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ABSTRACT

Iron-rmickel {Fe-N3) alloys are of great comamercial interest as they possess low thermal
expansion, sofl magnetic and wide spectrum of physical properlies. AHcmpts have been
made to expiain the anomalons inechanism of Fe-Ni alloy codeposition and researchers
have proposed several inodels. Main focus of this work is to myestigate the effect and
the mteraction of complexing agents on the propertics of eleccrodeposited Fe-Ni alloy

coating as well as the specal characteristic of anomalous nature.

The Fe-Ni films were deposited from eight different baths; two of them were simple,
containing Mi5Qy, FeS0,, Na;SQy, HiBO; as mam ingredients and another six were
complex, containing ascorbic acid, sacchann and cinic acid as complexing agent along
wilh the aain ingradients in varying comnpositdon. Fe-Ni alloy coatings were
electrodepesiled on Cu sobstrate at room temperature in the current density range of 20-
140 mAfem®, The efects of current density, pH and bath compesition on the coating
appearance, composibon, hardness, cormosion  resislance, morphologies  and
magnetization were studied. Cheinteal analysis, Microhardness, Corrogion resistance,
Maorphologies and Magnetizatior of the coatings were studied by means of Conventional
Wel Method, Microhardisess  Tester, Salt Immersion Test, Scanning Electron
Microscope {SEM) and Vibrating Sample Magnelometer (VSM) respectively.

[t was observed that coating ohtamed af lmgher current density wath higher bath pH was
blackish {examined with naked eye) while lower cumrent density with higher pli or
higher current demsity with lower pH resnlted in unifonn and bright coatings. The Ni
percenlage of the costing as well as tls VHN increased with increasing current density
for simple baths but the reverse situations occurred for complex baths. Addition of
complexing agents snppressed (he anomalons characleristics of the Fe-Ni alloy
electrodeposition. The carrosion rate decreased with increasinpg Ni content of the films.
Formation of protective NiQ layer is snpposed #o increase the corrosion resistange of
high Ni content thin fitm Thus, e properties of electrodeposited Fe-Ni alioy are
strangly influenced by the electrolytc composinon and deposition parameters. The filin

7



oblained from simple baths did not exhibit smooth surface and the coating developed
sharp line microcracks due to the intemal stress developed during deposition in it, No
. <racks were observed and the coating graim size became finer for the coatings from
complex baths compared to ihe simple baths. A clear morphological modification was
chserved due to the addition of complexing agent. The saturation mapnetization of the
electrodeposited Fe-Ni coating was found to deercase with increasing Ni content which
15 in good agreement with suppression of fermomagnetic chamacter of the films. The
highesl saturation magnetizalion was scen 131.13 emw/e among the coatings studied
which is very close to the acceplable limit {135 emu/g). Charactenzation of Fe-Ni alloy
plating parameters with its properties was attemptex.



1 INTRODUCTION CHAPTER I

1.1 A General Overview of Fe-Ni Alloy Coating

There has been & creat research interest in the development and characterization of fon-
nickel {Fe-Ni} thin films due to their operational capacity, economc nterest, magnetic
and other properties [1]. Due to the unique properties of low coefficient of thermal
expansion (CTE) and scft magnetic nature, Fe-Ni alloys have been used in industnal
applications (or over 100 years. Typical examples of applications that are basod en the
low CTE of Fe-Ni alloys include: thermosiatic bimetals, glass sealing, integrated circuit
packaging, cathode ray tube, shadow masks and membranes for liguid natural gas
tankers [2]; applications based on the sofi magnetic properties include: read-write heads
for magmetic storape, magnehc actuators, magnetic shielding and high performance
transformer cores. In the field of inagnetic data storage devices, thin film magnetic heads
have plaved an imporiant role in enhancement of the magnctic recording density.
Commercial altoys such as permalloy (NigiFeip) and invarslloy (NiwFeq} are the

important component of bimelallic sensors and magnetic storage devices respectively

[3].

A simpie and inexpensive technique for the production of thin film is electrodeposition.
Tt has been used in the case of Fe-Ni alloys for a wide range of concentrations of both
elements. The properties, the composition and the grzin size of electrodeposited Fe-Ni
afloys are strongly dependent on the electrolyte composmion and the deposition
parameters [1]. The poteatial for performance enhancement for various applications of
Fe-Ni alloys arising from Lhe enhanced propertics duc to the fner prain size of the
alloys. Structure-property relationships for microcrystalling/ nanocrystalhize materials
produced by electroplaiing have been extensively investigaied over the past decade, An
important feature of the l'e-Ni alloy system is its structural evolution, with 3 change
from bee for the Fe-tich allay (o fec for the alloy with higher Ni content. Much altention

has been focused on the low thermal expansion behavior of inveralloy (NizeFess) {41



Properlies that strongly depend on the interactions of grain boundaries with other defects
are greatly influenced by grain size reduction. Exampies mclude creep behavior,
ductility, hardness, yield and tensile strength, From an application point of view, it i the
onsel of grain growth that ultimately limits service temperature of the material. In tumn,
these Factors are dependent on deposition conditions such as electrolyte composition,
pH, applied cnrent density and agitation [5]. Researchers are now focusing on the
improvement of comoston resislance of the coatings together with better adhesion of the
coatings with subsirate, accounted for the formability of Ni content of the coatings. The
cormosion resistance of Fe-Ni coated substrate increases when the average Ni content
increases. They have shown that mechanical interlocking of electrodeposited coating is
determined by its hardness, ductitity, microcracks, grain size distribution, defects, and
preferred crystaltgraphic oriestation. Many efforis have been made 10 keep ils demsity
maximurs and to comelate the plating parameters, such as bath composition,
temperature, pH value, current density, flow velocity and Ni content, which, in tum,
determines the performance of the c¢oatings One serious drawback of the
electradeposition process is Lhe generation of internal stresses resulting in the formation
of microcracks However, the mtemnal stress level can be reduced by heat treatment or
the additiun of inhibitors [6].

In addition, Fe-Ni electrodeposition exhibits the phenomenon of “anomalous
codeposition”. According to Brenner’s definition [7], the codeposition of iron group
metals {e.g.. Fe, Co, and Ni} 15 wadely recognized as an electroplating of the anomalous
type since the less noble metal is deposiled preferentiglly and its perccnlage in the
deposit is obviously higher than that in elcctrolytes. Thus elecirodeposition of Fe-Ni
alloys has atiracted considerable attention because of il special characienistic nature and

wide range of nniqne properties.

1.2 Present State and Goal of the Work

Previous studies have reported the effects, such as pH, Ni/Fe ratio in the bath, deposition
mate and structure of the elecirodeposited Fe-Ni atloys on their properties. However, no
information regarding the addition of complexing agenis into the baths and 1its
interaction with the plating parameters on the properties of electrodeposited Fe-Ni alloy



coaling is avanlable in (he literature, Several atterpis have been made to explain the
anomalous codeposition of Fe-Ni alloys. Grande and Talbot established a mathematical
model for the formation of Fe-Ni electrodeposited film [8]. The focus of this study,
however, is not the mechanism of anomalous codeposition bul the major aim is to
investigale the influence of complexing agents on ancmalous characteristics as well as
an the generation of internal stresses resulting in the formation of microcracks, the
smocthness and other properties of Fe-Ni thin films. The properties include coating
composition, microbardness, corrosion resistance and magnetization. Tn the present Fe-
Ni electroplating system, the elcctrolyiic composition, current desmsity, pH and
relationship betwcen cumrent density and pH for bright deposition are investigated
systemically, what, to our knowledge, has not yet been studied. Charpctenization of Fe-
Ni alloy plating paramelers with its properties is also atempted.

11



2 LITERATURE REVIEW CHAPTER 2

Flectrochemical deposition, or electrodeposition tor short, bas becn around for a very
long time now To begin, electrodeposition is a tascinating phenomenon,
Electrodeposition should be defined as the process in which the deposit of a {usually)
thin layer {of melal) 1§ formed "electrolytically” upon a substrate {that is often, but not
always, also a melal) simply by donating electrons to ions in a solution.
@
@

o 9

Electrodeposition

Meanwhile, elecirolylic deposition realiy took off with the development of effective
electrolyses for silver and gold deposilion around 1840. These became the basis of an
exirordinanly successful decorative plating indusoy with the spreading of technology.
However, the elcetrolytes were extremely toxic, as they incorporated cyanide, and the
gcarch for better, safer substitutes continues, Finding environmenally fendly
allernatives to cstablished electrodeposition processcs is still an imporiant peneral
challenpe. Etectrodeposition has (hree main artributes that make it so well suiled for
nane-, big-and microtechnologies [#. .

a. [t can be performed near room temperature from water-based electrolytes.

b. It can be scaled down to the depasition of a few afoms or up to large

dimensions.

c. [t can be used to grow functional material through complex 3D masks.

Moreover, thin fidm coatings, with the exception of certain matenals which are not
commanly used, are virally nonpoliuting. Because thin ilms are applied directly onto
a substrate, there are no lacquers, thinners, or stoppers, as we would normally find with

decorative plating and nearly any substrate can be plated [10].

12



Alloy electrodeposition is widey employed in the production of new materials for
applications requiring specific mecharical, chemical and physical woperties. The
process has numerous applications in depositing thin Alms for protective coatings,
magnetic sensor and storage devices and as stuctures for micro-eleclro-mechanical
systems (MEMS). Investigations of the electrodeposition of Fe-Ni ailoys have been
carned out mainly to identify the ability of these alloys to display stahle, beneficial
magnetic properties at room temperature [11]. The electrodeposition technique has
major advantages over other methods of thin film production, namely, the possibility of
performing  deposition at nonmal conditions of pressure and temperature, requidng

relatively inexpensive equipment.,

Bulk nanostructured materials are defined as bulk solids with nanoscale or partly
ranoscale microstructures. This category of nanastruciored materials has historical roots
gomg back mamy decades but has a relatively recent focus due to new discoveries of
unique properties of some nanoscale materals. Early in the century, when
“microstructures” were revealed primarily with the optical microscope, it was
recognized that refined microstruciures, for examptle, small grain sizes, oRen provided
attractive properties such as increased strenpth and toughness m structural materals.
The field of nanocrystalline maiweniats as a major identiliable activity in modem
materials science tesults to a larpe degree trom the work of Gleiter and coworkers who
synthesized alrafine-grained materials by the in situ consolidation of nanoscate atomic
clusters. The vitrasmall size (< 100 nm} of the prains n these nznocrystalime materialg
can result m dramatically improved of different properies from comventional grain size
(=1 pm} polycrystalline or single crystal matenals of the same chemical composition.
This ts the stmuius for the remendous appeal of these matenals. A ntumber of butk
propertics that may be dramatically changed when the microsiructure is nanoscale are
[12[:

a  The mechantical propertics of nanostructured matenals for a variety of

polential struchurat applicabions.
b. Fermomagnetic materials with nanoscale micsostructures for potential
applications as sofi magnetic materials and permanent magnet materials.
c.  (ther special applications such as information storage, magneloresisiance

spin valves and ynagnetic nanocomposite relrigerants.

13



Metallic alloy films, which are composed of magnebc lements, have regained attention
over the past decade due w their magnetic and magneioresistive propertics. The
poperties of magnetoresishive systems are closely mlated to thew comstituent elements
and therr structures. Fe-Ni systems penerally show anisolropic magneforesistance
properties {13]. investigations on the magnetic and magnetoresistance propertics of Fe-
MNi alloy films are mostly focused on the properiies of Nigi[e;s permalloy systems.
Diflerent techniques may causs the films to have different stmctural and therefore
chiferent physical properties. Electrodeposttion, which 5 a relatively cheap lechmgue,
does not need any sophisticated equipment and may ¢asily be employed to grow Fe-Ni
altoy films with different properties by controlling electrodeposition variables. At this
time, a number of studies unlizing a more Tundamental approach to the siudy of these
binary alloys of varying composition produced nsing electrodeposition methodology
bepan to emerge. This advancement in wagnetic storage technotogy and the realization
of the significance of permailoy in the magnenc recording industry at approximately the
same time prabably lcd to the considerable increase in the scientific interest in this alloy

system.

Recently, electrochemical processes (electrodeposition and electroless deposition) have
been widely used in electronic industries including [L4]; computer mad/wnite heads,
microglectromechanical systems {MEMS), ultralarge scale integration {UJLS1) devices,
and electrumc cirowt packapme. Magnetic materials have recently been incorporated
o MEMS devices such as sensors, microactuators, micromotors, and frictioniess
microgears because mapnetically actuated MEMS are more durable for force
apphications [i5]. Ta general, electroless deposits are less porous, tnore uniform and
more comosion resistant than glectrodeposits, However, they are more expensive and
iess stable, and have slowcr deposition rates than that of ihe electrodeposition process
[16}. Therefore, electrodeposition process may be more suilable for imtegration of
magnetic materizls nto computer read/write heads and MEMS devices. In order
mcorporate magnetic matenals nsing elecrodeposition process o devices, magnetic
materials must have good adhesion, low-stress, high corrosion resisiance and be

thermally stable with excellent magnetse propertics.

14



. 1.1 Electrodeposition

2.1.1 Basic Concepts of Electrodeposition

Electroplating is the deposition of & metwllic coating by applying a negntive charge onto

a substrote in an electrochemical cell. An electrochemnical cell is schematically depicted
in Fig. 2.1. It consists of at least two electrodes {calhode and anode)} where the

¢lextrochemical reactions occur, an electrolyte for conduction of ions, and an extemnal

conductor to provide for continuity of the circuit,

Current
—
Flectron Amperometer
i
o il
"F
o/
e} t <
Metlal-Solation
0 lnterface 0 @
a
a 24‘:/ . Eectrlyic :\a‘
D o J= M M -
Ca Current Ancde
'-;‘-j.i'_a "‘;E_- N
'ﬂ:“lq‘il-icg .:‘l-"."- '\-"
L Ly e T

Fig. 2.1 Schemnatics of an electrolytic cell for plating metnl

The anodic reections are dependent on the anode materials chosen. Farmday's law,
showm in Lquetion 2.1, relates the amount of charge passed to the amount of substance
oxidized or reduced. which can be used to calculate the thickness of deposited metnl

{ilms in electrodeposition [17].
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m

ftg = af L‘T} (2.1}

Where T is the applied current, ¢ is the charging time, 57 is the cuwrent efficiency, » is the

number of electrons transferved, 715 the Faraday’s constant (96485 Clequiv), mi is the
mass reacted, 5 15 the stowchiomeiric coeflicient and A1 s the molecular weight. At large
applied current or powenhals the mass transport mechanism donmwnates and causes the
current to reach 2 limitng value.

Muss transporl controf
at limiting current

o .
" - 1L

=

o
=

£ o

= Net cuperent = 0 Kineti

= incressss a5 A 1UNCTION OT
- potential

i=0

Overpotential 7
Fig. 2.2 Schematc illustrations of kinetic and mass ransport control

Fipure 2.2 shows the cwrent response apphed potenbal at steady state for a single
reactant. At a low appticd potential, the reduction reaction s under kinetic contrul. The
surface concentration is approximately equal to ihe bulk cancentration, and the reduction
rale 15 dependent on the applied potential in an exponential way, The system is under a
mixed conirol of kinetic and mass ransporl when the overpotential becomes larger. With
further taerease of averpotential, the surface concemtration becomes less than the bulk
concentration, and a concentration gradient of metal ions appears on the elecirode
surface. Finatly when the surface concentration drops to zero, lhe mass wansporl control

becomes compisicly dominant and the concentration gradient reaches a maximum valae,
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Af this moment, a maximum currert, referred o as the limiting current, is reached and

the reaction rate reaches a maximum.

2.1.2 Alloy Electrodeposition

Alloy electrodeposition was Arst developed in the 1840s at nearly the sane time as
metal deposition, with brass coatings beinp an early commercial application. Despite this
tong istory, alloy electrodeposilion continues to attract attention; the majority of the
clectrodepasition relaled articles published by The Elecirochemical Society are on
afloys. The enduning interest in atlay electrodeposition 1s tied to the wide range and
tunability of physical properhies one can achieve by varying alloy composition. As a
resnli, most high-value-added applications of ctectrodeposition isvolve alloys, with the
nolable exception of copper interconnecis for integrated circuits. For example, in ihe
cmerging field of nano- and microelectromechanical systems (NEMS/MEMS), atloying
is key for achieving materizls that are sufficiently strong to withstand severe mechanical
and environmenial demands [17]. Other recent examples of alloy electrodeposition from
the Journa! and Letters include lithium-ion secondary battery anodes, magnetic
recording maierials; solder bumps, and catalysis for direct methanol fuel cells, The
purpose of this tutorial is to provide non-cxperl practitioners ol the art a Aavor for the

science, engineering, and issues that underpin and rationatize alloy ¢lectrodeposition.

Elcctrodeposition involves the reduchon of precursor metal ions andior metal ion
complexes from sofution at a conductive substrale (Chemical rednetnots are used as the
source of electrons in electroiess deposition). At a minimum, an alloy electrodeposition
process requires an electrolyle with two or more reducible metat ions, a conductive
substrate, a counter clectrode, a power supply, and a container to hold the electrolyile and
clectrodes. This simplicity accounts for the appeal of electrodeposition, but may zlso
lead one to neglect some basic controls needed to ensure reproducibility. As we describe
below, good alloy electrodeposition also requircs a means for reproducibly mixing the
elecirolyte, some considerstion of cell geometry, and, like all electrodeposition

processes, carcfil substrate preparatian,
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Fig. 2.3 shows the polarization behavior for an ideal alloy codeposition system. In this
ideal system, the deposition current for alloy AB is the sum of the pure metzl partizl

currents from the independent reactions-

A" 4ne — A
And
B +me — B
Where the constants it and m are the number of elecirons transferred.
Deposition begins when the substrale polential is brought negative of the Nemst

equilibrium polential for A, denoted E® 4. At this point, however, only A deposits

since the substrale remains positive of the equilibrum poential for B, £ 5 .
AB

Current

Cathodic Potential s (—)

Fig. 2.3 An ideal polarization curve for the electrodcposition of the binary alloy AR

results fram the sum of pure metat (A and B) polarization curves.

Codeposition (i.e., alloy formation} hegins when the potential is negative of Lhe
equilibrium potential for B [17]. The instantaneous composition of the resulting alloy is
determined from Faraday's Law



X 4 = La f(f” L J e e 2D

i b m

Where X, is the mole fraction of A in the AB alloy, and [, and [, are the panial

currents for ¢ach alloy species.

Certain details of the polarization curves may explain why surface preparation and
electrotyle agilation are important. The parctial current for a species normally rises
exponeniially as the electrode potential moves negative of the equilibrium potential
(called Tafe! behaviar). Tr: this exponential region, the species partial current s hmited
by charge transfer between the conductive substratc and the precursor ion it solution.
Charpe transfer processes are highly dependent on the nature of ihe surface;
reproducible cleaning and preparation of the substrate is essennial if either species 1s
charge transfor limited. Moreover, surface preparation also impacts nuclealion and
growth on the substrate, which can affect the deposit grain size and roughness. As the
potential of the substrate becomes even more negative compared to the species

equilibrinm potential, one normally reaches the mass transfer limiting current for that
spevies, denoied f .. and {, .. for A and B, respectively, in Fig. 2.3. The mass

transfer limiting current 15 the maximum current achievable, and is proportional to the
precursor ion concentration and diffusivity (the ease with which the precursor 1on moves
through the solvent), as we!l as how strongly the electrelyte is apitated. Thus, if one or
more spocics are mass transfer hmited, how the electrotyte is mixed impacts the alloy
oomposition.

In most real alloy ¢lectrodeposition systems, both mass ransfer and charge transfer
effects are tmporlant, meanmg the susface preparalion and mixing condstions must be
controlied for reproducible results. Further, the influence of etectrolyte resistance
between the substrate and counter electrode must be recognized. How one arranges the
two electrodes, therefore, may chanpe the cell potential and affects how cument 13
distributed to the subsirate {current foiliows the path of least resistance through the
electrolyte). Alley electrodeposilion systems may have many further complexities, none
of which undennines the lessons learned from an idealized system. Water electralysis

oflen obscures the alloy deposition behawvior shown m Fig. 23 and also reduces the



glectrodeposition current efficiency. In :nomaleus codeposition systems, interaciions
betweet: the depositing, species canse the less easily reduced melal to inhibit deposition

of the more easily reduced metal.

In induced codeposition systems, one species catalyzes the deposition of the other. For
example, molybdenum and tunpgsien cannot be electrodeposied from  agueous
electrolytes unless they are codeposited with iron-group clements [18]. We have also not
discussed the nature of electrolyles and the use of various metal on complexants hie
cyanide, citrate, sulfamate, fuoroborate, pyrophosphate, elc. to control the solubility,

charpe transfer kinetics, and equilibnium potentials of reducible metals.

2.1.3 Kinetics of Electrodeposition Reactions

From the moment that a curresnt flows through an electrode, the electrode acquires a
polential different from the reversible equilibrium potential. it is well to note here that
equilibrium means dynamic equilibrivm and that alihough no net current fows through

the electode, oxidation and reduction reactions will take place simultangously, such that

the oxidation current density 7, is equal in magnitude to the reduction current density

i ;. Both are, at equilibrium, equal to the se~called cxchange current density and the

equilibrism potential across the clectrode is Agp .

Tss order to teatize elecoodeposition at a cathode, a net current i ={/,, -7, 1 <0 hasto
flow through the calhode. Therefore the potential Ag over the electrode interface has 1o
deviate from A , . This deviation is called the activation aver polental (1),

Hence AP = AQ .+ T oooorcieenivvrvvecvvnnive e e (2.3)
The term “activation™ refers to the fact that the electrode reaction is a kinelic process, in
which substances must acquire certam activation energy before they can jump through

the clecrode interface. Deviation from the equilibnium potential 15 ¢alled polanzation,

As a result of the electrode reaction, the ionic coucentration tends o change m the
vicinity of the electrode, resulting 10 concentration overpotential 1\, For a reduction

reaction at the calhode, for example, the cescentrabon of positive ions is lowered, and
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the cquilibrium potential shifis according (0 the Nernst equation. if, as a resull of an
increasing cathodic polarization, the reduction current density is increased, positive 1oms

have tix be brought to the cathode surface faster and faster. This can ovcur by

i} Migration under influcnce of the electrical field,
i) Diffusion dug to the cresied concentration differences,

fil)  Naturat or forced convection,

Another component is the crystalhization overpotential (77} ongmating from

difficulties encountered with pucleation and growth. Mioute concentrarions of forcipn
substances can drastically inerease the crystallization overpotential, and thus ellectively

slow down the electrodeposition process. The global glectrode over potential is, now

SN F Mg e (24)

1 Lat cT

An electrodeposition cell contains two electrodes a cathode and an anode. Both
contribule fo the tolal cell potential according to equanon (2 4). In addition there is the

resistance of the electrolyte leading to a potential 1R, and various other resislances in the

cell circnit creating a potential Eg . The total cell potential is then,

E, =E, +0% +0@ +iR +E, ... ... (25)

iy

'The practical cell potential is therefore somctimes much higher than the reversible cell

potenlial caiculated from purely thermodyramic considerations.

2.1.4 Role of Static Potentials in the Electrodeposition of Atloys

In an clectrochemical cell, an electric potential is created between two dissimilar metals.
This polential is a measure of the energy per unit charge which is available from the
oxidation/reduction reactions to drive the reaction. Tt is customary te visualize the cell
reaction in tcrms of two half-reactions, an oxidation half-reaction and a reduction half-

reaction.
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Reduced species > oxidized species + ne” Oxidation at anode

Oxidized species + ne” > reduced specics Reduction at cathode

The cell potential {often called the electromotive force or emf) has a contribuhion from
the anode whick is a measure of its ability to lose electrons - it will be called its
"oxidation potential”. The cathode has a contribution based on its abdity to gain
electrons, ils "reduction potential” The ceil potenhal can then be written

Eoy — Oxidation potential + reduction patential

If we could tabulete the oxidation and reduction potentials of all available electrodes,
then we could predict the ccll potentials of voltaic cells created from any pair of
glectrodes. Actually, labulating one or (he other is sufficieni, since the oxidation
poteniial of a half-reaction 18 the negative of the reduction potential for the reverse of

that reaction. Two main hurdles most be overcome ta estabhsh such a mbulation

1. The electrede potential cannot be determined in isolation, but in a reaction with
some other electrode.
2. The electrode potential depends upon the concentrations of the subslances, the

temperature, and the pressure in the case of a gas electrode.

In practice, the first of these hurdles is overcome by measuring the potenhals with
respect to a standard kydrogen electrode. 1t is the nature of electnic potential that the zero
of poterthal is arbitrary; it is the diffcrence in potential whnch has practical consequence.
Tabulating all electrode potentials with respect 1o the same standard electrode provides a
practical working [ramework for a wide range of calculations and predictions. The
standard hydrogen electrode is assigned a potential of zero volts. The second hurdle is
overcome by choosing standard thermodynamic conditions for the measurement of the
potettials The smandard electrode polentials @e customarily determined at solute
concentrations of | Molar, pas pressures of 1 atmosphere, and a siandard temperature
which is usualty 25°C. The standard cell potential is denoted by a degree sign as a

superscript. The example below shows values for Standard Elcetrode Potentials:



STANDARD ELECTRODE POTENTIALS

Cathode (Reduction)
Half-Reaction

Li* 4+ ¢ #a

K'+e R~K

Ba™ +2¢ PBa

Ca™' +2e PCa

Na'+¢ #Na

Mp™* + 2¢ P Mg

AP+ 3¢ RAl

Mn™ +2¢ #Mn
2H,0+ 2¢ £H; (g)+ 2 0H
Zn™ +2¢ Rzn

Cr™* -+ 2e 2Cr

Fe?* + 2 &2Fe

Cr't + 3¢ |Cr

Cd™ + 2¢ &Cd

Co”" + 2¢ PCo

Nit* + 2¢ &Ni

Sn’* + 2e #2850

Pb** + 2¢” FPb

Fe’' + 3¢ PFe

2H' + 2e” #2H, {g)

Cu’" + ¢ FCy*

Co** +2¢ P Co

2H;O + Oz + 4 P40
Cu' +¢ £Cu

Fe'* + & & Fe*

Hg™" + 2¢" |Hg (1)
Ag'+ e PAg

0. (g) + 4H' + 4e” F2H,0

Cr04 + 14H" + 6 #2205 + 7TH.0

Cl+ 2e &2CI
At + 3¢ FAy

Fo+2¢” F2F

Eﬂ
(Volts)
-3.04
292
-2.90
-2.87
271
237
-1 66
1.8
083
0.76
074
-0.44
04!
0.40
0.28
0325
20.14
013
0.04
0.00
016
0.34
040
0.52
077
0.78
0.80
1.23
1.33
1.36
1.50
2 87



The values for the tabie entries are reduchion potentials, so lithtum at the lop of the list
has thc mosl negative number, indicating that it is the strongest reducing apent. The

strongest oxidizing agent is fluorine with the largest positive number for standard

¢lectrode potentiat,

seful applications of the standard electrode potentizls inciude the following.

Sirengths of oxidizing and reducing apents
Electrode poieniials under non-standard conditions
Potentials for voltaic cells

Relationship to Gibhs free energy

Relariosship to equilibrinm constanis

. s 4 * »

2.1.5 The Nernst Equation

The cell potential for a voltaic ¢ell under standard conditions can be calculated from the
standard electrode potentials. Put real voitaic cells will typically differ from the standard
conditions. The Nemnst cquation relates the cell potential 1o its standard cell potential.
The Nemnst equation allows us to predict the cell potential for voltaic cells under
conditicms ¢ther than st:mdard conditzans of 1M, 1 atmosphere, 25°C.

The effects of different temperalures and ¢oncentrations may be tracked i terms of the
Gibbs free energy change AG. This free energy change depends upon the tcmperature

and concentralions according to

AG=AF+RTIND .. ... (26)

Where AGY is the free encrpy change under standard conditions and Q is the
thermodynamic reaction quotieny, R is the pas constant and T is the tcmperature in
Kelvin. The free encigy change is related to the cell potential E o by

AG=—nFE ; oo e 2T
Where

[F = I'araday's constant
n = number of electrons transferred



5o for non-standard conditions

~RFFE_, =-nFE . + RTINQ ... .(2.8)
RT
E  =Fwer ———In
ovlf nf Q e 2.9}

This is called the Nemst equation.

The quantity (), the thermodynamic reaction constant, is bike a dynamic version of the
equilibrium constant in whick the concentrations and gas pressures are the instantaneous

values in the reaction mixture. For a reaclion

ad + b8 & cC + 4D ... (210)
Reactanis Proclucts

The reaction quotient has the form
,_ Ty
[«Y[3F

Where [C] is understood to be the molar concentration of product C, or the partial

e 21D

pressure in atmospheres if it 15 2 gas.

1.2 Principles of Alloy Deposition
The six principles of alloy deposition are:

{} [{ an alloy plating bath, which 15 it continuous operation, 15 replenished with two
metals in a comstant rano M/N {for cxample, by adding melallic safts or by the use of
solitble anodes) the raho of the melals in the deposit will approach and ultimately take
on the value M/N.

it} An mncrease m the melal-percentage {or ratio) of a parent metal in an alloy planng

bath results in an merease in its percentage {or ratio) in the deposit.

tii) In alloy deposition, the ratio of the concentrahon of the more readily depositable
metal to the other is smailer at the cathode-solution inlerface than in the body of the
bath.
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w) In the depositon of alioys fom the normal alloy platng sysiems, the most
fundemental mechanism is the tendency of the concemrations of the melal ions at the
cathode-solution interface to approach mutual equilibnium with respect to the bwo parent
melals, Both pranciples m) and 1v} lead to the relation
Cort Crr s ' 1 C'

Where,

Cm = Conceniration of more readily deposilable metal at the cathode-solution

interface.

Cp = Concemtietion of less readily depositable metal! at the cathode-zsolution

interface.

", = Concentration of more meadily depositable metal in the body of the baih

C°, = Concentration of less readily depositable metai in the body of the haih,

v) A variation in a plating condition that brings closer tgether the potentials for the
deposition of the parent metals separately, i.e., decreases the interval of potential
between them increases the percentage of the less noble metal in the elecrodeposited

allery and vice-versa.

vi) In depositing alloys in which the content of the less nohle metal inereases with
current density, the operating condibons for obtaming the more conslant composition of
deposit are: (a) constant potennal if the uncontzollable variable affect the potentials of
the more noble metal and {b) constant cirrent density if the uncontrollable variahles
aflect the potential of the less noble metal. Conditions (a) and (b} are interchanged if the

content of the less noble meral decreases with current demsity.

2.2.1 Plating Variables

The composition of an eleccirodeposited alloy i a function of a large number of

vartables, the main oncs of which are as follyws;

A Vanables of bath content
1. Concentrations of deposilable metals
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a) Ratio of the concentrations of depositable metals to each other
b) Total concentration of the deposilable metals

2. Congentration of complexing agents

3. pH of plahng bath

4. Presence of addition agents

3. Presence of indtfferent electrolytes or conducting sates.

B Variables of bath operation
1. Current density
2. Temperature

3. Agitation of bath or movement of cathode

C. Miscellaneons vanables
1. Caihode cutrent efficiency (CCE.)
2. Shape and surface of cathode
3. Basis metal
4 Anode-cathode distance
5. Thickness of deposit
6. Tvpe and distnibution of cutrent.

22.2 Variation in the Composition of Electrodeposited Alloy with the
Composition of the Bath and the Plating

2.2.2.1 Effect of Meial Ratio of the Bath on the Composition of the
Deposit

The relation between the compositions of an clecirodeposited alloy and the ratio of the
parent meals in the bath i the most iinportant relation in alloy plating system showing
in Fig, 2.4.

Curve 1- Bismath -copper alloys depasited from perchloraie bath

Curve 2- Copper-zinc alloys delposited ffom cyanide bath

One featwre of Fip. 24 and 2.5 15 that they contain an auxiliary line, AR which is

relermed to as the composition seference line. 1t is used as an aid visualizing the relation

between the percentage composition of the atloy and the inetal-percentage of the bath.
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Ponts fafing upon the composilion reference line would represent alloys baving the

same percentlage composition as the metal percentage of the bath.

e L I L D

Copper in. dapogit, %

108

Metal-percentage copper il hath

Fig. 2.4 Typical curves illustrating the relation between the composition of
electrodeposited altoys and the composition of the bath in normal co deposition

A composition curve that rises above the composition reference line mdicates that the
metal m question 15 preferentially deposited because s perventage in the deposit is
larger than its metal percentapge in the bath. In normal codepasition, the more nobie
melal deposits preferentially, hence the curve for the percentape of the more noble metal

in a deposit always hes above the composition reference line,

Similarly, Fig, 2.5 representing the percentape of the less nable metal ploticd apainst ils

melsl percentage m the bath lies below the compasition reference line.

Curve 1: [ron-nickle alloys from the data of I!.l-mse and Nasu deposited from sulfate bath
[18}.
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Curve 2, 3, 7: Iron-nickle alloys from the data of Glasslone and Symes deposited from
sulfate barh [21,22],

Curve 4, Tron-nickle alloys from the data of Korovin deposited from suifate bath {23].
Curve 5: Iron-nickle alloys from Lhe data of Engemann deposited from sulfate bath [24].
Cuarve 6: Iron-nickle alloys from the data of Toepfler deposited from sulfate bath [25].
Curve 8. lron-nickle allays from ihe data of Kremann and Mass deposited from sulfate

bath [26].

Iron in depoalt, B

Mata] -pe resotage of Lron 1s balh

Fig. 2.5 Relation between the composition of the deposit and the composition of the bath

in gnomalous co-deposition

Fig. 2.5 ilustrates the relation between the composition of the deposit and the
compasisem of the bath in anomalous codeposition. The two important characteristics of
the curves w Fig. 2.5 arc as follows. {a) Under most conditions of deposition iton is
more teadily deposited than nicket, although it is the less nobic metal. This is shown by
the position of curves 1-6 ahove the composibion-reference line AB. Thus, the
codeposition is anomalous. This type of codeposition takes place mainly at room
temperature and at current densities above 1 amp/dm®. (b) At elevaled tewperatures,
represented by curve 8, or at lower cument density (for example, 0.25 amp/dm?),
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represented by curve 7, the codeposition becomes normal over a limited range of bath
composition. This is shown itz the fipure by these two curves fying at least partly below

the composition-reference line AB.

Some of Lhe alloy composition curves ol the iron-nickel alloys look very similar Lo those
of a sormal alloy plating system possessing equikbrium codeposition. The chamcteristic
af such curves 15 that they he partly above and partly below the composition-reference
line AR FFor example, curve 7 of Fig. 2.5 _ At first blush, this gives the impression that
where Lhe iron-nickel composition curves cut the compositien-reference line AB,
equiiibrium codeposition must be taking place, because here the composition of the alloy

has the same composition as the deposit. However, this resemblance is only superfimal.

Actually the iron-nicke! compasition curves are the mverse of what they should be for
equilibrium codeposition; that 1s, the porlion of the curve representing a low iron: nickel
ratio 15 the barh should lic below AE and the portion of the curve representing the high
iron: nickel ratio should lie ahowe AR, if the deposition were of the equilibrium type.

2.2.2.2 Effect of Total Metat Content of the Bath on the Composition of
the Deposit

Yarration of the tolal metal content of a hath, at 2 fixed metal ratio, appreciabty affects
the composition of alloys in regular codeposition but has cither stight effect or no

uniform trend 1» rregular anomalons and induced codeposition

Curves | and 3: From the data of Glasstone and Speakman [27]
Curve 2; From the data of Yink and Lah [28]

[n maost mstances an increase m the total inctal ion concentration of the bath (4t constant
metal ratio) increased the iron content of the deposit. This result is very similar to the
effect of total metal conceniration m increasing the cobait content of cobalt-nickel
alloys. The effect of total metal content of the bath on the comnposition of the deposit in
anomalous codepasition is iflustrated m Fig. 2.6 with daia on the deposition of Co-Ni
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alloys taken from the work of Glasstone and Speakman [273 and Fink and Lah |28]. The
alloys were deposited from simpie sulfate baths. Cobalt deposited preferentially
although it is less noble than Ni The curves show that for a sevenfold increase m total
melal content of the bath, the cobali content of the deposit increased only slightly. Ata
given current density, the rate of deposition of the more noble metal is relatively much
closer to its limiting value than that of the less noble metal, An increase of current

density, therefore, must be bome mainly by an increase in the rate of deposinon of the

less noble metal.
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Fig. 2.6 Relahon between the composition of the deposit and the tolal melal content of
the both in anomalous co-deposition,

Dala of Marschak and co-workers [29] or solutions .33 and 1.0 M in total content of
iron and nicke! confirmed Galistone’s work. Chernilovskaya and co-workers [30] also

found an increase in the iron content of the deposit with totml metal concentration of the

hath.
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2223 Effect of pH of the Mating Bath on the Composition of the
Deposit

The eflect of pH on the composition of ar electrodeposited alloy is specific and usually
unprediclable. In some baths, pH has a large effect and in others a smail effect on the
composition of the deposit. The delermining factor is the chemical nature of the melallic
compounds, because the pH does not exerl iis effect directly but by altering the state of
chemical combination of the metals in solution. Simple metallic ions are only slightly
sensitive to variations in the pH of the solution. On the other hand, the composition and
stability of many complexes - in both alkaline and acid solution are a function of the pH.
tor example, complexes, such as stannate, zincate, cyanides and amines, which are
stable m alkeline solution, decompose when acidificd. As a general rule, variations of
pH should have little effect on the composition of alioys depasited from baths containing
the metals as simple ions and should have a larpe effect on the composition of alloy
deposited from baths in which the parent metals were present as complexes with large

instability constanis.

Glasstone and Speakman [27] determined the most noble potentials at which the
iron-group melals and their mutuat alloys deposited from solations of various pH, They
did this by gradually increasing the current density and noting the potential at which
codeposition was mitiated. As might be expecied the more acid the solution, the higher

was the current density required to initiale metal deposition.

Howcwer, rather unexpected was the finding that the potential at which deposiiion
mitiated was, about the same in the soluhons of various acidity. Since the potential of
wmitiat deposition was independent of the pH of the bath, one might sunmse that the
composition ol the electrodeposited alloys might also be litile influenced by variations in
pH.

Curve 1-3, 5-0: lron-nickel altoys from the dala of Glasstone and Symes depoaited from
sulfate bath §21,22]

Curve 4: [ron-nickel afloys from (he data of Aotani deposited frem suifate bath {31]
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Within the range of p} about 3-3 the composition of the Fe-Ni alloys giectrodeposited
from the simple-salt plating bath dsd not show any defintte rend with pH. This is shown
in Fig. 2.7 with data mamly from Glasstone and Symes [21,22]. The fipure also shows,
that, with one or two exceptions, the variation of pH chanped (he composition of the
depostt by a small percentage. This latter conclusion 15 aiso supponed by the data of
Kremann [26] and Enpeman [24].

Tron tn deposit, %

P of bath

Fig. 2.7 Eilect of pH on the composition of deposits in anomalous co-deposition

The reason for the lack of cither a defirile trend ot large variations in composition of the
alloy with pH is that there are no specific effects of pH on the alloy plating system.

2224 Relation between Current Density and Composition of
Electrodeposited Alloys

Current density is the most important of the operating variables. The mechanism may be
examined from two view points: diffusion controf and the cathode potential. diffusion
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layer. At a given curtent density, the rate of deposibon of the morc noble melal s
relatively much closer to its imiting value than that of the Jess noble melal. According
to simpie diffusion theory, the rate of depasition of a melal has an upper limit which is
determined by the rate at which its ions can move throuph the cathode

An increase of current density, therefore, must be borme mainly by an increase in the raie
of deposition of the less noble metal, With repard to the cathode potential, an increase of
current density causes the cathode potential fo become more negative (less noble) and
hence this condition should increase the proportion of the less noble metal in the deposit.
The situation is however different in anomalous codeposition sbowing the numerous

curves in Fip. 2.8,

Curve 1, 3, 6 lron-nickel alloys deposited from the data of Glasstone and Symes
deposiled from sulfaie haih [21,22}.

Curve 2. 4; Tron-nickel alloys deposited from the dara of Marschak deposited from
sulfale bath {29].

Curve 5: Iron-nickel alloys deposited from the data of Tocpler deposited from sultate
baih {25].

Curve 7: Iron-mckel atloys deposited from the data of Engemann deposited from sulfate
bath {241.

Cunvt §8: Iron-nickel alloys deposited from the data of Sysceva deposited from sulfate
bath [32]

The numerovs curves in Fig. 2 8 show that there was no uniform tend of the
composition of the iran-nicke] alloys with current density. In general, the variations 10
composition were small at the commaonly used ranpe of current density of a few
amp/dm®.

The reason for the vagarious nature of the relation between alloy composition and
current density Yies in the anomalous nzture of the codeposiion. The codeposition of the
two metals can be of several proceases, ranging from sormal codeposwhion process at low

current density o diffuston controlled process at hiph current density.

The elfect of an elevation of current density in shifting codeposition from the normal to

the anomalous type is stokingly illustrated in Fig. 2.5 by curves 3 and 7. The latter
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curve represents deposition al 0.25 amp/dm’ and lies mostly below the composition-
reference line, thus indicating norma] eodeposition. Curve 3, representing deposibon at 2
amp/dm’ fiom the same bath s above the reference kine, and ihes indicalcs anomalous
cadeposition.

B0

Iron tn daposlt, E

o 1 3 3 4 B 8

Current density, mmp/dem?

Fig. 2.8 Relation between alloy composition and current density in anomalous co-

depasitian

In thie curves presented in Fig. 2.5 and 2.8 there is evidence of the plating system commg
under diffusion coatrol as the current deasity was increased. The maximum of curves 3,
6, and 7 of Fig. 2.8 can be interpreted as indicating the current density et which the
impovernshment of the diffusion layer in 1ron 15 ¢ausing the syslem to come under
diffusion control, The effects of the latter are more evident i ¢urve 5 which represents a
dilute bath, only 0.065 M in total metal, With mereasing curent density the iron content
of the deposit decreasced and approached the metal-percentage of won in the bath {1.0%)

as homt,
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Curve 8 taken from the data of Sysoeva [32] s of interest becausc it represents much
higher current densities than those used by anyone lse {the abscissa is to be multipled
by 10 for this curve); and despite the high current density it does not show a downward

tremd of ron content as might be expeciled.

2.2,2.5 Effect of Bath Temperature on Composition of Electrodeposited
Alloys

General

Temperature 15 a crmical vanable m most practical plating baths, and for best resulls
must usuaily be controlied within plus or minns abont 2'C from the “optimnm.” An
increase m tempernture increases the rate of diffusios and mereases ionse mobilities, and
therefore the condnctivity of the bath, It also increases the mtc of evaporation, ratc of
hydrolysis of bath constitwents, and the rate of decomposition of additives. Most
compounds become more solible with increasing temperatnre, but there arc exceptions.
The effect of temperature on the composition of electrodcposiled alloys may be the net

result of changes in several characreristics of the plating system, such as the foliowing:

(a) Equilibrium potental: The equilibrinm poteatials of the metals may change. This is
probably not an imporiant factor since the equilibrium potentials of metals do not change
greatly with temperature and furthermore clectrodeposition is far removed from

equilibrium conditions,

{b) Polanzation: The deposition potentials of metals nsually become more noble with
increase in temperature, because polarization is decreased. Whether the deposition of the
more noble or less neble metal is favored depends on which deposition underyoes the
largest decrease in polarization. These effects are specific and, therefore, the effect of
temperature, via polarization, cannot be predicted withoul actual measuremenis on the

deposition potentials of each of the metals.

(¢) Concentration: An increass in tlempenstyre increases the concentration of metal in the

cathode diffusion layer, because the rares of diffustion and of convection increase with
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emperature, This s the most important mechanism by which temperature affects the
composition of electrodeposited alloys. According to the principle of alloy deposition,
an increase in metal concesntration at the solntion cathode mterface favors increased

deposition of that meial which already was depositing preferentially.

(d) Cathode cumrent efficiency: Temperature may affect the composition of an
electrodeposited alloy indirectly through its effect on the cathode current efficiency of
deposition of the metals, particularly those deposited from complex ions. For example,
an mcrease in emperature increases the cathode current efficiency of depositior of Sn
from a stannate bath, and of Cu from a ¢yamde bath. In codepositing Sn or Cn with other
melals whose efficiencees of deposition are unaffected by temperature the Sn or Cu
content of the deposit will increase with temperature regandless of whethier Sn or Cu
happer to be the more noble or the tess noble metal of the patr.

A these four factors, (¢} and (d} ere the most important.

2226 Effect of Bath Temperature on Composition of Alloys in
Anomalous Cedeposition

A complex relation oceurs in the variations of alloy composition of anomalous type with
Lthe temperature of the hath. The effect of lemperature can be qualitatively explained on
the basis of two factors namely {i) Polarization aed (i) diffusion phencimencn. These
two faclors have oppositc cflcels on Lhe deposit composition. With increasing bath
temperature, factor {i) favours a decrease and factor {u} an increase in the content of the
less nobte melal in the deposit. These two opposing influences are respmusible for the
apparently inconsistent and rather indeterminale trends of zlloy composition with

temperature 6 anomalous codeposttion.

The wfluence of polarization is especially impodant in anomalous codepoesition, since
the failure of the more noble melal to deposit preferentially may be construed as
indicative of some kind of large polarization in the depesition of this metal. T this be
granied then the reduction of polarization which occurs on raising the temperature of the
plating bath should be, larger for the more noble metal and the deposition of the later
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should be favored to a larper oxtent than that of the less noble metal. Hemce, in
anomalous codeposition, the content of the more roble metal in the deposit may merease
with temperature. An increase i temperature favours the deposition of that metal which
is preferentially deposited, because it speeds up diffusion and thus relieves the depiction
of melal at the cathode. Since In anomalous codeposition, the less noble metal deposits
preferentially, an elevation of temperature should increase the content of the less noble

metal in the deposit.

Curve 1, 2°, 4" iron-nickel alloys depesited ffom the data of Glasstone end Symes
depasited fram sulfate bath {21,221

Curve 2" lron-nickel alloys depostted from the data of Aotani deposited from sulfate
bath {31].
Curve 3: Iron-nickel alloys deposited from the data of Marschak deposited from sulfate
baih {29].

Curve 4™ Iron-nickel alloys deposited from the data of Engemann deposited from sulfate
bath [24].

Curve 3. Tron-mekei alioys deposited from the data of Sysoeva depostted from sulfate
bath [32].

As was the case with the cobalt-nickel alloys, the composition of the electrodeposited
iron-niickel alloys did not show a defmite trend of composition with clevation of
temperature. Typical data are given in Fig. 2.9 from several sources. The data of Aotam
and Engemann commcided so closely with curves 2 and 4 of Glasstone and Symes that
itrerr data have been represented onlty by crosses on these curves. In some mstances, an
elevation of temperatmre eoded to mlisve snomalous codeposition and bring about
normal codeposition. This resulted in a decrease in the iron content of the deposit as
llusirated by a comparison of curve 2 with curnve 8 in Fig.2.5. The later curve
represents a temperature of deposition of 75°C, and it lies below the composition-
reference line AB. This indicates normal codeposition.
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Fig. 2.9 Relation between alloy composition and Temperature iz aromalous
codeposition {a: data represented by circles on curves and b: data represented by crosses

On CUrves}

22.2.7 Effect of Agitation of Bath or Rotation of Cathode on the
Composition of Electrodeposited Alloys

Agitation of an alloy plating bath or rotation of the cathode can directly affect the
camposition of the ailfoy by reducing the thickness of the cathode diffusion layer, This s
a purly mechamcal action which does not change the elecirochemical properties of the
solution of the mechanism of the plating process. Bemg of this nature, agitation has a
more consestent influgnce on the composition of the deposit than either temperature or

current densiby,

The effect of agitation on the composilion of the deposit s due to the concentration
changes which it produces at the cathode-solution interface. Duning alloy deposition, the
cathode difTusion layer 15 deplefed in metal ions and fumhermore, the ratio of the
coneentranons or the metzls in the tayer differs from that in the body of the bath.
Agitation of the bath or rotation of the cathode, by decreasing the thickness of the
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cathode diffusion layer not anly resulls in an increase in the concentration of metal on
it the cathode diffusion layer, but also causes the metal ratio of the diffusion layer to
approach more closely to that of the soluton m the body of the bath. This favors an
increesed rate of depositton of that melal whick is slready depositimg preferentially. The
effect of agitation, thus, i3 similar to that of increasing the concentration or the

temperature of a bhath,

The «ffect of apton of the bath on the composition of electrodeposited ron-nuickel
alloys appears Lo depend on the mnge of current density used. ¥or example, Glasstone
and Symes {21,22] found that at current densities of 1 or 2 ampfdmz, agitation increased
the iron content of the deposit. [Howcver, at current density ol 0.5 ampfdmz, they
observed that agilation reduced the icon content of tha deposit. The diiTerence in ihese
twa elfects of agitation is probably owing o the alfoy plating syslem bemg of the
diltusion controlled, anomalous type at the high current density and of the normal type
at the fow current density. The effect of agitation at the high current density is similar
that penerally observed for the deposition of cobalt-nickel alloys That is, the decrease in
the content of the preferentially deposited metals, iron cobalt, in the deposit is evidence

that the systems are under diffusion control.

2.3 Types of Alloy Plating Systems

The data on the effects of variables on the composition of electrodeposited alloys
constitate a massive armay of details. The organszation, presentation and theoretical
discussion of (hese dala are, greatly simplified by dividing (he entire alloy plating
processes inlo five types, These are:

i) Repular codeposition

i) Trrepgular codeposition

1)  LEquilibrimn codeposition

%) Anomalous codeposition

v) Induced codeposition



Types 1) -ii) are coilectively referred to as nonmal alloy platng systems and are
characierized by the preferential deposition of the more noble metal. Types iv) and v)
are teterred to as abnormal codeposiion because the mare noble metal does not

necessarily deposit preferentially.

i} Regular codeposition: Regular codeposition is characterized by the deposttion being
under diffusion control, The effects of plating vanables on the composition of the
deposit are determined by changes in ihe concentrations of metal wns in the calkiode
diffusion layer and are predictable from simple diffusion theory. The percentage of the
more noble metal in the deposit is increased by those agencies that increase the metal ion
comtent of the cathode diffusion layer. The agencigs are: increase m tolal metat content
of bath, decrease of cuwrent density, elevalion of bath tempcrature end increased
agitation of bath. Deposition of Pb-S5n, Bi-Ca ete. s the examples of regular

codeposihon system,

1) Irrepular codeposition: The system 15 charactenzed by being conlroiled by the
polentials of the metals {cathode potcntials) against the solution to a preater extent than
by diffusion plienomena. The effects of someg of the plating variables or the composition
of the deposit are in accord with simple diffusion theory and Lhe effects of others are
conirary to diffusion theory. Also, the effects of plating variables on the composition of
the deposit are much smaller than with (he repular alloy plating systems. Iregular
codeposition is mast likely to occur with solutions of complex ions. It 1s the least well
characterized of the five types. The examples of this systiem are the deposition of brass,
bronze and Sn-Zn.

iti) Equilibrium Codeposition: Equilibrium codeposition 15 charactenzed by depesition
from a solution which is i chemical equilibrivm with both of Lhe parent metals. Omly a
few alloy plating systems of Lhis type have been investigated. There are the Cu-B1 and
Pb-5n alioys deposiled from an acid bath and perhaps Cu-Ni alloys deposited from a
thiosulfate bath.
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iv) Anomalous Codeposition. Anomalous codeposition is characterized by the anomaly
that the less noble metal deposits preferentially. With a given placog bath, anomalous
codeposition occurs only under certain condinons of concentranon and operating

variables_

Otherwise the codeposition falls under one of the three other types. Anomalous
codeposition can occur in baths containing either simple or complex ions of the metals.

Anomalous codeposition is rather rare. Fe-Ni alloy deposition s of this type.

v) Induced Codeposition: Induced codeposition is characlerized by the deposition of
alloy containing metals, such as Mo, W or Ge, which cannot he deposited alone.
However, these mctals readily codeposil with the iron group metals. Meials which
stimulate deposition are called inducing metals and the metals which do not deposit by
themselves are called reluctant metals. The effects of the plating warnables on the
composition of the alloys of wtduced codeposition are more vaganous and unpredictable

than the effects on the composition of alloys or any of the other types of codeposition.

2.4 Purposes of Electrodeposition

The purposes for which articles are electroplated have already been mentioned i the
introdeetion, but they are worth repeating: electrodeposited coatings may be applied for
(1) appcarance, {2) protection, (3} special surface properties, or (4) engineenng or
mechanical properties. The distinctions between these atms are not, of course, clear-cut,
and therc are many overlapping categunies. A deposit apphed purely for appearance

must be, at least to some exicnt, protective as well. But the classificabion 1s convenient.

24.1 Decorative Plating

Many metals de not possess much “eye appeal” or lose such pleasing appearance as they
de possess rather quickly on exposure to ordinary conditions: zing die castings and
ordinary steels, which are the least expensive metals available for most amicles, are dull

and not very attractive. A thin caating of a metai such as chromium enhances their
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appearance and adds to their sales value. Chromium can be plated in a bright condition,
and when properly applied, # maintains its hrightness over long periods. For this reason
chromium is the most common electroplate for decorative puposes But since coatings
of chromium thick enough to rtain some measure of their onginal appearance are
difficult to apply and very expensive, decorative chromium deposits are almost
universally apphed over undercoats of copper and mckel or nickel alone, and the final
chromium coating is very thin, (Chromium plate is often called chrome plaie, and this
usage is now legitimézed by some dictionaries. Here “chrome™ is used for chromium ore,

the meial is chromium.)

Other electroplated metals used for decorative etYects include gold, silver, brass, bronze,

nickel, copper and thodium. Lead and tin are somelimes used for speciai cffects.

1.4.2 Protective Plating

The function of protecting the basis metal from degradation overlaps that of improving
ils appearance. The common copper/nickel/chromium composite applied to automonve
hardware and numerous other ilems nof only imparts a pleasing appearance, but also
protects the substrate from corrosion. However, when cofrosion prevention is the only,
ot principal, aim of the coating, znc is the most economical and most elfective metal
available. Although zinc can be plated in a bright condition, or bnghtened after plating
by so-called conversion coatings, this ¢coating does aot retain its brightness very long in
service and would not be chosen where decorabve appeal is the main consideration.
However, zinc is the most econommeal coating for preventing steel froin rusting.
Cadmium is far more expensive than zinc, but is supenor to 1t for some environments,

especially marine

Tin is not normalty protective to steel, but in the particular conditions obtaining inside
the sanitary can {sanitary meaning conlaming foods or beverages) the usual potentials of
tin and won are reversed and tin becomes protective. Tin plating of stegl for use m the

“tin can” is the largest single use of electroplating, in terms of Wmmage of product.
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2.4.3 Special Surface Properties

This calegory cannot be characterized by generalities: each use has is own particular
reason for being. Soft solder, a tin-lead alloy somctimes comtaining other minot
constituents, is used widely in the communications and ¢lectronics mdustry for making
electrical connections, and for this purpose (he parts to be joined must be easily and
quickly wetted by the molten solder, often without the use of any comusive fluxes.
Although copper, almost universally used as the electrical conductor, 18 wetted by solder
wheu its surface is fresh and untarnished, as it quickly tamishes and becomes difficult to
solder. A coating of tin or tin-lead alloy renders the surface far more solderabie. Light
rellection is another surface property that can be modificd by coating. Both silver and
rhodium are used for this applicasion, Tn electrical and electronic industry, Gold plating

is nsed o keep the resistance minimum of the matiup serface.

2.5 The Plating Bath

The plating bath is praciically always an aqueous solution containing a compound of the
metal to be deposited. Nonaqueous selulions, in which the solvent may be an crganic or
inorganic liquid or a fused salt, are of preat theoretical iuterest. But there is hardly any
commercial use of such solutions: the only preseut excephion is the plating of aluminiun
from an organic electrolyte, practiced by only a few highly specialized shops. A few of
the so-called refractory metals such as tanialn, niobium, zirconium, and tunpsien, have
been plated in adherent and coherent form from fused clectrolyles on a large scale, but

again only by a few specialists. Otherwise all eleclroplating baths are aquegus.

2.5.1 Ingredients of a Plating Bath

Every plating bath contains ingredients which serve one or more of the following
functions.

1. To provide a source of the metal or metals being deposited. i.¢., the bath must coutain
the metal to be depasited.



2. To form complexes with ions of the depositing metal: Complex formation is not
always requircd, and some metals are plated from simple salt sotutions. [n many cases,
however, it is found that the deposits obtained from complex ions arg superior to those

rom simple 1ons.

3, To provide conductivity: Any ionic solutien ¢onducts electricity, but many metal salts
are rather poor conductors (lbeir ions have low mobilities), and to aveid the necessity for

the employment of high voltages, "conducting salts” are often added.

4. To slabilize the solution, e.g., apainst hydrolysis: Most meml salts are subject o
hydrolysis, since most metal hydroxides are insoluble:

MX + H,0 - M(OH) | + HX
Tn some alkaline baths, absomtion of carbon diexide from the air would precipitate

metal compounds usless acceptors for carbon dioxide were presant.

5 To act as a bufler, 1.e., to stabilize the pH: Many plating solubons are highly acidic or
highly alkaléine, and for this pH control is a minor concemn. For that class of solutions
known as “neutral " i.e., with pH between about 5 and 8, contrel of pH withio prescribed
limits 15 important, and buffering is usually necessary.

6. To modify or regulate the physical form of the deposit When direct curtent is passed
from an anode o 8 cathode through a solution containing a depositable metal 1on, the
metal will deposit on the cathode bt frequently the deposit will be wseless, consisting of
trees and nodules, either nonadherent or noncoberent, uniess additives arc present m

combrol 1ts physical form.

7. To aid in dissolving the anodes. Unless anodes are deliberately tnert i.c., act merely to
tntroduce curreat into the solution, it is desired that they repienis}h the metal deposited at
the cathode so lhat the composition of the bath remains rel:itivei},f stable. Anodes of
some metals tend io become “passive.” Le., to act s inerl anodes, unless specific ions

are present that tend to break down this passivity.
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8. To modify other properlies, either of the solution or of the deposit, peculiar to the
specific case: TFinally, some baths require specific additives for specific purposes. An
example is the addition (o most zinc cyanide baths of sulfur compounds such as sodium

polysulfide to precipitate impurities that would solerfere with satisfaciory plating.

This does not mean that all plating baths cosmin eight ingredients, since some
compounds perform morc than one of these functions, and in seme mstances notl all of

the listed functions ane nacessary.

2.6 Rulk Behavior of Nanostructured Materials

Bulk nanostruciured materials are defined as bulk solids with nanoscale or partly
nanoscale microstructures. This calegory of nanostructured matenals has historical roats
gaing back many decades but has a relatively recent focus due to new discoveries of

unique properties of some vanoscale malerials.

Early w the ceatury, when “microstructures” were revealed primarily with the optical
microscope, it was recopnized that refined microstructures, for example, small grain
sizes, often provided amiractive properiies such as increased strength and toughness m
gouctural materials. A classic example of property enhancement due to a refined
microstructure wilh features too small to resolve with the optical microscope was age
hardening of aluminium alloys. The phenomenon, discovered by Alfred Wilm in 1906,
was essentially explained by Merica, Waitenberp, and Scott in 1919 (Mehl and Cahn
1983, 18) and the microstruchural features responsible were first infesred by the X-ray
studies of Guinier and Preston in 1938, Wiil the advent of transmissiom electron
microscopy ( TEM) and sophisticated X-ray diffracion methods it 15 now known that the
fine precipilates responsible for age hardening, in Al-4% Cu alloys, for example, are
clusters of Cu aioms Gninier-Preston (GP) zones and the metasiable partiatly coherent
& precipitate (Silcock et al 1953-54) [100], (Cohen 1592). Maximum hardness is
observed with 2 mixture of GPI} (or&") (coarsened GP zones) and & with the

dimensions of the ¢ plates, typically about 10 nm 1 thickness by 100 nm in diameter.
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Therefore, the important microstructural feature of age-hardened aluminium alloys is
nanoscale. There are a nymber of other examples of nanoscale microstruciures providing
optimized properties. The crtical current density Jo of commercial supercondncting
Nb;Sa is controlled by grain size and is inversely proportional to graia size, with grain
sizes of 50-80 nm providing high values of I (Scanlan et al. 1975).

The ficld of nancervstalline {or nanostructured, or nanophase) materials 2s a major
identifiable activity in modern materials science results ta a large degree from the work
in the 1980s of Gleiter and caoworkers {(Gleiler 1990}, who synthesized ultrafine-grained
malerials by the tn situ consolidation of nanoscale atomic ¢lusters. The ntirasmall size {<
100 nm) of the grains in thcse manoorystalline materials can result in dramatically
improved or differcnt properties from conventional grain-size (> 1 um) polyerystalline
or single ¢rystal materials of the same chemical composition. This is the stimulus for the

tremendous appeal of these matenials,

While there are a nnmber of bulk properties that may be dramaticaily changed when the
micrastructure is nanoscale, this chapler focuscs on those for which the recent work with
nanostructured materiais has been nost extensive. These are (1) the mechanical
properties of nanostructured materials for a variety of potential structural applications,
and (2) ferromagnetic materials with nanoscale inicrostructures for poteatial applications
as soff mapnetic materials and permaneni magmet materials, and for other special
applications such as information storage, mapgnctoresistence spin valves, and mapmetic
nanocomposite refrigerants. Ciher bulk applications such as hydropen storage are

discussed briefly.

2.6.1 Mechanical Behavior

2.6.1.1 Structural Nanostructured Materials

The graat interest in the mechanicat behavior of nanostructured matenials onginates from
e uniqne mechanical properiies first obscrved and/or predicted for the materials
prepared by the gas condensation method. Among these early observations/predictions

were the followmg:
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« lower elastic moduli than for conventional grain size materiats by as much as

30 -50%

s very high hardness and sirength—-hardness values for nanocryslaliine pure
metals {~ 10 nm grain size) are 2 to 7 times higher than (hose of larger gratned

{z| pm) metals

« a negative Hall-Petch slope, i.¢., decreasing hardness with decreasing grain size

in the nanoscale prain size regime

» ductility perhaps superplastic behavior at low homologous temperatures in
brifttle ceramics or intermclallics with nanoscale gram sizes, believed due to

Jdiffusional deformantion mechanisms

While some of these early observations have been verified by subsequent siudics, some
have been founrd to be due to high porosity in the early bulk samples or to other artifacts
introduced by the processing procedures. The following summanzes the auihor’s
understanding of the state of the art of the mechanical behavior of nanostructured
materials, as determined from the literature, presentations at the ULS. workshaop (Siegel
et at, 1998) {33], and the WTEC panel’s site visits in Japan and Europe.

2,6.1.2 Elastic Propertics

Larly measurements of the elastic conslants on nanocrystalline {nc) materials prepared
by the inert pas condensation method pave values, for example for Young™s Modulus, £,
that were significantly lower than values for conventional prain size materizls. Whle
various Teasons were given for the lower values of ) il was suggested by Krslic and
coworkers (1993), (hat the presence of extrinsic defects pores and cracks, for example
was responsible for the fow values of F it nc materials compacted from powders. This

conciusion was based on the observation that nc NiP' produced by electroplating with
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negligible porusity levels had an F value comparsble to tully dense conventional grain
size Ni (Wong et al. 1994, 85). Subsequent work on porosity-frce matenals has
supported these conclusions, and it i now believed that the intrinswe elastic moduh of
nanostructured materials are essemtially the same as those for convermonal grain size
malerials until the gram size becomes very smali, e.g., < 5 nm, such that the number of
atums associated with the grain boundaries and triple junctions becomes very large. This
is illustrated in Fig. 2.10 for nanocrystalline Fe prepared by mechantcal aftrition and
measured by a nano-indenlation technique. Thus, for most nanostructured materials

{grain size > 1¢ nm), the elastic moduli are not unique propertics and not a “nepative”.

2.6.1.3 Hardness and Strength

Hardness and strength of conventional prain size materials {grain diameter, d > 1 pm) is
a function of prain size. For ductile potycerystalline materials Lhe empirical Hall-Petch
equation has been found to express the prain-size dependence of flow stress at any
piastic strain out 1o ductile fracture. In terms of yield stress, this expression is g, = aj *+
kd'* where a, = yield stress, o, = fiction stress opposing dislocation motion, k =
constant, and d = grain diameter. Similar results are obtasned for hardness, with H, = H,
+ kd'? | To explain these empirical observations, several models have been proposed,
which involve egither dislocalion pilegps at grain boundanes or prain boundary
dislocation networks as dislocation sources. [n all cases the Hall-Petch effect is due o
disbocation motion/generation in materials that exhibit plastic deformation. Most of the
mechanical propery data on nc materials have pertained to hardness, aithough some
tensile test data are becoming available. Several recent reviews have summarized the
mechanical behavior of these materials (Siegel and Fougere 1994, 233261}, (Swegel
1997) {34], (Morris and Morris 1997) [35], (Weertman and Averback 1996, 323-345)
[36]. [t 15 clear that as gram size 15 reduced through the nanoscale regime {< 1040 mn},
hardness typically increases wilh deereasing grain size and can be factors of 2 10 7 hmes
harder for pure nc metals (70 nm grain size) thas for large-grained {> | uwm) metals.
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Fig. 2.10 Ratio of the Young's {1°} and shear {G) moduli of nanocrystalline materials to
those of conveniional prain size wnaterfais as a function of grain size. The dashed and
solid curves correspond to a grain boundary thickness of 0.5 and 1 nm, respectively

(Sten et al. 1995).

The experimental results of hardness measurements, summarized previously, show
difterent behavior for dependence on grain size at the smallest ne prains (< 20 nm),
ingludirg (2} a positive slope ("nommal” Hall-Peich bekavior), (b} essentially no
dependence (-~ zero slope), and {c) in some cases, a negative slope {Siegel and Fougere ’
1994, 233-261),(Swegel 1997}, (Mormris and Morris 1997}, (Weerinan and Averback
1996, 323-343).

Most daia that exhibit the nepgative Hall-Peteh effect al the smallest grain sices have
resulted from ne samples that have been anncaled to increase thewr gram size. It s
suggested that thermally meating nanophase samples in the as-produced condition may
result m such changes in structure as densiftcalion, stress relief, phase transformations,

or grain boundary structure, all of which may lead to the observed negative Hall-Petch

behavior (Siegel and Fougere 1994, 233-261).
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Only a fow cases of ncgative Hall-Petch behavior have beer reporied for as-produced
nanocrystalline samples with a range of gram sizes. These include electrodeposited nc
alloys and devitrified ne alloys (Erb et al 1996, 93-110 and Alves et al. 1996) [37].
Nanoerystalline thin films with grain sizes < 6 nm are also observed to exhibit a negative
[1all-Petch eftect (Veprek 1998). Winle it seems likely that in many cases the obscrved
negative Hall-Petch slopes are due to artifacts of the specimen preparation methods, it is
also likely that conventional dislocation-based deformation is not operable in
nanocrystatline materiats at the smaflest grain sizes (< ~30 nm) At thesc grain sizes,
theoretically, mobile dislocations are unlikely to occur; nor have they been observed in
TEM deformatiom experiments {Siegel and Fougere 1994, 233-261), (Milligan et al
1993), (Kc et al. 1995). Thus, the hardness, strenpth, and deformation behavior of

nanocrystalline materials is umique and not yet well uaderstood.

2.6.1.4 Ductility and Toughness

It is well known ihat prain size tas a strong effect on the Jduenticy and toughness of
conventional grain size (> 1 um) materials. For cxample, the ductile/brttlé trangition
temperature in mild stee] can be towered about 40°C hy reducing the grain size by a
factor of 5. On a very basic level, mechanical failure, which limits ductility, is an
mterplay or competiton between dislocations and eracks (Thomson 1996, 2208-2291)
[38]. Nucleation and propagation of cracks can be used as the explanation [or the
fracture stress dependence on grain size (Mappal and Baker 1990). Grain size refinement
can make crack propagation more difficult and therefore, in conventional gratn size
materials increase the apparent fractiure toughness. However, the large increases m yield
stress (hardness) observed in n¢ materials sugpest that fracture stress can be lower than
yield stress and therefore result in reducad dueiitity

The results of ductility measurements on n¢ metals are mixed aud are sensitive to [laws
and porosity, surface ffoish, and method of testing {e.g., tenston or compression testing}.
In lension, for grain sizes < 30 nm, essentiaily britile behavior bas been ohserved for
pure nanpgrystalline metals that exhibit significant ductility when the grain size 15

couventional, This s llustrated in Fig, 2.11. In some meiaiz, Cu for example, ductile
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behavior is observed in compression, along with yield strengths about twice those
observed in tension. While it is likely that the flaws and porosity present m many nc
samples seriously affect the results of mechameal tests and may be partly responsible for
the asymmeiry af results in compression compared to tension lesls, the nature of the

deformation process in terms of shear banding (shown below) may alsoe be imperiant.

The above behavior i presumably due to the inability of usual dislocation generation
and mation to occur at these smallest ne prain sizes. An intriguing suggestion based on
early observations of ductile behavior of brittle nc ceramics at low temperatures 1s that
brittle ceramics or intermelatlics might exhibit ductility with nc prain siructeres (Karch
et al. 1987}, (Bohn et al. 1991), Karch and colleagues (1987) observed apparent plastic
behavior in compression in nc CaFs at 80°C and nc TiO; at 180°C, These observations
were attributed 1o enhanced diffosional creep providing the plasticily af these
temperatures, where conventional prain-size matenals would fail in the elastic regme. It
wag assumed that diffusianal creep was responsible for the plasticity, observations were

rationalized, with boundary diffusion dominating the behavior such that the strain

{creep) rate is delined as
de BoQAD,
& dkT T - (2,12}

where o i3 the applied siress, € the atomic volume, d the prain size, k the Boltzmann
constunt, T the temperature, B a constant, and I the grain boundary diffusion
cocflicients. Going from a grain size of 1 ym to 10 nm should increase de/di by 106 or
more if Dy, is significantly larper for nc materials. However, these results on ne CaF; and
n¢ TiQ: have not been reprocluced, and it is believed that the porous nature of these

samples was responsible for the apparent ductile behaviar,

In addifion, the idea of unusually high creep rates at low temperatures has been refuted.
Recent ¢reep measurements of ne Cu, Pd, and Al-Zr at moderate temperatures by
Sanders et al. {1997) 1ind creep rates comparabie to or Jower than comesponding coarse-
grain rates. The creep curves at low and moderate homolegous temperatures {0.24 — 0.48
Tw) could be fit by the equation for exhaustion (logarithmic) creep.
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Fig. 2.11. Elongalion to Iaiture mn teasion vs. grain size for some nanocrysialiine metals

and alloys

Omne explanation is that the observed low creep rates are caused by the hiph fractiom of
low energy grain boundanes s conjunction with the limitation on dislocation activity by
the small prain sizes. In sum, the predicted ductility due to diffusional ¢reep in nc brittle
ceramics or inlermetallics at temperatures significantly less than 0.5 Ty has not been

realized.
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2.6.1.5 Superplastic Behavior

Superplasticity is the capability of some pelyerysialline materials to exhibit very large
tensile deformations withont necking or fracture. Typically, elongations of 100% to
>1000% are considercd the defiming fealures of this phenomenon. As grain size 1s
decreased it is found that the temperature is lowered at wiich superplasticity oceurs, and
the strain rate for its occurrence is increased. As discussed previously, Equabon 2,12
supgests that creep rates might be enhanced by many orders of mapnitude and
superplastic behavior might be observed in ne materials st temperatures much lower
than 0.5 Ty As mentemed ahove, actual creep experiments have not borne out this
prediction, but instead have shown ercep rates comnparable 10 or lowes than]hnse in
coarse-grained samples of the same material. This 13 presumahly why little enhancemneut
in ductility or superplastic behavior has been observed for nc materials al icmperatures
=ft § Ty However, there is evidence of enhanccinemt of superplastic behavior in ne
maierials at temperatures > 0.5 Ty. Superplasticity has been cbserved at somewhat
lower temperatures and at higher strain rates in oo materials, The evidence for tensile
superplasticity is limited and observed typically at temperatures greater than 0 5 Ty, and
in matetigls that exhibit superplastigity int coarser grain sizes (1-10 pn). For example,
Mishra et al. {1997) [47] observed supemplastic behavior in nc Pb-62%5u at (.64 T™
and n¢ Zn-22%Al at 052 to 060 Ty Howcver, Salishckev et al {1994) observed
superplastic behavior in submicran 200 nm 71 and several Ti and Mi base alloys. Here,
superplasticity {190% elongation, m = 0.32) was observed in Ti at 042 Iy, This wasata
temperature 50°C lower thau for 10 pm grain size Ti. The Aow stress for the 200 nm Ti
at 550°C was 90 MPa, campared to 120 MPa for 10 pm Ti at 600°C,

Mishra and Mukherjee (1997) {47] have observed superplastic behavior in NizAl with a
50 nm prain size at tcmperatures of .56 to (1,60 Ty to straius of 300 - 600%, but with
unusual stress-strain behavior and significant apparent strain-hardeniug. These new
tesulis suggest very different mechanisms may be causing superplastic behavior in these

n¢ materials,
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2.7 Unique Mechanical Properties ol Nanocrystaltine Materials

White there are still only hmited daia on the mechanical behavior especially tensile
properties of nc malerials, some peneralizations may be made regarding the deformation
mechanisms. Tt is likely that for the larper end of the nanoscale grain sizes, about 50 -
100 nm, dislocation activity dominales for test temperatures < 0.5 Ty, As grain size
decreases, dislocation activity apparently decreases. The essential {ack of distocations at
grain sizes befow 50 am is presumably the result of the image forces that act on
distocations near surfaces or interfaces. The lack of dislocations in small, confinexd
spaces such as single-crvstal whiskers has been known for many years {Darken 1961).
Creation of new dislocations is also made difftcult as the grain size reaches the lower
engd of the manoscale {= 10 nm). Stresses needed to activate disiocation sources, such as
the I'rank-Read source, are inversely propomional to the distance between dislocation
pinnmg points. Since nanoscale grains will limat the distapce between such pinniog
points, the stresses to activaie dislocation sources can reach the theoretical shear stress
of a dislocation-free crystal at the smallest prain sizes (~ 2 om). Thus, at the amallest
grain sizes we may have new phenomena controllmg deformations behavier. 1t has been
suggested that such phenomena may involve grain boundary shiding and/or grain rotation
accompanied by short-ranpe diffusion-assisted healing events (Siegel 1997} [34].

Several examples of deformation by shear banding have been reported for ne materials.
Carsley et al {1997, 183-192) [48] have studied nc Fe-10% Cu alloys with prain swzes
ranging from 45 to 1,680 nm. In all cases, deformation in compression proceeds by
intense localized shear banding. The siress-strain curves exhtbited essentially elasne,
perfectly plastic bohavior; that is, no measurable strain hardening was observed. Shear
handing iz also the deformation mode chsenved in amorphous metalle aloys and
amorphous polymers. The deforination shear banding in ne Fe—10% Cu was compared
10 thal for melallic ptasses, amorphous pelymers, and coarse grained polycrystalline
meials afier significant plasticity and work hardeming hed taken place. Whiie this
sugpests a close similarity between deformation in oc materials and amorphous
materials, not all tensile data on nic malerials exhibit a lack of strain hardening. The Fe—
10% Cu samples of Carsley et al. (1997, 183-192} [48] showed shear bands even ¢n their
larger grained specimens {i.c., about 1,000 nm).
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2.8 Ferromagnetic Nanostructured Materigls

2.8.1 Soft Magnetic Nanocrystalline Alloys

The discovery of nanccrystlline Fe-hased soft magnetic materials is less than ten years
ald. The first class of such materials was the melt-spun Fe-5:i-B alloys comtaimng small
amounts of Nb and Cu (Yostuzawa et al. 1988), The Fe-5i1-B-Nb-Cu amorphous phase
transforms to a body-centered cubic (boe) Fe-Si solid solunon with grain sizes of about
10 nm during annealing at temperatures above the crystallization temperaturs. The
presence of small amounts of Cu helps increase the nucleation raie of the bee phase
whilz Nb retards the grawnn growth. These “Finemet™ alioys prownde low com losses (even
lower than amorphous soR magnetic alioys such as Co-Fe-5i-B), exhihit saturation
induction of about 1.2 T, and exhibit very pood properties at high Taquencies,
comparable 10 1he best Co-based amorphous allays, These were first developed in Japan
and hawve stimulated a large amount of research and development worldwide o oplimize
the magnetic properties. There has been relatively hittle work in the United States in this

area, however.

While many of the sofi magnetic properties of Finemet-type nanocrystailine afloys are
superior, they exhibit lower saturation inductions than Fe-memlloid amarphous alloys,
mainly because of the lower ¥e content to atlain amorphization and because of the
addition of Nb and Cu {or oilhes elements to controt the nucleabon and growth kinehcs).
in arder to remedy this prohlem, another ctass of Fe-based nanocrystaliine alioys was
developed by inoue and coworkers at Tohoku Universily (Makino et al 1997) |49},
which is commercialized by Alps Electric Co.,, Lid., of Napaoka, Japan. These
“Nanoperm” alloys are based on the Fe-Zr-B system; they contain larger comcentrations
of Fe (83-89 at.%s} compared to the Finemet alloys (~ 74 at % Fe) and have hipher
values of satration induction (~ 1.6-1.7 T). The Nanaperm n¢ alloys have very low
energy losses at power frequencies (60 Hz), making them potentially interesting for
elecrical power distribution tmmsformers. The issues of composition modification,
processing, and the brittle mechanical behavigr of these nasocrystalline/amorphous
alloys are discussed by V.R. Ramanan [33] m the first volume of this WTEC study, the
proceedings of the May -2, 1997 panel workshop on the status of panostructure science
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and technoiogy in the United States (Ramanan 1998, 113-116} {33]. Fig. 2.12 compares
the sofl magnetic properlics of Fineme(, Nanoperm, and other materials, While there has
been extensivie research on these alioys, particularly in Japan and Lurope, most of the
development has been carred out in Japan. The Finemet family of alloys is marketed by
Hilachi Special Metals. Vacuumschmelze GmbH (Genmnany) and Tmpky (France) also
market similar alloys. The Nanoperm alioys are being commercialized by Alps Elecmnc
Co. {Japan). No extensive reseacch or any commergialization of these materials has been

carricd out m the Umied Stales
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Fig. 2.12 Effective permeability, j1., vs. saturation magnetic flux density, I, , for soft
ferromagnetic matenials {after A Inoue 1997).

The small single-domam nanocrystailing Fe particles in the amorphous matnix gives
these alioys their unique magnetic behavior, the mast dramatic being the lowest energy
losses (namrowest B/H hysteresis loop) of any known materials, along with very high
permeabilitics. These alloys can also exbibit nearly or exacily zero mapnetosmiction. To
date, these matenals have been made by crysiallization of rapidly solidified amorphous
ribbons. Other incthods that might provide geometmcally desirable products should be
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cxplored or developed. Elecirodeposition is one such method that requires further work.
Electrodeposited nc Fe-Ni soft magnetic alloys are being develaped in Canada.

2.8.2 Magnetic Propertics Derived from Hysteresis Loops

The magnctizalion / demagnetizatior: curve for a given ferromagnetic material provides
a creat deal of information during magnetic charactenzaton. The full magnetization
curve, shown in Fig. 2.13 , and known as a hysteresis loop, {llustrates the methodolopy
as well as which properties of the material under scrutiny are revealed. The hysteresis
loop has the axes of applied field (H} and magnctization of the material {M). Often the
magnetic induction (B) is displayed as a function of appized field {H} but B is related to
M by the following equation (2.13).
B=p {M+H)y. e 203)

Where g, is the permeability of free space

The hysteresis loop is generated in the following fashion as show in Fig. 2.13. At point
{a} the material is in the virgin or demagnetized siate and mcurs an applied field (H)
unhl] the material achieves magnetic saturntion at poit (b). From point (b} the field is
reduced to zevo and the magnetization remaining in the maierial with zero applied field
{remanence) is shown at point {¢). From point {c} & neganve field is applied to the
sample and the induced magnetization is reduced from {¢) 10 {d} which corresponds to
the amount of field required Lo reach zcra magnetization in a particular sample. Point {d)
is known as the coercive poinl. The sample 5 negatively magnetized 10 point {e)
comesponding to mapnetic satueation in the opposite direction. When the field is

decreased to zera and the mapnetization fzlls to the value at pomt {(F).

Lastly, the feld is applied in the positive direction to bring the sample back to positive
magnetic saturation crossing the applied field axis at point (g} and joming (he mitial
saturalion at point {b). The area enclosed fram poiat (b) counterclockwise to pont {b) is

the hysteresis loop.
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M {Magmetization)

Applied
Field

H

{ Appilicd ficid)

Fig. 2.13 Schematic diagram of M vs, H or hysteresis loop showing magmetic propertics
and domain structures during different stages of magnetization,

Hysteresis comes from the Latin verb hyster’, meaning 'to lag® The area enclosed by the
hysteresis loop represents a properly known as the energy loss {Wy) in cycling the
majmetic field. There are several mitigating factors that determene the shape and size of
the hysteresis loop and all of the properties revealed by the hysteresis loop. An
important property for characterizing ferromagnetic materials and their subsequent
application 15 determined i part by the suscephbility or permeability of a inateriai. The
susceptibility x} is defined by the following:
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=G e e (214)

Where M is the magnelization and 11 1s the applied field.

Similarly, the permeability { z) is defined in the foliowing equation.

*TH
The susceptibility and permeability are defined as the slopes of M vs. H or B vs. I1
respective hehavior on hysteresis loops. As these slopes change (hroughout the
magnetization process, the mosl yseful information is the initial susceptibility (initial

permeability), ()} which occurs at point (a) in Fig 2.13 and the maximum
susceptibility (permeability) . . (& ) which occurs at points (d) and {g}

corresponding to the eoercive points. The susceplibilities give us imporiant information

reparding the ease at which a maicrial may be inagnetized.

Satsration magnelization {M,) describes the limit of magnetization in any given material.
This occurs when all of the dipole moments m the material are aligned in the direction
of the applied magnetic ficld. Magnetic saturalion oceurs at point {b) in Fig. 2.13. It
should be noted the saluranon magnetization depends only on the volume of atoms being
magnetized and is expected to be a structure insensitive property {36]. Relentivity (M)
of temanent induction {Bg) 15 the amount of magnetization remaming in a material after
a saturating field has been removed. The retentivity is given by point {c) in Fig. 2.13.
Permancnt magnet theoty makes use of this property somctimes called the retention of

magnetization o distingwsh ferromagnetic materials from paramagnetic matenals {30].

The coercivity (He} is defined, ag the applied field required to demagnetize or 0 bring
the magnetization of a saturated malerial o zero. The coercivity or coercive point is
given by point {d) ia Fig. 2.13. It should be noted that the width of the hysteresis loop is
defined as twice the coercivity and as such, the coercivity will determine o a great deal
thc magnetic properhes of a material. The domain structure of the mawmal is
magnetically saturated in the direction of the applied field ar point (b) in Fig. 2.13. The



domain structure changes when the magnetic ficld is applied in the oppostte direction to
have zero net magnetization at point {d} as shown in Fig. 2.13. At point (e} Fig. 2.13,
all dipeole moments are aligned in the direction of the applied ficld.
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Fig. 2.14 Hysteresis loop behavior for sofi iron and hardened steel |36].

‘There are various coniributions to the hysleresis of a ferromagnetic malerial. For
Instance, a cold worked specimen will increase the hysteresis core loss (Wy) and
coercivity (He) as show in Fig. 2.14. Tmpurities, inclusions and dislocations in material

act as pinning sites for domain wall movement. This in tom provides an 'internal fiction

during the inagnetization process Lhat subsequently increases ihe hysleresis.
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2.8.3 Hard and Soft Magnetic Materials

Tt ts possible to broadly classify, ferromagnetic materials as either hard or soft mapnetic
materials based on thew permeabilities and coercivities. Fig. 2.15 iliustrates the relajuve
permeabilitics and coercivibies along with the year of discovery for both hard and sofi
magnetic materials. A hard magnetic matenal i1s one in which the matenal, once
mapnetized is difficult to demagnetize. Materials, which fal! into this category, are used
for petnanent magnets and magnetic data stofage or recording media. Hard magnetic
materials typicaily have coercivities preater than 10kA/m [501.

Permanent magnetic matenals are chosen for applicalions based on their 2™ quadrant
hysteresis loop properties or what ts known as the demagnetization curve. The magnetic
propertics of permanent magnets are determined not only by their camposition but heat
reztments and processing treatments dunng fbrication. Ome important permanent
magnet class, which was discovered in 1984, is the neodymium-iron-boron class of
magnels. The Nd-Fe-B magnet is known for its extracrdinarily high coercivity, which

can reach values of 1.12 x 10° A/m.

The other imporiant magnetic property that determines the suitability of &8 permanent
magmet material is the maximum energy product {BHpx). For Nd-Fe-B magnets the
encrgy product can be as high as 320 x 10° )/m* |50}. Recording media require high
remanence and cocrcivity not unlike permanent magnet materials. Another requirement
of materials for recording is a square hysteresis loop, which means that the material has
a high reinanence and coercivity but is able to switch fromn one state to another quickly.

Typical materials uscd for recording media are oxides of iron, cheomium and cobalt,

Solt magnetic materials {ind use in entirely different applications. Typical soft mapmetic
applications inclugde: wansformer cores, relays, recording heads, electne motors and
glectromapners. Soft magnetic matertals are materials, which can be easily mametized
and demagnetized with mimmal coercivity (1L} and core loss (Wy) in cyelic
applications. 50f magnetic materiais typicaliy have coercivities lower than 1 kA/m.
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Fig. 2.15 Relative permeabilities and coercivities of ferromagnetic matenals [36].

Electromagnets must hawe a high permeability and satumation but low coercivity so (hat
the feld direction may be easily reversed. Sofl iron and ailoys of cobalt and iron are
used almost exclusively which provide 2 saturation magmetization as high as 1.7 x 10°
A/m and 195 x 10° A/m respeclively. As wransforiners operate in an alternating current
environment they must minimize core losses which are penerated as a result of magnetic
hysteremis and eddy current formatum Laminawd siructures compnsing, grain onented
wron-sihicon alloys are usually osed for transformers as (hey have a high magnetizahion

combined with a low conductivity {due to Si) which reduces losses duc to eddy currents.



2.8.4 Permanent Mapgnet Materials

The first atlempis o produce nanoscale microswuctures 1o enhance the magnetic
properties of the Nb-Fe-B permament magnetic materials used mechanical alloying ot
blended elemental powders followed by heat oreatment (Schuliz et al. 1987). Since the
grain structure 30 obtained does not exhibit any crystallographic texture and limits the
energy product special processing methods such as die-upsetiing were used by Schultz
and coworkers (1982) to provide the crystallographic anisotropy. Whilte the cosrtivities

of these nanocrystatine alloys are high, the remanent magnetization is decreased.

Recent approaches to increasing the magnetic induction have utilized exchange coupling
m magnetically kard and soft phases. The Fe-nich compositions {e.p., FesNdyD;} result
m a mixture of the hard Fe 4sNd;B phase and soft w—Fe phase. The nanoscale two-phass
mixtures of a hard magnetic phase and a soft magnetic phase can cxhibit values of
emanemt magnetization, M,, significantly greater than the isotropic value of 0.5 M, This
“remanence enfrancement” is assaciated with exchange coupling between the hard and
sofil phases, which forces the magnetization vector of the soft phase (o be rotated to that
of the hard phase {Smith et al. 1996) [51]. Twe imporant requirements for alloys to
exlubit remanence enhancement are a nanocrystalline prain size and a degree of
coherence across interphase boundaries sufficient to enable adjacent phases to be
exchange-coupied. The significant feature of the exchanpe coupling is that it ailows
cryslallographically 1sotropic materials ta exhibit remanence values approaching thosc
achieved after full alipnment. Such two-phase naaoscale ferromagnetic alloys have been
prepared by norequilibrium methods such as melt-spinning, mechanicat atloying, and
sputter deposition. Besides the high reduced remanence, the matenal cost is reduced by
reduction in the content of the expensive hard rare earth-containing magmenc phase. The
theoretical understanding of remasence enhancemment appears to be developed to a
depree enahling prediction of mapnet performance; however, this perfivmance, while a
significant improvement over sinple-phase 1sotropic mapmets, does not reach predicted
values. Work is required on optimizing the orientabon relationships between the hard
and soll phases and the interphase properties (coherency) between them.



Research on nanocrysialiine hard magnetic alloys has received alieniion worldwide. The
11.5. efforts are summarized in the article by G.C. Hadjipanayis (1998, 107-112) [52].
While less research seems to be carmied out in the world on these materials compared to
the nanacrystalline sofl magnetic alloys, some efforts exist in most countries. Notable
programs are those of L. Schuliz and coworkers st the Institut fisr FestkOper und
Werkstofforschung (1FW) in Dresden and P.G. McCormick and coworkers at the
Unwversity of Western Australia,

While the very low losses of the ne soll magnetic materiats (Finemet or Nanoperm) are
dependent on grain size for their properties, the hard inagnetic nc zlloys with remanence
enhancement provide flexibility in processing, especially with powder materials. These
remanence-enhanced nc hard magnetic alioys may {ind many applications as permarent

magnet components.

2.8.5 Giant Magnetoresistance (GMR)

The phenomenon of giant magneioresistance (GMR), the decrease of electrical
resistanee of matenals when exposed to a magnetic feld was tirst reported in a number
of mudtilayer femromagnetic/nonferiomagnetic thin film systems {Baibich et al. 1988}
[33]. More recently, GMR was observed in equiaxed gxanuh;r nanocrysiailine materiais
(Berkowitz et al. 1992) [54]. In padicular, GMR systems with low saturation fields offer
a wide area for application 1n magnetoresistive devices. GMR sensors have a higher
output than convenisona! anisotropic magnetoresistive sensors or ilall effect sensors.
They can operate at higher magnetic ficlds than conventional magnetoresistive sensars.
In multilayer sysiems the antiferromagnetic alipanment of (he ferromagnetic lavers in
zero fieid becomes ferromagnetic as the field is applied and causes a decrease in
resistance, Oranular matenals that show GMR consist of small ferromagnetic single-
domamn particles with randomly oriented magnetic axes in 8 nonmagnetic matrix. An
external field rotates the magnetic axes of all magnetic particles. The rotation towands
complcte alignment of all magnetic axes apaim reduces the resistance in a similar way as
for muitilayers. The GME. in gramular systems is isotropic. The explanation for the GMR

15 spindcpendent scatlering of the coaduction electrons at  the
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lerromagnetic/nonmagnetic interfaces and, to a lesser extent, within the magnetic prains.

The GMR scales inversely with the average particle diamerer,

There is worldwide research on the GMR efTect. U5, programs ars reviewed by R. Shull
and G.C. Hadjipanayis in the proceedings ol the WTEL US. nanotechnotogies
workshop (Shull 1998, 43-58) {55], (Hadjipanayis 1998, 107-112) The NIST work
described hy Shall has provided matenial with the largest GMR values for the smallest
switching fields. Japanese research on GMR, includes studies in Prof. Fuiimoni’s group

at Tohaku University.

While the theory for GMR of spin-dependent scattering referred to above has been used
as an explanation, other explanations kg into account memcnon betwsen magnetic
regions have been proposed (El-Hilo et al. 1994} (56]. Combined theoretical and
cxperimental studies should help 1o clarify the mechanism for this effect.

2.9 Other Ferromagnetic Nanocrystalline Materials

Magnetic nanocomposite refriperants, which have four times the magnetocalong effects
of the best low temperature magnetic refrigerant, were developed by NIST and described L
by R Shull {{998, 43-58). The entropy change at a given {low) temperature for a syslem
of magnetic spins is echanced when the isolated spins are clustered. Shull et al. (1993)
{57] have shown that the nanocomposite GdsGas , FeOyr pives supenior mapnetocaloric
effects, which merease with x up to x = 2.5 and can be extended {0 higher temperatures

than conventiosal materials.

Magnetostrictive materials such as Terfonol-D (Thy 3Dy +Fes) have been of scientilic
and technoloprcal mierest 10 recent vears. It is suggested by G.C. Hadjipanayis {1998,
i07-112) [521 nanostructured mapnetostrictive materials can have improved properties,
such as tower saturation felds, with reduced anisotropy and in multilayers with alternate
layers of magnetostrictive and sofl magnelic materals that are exchange-coupled.
Hadjiparayis states that most of the research s this area is carmed out in Japan and

Europe,



2.10 Other Bulk Applications of Nanostructured Materials

2.10.1 Nanocrystalline Hydrogen Storage Materials

R.B. Schwarz (1998, 93-95) [58] has pointed out tirat nanostructured matenials offer
several potenbal advantages for hydrogen storage malenals. Ramd kinetics of
ahsomption/descrption can be aided by refining the microstructure to the nanoscale. For
example, nanoscale inclusions of Mg;Ni m Mg catalyze the decomposition of the
molecular hydrogen, increasing the hydrogen absorphon/desorption kinetics., Another
advantage of the nanoscale microstructure is that the alloy powder does nol comminute
on repeated charging/discharging with hydrogen. This is noi sirictly a bulk material,
smee powder agglomerates or green compacts can be used, thus obwviating the teed for

compaction to theoretical density.

2.10.2 Nanocrystalline Corrosion-Resistant Materials

The hmiled work to date on conoson resislance of nanocrystailine matenals indicates
that no generahzatrons can be made. Supenor localized corrosion resistance i HC was
abserved for nanocrysialline 304 stainless sieel (Fe—18%Cr—8%Ni) prepared by sputter
depasition {Inturi and Szklavska-Smialowska 1991 and 1992) was attributed to the fine
grain size and homogeaeity of the ne material. However, the averape dissolution mate of

nc N was found to be higher than that for coarse-grained matenal (Rofagha et al. 1991)

2.10.2.1 Corrosion of Metals and Their Alloys

Corrosion mvolves the inlevaction (reaction) between a metal or alloy and iis
environment. Corrosion is affected by the properiies of both the metal or alloy and the
environment, In this discussion, only the environmental vanables will be addressed, the

maore irnportant of which mclude:

+« pH (acidity)

v Oxidizing power {potcitial)
# Temperature (heai transfer)
s Veloaty (Aud flow)
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¢ Concentration {solution constituents)

The concept of pli is complex. 1t is related to, but not synonymous with, hydrogen
concenlration or amount of acid. While corrosion obeys well-known laws of
electrochemistry and thermodyramics, many variables that inflzence the behavior of a
metal in its environment can result in accelerated corrosion or failure in one case and
complete protection in another, simliar case. Avoiding detrimental corrosion requires
the interdisciplinary spproach of the designer, the metaliurpist, and the chemist. Sooner
or later, nearly everyone in these Belds will be faced with major corrosion issues. It is
necgssary to learn o necogmze the forms of cormosion and the parameters that inust be
controlled to aveid or mitigate corrosion. The theory of corrosion from (he
thermodynamic and kinetic points of view covers the principles of electrochemistry,
diffugion, and dissolution as they apply to agueous corrosion and high-temperature
commosion @ salts, liquid metals, and gases. We can face the various forms of cormaion,
and we must know how to recopnize them, as well as the driving conditions or
parameters that influence each form of the cormosion, for it is the control of ihese
parameters which can minimize or eliminate cormosion. All comrosion processcs show
some common feafures. Thermodynamic principles can be applied to determine which
processes can occur and haw strong the tendency is for the ¢hanges In take place.
Kingtic Taws then descnbe the rites of the reachions. There are, hawever, substantial
differences in the fundamentals of corrosion ik such environmenis as aqueous solulions,

non-aqneous lignids, and gases.

2.1022 Forms of Corrosion

Over the years, comosion scientists end engineers have recognized that corrosion
mantifests itself in forms that have cerain similarities and thersfore can be categonized
into specific gronps. However, many of these forms are not unique but involve
mechanisms that have owver lapping characteristics that may influsnce or control

imitiation or propagation of a specific type of corrosion
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The most familiar and ofien used categornization of carrosion is: umiform atdack, crevice
corrosion, pitling, intergranular comosion, selective leaching, erosion comrosion, stress
corrosion, and hydrogen damage. Tins ¢lassification of corrosion was based on visual
charactenistics of the morphology of attack. Other prominent corrosion authors have
avoided a classification formai and have simply discussed the classical types of
corrosion (for example, pitting and crevice corrosion} as they relale to specific metals
and atloys.
¥orms of corrosion are:
t. General corrosion

» Atmospheric corrosion

v (alvanic cormosion

« Stray-current carrosion

« (ieneral brological corrosion

s Molten salt corrosion
+ Corrosion in liquid melals

2. High-tempecratire corrosion

»  Onidation

» Sulfidation

« Carbyrrzation
s {xher forms

3. Localized ¢corrosian

» [iliform coemrosion

s Crevige comoeson

« Piting corrosion

Localized biological cormosion

4. Metallurgically mfnenced corrosion

» Inlergranutar corrosion
» Dealloying comosion

5. Mechanically assisted degradation
Erosion corrosion
Fretting comrosion

s Cawvitation and water drop impingeimeat
« Corrosion fatigue
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6. Environmentally induced cracking

« Stress-corrosion cracking

» Hydrogen damage

« Liguid metal embnitlement

« Solid metal induced embrittlement

2.1t Applications of the Thin Films of Electrodeposited Iron- Nickel
Alloy

lron-Nickel alloys are of preal commercial interest as a result of their s0ll magnetic and
thermal expansion properiics, Due to thew unique Jow coefTicient of thermal expansion
(CTE) and scfi magnetic properties, iron- nickel alloys have been used in industrial
applications for over 100 vears {59 Typical examples of applications that are based on
the low CTE of Fe- Ni alloys mglude: thermostatic bimelals, glass sealing, integrated
circuit pacagmg, cathode ray fube shadow masks, composite moldsfooling and
membranes for liquid namral gas tankers {59]; applictions based on the soft mapnctic
nroperties molude: read-write heads for mapnetic stomge, mapnetic aclnators, magnetic
shielding and high performance transformer cores, Wunostruciured Fe-Ni1 alloys made by
electrodeposition provide material with significantly improved strength, increased wear
resistancs, and good sofi magnstic properties, without compromisiag the CTE. Nickel
Ferrite is mostly used as gas sensing, magnetoresistance and used in electronic

industries

2,11.1 Low Thermal Expansion Applications

Two apphcations in particular are for usc in mtegrated circnit packaging and shadow
masks for cathode ray tubes. Integrated circuit packaging requires materials with thermal
expansion coefficients masched to those of sihicon to prevent the formation of cracks,
delamination and/or de-bonding of the dilferent materials during thermai cycles to which
the component is exposed. In colour cathode razy tube televisions and computer
monitors, the shadow mask is a perforaled metal sheet that the electrons from the

¢lectron pun must pass through before reaching the phosphor screen. The role of the
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shadow mask 15 to ensure that the electron beam hits only the correct coloured phosphor
dots and does not illuminate more than the one that was inended. Only 20% of the
electrons pass through the shadow mask, thereby absorhing the other 80%, which leads
to an increase in temperature in lthe mask. The resulting thermal expansion can disturb
the alipnment berween {he apertures and the phosphor tnads, leading to a distoried
image. This effect is known as “domicg”. To minimize the “dominp™ eflect, Fa-Ni
{Invar) alloys have recently replaced aluminiwmn-kilied {AK) plain carbon steel for use in

shadow masks in kigh-resolution televisions and computer momitors [60].

2.11.2 Microelectromechanicat Systems

In aflchhon, the increased strength and low CTE of the Fe-Ni alloys ¢an smprove the
overall performance of the component in terms of specific strength, elastic energy

slotage capacity and thermal shock resistance [613.

2.11.3 Magnetic Applications

For sofi magnetic applications, ranging from electromagnetic shielding, tansformer
materials, read-write heads, high efficiency motors or emerging microclecromechanical
system components, magnetc malenals that exhibit sma!l kysteresis losses per cycle are
required. More specifically, materials with: (i) high permeability {the parameter which
describes the flux density in very small Lelds), {il) low coercivity, (iis} high saturation
and remnani magnehzation, (iv) high ¢lectncal resistivity {fo munimize losses due to
eddy cumrent formation) and {v) high Cune temperatures are required. Elecirodeposited
nanoirystalline Fe-Ni alloys fulfili the above requircments with the added benefit of
tugh strenprth and good wear resistance. In the case of magnetic shielding, the ability of
producimg high strength net shape components with good solt mapnelic propernies is
highly desirable.

2.11.4 Other Applications
Electrodeposited nanocrystalline Fe-Ni alloys would be idea! for hardfacing coatings
where cofrosion is ned an issne (such as maching parts operating m an oil environment).

The wear resistance of the coatings could be further improved by co-depositittg frard

7l



ceramuic parlicles such as B {62]. As the composition of Fe-Ni can be vaned to match the
low Coefficient of Thermal Expansion (CTE} of the ceramsc particles, & nanocrystalline
Fe-Ni composite eleclradeposit would be an excetlent hardfacing coating in applications

where larpe thermal gradients exist and close dimensional tolerance is required.
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EXPERIMENTALI CHAPTER 3
3.1 Materials

Commertial copper sheets were used as substrates in this investigation. As anodes for
clectrodepasition platinum sheets were used. The size of platinum anodes was 35 mm x

15 min x 0.4 mm and that of copper substrate was 50 mm x i5mm x 1 mm.

3.2 Preparation of Specimen for Elcctrodeposition

Remaval of sharp edpes: This is done by prinding the sharp edges. Current density
becomes larger at sharp edges and this in twm resufts thicker deposgition at the edges. In

otder to get uniform depositon, sharp edges were removed.

Cleaning with detergent: The sample may contain grease, oil, drawing compaunds and
other substances which ¢ome durng its fabrication. 1f these contaminants are present,
they wilt weaken the subsequent pickling action on the sample. So, these were removed.

For this operation, a solution of commercial Na;COs powder was used.

Pickling: Pickling was done for the chemical removal of surface oxides (scale) and other
coptamnmants such as dirt from metal by immersion i an aqueous acid solution.

Particulary of pickling operation are given in Table 3.1,

Rinsing: Thorough rinsing was done for obtaimmg the clean, stain-free and smut-free
surface necessary for the subsequent operation. In order to get optimum rinsing
conditions, maintenance of the high pressure ¢old water sprays were provided. Thus,

acid conlamination is ehminmed or minimized.

Acid dipping: Plating is imtiated on an active surface. So, samples were acid dipped to
neutralize any residual film, remove oxides and smts and m activate the work piece for
suhsequent electroplating. Warious parameters of this treatment are given in Table 3.1,
The sampie is now ready for electrodeposition.
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The flow dizgram of sgample preparation is as follows:
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Table 3.1 Particulars of Pickhng and A¢id Dipping Operations

Operatng conditions
) Reagents used
Name of operation .
(wi.%) Temperature )
0 Time
('C)
HCI :20 )
Pickling 70 10 minntes
H,O :80
o HCl: 10
Acid dipping Room 15 seconds
HED ; 0l

3.3 Electrodeposition Set-up

Electrodeposition was carmied out m a laboramey type elecirodeposition set-up consisting
of a beaker, a D.C. power supply, a thenuometer, a mapnetic stirrer, a stand and prespex
holder. The beaker containing the electroplaling solution and magnetic stirrer was placed
on 3 magnetic hot plate 50 as to be able to agitate the electrolyle automaticalty. Anode
and cathode were comnected to the D.C power supply via a multimeter. Two anodes
were used on both sides of the cathode for wniform deposition on the both sides.

Schematic of the sct-up used for electrodeposttion is shown in Fig. 3.1,
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Fig. 3.1 Electrodeposition sci-up
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3.4 Electroplating Operation

The beaker was filled o approximately {wo thirds of its marking point with bath
solution. The pli value of (he solution before elecrodeposition was measured by pi
metes. The pre-treated substrale and two anodes were immersed into bath solubion upto
the mark. All the accessones were set-up The substrate was then connectied to the
nepative terminal and two platioum anodes o the positive terminal of a D.C. power
supply. A digital multimeter was also placed in the circuit in senes connection to
measure the cusrent. Deposition was carried ont at room temperature and constant
currenl densities viz. 20, 30, 40, 50, 60, 70, 100, 120 and 340 mA/cm’. Each
electrodeposition was continued for a predetermined time period of two hours. Al Lhe
end of each depoasition, the power supply was switched off and the work pigce was taken
out. The coated specimens were thoroughly rinsed m distitled water to remave surplus
alectrolyte, dried and stored in a desiccator for further investipation. The pH value of the
bath solution afier electrodeposition was again measured and the change of pH was
recorded. Compositions of different simple and complex baths used are pven i Table

3.2a and Table 3.2b respectively.

Table 3.2a; Composition of simple baths used in the stody

Barh identification Bath concemration (g1} Ni/Feratio
NiSQ, 7HA =281

B-! FeS0, 7THA :278 1.04
H,BO, 1124
NiSQ, THA 155

FeSO, 7H0 :56
B-2 2.84
HaBO, : 124

Ma.Si0, 1 497




Tabie 3.2b Composition of complex baths used in the study

Ratt Concentraton of Cmcm}mﬂf;.] uit‘scmjllp lexing
identification principel mpredsenis Ascorb ingredients (/1) NiFe ratio
(27) oo | Saccharin | Citric acid

NisO, THO 281

B-3a 15 1.5 21
FeSOy THO :27%

B-3b H;BO, 12 4 20 3.0 4.2 1.04
NH.JSD.; $49°F

B-3¢ 3ig 4.5 B4
HISDJ, H QE
NSO THD 128

B4a - — 42
FelO: TH,O 278

B-dh H,BO, 1124 20 - 472 L.04
Nﬂ.zan. 1497

B¢ - 30 42
HzSDJ, 198

3.5 Methods of Investigation
Tn the presenl study, the following tests have been conducted on the deposit.
1) Chemical analysis of the coating.
5}  Micro-hardness measurement of the deposiled conting.
iii) Measurement of corrosion properties of the Fe-Ni alloy coabng.
iv)  Study of coating morpbology by Scanning Electron Microscope (SEM).
v) Mecasurement of magnetization by Vibmating Sample Mapgnetometer (VSM)

3.5.1 Chemical Analysis of the Fe-Ni Alioy Deposit

Chemical analysis of the deposit was carmied out by the convenlional wel method.
Weight of the electrodeposited sample was taken [irst (say wy). The deposit was allowed
ta dissolve in 40 c.c. aqua rezia solution {HCY : HNO; = 3:1}. Precaultion was taken bere
50 thal HCl and HNO; do not react with the substrate. ‘The sample was rinsed with tap
water, dried n acetione and weighted {say w;). S0, w = w; - w; gives the weight of the
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deposit dissolved in aqua rezia solution. The solution was heated to expel the oxides of

N, and then diluted to 100 cc with hot water.

20 ml. of 25% citric acid solution was added mto the scluton. Neutralization with
NHLOH was done and 1 m!. in excess was added. Few drops of HC1 were added until (he
neutral solution i1s shightly acidic, After this, 56-70 ml, of a 1% ammoniacal solution of
dimethyl glyoxime {C;HyN-0,) was added Mi-glyoxime precipitale of blood red color
was formed; again some NH,OH was added to make the solution alightly alkaline and
digesled for 30 minutes, The precipitate was then separated by filtering through palp.
The preciptate was washed several limes with hot water and ignited carefully at 650-
700°C. Both ash and NiQ} were obtained afler burming and %N was delermined by the

following formula:
YUMNi=NiOx7858/w

Iron estimation for Fe-N alloy coatimyg was determined by volumetnc method by using
potassium dichromaiz. For this, some solution (coating dissolved in aqua rezia) was
heated to expel the oxides of N3 and then a few drops of HCI was adiled. Aller then it
was diluted to 25 cc with hot water and transferred inlo a conical flask. The solutron
was (hen heated to boiling. Stannous chloride solution was added to it drop by drop with
corslant shaking bl the yellow color changes to almost color fess. It was then cooled
quickly to avoid oxidavion. 20 ml of HgCl; solution was added, a sitky while precipitate
was formed. 2-3 drops of dipheaylamine indecator was added and the solution was
ttrated with 1N K:Cr;07 solution. The end point was indicated by the appearance of
deep blne color. % Fe was calgulated as follows:

T mlof IN KGO0, =0.05585 gof Fe.

% [e oo = 11.17 x (V- ¥y} (ml)

Whete,
V=Initial volume of K:Cr:04

¥y= Final volume of ¥,0Cr(5



3.5.2 Microhardness Measurement

Microhariness indentstions were imposed on Lhe coaling surface by using a Shimadzu
Microhardness Tester. The indentor was vsed in the form of a right pyramid with a
square base and an angle of 136 degrees between opposiie faces subjecied (o a load of
50 g. The full load was applied for 10 seconds on unetched specimen surface of Fe-Ni
alloy coating. The two diagonals of the indemation aller removal of the load were
measured using Scanning Electron Microscope (SEM) and the Vicker Hardness Number

{VHN) was calculated from the conventional cenversion Lable.

3.5.3 Corrosion Test

The Salt Immersion Corrosion Test was adopted to measure the corrosion resistance of
Fe-Ni (itms on Cu substrote. The immersion test was performed at room temperature

using 3 solution of 5 % NaCl and sections of Fe-Ni films on Cu substrale were used as

test samples (Fig. 3.2).

AT T T LT i f e Tl T Rl Tl dTa b

Cu Substrate

[mmerged Coatrd Arca

Cormesion Medium

Fig. 3.2 Salt Immersion Test



The test samples were weighed and recorded before the immersion and then immersed in
the prepared fresk salt water soiutior and Lhey were kept there for 48 hours. When the
test ine was completed the samples were taken cut of NaCl solution. After rinsing with
tap water and drying with acetone, weight of (he samples was laken. The difference in
ntial and (inal weight was the measure of weight loss which indicates the amount of
corrosion ocourred (e the test. The section of Fe-Ni films on Cu substrate that was used

for the corrosion test is shown in Fig. 3.3.

O
iz /
. i g E T Level of salt solution
8 | 53 l g Immersed seclion of sample
| l g for the corrosion test
e |4
"
13cm

Fig. 3.3 Section of etectrodeposited [ilm used for the corrosion test

The expression mgfdmzfda}r (mdd} was used 1o express the comosion rales throughout
the whols study. This expression was readily calculated in accordance with the weight

loss and the immersed surlace area using the following formula:

Weight loss (Tﬂ_g_ )

mdd =
[Specimen area (dm?) » time (days ]
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3.5.4 Investigation of Surfece Morphology of Fe-Ni Alloy Coating

The surface morphology of Lhe Fe-Ni coaling was studied by Scanping Electron
Microscope {SEM}. The deposited specimen was cut into pieces of | cm x 1.5 cin. Each
sample was cleaned in methanol (CH;OH) for 10 minates using Lthe ulirasonic cleaner.
Ultrasonic cleaning of the samples was done to remove vowanled didls and fines if
present onto the coating surface. The sainple was then ready for observing ander SEM.

The specimens were sealed with aluminum foil to protect it from environment whenever

required.

The surfaces of the Fe-Ni alloy depesited coatings were investipated hy means of
scanning ¢clectron microscope {SEM) al X500 and N1000 magnifications o analyze the
surface characieristics. The observed images were recorded and then studied. The
operating condition of SEM is stiown in Table 3.3.

Table 3.3 Operating conditions of Scanning Electron Microscope (SEM}

Radiation Fine electron beam
Emission type Thermionic
Filamenl Tungslen (W)
Voltage 10kV

Current Abouot 50 1A

3.5.5 Investigation of Mapgnetic Properties of Fe-Ni Altoy Coating

Magnctic pmperties of the Fe-Ni films were characierized by a wvibmating szmple
mapgnetometer (VSM). VSM was used (o0 generate hysterzsis loops at room teinperature
{20°C). The VSM was carefully calibrated using the standard caltbration sample of
nickel with a purity of 99.49%%. The calibration was donc at an applicd magnetic ficld
af 2500 Qe and a emperature of 20°C. Hysterests loops were penetated using a sweep
lime of 20 minutes and a maximum field of 2560 Oe. The VSM was (hen ready
(calibraied) (0 measure the magnetizanon of Lhe coated expenmentaf samples.
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Magmetization loop specira of the experimental samples were taken with the magnetic
ficld applied paralle! and perpendicular to the flm plane using VSM at room
temperabiwre. The dimensions of the Fe-Ni coated samples used in the VSM
measuwrements wer¢ 3mm x dmm. The sample was (ixed 10 a small sample holder
iocated at the end of a sampls rod mounted 1 an ¢lecromechanical ransducer as shown

in Fig. 3.4. Power
amphfier

s, Dtiving cail | Osollator
Osciilaling g ! :
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LlTk-in Integrating Jrereirrmn
> “
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Sampl:?i?lf'ﬁpr cail

Fig. 3.4 Schematic diagram of Vibrating Sample Mapgnetometer (VSM)

The transducer is driven by a power amplifier which itself is driven by an oscillator at a
(requency of ¥ Hz. So, the sample vihrates along the 2 axis perpendicular to the
magnetizing fiefd. The mduced signal in the pick-up coil system s fed to a differential
ampiifier, The output of the differentiat amplifier is subsequently fed into a fined
amplifier and an inlenal lock-in amplifier receives a reference sipnal supplied by the
oscllator, The output of this lock-in amplifier, or the output of the magnetometer itself,
i3 a [DC signa! proporvonal to the magnetic moment of the sample and is obtained from
the dptal readout.
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4 RESULTS AND DISCUSSION

4.1 Electrodeposition of Fe-Ni Alloy Coating

The Fe-N1 hlms were deposited from eight different baths. Twe of them were simple
baths containing the main ingredients NiS(hy, FeSO,, Na,80,, H:B(; of varying
composition with dilferent Ni/Fg ratio in each batk, Another six were complex baths
contaiging ascorbic ecid, sacchann and citric acid in varvieg coocentration as

complexing apents m addition with the main inpradients.

The bath pH and apptied current demsity bad a profound ¢ffect on the nature of Fe-Ni

“allay deposit, The deposit guahty was identified by visual mspection. Uniform, adherent
and bright coatings from all the baths were obmined at higher pH range with lower
cwTent density and at iower pH range with higher curment density. A unigoe refation
between current density and pH of bath solution for umform and bright coating from
complex bath is shown in Table 4.1. An applied curmrent density of 100 mA/em’
produced blackish rough deposit from bath B-32 having electrolyte solution of 1.85 pH
while umform, adhgrent and bright coatings were obtained from the same bath B-3z at
cwrent density of 30 mA/em’ and pH 1.85 of the bath.

Tabte 4.1: Current density {cd) and bath pH for uniform and bright coating deposited

from complex bath.
Bath pH and cd {mAJem™) for uniform and bright deposition
at

) ) ) 1 2 3 4 5 &
identification

pH tcd [pH [cd [pH |ed |pH |¢d (pH jed | pH |cd
B-3a P85 |30 | — - 131 )50 |— - 1.17 | L0a | — -
B-3b — — | 178140 | 131 {30 |- e - 1.00 | 140
B-3c — — |- —~ | L7850 [ 131 |60 |— — 1.00 ; 140




Fig. 4.1 represents the pH and current density matching for uniform and bright
deposition of Fe-Ni coatmgs from complex baths B-3a and B-3b. Simiiar trend was also

ghserved in all other complex as well as simple baths.
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Fig. 4.1 Relation between pH and current density for
bright deposition oblained from baths {a) B-3a and (b}
B-3b.

No deposition was seen in cases the pH < 1.90 for simple baths and pH < 1.00 for
complex baths. From baths with pH less thao these lower limil, deposit could form only
near the edges whilc major portion of the substrate surface remaned bare. At this low

pH Fe-Ni plating baths became (oo corrosive and therefore the newly deposiled Fe-Ni
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alloy 15 chemically allacked and dissolved Al the mid portion of the sample where
current denstty 15 Iower than the average, rate of Lhis chemical artack is higher than the
depaosition rate. On the olher hand, at areas near the edges which receive more curment
than the avernge, Lhe deposition rme is higher than the rate of chemical attack. As a
resull, signilicant amount of deposit could only be seen near the edges at pH < 1.90 for
simple baths and pH < 1.00 for complex baths [64). No good deposition was oblamed at
3 current density > 120mAsem’ for simple baths and > 140 mAfem? for complex baths,
At these higher current densities deposiled coating tond to peeling due to developing of
siress and some times curved surface was observed, Thus, no electrodeposition was
carried out @ any current demsity > 120 mA/em® and 140 mA/em® for simple and

compiex balhs respectively.

4.2 Chemical Analysis

Chemical analysis of the coatings was camed out by the conventional wet method, Fe-
Ni Alms obtoned at different current density from baths with varying NifFe ratio show
the variation of Ni content in it. Electrxleposition was performed at room iemperature
with no agiation where cuwrreni density had bzen vaned fom 30 to 120 mAJem? for
simpie baths B-1 and B-2 while 20 to 140 mA/em? for complex baths B-3a, B-3b, B-3c,
B-4a, B-4b, & Bc. The variation of Ni content in the coatings with current density for
dtflerent Niv/'te raho mm simple and complex baths 1s given i Table 4.2 and Table 4.3

respectivaly.

Table 4.2; % Ni i coatings deposited from simpie baths ar different current depsity.

Baih NvFe m hath %4 Ni in coatings

dentification | solutian S0 mAjem® | 70 mAZem® | 10 mAZem® | 120 mAsom?
B-1 1.04 958 11.09 Y 1511

B2 2.84 16.12 1521 21.02 21.80
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Table 4.3: % N in coatings deposited from complex baths at different current demsity.

NiFe in{ % Ni in coarings

Bath bath
identification solutton | TV 30 40 50 o0 104 140

mAm® | mAer® | mhem’ | mAr® | mven? | mAdan? | mAdem®
B-3a 4413 (4038 | — W |- 3438 | —
R-3h 1.04 - 47.52 [ 4438 | 3T4R | - - 1143
B-3Ic - - 3927 | 3548 | 2978 | — 26,19
B-4a - 2837 |-~ - - —_ _
B-4b 1.04 - 1213 | - — - - _
B-4c —_ 3043 {— —_ —_ — —_

Fe content of the coatings was alse analyzed to check the co-deposition of Fe-Ni alloy in

the coahinrg. The vaniation of Fe content in Lhe coatrgs with current density for different

Ni'Fe ratio m simple and complex baths is given in Table 4.4 and Table 4.5 respectively.

Summation of Ni and Fe conlent close to 100% for the same coating confirms the co-

deposition of Fe-Ni alloy in it.

Tabie 4 4: % Fe in coatings deposited from simple baths at different current density.

Baihk Ni'Fe in bath %5 Fe in coatings

identification solution S mAcm® | 70 mAfom® | 100 mA/em? | 120 mA/cm?
B-1 104 8960 _ . 82.72
B2 2.84 B R2.74 B 75.20
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Table 4.5; % Fe in coatings deposiled from mmple:lc baihs at different current density.

Bath El-:ﬁﬂ L % Fe in coatings
identification 3:1 wticn | 20 0 40 50 60 106 140
2 1 1 7 = 2 2

mAlem® | mAem® | mAem® | mAkm® | mALE® | mAforT | mAdcm
B-3a — 57.50 _ - - &4.62 -
B-3b 1.04 _— 5048 - — - — 65.55
B3¢ - — - 62.73 - - _
B-4a - 65,57 - - — — -
B-4h 1.04 — — - - — - _
B-ic - H0.87 —_ _ —_ —_ —

Percentage Ni in the deposit as a function of applied current density is shown in Fig4.2
for simple baths and in Fig. 4.3 for complex baths. Neglecting a small deviahon, an
increase of % Ni in the deposit with increasing applied cwrrent density is observed for
simple baths while the reverse trend is seen for complex baths. Bath B-2 contams higher

Ni/Fe tatio in its composition than the other baths

R

21 o a
18 4
1t 4
|
154 a e

134 .-
1t 4 r’/b’l’,:—”‘.
B+ [ . ] ﬁ_j .

% Niin
coating

Current Density (mA/em’ )

Fip. 4.2: Effect of curment density on % Ni m
coating deposited from simple haths.
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Fig. 4.3: Effect of current density on % Ni in
coating deposited from complex baths B-3a, B-3b
and B-3c.

{Table 4.2 and 4.3). The highest Ni content in the deposit was measured 21.80 wi%% for
bath B-2 while 15.11 wt% for bath B-1 at the same current density of 120 mA/em®. This
i supported by the alloy deposition pninciple that an increase in the metal percentage {or
mho) of a parent matal in an alloy plating bath results in an increase in its percentage (or
ratio} in the deposit [65]. Moreover, the ¢lectrolyle conductance increases as a result of
addition of Na;S0O4 in bath B-2 and consequently i significantly wncreased NiZ* in the
deposit if compared with bath B-1 {65].

Fr
40 - oy
15 - ™ —
a0

5 ¥ )

e = 20

= o 15
10 .
|
0+ r . . ;

B-1 B-iz  B-3b B-3c
Bath dentifation

Fig. 4 4: % Ni deposited from simple bath B-1
and complex baths B-3a, B-3b and B-3c. Al

depositions were carvied on at 50 mAfem®.
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Decrease in Ni content with iwereaswng current density 15 abserved m coatmgs obtained
from complex baths (Fig 4.3). 47 52 wt% Ni costent obtained from complex bath [3-3b
which was higher than all the simple and complex baths studied. Ni/Fe matio in all the
battis except bath B-2 15 1.04,

Figure 4.4 shows the %Ni in the coating deposited from simple bath B-1 and complex
braths B-3a, B-3b and B-3c at the same cwrent density of 350 mA/em’, Higher %M1 10
coatings deposited from compiex baths than from simple baths is observed. The standard
electrode potential for reduction of pure Ni** {0257 ¥} is relatively more positive than
that of Fe’" (-0.44 V). According to normal deposition theory, an element with 2 higher
positive slandard electrode potental is expected o deposit preferentially than the one
with a less positive standard electrode potcntial {66). Thus with the propress of
deposition, availability of Ni'* for deposition on cathode surface decreases and Lhe
relative %olie in deposition incresses in the baeths, Agsin sccording to Brenner’s
definition of anomalous codeposition [67], the less noble melal {here Fe) is deposited
preferentially and its percentape in the deposit become higher than that i electrolyies. In
generat, the anomalous codeposition is atiributed to hydrogen evelution (the side
reaction of metal reduction at the cathode surface) that depletes protons and tesults in
increasing the local concentration of hydroxyl ions [68]. This increase m the
concentration of hydroxy| ion, however, lzads to the formation and adsorption of melal
inenohydroxide ions or metal hydroxides on calkode surface, Eavoring the anomalous
codeposition. According to the proposed model (Gangasingh et. al.), the formation of
FeOQH'" and NiQH" near the cathode has a critical tole i the occurrence of anomalous
deposition phenomena. But, hipher %Ni (more noble) in coatings deposited from
complex baths than the simple bath concludes that addition the compiexiag apents
suppresses the anomalous charactenistics of the Fe-NWi alloy electrodeposition,

pH of the complex baths was as low as 2 which mipht prevent the penerarion of

hydroxide and therefore could suppress the snomalous characteristics of Fe-Ni coatings.



Typical reactions which may take place during the deposition of metls having a
negative standard electrode potential are as follows [69]:

MTtne — M. .. . e e oo oo (1 Metal deposition

2H' 4 28 = Ha o ool e i e e e 1) Hydrogen cvolution
D+ 20— 2011 . L. . e - oo i) Water decomposiion
x4 yHAD s M,(DH]J“”'+}*HJ.............,......,.. . (ivy  Hydrolysis of metal ion
*MAOH) ™ + (xnyJH,0 — sM(OHY, + (xn-y}H ... (v}  Precipimtion of hydroxide

+ Flectrochemical reactions (i) and (iii) tend to consume H' or generate OH.
Hence, when they (ake place at the cathode, the pH of the cathode will increase.

e Reactions (iv) and (v) tend to produce H'and will counteract the pH rise at Lhe
cathode produced by reactions (i) and {3it).

+ When the pH near the surface hecomes such that hydrolysis and precipitation
reactions occur, any further pH nise will be slowed by reactions (1v) and {v).

o [If the kydrolysis reaction {iv) 15 not able to slow the pH rise, ilve deposit may

contam hydraxide inclusions becanse of reaction (v).

Ni electrodeposition proceeds via a nickel monohydroxide species (NiO{") and that the
surface pH may reach values at which nickel hydroxide [Ni{OH);] would precipitate at
the surface and would inhibit melal deposition [70]. So, complexing agent was supposed
io enliance the hydrolysis reaction durfrg electrodeposition which might iiterease the Ni

comtent of the coatings in bath B-3a, B-3b and [3-3¢.

Effect of different complexing agents on %Ni in the deposit 18 shown in Fig. 4.5.
Addition of ascorbic acid and citric acid shows a major impact (bath B-1b) to increase
%M1 in the deposit than addition of saccharin with citric acid (bath B-4c} or onty with
ortnic acid in the bath {bath B-4a).
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A=Ascoibic acid
S=Saccharin
g4+ U=Citric acid

% Niin
codling
]

B¢
Bath identification

Fig. 4.5: Effect of complexing agent on % Ni in
coating deposited from complex baths B-4a, B-4b
and B-dc. All depositions werz camied onr at 30

mA/em’,

Ascorbic acid prevents oxidation of ferrous to ferric 1ons [71] in the bath and thus the Ni
conlent of the films was higher. The reaction mechanism may be proposed as following
[56-58]:

HiO+2e S HptOH. . o o e e (vi}
Fe® + 20HY = FelOHY . . . . . . . e V1)
Fe{DID; + OIF — Fe{OMhmtsy - - oo oo o e e e ot vviiienn (V)
Fe(OH)aaey + Fe(OHRT™ + 3 & — Fe+ nOH gy + FelOH )zt oo rveenrcrverseis s {ix)

According to these reactions, if it i3 mhibited to convert Fe(Oll): to ['o{OH), then
Fe(OH); was not able (o act as a positive catalyst to produce Fe, So, inhitntion of fecrous
to fernic wns might nerease the Ni conlent of the coatings obtained trom bath  B-db by
reducing Fe content of the deposifed films. Saccharin increases the Ni content of the
[ilms. Citric acid increases the side reaction rate {72] that decreases Lhe alloy current
elliciency doe to the increase of the hydropen ions adsorphon which conscquently,

might decrease the Ni content in coatings.
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4.3 Microhardness (VHN)
Vickers Hardness Number {VIIN)} of the freestanding deposits was evaluated by

microhardness testing using a shimadzu microhardness machine. Several factors may

contribute to the variation in hardness of coating. The factors include applied current

density, % Ni content of deposited hlms, pH of the elecirolytes, presence of wntemnal

stresses and grain size distribution of the deposited ihin lilms. The microhardness lest

restilis of coatings deposited from simple baths are summarized in Table 4.6 and those

deposited from complex baths in Table 4.7. Test result shows the vanation of

migrohardness of the deposited films wath relation to its %Ni content and the applied

curvemt densily.

Table 4.6: Microhardoess and % N1 of Fe-Ni coatings deposited from simple baths at
dilferent current density.

Microhardness (VHN} and %M of coatmyes deposited o different current density ( mA/cm?)
Bath . 50 mAJem® 7 mAfem® 100 mA/em’ 120 mA/em’
identsfication

YHN o ML VHNM %0 Ny ¥1iN %o NG YHN o5 M
B-1 5.9 938 1o OB 11.09 T 6% 138 12017 151t
R-2 L1837 1612 116 32 1521 12122 2102 133.37 21 BO

Table 4.7: Microhardness and % Ni of Fe-Ni coatings deposited from complex baths at
different current density

Microhardness (VHN) and % Ni of continys depostiad at different cusrent densitty {mAsem” )

ga:hﬁmﬁm 20 mAfem® | 3 mAsem® | 0 mAJem® | ShmA/om® | 60 mAJem® | 100mAfem® | 190mAfcm’
VHN [ 9% M | VHN [ % N | WHN ( % Ni | VHN | %N | VHN | % N1 | VHEN | %M | YHEN | .o M
B-3a 1661 | 4413 | 1557 | 4038 | — - 1465 | 3229 { — - 1358 | 3438 | — -
B-3ib - . T T AT [ 1653 | 4438 | I35 | 3748 | — - - - 1223 ] 3143
B-3c - - - - 1572 (3927 | M40 | 3548 | 1435 | 978 | — - 1266 | 2619
B-4z - - 1162 | 2837 | — - - - - - - - - -
B-b - - 13 3213 |- - - - - - - - - -
BAc - - 1183 [ 04 | = - - - - - - - - -
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Neglecting a small deviation, VIIN of the coaiing obtained ffom simple baths B-1 and
B-2 increases with increasing applied cument density as shown in Fig. 4.6, Maxmmum
VHN of the [ilm deposiled from the simple bath B-1 is 120.17 and the same deposited
from the bath B-2 is 133 4 at same current density. Hardress of the coatings deposited
from bath B-2 is slightly higher than that deposited fram bath B-1. This may be due to
the compositional varations of the coatings deposited from the two baths, Coating
obtained from bath 13-2 contains higher %Ni than obtained from bath B-1 (Fig. 4.6}

0 e
& B2

L] 1] m 1m 121 1%

Current density {mA/cm”)

Figd.6: FEffect of coment density on
mcrohardness of coating deposited from simple
baths.

On the contrary, decreasing YHN wath increasing current density for compiex baths is
observed in 1. 4.7. Trend of these chanpes 1s not linear. Even the cxtent of changes for

various simple baths as weil as complex baths 1s different.
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Fig. 4 7: Effect of current density on imerohardness
of coating deposited from complex baths.



This changes might be the effect of complexing agent which could reduce VHN wath the
current density. The highest VHN of coatings obtained from bath B-3a, B-3b and B-3¢ 15
171 7, 166.1 and 157.2 respectively.

The change of VHN is also related with %Ni content in films as shown in Fig. 4.8 The
highest VIIN 120.17 is observed on coating with £5.11 %Ni content for bath B-1 whilc
ihe value 133.37 is observed on coating with 21.80 %Ni content for bath B-2. Thus
higher %Ni favors high VHN value of Fc-Ni coatings.

1401
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. T
el e
- m% / - Bl
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i) T T .
'] 14 12 d
% Ni in coating

Fig. 4.8: Effect ol % Ni in coating on 1is
microhardness deposited from simple baths.

Figure 4.9 shows the VYN increase with the % Ni content of the films in complex baths

which is similar as simple baths, Maxichum VHN of the {ilm deposited from the simple
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% Niin coating

Fig. 49: Effect of % Ni in coaling on its
microhardness deposited from complex baths.
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bath [+2 is 1334 and the same deposiled from the complex bath B-3b is 172. Se,
complexing agent increases the % Ni as well as VHN of the deposited films.

1% . AC A= Ascorbne acid
C=Cime acnd

1301 &= Saccharin
175

Z 12 C+5

= 115 |

- C
114 :
105 ] fxﬁ
100 B . . —Ltd

B-4c B-da
Rath wdeniifcaiion

Fig4.10: Effect of complexing agenl on
microhardncss  of coating  deposited  from
complex baths,

That complexing agent used 1 bath B-4a, B-db and B-dc has a great influence on VAN
of the Fe-Ni coatings is shown in Fip.4.10. Addition of ascorbic acid with citric acid to
bath B-4b showed the higher VHN than the combined effect of saccharin and citric acid
or only addition af citric acid. The variation of VHN might be affected by Ni content as
well as prain size distribution of the coatings which could agam be influenced by the
addition of different complexing agenl/(s) in the bath constituenis. Effect of prain size

distribution will be discussed in the latter sections.

Efectrodeposition was carried out in the current dersity ranges from 50 to 120 mAfown?
for simple baths and 20 to 140 mA/em? for compiex baths, In case of simple baths, VHN
of the coating increased with 25N in it and the %oNi in coatings apain (ncreased with the
apphed current density. For, complex baths, VHN increased with %Ni in the coatings
which is a similar observation obtained from simple baths. Bur a different result is found
from complex baths that %Ni in coatings decreased with the applied current density.
Thus complexing agents have a rofe to decrease the more noble constituent (here Ni) in
the coating with increasing curment deasity although we got another finding i chemical
analysis that complexing agents suppress the anomalous characetenstics of Fe-Ni allay

glectrodeposition at the same curment density (Fig. 4.4).



4.4 Corrosion Properties

Fe-Ni alloys are of interest in applicatons involving high temperature oxidation due to

their ability to form proleciive Ni-rich oxide scales. High performance alloys are

defined, in the present context, as Ni, Fe-Wi1 and Co base alloys able to operate at higher

temperaturcs than 550°C and high pressires [73]. The use of Fe-Ni coatings is a cost

effective means of providing oxidation resistance at the surface while maintaining the

mectanical properties of the urderlving snbstrate [74]. Salt unmersion comosion lest

was conducted fiz the present study. Coated samples were kept immersed in 5% NaCl

solution for 48 hours. The corrosion rale expressed in mp/dm*/day (mdd) of Fe-Ni

coatings deposited from simple baths and complex baths are shown in Table 4.8 & Table

4 9 respectively.

Table 4.8 Comosion rate {mdd) and %Ni of coatings deposteil af vatious current
density [ron: simple baths.

Corrosion rale (mdd} and %6Ni of coatings for different current demsity {mAf’cmz)
m;mnmﬂ 50 mAsem’ 70 mAfem® 100 mAfom’ 120 mA/em’

mdd % Ni mdd % M mdd % Ni mdd % N1
B-1 20.5] 238 {9 o2 1109 - - 16 59 1511
B-2 15 4% 1612 — - 1502 21,62 14,54 21.80

Table 4.9: Corrosion rate (mdd) and %Ni of coatings deposited at various cuarrent
densidy from complex baths.

Corrosion rate (mdd) and %Ni of coatinps for different current density (mAten®)

Eizji-lliﬁcatiun 20 mAjfcm’ | 30 mAfcm’ | A0 mAdem® | 20 mA/cm’ | S0 mAKem® | 10OmAScm® | 140mAsem®
[ ] S M odd | %N | odd { H | odd | RHEL | ok | PNl [ mdd [ % EL | mdd T M
DB-3a 502 4413 | B15 3B | — - - - - - 115 | 3438 | — -
B-1b — - 1.5% AT 52 | = - 1037 | 3T4R | — - - - 1221 | 3143
G- — - — - Qa3 joaTr ] - -— 12 | 297k | — - 1441 | 26,19
B — — e | 2837 { — - - - - - - - - -
T-4b — — 013 | a2 | — - - - - - - - - -
e - - TEIRE T = - - - - - - - - -
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Elfect of %Ni in the deposit on ils corosion rate is shown in Fig. 4.11. Decreasing
corfosion rate with increase in %Ni in the deposits is observed. In contrast, 21.80 wt.%
Ni showed much lower comosion rate in bath B-2, This might he the higher Ni content
of the deposited fifms which lowers the corrosion rate. Corrosion rate decreases rapidly
with increase of %uNi in coatings in the range of 9-13% Ni (bath B-1} and the comosion
decrease rate becomes slow in the range of 16-21% Ni (batk B-2). If a protective NiO
layer is formed at the surface, the coating corrosion rate is decreased. When the Ni level
at (he surface drops, the coating is mo tonger able o form Ni(} scale in corrosive

environment. As a result, corrosion rate of Fe-Ni thin films is increased. {74].

—r=B-t

19 1 -—-_“—-t\ —p

-] 14 13

Corrovion rate (mdd)
]

% Ni in coating

Fig. 4.11: Effect of % Ni jn coating on is comosion
rate deposited from simple baths B-1 and B-2.

The effect of complexing apents on the comosion resislance of the alloys was
investigated. The results are summarized in Fig.4.12 and Fig.4.13. Similar observation
that decsease in corrosion rate with increasing %aNi in coating is observed. It 15 known
that complexing agents are usually added in the bath to form complexes with metal ions
to ensure the plating bath stabdlily, reasonable metal deposition rate and acceplable
quality of alloys {75]. The variation of the complexing apent changes the composition
and siructure of coating which might lead {o the chanpe of corrosion rate of the alloys. In
presence of complexing agent, it was found from SEM morpholegy (shown m the latter
section) that the deposits were pore-free which reveals good adhesion of alloy deposit to

the substrate. Mbreover, the presence of optimum concentration of all addition agents



mught improve the corrosion resislance properiies Previous studics have reported (hat
the effects, such as pH and mole ratios of Ni/Fe i the bath, the depoaition rale,

composition, structure and microhardness of Fe-Ni alioy may change the corosion

properties ol the [ilms [73].
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Fig. 4.12: Effect of % Ni in coating on its comrosion rate
deposited fom Complex baths B-3a, B-3b and B-3c

Figure 4.13 clears the effect of different complexing agents on the corrosion resslance
of Fe-Ni thin [film. The three coatings were deposited from the threc different baths D-
43, B-4b and B-4c at a same current density of 30 mA/em’. The coating deposited from
bath B-4b coniaining ascorbic acid and citric acid shows betler corrosion resistance than
that deposited from bath B-4¢ containing saccharin and citric acid or from bath B-4a
containing cnly ceric acid as complexing agent. Ascorbic acid and citric acid provides
higher Ni content (32.13%) in coating than the other two combinations of complexing
apenis i baths B-4a and B-d¢. The Alm deposiled with composition of 47.52 wit% Ni
{bath B-3h) showed the best conosion resistance throughout the whaole study.

This can be attribuled to the increase of M content of the deposited films. It is known
that the corrosion resistance of any alloy depends largely on the ability to form a sorface
prolective fifm which depends largely on the ability of noble metal of the films. Addition

of saccharin with citric acid or only citric acid as complexing agent 1s supposed not to



facilitate to form stable passivation Rlms {NiO) and this might ixreasc the CATTOSion

rate of the coatings.
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L 41z
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Fig. 4.13: Effect of % Ni in coating on its corrosion
rate. Coatinps were deposited from complex baths
B-4a, B-4b and B-4¢ at the same current density of
30 mAfem”.

Figure 4 14 shows the %MNi in the coating deposited from simple bath B-1 and complex
baths B-3a, B-3b and B-3¢ at (he same custent density of 50 mAfen’. Higher %Ni in

coatings was obtained from complex baths than from simple bath. So, the complexing

45 Complex
40
35 4
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Bath identification

Fig. 4.14: % Ni deposited from simple bath [-1
and complex baths B-3a, B-3b end DB-3c. All
depositions were ¢arried or 2t 30 mAsem’.
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agent helps to increase the Ni content in the coatings obained from complex baths
which favors the higher corrosion resistznce propertics than the coalings obtained from
simple baths.

Alter the salt water immersion test, the extent of comosion wes also cvabuated
qualitatively by visual inspection of the corroded samples. Photogreph of the corroded
samples for simple and complex baths at different parometers arc shown in Fig. 4.15
Fig.A4.16 respectively.
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The coatings deposited from simp;Ie baths comoded and almost the entire coatinp
disappeared after 48 hours of immersion as is seen in Fig.4.15 whereas for the coatings

deposiled from complex baths, the progress of corrosion was much lower as shown 1o
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Fig. 4.16 Phatograph of carroded samples oblained from baths and at current densities of
{2) B-32 and 50 mA/cm’ (b) B-3b and 50 mA/em® (¢} -3¢ and 50 mA/cm? (d) B-4b and
30 mAJom® respectively



Paruosity in the films might develop during electrodeposition from simple baths. The four
passible mechanisms that ¢can make the films porous during electrodeposition [76] are (i}
the ionization-redeposition mechanism i which both elements of the binary alloy
dissolve but the more noble elemeat is redeposited (i) the surface diffusion mechanism
whereby only the less noble element is dissolved and the rematming more noble element
aggrepates by surface diffusion (iii) the volume diffusion mechanism where the less
tioble element is dissolved but both atoms move in the solid phase by volume diffusion
and (iv) the percolation mode! of selective dissolution which expands vpon the surface
Jdiffusion model to account for the pre-existing intercormected paths of like elements in

the binary alloy.

4.5 Morphology

The Fe-Ni alloy was electrodeposited under different deposition conditions on Cu
substrate The influence of current density, bath composition and pH on the morphology
of Fe-Ni coatings was evaluated by Scanning Electron Microscope (SEM). The
topographies of Fe-Ni coatings were analyzed concerning their uniformity, porosity and
the presence of cracks. The SEM images of Fe-Ni coatings obtained from simpie batl: B-

1 at different current density is shown in Fug, 4.17.

The morphiology of the elecirodeposited Fe-Ni alloy depesited from bath B-1 at current
density of 50, 70, 100, 120 mA/cm’ does not exhibit smooth swface. Coarse-grained
deposits are observed at low current density and typical river or vein paticrn surface of
deposits are seen at all current density. Sulphaie baihs of varying compaosition were used

in the present study. Directional patiems scen on the deposils are suppered by the
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information svailable in the literature that coatings produced in sulphine electrolytes

usially reveal tameller microstructures [77].

Fig. 4. I? SIEM imnges oflhc deposit uhlnm:d fram bath B-1 at current density of {a) 50
mAfem® (b) 70 mAJem’ (c) 100 mAfem® (d) 120 mAJem?

Fig, 4,18 shows SEM imapes of Fe-Ni alloy contings obtained from bath B-2 at dilTerent
current density. The morphology is similer to that obtained from bath B-1. Grams are
rouphty spherical and avernge prain size decreased with increasing current density.,

Thus structure of the Fe-Ni ¢oatings is strongly influenced by current density. N. V.
Myung ct. al. [78] reporied similar observations to binary Fe-Ni hin [ilms. It is known
that high currert density give rise to a high de pree of adatoms saturation at the ehectrade
surfoce | 79] and high degroe of adatoms decreases (he prain size,
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{¢) {d)

Fig.4.18 SEM images af the deposit oblained from bath B-2 at current density of {a) 50
mAfem’ (b) 70 mAJem? (¢) 100 mA/em?® (d) 120 mAfem’

N. Elezavi et al. reporied that the siress changes in the Fe-Ni films on verying
deposition current density may mainly be attrbuted from the changes af the averape
grain gizes. As the avernpe grain sizes decreased with increasing ourrent density, the
deposh swess might be increased. Thus morphology of the Fe-Ni alloys s chamcterized
by the presence of microcracks. In this study, stressed films ot high current density
revealed the presence of sharp line microcrecks diswibuted over the deposils
[Fig4.18(c), 4.18({d)], The detail mechanisms of stress changes by vorying the deposited

current density have yet not been clear.
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Complexing apent used in complex baths with varying composition contributed to
decrease the codting roughness and improve the uniformity of the flms. Morcover, it
was obscrved that high cument density with high pH leaded to black deposition
{cxamined with the noked eye) while lower current density with higher pif or higher
current density with fower pH resulted in uniform and bright coatings. Fig. 4.19 shows
SEM images of Fe-Ni alloy coatings obigined from bath B-3a at different current

Sk vt AR,
N

T

Fig. 4.19 SEM images of the deposit obtained from bath B-3a at currem density and pH
value of (a) 30 mA/em® and 1.85 (b) 40 mA/em® and 178 (c) 50 mA/cm® and 1,31
() 100 mA/cm’ and 1.40 respectively.
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The litms had high apparent film density however the charpging cffect (bright spots i
SEM images), which might be metallic oxide, fs seen elsewhere. Metallic alloys and
their oxides were produced simultaneously dunog the electrochemical reduction process
[80}. Since the Ni deposition raic was higher m complex baths than simple baths [Fig.
443, such behavior can be attributed (o the formation of a more stable Ni oxide in the

presence of complexing agent.

DBy varying the plating parameters (including but rot limited to bath pH, current density
and bath additions), the morphology of the deposils can be controiled to some larpe
exient by using electrolyles contaming complexing ageni/agents with proper
compositions. For complexing agent, the crystailization of the electrodeposited layer 1s
very important, since it influences dircetly the structurc of the deposit and thercfore its
properties {81]. Crysialtization occurs either by the buildup of old crystals or by the
formation and growth of new ones. These twao processes arc in competition and ¢an be
influenced by different factors. High surface diffusion raies, low population of adaloms
and low aver-polentials are factors ephancing the buildup of old crysials. On the
contrary, low surfacc diffusion rates, high population of adatoms and high over-
potentials on the surface enhance the creation of new nuclei {82]. From the SEM
observations, it can be said that addition of complexing agent of 2.0 g/l ascorbic acid,
3.0 gA saccharin and 4.2 g/l citric acid in bath B-3h increased nucleation rates that

lielped to form crack-free, uniform and fine grained structures as is seen in Fig. 4.20.

The coatings oblained from bath B-3c¢ produced little refined microsiructure but

scattered porosity in the deposits is seen (Fig, 4-21). The presence of pores, voids in Fe-
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Ni alloy coatinps can be the result of an additional effect of complexing ageri and

evolution of H; in the films [83-83].
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Fig. 4.20 SEM images uf' the deposit obtained Erum bath B-3b at current dcus:t} and pH
value of {a) 50 mA/em® and 1.31 (b) 40 mAscm’ and 1.78 (c) 100 mAscm® and | 31 {d)

140 mA/em® and 1.00 respechvely.

A clear morphological modification was observed due (o the addition of only citric acid,
combined addition of ascorbic acid snd citric acid or saccharn with cilric acid as
complexing agents in bath B-4a, B-4b and B-dc respectivety. The images are shown in

Fig. 4.22. Al! images were taken from coatings deposited from the same current density
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of 30 mAJcm? but from different baths having different complexing apemt with varying

COmpositions,
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Fig-4.21 SEM images ul‘th:: depotit obtained I'rnm bath P3¢ ai current d:nsﬂ} and pH
value of (a) 50 mAJcm’ and 1.80 (b} 60 mAfcm’ and 178 ({c) L0O mAfem?® and 1,31
(d) 140 mA/cm’ ond 1.00 respectively

.::-..u R

With the presence of only cimric ecid as complexing agent, the film was highly porous
[Fig. 422 (n)] pcobably due to the hydrogen bubbles formed during co-depesition.
Deposits obtained from the combined presence of citric acid and ascorbic acid in the

bath displaved a few but tarpe pores [Fig. 4.22 (b)]. Addition of =accharin wilh citric

100



acid into the bath B~dc resulted smooth, bright deposit with a litite / no porosity in it

[Fig. 4.22{c})].
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Fig 4.22 SEM imapes of the deposit obtained a1 p current density of 30 mAfem? from
baths (n) B—~4a (b) B-tband {c) B4c

Saccherin, as a leveling apeat, might reduce H; evolution ¢ousmg less porous, fine
prained smaxrth deposit. However, a more detailed study concerning the mechanism af

saccharin as a keveling agem should be carried out to reach a final conchusion,
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4.6 Magnetic Properties

Soft magmetic thin films with high saturation magnetization ere toghly desired in & wide
range of applications from magnetic wnie heads to high frequency nductors. However,
sofl magnetic thin-fihn materials with a saturation magnetization >21 kG and a low
coercivity <1 Oe are stil! not available. Discovering new sofl magnetic malertals with
very hiph saturation magnelization still remams to be a major challenge [86]. The
magnetic anisotropy and coercivity arc important pruperties of sofi magnetic materials
which fnd applications in the magmetic recording and reading technology [87].
Magmetization foops of the Fe-Ni films deposiied from various simple and complex
baths were mmeasured using 2 vibrating sample mapnetometer {(VSM) with a magnetic
field applied both paratlel and perpendicular to the Alm plane at room temperature. The
vaniation of snturation magnetization (M) with %oNi of coatings from simple baths is
shown in Table 4.10.

Table 4.10: The saturation magnetization (emu/g) and %aNi obtained from simwple baths,

Bath identificarion M, {emufr) & Nt
131.13 938

B-1 125 56 1038
11838 11.09
104 92 15.21

B-2 0434 16.12
68.32 21.80

As shown m Table 4.10, the saturation inagnetization {Ms) for bath B-1 is higher than
that of [ilms for bath 3-2. 9.38 %Ni contaimmng ceating displays the highest saturation
magnelization and it decreascs with increase in Ni content in the coaling. Fipure 4 23
shows saturation magmetization curves of Fe-Ni films for bath B-1, The Ms-H
(Saturation magnetization v applied field) curves clearly show that the curves are
mostly straight fines with a small easy axis hysteresis which occur by domain translation

and rotation. This shows that the umaxial anisotropy, which is dependent on the film
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microstructure such as prain size, preferred orientatton and stress, is mostly confined n-
plane |8§]

15
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Fig. 423 Magpnctic hysterasis loops of Fe-M:
coatings obtained from simple bath B-1.
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The saturation magmelization curves of Fe-Ni coatings obtained from bath 3-2 are

shown in Fig. 4.24. The highest saturation magnetization for bath B-2 is seen 104.92

emw/g among the coatings studied Similar results that magnetic saturation decrcases

with increasing %Ni content in coalinps and the uniaxial anizotropy 15 mostly confined

in plane were observed for coatmgs oblained from bath B-1 as well as bath B-2. Thus no

maijor difference in magnetic saturation property is found due o the variation of bath

composition from simple baths. The demand of saturation magnetization for soft

magnetic materials are increasing steadily and that the saturation magmetization 135

emu/g is sabisfactarily acceptable for the writc head matenals [89].
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Fip. 4.24 Magnetic hysterasis loops of the Fe-Ni”
coatings deposited from simple bath B-2.

The saluration magnetization (Ms) of the as-deposited Fe-Ni coatings obtained from
simple baths is shown in Fig. 4.25 as a function of %Ni of the films. The fast decreasing
Ms wilh the increasing 2%Ni within the lower range Ni conlent (9-11%} and relatively
slow decreasing Ms with the increasing 24N within the higher range Ni content {15-
22%) was observed.
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Fig. 4.25 Variation of inagnetization saturation with
Mi content for simple bashs.

The saturation magmelization of the Fe-Ni coating is shifled to higher saturation

magnetization values with increasing Fe content in it which 1 expected as magnetic
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moment of pure Fe (221.9 emu/g) is greater than that ol pure Ni (57.5 emg) [73]. The
saturation magnetization of these Fe-Ni thin films is apparently limited by that of pure
iron which 15 221 9 emuw/g.

Magnetization loop curves of the films obuained from baths with complexing agent did
nat show normal magnetization behavior. This is clear from Fig 4.26 which may be due
io the structural and compositional charactenistics in the thin films, such as gram size,
crysiallopraphic texture, strain and stress stale. Coating from simple baths are
characterized by coarse-grained with some microcracks onto it but those from complex

baths are characterized by fine-prained smoath deposils.
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Fip. 4.26 Magnetic hysierasis loop of the Fe-Ni coating
{44.13 %Ni) deposited [fom complex bath B-3a.

Magnctic sofiness of polycrystailine thin films is an extrinsic property of the maguctic
materials, and is ¢losely relaled to the structural and compositional characleristics in the
thin {i}ms {89-91]. These characteristics can also affect anisotropy and magnetostriction,
which are in tomn cormrelated with the magnetic soflness. However, it is stifl not well
established how these structural characteristics affect the mapnetic sofiness [92{ It
woutd be of preat scientific as well as technological interests o make this alloy soft

while keeping its high saturation magnetization at the same time.
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5 CONCLUSIONS CHAPTER S

5.1 Conclusions Drawn from the Present Work

Electrodepoesition of Fe-Ni thin films has been carricd on copper substrate under various
electrodeposition conditions from sunple as well as complex baths. The influence of
complexing agents on anomalous characteristics as well as the morphology and other
properliecs of Fe-Ni thin fAlms are investgated. The properties include coatinp
gomposition, microhardness, cormosion resistance and mapnetization. In the present
electroplating system, the electrolytic composstion, current density, pH and relationship
between current density and pH for bright deposiion are examined. The conclusions
drawn from the study are;

a. Bright Fe-Ni coaling can be depostted from higher current density with

lower pll value or higher pH value wilh lower current density both from

simple and compicx baths.

b. Addition of ascorhic acid, saccharin, citric acid as complexing agents in the
plating bath suppresses the anomalous namre of TFe-Ni  alloy

electrodeposition,

¢. Plating current density and pH value of plating bath arc the two major
parameters affecting composition as well as VHN of the Fe-Ni alloy coating.
Percentage Ni and hence VHN of the coating increased with increasing
current density for smmple balhs whereas the reverse occurred for complex

baths.

d.  The corrosion rate decreased with mereasing Ni content of the Fe-Ni alloy

coating.

e. The morphology of the T'e-Ni films obtamed from simple baths is
characterized by coarse-praincd, non-smooth surface with presence af
microcracks onto it On the contrary, coatings from complex baths are fine-

grained with smooih surfaces.
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f  The saturation tmagnetization (Ms) of the clectrodeposited Fe-Ni coating is
found to decrease with increasing Ni content which 15 in pood agreement
with suppression of ferromagnetic character of the films. The highest
saturalion magnetization is seen 131.13 emu/g among the coatings studied
which is very close to the acceptable limit {133 emu/y). Coating obiained
from complex baths did not show normal mapnetization behavior possibly
due to its different morphological character with those deposited from

simple baths.

5.2 Suggestions for Future Work

Characlerizing Fe-Ni alloy electrodeposition and study of the property were performed
on the coatings obtained from two simple as well as six complex baths. Coatings from:
complex baths revealed superior properties in terms of morphology, microhardness and
cotrosion  properties  Magnetic behavior of the coatings were inferior than those

obtained from the simple baths. Thus recommendanhons for fisture work are:

i) A more detail study on the behavior of complexing agenis should be done
in order to pet further imformation on the properties of Fe-N: alloy coating.
Finc tuning of the content and composition of complexing agents should be
performed to get normal mapnelic bekavior as well as an acceplahle

saturation inagnetization of the Fe-Ni alloy coatings.

i}  Further study should be carried ont to measnre the coatimg thickness and its

effect an other propertigs.

iii)  Wear property of the Fe-Ni alloy coating shonld be studied ir order to pet
more optimuzed quality coating of Fe-Ni alloy.
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