this hypothesis cannot be proven after
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this experiment, it is widely supported by the work of bielinski et al. [28] that showed
that chromium had a relatively good stabilizing effect on electroless deposition baths.

7.2.5 Conclusion.

Observation of the initiation of electroless nickel-boron deposits on substrates of varying
nature and roughness led to several very interesting observations:

• On mild steel (St 37), the initiation of the deposit is nearly instantaneous: while
the nickel deposit cannot be distinguished on SEM images, EDX and XPS analysis
already detect it on the surface after 15 seconds. This is not surprising when keeping
in mind that the redox reaction on the surface is very quick and that the diffusion
of reactive is the rate-limiting step.

• On St 37 mild steel, a complete coverage of the sample surface can be observed by
SEM very soon (after only 60 seconds of plating) and a continuous coating may be
formed even sooner as a very thin layer of nickel can be seen under the deposited
nodules after 90 s.

• Still on St 37 steel, the deposit formation begins by a ’lace-like’ aggregation of nuclei
that is soon replaced by a nodular growth. During those first stages, the deposited
material is quite rough but its densification occurs after only 4 minutes, accompanied
by a smoothing of the coating.

• On St 37 steel, the initiation mechanism is not a displacement reaction between iron
and nickel but a catalytic oxidation of the reducer.

• The roughness of the substrate has a important influence on the initiation and early
formation of the deposit: a rougher substrate appears to favor a quick initiation of
the deposit, with a high density of nodules on the surface after very short (15 s)
times but to impede the later growth of the coating that is quicker on smoother
substrates.

• The nature of the substrate has also a tremendous influence on the initiation and
propagation of the deposition, not unlike the roughness: the formation of nickel
nodules begins earlier on austenitic (304) and duplex (2205) stainless steels but the
spread of deposit on the while surface is far slower on them than on St 37 steel and
they present a far smaller growth rate for times higher than 30 seconds.

There are still lots of questions left unanswered about the initiation of electroless
nickel-boron deposits but the present results constitute a good beginning for the complete
understanding of this phenomenon.
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7.3 Growth of electroless nickel-boron on mild steel.

The growth of electroless nickel-boron is usually studied by the growth rate (measured by
microscopy and/or by the weight gain of the sample). There is not a lot of information
about how it influences the morphology of the samples. In the present section, the growth
of the deposit and the effect of the substrate roughness on the growth of deposits will be
examined in the case of an unreplenished bath. An interesting accompanying study could
be carried out on a continuously replenished bath to discriminate the eventual effects of
reactive depletion. However, it is not possible to implement continuous replenishment at
the lab scale.

7.3.1 Deposit growth in an unreplenished bath.

In this section, we will observe the deposit just after we cease to do it in the section about
initiation. The evolution of the deposit between 90 seconds and 60 minutes of plating will
be examined by different techniques.

7.3.1.1 Morphology of the deposits at different stages of their growth.

After an immersion of 90 seconds, the surface of the samples is completely covered but
the deposit layer is not homogeneous: it is constituted of nodules separated by valleys
and grooves (see figures 7.31a and 7.32a). After 4 minutes, however, the surface appears
more homogeneous and regular, which is confirmed by the cross section observation. The
size of the nodules is similar after 90 seconds and 4 minutes and is in the range of 200-500
nm.

After 7 minutes (see figure 7.31c), some smaller nodules can be observed on the surface
of the sample but the average size stays close to 500 nm. On cross section, the transition
between the nodules (observables on figures 7.32a and b) and the columnar morphology
happens between 4 and 7 minutes of deposition (see figure 7.32c).

10 minutes into the plating process, the surface morphology of the coating is completely
changed: the size of the cells (nodules or columns) observed is consequently smaller and
does not exceed 200 nm (figure 7.31d). On cross sections, it is now clear that the transi-
tion between the nodular and columnar growth is finished.

There are no important modifications of the coating morphology between 10 and 30
minutes of plating: the columnization process continues and evidence of a subdivision
of the columns (that could be caused by secondary nucleation) can be observed (figure
7.32e), as well as leveling of the coating surface but some of the intercolumnar interstices
are still very important.

At the end of the deposition process, the size of the ’cells’ observed on the surface
is not modified but they are more difficult to distinguish because of the surface leveling
(figure 7.31f). The deposit is fully densified and it appears to be constituted of several
layers of columns, as if formed by alternating germination and growth phases.
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Fig. 7.31: SEM observation of the surface of samples immersed in the plating bath for
a) 90s; b) 4min; c) 7min; d) 10 min; e) 30min; f)60 min.
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Fig. 7.32: SEM observation of the cross section of samples immersed in the plating bath for
a) 90s; b) 4min; c) 7min; d) 10min; e) 30 min; f) 60min.
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7.3.1.2 Growth rate.

For this experiment, the thickness of the deposits was measured on SEM micrographs.
The growth rate was then derived from the thickness. The instantaneous growth rate is
the rate calculated between two consecutive thickness measurement while the growth rate
is the average rate up to the point of calculation.

The growth of electroless nickel can be divided in several stage:

• During the very first stage, the thickness increases very quickly (the instantaneous
growth rate exceeds 40 µm/min). However, as the thickness was measured by
SEM, this rate cannot be linked to reactive consumption or to the amount of nickel
deposited because the coating is very porous at this stage (see figures 7.32a and b).
This stage lasts for the 4 first minutes of plating, approximatively.

• After this stage of high growth rate with an important porosity comes a step of con-
solidation: after 7 minutes, the thickness curve shows an inflection that is matched
by a minimum of both the average and the instantaneous growth rate (see figure
7.33). This does not signify that no deposition is taking place during this time
because observation of figure 7.32c shows that the coating is fully densified after
7 minutes of deposition. As a consequence, when microscopy is used as a mean
to evaluate the thickness, the values measured in the first stages of deposition are
higher than what would have been obtained from weighing. The apparent plateau
in the thickness observed between 4 and 7 minutes is thus a manifestation of the
densification of the coating. The apparent thickness increases very slightly during
this time but the amount of nickel deposited is non negligible.

Fig. 7.33: Evolution of the thickness and growth rate during the deposition process.

• Just after this plateau, there is a new peak in the instantaneous deposition rate
while the thickness recovers from the delay due to the densification.
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• After 10 minutes of plating, the growth or the coating is nearly linear and there is a
stabilization of the growth rate that reaches 18 µm/min in average and 11 µm/min
in ’instantaneous’ rate after one hour of plating.

7.3.1.3 Evolution of the boron content across the deposit.

The profile composition of the coating was measured by Glow-discharge Optical Emission
Spectroscopy (GD-OES). The nickel and boron content of the coating is relatively stable
across the whole deposit, as can be seen on figure 7.34. Calibration of the apparatus for
nickel, boron, lead and other elements allowed to obtain a quantitative analysis of the
coating. The boron content is close to 6 wt.% over the whole deposit. The lead content
of the coating and its evolution will be discussed in section 7.3.1.4.

Fig. 7.34: Evolution of the composition across the deposit.

Those results indicate that the deposition process is reliable because it produces coat-
ings with an homogeneous composition. They also mean that the diminution of reactive
concentration during the deposition does not influence very strongly the composition of
the coating. This is very interesting because important variations of the composition of
deposit during the deposition process have been reported [56].

7.3.1.4 Evolution of the lead concentration and its influence on deposition rate and
deposit morphology.

The lead content of the deposit is a lot smaller than the boron content and stays in the
range 0.25-0.45% at all times. However, the evolution of this content is more noticeable
than the evolution of the boron content and its influence on the coating’s morphology can
be studied. To do this, the results of a GD-OES cross section analysis of the sample, in
which the lead content was up scaled for ligibility, were superposed to a SEM cross section
image of the coating.
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The observation of the lead content’s influence on the morphology is not easy and
certain considerations must be kept in mind:

• The GD-OES method is quantitative if the apparatus is calibrated (which is the
case). However, in some cases, the different constituents of the sample may not be
sputtered at the same speed exactly, which can induce errors in the composition.
Moreover, the conversion between sputtering time and depth, which is made by mea-
suring the size of the sputtered crater, is influenced by the nature of the sputtered
matter and thus by the composition. It is thus difficult to realize this conversion
precisely when a coating/substrate system is analyzed, due to the dual nature of
the material.

• While both the SEM and GD-OES analysis were carried out on the same sample,
they were performed on different areas of the sample as both techniques are destruc-
tive. It is thus possible that there are slight differences in the morphology and/or
composition of both areas.

Fig. 7.35: Comparison of the composition and morphology across the deposit.

The observation of figure 7.35 shows that the lead content is close to 0.45 wt.% at the
substrate/coating interface then decreases quickly down to 0.3% in the first 2-3 µm of the
coating. The content stays then low (0.25-0.3 wt.%) for the next 10 µm of the deposit
before going up in near the surface (at the end of the deposition process). The lowest
lead concentration of the coating can be matched with the stage of quick growth observed



7.3. Growth of electroless nickel-boron on mild steel. 129

after 7 minutes of deposition, while the high concentration detected in the coating that is
first deposited can be linked with the plateau observed in the deposition rate described
in section 7.3.1.2. In view of this, an explanation of the plateau phenomenon that was
observed can be given: During the first 90 to 250 seconds of deposition, the deposition
rate is high but the material that is deposited is not very dense and possess thus a very
high specific surface. At this moment, an important amount of lead is adsorbed on this
surface and slows signicatively the deposition process until the majority of the cavities
formed by the initial deposit are filled. The growth continues then at a more controlled
rate because the process enters a steady state. The decrease of the deposition rate at the
end of the deposition process can likewise be linked to the higher lead content observed
near the surface of the coating.

Comparison of the lead content and morphology shows that the lower lead content
observed in the center of the coating coincides with the wider columns, while the columns
appear to be smaller at the very beginning and the very end of the process (which was
already observed on figure 7.31), when the lead content is higher.

7.3.1.5 Evolution of instantaneous composition of the deposit measured by XPS.

The iron content, that is probably linked to a surface pollution, was subtracted to al-
low interpretation of the XPS analysis. Those results are presented in table 7.8 for the
atomic composition and figure 7.36 for the weight content. At the very beginning of
the plating process (after 15 s), the main deposited element is nickel (close to 84 at.% or
95 wt.%), the boron content is close to 16 at.% and the lead content is lower than 0.5 at.%.

Deposition time (s) 15 30 60 90 240 600 3600

Ni (at.%) 83.08 80.71 72.22 57.38 54.86 60.87 57.65

B (at.%) 16.50 18.69 27.78 42.62 43.55 37.49 40.49

Pb (at.%) 0.42 0.60 0 0 1.60 1.63 1.86

Tab. 7.8: Evolution of the surface composition (by XPS analysis) during the first stages of
deposition.

The nickel content measured on the surface decreases quickly during the deposition
process and stabilizes around 60 at.% after only 90s. The boron content increases to
reach nearly 40 at.% at the same time. The evolution of the lead content appears more
complex: lead represents 0.5 at.% of the surface at the beginning, it is then detected as
traces for some time (up to an immersion of 240 s), and it constitutes finaly 1.5 at% of
the surface content. This evolution is very similar to what is observed in GDOES (see
section 7.3.1.4). The detection of an higher amount of lead in the bulk of the coating by
GDOES compared to XPS could be due to a levelling effect of the GDOES technique:
as the deposit grows in a columnar manner, there are horizontal composition inhomo-
geneities between the center of a column (deposited earlier) and its periphery (deposited
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Fig. 7.36: Surface composition of electroless nickel-boron deposits measured by XPS (wt.%).

later). XPS analyses the exposed surface of the deposit and thus deposit formed at the
same time. However GDOES analyses a straigth surface formed by sputtering, over a
large area (several mm2), which means that material formed over a larger span of time
are analyzed.

The variation in the composition of the instantaneous deposit can be linked to vari-
ation of the deposit morphology: the deposition of a material with a lower lead content
corresponds with the larger nodules observed and the increase of the lead content can be
linked to the decrease of columns size.

It is difficult to link the evolution of the boron content of the instantaneously de-
posited coating with the morphology as this variation happens at the very beginning of
the process, when it is not yet possible to observe cross sections of the deposit. However,
the observation of a thin continuous layer of nickel under the nodular structure could be
linked to the formation of a low-boron alloy at the very beginning of the process (see
figure 7.13a, page 104).

7.3.1.6 Effect of substrate roughness on the growth of the deposit.

The roughness of the substrate has a non negligible effect on the first stages of the depo-
sition process, as was shown in section 7.2.3. It is thus possible that this parameter still
influences the deposit in later stages of the plating. The objective of this section is to
identify the eventual effects induced by a modification of the substrate roughness on the
coating. The surface preparations used for this study are the same as in section 7.2.3 and
were presented in table 7.4.
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The parameters on which the influence of the substrate roughness will be studied are
the growth rate, the morphology and the roughness of the deposit.

7.3.1.6.1 Effect on the growth rate.

The growth rate was measured from thickness values obtained by SEM observation.
The results are shown on figures 7.37, 7.38 and 7.39.

Fig. 7.37: Influence of the substrate roughness on the thickness of the deposit.

Fig. 7.38: Influence of the substrate rough-
ness on the instantaneous growth
rate of electroless deposits.

Fig. 7.39: Influence of the substrate rough-
ness on the average growth rate of
electroless deposits.
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At the beginning of the plating process, the coating thickness is more important on
the rougher substrate, which confirms the results obtained for the deposit initiation in
section 7.2.3. However, at later stages of the deposition, the difference is less marked and
all samples end with a thickness between 16 and 20 µm after one hour of plating but the
rougher sample appear to be still thicker than the others.

The instantaneous plating rate shows a similar evolution for all samples, with a very
high initial value followed by a minimum around 4 to 7 minutes, then a new increase
followed by a stabilization at a lower value (10 to 20 µm/min in all cases). The average
plating rate follows a similar but less marked tendency.

It is remarkable that the deposit grows slower on the sample having been submitted
to the complete surface preparation process than on the other samples at the beginning
of the process but is thicker than on every other sample after 10 to 30 minutes of plating.
This comportment may be related to the hypothesis we made about the lead content in
section 7.3.1.4: as this surface is initially very smooth, the deposit grows quite slowly
during the first stages of the process and the specific surface obtained is less important
than on other samples. The time needed to fill the cavities between the nodules and the
amount of lead adsorbed on the surface are thus smaller and the deposit can grow quicker
in the next stage of the process.

7.3.1.6.2 Effect on the morphology of the deposit: SEM observation of Ni-B deposits.

Fig. 7.40: Influence of the substrate roughness on the morphology of the deposit: cross section
observation.
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As shown on figure 7.20, in section 7.2.3.1, the surface aspect of electroless nickel-boron
deposits is not much influenced by the substrate roughness. In this section, we will thus
focus our attention on cross sections of the samples, presented in figure 7.40.

The morphology of cross sections of the electroless coatings deposited on substrate
with different roughness is similar in all cases, with a ’fan-like’ disposition of the columns
at the bottom and parallel columns at the top of the coating.

7.3.1.6.3 Effect on the roughness of the deposit.

The electroless nickel-boron coating preserves very well the geometry of the substrate.
It is thus expected that the roughness will be slightly smoothed but otherwise preserved.
The results presented on figure 7.41 confirm this expectation: after one hour of electro-
less plating, the order of coating roughness is the same as the initial order of substrate
roughness (the rougher coating corresponds to the rougher substrate) except for the non
polished substrate, that is slightly smoother than the P1 substrate while the NP coating
is rougher than the P1 coating.

Fig. 7.41: Influence of the substrate roughness on the morphology of the deposit: cross section
observation.

The magnitude of the substrate roughness is globally conserved after the deposition
process (see table 7.9), except for the substrate that has been submitted to the complete
surface treatment, on which the roughness increases slightly. However, this modification
is not inevitably due to the plating process: the chemical etching carried out on the sub-
strate just before plating may be the origin of this increasing roughness.
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Sample
initial
Ra(µm)

initial
Rp(µm)

final Ra(µm) final Rp(µm)

NP 0.674±0.111 1.896±0.502 0.684±0.146 2.336±0.446

P1 0.559±0.144 2.122±0.467 0.424±0.061 1.537±0.381

P2 0.294±0.084 1.103±0.515 0.300± 0.058 1.129± 0.329

P3 0.476±0.120 1.759±0.596 0.422± 0.104 1.297± 0.355

Complete 0.184±0.0640 0.510±0.329 0.434±0.145 0.971 ± 0.240

Tab. 7.9: Initial and final (after one hour of plating) roughness of samples submitted to electro-
less nickel-boron coating.

7.3.1.7 Conclusion.

The observation of the growth of electroless nickel-boron deposits led us to observe a
phenomenon that is not dissimilar to the findings of Clerc [54] about the formation of
strata in the deposit: we observe, after the formation of nodules on the substrate, an ho-
mogenization and densification of the structure leading to the well known columns. After
this, a refinement of the columns size is observed, still early (4 to 10 min) in the plating
process, followed by a progressive leveling.

The deposition rate, in terms of thickness, confirms this: the deposit first knows a
quick growth but stays porous. The thickness increases then very slowly while the coat-
ing is consolidated and densified. After this, the deposition rate is higher during the end
of the plating, as the growth happen more regularly. This means that following the depo-
sition rate only by a measure of the weight of the deposit or of their thickness could lead
to very different results during the first 7 to 10 minutes of the deposition.

The nickel and boron content are overall very stable in the whole deposit, excepts
at the very beginning where a lower boron concentration is measured by XPS. The lead
content variations can be linked to the coating microstructure: the columns are larger
when the lead content is lower and the refinement of the columnar structure appears to
be closely linked to a non negligible increase of the lead content of the coating.

Overall, the roughness of the substrate is conserved by the electroless plating process
but it influences the growth rate that is higher at the beginning on rough parts but is in
average better on smoother samples.
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7.4 Conclusion.

In this chapter, several aspects of the initiation and formation of the deposit were dis-
cussed and the influence of parameters such as substrate roughness and composition was
observed. Several noteworthy observations were made.

First, we observed the near instantaneous character of the initiation of the deposition
process and the nature of the initiation mechanism.

Secondly, the ambiguous effect of rougher substrates and of the use of stainless steel
on the deposit formation was determined: they favor a quicker initiation of the process
but the deposit spreads (and grows) then slower.

Thirdly, the morphology of the deposit, with thicker nodules at the interfaces and
smaller columns near the top was observed and could be linked with the evolution of the
lead content of the deposit, the lead-rich zone corresponding with the finer structure.

Finally, the very good conservation of the substrate shape could be shown by the
preservation of the roughness of the substrate after one hour of deposition.

There are however still phenomena that could not be observed or explained such as
the effect of continuous replenishment on the deposit formation, the reason for the lead
content variations, the preferred phase for initiation of the deposit on Duplex steel.
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8. CHARACTERIZATION OF NICKEL-BORON DEPOSITS IN
THEIR AS DEPOSITED STATE.

8.1 introduction.

As electroless nickel-boron coatings are studied with an industrial application in mind, it
is very important to get the most detailled knowledge of their properties. The present
chapter aims to describe those properties in the case of coating in their initial as-deposited
state. The influence of heat treatments on the coatings will be assessed separately in chap-
ter 9.

Before describing the properties measured on the samples, the preparation procedure
of the samples will be briefly introduced. Then, the chemistry of the deposits will be
examined by diverse techniques, in order to get information on the average composition
of the samples but also on the evolution of this composition inside the deposit. It is
important that the chemistry of the deposits is studied first because it was shown in part
I that it influences greatly the other properties.

The next set of properties that will be examined are the structure related properties
that include the global aspect of the coating, its morphology (as observed by SEM) and
its structure. A particular emphasis will be put on the structural characterization of the
coating by Transmission Electronic Microscopy (TEM).

After that, the focus will be set on the properties that are the most interesting for
industrial application, which are the mechanical properties and the wear and corrosion
resistances. The study of mechanical properties will focus on hardness as it is the most
relevant for the usual applications of electroless nickel and the wear resistance will be
determined by abrasive wear tests. The corrosion resistance will be mostly studied by
electrochemical methods and the influence of wear on the corrosion resistance will also be
discussed.

8.2 Samples preparation.

The samples studied in this chapter were in most cases immersed in the deposition bath
(loaded with approximatively 25 cm2/l) for one hour without replenishment and their
thickness typically reached 15 µm. However, some tests needed thicker or thinner de-
posits that were obtained respectively by the way of bath replenishment and shorter
immersion time.
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The shapes and size of the samples were always one of the following:

• Cylinders with an approximate diameter of 25 mm and a thickness of 10 mm were
plated in the 800 ml cell. They were used for chemical, structural and mechanical
testing.

• Square sheet coupons (10 * 10 cm; thickness: 1 mm) were coated in the bigger cell
and were used for all tests except the abrasion wear test. They were mainly used
for electrochemical evaluation of the corrosion resistance.

• Disc sheet coupons (diameter: 10 cm; thickness: 1 mm) were coated in the bigger
cell and were used for wear testing and electrochemical evaluation of the corrosion
resistance.

All the samples observed in the present chapter were deposited either on St 37 steel
or on aluminum alloy (pre-treated with a nickel-phosphorous underlayer), following the
surface preparation procedure described in section 5.2.

8.3 Global and local composition of the deposits.

The knowledge of the coatings chemistry is important because their properties are strongly
influenced by the composition. To obtain the global composition of the deposits, samples
were dissolved in aqua regia (1/3 nitric acid - 2/3 hydrochloric acid) and the solution was
analyzed by ICP. The composition of our samples is, on average, 6 wt.% Boron, approxi-
matively 1 wt.% lead, the balance being nickel (93 wt.%).

Fig. 8.1: Quantitative GDOES analysis of nickel-boron deposit on steel.

The evolution of the chemistry of the nickel-boron across the deposit was studied by
Glow Discharge Optical Electron Spectroscopy (GDOES), which is described in section
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??. This technique is usually only qualitative but it is possible to obtain quantitative
results by careful calibration of the optical signal for each element. The GDOES experi-
ments were carried out on steel and aluminum substrates in 2 different labs. Only one set
of results, measured on steel are truly quantitative (see figure 8.1); the others are shown
for reproducibility.

A sample synthesized in the 8 liters cells, on St-37 steel was analyzed by quantitative
GDOES. As can be seen on figure 8.1, the boron content of the deposits is very stable
across the coating and is close to 6 wt.%, which confirms the results of the ICP analysis.
The lead content, however, appears to be lower in GDOES analysis, in the range of 0.5
wt.%. It is also not as stable as the boron content, with an higher value at the interface
and near the external surface of the coating.

Figure 8.2 shows results of a non-quantitative GDOES analysis made on a steel sub-
strate coated in the 800ml cell. The scale of the figure cannot be compared with the
quantitative analysis but it is obvious that the measured intensities evolve in a similar
manner than on figure 8.1. The stability of the boron content of the deposit and the
evolution of the lead content are thus reproducible for our bath, even when used in a
different deposition cell.

Fig. 8.2: Qualitative GDOES analysis of
nickel-boron deposit on steel.

Fig. 8.3: Qualitative GDOES analysis of nickel-
boron deposit on aluminum.

Figure 8.3 was obtained by the analysis of a sample deposited on aluminum. The phos-
phorous detected at the interface shows the presence of the protective NiP underlayer.
The boron content is still stable across the coating on this deposit but the lead content
presents more important variations, while having a similar trend: there is a maximal lead
content at the interface and surface of the sample.

The stability of the boron content observed on our samples is an important feature
because those samples were obtained without bath replenishment. It could thus be ex-
pected that, as the sodium borohydride is consumed, the amount of boron incorporated
into the deposit decreases. However it appears it is not the case for the bath chemistry
we use. The boron content appears to be more influenced (as far as we know) by the bath
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load (as was shown in section 6.3.3.2.2.4) than by the plating time.

The influence of bath replenishment on the local composition of the samples was also
investigated by GDOES. The samples used for this were left 1.5 hour in the bath with
a replenishment after 0.5 hour. As can be seen on figure 8.4, there is no brutal chem-
istry modification linked to the replenishment process. However, the boron content of the
coating is slightly higher in the first 10 µm (near the interface) than in the rest of the
coating. The sharp decrease observed in the top five µm (near the surface) happens at
the same time than a sharp decrease of the nickel signal and increase of the lead and iron
signals. It is thus very probable that this is linked to the proximity of the surface and
to an eventual superficial pollution rather than to an effective modification of the deposit
chemistry. Once more, the progressive diminution of the boron content that could be
expected is not observed.

Fig. 8.4: Quantitative GDOES analysis of nickel-boron deposit, with bath replenishment, on
steel.

The lead content in the sample with replenishment evolves in a way similar to coatings
made with reactive addition for the first 15 µm of the coating (before the addition). After
this, it increases slightly up to a plateau before decreasing once more towards the surface.
It is possible that it re-increases near the surface but as this corresponds with the increase
of the iron signal, this evolution could be a measuring artifact.
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8.4 Aspect, morphology and structure of as-deposited electroless
nickel-boron.

In this section, the morphological and structural properties of the coatings will be dis-
cussed. First, the coating will be examined visually and by SEM to obtain information
about its aspect, texture and microstructure. Then, the results of X-ray diffraction (XRD)
analysis will be presented. The last part of this section will be dedicated to Transmission
Electron Microscopy (and electron diffraction) observation of the as-deposited coatings
and to discussion of their crystalline state.

8.4.1 Optical and SEM observation of the aspect, texture and morphology of
electroless nickel-boron deposits.

The NiB coatings are smooth and semi-bright as can be seen on figures 8.5, 8.6 and
5.5 (page 64). Their aspect is homogeneous, which is important as well for aesthetic
reasons than for practical reasons: inhomogeneities in the surface aspect of electroless
nickel-boron coatings are mostly the manifestation of structural and morphological in-
homogeneities that are detrimental to the deposit properties. SEM observation of the
surface of our electroless deposits confirmed that they possess the typical cauliflower-like
texture (figure 8.7).

Fig. 8.5: Aspect of nickel-boron coated steel. Fig. 8.6: Aspect of NiB coated steel.

Cross section examination of the coating can give more information than superficial
observation: it allows observation of the growth morphology of the coating, as well as the
influence of substrate and bath replenishment. Figures 8.8 and 8.9 present nickel-boron
deposits synthesized on steel, without bath replenishment. The columnar growth of the
deposit can be seen very clearly on figure 8.8, as well as the undulating surface that
generates the cauliflower-like structure. The different strata that constitutes the coating
are better seen on figure 8.9.



8.4. Aspect, morphology and structure of as-deposited Ni-B. 141

Fig. 8.7: SEM micrograph of the surface texture of electroless nickel-boron.

Fig. 8.8: Electroless nickel-boron on steel
(SEM - cross section).

Fig. 8.9: Electroless nickel-boron on steel
(SEM - cross section).

Bath replenishment influences the morphology of the coating and can be detected by
SEM observation of cross sections. In the case of punctual replenishment, the addition of
reactive in the bath causes a new episode of high density germination. This appears on
the micrography as if a second coating was deposited on top of the first, with a very clear
demarcation line, as can be seen on figure 8.10. Both layers of the coating are similar in
the evolution of their morphology with bigger columns at the bottom and a refining of
the apparent morphology near the top.

The growth of electroless nickel-boron on aluminum samples is similar as on steel (see
figure 8.11. However, it must be noted that the nickel-boron is not deposited directly on
the aluminum but on a nickel-phosphorous underlayer that can be seen on the figure. The
consequences of bath replenishment are identical on this kind of samples than on steel
substrates.
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Fig. 8.10: Electroless nickel-boron on steel,
with punctual replenishment
(SEM - cross section).

Fig. 8.11: Electroless nickel-boron on alu-
minum, with punctual replenish-
ment (SEM - cross section).

8.4.2 Structural analysis of electroless nickel-boron by X-ray diffraction (XRD).

X-ray diffraction was used to assess the structure of electroless nickel-boron deposits (us-
ing Cu Kα radiation (λ = 1, 54Ȧ). As can be seen on figure 8.12, the patterns obtained
on steel and aluminum are very similar, which shows that the structure of the deposit is
not influenced by the substrate.

Fig. 8.12: X-ray diffraction patterns for untreated NiB deposited onto steel and aluminum.

The patterns present no sharp well defined peaks, except for the one at 38.7 ◦ on the
coated aluminum which is due to the substrate. The very important mound centered
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around 45 ◦ shows that nickel is present in an amorphous or nanocrystalline form and
cannot be macrocrystalline. However, it is not possible from the simple observation of
those patterns to affirm that the sample is either amorphous or nanocrystalline. The
discussion of the crystallinity of the sample is the object of section 8.4.2.1.

8.4.2.1 Grain size measurement from X-ray diffraction data.

Fig. 8.13: X-ray diffraction patterns for untreated NiB deposited onto steel.

To determine the grain size from XRD data, new patterns were recorded, as shown in
figure 8.13. The FullProf program was then used to determine the grain size, from the
full width at half maximum, following Scherrer’s equation (eq. 8.1) [141], where L is the
average grain size, K = 0.94, λ is the X-ray source wavelength, θ is the diffraction angle
and (δ2θ)S is the full width at half maximum of the peak.

(δ2θ)S =
K λ

L cosθ
(8.1)

This calculation lead to an average grain size of 1 nm. This means that while the
material is not amorphous, the size of crystallites is excessively small, which could suggest
a fully amorphous state.

8.4.3 Morphological and structural examination of electroless nickel-boron by
Transmission Electron Microscopy (TEM) and Electron Diffraction.

While there are some papers about TEM observation of electroless nickel-boron deposits,
most of them are carried out on peeled off deposits [31, 33, 59, 60]. The observation
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is thus always carried out on sections perpendicular to the growth direction, which is a
real problem because the formation mechanism of electroless nickel coatings makes them
very anisotropic. The usual observation are thus not able to give any reliable information
about the evolution of structure in the coating.

There are few techniques that allow to obtain sections parallel to the growth direction
of electroless coatings: as the samples are metallic and are often deposited on metallic
substrates, it is very difficult to cut them with the usual tools of TEM preparation because
they are too hard to be prepared with the procedures adapted to polymers and too ductile
to be cut like glass or ceramic samples without important modification of their structure.

Preparation of thin sections by focused ion beam (FIB) ensures that the structure
of the sample will be left unmodified during the process and allows preparation of thin
sections out of metallic samples.

Fig. 8.14: TEM image of an as-deposited electroless nickel-boron deposit.

The observation of thin sections of our samples shows that they cannot be considered
as fully amorphous. Very small grains are observable everywhere in the sample (see fig-
ures 8.14, 8.15 and 8.16), contrary to observations made on peeled off coatings by Sankara
Narayanan et al.[31].
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Fig. 8.15: TEM image of an as-deposited
electroless nickel-boron deposit.

Fig. 8.16: TEM image of an as-deposited
electroless nickel-boron deposit.

The grains appear to follow the profile of the sample surface in a wave-like pattern (see
figures 8.14 and 8.15), and the delimitation of the columns that are observed by SEM are
faintly visible. The successive layers that form this pattern are obviously reminiscent of
the laminated microstructure observed in electroless nickel-phosphorous deposits [2], but
on a much smaller scale, each strata being, in the case of electroless nickel-boron, formed
of a number of smaller grains.

It is very likely that those layers are linked to variations of the deposit composition
(and mainly of lead concentration) but it was not possible, at the present stage of research,
to prove this.

Electron diffraction patterns of the electroless nickel-boron deposits (see figures 8.17,
8.18) confirm that they are not amorphous as two faint but well defined diffraction rings
are observed.

The inter-reticular distances can be obtained from the electron diffraction patterns
using equation 8.2 [142–144].

D · d = λ · L = Constant (8.2)

Where D is the distance between the refracted and transmitted rays, λ is the wave-
lenght (calculated from the excitation energy), L is the camera length of the microscope
and d is the inter-reticular distance.
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Fig. 8.17: Electron diffraction pattern of as-
deposited electroless nickel-boron.

Fig. 8.18: Electron diffraction pattern of as-
deposited electroless nickel-boron.

It was possible to obtain values of d for the 2 diffraction rings observed on figures
8.17 and 8.18. They are presented in table 8.1. They correspond, in both cases to strong
reflexions of the FCC Nickel phase. It was thus possible, as it is a cubic phase, to determine
the cell parameter of the phase from d and Miller’s indices of the diffracting planes. This
parameter was found to match relatively closely the ideal value for FCC Nickel: 3.5238
Å, which confirms that the structure of the nanocrystallites is similar to that of nickel.

Ring D (cm) d (Å) h k l a (Å)

Fig 8.17, interior 1.95 2.05 1 1 1 3.557

Fig 8.17, exterior 3.17 1.26 2 2 0 3.563

Fig 8.18, interior 1.94 2.06 1 1 1 3.571

Fig 8.18, exterior 3.18 1.25 2 2 0 3.551

Tab. 8.1: inter-reticular distances calculated from electron diffraction patterns.

8.5 Mechanical properties of as-deposited coatings.

Mechanical resistance of electroless deposits is of crucial importance for most of their
applications. This resistance is assessed by the mechanical properties of the coating, one
of the most important being the hardness. In this section, the results of hardness mea-
surement carried out on as-deposited coatings will be discussed. In order to get as much
information as possible, 3 hardness testing techniques were used:
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• Vickers microindentation was used on the surface of the sample,

• Knoop microindentation was carried out on cross sections,

• Instrumented nanoindentation with a Berkovitch indenter was also used on polished
cross sections. This technique allowed to obtain further information on the mechan-
ical properties of the coating firstly as it gives access to Young’s modulus of the
material and finally because the size of the indents allows to study the evolution of
hardness across the coating.

Measurement technique Hardness Value

Knoop (cross section; 25g) 891 ± 35 hk25

Knoop (cross section; 50g) 834 ± 20 hk50

Vickers (surface; 100g) 854 ± 40 hv100

Berkovitch nanoindentation
(cross section; 4000µN)

925 ± 70

Tab. 8.2: Hardness of as-deposited electroless nickel-boron deposits.

As shown in table 8.2, the hardness of the electroless nickel-boron coatings is high
even in their as-deposited state. It is far higher than the hardness of electroless nickel-
phosphorous and is even higher than the usual values given for electroless nickel boron
(650 to 750 hv100) in section 2.4.2, page 37. It is probable that this difference is due to
the nanocrystalline state of the deposits, as nanocrystalline materials are reputed for hav-
ing better properties than in their coarse grained state [63]. The values obtained by the
different techniques are not equal but they are in the same range. The average Young’s
Modulus obtained from the nanoindentation data is 190.1 ± 9.8 GPa.

The nanoindentation profile (see figure 8.19) shows that the hardness is relatively sta-
ble across the deposit, with a slightly higher value in the center of the deposit. However
this difference is not very high and stays well in the range of experimental dispersion for
that technique. It may thus not be really significant.
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Fig. 8.19: Hardness profile of as-deposited electroless nickel-boron on steel (by nanoindentation).

8.6 Tribological properties of the coatings.

As the mechanical properties, the tribological properties of electroless nickel-boron coat-
ings play a great role in their industrial applications: many electroless nickel coated parts
are used for wear applications. In this section, the roughness and wear resistance on
electroless coatings will be discussed.

The roughness is important because it conditions the in-use contact area of the plated
parts as well as the retention of lubricants.

The wear resistance (in this particular case, the abrasive wear resistance) gives very
useful information about the service life of the coated part.

The scratch resistance of the coating will also be studied because it brings information
about the damage modes of the coated system and the adhesion of the coating.

8.6.1 Roughness of electroless nickel-boron coatings.

The roughness of as-deposited electroless nickel boron coatings has already been discussed.
In section 7.3.1.6.3 (see table 7.9), the influence of the surface state of the substrate on
the roughness of the final part has been discussed. It appears than the magnitude of the
substrate roughness is conserved in the final value and that smoother substrates lead to
smoother plated systems. The electroless coating allows thus to keep quite precisely the
shape and state of the parts that are covered.

However, a tribological study of the roughness cannot be limited to the evolution of
simple geometrical parameters such as Ra. More roughness parameters, measured on steel
substrates with varying surface state (see table 7.4 page 109 for a description of the sur-
face states) are thus shown in table 8.3.
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NP P1 P2 P3 complete

Ra (µm) 0.76 ± 0.18 0.45 ± 0.07 0.34 ± 0.11 0.42 ± 0.10 0.43 ± 0.05

Rq (µm) 0.96 ± 0.23 0.57 ± 0.08 0.44 ± 0.16 0.54 ± 0.13 0.52 ± 0.06

Rz (µm) 4.70 ± 1.15 2.96 ± 0.31 2.41 ± 0.90 2.67 ± 0.63 2.22 ± 0.23

Rp (µm) 2.62 ± 0.88 1.62 ± 0.24 1.38 ± 0.64 1.30 ± 0.35 0.97 ± 0.09

Rv (µm) 2.08 ± 0.32 1.34 ± 0.08 1.03 ± 0.26 1.38 ± 0.30 1.25 ± 0.14

Rt (µm) 6.46 ± 2.02 3.98 ± 0.78 3.66 ± 2.07 3.55 ± 0.97 3.51 ± 0.55

Rsk 0.31 ± 0.30 0.33 ± 0.21 0.36 ± 0.43 -0.09 ± 0.22 -0.35 ±0.07

Rku 3.20 ± 0.59 3.30 ± 0.27 3.78 ± 0.72 3.37 ± 0.58 2.47 ± 0.06

Tab. 8.3: Roughness parameters of as-deposited electroless nickel-boron deposits.

As can be seen in table 8.3 and on figure 8.20, Ra and Rq are of the order of 0.5-1
µm while the maximum peak to valley distance (Rz) is higher and reaches nearly 5 µm
on non-polished substrates. The peak height (Rp) and valley depth (Rv) are always of
the same order. Figure 8.21 shows that the skewness (Rsk) is slightly positive for the less
polished substrates and slightly negative for the more polished ones. The kurtosis (Rku)
has a similar comportment than the skewness and decreases when the substrates are more
polished. It is higher than 3 for all substrates excepted the smoothest.

Fig. 8.20: Evolution of roughness parame-
ters with the surface state of the
substrate.

Fig. 8.21: Evolution of roughness parame-
ters (Skewness and Kurtosis) with
the surface state of the substrate.

From this, we can say that, on substrates with a not very good surface state, there
are slightly more peaks than valleys on the surface and that the peaks are relatively close
packed and steep. However, on the smoother substrate, the negative skewness is in good
accord with the cauliflower-like texture of the electroless nickel-boron deposits. Neverthe-
less, the low Ra, Rq and Rt observed for all samples suggest that the coatings are well
adapted for wear applications even if the substrate is not smooth enough to guaranties
negative skewness and low kurtosis (which are important parameters for wear application).
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Fig. 8.22: Roughness profile of an electroless nickel-boron deposit.

Observation of the profile measured on an electroless coating (figure 8.22) indicates
that the high kurtosis and positive skewness may be due to the presence of a few sharp
peaks on a profile that otherwise should have the roughness properties of a cauliflower-like
surface (negative skewness and low kurtosis). It is this probable that even the coating
with the less encouraging results will have a good in-use comportment.

8.6.2 Roughness of electroless coatings deposited on aluminum.

The whole roughness study was carried out on steel as, on this substrate, there is no need
for a protective intermediate layer between substrate and coating. However, as some of
this work concerns electroless deposits on aluminum substrates, it is useful to study the
surface state obtained in this case and to compare it with what is obtained on steel.

To this effect, roughness measurements were carried out on first on steel and aluminum
substrates ground up to the same point (grade 1200 SiC paper), prior to the chemical steps
of the surface preparation and the roughness of both substrate was in a similar range (Ra

of 0.156 ± 0.046 µm for steel and of 0.181 ± 0.026 µm for aluminum), meaning that the
final roughness of the coated system will depend mainly on the subsequent steps (etching,
zincating and NiP and NiB coating) of the process.

The roughness obtained on the steel substrate was higher than on aluminum, as shown
in table 8.4. This can be explained by the smoothing effect of the protective NiP layer
deposited on the aluminum substrate to avoid its corrosion during the immersion in the
alkaline NiB plating bath.
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Sample Ra (µm) Rq (µm) Rz (µm)

coated steel (Ni-B coating) 0.898±0.063 1.143±0.089 6.318±0.967

coated aluminium (Ni-P/Ni-B coating) 0.455±0.101 0.601±0.170 3.464±0.845

Tab. 8.4: Roughness parameters of as-deposited electroless nickel-boron deposits on steel and
aluminum.

8.6.3 Wear resistance of the coatings.

The abrasive wear resistance of the coatings was evaluated by the Taber test, using CS-17
wheels that are particularly harsh. As such, the Taber Wear Index (TWI) obtained are
higher than the usual values obtained for electroless coatings that were tested using softer
CS-10 wheels. The operating conditions for the wear tests were :

• load: 1000g;

• speed: 72 rpm;

• number of cycles: 10 X 1000 cycles, weighting every 1000 cycles;

• wheels refacing: every 1000 cycles, alternatively with emery paper and ’wheel
refacer’.

Fig. 8.23: Aspect of a sample after Taber testing.

The aspect of a sample after Taber testing is shown on figure 8.23. Figure 8.24 presents
the weight loss measured on 5 different samples (deposited on steel) during the Taber abra-
sion tests and shows that the experiment is really reproducible. The Taber Wear Index
obtained at the end of the test is 24.2 ± 0.476, which is a good value for a TWI using CS-
17 wheels. It appears thus that the coating will present a good resistance to abrasive wear.
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Fig. 8.24: Evolution of weight loss during Taber Wear test on electroless nickel-boron coating
on steel - reproducibility of the experiment.

While abrasive wear should by definition be independent of the substrate nature, it
was interesting to verify this assumption for coated steel and aluminum. These results
are presented on figure 8.25 and it is clear that the Taber resistance of both coatings is
similar, with a TWI of 27 for the steel-based system and 28 for the aluminum-based one.

Fig. 8.25: Evolution of weight loss during Taber Wear test on electroless nickel-boron coating
on steel and aluminum substrate.
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Fig. 8.26: Cross section of an electroless
nickel-boron coating after Taber
abrasion test.

Fig. 8.27: Surface of an electroless nickel-
boron coating after Taber abra-
sion test.

Even if the Taber Wear Index is useful to characterize the resistance of a coating,
there is other information that can be obtained from the Taber abrasion test. Surface
and cross section SEM images of the abraded area of electroless nickel-boron coatings are
shown on figure 8.26 and 8.27. The surface image shows that there is some deposit left on
the substrate, as the boundaries of the columns that form the cauliflower-like texture are
visible under the scratches. However, observation of the deposit’s cross section shows that
the coating has been nearly completely removed during the abrasion test (figure 8.27).
This is confirmed by observation of the depth profile of the abraded area (obtained by 3D
roughness measurement): the depth of the worn path reaches 4 µm (which is the limit
for this kind of measurements) very quickly at the edge of the tested area (see figure 8.28).

Fig. 8.28: Depth profile of the abraded area of an electroless nickel-boron deposit.
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8.6.4 Scratch resistance of the coatings.

Scratch tests provide insightful information about the in-use comportment of materials
and coatings. To assess the comportment of electroless nickel-boron, they were performed
on 15µm thick samples synthesized on aluminum alloy for the observation of global damage
and on thinner (≈ 6µm) samples synthesized on mild steel for the investigation of the
coating adhesion. The tests were carried out using a continuously increasing load (up
to 25N) and the acoustic emission and friction coefficient were monitored during the
experiment. The residual scratches were observed either by optical microscopy or SEM.

Firstly, the scratch resistance of 15 µm thick coatings on aluminum substrate was
assessed with a maximal load of 25N. During this experiment, no critical load was de-
tected, even at the highest values, as can be seen in figures 8.29 and 8.30. The coating
only suffered elastic and plastic deformation, as well as some microcracks on the edge
of the scratches that are typical of metallic comportment of the sample. The friction
coefficient increased linearly with the normal load and no acoustic emission was recorded.
The nickel-boron coatings show thus a good scratch resistance. The fact that there isn’t
any damage except plastic deformation in the coatings during scratch test is probably due
to the important plastic recovery of the coating and substrate: the penetration depth at
maximal load of the scratch stylus is always close to 20 µm while the residual penetration
depth is only 10 µm (less than the coating thickness).

Fig. 8.29: Residual scratch on electroless nickel-boron coated aluminum (maximal load: 25N).

Fig. 8.30: Residual scratch on electroless nickel-boron coated aluminum (maximal load: 25N) -
end of the scratch.

In order to detect a critical load, thinner coatings (close to 6 µm) deposited on steel
were tested under the same experimental conditions. It was then possible to determine
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values for the critical load, from the friction coefficient variation and SEM observation.
Both values are in good agreement, close to 21 N, as shown in table 8.5.

Critical load

from friction
coefficient

from SEM ob-
servation

21.8N 21N

Tab. 8.5: Critical load (adhesive) of electroless nickel-boron coatings.

The detection of the critical load by the variation of the friction coefficient was possible
because there is an increase from 0.3 up to 0.45 when it is reached.

The observation of the residual crack (see figure 8.31) allowed identification of the
damage modes of the coating: longitudinal cracking on the edge of the coating appeared
first, then forward chevron cracks. The first adhesive failure was discontinuous ductile per-
foration of the coating. This shows that the coating has a metallic, ductile comportment
at all stages of the testing and allows, combined with the good abrasion and roughness
results, to predict a good comportment in wear applications. Moreover, the type of failure
that was observed (ductile perforation) indicates that the adhesion of the coating to the
substrate is very good.

Fig. 8.31: Residual scratch on electroless nickel-boron coated aluminum (maximal load: 25N).

8.6.5 Conclusions.

The tribological properties of the coating were investigated by three different methods:
roughness measurement, abrasive wear testing and scratch testing. All of those tests ren-
dered a similar response: the electroless nickel-boron coatings are good candidates for
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wear applications, because they are smooth and their surface texture is favorable to slid-
ing, their Taber Wear Index is low, their comportment during scratch testing is ductile
and they have a good adhesion with the substrate.

8.7 Corrosion resistance of as-deposited electroless nickel-boron.

As electroless nickel coatings were first developed for corrosion application, their electro-
chemical properties and corrosion resistance must be studied with great attention.

In the present section, the coatings will be submitted to a battery of electrochemical
tests that are designed to predict the corrosion resistance of the coating.

There are many factors influencing the corrosion resistance of materials. For this rea-
son, this study will cover several coated systems. First of all, the properties of nickel-boron
coated steel will be measured, as this system is the simplest. Then those results will be
compared to nickel-boron coated aluminum, which is a more complex system as there is
a nickel-phosphorous underlayer. Finally, as the electroless coatings are intended to be
used in wear applications, the effect of wear on their corrosion resistance will be observed.

8.7.1 Investigation of the corrosion resistance of electroless nickel-boron by
electrochemical tests.

Electrochemical methods for the evaluation of the corrosion resistance of materials were
developed to predict their performance. They are in many cases less destructive and
quicker than the traditional exposure methods and they allow access to information about
the corrosion mechanisms. In this section, two electrochemical methods will be used:

• Potentiodynamic polarization curves were recorded on the samples. For this, the
electrode potential varied from -600 to +250 mV against the reference electrode, at
a rate of 10 mV.min−1. In all cases, the sample was immersed in the solution 15
minutes before the test in order to stabilize the open circuit potential.

• Electrochemical Impedance Spectroscopy (EIS) measurements were carried out in
the frequency range 105 - 10−2 Hz with a sinusoidal signal perturbation of 5 mV
and 50 data points taken per interval.

All of the electrochemical tests were carried out with a Parstat 2273 potentiostat frequency
response analyzer (FRA), in 0.1 M NaCl, at room temperature with a conventional three-
electrode cell. The electrodes used for the tests were :

• Working electrode : electroless nickel-boron specimen.

• Counter electrode: platinum grid.

• Reference electrode: Ag - AgCl/KCl (saturated) (offset potential against normal
hydrogen electrode: 0.197V)



8.7. Corrosion resistance of as-deposited electroless nickel-boron. 157

The analyzed surface was normalized by masking with silicone (exposed area : 1 cm2).
In order to minimize external interference, the electrochemical cell was placed in a Faraday
cage.

8.7.1.1 Corrosion resistance of electroless nickel-boron plated steel.

Among the system that were investigated during this study, steel coated with electroless
nickel-boron is the simplest: the use of a protective nickel-phosphorous layer to avoid
degradation of the aluminum substrate during the plating brings a far more complicated
system and modifies its properties in a non negligible manner. To be sure that only the
protective characteristics of the nickel-boron coating are investigated, it is thus better to
begin with the coated steel.

In this section, the corrosion resistance of this system will be observed from different
point of view. First, the potentiodynamic polarization curve and EIS results will be dis-
cussed. Then, examination of the surface of the tested samples by SEM will be presented.

8.7.1.1.1 Potentiodynamic polarisation.

Potentiodynamic polarization curve measured on uncoated and NiB coated steel are
shown on figure 8.32. From this, it is evident that the nickel-boron coating brings a signif-
icant rise of the corrosion resistance of the steel, as the comportment of the coated sample
is much nobler than the substrate.

Fig. 8.32: Potentiodynamic polarization curve of electroless nickel-boron coated steel.

The cathodic reaction shown by the polarization curve is the reduction of dissolved
oxygen and it is not apparently modified by the coating. Only the anodic part of the
curve is linked with corrosion and it is favorably influenced by the electroless nickel-boron
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deposit. The corrosion current and potential were calculated by Tafel approximation for
both the uncoated substrate and the nickel-boron coating. They are shown in table 8.6.

Sample type
Corrosion
current (µA)

Corrosion po-
tential (mV
vs. Ag/AgCl)

Uncoated steel 2.34 -595.25

NiB coated steel 0.09 -335.05

Tab. 8.6: Corrosion current and potential of electroless nickel-boron.

To allow comparison of those results, figures 8.33 and 8.34 present potentiodynamic
polarization curves recorded on NiP in a similar medium (3.5% NaCl). While the refer-
ence electrodes used in this study are not the same as ours, the difference in offset against
normal hydrogen electrode is small enough that the results can be qualitatively compared.
It is clear that the corrosion potential of the electroless nickel-boron coating is as good as
the noblest of the nickel-phosphorous coatings presented in both figures.

Fig. 8.33: Potentiodynamic polarization
curve on electroless nickel-
phosphorous coating [145].
Potential against saturated
calomel electrode (offset poten-
tial against NHE: 0.240V).

Fig. 8.34: Potentiodynamic polarization curve
on electroless nickel-phosphorous
coating [146].
Potential against saturated calomel
electrode (offset potential against
NHE: 0.240V).

8.7.1.1.2 Electrochemical Impedance Spectroscopy.

Electrochemical impedance spectroscopy was used to evaluate the resistance of the
coating and its evolution with exposition to 0.1 M NaCl. The results are shown on figures



8.7. Corrosion resistance of as-deposited electroless nickel-boron. 159

8.35 (Bode phase diagram) and 8.36 (Bode modulus diagram).

Fig. 8.35: Electrochemical impedance spectroscopy curves of electroless nickel-boron coated steel
(Bode phase diagram).

Fig. 8.36: Electrochemical impedance spectroscopy curves of electroless nickel-boron coated
steel(Bode modulus diagram).

Initially, there is a single inflection point in the Bode phase diagram (figure 8.35),
which indicates a process involving a single time constant that corresponds to a charge
transfer resistance. The Bode modulus diagram (figure 8.36) confirms this, from which it
is possible to obtain approximation of the solution resistance (91 Ω.cm2), the modulus at
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low frequency (1.7 * 104 Ω.cm2) and the double layer capacitance (1.49 * 10−5 F/cm2).
This indicates a good comportment of the coating that is nearly unmodified during the
first 5 hours of exposition to the sodium chloride solution. This comportment can be
represented by the equivalent circuit shown in figure 8.37, whose typical Bode diagrams
constitute figure 8.38. Those results appear to be in good adequation with the findings
of Contreras et al [98] (see figure 3.12, page 50).

Fig. 8.37: Equivalent circuit for the fresh electroless coating comportment in impedance spec-
troscopy [147].

Fig. 8.38: Typical Bode diagrams for circuit shown in figure 8.37[147].

After an immersion of 6 hours in NaCl, the comportment of the coating starts changing
and a second time constant appears (there are two loops at low and high frequencies in
the Bode phase diagram (figure 8.35)). The modulus at low frequency is also significantly
decreased (5 * 103 Ω.cm2 after 12 hours, figure 8.36), which indicates a lowering of the
corrosion resistance. The response of the coating appears to be stabilized after a 12 hours
long immersion in NaCl. The final response can be represented by the equivalent circuit
shown in figure 8.39: the high frequency response is linked to the double layer capacitance
and charge transfer resistance of the coating, while the low frequency response is due to
the charge transfer resistance and double layer capacitance of the substrate. This means
that some corrosion paths (or pores) are present in the coating and that some of the
substrate is exposed to the electrolyte.
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Fig. 8.39: Equivalent circuit for the electroless coating comportment in impedance spectroscopy
after immersion in NaCl for 12 or more hours [147].

Those results were compared with published data for electroless nickel-phosphorous
and nickel-boron coatings for validation. The impedance response recorded on fresh coat-
ings is very similar (and even somewhat better) to what is found for electroless nickel-
phosphorous (figure 8.40). An equivalent circuit similar to the one presented on figure
8.37 was proposed for those coatings by Sankara Narayanan et al. [146].

Fig. 8.40: EIS data for Electroless nickel-phosphorous coatings in 3.5 wt.% NaCl solution at
their respective open circuit potentials. [148].
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8.7.1.1.3 SEM observation of tested areas and corrosion mechanisms.

An electrochemical study of the corrosion of electroless nickel-boron coatings would
not be complete without observation of the surfaces after the electrochemical tests: the
corrosion mechanisms can be better understood if the damage inflicted during the test is
carefully observed, for example by SEM.

During potentiodyamic polarization tests, the samples are submitted to conditions that
lead to corrosion. As such, it is inevitable that some damage occurs. The observation of
this damage brings interesting information about the corrosion processes taking place on
the sample. Figure 8.41 shows the surface aspect of an electroless nickel-boron sample
(untreated, on steel) after the polarization test. Spots are visible on the surface of the
sample. The presence of chloride ions in the testing solution may at first suggest pitting
as an explanation for the presence of those spots. However, the electroless nickel-boron
coating shows no evidence of passive behaviour and as such, its polarization curve (see
figure 8.32) does not indicate pitting episodes. Another explanation was thus searched for
the presence of the spots.

Fig. 8.41: Electroless coating after potentiodynamic polarization test.

Similar spots were observed on nickel-phosphorous coatings by Crobu et al. [149] in
NaCl solution and they report observation of this phenomenon in other media as well.
They attribute those to composition heterogeneities of the coating inducing galvanic cou-
pling between areas with differing phosphorous content or to the influence of the bath
stabilizer. The hypothesis of Crobu [149] could be extended to electroless nickel-boron
deposits but further investigation is needed to ascertain this.

While EIS is less destructive than potentiodynamic polarization (the experiment is
carried out very close to the open circuit potential), the long immersion in the (0.1 M)
NaCl solution needed to study the aging of the coatings causes an attack of the grains
and columns boundaries and, as was shown by the apparition of a second time constant
during the EIS tests, diffusion occurs inside the coating, which decreases the corrosion
resistance. The extent of the damage caused by this long immersion can be seen on figure
8.42. After 24 hours of exposure to NaCl, the surface is mainly undamaged (figure 8.42a).



8.7. Corrosion resistance of as-deposited electroless nickel-boron. 163

However, after 21 days, numerous black spots are apparent on the surface of the samples
(that is then reminiscent of the surface obtained after potentiodynamic polarization) but
there is no apparent pitting.

Fig. 8.42: Electroless coating after immersion in NaCl solution for
(a) 24h and (b) 21 days.

Combination of immersion in NaCl (0.1 M) solution and subsequent polarization test
causes more damage to the coating, as shown on figure 8.43: the superficial structure of
the coating is strongly modified and intercolumnar corrosion is evident. This particular
corrosion is due to the lesser density of the intercolumnar boundaries as well as their
differences of composition with the rest of the coating. However, cross sections observation
of 30 µm thick coatings after this treatments showed that the corrosion does not reach
the substrate (see figure 8.44), indicating that the coating keeps some of its protective
properties.

Fig. 8.43: NiB coating after immersion in
NaCl solution for 19h and poten-
tiodynamic polarization.

Fig. 8.44: Cross section of NiB coating af-
ter immersion in NaCl for 19h and
potentiodynamic polarization.
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8.7.1.2 Comparison of the corrosion resistance of electroless nickel boron deposited on
steel and on aluminium.

Now that the electrochemical properties of the simpler substrate-coating system (steel
coated with nickel-boron, or Steel/NiB) have been investigated, more complex systems,
such as aluminium coated with NiP and NiB (Al/NiP/NiB), can be evaluated and com-
pared with the coated steel. In this section, the potentiodynamic polarization and elec-
trochemical impedance spectroscopy results obtained on the Al/NiP/NiB system will be
described and discussed.

8.7.1.2.1 Potentiodynamic polarisation.

As can be seen on figure 8.45, the polarization curve of the Al/NiP/NiB system is
shifted to nobler potential than the Steel/NiB. The calculated corrosion current and po-
tential (see table 8.7) appear to support this: there is a significant decrease of the corrosion
potential on the Al/NiP/NiB, even if the corrosion current is slightly higher on this sys-
tem. In view of this, one can predict a better corrosion resistance for the aluminum-based
system. The reason for this better comportment cannot be directly attributed to the pres-
ence of the nickel-phosphorous underlayer, as nickel-boron is a barrier coating. However,
it has an indirect effect on the corrosion properties: the Al/NiP/NiB system is, after sim-
ilar mechanical surface preparation, smoother than the Steel/NiB system (as was shown
in section 8.6.2) and can thus have a better corrosion resistance, as observed by Cheong
[150] for NiP coatings. SEM observation of the coating revealed the presence of black
spots similar to those that were observed on the NiB coated steel (see section 8.7.1.1.3).

Fig. 8.45: Potentiodynamic polarization curve of the Steel/NiB and Al/NiP/NiB systems.
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Sample type
Corrosion
current (µA)

Corrosion po-
tential (mV
vs. Ag/AgCl)

NiB coated steel 0.09 -335.05

NiP/NiB coated
aluminum

0.217 -245.14

Tab. 8.7: Corrosion current and potential of Steel/NiB and Aluminum/NiP/NiB systems.

8.7.1.2.2 Electrochemical impedance spectroscopy.

The comportment of the steel and aluminum-based systems during EIS tests are quite
similar, as shown on figure 8.46 (and thus the equivalent circuit shown on figure 8.37
can also be applied to this system) but the low frequency modulus of the Al/NiP/NiB
system is higher than on steel. This confirms that its corrosion comportment is expected
to be better than on steel. Measure of the low frequency modulus(table 8.8) confirms
this it is higher on Al/NiP/NiB than on steel/NiB. The double layer capacitance was also
calculated and it is in the order of 4 * 10−6 F/cm2.

Fig. 8.46: Electrochemical impedance spectroscopy curves of the Steel/NiB and Alu-
minum/NiP/NiB systems:
Bode Modulus plot (a) and Bode phase plot (b).

Coating Rs (Ω.cm2)
Low frequency modu-
lus (0.01Hz) (Ω.cm2)

Steel/Ni-B as-deposited 91 17160

Al/NiP/Ni-B as-deposited 112 30138

Tab. 8.8: Solution resistance and low frequency modulus obtained on NiB coated systems in the
as-deposited state.
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As on steel, the aging of the system was studied. As shown on figure 8.47, after an
exposure of 48 hours to the NaCl solution, the Al/NiP/NiB does not present a second
time constant. However, the low frequencies modulus is lower (1 * 10−4 Ω.cm2) and the
phase angle peak has shifted to lower frequencies. This system presents thus a better
resistance to aging in NaCl than the NiB coated steel. This may be a consequence of the
presence of the NiP underlayer.

Fig. 8.47: Electrochemical impedance spectroscopy curves of Aluminum/NiP/NiB systems:
Bode Modulus plot (a) and Bode phase plot (b).

8.7.1.3 Effect of wear on the corrosion resistance of electroless nickel-boron coatings.

As electroless coatings can be used in erosion-corrosion situation, the knowledge of the
corrosion resistance of worn coatings is important. To obtain this information, the coatings
were first submitted to a Taber abrasion test and then to the electrochemical tests for
the evaluation of the corrosion resistance. In this section, the results obtained on the
steel/NiB and Al/NiP/NiB systems will be presented and discussed.

8.7.1.3.1 Potentiodynamic polarisation.

To evaluate the influence of wear on the corrosion resistance of electroless nickel-boron
coatings, potentiodynamic polarization tests were carried out on as-deposited and worn
electroless nickel-boron coatings. To do this, very small electrochemical cells (1 cm2) were
carefully glued on the worn zone of the samples with silicon to avoid contact between
the electrolyte and unworn zone. The experimental set-up used for the electrochemical
testing of worn coatings is presented in appendix A.8.

First, the effect of wear on the corrosion properties of nickel-boron coated steel was
studied. The worn areas show a lower corrosion potential than the unworn coating (see
figure 8.48 and table 8.9). However, its properties are still far better than the uncoated
steel. The coatings keeps thus some of its protective properties even after it has been
worn by abrasion and its thickness has been greatly reduced.

Similar tests have been carried out on coated aluminum. Once more, the corrosion
resistance of the abraded zones of the samples is lower than that of the unworn coating
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Fig. 8.48: Potentiodynamic polarization curve of NiB coated steel after abrasion.

(see figure 8.49 and table 8.9). However, this decrease is less marked than in the case
of coated steel and the corrosion potential of worn Al/NiP/NiB is still higher than on
unworn steel. This confirms the better properties already observed for the aluminum-
based system (see section 8.7.1.2). SEM examination of the worn areas of the coating
after the potentiodynamic polarization testing shows evidence of intercolumnar corrosion,
which is not surprising knowing the structure and growth mechanism of the coating.
However, the black spots that were observed on the unworn coating (see section 8.7.1.1.3)
are present in a smaller number, as shown on figure 8.50.

Sample type
Corrosion
current (µA)

Corrosion po-
tential (mV
vs. Ag/AgCl)

Uncoated steel 2.34 -595.25

NiB coated steel 0.09 -335.05

NiB coated steel after abra-
sion

0.69 -447.34

Al/NiP/NiB 0.217 -245.14

Al/NiP/NiB after abrasion 0.69 -284.1

Tab. 8.9: Corrosion current and potential of electroless nickel-boron on steel after abrasion.
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Fig. 8.49: Potentiodynamic polarization curve of NiP/NiB coated aluminum after abrasion.

Fig. 8.50: Electroless coating on aluminum after Taber abrasion test and subsequent potentio-
dynamic polarization.
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8.7.1.3.2 Electrochemical impedance spectroscopy.

To complete the evaluation of the corrosion properties of the coatings by potentiody-
namic polarization, electrochemical impedance spectroscopy was used once more, first on
steel/NiB then on Al/NiP/NiB. On steel, the EIS results show a degradation of the corro-
sion resistance after the Taber abrasion test (figures 8.51 and 8.52, just as was observed by
polarization: the modulus lowers at low frequencies and a second time constant appears.
When the abraded zone is exposed to NaCl, the degradation continues. Observation of
the Nyquist diagram (8.52 shows a constant decrease of the capacitive loop and thus a
degradation of the coatings protective properties. This was confirmed by measuring the
modulus at low frequency of the coating (table 8.10) which decreases from 17000 to 10000
Ω.cm2.

Fig. 8.51: Electrochemical impedance spectroscopy curves of NiB coated steel after Taber abra-
sion test: Bode Modulus plot (a) and Bode phase plot (b).

Fig. 8.52: Electrochemical impedance spectroscopy curves of NiB coated steel after Taber abra-
sion test: Nyquist plot.
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As can be seen on the EIS results (figures 8.53 and 8.54), the abrasion affects the
Al/NiP/NiB system by decreasing the corrosion resistance, just like on steel/NiB but the
modifications appears to be slightly different as it implies only one time constant. The so-
lution resistance and modulus at low frequency were measured for the coating before and
after abrasion (table 8.10)and they confirm the decrease of corrosion resistance after abra-
sion. The abraded coating on aluminum has a charge transfer resistance similar to what
is obtained on abraded steel. That shows that the corrosion resistance of Al/NiP/NiB is
much more affected by abrasion than steel/NiB, because the first has a better Rct before
abrasion. Aging of the abraded area in NaCl (0.1 M) induces a further reduction of the
corrosion resistance (figures 8.53 and 8.54), just like for the steel/NiB system.

Coating Rs (Ω.cm2)
Low frequency modu-
lus (0.01Hz)(Ω.cm2)

Steel/Ni-B as-deposited 91 17160

Steel/Ni-B abraded 70 10135

Al/NiP/Ni-B as-deposited 112 30138

Al/NiP/Ni-B abraded 126 10740

Tab. 8.10: Corrosion current and potential of electroless nickel-boron on steel after abrasion.

Fig. 8.53: Electrochemical impedance spectroscopy curves of NiB coated aluminum after Taber
abrasion test: Bode Modulus plot (a) and Bode phase plot (b).
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Fig. 8.54: Electrochemical impedance spectroscopy curves of NiB coated aluminum after Taber
abrasion test: Nyquist plot.

8.7.2 Conclusions.

In the present section, different investigation methods were used to study the corrosion
resistance of electroless nickel-boron coatings deposited either on steel or on aluminum
(with an NiP underlayer). Electrochemical techniques showed that NiB, in its as-deposited
state, improves the corrosion resistance of steel and that the properties obtained with an
aluminum substrate and NiP underlayer were even better. Comparison with electroless
nickel-phosphorous coatings showed that the NiB coatings have an as good, if not better,
corrosion resistance.

Aging of the coating in NaCl (0.1M) solution for more than 5 hours induced a de-
crease of the corrosion resistance of both the coated steel and aluminum. Abrasion of the
coating had a similar effect. However, the protective properties were not completely lost
after abrasion and/or aging.

8.8 Conclusions.

The object of this chapter was the characterization of electroless nickel-boron coatings in
their as-deposited state. To obtain this, several properties were investigated by various
techniques. First, the chemical characterization of the deposits allowed to obtain their
average composition (93 wt.% Ni, 6 wt.% B and nearly 1 wt.% Pb) and showed that the
boron was homogeneously reparted across the deposit.

The morphological study allowed of course to observed the expected cauliflower-like
surface texture and columnar morphology but it also showed the effect of bath replenish-
ment that induces a secondary germination of the deposit.
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The structural study, carried out by X-ray Diffraction and Transmission Electron Mi-
croscope (assisted by Focussed Ion Beam), allowed to prove the nanocrystalline character
of the coating and to measure the size of the nanocrystallites, wich was found to be 1nm
on average. This constitutes a breakthrough for electroless nickel-boron characterization
because TEM structural studies of electroless coatings are usually performed on peeled-
off coatings and do not take into account the very important anisotropy caused by the
formation mechanism of the coatings, but also because most authors consider them as
amorphous (which obviously is not correct for the coatings studied in this work).

Observation of the mechanical properties of the coating confirmed that they possess
a very high hardness but it also brought new information. First, the hardness was found
to be homogeneous across the coating. Then, the low roughness of the coating (and the
lowering observed on aluminum substrate when compared to steel) suggested a good com-
portment in wear application. This was confirmed by the scratch test resistance (which
was very good, even on thin coatings) and by the low Taber Wear Index obtained with
very harsh abrasive wheels. In other words, all the mechanical properties of the coating
point towards a good comportment in mechanical applications including wear resistance.

Finally, the corrosion properties of the coatings was better than expected, with a re-
sistance similar to, if not better than, the best electroless nickel-phosphorous coatings.
The effect of aging and wear was, expectedly, a lowering of the corrosion resistance but it
was never completely lost, which is encouraging.
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9. CHARACTERIZATION OF NICKEL-BORON DEPOSITS AFTER
HEAT TREATMENT.

9.1 introduction.

While electroless nickel-boron deposits already present very good mechanical properties
in their as-deposited state, those can be enhanced interestingly by a well chosen heat
treatment. In the present chapter, the modifications brought by those treatments on all
the properties that were studied in chapter 8 will be discussed.

After a section describing the heat treatments applied to the deposits and the reason
for their choice, the chemistry of the coatings will first be briefly examined, then a longer
section will be dedicated to the structural and morphological changes induced by heat
treating of electroless nickel-boron. After that, the mechanical and tribological properties
of the treated coatings will be examined and the last section of this chapter will focus on
their corrosion resistance.

9.2 Samples preparation and heat treatments.

The samples used for this study were synthesized following the same procedures and re-
quirement as for the study of the as-deposited coatings, which can be found in section
8.2.

Those samples were then submitted to different heat treatments, according to their
substrate: the samples deposited on iron were treated during one hour at 400℃ under
an argon-based atmosphere (95% Ar - 5% H2), at ambient pressure. This treatment is
chosen to induce a complete ’crystallization’ of the coating, that is an optimum coarsen-
ing of the grains leading to the best mechanical properties. The samples deposited on
aluminum alloys however, could not be treated at this elevated temperature because it
would be detrimental to the mechanical resistance of the substrate. They were submitted
to a treatment developed by Dr Delaunois [7]: four hours at 180℃ under an argon-based
atmosphere (95% Ar - 5% H2), at ambient pressure.
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9.3 Global and local composition of the deposits after heat treatment.

The global composition of the coatings is of course not modified by the heat treatments as
they are carried out in a non-reactive atmosphere, containing enough hydrogen to avoid
superficial oxidation of the samples. This composition is thus similar to what was mea-
sured on as-deposited coatings: on average, 6 wt.% Boron, approximatively 1 wt.% lead,
the balance being nickel (93 wt.%).

The profile repartition of elements in the coating was studied by GDOES on heat
treated coatings. Figure 9.1 presents a profile measured on a sample deposited on alu-
minum and submitted to an heat treatment at 180℃. Apart for the higher thickness (this
sample was synthesized using bath replenishment during the deposition), the profile is
similar to the one presented in section 8.3, on figure 8.3. This means that the repartition
of elements in the coating is not modified by this heat treatment. Moreover, there is no
evidence of diffusion at the substrate/coating interface (the residual nickel measured in
the substrate is an artifact of the measuring technique: a similar experiment carried out
by EDX to confirm that result showed that, in fact, no nickel was present in the aluminum
substrate and a similar phenomenon had already been observed on as-deposited samples).

Fig. 9.1: GDOES profile of nickel-boron coated aluminum after heat treatment at 180℃ during
4 hours.

In the same way, the profiles measured on electroless deposits on steel substrates, after
an heat treatment at 400℃, were also similar to their as-deposited counterparts, without
(see figure 9.2) and with (see figure 9.3) bath replenishment during the deposition process.
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Fig. 9.2: GDOES profile of NiB coated steel
after heat treatment at 400℃ dur-
ing 1 hour.

Fig. 9.3: GDOES profile of a thicker NiB de-
posit on steel after heat treatment
at 400℃ during 1 hour.

9.4 Structure of heat treated electroless nickel-boron.

While the aspect and morphology of the coating were discussed for as-deposited samples,
it is not useful to include a specific section about those properties in the present one as
the heat treatments do not modify them in any sensible way: the typical columnar mor-
phology is well kept after heat treatment, as is the cauliflower-like surface texture and the
semi-bright aspect of the deposit. However, contrary to the chemistry, morphology and
aspect of the coating, its structure is very much influenced by heat treatments, as their
objective is to obtain an optimally crystallized state. This property will thus be discussed
at length in the present section.

First, the structural modifications, as observed by X-ray diffraction will be discussed.
In that section, both results obtained a posteriori on heat treated coatings as well as
data obtained from in situ high temperature X-ray diffraction will be used to assess the
crystalline state of the coating. Then, a section will be dedicated to TEM images and
electron diffraction patterns obtained on heat treated samples to confirm the conclusions
of the XRD analysis. Finally, Differential Scanning Calorimetry will be used to observe
if some phase transition that are not observed by the other methods happens and to
determine the onset temperature of the various transformations in continuous heating.

9.4.1 Effects of heat treatment on the structure of electroless nickel-boron (measured
by X-ray diffraction).

To observe the structure of heat treated deposits, X-ray diffraction patterns were obtained
from 3 samples, on aluminum substrates: an untreated sample, a sample treated at 180℃
for 4 hours and a sample treated at 400℃ for 1 hour, as shown on figure 9.4.

The choice of an aluminum substrate for this test was made to avoid interferences
between the reflexions of the substrate and of the coating (some iron peaks are very close
to the main nickel and Ni3B peaks). As the electroless deposits are not very thick, the



176 9. Characterization of nickel-boron deposits after heat treatment.

measures were carried out using by Grazing Incidence X-ray Diffraction, using a copper
source (λkα = 1.54Ȧ).

Fig. 9.4: X-ray diffraction patterns of electroless nickel-boron deposits after heat treatment.

After heat treatment up to 180℃, the X-ray diffraction pattern is only slightly mod-
ified and stays very similar to the untreated coating: the main peak is still very broad
and keeps a low maximum intensity. This means that the structure is kept unmodified,
except maybe for a slight grain size growth. However, after heat treatment at 400℃, the
diffraction pattern is very different: the very broad peak centered around the main Ni
(face centered cubic, fcc) reflexion disappears and is replaced by numerous peaks, all of
whom can be easily indexed as they correspond to various Ni3B reflexions. There are no
other phases detected by this technique. Those peaks are very sharp and narrow, which
indicates that the grain size is not in the nanometric range any more.

In other words, before heat treatment and after heat treatment at 180℃, the electroless
nickel-boron deposits are constituted of a nanocrystalline phase that has the fcc structure
of nickel while, after an heat treatment at 400℃, it is constituted of (relatively) coarse
grained nickel boride (Ni3B) phase. It is not surprising that only this phase is detected as
the average composition of the deposits (around 6 wt.% B, see section 8.3) is very close
to the nominal composition of the Ni3B phase (see figure 2.6, page 28). However, as this
boride is a line compound, it would not have been surprising to observe other phases, such
as Ni and Ni2B.

To complete the information obtained from heat treated coatings, high temperature
in situ X-ray diffraction was carried out. In this case, as we chose to investigate an higher
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range of temperature (up to 600℃), the experiment was carried out with a steel sub-
strate, even if it brings a risk of substrate interferences. Those tests were carried out in a
Θ − Θ Bruker D8Advance diffractometer (see figure 9.5) equipped with a copper source
(λkα = 1.54Ȧ). This spectrometer is fitted with an heating system (by radiations) and
with a pumping system that allows testing under vacuum and/or controlled atmosphere.
The sample placed on a ceramic sample holder (in alumina, that was used to avoid creep
deformation of the metallic sample during heating) that is put on two cooled pegs. The
radiative heating system comes around the sample during the experiment. To limit the
effects of sample expansion (due to heating) on the x-ray diffraction results, Göbel mirrors
are used to obtain parallel incoming beams.

Fig. 9.5: High temperature x-ray diffractometer [151].

During this experiment, a single sample was heated progressively and the X-ray pat-
tern was recorder for several preset temperatures. To keep each measuring step short
and thus avoid grain growth, the angle range was kept as narrow as possible (from 40
to 50◦), it was however chosen so that there is a good number of peaks for the expected
phases (Ni, Ni3B, Ni2B) in the interval. The sample was maintained for 10 minutes at
each temperature to attain thermal equilibrium before recording the diffractogramm.

The high temperature x-ray diffraction patterns are shown on figure 9.6. The small
peak observable at all temperatures close to 43.7◦ corresponds to the corundum phase
(Al2O3) of the sample supporting device that is slightly bigger than the sample. At low
temperatures (up to 250℃), the diffraction pattern is left nearly unchanged and no new
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phase appears (see figure 9.6). Ni3B peaks are discernible from 300℃ and the pattern
is then unmodified up to 450℃. At higher temperatures, the peaks become sharper and
some of them are deformed, which suggests that another phase (probably Ni2B) may ap-
pear in small quantities. The temperature increase is also accompanied by a slight shift
of the peaks towards smaller angles that is a direct consequence of the sample expansion
(an thus of the increase of the cell parameter).

Fig. 9.6: In situ high temperature x-ray diffraction patterns of electroless nickel-boron on steel.

9.4.2 Structural analysis of heat treated electroless nickel-boron deposits by
transmission electron microscopy.

TEM observation of coatings heat treated at 400℃ show the very important structural
modification induced by the treatment. Where only very small crystallite could be faintly
seen, bigger, well defined, crystallites can now be observed (figures 9.7, 9.8 and 9.9), their
size reaching 50 nm. The heat treated coating keeps thus a nanocrystalline structure.

The layered organization observed on as-deposited coatings can still be observed after
the heat treatment (figures 9.8, 9.9 and 9.10) but its manifestation is somewhat different:
the crystallites forming the successive layer are better defined and the layer themselves
appear broader than before the heat treatment. This supports the hypothesis that this
layering effect is caused by chemical heterogeneity, the broadening effect being linked with
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Fig. 9.7: TEM image of an electroless nickel-boron deposit treated at 400℃.

Fig. 9.8: TEM image of an electroless nickel-
boron deposit treated at 400℃.

Fig. 9.9: TEM image of an electroless nickel-
boron deposit treated at 400℃.
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Fig. 9.10: TEM image of an electroless
nickel-boron deposit treated at
400℃.

Fig. 9.11: TEM image of an electroless
nickel-boron deposit treated at
400℃.

diffusion during the heat treatment.

The columnar morphology of the coatings is still perceptible by TEM observation after
heat treatment: while it is difficult to observe a whole column at high magnification, it
was possible at 40 000 times (figure 9.11). On this figure, several columns can be seen
and it appears that the junction between those is less crystallized than the other areas of
the coating. A similar junction can be observed on the bottom left part of figure 9.10 but
no amorphous zone can be easily detected at this junction. It is thus possible than the
lighter zones of figure 9.11 are due to differences in the foil thickness or density.

Electron diffraction patterns of the heat treated coating (figures 9.12 and 9.13) show
that the coating is much more crystallized than in the as-deposited state, the dotted
pattern typical of a polycrystalline state with few grains encompassed in the diffracting
area. From the X-ray diffraction data (9.4), the structure of the deposit must be Ni3B,
however, the complex structure of this phase (orthorhombic (Fe3C type, Pnma) with 12
nickel and four boron atoms per unit cell [115]) implies that a great number of plans are
diffracting, which makes the indexation of the diffraction patterns very difficult and it
was not possible to confirm this from the electron diffraction patterns.
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Fig. 9.12: TEM image of an electroless
nickel-boron deposit treated at
400℃.

Fig. 9.13: TEM image of an electroless
nickel-boron deposit treated at
400℃.

9.5 Mechanical properties of heat treated coatings.

As heat treatment induces a very important modification of the structural state of elec-
troless nickel-boron deposits, it is expected that this will be accompanied by an important
modification of the mechanical properties: the hardness of the coating increases during
the heat treatment and reaches its optimum after one hour at 400℃(see section 3.3).

As the influence of heat treatments on the mechanical properties of electroless nickel-
boron coatings was extensively studied by Dr Delaunois [7], we will not discuss the opti-
mization of heat treatment time and temperature. However, the hardness obtained after
our chosen heat treatments (4 hours at 180℃ and 1 hour at 400℃) will be studied by the
same methods as the hardness of as-deposited coatings: Vickers and Knoop microinden-
tations, on surface and cross sections respectively, and Berkovitch nanoindentation. More
information about those testing methods can be found in section 8.5.

As shown in table 9.1, heat treating at 180℃ does lead to a sensible but not important
increase of the deposit hardness, that is always in the range of a hundred hardness points.
This slight increase has already been observed by Dr Delaunois [7, 32] and must be a
consequence of the slight grain growth cause by the heat treatment. Heat treatment at
400℃, on the other hand, brings a more important increase of the hardness that reaches
1300 hv100 when measured on the surface. It was not possible to measure the Knoop
hardness under a load of 50 grams after heat treatment at 400℃ because the coating
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is then slightly less ductile than without heat treatment and cracking occurs during the
indentation process, as can be seen on figure 9.14.

Measurement technique as-deposited 180℃; 4h 400℃; 1h

Knoop (cross section; 25g) 891 ± 35 hk25 981 ± 45 hk25 1229± 160 hk25

Knoop (cross section; 50g) 834 ± 20 hk50 927 ± 30 hk50

Vickers (surface; 100g) 854 ± 40 hv100 1014 ± 40 hv100 1302± 40 hv100

Berkovitch nanoindentation
(cross section; 4000µN)

925 ± 70 1140 ± 75 1408± 120

Tab. 9.1: Hardness of heat treated electroless nickel-boron deposits.

Fig. 9.14: SEM image of cracking induced by Knoop hardness testing of electroless nickel-boron.

According to most sources [2, 22, 31, 33, 39, 42, 114], the increase of the hardness of
the deposit is due to the creation of grain boundaries in the originally amorphous material
and can thus be linked to the Hall-Petch effect. However, as we have shown that the struc-
tural modification occurring in electroless nickel-boron coatings during heat treatment is
not crystallization of an amorphous phase but transformation of a nanocrystalline nickel
structure into a coarser grained nickel-boride phase, this explanation cannot be applied
any more.

Effectively, the Hall-Petch effect must play an important role in explaining the high
hardness of heat treated nickel-boron coatings, as is proven by the decrease of the me-
chanical properties when high temperature or longer times are used, and thus when grain
coalescence occurs. But while this effect can explain the later decrease of the hardness, it
is not sufficient to explain completely the increase observed when the optimal treatment
is applied. It is probable that a non negligible part of the hardness increase is due to the
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phase transformation between the face centered cubic nickel structure, which is rather
soft and the orthorhombic nickel boride phase, which is similar to cementite (Fe3C): in
the same way that cementite is harder than ferrite and austenite, the nickel boride phase
must be intrinsically harder than the metallic nickel phase.

Fig. 9.15: Hardness profile of as-deposited electroless nickel-boron on steel after heat treatment
(by nanoindentation).

To assess if the heat treatment modifies the repartition of the hardness across the coat-
ing, nanoindentation profiles were performed on samples that were treated at 400℃ (figure
9.15). As before, the hardness stays stable and homogeneous in the whole deposit. This
is not surprising as the chemical repartition is not modified and the temperature homo-
geneity is easily obtained on coatings as thin as 15 to 30 µm.

9.6 Tribological properties of the heat treated coatings.

As the hardness of the coating is improved by heat treatment, so must be the tribological
properties. However, while the increase of abrasive wear resistance can easily be deducted
from the hardening, the same cannot be done for the roughness and scratch resistance of
the coating. In the present section, those three parameters will be examined successively
to assess if the heat treatment really improves them, beginning with the roughness and
then going on with the abrasion and scratch resistance.
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9.6.1 Roughness of heat treated electroless nickel-boron coatings.

In section 8.6.1, the roughness of electroless nickel-boron coatings was completely de-
scribed and was found to be low on smooth substrates and good for wear applications.
The object of the present section is not to repeat this analysis for heat treated coatings
but to identify the influence of heat treatment on the various roughness parameters. For
this, samples of two different thicknesses (15 and 6 µm) were submitted to heat treatments
at 180 and 400℃. The roughness of those samples was then measured and the evolution
of several parameters was followed.

As can be seen in table 9.2, the use of an heat treatment decreases all of the followed
parameters and the decrease is more important after a treatment at an higher tempera-
ture. Heat treatments will thus surely improve the wear resistance of the coatings.

15 µm 6 µm

untreated 180℃; 4h 400℃; 1h untreated 180℃; 4h 400℃; 1h

Ra 0.125±0.017 0.127±0.006 0.101±0.014 0.159±0.028 0.105±0.019 0.098±0.011

Rq 0.170±0.03 0.167±0.012 0.135±0.022 0.215±0.044 0.143±0.03 0.131±0.023

Rz 1.193±0.251 1.069±0.19 0.941±0.219 1.48±0.412 1.086±0.367 0.855±0.230

Rp 0.712±0.234 0.619±0.177 0.537±0.194 0.76±0.234 0.704±0.333 0.528±0.207

Rv 0.481±0.071 0.499±0.053 0.405±0.069 0.719±0.268 0.382±0.131 0.326±0.059

Rt 1.693±0.403 1.425±0.133 1.391±0.301 2.291±0.935 1.869±0.499 1.328±0.669

Tab. 9.2: Roughness parameters of as-deposited and heat treated NiB deposits.

9.6.2 Wear resistance of the heat treated coatings.

To confirm if the decrease of the coatings roughness in accompanied by a real improve-
ment of the wear resistance, Taber Abrasion Tests were carried out on treated coatings
using the test conditions described in section 8.6.3. Samples deposited on aluminum and
steel were tested separately as they were submitted to different heat treatment: the first
were treated at 180℃ and the last at 400℃.

Treatment TWI

As deposited 28.5 ± 3.5

180℃; 4h 24±2.2

400℃; 1h 13±1.5

Tab. 9.3: Taber Wear Index of as-deposited and heat treated electroless nickel-boron deposits.
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Heat treating nickel-boron coated aluminum at 180℃ modifies the abrasive wear re-
sistance (see figure 9.16 and table 9.3): the TWI decreases from 28.5 to 24. This slight
modification is in good agreement with the small hardness increase observed in section
9.5 for this treatment.

Fig. 9.16: Evolution of weight loss during Taber Wear test on electroless nickel-boron coating
on aluminium with and without heat treatment.

Fig. 9.17: Evolution of weight loss during Taber Wear test on electroless nickel-boron coating
on steel with and without heat treatment.
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On the other hand, heat treatments carried out on coated steel induced an important
decrease of the TWI, which is halved (see figure 9.17 and table 9.3). Once again, this
evolution matches the evolution of hardness and can be explained likewise by the crys-
tallization of the nickel-boride phase. Moreover the decrease of the TWI also agrees with
the evolution of the coating’s roughness. From this, it can be easily deducted that heat
treating the nickel-boron deposits will improve their wear resistance.

Like on untreated coatings, the study of wear resistance of the heat treated coatings
was not limited to the determination of the TWI. On steel coated samples, for which the
difference with untreated coatings is more marked, SEM examination of the abraded zone
was carried out, as well as determination of the depth profile.

As can be seen on figure 9.18, the amount of removed coating is far smaller on heat
treated samples, as the substrate is never bared after the wear tests. The thickness of the
remaining coating is quite important and would still guarantee a good protection. Like-
wise, superficial observation of the abraded area (figure 9.19) shows that the cauliflower-
like texture is still distinguishable under the scratches that are fewer and less marked than
on the untreated coating (see figure 8.26, page 153).

Fig. 9.18: Cross section of heat treated elec-
troless nickel-boron coating be-
fore and after Taber abrasion test.

Fig. 9.19: Surface of an heat treated elec-
troless nickel-boron deposit after
Taber abrasion test.

The depth profile of the abraded zone (figure 9.20) is quite different from what was
observed on untreated coatings (see figure 8.28, page 153): while the edges of the abraded
area of the untreated sample present a steep profile, the depth of the racetrack increases
slowly from the edge to the center after the heat treatment. This phenomenon is impor-
tant in terms of wear resistance as it means that the area affected by the wear is smaller
after the heat treatment.
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Fig. 9.20: Depth profile of the abraded zone on an heat treated electroless nickel-boron deposit.

9.6.3 Scratch resistance of the heat treated coatings.

To complete the results of the roughness and wear tests, scratch tests were performed
on coatings heat treated at 180℃ and 400℃. Those tests were carried out using similar
conditions that on untreated coatings (see section 8.6.4), on samples with a 15 µm coating
deposited on aluminum substrate, in order to observe the global damage.

Fig. 9.21: Scratch test on a electroless nickel-boron coating after heat treatment at 180℃.

Figure 9.21 shows the residual scratch on a sample heat treated at 180℃. It was not
possible to detect an adhesive critical load from this experiment, just as on the untreated
coating. Only elastic and plastic deformation as well as some microcracks at the edge of
the scratches that are typical of metallic comportment of the sample were observed. Once
again, the system proved a very important elastic recovery as the residual scratch depth
amounts only to 50% of the penetration during the test.

On samples treated at an higher temperature (400℃), the damage is similar than on
the other ones, but more marked: plastic deformation, as well as cracks on the edge and
bottom of the scratches can be observed (figure 9.22).
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Fig. 9.22: Scratch test on a electroless nickel-boron coating after heat treatment at 400℃.

As it was not possible to determine the critical load of the samples (and thus the
adherence of the coating), a similar experiment was carried out on 6 µm thick samples
deposited on steel and treated at 180℃. The critical load was measured from the friction
coefficient variations and from SEM observation. It was, in both cases, close to 13.5N
which, while lower than on untreated coatings, is still very good (see table 9.4). The de-
tection of the critical load by the variation of the friction coefficient was possible because
there is a increase from 0.3 up to 0.45 when it is reached.

Critical load

from friction
coefficient

from SEM ob-
servation

13.3N 13.7N

Tab. 9.4: Critical load (adhesive) of electroless nickel-boron coatings after heat treatment at
180℃.

Observation of the residual scratch (figure 9.23) showed that the adhesive failure was
reached by discontinuous, then continuous ductile perforation, which indicated a metallic,
ductile comportment at all stages of the testing, and a very good adhesion to the sub-
strate, and allows, combined with the good abrasion and roughness results, to predict a
good comportment in wear applications. It was not possible, from this, to determine if
the lowering of the critical load is caused by the heat treatment or if it is due to a slightly
thinner coating, as this parameter has a strong influence on this value. To obtain more
conclusive results, scratch tests with an higher final load (in similar conditions to the tests
made by Dr Delaunois [7]) are required but it was not possible, for technical reason to
carry them out at the present time.
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Fig. 9.23: Scratch test on a 6 µm electroless nickel-boron coating after heat treatment at 180℃.

9.6.4 Conclusions.

Heat treating electroless nickel-boron appears to be favorable to the wear resistance: the
treated coatings are smoother and their Taber Wear Index is improved, even after a treat-
ment at only 180℃. However, it is clear that treating at 400℃ is much more interesting
as far as the wear resistance of the coatings is concerned. Only scratch testing did not
conclude with a definite improvement after heat treatment but the results were already
remarkable on as-deposited coatings and it was not possible to discern any significant
modification.
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9.7 Corrosion resistance of heat treated electroless nickel-boron.

While the use of heat treatment on electroless nickel-boron coatings are always reported
to have a beneficial effect on their mechanical properties, the same cannot be said about
their corrosion properties: as was said in section 3.4, most authors find a lowering of the
corrosion resistance after heat treatment [31, 39, 98]. They usually attribute this to the
creation of grain boundaries in a coating in which they were initially absent, because they
consider the electroless nickel-boron coatings as amorphous. However, as we have shown
(see section 8.4.2) that the coatings we study are not amorphous, this theory cannot be
used in the present case.

It is thus very interesting to study the corrosion resistance of the heat treated coating,
firstly to see if the comportment observed by other authors is still observed on initially
nanocrystalline coatings and secondly to propose a mechanism to explain the modification
of the corrosion resistance of our coatings.

In this section, the corrosion resistance of the coatings will be studied in a similar way
than in the case of as-deposited coatings.

9.7.1 Investigation of the corrosion resistance of heat treated electroless nickel-boron by
electrochemical tests.

The electrochemical methods that were applied to study the corrosion resistance of as-
deposited samples were also used to characterize the heat treated coatings and the exper-
imental conditions were kept identical to allow easy comparison of the test results. Those
conditions are:

• For the potentiodynamic polarization : electrode potential varying from -600 to
+250 mV against the reference electrode, at a rate of 10 mV.min−1; immersion of
the sample in the solution 15 minutes prior to the test to stabilize the open circuit
potential.

• For the Electrochemical Impedance Spectroscopy (EIS): the frequency range 105 -
10−2 Hz with a sinusoidal signal perturbation of 5 mV and 50 data points taken per
interval.

All of the electrochemical tests were carried out in 0.1 M NaCl, at room temperature,
on a normalized surface (exposed area : 1 cm2) obtained by silicone masking, with a
conventional three-electrode cell constituted as follow:

• Working electrode : electroless nickel-boron specimen.

• Counter electrode: platinum grid.

• Reference electrode: Ag - AgCl/KCl (saturated) (offset potential against NHE:
0.197V)
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9.7.1.1 Corrosion resistance of electroless nickel-boron plated steel after heat treatment.

Still following the same approach than on as-deposited coatings, we will first examine
the corrosion resistance of the simplest system: electroless nickel-boron coated steel
(Steel/NiB), after heat treatment (1 hour at 400℃). This will allow us to identify the
influence of heat treatment on the nickel-boron deposit without interference from the NiP
underlayer. Moreover heat treating at 400℃ modifies more the coatings properties than
heat treating at 180 ℃, and thus it is more likely that any change in corrosion properties
will be easier to observe on coatings treated at higher temperature. The potentiodynamic
polarization will be discussed first, then the EIS data.

9.7.1.1.1 Potentiodynamic polarisation.

As can be seen on figure 9.24 and table 9.5, the corrosion potential of the heat treated
coating is higher than in the as-deposited state, which implies a better corrosion resis-
tance. This is contradictory with the finding of several authors [31, 39, 98]. However, as
they consider that the loss of corrosion resistance in electroless nickel-boron alloys during
heat treatment is due to the creation of grain boundaries, which can only be happening
if the coating is completely amorphous in the as-deposited state, it is possible that any
improvement we observe is due to the decrease of the grain boundaries density during the
recrystallization of the nanocrystalline coating. It is also possible that the improvement
we observe is linked to a decrease of the intercolumnar corrosion, that is preponderant in
the as-deposited state. To identify the actual mechanisms, EIS tests and observation of
the tested coatings are indispensable.

Fig. 9.24: Potentiodynamic polarization curves on untreated and heat treated nickel-boron on
steel.
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Sample type
Corrosion
current (µA)

Corrosion po-
tential (mV
vs. Ag/AgCl)

Uncoated steel 2.34 -595.25
NiB coated steel 0.09 -335.05
NiB coated steel af-
ter heat treatment
at 400 ℃

0.178 -240.67

Tab. 9.5: Corrosion current and potential of electroless nickel-boron.

9.7.1.1.2 Electrochemical Impedance Spectroscopy.

Fig. 9.25: Electrochemical impedance spectroscopy curves of NiB coated steel after heat treat-
ment: Bode Modulus plot (a) and Bode phase plot (b).

Fig. 9.26: Electrochemical impedance spectroscopy curves of NiB coated steel after heat treat-
ment: Nyquist plot.
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EIS data obtained on heat treated coatings (figures 9.25 and 9.26) confirm that their
corrosion properties are better than on as-deposited coatings: the modulus at low fre-
quency is much higher (over 100 kΩ/cm2) and the size of the loop in the Nyquist plot
(figure 9.26) is much bigger. However, the Bode phase diagram is difficult to interpret:
it looks like two time constants intervene in the corrosion phenomena, while only one is
detected on the module plot. One explanation of this could be the presence of porosi-
ties that do not reach the substrate. The diffusion can thus be seen on the Bode phase
diagram while the modulus plot stays unchanged.

Fig. 9.27: Electrochemical impedance spectroscopy curves of NiB coated steel after heat treat-
ment and aging in NaCl for 2 days: Bode Modulus plot (a) and Bode phase plot
(b).

Fig. 9.28: Electrochemical impedance spectroscopy curves of NiB coated steel after heat treat-
ment and aging in NaCl for 2 days: Nyquist plot.

Aging of the coating in NaCl for 2 days induces a decrease of the corrosion resistance
similar to what was observed on untreated samples (see figures 9.27 and 9.28). The
resistance of the aged heat treated coating appears to be slightly lower than the untreated
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coating, as its modulus at low frequency and the size of the loop in the Nyquist plot are
smaller.

9.7.1.2 Corrosion resistance of electroless nickel-boron on aluminum after heat
treatment at low temperature.

The corrosion resistance of the Al/NiP/NiB system is better in the as deposited state
than that of the steel/NiB system. Heat treatment leading to complete crystallization
were shown to improve the corrosion resistance of the coating. It is thus interesting to
observe if the low temperature heat treatment ( at 180℃, for 4 hours) has also an influence
on the corrosion resistance properties of the coatings and how this influence is manifested.
In this section, electrochemical methods will thus be applied to the determination of the
corrosion resistance of the Al/NiP/NiB system after heat treatment.

9.7.1.2.1 Potentiodynamic polarisation.

Figure 9.29 shows that heat treatment at 180℃ for 4 hours improves the proper-
ties of the electroless coating: the corrosion potential, which was already good, increases
from -245 to -206 mV (Vs Ag/AgCl) and is significantly higher than on the heat treated
Steel/NiB system (see table 9.6).

Fig. 9.29: Potentiodynamic polarization curves on untreated and heat treated nickel-boron on
aluminum.

As the structure of the coating is not modified by the low temperature treatment, the
modification of the corrosion properties cannot be attributed to crystallization. However,
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as we have seen previously that the corrosion occurred mainly between the columns, it is
probable that the improvement observed is caused by a slight densification of the coating
that decreases the sensibility to corrosion of the intercolumnar zones.

Sample type
Corrosion
current (µA)

Corrosion po-
tential (mV
vs. Ag/AgCl)

Al/NiP/NiB 0.217 -245.14
Al/NiP/NiB HT at 180 ℃ 0.1958 -206.41
Steel/NiB -HT at 400 ℃ 0.178 -240.67

Tab. 9.6: Corrosion current and potential of electroless nickel-boron.

9.7.1.2.2 Electrochemical impedance spectroscopy.

EIS data confirm the improvement of the corrosion resistance of the Al/NiP/NiB sys-
tem brought by the heat treatment: after aging for 2 days in NaCl 0.1M, the modulus a
low frequency is higher than it was in the case of a fresh untreated coating and only one
time constant can be observed (figure 9.30). The size of the loop in the Nyquist diagram
is also bigger in the case of heat treated and aged coatings than for fresh untreated ones
(figure 9.31). As aged heat treated coatings have a better resistance than new untreated
coatings, it appears that heat treatment at lower temperature modifies in a different, and
better, way the corrosion properties of the coatings.

Fig. 9.30: Electrochemical impedance spectroscopy curves of NiP/NiB coated aluminum after
heat treatment and aging in NaCl for 2 days: Bode Modulus plot (a) and Bode phase
plot (b).
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Fig. 9.31: Electrochemical impedance spectroscopy curves of NiP/NiB coated aluminum after
heat treatment and aging in NaCl for 2 days: Nyquist plot.

9.7.1.3 Effect of wear on the corrosion resistance of electroless nickel-boron coatings.

The corrosion resistance of electroless nickel is significantly increased by heat treatment
and decreased by abrasive wear. It is thus interesting to get information of the combined
effect of those two parameters. This will be the object of the present section. Once more,
the Steel/NiB system will be examined first, then the Al/NiP/NiB. However, this study
will be limited to potentiodynamic polarization.

On steel, while the corrosion potential of heat treated coatings is lowered after abrasive
wear, its stays higher than on unworn untreated coatings (see figure 9.32). On aluminum
however, the potential of heat treated and abraded coatings is similar to untreated abraded
coatings (see figure 9.33). The corrosion potential of worn heat treated coatings is similar
for both systems (table 9.7). This is not surprising because the higher corrosion resis-
tance of the Al/NiP/NiB system after heat treatment is accompanied by a lower hardness
(compared with the coating treated at 400℃) and thus by a more important weight loss
during the abrasion phase. The worn Al/NiP/NiB system is thus far thinner than the
worn steel/NiB and the similar corrosion potential indicates thus an higher corrosion re-
sistance of the coating deposited on aluminum.
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Fig. 9.32: Potentiodynamic polarization curves on heat treated nickel-boron on steel after Taber
abrasion.

Fig. 9.33: Potentiodynamic polarization curves on heat treated nickel-boron on aluminum after
Taber abrasion.
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Sample type
Corrosion
current (µA)

Corrosion po-
tential (mV
vs. Ag/AgCl)

Steel/NiB 0.09 -335.05
Steel/NiB -HT at 400 ℃ 0.178 -240.67
Steel/NiB -HT at 400 ℃- Taber 0.7476 -297.56
Al/NiP/NiB 0.217 -245.14
Al/NiP/NiB HT at 180 ℃ 0.1958 -206.41
Al/NiP/NiB HT at 180 ℃-Taber 0.2909 -285.53

Tab. 9.7: Corrosion current and potential of electroless nickel-boron.

9.7.2 Conclusions.

Contrary to most published results, we found an improvement of the corrosion resistance
of the coatings after heat treatment at 180 or 400℃. This improvement can be explained
by crystallization (which induces a diminution of the sensible grain boundary zones) but
it is more likely that densification effects are involved in this phenomenon as an increase
of the corrosion potential was observed on coatings treated at low temperature.

Aging of heat treated coating influenced the corrosion resistance in very dissimilar
ways: while aged heat treated steel/NiB systems have a low corrosion resistance (just
like the aged untreated coatings on this substrate), Al/NiP/NiB system keep a better
comportment than fresh untreated coatings after 48h exposure in NaCl 0.1M.

Wear also influenced differently the heat treated steel/NiB and Al/NiP/NiB systems:
on steel, the corrosion potential of worn heat treated coatings is higher than that of
untreated unworn samples while on aluminum, worn coatings present similar corrosion
potential with and without heat treatment. This can be easily explained by the effect of
heat treatment on the hardness and wear resistance of the coating: while the weight loss
registered on heat treated Al/NiP/NiB is similar to what is lost on untreated coatings
(leading to similar corrosion resistance), the coating heat treated at 400℃ is far more
wear resistant and the residual thickness is more important, which leads to a better cor-
rosion resistance.

9.8 Conclusions: overall influence of heat treating on the properties of
electroless nickel-boron coatings.

In the present chapter, several aspects of the influence heat treatments have on electroless
nickel-boron coatings were examined. The treatments applied to the coatings were studied
to either obtain the best mechanical properties of the coatings (treatment at 400℃ for 1
hour) or to improve the coating’s properties without losing the mechanical resistance of
the aluminum substrate (treatment at 180℃ for 4 hours).
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First, the chemistry of the coating was not modified by any of the treatments and
there was no interdiffusion between the coating and the substrate.

The structure of the deposits, however, was not left unmodified: while heating at 180℃
does not induce crystallization, this is not the case for treatments at higher temperatures
(over 250℃). The coatings deposited on steel are thus constituted, after annealing, of
Nickel boride Ni3B which has a structure similar to cementite (Fe3C). The grain size of
this structure, while still in the nanometric range, is far bigger than on untreated coatings.

The hardness of the coatings was also modified, in a similar way to their structure: a
small increase is observed for the low temperature treatment but heating at 400℃ brings
the hardness in the 1200 hv100 range. This increase is due to the combination of a the
formation of a harder phase (Ni3B) and of an optimal grain size.

The tribological properties of the coating are also positively influenced: they are
smoother and have a better Taber Wear Index after heat treatment while their scratch
test resistance stays very good.

Finally, the corrosion resistance of electroless nickel-boron was also improved after
heat treatment, which is in contradiction with other published results. This is probably
due to a densification of the deposit during the treatment as this effect is already observed
on coatings treated at 180℃ that decreases the sensibility to intercolumnar corrosion.
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CONCLUSION.

This second part of the manuscript was entirely dedicated to experimental aspects and
results. Its objective were multiple and each chapter was focused on one particular aspect
of the experimental work.

The first point of focus was the description of the experimental setup and of its evolu-
tion during the project: the chemistry and operating conditions of the bath were described,
as were the surface preparation procedures for the various substrates. An important part
of that chapter discussed the evolution from a 800ml cell, allowing to plate only one very
small sample at a time, to a 8 liter cell accommodating up to three 200 cm2 samples at
the same time.

The second point of focus was naturally linked to the first: with the increase of the
bath volume, the problem of reactive and time wastes due to the elimination of all baths
after a single use became unavoidable. Thus, even if the bath chemistry was not initially
a focus of the research, an non negligible amount of work was carried out to get practical
understanding of the reactive consumption during the plating process. This study was
then used to determine how and when the replenishment process had to be implemented.
Apart from allowing an important decrease of practical plating time (by suppressing most
of the pre-heating needed to use one-shot baths) and cost, this study was very informative
about the deposition mechanisms as some kinetic aspects of reactive consumption have
been identified.

It was only natural, after examining bath operations, to turn ourselves to the study of
the initiation and then to the growth of the deposit on the substrate. This part of the work
allowed us to emphasize important features of the influence of surface roughness and (to a
smaller extent) chemistry on the formation of electroless nickel-boron coatings on steel: the
initiation of the deposition is nearly instantaneous and is favored by a rougher substrate;
on steel, the initiation mechanism is catalytic oxidation of sodium borohydride and not
a displacement reaction; the growth of the deposit is quicker on smoother substrates; the
local morphology of the coating is linked to the local lead content.

However, while lots of information could be obtained from this study, there are still
many unexplained phenomena like the effect of continuous replenishment on the deposit
formation, the reason for the lead content variations, the eventual preferential initiation
of deposit on a particular phase on Duplex and/or on high carbon steel.

The last two chapter of this experimental part of the work are dedicated to the de-
scription of the properties of the deposits before and after heat treatment. Lots of known
properties of electroless nickel-boron coatings were confirmed during this study, like their
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columnar structure, cauliflower-like surface texture and high hardness. However, that was
not the complete extent of the work done as new information were gathered:

• Bath replenishment affects the morphology of the samples by inducing a secondary
germination.

• Advanced structural study by TEM and X-ray diffraction allowed to identify the
nanocrystalline nature of the as-deposited coatings and to calculate the grain size
in the as-deposited state (close to 1nm). The nanocrystalline state of heat treated
samples was also observed.

• Evaluation of the hardness via nanoindentation allowed to check the homogeneity
of this property across the deposit for as-deposited as well as heat treated samples.

• The wear properties of the coatings were investigated. While they are already good
in the as-deposited state, they are much improved by the application of an heat
treatment. The same can be said about the roughness of the plated parts. However,
it was possible to ascertain the influence of heat treatment on scratch test resistance
as results obtained for both states of the coating are really similar.

• The corrosion resistance of the coatings was found to be as good, if not better than
electroless nickel-phosphorous and to be favorably influenced by heat treatment,
contrary to usual belief in the electroless nickel community. The mechanisms leading
to this improvement of the properties, however are not fully identified yet.

While this experimental part of the work brought answers to lots of questions about
the comportment of electroless nickel-boron coatings, during the plating and in use, it
brought still more questions about the fundamental mechanisms involved in the described
comportments. In the near future, more work will be carried out to define those fundamen-
tal mechanisms, using the new knowledge that was gained about electroless nickel-boron.
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INTRODUCTION.

The first two parts of this work were dedicated, for the first, to theoretical and background
studies about electroless nickel-boron and, for the second, to experimental work carried
out on synthesis and characterization of those coatings. This last part however will be
dedicated to a completely different aspect of this study: modeling of the structure of the
coatings and of its modifications during heat treatment.

The interest of this part lies in gaining a better understanding of the structural prop-
erties of the material by an analytical description of their comportment. In its most
advanced state, this modeling would allow predictive description of the coating’s struc-
ture from the sole knowledge of its composition and thermal history. Knowing the very
strong dependence of the coatings’ most useful properties to their structural state, the
implementation of an effective structural prediction model would then lead to fine tuning
the composition and heat treatment to the final application of the coating.

The implementation of such a complete model is of course a very ambitious goal that
cannot be attained in the course of a single research project. However, it is already possi-
ble to set the path for the future and to determine the first steps that will have to be taken
to complete this objective. For some parts of the model, it is even possible to already give
practical results at the present time. In this part the approach of an analytical model for
structural prediction of electroless nickel-boron deposits will be carried out in multiple
steps.

The first chapter of this part will be an introductory chapter: the problem will be
presented, as well as possible ways to solve it. The approach chosen for the modeling will
then be introduced, in a very synthetic way.

The second chapter will be focused on the prediction of the grain size in as-deposited
coatings from the coating’s composition. In that chapter, the background and the actual
model we used will be described. Our completed model will then be compared with ex-
perimental results for validation.

After this, a background chapter will be dedicated to the preparation of the most com-
plicated part of the model: the prediction of the coating’s ’crystallization temperature’.
In this chapter the main equations leading to the establishment of such a model will be
expressed, but we will not try to offer any numerical values or to solve them further than
what is needed to understand the model.



206 PART 3 : STRUCTURAL MODELING.

The fourth chapter of this part will be dedicated to the ground work for the prepara-
tion of the model implementation. In this, most equations will be developed in order to
isolate the data needed to solve them. The data will also be reviewed in order to deter-
mine which of them can be found in published work and which will have to be determined
experimentally.

Finally, a small chapter will be dedicated to the experimental work that will be used
not for the determination of the missing data but for the validation of the model. In this,
examples of crystallization temperature determination will be presented.
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10. PRESENTATION OF THE PROBLEM, BACKGROUND AND
APPROACH CHOSEN FOR THE MODELING.

10.1 General presentation of the problem.

Most electroless nickel coatings are submitted to an heat treatment that allow enhance-
ment of their mechanical properties by crystallization of the coating. At the present time,
the treatment conditions are usually standardized (400℃, 1 hour) and used regardless of
the deposit composition. Moreover, those conditions were initially determined experimen-
tally, either by determination of the crystallization temperature of the coating or by an
trial and error method for the optimization of the hardness.

While this approach has given good results, using a more rigorous method, including
pre-determination of the crystallization temperature and of the structural state of heat
treated deposits could bring more information and allow fine tuning of the heat treatment
in regards to the chemistry of the coating and the desired properties. This will be very
useful for alloy design for example where the fine tuning of heat treatment using modeling
will allow avoiding expensive experimental work for the synthesis and testing of materials.

In a first step towards global modeling of structural modifications during heat treat-
ment, determination of the crystallization temperature was chosen because it is a param-
eter that is widely used and that do not require extensive experimental testing to obtain,
which will ease the validation of the model.

There are two possible ways to determine the crystallization temperature: either work-
ing with isothermal conditions and determining if the crystallization happens (in a rea-
sonable time frame) or not, or working in anisothermal conditions (with a fixed heating
rate) and recording the temperature of the onset of the transformation.

10.2 Different approaches for the modeling of heat treatment
comportment of materials, choice of a method for modeling and

justification.

A lot of the modeling work carried out in the materials science field concerns the vari-
ation of materials structure and properties with the temperature. It is so much studied
because the thermal history of matter has a tremendous influence on its comportment:
when heated or cooled, the material can undergo, for example, phase transformations,
grain growth, mechanical properties variations, diffusion, sensitization to some corrosion
processes, dry oxidation, etc.
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The most used structural modeling in material science is the modeling of phase dia-
grams, usually in the CALPHAD (CALculation of PHAse Diagrams) formalism. In this
approach, thermodynamical equilibrium data are used to determine the stability bound-
aries of the different phases in a material in regard to pressure, temperature and chemistry
(A review of this kind of methods was written by Kattner [152]). While those diagrams
are really useful in lots and lots of applications, they are not very well adapted to our
case as, in their more current form, they only apply to equilibrium systems, which our
nanocrystalline-nearly amorphous coating is not.

Another well used tool for structural study is thermal history diagrams, such as Time
- Temperature - Transformation (TTT) and Time - Cooling/Heating Rate - Transforma-
tion (T-CR/HR-T) diagrams. While they are usually determined experimentally (because
they are often applied to very complicated chemistry), it is possible to calculate them on
the base of a kinetic approach, described in the framework of the Avrami formalism (or
one of its derivatives, such as the Kolmogorov, Johnson and Mehl and Avrami model
(KJMA)) and allows to obtain very precious information about the crystallization and
even the microstructure after treatment of the material. A very complete review about
that kind of modeling has been written by Clavaguera-Mora et al [153].

Thermal history diagrams can offer very important and useful information about phase
transformations in the coatings, such as the onset point of phase transformation and the
transformed fraction for a defined set of conditions. However, they are used for materials
with a known and homogeneous initial state, which is not the case of nanocrystalline
electroless nickel-boron coatings for which the grain size (or grain boundary fraction) is a
parameter that has to be taken into account. Moreover, there is no evident link between
them and DSC data, so we decided not to use them.

The last approach we found was a model proposed by Jiaqiang et al [86] for the
crystallization temperature of amorphous electroless nickel-phosphorous. It constitutes
an interesting answer to our problem as it describes the phenomenon observed by DSC.
Moreover, it is quite convenient for us as it uses thermodynamic properties of the material
and includes few kinetics data.

10.3 Brief description of the chosen model.

The methodology used for modeling is adapted from Jiaqiang et al. [86] and, as we said
before, describes the phenomenon observed by DSC: during the calorimetric experiment,
heat consumption and/or release caused by transformations in the material (phase trans-
formations, Curie point, ...) are recorded. The events inducing those heat variations can
be described by thermodynamic relations, which are at the basis of the model.
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They described the crystallization of electroless coatings using 2 different mechanisms
that coexist:

• Assuming there are pre-existing nuclei or grains, those must grow following a classi-
cal kinetic parabolic law, that expresses the relation between the grain size and the
temperature.

• For an event to begin to register in DSC, thermodynamic equilibrium must be
reached, and thus the variation of Gibbs’ Free Energy of the system must be null.
Using this, it is possible to obtain an expression linking grain size and temperature.

As the phenomenon that is observed is a grain growth at thermodynamical equilibrium,
both mechanisms must be used conjointly. This means that, when the two expressions of
the grain size as a function of temperature are put together, the solution of the problem
is the temperature for which a similar grain size is obtained from both equations.

For practical use of this modeling method, a first, preliminary step, must be taken:
the size of the pre-existing grains or nuclei must be calculated, first because it constitutes
the initial state of the material, and secondly because it is needed in further calculations.

The basis of the three modules of the model is described hereunder.

10.3.1 Modeling of the grain size of as-deposited electroless nickel-boron.

The determination of the grain size in the as-deposited material is the first step of the
model. It is based on the work of several authors about the structure of nanocrystalline
materials.

According to Phillpot et al [68], nanostructured materials are constituted of nano-
sized grains, with the same structure and properties than perfect crystals, embedded in a
cement-like phase that is heavily disordered and holds the grains together and has a more
or less uniform width. This particularity of the ’boundary phase’ has thus been used,
assuming that the grains have the shape of spheres (see figure 10.1), to estimate the grain
boundaries fraction (xi) of the material as:

x1 =
d3 − (d− δ)3

d3
(10.1)

where δ is the average thickness of the grain boundaries and d is the average grain
diameter.

In the course of their experimental work on electrodeposited nickel-phosphorous al-
loys, Farber et al [81] and of Hentschel et al [80] showed that the phosphorous is not
homogeneously distributed in the material but segregates to a large extent in the grain
boundaries. Measures by atom-probe field-ion microscopy (APFIM) and tomographic
atom-probe (TAP) allowed them to determine that the concentrations of phosphorous in
the grains and grain boundaries were not dependent on the average material composition.
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Fig. 10.1: Schematic representation of a grain (and its grain boundary) in a nanocrystalline
material.

From this discovery, using the constant width property of the boundaries and the
knowledge of the average phosphorous concentration of the coating, they used a simple
mass balance to determine the grain boundary fraction:

C0 = xi · Cgb + (1− xi) · Cg (10.2)

where C0 is the average P concentration in the material, Cgb and Cg are the P con-
centrations respectively in the grain boundaries and in the grains.

Combining equations 10.1 and 10.2, they proposed a model that allows to calculate
the average grain diameter of the material and that we will use and develop in chapter
11.

d =
δ

1− 3

√
C0 − Cgb
Cg − Cgb

(10.3)

10.3.2 Determination of the crystallization temperature of electroless nickel-boron.

While both parts of this module have to be used concurrently to obtain a value, there are
easier understood if they are kept separate. The first part that will be described is the
diffusion based law, then the expression of thermodynamic equilibrium.

10.3.2.1 Diffusion-based law.

The diffusion-based law used to determine the first expression of the grain size dependence
on the temperature is quite straightforward. It is obtained from the isothermal grain
growth law:

d2 = d∗2 + 8 · ξ ·D · t (10.4)

where d is the grain size, d* the initial grain size (obtained from equation 10.3), ξ is a
function of the chemistry of the material, D is the diffusion coefficient and t is the time.
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The temperature dependence comes from D, which is obtained from :

D = D0 · exp(
−Q
RT

) (10.5)

with D0 the diffusion constant, Q the activation energy of diffusion, T the tempera-
ture, and R the gas constant.

Equation 10.4 cannot be used directly for anisothermal calculation but if the con-
tinuous heating is considered as a succession of very short isothermal steps, it is easily
modified to suit our means [86] (this will be described in section 13.2).

10.3.2.2 Thermodynamic-based law.

As Jiaqiang [86] used, for the establishment of his model, the assumption that the electro-
less deposit is amorphous, this assumption will also be used in the present section, because
this allows important simplification of the relations and leads to a more straightforward
form. However this assumption will not be kept for further developments.

During heating of electroless nickel-boron alloys, phase transformations and grain
growth occur. Those transformations can be expressed as follow:

Initial state → final state (10.6)

Amorphous Ni-B → Ni nanocrystallites + Ni compounds + interfaces

The Gibbs free energy of this transformation can thus be expressed as :

∆G(T ) = (1− xi) ∆Gc
f (T ) + xi∆G

i
f (T )−∆Ga

f (T ) (10.7)

where ∆Gc
f (T ), ∆Gi

f (T ) and ∆Ga
f (T ) are the Gibbs free energy for formation of, re-

spectively, the crystallites, interfaces and amorphous phase and xi is the volume fraction
of interfaces (which is related to the grain size by equation 10.1).

At equilibrium, ∆G(T ) in equation 10.7 is null. It is thus possible to express the
volume fraction of interfaces as a function of the Gibbs free energy for formation of the
different phases, which are all functions of the temperature. From this, using equation
10.1, the grain size can be expressed as a function of the temperature, which is the second
module needed to make the model work.

As we will not be using all of Jiaqiang assumptions, further developments of this part
of the model will not be described in the present section.
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11. GRAIN-SIZE MODELING IN AS-DEPOSITED NICKEL-BORON:
DATA COLLECTION, MODEL IMPLEMENTATION AND

VALIDATION.

11.1 Introduction.

Now that the method for the modeling has been presented, the different modules will be
examined separately and developed for calculation. As the initial grain size is necessary
for both other parts of the model and as it was actually possible to obtain numerical
results for this module, it will be studied first.

As this module is based on relatively simple equations, those do not need to be further
developed. We will thus begin by a review of the equations presented in section 10.3.1, a
listing of the various data needed for the calculations and the strategies chosen to obtain
or approximate the data that are not directly available.

After this, a short section will be dedicated to the actual calculations and to the mod-
eling results.

The last section of this chapter will be focused on model validation: the collection of
experimental data and their comparison to our model will be discussed.

11.2 Model presentation, data and data collection.

11.2.1 Modeling equations and data listing.

The following equation, on which the determination of the grain size is based, has already
been described in section 10.3.1 (eq 10.3).

d =
δ

1− 3

√
C0 − Cgb
Cg − Cgb

This equation needs relatively few parameters:

• δ, the grain boundary thickness, which is a constant parameter.

• Cb, the boron content of the crystallites, which is a constant parameter.

• Cgb, the boron content of the grain boundaries, which is a constant parameter.

• C0, the average boron content of the material, which is the variable of the model.
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The process involved in the determination of the three constant parameters is the ob-
ject of the next section.

11.2.2 Data collection and calculation.

Only three constant parameters need to be determined before the implementation of the
model. However, none of them are easily available. Moreover, their determination is not
an easy process.

11.2.2.1 Grain boundaries thickness.

The thickness of the grain boundaries area is supposed to be a near constant in nanocrys-
talline materials [68]. However, as this thickness, and the size of the grains, are very small,
it is not possible to measure them by classical analysis methods such as SEM and TEM.

It was thus not possible for us to obtain direct experimental measurement of this
value for electroless nickel-boron deposits. However, two studies were realized on nickel-
phosphorous by Farber [81] and Hentschel [80], in which the structure of the deposit was
observed by more sophisticated methods such as Tomographic Atom Probe (TAP) and
Atom Probe Field-Ion Microscopy (APFIM). Using those local techniques, they were able
to evaluate the thickness of this grain boundaries as 0.5-1 nm by TAP [81] and 0.8 ± 0.1
nm by APFIM [80].

As we did not dispose of this kind of analytical techniques for this project, we had
to settle for approximation of the data we need. However, knowing that boron and
phosphorous have similar segregation properties (see section 2.2.3 in part I) and that
electroless NiB and NiP have similar structural features, we can reasonably assume that
the grain boundary thickness would be similar in Ni-B alloys than in Ni-P and use the
value of 0.8 nm.

11.2.2.2 Boron concentration in the crystallites.

The determination of the boron content of the crystallites is also a very delicate operation
because they are very small (close to 1nm in the as-deposited state for our electroless
nickel-boron coatings, see section 8.4.2.1 in part II) and would thus require the use of
very localized techniques that are not easily available to us. Moreover, the quantitative
analysis of boron in a nickel matrix by X-ray fluorescence, atomic contrast in electron
microscopy and EDX is not very reliable because of re-absorption effects. We are thus left
in a similar predicament than with the boundary thickness as far as this value is concerned.

Once again, the only available values come from the work of Hentschel and Farber
and have been obtained for nickel-phosphorous. Hentschel measured, by selected area
atom-probe analysis, at the center of the grains, a phosphorous content of 1.4 at.% that
indicates that the nickel nanocrystallites are supersaturated in phosphorous [80]. Farber
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however, obtained, by tomographic atom-probe a value of 1 at.% or less for the phospho-
rous content of the interior of the grains [81].

Still assuming a similar segregation state for nickel-phosphorous and nickel-boron, we
decided to use a value of 1 at.% in the grain as boron content for our calculations.

11.2.2.3 Boron concentration in the grain boundaries.

The determination of the boron content of the grain boundaries, however, cannot be
derived from the values obtained on nickel-phosphorous: while it is possible to assume
that the boundary thickness and supersaturation are similar to what is obtained on nickel-
phosphorous, it is less reasonable to do the same for the grain boundary composition. This
value was thus calculated from other data, as follow:

• The density of the nickel boron can be calculated from a balance of the densities of
the nanocrystallites and boundaries:

ρ0 = ρg · V fg + ρgb · V fgb (11.1)

where ρ0 is the average density of the material, ρg and ρgb the densities of the grains
and grain boundaries and Vfg and Vfgb the volume fractions of the grains and grain
boundaries.

• It is possible to link the density of the material to its composition (boron content)
by an analytical or empirical law.

• The volume fraction of electroless nickel-boron has been measured, for various com-
positions, by X-ray diffraction, by Kumar et al. [60].

Thus, it is possible, after calculation of the average density of the coating and the
density of the grains, to use the volume fractions to calculate the density of the grain
boundaries. The boron content is then calculated using the law that links content and
density.

11.2.2.3.1 Variation of density with boron content.

The density of electroless nickel-boron decreases when the boron content increases, as
was said in section 2.3.1 of part I. It is possible to calculate a theoretical law expressing
this dependence using the following assumptions:

• The nickel boron alloy consists of a (fictitious) interstitial solid solution of boron in
nickel (in reality, the solubility of boron in nickel is very low) and possesses the face
centered cubic structure typical of pure nickel.

• The interstitial sites of each unit cell are either completely void of boron or com-
pletely filled.
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• The density decreases linearly when the boron content increases.

Firstly, the type of interstitial sites occupied by the boron alloy in the fcc nickel struc-
ture must be determined from the atomic radii (see table 11.1). For atoms to be able to
occupy the tetraedric sites, the ratio between the atomic radii of the solute and the sol-
vent must be less than 0.225 (and 0.414 for the octaedric sites). The ratio between boron
and nickel is 0.62, which shows that, theoretically, this element cannot form interstitial
solid solution in nickel (which is confirmed by the very low solubility of boron in nickel).
However, for our fictitious solid solution, we will assume that boron occupies the octaedric
sites and dilates the nickel fcc lattice as presented in figure 11.1.

Nickel Boron

structure fcc

cell parameter (Å) 3.52

atomic radius (Å) 1.24 0.77

atomic weight (awu) 58.69 10.81

Tab. 11.1: Structural parameter of nickel and boron.

Fig. 11.1: Position of boron in the octaedric sites of a fcc nickel structure.

The lattice parameter of a unit cell whose octaedric site are all occupied by boron
atoms (ã) is 2·(rNi+rB) = 4.024 Å(see figure 11.1). The saturated unit cell, with a boron
atom in each of the octaedric sites, contains 4 nickel atoms and 4 boron atoms (50 at.% B).

The density of a fictitious nickel lattice saturated with interstitial boron atoms can
thus be calculated from the geometric representation
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density =
unit cell mass

unit cell volume

=
(4 ·MNi + 4 ·MB)/NA

ã3

=

4 · 58.69 + 4 · 10.81
6, 02 · 1023

(4.024 · 10−10)3

= 7.11 (11.2)

The density of any nickel-boron alloy is then obtained from a balance between pure
nickel and the saturated fictitious interstitial solution with 50 at.% B, as follow:

density = 8.94− (C0 ·
1.83

50
) (11.3)

To check the validity of this expression, experimental data where obtained from pub-
lished results [154] and compared with the calculated values, as shown in table 11.2 and
figure 11.2. The experimental and theoretical values are very close together which means
that the assumptions used for this model are sound and that the model can be used with-
out introducing an important error.

Fig. 11.2: Comparison of calculated and experimental values of the density of Ni-B alloys.



11.2. Model presentation, data and data collection. 217

at.% B wt.% B
experimental
density

calculated
density

19 4.14 8.41 8.24

19 4.14 8.39 8.24

18,5 4.01 8.42 8.26

25 5.78 7.9 8.03

30 7.32 7.93 7.84

32 7.98 7.85 7.77

35 9.02 7.91 7.66

38 10.14 7.72 7.55

40 10.94 7.47 7.48

Tab. 11.2: Comparison of calculated and experimental values of the density of Ni-B alloys.

11.2.2.3.2 Volume fraction of interfaces for various boron contents.

The interfaces (or grain boundaries) in nanocrystalline materials can represent an im-
portant part of the volume. They influence thus the X-ray diffraction patterns obtained
from the material and it is possible, with the adequate analytical tool, to separate the
peaks caused by the crystallized fraction (grains) and by the disordered grain boundaries.

However, as the nickel-boron alloys we synthesize have a near constant and very high
boron content, it was not possible to use them for this calculation and we had to, once
more, borrow results from other research groups. In 1994, Kumar et al. [60] have pub-
lished a study about the deconvolution of diffraction patterns of electroless boron with
various boron content. In this work published at a time when nanocrystalline materials
were not as well known than now, they considered that the alloys was constituted of a
mix of amorphous phase and crystallized nickel. They calculated the ratio between the
peak areas relative to both phases (Ic/Ia), which can be, using the current knowledge
about nanostructured materials, interpreted as the ratio between the volume fraction of
crystallites and grain boundaries. We could thus obtain two values for the volume fraction
of interface of alloys with a known composition. They are presented in table 11.3.

wt.%B Ia/Ic
volume fraction
of crystallites

volume fraction
of boundaries

3.85 7 12.5 87.5
4.32 25 3.84 96.15

Tab. 11.3: Volume fraction of grain boundaries in Ni-B with varying B content [60].
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11.2.2.3.3 Determination of the boron content of grain boundaries.

The determination of the boron content of the grain boundaries was made from the
volume fraction data of table 11.3, using equation 11.1 for the density balance and equa-
tion 11.3 to determine the density of the various phases. The results of these calculation
are shown in table 11.4.

The boron content of the grain boundaries calculated for both alloys is similar, which
confirms the hypothesis of a value independent on the average content of the alloy. To
simplify the calculation, we decided to round the value of the atomic boron content of
the grain boundaries at 20 at.%. This value, while larger than the 14 at.% P that were
measured for Ni-P by Henstchel [80] and Farber [81], is not overly large. Moreover it
coincides with the boron content determined by Gaevskaya et al [71] as the lower limit of
X-ray amorphous alloys.

wt.%B in alloy at.%B in alloy
volume fraction
of boundaries

at.%B in bound-
aries

3.85 17.86 87.5 20.26
4.32 19.69 96.15 20.43

Tab. 11.4: Boron content of the grain boundaries of alloys with varying boron content.

11.3 Model implementation and results.

Fig. 11.3: Evolution of grain size with boron content in electroless nickel-boron.
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As the equation used for this model is quite simple (equation 10.3), it can be imple-
mented using a single excel sheet. The results are presented on figure 11.3. The grain size
decreases quickly when the boron content of the material increases and reaches 1 nm for
a boron content close to 5 at.%.

11.4 Collection of experimental results and model validation.

In section 8.4.2.1 of part II, the grain size of electroless boron with a boron content close
to 5 wt.% was measured. However, as we have not the means to synthesize electroless
nickel-boron deposits in a wide range of composition, we had to recourse to published
results to validate the model for lower boron content. In 1996, Gaevskaya et al [71] pub-
lished a study in which they measured grain sizes for electrodeposited nickel-boron with
various boron content. Those results, as well as ours, are presented in table 11.5. As can
be seen on figure 11.4, the model is in good adequation with the experimental results.

Fig. 11.4: Evolution of grain size with boron content in electroless nickel-boron, comparison of
model and experimental results.



220 11. Grain-size modeling in as-deposited nickel-boron

at.%B in alloy
grain diameter
(nm)

Gaevskaya et al.
1,53 72
2,3 34
3 20
4,6 8
5,6 6
6,2 4

Our results
21,5 0,955
22 0,959
23 0,927

Tab. 11.5: Measured grain size in nickel-boron alloys with variable boron content.

11.5 Conclusions.

In this chapter, the equations allowing to calculate the average grain size of electroless
nickel-boron deposits in their as-deposited state have been presented and the parameters
needed for the model have been determined either from experimental results or from the-
oretical calculation. The results of the model have then been compared to experimental
results and the model has been validated.
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12. MODELING OF THE CRYSTALLIZATION TEMPERATURE OF
ELECTROLESS NICKEL-BORON: THEORETICAL BACKGROUND.

12.1 Introduction.

The modeling procedure we chose is based on a model proposed for initially amorphous
materials. It is thus useful, before modifying it to take into account the different initial
structure, to present the model as proposed by Jiaqiang et al [86]. This is the object of
the present chapter.

First, the expression of the Gibbs free energy variation for the crystallization of an
amorphous material will be presented and developed. The equilibrium condition will then
be used to isolate the grain size in the expression.

12.2 Expression of Gibbs free energy variation for the crystallization of
an amorphous material.

As was said in section 10.3.2.2 (page 211), it is possible to describe the crystallization of
an amorphous material as a chemical reaction (see equation 10.7) and to calculate the
Gibbs free energy associated to this transformation, according to the following equation
(equation 10.7) [86].

∆G(T ) = (1− xi) ∆Gc
f (T ) + xi∆G

i
f (T )−∆Ga

f (T )

In this equation, ∆Gc
f (T ), ∆Gi

f (T ) and ∆Ga
f (T ) are the Gibbs free energy for for-

mation of, respectively, the crystallites, interfaces and amorphous phase and xi is is the
volume fraction of interfaces.

Equation 10.7 can be modified to show the Gibbs free energy difference between the
different phases instead of their Gibbs free energy of formation:

∆G(T ) = (∆Gc
f (T )−∆Ga

f (T ))− xi · (∆Gc
f (T ) − ∆Gi

f (T ))

= ∆Ga(T )− xi ·∆Gi(T ) (12.1)

Where ∆Ga(T ) is the Gibbs free energy difference between the amorphous and crys-
talline phase and ∆Gi(T ) is the Gibbs free energy difference between the interfaces and
the crystalline phase. Those parameters can then be calculated from thermodynamical
data.
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12.2.1 Gibbs free energy of formation of the crystallized fraction.

In the completely crystallized state, nickel-boron alloys (in the range of composition that
can be obtained by electroless deposition) can be constituted of Ni, Ni2B, Ni3B and Ni4B3

phases. However, as most coatings contain less than 6 wt% B, it is possible to restrain
the range of phases to Ni and Ni3B.

The Gibbs free energy of formation of the crystalline phases can be obtained by a
weighted average of the energies of formation of the phases that are formed:

∆Gc
f (T ) = yNi ·∆GNi

f (T ) + (1− yNi) ·∆GNi3B
f (T ) (12.2)

where yNi is the the fraction of Ni in the crystallized phases, ∆GNi
f (T ) is the formation

free energy of crystalline nickel (and can be approximated by 0) and ∆GNi3B
f (T ) is the

formation free energy of crystalline Ni3B, that is calculated by:

∆GNi3B
f (T ) = ∆GNi3B(T )− 3∆GNi(T )−∆GB(T ) (12.3)

In equation 12.3, ∆GNi3B(T ), ∆GNi(T ) and∆GB(T ) are the free energies of the 3
phases, that can be determined from thermodynamical data.

Under the assumption that only Ni and Ni3B can be formed, yNi is calculated following:

CB
0 = yNi · CB

Ni + (1− yNi) · CB
Ni3B

= yNi · (CB
Ni − CB

Ni3B
) + CB

Ni3B

⇒ yNi =
CB

0 − CB
Ni3B

CB
Ni − CB

Ni3B

= 1− CB
0

CB
Ni3B

(12.4)

where CB
0 is the average atomic concentration of boron in the material and CB

Ni3B
is

the concentration of boron in the nickel boride: 25 at.%.
Using equations 12.3, 12.4 and replacing ∆GNi

f (T ) by its value, equation 12.2 can be
simplified to :

∆Gc
f (T ) =

CB
0

25
· (∆GNi3B(T )− 3∆GNi(T )−∆GB(T )) (12.5)

12.2.2 Gibbs free energy difference between the amorphous and crystalline phase.

It is very difficult to obtain a free energy of formation for an amorphous phase. However,
the difference between free energies of the amorphous and crystallized (coarse grained)
states of a material is more easily calculated. This difference, ∆Ga(T ) = ∆Ga

f (T ) −
∆Gc

f (T ) is calculated as follow:
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∆Ga(T ) = ∆Ha(T ) −T ·∆Sa(T )

= ∆Hm −
∫ Tm
T

[
Ca
p (T )− Cc

p(T )
]
dT −T ·

[
∆Sm −

∫ Tm
T

[
Ca
p (T )− Cc

p(T )
]
dlnT

]
(12.6)

where ∆Hm is the melting enthalpy, ∆Sm = ∆Hm
Tm

is the entropy of melting, Tm is
the melting temperature, Ca

p (T ) and Cc
p(T ) are the heat capacities of the amorphous and

crystalline phases respectively.

The heat capacity variation between amorphous and crystalline phases ∆Cp(T ) =
Ca
p (T )− Cc

p(T ) has been the focus of several studies [155, 156], which have given way to
various expressions for ∆Cp(T ):

• The simplest (and also the first) was proposed by Turnbull [157]: ∆Cp = 0;

• Jones and Chadwick [158] used : ∆Cp(T ) = ∆Cp(Tm);

• Thompson and Spaepen [159] proposed :∆Cp(T ) = ∆Hm
Tm

;

• Battezatti and Garrone [160] recommend :∆Cp(T ) = 0.8 · ∆Hm
Tm

;

• Dubey and Ramachandrarao [161] proposed (based on the hole theory of liquids):

∆Cp(T ) = ∆Cm
p

[
2T 3 + 3T 2∆T −∆T 3

2T 3

]
;

Using Lu’s comparison of results obtained with the various approximations of ∆Cp(T ),
we chose Thompson and Spaepaen’s expression because it gives similar results to the more
complicated ones without overcomplicating the calculations.

This lead to the following expression for the variation of Gibb’s free energy between
the amorphous and crystalline state :

∆Ga(T ) = ∆Hm −
∫ Tm

T

∆CpdT − T ·
[
∆Sm −

∫ Tm

T

∆CpdlnT

]
= ∆Hm −

∫ Tm

T

∆Hm

Tm
dT − T · ∆Hm

Tm
+ T ·

∫ Tm

T

∆Hm

Tm
dlnT

= ∆Hm − (Tm − T )
∆Hm

Tm
− T ∆Hm

Tm
+ T

∆Hm

Tm
· lnTm

T

= ∆Hm ·
T

Tm
· lnTm

T
(12.7)

Equation 12.7 uses only the temperature (T), the melting temperature and enthalpy
of metling (∆Hm) to determine the free energy variation between the amorphous and
crystalline (coarse grained) states.
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12.2.3 Gibbs free energy of formation of the interfaces.

The determination of the thermodynamical properties of the grain boundaries in a nanocrys-
talline material must take into account the importance of those boundaries in the materi-
als properties: nanocrystalline materials are considered to be made of a ’skeleton cluster
of randomly oriented crystallites and a labyrinthine cluster containing highly disordered
material (the grain boundaries)’ [65]. The properties of the grain boundaries of such
materials can be significantly different of the bulk properties: increase of specific heat,
decrease of the bulk modulus, reduction of density, increase of the coefficient of linear
thermal expansion,... [65, 162].

The highly disordered grain boundary phase on nanocrystalline (nc) metals can be
described by a reduction of the number of nearest neighbors, expressed by an excess volume
of the grain boundary (∆V ). This excess volume, which is the most significant parameter
for the study of the thermodynamic properties of nc grain boundaries is expressed as:

∆V =
V

V0

− 1 (12.8)

where V0 is the volume of the perfect crystal and V is the volume of the dilated crystal
representing the grain boundary.

The dilated crystal used for calculation of nc grain boundaries has a perfect crys-
tal structure but its nearest neighbor distance is increased (compared to the equilibrium
atom-atom distance) in order to match the densities of the grain boundaries and the di-
lated crystal [65]. The calculation of the dilated crystal can then be carried out either
using equation of state [86, 162] or a central force model in the quasi-harmonic Debye
approximation [65, 86], or by a combination of the two [67]. The developments leading to
this calculation will be discussed in section 13.4.

12.3 Expression of thermodynamical equilibrium and extraction of the
grain size.

Gibbs’ free energy variation during crystallization of an amorphous material (into a
nanaocrystalline material) is expressed by equation 12.1, page 221. The crystallization
temperature determination happens at thermodynamical equilibrium, which can be ex-
pressed by ∆G(T ) = 0. Using this, equation 12.1 can be modified (using equation 10.1,
209) to show the dependence of the grain size to the temperature.

xi =
d3 − (d− δ)3

d3
(10.1)
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0 = (∆Gc
f (T )−∆Ga

f (T ))− xi · (∆Gc
f (T ) − ∆Gi

f (T ))

xi · (∆Gc
f (T ) − ∆Gi

f (T )) = (∆Gc
f (T )−∆Ga

f (T ))

xi =
(∆Gc

f (T )−∆Ga
f (T ))

(∆Gc
f (T ) − ∆Gi

f (T ))

d3 − (d− δ)3

d3
=

(∆Gc
f (T )−∆Ga

f (T ))

(∆Gc
f (T ) − ∆Gi

f (T ))

d3 − (d− δ)3 = d3 ·
(∆Gc

f (T )−∆Ga
f (T ))

(∆Gc
f (T ) − ∆Gi

f (T ))
(12.9)

To calculate the equilibrium grain size, equation 12.9 must be solved as a function
of temperature. For this, the temperature dependence of the various ∆G(T ) must be
previously determined. ∆Gc

f (T ) has been described in section 12.2.1 and ∆Ga(T ) in
section 12.2.2. The free energy of the interfaces is obtained from the dilated crystal
model, and will be developed in section 13.4.
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13. MODELING OF THE CRYSTALLIZATION TEMPERATURE OF
ELECTROLESS NICKEL-BORON: DATA COLLECTION,

CALCULATIONS, PREPARATION OF THE IMPLEMENTATION,
LIMITATIONS.

13.1 Introduction.

Now that the theoretical background for the modeling of the crystallization temperature
has been set, a more in depth study of some of the various expressions and parameters
needed will be carried out and strategies for the running of the model and for collection
of the useful data will be described.

The first section of this chapter will be dedicated to the adaptation of the diffusion-
based grain growth law for use in an anisothermal context. Then, the expression of the
Gibbs’ free energy variation will be modified to include the assumption that the material
is already nanocrystalline in the initial state. The next section will be focused on the
description of the calculations needed to obtain the Gibbs free energy of the grain bound-
aries using the dilated crystal model.

After this in depth exploration of the mode complex parts of the modeling, a flow
sheet for the modeling procedure and recapitulatory equations will be presented, before
the data actually needed for the modeling are listed and their values or strategies to obtain
them are presented.

13.2 Anisothermal diffusion law for grain growth.

The usual diffusion-based law for grain growth in isothermal regimen is (equation 10.4):

d2 = d∗2 + 8 · ξ ·D · t

This equation can be modified for use in anisothermal conditions (continuous heating
at constant heating rate) if the heating ramp is considered as a succession of very short
isothermal steps (of duration ∆t) between the initial temperature (T0) and a given tem-
perature T (= T0 + β ·∆T , β being the heating rate). The anisothermal growth can thus
be expressed as [86]:
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d2 = d∗2 +

(T−T0)
β∑
0

8 · ξ ·D0 · exp(−
Q

R(T0 + i · β · T
)

d = d∗ + 2 ·

(T−T0)
β∑
0

√
2 · ξ ·D0 · exp(−

Q

R(T0 + i · β · T
) (13.1)

where d is the grain diameter, d∗ is the initial grain diameter, D0 and Q are the
diffusion constant and the activation energy of diffusion, R is the gas constant and i is
the iteration number. ξ is a coefficient depending of the boron concentration, that is
expressed in our case by:

ξ = 0.5.

∣∣∣∣1− C0

19

∣∣∣∣ (13.2)

In equation 13.2, C0 is the atomic concentration of boron in the alloy. This expression
was chosen in order to have a linear evolution of the function on either side of the eu-
tectic point between Ni and Ni3B (that is situated at 19 at.% B), where the function is null.

13.3 Modifications of the expression of Gibbs free energy variation
during crystallization to take into account the nanocrystalline

initial state.

As was said in section 10.3.2.2, the model developed by Jiaqiang [86] is based on the as-
sumaption that the material is amorphous in the initial state. However, our experimental
results (see section 8.4.2, page 142 in part II) have shown that as-desposited electro-
less nickel-boron coatings are constituted of nanocrystalline nickel. Moreover, this initial
nanocrystalline state is in good agreement with the diffusion-based part of the model that
needs an initial grain size to calculate the grain growth. For this reason, we chose to mod-
ify the thermodynamic part of the model to take into account the nanocrystalline nature
of as-deposited electroless nickel-boron. The transformations observed in the material (see
equation 10.7) can thus be expressed as:

Initial state → final state (13.3)

Ni nc + interfaces → Ni nc + Ni compounds + interfaces

Equation 10.7 is thus modified and leads to :

∆G(T ) = (1− xi) ∆Gc
f (T ) + xi∆G

i
f (T )−

[
(1− x∗i )∆G

ci
f (T ) + x∗i∆G

i
f (T )

]
(13.4)

where x∗i is the initial grain boundaries fraction, that can be calculated from the initial
grain size.
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The use of equation 13.4 needs a precise definition of the initial and final states of the
material.

• In the final state, the crystalline part is constituted of Nickel and Nickel boride
(Ni3B) in proportions defined by equations 12.2 and 12.4.

• In the initial state, the crystalline part is considered to be constituted only of Ni,
following the work of Hentschel [80] and Farber [81].

• In the initial state, the definition of the interfaces will be based on the work of
Hentschel [80] and Farber [81]: as most of the boron appears to be located in the
interfaces of the as-deposited material, with a boron content that we calculated as
20 wt.% (see section 11.2.2.3, page 214), it is not really realistic to use the cfc nickel
structure as basis for the dilated crystal representing those interfaces. However,
their composition being closer to that of Ni3B (25 wt.% B), that structure can be
used to describe the as-deposited interfaces.

• For the description of the interfaces in the final state, the assumption will be made
that they are similar to the as-deposited interfaces, meaning they are based on the
Ni3B structure.

So, in the calculation of ∆Gci
f (T ) (the Gibbs energy of formation of the crystalline

phase in the initial state), only Ni must be computed as the Ni3B phase is not supposed
to be present in as-deposited NiB coatings. Equation 13.4 can thus be simplified (knowing
∆Gci

f (T ) = ∆GNi
f (T ) = 0) as follow:

∆G(T ) = (1− xi) ∆Gc
f (T ) + xi∆G

i
f (T )− x∗i∆G

i
f (T ) (13.5)

Those modifications induce changes in the determination of the grain size dependence
on the temperature and equation 12.9 (see section 12.3, page 224) becomes:

d3 − (d− δ)3 = d3 ·
(∆Gc

f (T )− x∗i∆G
i
f (T ))

(∆Gc
f (T ) − ∆Gi

f (T ))
(13.6)

Equation 13.6 does not require the calculation of the free energy variation between
the amorphous and crystalline state. However, it needs an accurate determination of the
Gibbs’ free energy of the grain boundaries (interfaces) in both states. This calculation
will be based int the assumption presented hereover that the interfaces are represented
by a dilated crystal of nickel boride Ni3B.
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13.4 Towards determination of the Gibbs free energy of the interfaces
[65, 67, 162].

As was said in section 12.2.3, determination the Gibbs free energy of the interfaces is based
on a dilated crystal model where the interfaces are represented by a perfect crystal with
an enhanced nearest-neighbor distance, in such a way that the densities of the interface
and dilated crystal match. The calculation of the thermodynamic properties of the dilated
crystal is based on either the equation of state [86, 162] or a central force model in the
quasi-harmonic Debye approximation [65, 86], or on a combination of the two [67]. The
developments presented hereunder are based on the mixed approach proposed by Song et
al. [67].

The equation of state (EOS) can be expressed as a function of volume and temper-
ature [162] that leads to the following expressions for the thermodynamic properties (as
functions of the excess volume of the grain boundary):

∆H(V ) = E(V ) + PV (13.7)

∆S(V ) = Cv · γ · ln
V

V0

(13.8)

∆G(V, T ) = ∆H(V ) + Cv ·∆T − T [∆S(V ) + Cv · ln∆T ] (13.9)

Equation 13.9 is obtained from equations 13.7 and 13.8, with the addition of the terms
expressing the temperature dependence of the Gibbs free energy.

Some of the terms used in equations 13.7, 13.8 and 13.9 are quite explicit. Some others
however need further description:

• V0 is the atomic volume of the perfect crystal and V is the atomic volume of the
dilated crystal;

• ∆T = T − TR, with TR the reference temperature for the thermodynamic calcula-
tions;

• Cv is the specific-heat capacity at constant volume and can be calculated, using the
quasi-harmonic Debye approximation, as follow:

Cv = 3R

[
12(

T

θ
)3

∫ Θ
T

0

x3

ex − 1
dx−

3(Θ
T

)

e
Θ
T − 1

]
(13.10)

where R is the gas constant and Θ the Debye temperature of the dilated crystal,
which can be expressed, as a function of the excess volume, as:

Θ(∆V ) = Θ0

{
2 exp

[
−4γ0

(
(1 + ∆V )1/3 − 1

)]
− exp

[
−2γ0

(
(1 + ∆V )1/3 − 1

)]}
(13.11)
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In equation 13.11, Θ0 is the Debye temperature of the perfect crystal in the equilib-
rium state and γ0 is the Grüneisen parameter of the perfect crystal in the equilibrium
state (γ = V

Cv
( δP
δT

)V ) [163].

• E(V ) is the binding energy of atoms at the nanograin boundaries. It can be ex-
pressed as:

E = E0 · E∗(a∗) (13.12)

In equation 13.12, E0 is the binding energy of atoms at the equilibrium state and
E∗(a∗) is an universal function [164] expressed as

E∗(a∗) = (−1− a∗ − 0.05a∗3)e−a
∗

(13.13)

with a∗ =
rb − r0

l
(13.14)

in which r0 and rb are the interatomic distances respectively at equilibrium and
in the dilated crystal representing the grain boundary and l is a scaling length
characteristic of the metal.

• P is a negative pressure developped at the grain boundaries as a result of the diminu-
tion of the grain size. It can be expressed (as a function of atomic volume of the
boundaries (V) and temperatures) as [165]:

P (V, T ) =
3B0

(V/V0)2/3
(1−(V/V0)1/3)exp

[
η0(1− (V/V0)1/3)

]
+α0B0(T−TR) (13.15)

where α0 is the zero-pressure bulk expansion coefficient, B0 is the bulk modulus
at TR and η0(= 3/2[(δB/δP )P=0 − 1]) is a function of the derivative of the Bulk
modulus (B) with respect to the pressure.

• γ is the Grüneisen parameter of the dilated crystal (representing the grain bound-
aries), expressed as [67]:

γ = −1− Vb
2

[
δ2P/δV 2

b − 10P/9V 2
b

δP/δVb + 2P/3Vb

]
(13.16)

Using those expressions, it is possible to obtain a value of the Gibbs free energy of the
interfaces in the nanocrystalline material. However, for this, numerical values of several
parameters are needed. The way to obtain those values will be discussed in section 13.6.
The Gibbs free energy of the interfaces can then be used in the thermodynamic part of
the model.
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13.5 Flow sheet and equations for the modeling of crystallization
temperature.

Now that all of the expressions have been described, the modeling flow sheet can be con-
stituted. It is quite simple if the calculations needed for the determination of the Gibbs
free energy of grain boundaries are not developed, as shown on figure 13.1: determination
of the initial grain size is a prerequisite for both parts of the model; the Gibbs free en-
ergy of the interfaces and crystallites must also be pre-calculated; both expressions of the
grain size dependence on the temperature can then be written and compared to obtain
the crystallization temperature.

Fig. 13.1: flow sheet for the implementation of the modeling of crystallization temperature.
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13.6 Data listing and strategies for their determination.

Several thermodynamical, chemical and other data are needed for the numerical calcu-
lation of the crystallization temperature. Some of them are readily available in tables
or published experimental results. Others will need to be either measured or calculated.
In this section, all the data needed for the modeling are listed, with the values that will
be used, if they are available or, in they are not, with strategies to obtain numerical values.

First are the data needed for the diffusion-based part of the model:

• CB is the composition of the alloy (variable parameter);

• d∗ is the initial crystallite size, that is calculated from equation 10.3, page 210;

• β is the heating rate(K/s), that is a variable parameter of the model;

• R is the gas constant (8.31 J mol−1K−1);

• D0 and Q are the diffusion constant and the activation energy of diffusion for boron
in nickel: Q = 110 ± 2 kJ/mol and D0 = 2,3.10−9 cm2/s [166]

• T0 is the initial temperature (variable parameter);

• T is the final temperature (variable parameter);

• ∆t is the time increment (variable parameter);

The data needed for the thermodynamic-based part of the model are listed hereunder:

• CB is the composition of the alloy (variable parameter);

• x∗i is the initial grain boundary fraction, that can be determined from d∗ (using
equation 10.3, page 210);

• ∆GNi(T ) is the Gibbs free energy of nickel. It can be calculated from the thermo-
dynamic data of the JANAF thermochemical tables [167]: the standard entropy of
crystalline nickel at 298.15K is 29.87 ± 0.21 J K−1 mol−1. The value of C◦p is given
for various temperatures in the JANAF tables.

• ∆GB(T ) is the Gibbs free energy of boron that can also be calculated from the ther-
modynamic data of the JANAF thermochemical tables [167]: the standard entropy
of crystalline boron at 298.15K is 5.83 ± 0.08 J K−1 mol−1. The value of C◦p is given
for various temperatures in the JANAF tables.

• ∆GNi3B(T ) is the Gibbs free energy of nickel boride. Contrary to pure nickel and
boron, its properties are not listed in the JANAF thermochemical data tables. How-
ever, values can be found in a number of published papers:
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– Yamamoto et al. [168] proposed the following expression for the Gibbs free
energy of formation of Ni3B :
∆GNi3B

f (T )(J ·mol−1) = −124800+23.1 ·T (K)±300 in the temperature range
1198-1298K.

– Ushio et al. [169] proposed (for the Gibbs free energy of formation of Ni3B)
∆GNi3B

f (T )(J · mol−1) = −132720 + 44.18 · T (K) ± 300 in the temperature
range 800- 1225K.

– Teppo et al. [170] provide values for the thermodynamic properties of forma-
tion of Ni3B:
∆HNi3B

f (298K) = −30457.24 J ·mol−1,

∆SNi3Bf (298K) = −7.89166 J ·mol−1K−1 and
S◦Ni3B(298K)(15.92995 J ·mol−1K−1).

– Moiseev et al. [171] give, apart from the enthalpy and entropy of Ni3B, an
expression for the temperature dependence of the specific heat:
∆HNi3B(298K) = −98920 J ·mol−1,
S◦Ni3B(298K) = 62.86 J ·mol−1K−1,
CNi3B
p = 87.50 + 28.64 · 10−3 · T − 22.04 · 103 · T−2(J ·mol−1K−1).

• δ is the thickness of the interfaces in the nanocrystalline material. It has already
been discussed at lenghts in section 11.2.2.1, page 213 and the chosen value is 0.8nm.

• V0 is the atomic volume of the perfect crystal. As all the grain boundaries will be
assimilated to the Ni3B phase (or obvious composition reason), the value for Ni3B
is needed. It can be obtained from the lattice parameters given by Teppo et al.
[170]: Ni3B has an orthorombic structure (similar to Fe3C) with a = 0.5211 nm, b
= 0.6617 nm and c = 0.4390 nm. Shein et al. [172] used first principle calculation
to obtain V0 for various compounds. They propose a value of 151.55 Å3 for Ni3B.

• V is the atomic volume of the dilated crystal. It is closely related to the excess vol-
ume. As it is difficult to evaluate either of those parameters, they will be considered
as variables of the model.

• R is the gas constant (8.31 J mol−1K−1);

• Θ0 is the Debye temperature of the perfect crystal (Ni3B) in the equilibrium state.
Values of this parameter are given by Smolin et al. [173] for the average parameter:
244K. Finch et al. [174] detected anisotropy of the Debye temperature obtained
from resistivity measurements and obtained values of 194 for the [100] plane, 312
for the [010] and 330 for the [001]. We will use Smolin’s value.

• γ0 is the Grüneisen parameter of the perfect crystal (Ni3B) in the equilibrium state.
It can be obtained from the following expression : γ = V

Cv
( δP
δT

)V [163]. Bibliographic
research has not lead to numerical data for this parameter yet.
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• Cv is the constant volume heat capacity of Ni3B. It can be evaluated, in first ap-
proximation, by the constant pressure heat capacity (Cp) that is calculated from
Moiseev et al. [171]. However, for more accurate calculations, Cv can be calculated
from thermodynamic data, as follow:

Cv = Cp + 9BV α2
LT (13.17)

where αL is the linear thermal expansion coefficient.

• α0 is the zero-pressure bulk thermal expansion coefficient. It can be approximated
by experimental values of the thermal expansion coefficient, such as those given by
Smolin et al. [173]: 7.9 10−6 K−1, or by the values determined by Finch et al. [174],
taking into account the anisotropy (see figure 13.2).

Fig. 13.2: Thermal expansion of Ni3B in the temperature range 300 to 1000 K for the [010],
[100], and [001] directions [174].

• B0 is the bulk modulus of Ni3B that can be calculated from Young’s modulus (E)
and Poisson’s ratio (ν) as follow:

B =
E

3(1− 2ν)
(13.18)

Values of those parameters could be found in the literature:

– Smolin et al. [173] use a value of 16.7 1010 N/m2.

– Fich et al [174], give values that take anisotropy into account:
E[100] = 151 ; E[010] = 166 ; E[001] = 182 GPa
ν32 = 0.249; ν31 = 0.395; ν21 = 0.404
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• E0 is the binding energy of atoms at the equilibrium state in Ni3B. It can be obtained
from first priciples calculations or from XPS experimental measures.
Deshpande et al. [175] obtained a value close to 3eV for the binding energy of atoms
in Ni3B.
Other researchers measured the binding state of Ni and B in Ni3B but they did not
calculate the binding energy of the material [100, 176, 177].

13.7 Conclusion.

The equations and procedure needed for the modeling have now been all described and the
data needed to run the numerical processing have been listed. It was possible to obtain
values for most of them, but not all: the Grüneisen parameter of Ni3 B, for example will
be difficult to determine using the expression that was given hereover.
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14. COLLECTION OF EXPERIMENTAL DATA FOR MODEL
VALIDATION.

14.1 Introduction.

While the theoretical research, implementation and collection of data are the most im-
portant part of the modeling work, it would not be complete without validation from
experimental data. The object of this chapter is not to enumerate experimental results
intended for validation but it is to briefly present the experimental procedures that will
be undertaken to obtain the pre-cited results and to list some published data that could
be used to confirm our results.

14.2 Experimental procedures and example of obtained data.

The determination of the crystallization temperature of electroless coatings can be car-
ried out by various techniques, such as dilatometry, differential scanning calorimetry and
in-situ high temperature X-ray diffraction. For the present study, two techniques will be
used conjointly: X-ray diffraction and differential scanning calorimetry (DSC).

DSC was chosen because it can be used with (very) small amounts of material, which
is perfectly adapted to electroless coatings. Moreover, if the substrate is well chosen (and
do not present phase transformations in the investigated temperature range), the coating
need not be peeled off, which makes the experiment easier to prepare. However, DSC, used
by itself, only allow to detect the temperature at which transformations are occurring,
not the type of transformation that is happening. For this reason, the experiments will be
completed by in situ high temperature X-ray diffraction to identify the transformations
observed by DSC. X-ray diffraction could not be used by itself because the measures are
not recorded during continuous heating of the material but during successive heating steps.

14.2.1 Example of high temperature X-ray diffraction results.

A coating with approximatively 5 wt.% B was submitted to high temperature X-ray
diffraction, in the conditions that were described in section 9.4.1 of part II (see figure 9.6,
page 178). However, as the focus of this experiment is to detect the crystallization tem-
perature and not to identify the phases that are formed, the experiment was only carried
out between 250 ℃ (the higher temperature where the pattern is unmodified) and 300
℃(the lower temperature where a modified pattern was observed).
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As can be seen on figure 14.1, the very first modification is observed after heating
at 270 ℃ but it is not very important. The pattern recorded at 280 ℃ shows that
the transformation is nearly completed already as heating at higher temperature does
not induce important further modifications. This experiment allowed to approximate the
crystallization temperature of the sample. It is close to 270 ℃. The DSC results can then
be used to obtain more accurate data.

Fig. 14.1: High temperature X-ray diffraction patterns of electroless nickel-boron coating (250-
290 ℃).

14.2.2 Use of differential scanning calorimetry for the determination of the
crystallization temperature.

Differential scanning calorimetry was be used to complete and precise the results of high
temperature X-ray diffraction: after the temperature range in which the formation of
Ni3B occurs had been roughly delimited, the precise temperature of the beginning of the
transformation was be detected from the DSC trace. The experiment was carried out with
an heating rate of 5 ℃/min. As this technique was only used to detect the onset temper-
ature of the transformation, the experiments have been carried out on coated specimens
(the substrate was not dissolved), without weighing of the sample.

As shown on figure 14.2, the onset temperature found for both tested coatings are
very close. Values of 289℃ were obtained after extrapolation of the onset temperature for
both samples (which have a boron content close to 5 wt%). It is not surprising that the
crystallization temperature determined by DSC is slightly higher than the value from high
temperature X-ray diffraction: the present experiment was carried out under continuous
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heating while the conditions of the XRD experiment were close to isothermal heating and
the settling time was rather long (10 minutes).

Fig. 14.2: DSC trace of electroless nickel-boron samples.

Comparison with published results was difficult because there are not a lot of published
data for both the composition and heating rate we used. However, Lee et al. [70] found a
similar value in the same conditions for a coating with slightly less boron than ours (see
table 14.1).

14.3 Published data that can be used for model validation.

A number of authors have carried out DSC studies on electroless nickel-boron coatings,
that could be useful for the validation of our model: at the present time, we are only able
to synthesize electroless nickel-boron alloys with a boron content close to 5 wt.%. We are
thus not able to obtain experimental data outside of this composition range yet. The use
of published data proposed by other researcher will allow us to expend the composition
range for the validation of the model and thus to increase its accuracy.

The published data we found are shown in table 14.1 and figure 14.3. Some of those
published data were already presented in section 3.2 of part I (page 44).
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Heating
rate
(℃/min)

B content
(wt.%)

Crystallization
temperature
(℃)

Notes

Lee et al. [70]

5 0.374 370 electrodeposited Ni-B

5 1.16 363 electrodeposited Ni-B

5 1.78 292 electrodeposited Ni-B

5 2.25 290 electrodeposited Ni-B

Gaevskaya et al. [71]

10 1.16 348 electrodeposited Ni-B

10 2.45 336 electrodeposited Ni-B

10 3.88 318 electrodeposited Ni-B

10 7.31 415 electrodeposited Ni-B

Anik et al. [39]

10 6 319.47 Stabilized with Tl compound

Contreras et al. [98]

10 8.34 312.9 bath using sodium acetate

Li et al. [101]

10 0.92 332.45 nanoparticules obtained by drippping

10 8.21 361.55 nanoparticules obtained by drippping

Baskaran et al. [40]

20 1.2 299.64 Stabilized with Tl compound

20 2 301.16 Stabilized with Tl compound

20 2.6 298.53 Stabilized with Tl compound

Tab. 14.1: DSC results from various sources.

The crystallization temperatures obtained by DSC are generally higher than the pre-
dicted temperature we measured by X-ray diffraction. This is not surprising because, in
the ’step-process’ used in the last case, a settling time of 10 minutes is observed at each
temperature before the measure, meaning that the transformation may be observed even
when it is very slow.

Moreover, the data hereover were obtained by various groups on materials synthesized
in different ways: some were electrodeposited [70, 71], some were electroless coatings
with various stabilizing agents [39, 40, 98] and some were even obtained in powder form
[101]. Those differences in the synthesis route may induce differences in crystallization
temperature: for example, while it is possible to ignore the presence of lead into electroless
coatings as it amounts generally to less than 1 wt.%, the same cannot be said about
thallium stabilized coatings which can contain up to 6 wt.% Tl. The presence of such a
large amount of an alloying element must modify strongly (but in a not yet known way)
the phases stability in the material and thus the crystallization temperature. For this
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Fig. 14.3: DSC results from various sources [39, 40, 70, 71, 98, 101].

reason, while the results we found in published data cover a wide range of composition,
it is indispensable to obtain other results (ideally from coatings that were all synthesized
in very similar conditions) for the validation of the model.
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CONCLUSION.

The modeling part of this work has multiple aims: first, the description, implementation
and validation of a model allowing to predetermine grain size in electroless nickel-boron
coatings from their composition; secondly, the creation of a predictive analytical model
for the crystallization temperature of the pre-cited coatings.

The grain size modeling was based on geometric assumptions about the nanocrystalline
nature of electroless coatings. It was possible to obtain a working model that has then
been validated by our own experimental data as well as published values. This validation
process is however not finished yet: for lack of data concerning electroless nickel-boron
coatings, the published values that were used were obtained from electrodeposited coat-
ings, which may have different properties. The next step will thus be to obtain data from
a wider composition range of electroless nickel-boron deposits.

On the front of the crystallization temperature modeling, very important steps were
made during this study: firstly, the theoretical bases were set (and, when needed, modi-
fied to suit our means) and the general equations of the model were established and put
together in a flow sheet. Those equations were then developed in a way to show the
ensemble of the data that are needed and numerical values of those data (or, if they were
not available, ways to obtain them) were given. Finally, the experimental validation of
the model was started.

The modeling of the crystallization temperature is however far from finished as some
data are not yet available and will have to be either calculated or measured experimen-
tally. Moreover, the practical implementation of the model calculation has yet to be
carried out. Lastly, the published data that were found for the model validation will have
to be supplemented by our own experimental results.
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GENERAL CONCLUSION AND PERSPECTIVES.

Electroless nickel-boron deposits have been used successfully for various industrial appli-
cations for some years now. One should thus expect that every aspect of their making,
properties and comportment has been studied and understood by the plating community.
Surprisingly, this is not the case and many phenomena occurring during their synthesis or
their heat treatments, as well as the reasons for some of their properties, stay mysterious,
even for people that have worked for many years with those materials.

This is not really surprising: the technique was introduced some years after a similar,
but cheaper, process (electroless nickel-phosphorous) had been developed, and the plating
community did not put great interest in the study of nickel-boron, often considering it as
a sub-class of nickel-phosphorous plating. Nowadays, the majority of the research about
electroless plating is still focused on the latter. Moreover, electroless processes are often
studied in a purely applied point of view, keeping only in mind the need for an efficient
and cost-limited deposition bath, leading to coatings whose properties are in adequation
with their prospective applications. Knowing the delicate nature of the catalytic process
and the diversity of bath compositions, this in itself can provide substance for years and
years of research.

The aims of this work were not to add to the ever growing studies of bath compo-
sitions and the subsequent coatings properties: a reliable and efficient plating bath has
been developed several years ago by Dr Delaunois and the properties of the synthesized
coating are overall well known. We could then focus on the study of the formation of the
coatings and their comportment during heat treatment, while ascertaining and completing
the knowledge of their properties.

The study of reactive consumption during the plating, initially carried out in order
to prepare bath replenishment, brought really interesting information about some mecha-
nisms of the film formation, specifically about the rate limiting step of the process, which
appears to be controlled by the diffusion of sodium borohydride towards the active surface.
Surprisingly, knowing its very low concentration in the plating bath, diffusion did not play
a role in the consumption of lead tungstate. It was also possible to prove adsorption of
lead on the cell walls and to determine the amount of adsorbed lead. Another rather
surprising piece of information allowed us to link the bath load to the composition of the
deposited films.

The initial goal of the reactive consumption study was nevertheless attained and a
semi-predetermined replenishment routine was implemented: the concentrations of re-
active are checked each morning before heating of the bath to return to the nominal
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composition and pre-calculated amounts are added regularly during plating operations.
This routine, while rudimentary compared to industrial replenishment processes, was not
too much time consuming (as our lab does not dispose of quick chemical analysis tools),
proved satisfactory for our means and allowed the plating of 11 successive samples in a
bath.

The second experimental study of this work was the observation of the initiation and
growth of the coating during the plating. This was carried out ex-situ, by various tech-
niques. The first noteworthy observation of this study is that the initiation of the deposit
is nearly instantaneous, which is remarkable because the substrates were not subjected to
catalytic activation. The effect of surface roughness on the speed of initiation and growth
was also observed with great interest: a rougher substrate favors quick initiation of the
deposit but leads to a slower spread of the coating.

During the observation of the coating formation, a link between the deposit morphol-
ogy and the local lead content was established. However it was not actually possible to
explain the reasons for the lead content fluctuations leading to that phenomenon.

The last part of the experimental study was the characterization of the coatings’ prop-
erties and of the effect of heat treatments. The main chemical, structural and mechanical
features of the coatings were investigated, as well as the wear and corrosion resistances
of the deposits. The structural study, by XRD and TEM observations of cross sections,
allowed to identify the nanocrystalline (and not, as often assumed, amorphous) nature of
the as-deposited coatings and to determine an average grain size close to 1 nm. The good
mechanical properties, scratch test resistance and wear resistance of as-deposited nickel
boron were also shown, as well as its interesting corrosion resistance, that is similar to the
best nickel-phosphorous coatings.

The modifications caused by heat treatments to the various properties of the coatings
were also investigated. It was found that the heat treated coatings are more crystallized
and the heat-treatment induced hardening and improvement of the wear resistance were
confirmed. A better corrosion resistance was observed for heat treated coatings than for
as-deposited ones, probably due to densification of the deposit during the heat treatment.

The very last part of the work was dedicated to the analytical modeling of the struc-
tural state of electroless nickel-boron deposits in the as-deposited state and after heat-
treatment, with the aim to get a better understanding of the coating’s comportment. It
was possible, using geometric assumptions about the structure of nanocrystalline materi-
als, to obtain a working model for the grain size in as-deposited electroless nickel-boron
coatings, and to validate it with experimental results.

The other part of the modeling process however, is not as accomplished as the grain
size predetermination: it is based on extensive thermodynamic calculations and some
of the parameters, such as the Gruneisen parameter, are not readily available for nickel
borides and will have to be calculated in order to run the model. The fundamental
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relations and development of the modeling of crystallization temperature of electroless
nickel-boron were however obtained and described, and preliminary data were collected
for validation of this model.

While this project answered some really interesting questions about the formation and
structure of electroless nickel-boron coatings, it was at the origin of a lot of new ones that
arose during the course of our investigations. The reasons for the fluctuations of lead
concentration across the coating, for one, are still mysterious, as are the phenomenon
influencing the initiation speed on various substrates.

Many mechanisms of the formation and comportment of the coatings are also not yet
identified and further study of those would be beneficial to the general knowledge of elec-
troless processes. There is also a lot work still to be done as far as the understanding and
modeling of heat treatments and crystallization of the coatings is concerned.





APPENDIX





iii

A. APPARATUS AND CONDITIONS FOR COATING ANALYSIS.

A.1 X-ray diffraction.

X-ray diffraction was carried out in ambiant conditions as well as at high temperature.
The devices used for both experiments were different.

A.1.1 Room temperature X-ray diffraction.

The structure of the nickel-boron deposits was investigated by X-ray diffraction, with a
Siemens D500 X-rays Θ Ű Θ apparatus using a copper source (λkα = 1.54Ȧ).

A.1.2 In situ high temperature X-ray diffraction.

Those tests were carried out in a Θ - Θ Bruker D8Advance diffractometer (see figure
9.5) equipped with a copper source (λkα = 1.54Ȧ). This spectrometer is fitted with an
heating system (by radiations) and with a pumping system that allows testing under
vacuum and/or controlled atmosphere. The sample is placed on a ceramic sample holder
(in alumina, that was used to avoid creep deformation of the metallic sample during
heating), that is put on two cooled pegs. The radiative heating system comes around the
sample during the experiment. To limit the effects of sample expansion (due to heating)
on the x-ray diffraction results, Göbel mirrors are used to obtain parallel incoming beams.

A.2 Scanning electron microscopy.

A Jeol JSM 5900 LV scanning electron microscopy (SEM) apparatus was used for the
morphological characterization of the coatings, as well as for basic chemical analysis.

A.3 Microhardness testing.

The microhardness of the samples was measured with a LECO M-400-A hardness tester.
A Vickers indenter was used to measure free surface hardness while a Knoop indenter was
used to measure the hardness on polished cross-sections. Several loads (10, 25, 50, 100,
200, 500 g) were used and the holding time for the experiments was 15s.

A.4 Nanoindentation.

In a first phase, the nanoindentation tests were carried out using a MTS nano-indenter
XP with a Berkovitch (tetrahedron shaped) indenter. The routine was a depth controlled
indentation (300nm) of 5 columns with 10 indents each.
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A second phase of testing was carried out using a Hysitron Inc. Triboindenter equipped
with a scanning probe microscope. Those tests were carried out at a load of 4000µN.

A.5 Roughness testing.

Roughness measurements were carried out using a Zeiss 119 Surfcom 1400D-3DF appa-
ratus, results analysis was carried out using the Zeiss brand software.

A.6 Glow discharge optical electron spectroscopy.

GDOES experiments were carried out using two separate Horiba-Jobin-Yvon appara-
tus. Qualitative analysis was carried out in the Horiba-Jobin-Yvon plant in Longjumeau
(France) and quantitative analysis was carried out in the University of Udine (Italy).

A.7 X-ray photoelectron spectroscopy.

XPS analysis were carried out in a VG-ESCALAB 220iXL. The pressure in the chamber
was typically 10−11 bar.

A.8 Experimental set up for the electrochemical tests.

As corrosions tests were carried out on the worn surface of samples submitted to Taber
abrasion tests, the usual clamped devices could not be used: the surface is not perfectly
plane and the watertightness of the device could not be guaranteed. Moreover, the worn
zone is relatively small, which can cause problems with classical corrosion cell. For this
reason, we used ’masking cells’ in the form of a hollowed cylinder with a calibrated aperture
on the top. The opening on the top has a surface of exactly 1 cm2 and is placed on the
interesting zone of the tested sample. The watertightness and fixation of the cell on the
sample is ensured by silicone. Great care must be taken during the placement of the cell
so that the sample surface is not contaminated by silicone and there is no possibility for
cavernous corrosion at the sample-cell jointures.

A.9 Potentiodynamic polarization.

Corrosion behaviors were investigated using a Parstat 2273 potentiostat. The potentio-
dynamic polarization curves were measured in 0.1 M NaCl solution at room temperature
in a three-electrode cell with an Ag, AgCl/KCl (sat’d) electrode as reference, a platinum
grid as a counter electrode, the third electrode being the tested specimen. The coatings
were masked so that only a 1 cm2 area was exposed to the electrolyte. The anodic and ca-
thodic polarization curves were measured by a dynamic potential scanning technique.The
electrode potential was scanned from -600 to +250 mV at the rate of 10 mV min−1 after
a settling time of 15 min to stabilize the open-circuit potential.
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A.10 Electrochemical impedance spectroscopy.

Corrosion behaviors were investigated using a Parstat 2273 potentiostat. The potentiody-
namic polarization curves were measured in 0.1 M NaCl solution at room temperature in a
three-electrode cell with an Ag, AgCl/KCl (sat’d) electrode as reference, a platinum grid
as a counter electrode, the third electrode being the tested specimen. The coatings were
masked so that only a 1 cm2 area was exposed to the electrolyte. EIS measurements were
carried out in the frequency range 105 - 10−2 Hz, with a sinusoidal signal perturbation of
5 mV and 50 data points taken per interval. In order to minimize external interference
on the system the electrochemical cell was placed in a Faraday cage.

A.11 Transmission electron microscopy.

A FEI Quanta 200 3D dual beam (combined SEM-FIB) apparatus was employed for the
preparation of the thin sections. The TEM observation was carried out in a JEOL 2000FX
electron microscope, operating at 200 kV.

A.12 Scratch testing.

Scratch tests were performed on selected samples using the continuous load increase
method up to 30N with a load rate of 19.17N/min and an advance rate of 9.58mm/min,
resulting in a scratch of 15mm. The tip was a diamond Rockwell C diamond stylus inden-
ter with a radius of 200 µm. The instrument used was a Microphotonics Micro Scratch
Tester (MST). After scratch test, the samples were examined by SEM.

A.13 Taber abrasion test.

The abrasion resistance of the coatings was determined using a Taber 5155 apparatus
mounted with CS17 abrasive rubber wheels, under a weight of 1000 g at 72 rpm. The
abrasive wheels were refaced every 1000 cycles, alternatively with SiC abrasive paper and
with a wheel refacer apparatus (Taber brand).

A.14 Differential Scanning Calorimetry.

The onset point of the crystallization of the samples was investigated using a Setaram
DSC-TG 92-16,18. The heating rate was set to 5 ℃/min. The experiments were carried
out under argon flow.
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