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ABSTRACT

Fiectrodeposition of 7u-Ni alloy coatings was carvied out in three different sulphate haths.
Uniform. adherent comtings were obtained of room temperature in the pH range of 1.8-3.
Chemical analysis showed that the three haths yielded 7n-Ni alloy coatings with 7%, 14.4%
and 40% wickel, The coatings were exumined for therr mechanical properties viz.
siicroftardness, wear resistance and  ductitity. X-ray diffraciion experiments were carried out to
fined ouit the phases presemt in the coatings. Prre tine coalings were aiso de;josi.fed_' and fested

for comparison.

X-ray diffraction stundy showed that coatings with 40% and I14.4% Ni and pure zinc were
depesited with equilibriuin phase stroctives. X-ray diffravtion patterns of anneated 40% Ni and

14.4% Ni samples lso showed some extra nnknows peaks.

The microhardness was found 10 increase with tickel comtent of the deposit. As-deposited
coqlings with 40% Ni, 14.4% Ni and 7% Ni were found to possess a hardness valie of 487
VHN, 460 VIIN and 390 VHN Fespectively while the annealed samples showed a little fower

vale of hardness. As-deposited prire zine coating exhibited a hardness of 150 VAN only.

Wear behaviowr of 14.4% Ni, 7% Ni and prre zine coatings was studied undel dry sliding
condifions wsing a pii-on-disc fype apparaiis af o constant tpm of S0 Wear tests were carried

out under three different loads viz., 250 g, 175 prrand 120 gm. Tesis were carried oit for



stiding distance ranging fronm $16 1o 1248 meter. Afl tests were performed in the mnlrient air af
raom temperatire. lixtent of wear deomage was investigated hy means of measirement of width
of wear scar and metalography. Zn-Ni coating with 14.4% Ni was found to be more wear

resistant than the coating with 7% Ni. Pure zine coating is found to be the least resistant 1o

WerTr.

it was fornd that ASTM B 489-68 bend fest is not switable for measuremenit and coiparison of

dnctifitv of zine and rive-nickel alloys.
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CIRAIPTRER: QORI

1. INTRODUCTION

1.1 An Overview of Zn-Ni Alloy Coating

In response (o a strong demand {or improvement 1 the corrosion restance of coiled steel
particularly for atdomotive applicalions, Zn-cleclroplating technology has madec greal progress
since the late 19703, bath in quality perfoimance and its manufacturing process. Thal is, the
guality performance of coaled products were enhanced by the development of dlloy
electraplated steel. including Zn-Co, 7Zn-Ni, Zn-l'c alluy electioplated steel and others. A Zn-
Co alloy conlaining a small amount of alloying elements |1] was Ihe first found fo be
corosion-resistant and thus altracted strong atiention in the tield of Zn-alloy electioplating. The
alloy cxhibited betwmn- 2 and & umes the comrosion resistance of pure 7 in a salt-spray lest
Subsequently, Zn-Ni alloy electroplating was devetoped. Although this had been invesl pated
lor a long lime [2], it was the Tatter hall of the 19705 when elechoplating of Zn-Ni alloy began
to be applicd Lo continuous sicel strip [3]. They attain a higher corrosion resistance than the Z2i-
o alloys, that is, 4 10 8 times the corrosion resistance of pure Zn, in accordance with a higher
concentration of alloying element. In addition io exceltent cormosion reststance, Zn-Ni alloys
are the most casily manufactmed of Zn-alloy coatings. Consequently, the potential cconomee
advantages in tsing Zn-Ni in stead of Zn-coating on steel have been recognized and Zn-Ni

electroplated sicel became a representalive product in the ficld,



Simec the advent of stecl-belted 1adial fires, brass-coated steel cotd 15 the material mest widely
used for the rerntorcement of avtemobile tites (4], Whilc the vonvenlional brass coating offers
several advantages, 11 also suffers Trom two mrgor deficicncies 1esulting rom the
clecttochemical charactensitcs of brass-steel couple under sall cortosion and huntidity aging
[5.6]. Cuts in the tire tread surface may be produced in service. Deep culs i the tread down to
(he sicel colds expose the latier Lo corrosion through the for mation of oxygen concenttalton

cells [6].

At oxygen-depleted acidic (tow pH) regions deeper in the cut, the brass coating i3 calhodic (o
steet; hence il accelerates the conosion of the tnderlying stcel, thus reducing thi strength ol
reinfoicing steet cords. Under conditions existing al oxygen-fich (high pH) reglons neat the
surlace of the exposed cord, Lhe brass coating ilsell corrodes through desincification foilowed
by dissotution of brass. This, in turn, resulis 10 the deterionation of the adhesioh between brass
coating and vuleanized natural rubber (NR} compound. Futher, the fully deformed brass
coating on the Mtnal cord [iaments is porous and docs not offer a barner proteclion to the steel
O,

%
A coppet-tree alloy coating system based on Zn-Mi and Zn-Co binary alloys thal can overcome
the drawbacks of convenlional brass coatings was conceived by Van Ooif 7). The voating
would constst of a vinc-rich { iITF.l allov fayer on sieel 1o provide galvanic protection apdthst
comosion, followed by a nickel-rich second alloy layer for improved wnitial and 2ged adhesion
10 NR compounds The dual-layer coating design offers sactilicial prolection (Zn-rich layer),
banicl protection (Ni-tich layer) and belter overall lormability. Because of the cathodic nature
ol nickel-1ich surface layer, it is reasonable to expect excellent phosphalabitity and parniability

as well. Thus the coating system offers signifteant advantape in automotive applit tions,



1.2 Prescnt State and Objective of the Work

has been Zn-Nr coated stecl sheet can be used on automobile bodies, C.1. sheets. steel cord of
automobile tires and oller apptications requiring corrosion tesistance. Tor such type of
applications, the Zn-Ni afloy coating should aiso have adequale mechanical properlies e g
wear resistance. micro-hardness, ductility. decorative propeitics ele Tnformation avaitable in
the hiterature on the effect of compostion and suucture of the Za-Ni coating on ils mechanical
propertics is meager. U ig, thetelore, the objeciive of the present wark o ilwésiigatc
svslematically the cffect of composition and structure of Zn-Ni alloy coating on sts mechanical
propertics. The effects arc followed by wear tesl, micro-hardness measirement, X-ray
metallography and chemical anatysis. Microhardness and metallogtaphy tests are also
performed for heal-treated Zn-Ni alloy coating and @ comparison of the resulls thus obtained

attempted.
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2. LMERATURE REVIEW

2.1 ELECTRODEPOSITION ASPECT
2.1.1 Thermnodynainics of Flectro-deposition Rcactions

T an clectrdepusition cell, a reacizon of the type
M dee =M (2.1}

can lake ptace at the cathode. The metal clectrode consists of metal ions 1 a erystal stivctire
The transicr of a metal ion Trom (he eloctrolyie siructure to the melal structure will be
accompamed by a fiec encrgy change AG. Thermadynamics lells that in a system with only PV
work, the free enerpy changes lor the transport of n motes of matter i Itom phase | to phasc 2

aceording o
dG = VAP - SAT + p2dn - plidn L .(2.2)

where ,u]] ant yzl ate the chemical potentials 10 phase 1 and 2 respeclively 1 an

electrochemical sysitem, not only PV-work, but also electrical work — the work
accompanytng (he ansport of elecirical charge over a potential difference — must be tken

itto aceounl Eguation (2-2) then (ransfoms tilo



dG= VAP - ST + (42, - ptpdn + (@2 - @1 J2Fdn .(2-3)

wherm !F{@Ei-m I s the clectrical work involved in the trahspor of the electrical charge of 1

mol of ions from phase 1 (o phase 2, &% is the electrical potential and T 18 Farnday's conslant.

The equilibtium cnterton, with P and T consiant, is thal the Tree cnergy is mnitduti, this

dG=0 and consequenlly gt = ,uzi. So the condition for equilibriam is now [fiom (2-3)]
,r;]i + w.FE!Ii = F?,i + ?,Fyzi

JPLER I

For the electrochemical reaction, [Eq.(2-1)], taking placc al the electiode:

A= Py - O jwhere AD,, = Potental difference belween the melal al the electrode

and its ions 1o sofution| and

AGH = AGO - RTInap ™* + cFA@ .oovver .. (224D)

where AGY = Slandard lrec energy of reaction (2-1)

apq7+ = Aclivily of Mzt

Under standard condstions {ay 2+ =1} at cquilibrium,
AGEL = 0 and AQ), = A@ O

Hence (2-4} transiomms to

0= AGY - 0+ 7FAG,"



=  AG, = - zIAG,C e e e (228)

where, AP = Standard efccirode potentiat.

Cembination of Eqs. (2-4) mid {2-5) leads Lo

0 =- 7FAB" - RTInap 7+ + 7['A,,

==  AQ, = AB + (RTIF) Inaggz+ o (290)

Equatien (2-6), known as Nernst equation, gives the elfect ol comcentration on clectrixde

potential.

2.1.2 Kinelics of Efcctrodeposition Reactions

From the moment that a current [lows through an clectmde, the electrode acquires a potential
diflerent from e reversible cquilibrium potential. 1t is well to nole here that equilibrium teans
dvnamc equiibiium and that although no net current Nows through the electrode, oxidalioi
and reduchion reactions will lake place simultancously, such that the oxidation current density
% 18 equal st magnilude o the reduction curreit density .4 Both are, at equilibritm, ecjual

3

& the so-catled exchange current density and the cquilibrivm potential across the clecirode is

Alde

In order to realize clectrodepostlion at a cathode, a nel curtent 1 = (iox - irc:d} < {) has o Now

through the cathode. Thetelore the patential A over the electiode interface has Lo deviale lrom

A, This deviation 1s called the activation ovet putential {n).

Hence A = AG 4w



The term “activation' refets (o the Fact that the electtode reaction is a kinelic process, an which
qubstances must acquire a cerlain aclivation encrgy betore they can fump through the electrode

inlorface. Deviaton from the equilibrivm potential is called polarization.

As a 1esult of the electrode reaction, the onic concentration tends o change in the vicinity of
(he electrode, resulting in a concentraion ovelpotential fl.q;. 'or a reduction reaction at the
cathode, for example, the concentration of positive toas 18 Jowered, and Lhe equilibrium
potential shifts according to the Mernst eguation [T, as a result of an increasing cathodic
polarization, the reduction current densily is 1ncicascd, posstive ions have L be brought o the

cathide surface aster and [aster. This can occur by

i) mmgration under influence of the elechiical ficld
1) dilfusion due 1o the created concentration difletences

1i1) natural or forced conveclion.

Another componcn! is the erystallization overpotential (+,,) originaling from dilTicullies

encountered with nucleation and giow(h, Minuie concentiations of lorcign subslances car
drastieally increase the crystallivation overpolential, and thus cffectively slow down the

electrodeposition process. The global electrode overpotental is, now
"[U[ =Mt 11(:,0[1 + 1]{_:1" """"""""""""""" {.2"?}

An clectrodeposition cell conlains (we clectrodes: a cathode and an anade. Both contribute to

the total cell polential according ta cquahon (2-7).

In addition there is the resistance of the electiolyle leading o a potential TR, and vartous other

resistances in the cell circuit creating a potential 13 The (otal cell potential is ther



F‘iﬂl - ETEV 4 Tifln |U1. -+ TI(:-H{U[ =+ IR +ER

The practical cell polential is thevefore sometimes nuch highief Ihan (he reversible celt polential

caleulated from purcly thermodynamic considerations.

2.1.3 General Conditions for Electrodepositing Alloys

Supetlicially, the procedure Jor depositing an alloy dilfets in no imporlant 1especl From that for

depositing a single metal a current 1§ passed from electrodes through a solution and a
melal deposits upon the cathode. However, the problem of Tinding conditions for depostting a
given alloy in the form of a sound. strong, homogeneous coating 15 nol as easily solved as for
a sngle metl. The simultaneous deposition o two of mote melals without regard Lo Lhe
physical natire of the deposit is a relatively silmplﬂ malter, for 1019 neccssary only lo electnayze
a bath of the mixed melallic salts al a sufficiently high currenl density. Unforlubately, the
deposits so oblamed arc usually lnose. spongy, non-adherent masscs, conlaminated with basic

inclusions, and are not the Lype of deposi of interest. Thus, the usc of a lagh curtent densily is

nol a means of solving the problem of alloy deposition.

A preliminary and 1ather obvious 1equirement for codeposiling two nr maote melals [rom
aqueatis solution is that at least one of the melals be individually capable of being deposiled
from aqueous solution. The most important practical consideratson involved in the
cadeposition of Lwo metals is thal their deposition potenlials be fairly close together, The
mpon lance of this considerabion follows Trom the well-known fact thal the more noble metal
deposits preferenttally, (requently 1o the complete exclusion of the less noble metal. To
simuliancously codeposit the bwo metals, conditions must be such that the more ncgative
polential of the less noble metal can be atlatned without employing an excessive currend

density Hence, the need lor haviag the polentials of the iwo metals close togethel



35.1.4 Role of Static Potcntials in the Electrodeposition of Alloys
The table of standard clectrode potenlials, Table 2,1 may serve as a rough but hot teo reliable
guide lor deciding 1 two metals may be co-deposited from a simple salt solution. The dala in
Table 2.1 apply tnly lo very specilic condilions and are, therclore, of limited applicabilily.
This must be further emphasized before proceeding with a discussion of their value fur
predicting the probabulity of co-deposition of two metals. The electrode pofentials in Table 2.1
appiy omly to the equilibrium potentials of the melals in a solution of their simplest ioits atid atc
just about the most posilive {most noble) polentials at which ihe melals can be deposited. In
actual deposilion. becausc of polarization, the deposition potentials are more negative than the

standard polenisals,

T'he deduction from a ble of clectrode polentiats of the probabilily of, and the conditotis Tof,
depositing a single metals is not straightforsard  As an cxample, 1l one were Lo make a haive
interpretation of Table 2.1 without regard to practical cohsiderations, one would come fo the
conclusion that mctals with electrode potentials more negative than hydrogen could nol be
deposited from agueous solution because hydiogen would deposit al a mote positive (more
noble) potential. Actually, hydrogen dCPUinLH at a much morc negalive potential than its
cquilibrium value on many kinds of metal clectrodes (the phenomenos of hydrogen
overvollage), and, consequently, the potentials of some of Lhese metals can be attained in
aqueons solution withoul excessive discharge of hydrogen. Bven mangancse with an
equilibnum polenial of -1.18 ¥ can be deposiled from dgqueous solution by virlue of s

hydrogen avervoltage. The existence of this phenomenon is fontundle for electrodepositions,
becadse (he majoniy of the metals in which elechioplaters are interested have polenlials less
noble than that of hivdrogen. Another example of the opposite kind concerns Ihe meials
vanadium, molybdenum, germanium and lungsten which have Lhe following electrode

polentials, respectively: -0.253, (1.2, -0.15 and -0.09 volt. According Lo Table 2.4, these
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Table 2.1

Standard Electrode Potentialy (E?)

Elccirode Reaction Eﬂ{ Volts), 250¢
Ma=HNat+e -2.712
Mg =Mgt2 + 2e -2.340)
Al= ATY ¢ 2e 1.670
Mn = Mn*2 + 2¢ -1.180
Zn=2Znt2 4 2e 0762
Co=Cot2 4 2e ' 0.277
v =v*2 42 -0.253
Ni=Ni*2 4 2¢ 0250
Mo = Mot + 3e -0.200
Ge = (et + 4e 0. 150]
Sn=S8nt2 + 2e : 0.136
Pb=Pbt? 4 2¢ -0.126
w =Wty 6e 000D
Hy = 211 + 2¢ 0.000
i = Bi*? + 3¢ +).320
Cu=Cut2+ 2¢ +i1 345
Cu=Cut+e 10,522
Ap=AgT +e 40,800
Pt=PI*2 4 2¢ +1.200
Au= Aut + 3¢ +1.420

Au=Aut re +1.620
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metals ought 1o be more 1cadily deposilable fmm agueous solution than coball with a potettiial
of 20,277 voll. However, none ol (bese niclals have been deposited from acieous solution it
(he pure slate, whereas cobalt is readily deposited. We do not know w hy these melals do fol
deposit but the situation is nol unique. The nohoccutrence of reactions which are
thermodynamically possible 1s guite common in chemistry. This means that otlier requirerients

must be satishied as well as the energetics of {he process.

T sum up the discussion of electrode polentials, e sc, oh one hand, that many melats cah be
deposited, which would not be expected to depostlt om the basis of eqguilibtium potenlials; atid
on the other hand, that metals which are theoretically capable of being deposiled have not been

deposited from agqueous solution,

Despile these inconsisiencies, the table of clectrode potential can be ulilized to derive some
conclusions regarding alloy deposivon from actd solutions of sumple ions. Melals which are
close together in table 2.4 should in general be more readily codeposited than metals whicly are
widcly scparated. As a rough guide, reasofably satisfactory co-deposition will occut if the
stdtic potentials of the metals are not over 0.2 volt apart, owever, exceptions may be holed;
for exampte, Zn and Ni may be co-deposited {froin & simple salt bath, although (heir electnude
putentials are about 0.5 volt apatt. An caception of (he opposite kind oceurs with some ol Lhe
noble metals. For example, silver and palladium do not readily co-depasil 1o ¥ield good alloys
although their poteniials are very close together. Thas discussion shows fhal Lhe predictiohs
concerning alloy deposition from clectrode potentials atone ate nol wholly ietiable and may bc

iusleading boease many unprediclable specific eflects occur with edch pair of metals,
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2.1.5 Methods of Dringing Stalic Poteritials of Metals Closet
Together

The potential of melal dipping inte a solution of its ions at unit aclivity is the slandard electrade

potential of the melal. B When the activity of the tons is not unity the slatic potentidl Eg is

given by

B, = B - (RT/l?) Ina e oo {228

where, R = Gas constani
T = Absolule lemperature
n = Valence change ih the reaction metal-mctal 1oh
F = The Taraday's conslant

a = Activity of metal 1on

Equation (2-R) reptescnis the equilibrium reversible eoundilions. Irreversible factors
{concentralion, polaiization, ot ervoltage et} however ehter in if cufrenl is passed so that

melal deposils from a solution. The actual deposition potential is then given by '

E‘D=ES+P

Where P is a measure of iireversible effects, i.e. the additional polential that has 1o be provided

(o keep the reaclion going al the required speed.

T'or coxdeposit (o metals, the deposit potential of the wo mietals shoutd be nearly egual. The

lollewing conditions should, therelore, be satisfied for co-deposition of alioys:

Lp =5y
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=  Eg+P=F 4P

==  E® - (RTIBina’+ P'=E° - (RT/n"Fjina® + P " ... (2-9}

where Epy', E™ and a' are deposition poteilial, electrode potenlial add activity of one el

tespectively. Similarly Ey’, E™ and o™ are deposition potential, electrode potcatiat dnd aetivily

of the other melal respectively desired o be co-deposited. [n equation (2-9), R and F are lixed.
T 15 constant in any given case. Thus, equation (2-9) can be satisfied only in the Tollowing

Ways!

1) Metats placed close together in clectro-chemical series: If the two metals W be co-deposited
are alrcady closc logether in the clectro-chermical series, E™ may become equal 10 E'. A pood

examplc is 5n-Phalloy.
F? for Sn=-0114Y  EY Tor P = (0L13V

Thesc arc 50 close logether that Sn and Pb may be co-deposited from solulions of their simple
zalts wilh no dilTiculty. Generally melals whose B° values differ by loss thayr 0.2 V can be co-
deposiled Trom simple salt solutions becatse polaiization may bring the potential values closer

together.

i) Adjustment of a,' and a)". TLE™ docs not cqual EY" (he activity a,, and a," nust be

adjusted 1o make the deposition potentials cqual

The Nernst equation [L = B+ (0.059/n) log ayqn+] relates elecirode potentiat fo mclal ion

aclivity and constderation ol this cqualion shows thal a reduction inion activily romesponds 1o

a polential shift in the negative direction and converscly an increase in 1on activity moves the
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polential to more positive values. For a monovalent ion the shifl is 0059 ¥V per ordet of
magnitude change in activity. A well-khown means of reducing the jon activity of the muie
noble metal is the addition of complexing agents. As an example lel us euhsider the alloy

deposition of Ag-Pb alloys.

The F2 valucs are - Ag =+ 0.780, Pbh=0.13

The potentials may be equalized 1f the more noble metal is complexed (Ag) and the tess noble
metal mainaiped uncomplexed. Only Ag [orms a cyanide complex and Irom Lhe Nernst

eauation we can caleulate the activity ol Ag it::'ns requitred (o lower the polenlials 16 -0.13 V.
10,13 = + 0789 + 0,059 Tog |Agt

= Ihg*’].: 116 M,

This can be achicved by eyande complexing provided an excess of cvanide ion is mainiained

The most cammon complexants are cyanide, halide and amphoteric oxides like stannale, Bul

amines, ciirales, tartarels, eic. [nd application

2.1.6 Priniciples of Alloy Deposition

The six principles of alloy deposition are:

i) IT an alloy plating bath, which is in continuous operation, is replenished with two metals in &
constant ratio, M/N (for example, by addmg nictallic satls or by the usc of soluble arfodes), the

ratio of the metals in (he deposit wilt approach and wumaicly iake on the value M/N,
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i1} An tncreasc in the metal-percentage (or ralio) of a parcnt metal 10 an alloy plaling bath resulls

in u tRercase in its perceittage (or ratio) in the deposit,

iti} Tn alloy deposition, the 1atio of the concentrabion of the more readily deposilable tmelal to the

other is smalier at the cathode-solution interlface than in the body of the bath.

iv) In the deposilion of alloys from the normal alloy plating sysleins, the most {u ndamenial
mechanism is the tendency of the concentrations of the metal ions al the cathode-gol utiofi
interface 1o approach mutual equilibrium wilh respect o the two pareat melals Both principles

i) and iv) lcad to the relation:

Co/ € < /%

Where, C,, = Concentration of more readily depositable medal at the calhode-solulion inteiface.
€, = Concentration of less teadily deposilable melal at the cathode-solutiom interface.
CC = Concentration of more readily depositable metal in e body of the bath.

CY, = Congcentrition of less readily depositabie metal in the body of the hath

v) A variation in a plating condilion thal brings closer fogether the potentials Tor the deposition

af the parcnt melals sgpmalcll ¥ That i, decteuses the interval of potential between theri

tncreases Lhe percenlage of the less noble melal in the eleclrodeposited aloy and vice-versa,

vi} In depositing alloys 1n which the content of the fess noble metal increascs with cutvent
density, Ihe opoerating conditions Tor oblaining (he moie constant composition of deposit are
{a} comslant polential il the nnconttollable vaiiable affeut ihe potentials of the more noble metal

and (h) constant cunent density i the uncontiollable vanables affect the potentials of the less
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noble metal. Condittons (a) and {b) are interchanged 1l the content of Ihe less noble mietal

deoreases with current densily,

3.1.7 Advantage and Disadvantage of Alloy Deposition
Alloy deposits, offer cerlain advantages over single melal deposils. These are :

1) Increascd corrosion resisiance due to greater densily and liner grain siructure,
iy Combination of ptopeitics of the mdrwidua! constituents,

iti) New properties, unlike the individual constitients and

iv) Tailor-made propertes by proper selection ol the constittents.

The disadvantages of alloy deposttron include .

i} The greater comtrol requined,

iy The difficulty of reproducing the alloy cormposition and

it) The greater altention o the anode syslems used and their efTects on the solutioti cotisliltenls

and complexes.

2.3 VARJIATION IN THE COMPOSITION OF ELECTRODEPOSITED
ALLOYS WIlTH THE COMPOSITION OF THE BATH AND THE
PLATING FPARAMETLERS

3.2.1 Plating Variables
The composition ol an clecirodeposiled alloy ts a function of 2 large number of vaijables, tHe
main ones of which arc as follows :
A, Variables of bath composilion
. Concenlrations of deposilable nmclals
a) Ratio of lhe concentrations of deposilable metals to cach other,

b) Total concenlration of the depositable melals
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2. Concentialion of complexing agenis

3. pH ol plating bath

4. Presence ol addiiion agents

5. Presence of indiflerenl clectrolytes or conducling salts.
B Variables of bath operatiwomn

1. Curmrent density

2. Temperalure

3. Agitation of bath or movement ol cathode
¢ Miscellancous Variables

1. Cathode carent elliciency

2. Shape ol cathode

3. Basis metal

4 Thickness of deposil

A, Type ol current.

2.2.2 Types of Alloy Platirig Systems
The data on the efTects of variables on the composition of electrodeposited alioys constitute a
massive airay ol details. The orgamzation, preseation and (hemetical discussion of these daia

arc preally ssmplified by dividing all of the alloy plaling processes into five types. Thesc dre

i} Regular codeposition
i1} lrregular codeposihion
i) Equilibnom codeposition
iv) Anomalous codeposttion

v} Induced codeposition.
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Types 1) -ifi) arc collectively relerred to as normal alloy plaling systems and are chaiacterized
hy the prefcrential deposition of the more noble metal. Types iviand v) are referied o as
abnorinal codecposition because the more noble metal docs not necessarily deposit

preferentiatly.

i) Regular Codeposition: Regular codeposition 1s characterized by the deposition being under
diffston conire), The effects of plating variables on the compostlion of the deposit are
determined by changes in the concentrations of melal ions in the cathode dilfusion layer and are
predictable [rom simple diffusion theory. The percenlage of the more noble metal in the deposil
15 increased by those agencies thal increase the melal 1ot content of the cathode difTusion laycr.
The agencies are : increase in lotal metal conienl of bath, decrcase of curtenl density, clovalion
of bath temperatnre and increased agilation of bath Depositioh of Pb-Sn, Bi-Ca ctc. are the

examples of regular codepositioh syslem.

iy Trreegular Codeposition: The syslem is characterized by being conirolled by the potendials of
the metals {cathode potentials) against the solution to a giealer exteni thar by dillusion
phenomena, The effects of some of the plating variables on the composition of the deposit arc
in accord wilh simple diffusion (heory and the effects of others are conttary to diffusion theory.
Also, the efTects ol plaling vanables on the composition of the deposit are much smaller than
with the regular alloy plaling sysienis. Inegular codeposttion is most likely to necur with
solntions of compley ions, Tt is the feast well characterized of the five types. The examtples of

thns system are the deposilion of brass, bronze and Sn-Zin.

i) Equilibiium Codeposition * Equilibrium codeposition is charactesized by deposilion [rom a
salution which is 1n chemical cquilibrium with both of (he parent melals. Only a few alloy
plaling systems of this Lype have been investigated Theie arc the Cu-Bi and ™b-5ii alloys

deposited from an actd hath and perhaps Cu-Ni alloys deposited from a thiosullate bath.
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vy Anomalous Codeposition: Anomalous codeposition is churactetized by the anomaly that the
fess noble metal deposits preferentially. With a given plating bath, anomalous codepositioi

pocwrs only under cortain conditions of conceniration and operating variablcs.

Otherwise Lthe codeposttion alls under one of he thiec other Lypes. Anomalous codeposition
can occur in baths coptaming cither simple or complex 1ons of the melals. Adomalous

codeposition is rather rate. Zn-Ni alloy deposition is of this type.

v) Induced Codeposition : [nduced codepostiton 1s characterized by the deposition of alloy
containing metats, snch as Mo, W or Ge, which cannot be deposiled alone. Howevet, these
metals readily codeposit with the iron group metals. Melals which stimblate deposilion are
called inducing melals and the metals which do not deposil by themselves are called reluctant
metals. The effects of the plating variablés on the composition of the alloys of induced
codeposition are more vagarious and uinpredictabie than the effects on the conposition of alloys

of any of the other types of codeposttion,

2,2.3 Effect of Metal Ratio of the Bath on the Composition of the
Deposit

The relation between the composdion of an elecirodeposited alloy and the ratio of the paient
melals 1 the bath is the most important felation in alloy plating system. One Teature of Figs.
2 1 and 2.2 is that they conlain an auxiliary line, AB, which is refermed 10 as the “composition
icference ling'. 1L is uscd as an aid visualizing Ihe relatton between the pereenlage composition
of the alloy and ihe metal-peicentage of the bath. Points lalling upon the composition reference

fline would represent alloys having the sanic pereentage composition #s the metal percentage of

the Latt.
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Fig.2.1: Typical curves itustrating the refation between the composivion of
electrodeposited atloys and the composition of the batl ity normial co-depositioit.

Crirve 1 : Bismuth-copper alfoys deposited froin perchiorate bath {9
Curve 2: Copper-zine altoys deposited from cyanide bath {10}

A composition cuive that rises above (he composition teference line indicates thal the metal i
yuesticm is preferentially deposited. bocause ils percentage in the depostt is larger than its miclal
percentage in the bath. In normal codepostion. the mote noble metal deposits preferentially,
hence the curve for the percentage of the mote noble melal in a deposit always lies above the
composilion reference line Similarly, the corve reptesenting the percentage of the less nbble

melal ploticd againsl ils etal percentage i the bath lies below Lhe composition refletence line.
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Fig.2.2: Relation between the composition of the depuosit dand the compaositiol of the

bath in anomalons co-deposition.

Curve I: fronzine afloys deposited from suifate bath {17 ]
Curve 2: Nickel-cobnalt alloys deposited from chioride bath f12]
Crrve 3: Nickel-zine atfovs deposited from sulfite bath {13

Fig. 2.2 llustiates the relation between the composition of the deposit and the compostlion of
the bath in anomalons codeposition. ‘Three different alloys Fe-Zn (curve 1), Ni-Zn (curve 3)
anel Co-Ni {curve 23 all depostted hom simple chloride or sulfale baths are used as cxainples.
The outstanding leature of this Ngure is that the composition curves for the more noble metals,

N1 and Fe, lic below the compasition reference line, AB, in vontrast to curves 1 and 2 of Fig.

2 1, an cxample [or normal co-deposibon.

This means thal although Fo and Ni are the more noble melals, they are not prefefentially
depusited. The ddla For emve 3, representing deposition of Ni-Zn alloys, comes From the work

of Schoch and Hirsch [13] which was done m 1907 and 15 one of the earlicst shiehtes of the
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principles of alloy deposition. Althongh the lal metad content of (heir baths varied widely, this
docs not vitiate the relation between the melal mtio of the bath and the deposit The behaviour
of meials 1n anomalous co-deposition is nol as consistent and clear-cul as would appear from
the curves for metals in normal codeposttion Under some conditions of cutrenl density and

tetmperaturc, the metals may co-deposit in a normal [ashion and under other condilions in an

anomalous Tashion.

2.2.4 Effect of Total Metal Content of the Bath on the Comiposition
of the Deposit

variation of the (otal metal content of a bath, al a fixed mefdl ratio, appieciably allects the
composition of alloys in regular codeposition but has cither shght eftect or no vmlorm trend in

trrogular, anomalous and induced codeposttion,

-

L[] I I I

EIEN S

40—

A -

Coball ia depasit, 5

20 |— 3

10 -

! | 1 { |

1] 05 1.0 1.5 R 2.5 i.no

Toldl melal concenipation sa buth, prats.equivalonls fH1eL

Fig.2.3: Relation berween the composition of the deposit and the total metal contetit of
the bath in anomalous co-deposition.

Crves 1 and 3: From the dta of Glasstone and Speakman [14],
Crrve 2 s Fromi the ditet of Fink and Lah {13].
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The effcct of lotal metal content of the bath on the composition of the deposit in anomalovs
codeposition is {llustiated in Fig. 2.3 wilh data on the deposition ol Co-Ni alloys taken from
the work of Glasstone and Speakman {14} and Fink and Lah [15]. The afloys were deposited
from simple sulfate baths. Cobalt deposited preferentially although it 1s less noble thak Ni. The
Curves shm; that Tor 3 seveniold increase in total metal content of the balh, the coball conlent of
the depesit tocteased only stightly. Comparison of these curves with the much steeper cutve 2

of Fig. 2-2 shows (he much grealer eftect of varying the melal ralioy of the bath,

2.2.5 Effect of pIi of the Plating Bath on the Composition of the
Deposit

The effect of pH on the composition of an electrodeposiled altoy are specific and usually
unpredictable. {n sume baths, pH has a large effect and in others a small ellcet on Ibe
composition of the deposit. The determining factot is the chemical nature of the meldllic
compounds, because the pH does nol exert its cffect directly but by alterinig the state of
chermical combination of the metals in solution. Simple metailic 1ons arc only slightly sensitive
(o variations in the pH of the solution. On the other hand, the composition and stability of
in both alkahne ahd acid solulion

many complexes are a lunction of the pil. For

cxample, complexes. such as stannade, zincate, cyanides and amines, which arc stable in
alkaline solation, decompose when acidilied. As d general sule, variations of pH should have
Itle effect on the composition of alloys deposited from baths containing the metsis 4s simple
ions and should have 4 large effect on (he composition of alloy deposited from  baths i shich

the parent metals were present as complexes wilh large instabitity constants.

Glasstone and Speakman {14] determined (he most noble potentials al which the ron-group
metals and thetr muiual afloys deposited from solufions of vanous pH. They did this by
pracdually mereastng the current density and noting the potential at which colepesition was

initialed As might be expecled, the moe acid the solution, the hrgher was the cirrent density
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required to initiate metal deposition. However, rather uncapected was the linding that the
potenial at which depositon was intated was about the samc in the solutions of vanous
acidity, stoce the polential of initial deposition was independent of the pH of the bath, onc
might surmise that the composition of the clectmodepusited aitoys might also be Hittle inlfueticed

by varialions in pH.

IFig 2.4 shows data [rom three sources. Curve 1 represents dala from Young and Struyk (12}
lor the deposttion of Co-Ni alloys {rom adsimplc sall bath. Curve 2 represents data from
Glasstone and Symes [16] lor the deposition of Te-N alloys fiom a sulfate bath. Curve 3 is the
data of Raub | 17] for deposition of Te-Ni alloys from a bath containing ciliic acid. The three
curves all reprcsent anemalous codeposition simee Ni, the more noble metal. occws in the

deposit in a smalter percentage than ils melal-percenlage n the bath, which was 90% or more.

100
o
< 60 —
M
£ -
ot
-
g
o 6D -
at
-
5 =
=

i -]

!

pH af halh

Fig.2.4: Vffect of pH on the composition of deposits in anomalons co-deposition.

Curve 1: Cobali-nickel affovs from the datt of Yonng and Struyk f12]

Curve 2: fron-nickel alloys from the data of Glassione and Symes deposited from
sulfrrte bath fio] .

Curve 3 fron-picket afloys from the data of Ravb deposited from a bath comt~initig
eifrfc aord f171
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The curves show that the compaosition of the depostt is little affected by pH up to 5. This s in
accord with lhe surmise based on the work of Glasstone and Speakman, mentioned previousty,
and in accord with the pencral proposition that pH has litte effect on deposition [tam baths
contaimng simple metallic ions. The large increase in the Ni-content of the deposil shown by
curve 3 iz doubtlossly caused by the complexing of the iron with citrate ion, when the pl{ of

the bath was increased above 6.

2.2.6 Relation Between Current Density and Composition of
Llectrodeposited Alloys

Current density 12 the most imporiant of the operaling varrables. The mechanism may be
examined from 1wo view pomnts difiusion control and the cathode polentidl Accdrding Lo
stmple dif fusion theory, the rete of deposilion of 2 melal has an upper limit which is determined
by the rate at which its ions can move lhrough the cathode diffusion layer. Al a given curtent
density, the tate of deposition of the more noble metal is relatively much closer to its limiting
value than that of the [ess noble melal. An tncrease of current density, therefore, must be bome
mainly by an increase in the rate of deposilion of the less noble melal. With regard (o the
cathode potential, an increase ol cwrenti density causes the cathode polential o become mote
negalive {less noble) and hence this condition should increase the propaoriion of ihe less noble

melal in the deposit. The situalion is howevet dilferenl i ahomalons codeposition.

In Fig. 2.5, curve | teptesents the deposition of Le-Zn alloys from an acid sulfate bath al
90F3C. The dala arc lom the work of von Lscher and others [18]. The poinl P indicates the

melul percentage Zn in the bath, which is LL5%. The curve consisls of three branches

tn Lhe low current density region, [tom 2 o b, the codepositton appears to be ol normal type,

that 15, the deposil conlains a smaller content of the less noble metal, Zn, than conesinnds 1o
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the inetal-percentage 7, P, in the bath, and with increasing cuirent density the conlent of Znn
the depusil mercases. The deposit raprdly inercases i Zn conlent and above 2.5 Ampldin?

comtans much more Zn than comespostds Lo the metal-percentage Zn in the bath.
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Fig.2.5: Refation between alloy cosiposition and rnrvent density in amomatons co-

deposfiion.

Curve 1: Iroi-zine altoys deposited from acid sulfate bath [18]
Curve 2: Nickel-zine alloys from the dats of Schoch and Hirsch (13§
Curves 3 and 4: Niekel-zine altoys depesited from acid chloride bath f19]

The transition of the 7n content of the deposit rom a vahie well below, o a value well above,
the metal-percenlage Zn of the bath occurs over o rather emall mnge of current density (bratich

bed. The current densily at the point P is relerred to as " transition current density”.

I'he third branch of curve 1, from 1o d, exhibits liule change i alloy composttion with curtent .
density. Since Zn is depesiting prefercatially, the cathode film must be refatively more depleted
1t Zn than in Pe; consequently, the deposition should be under diffugion control atid the Zn

content of the deposit should tend downwards al snll higher current depsity This Boith type
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of relation, illustated by branch de., is not shown by curve | bul is shown by curve 2. Curves
3 and 4 lor the depomtion of Ni-Zn alloys from an acid chloride bath [19] show only two

branches. The low current density region from a to b is missing.

2.2.7 Effect of Bath Temperature on Composition of
Electiodeposited Alloys

2.2.7.1 General !

The effect of temperature on the composilion of electrodeposiled alloys may be the net result of

changes n several chatactenstics of the plating system, such as the foflowaing

{2) Equilibriwin potential: The equilttriom polenbials of the metals may change. This s probably
not an impertanl factor since the equilibrium potentials of metals do not change preally with

temperature and furthermore clectmleposition is far renwoved Nmn cquilithium conditions.

(b} Polarization. The deposition petentials of mefals usually beeome more noble wilh increase
in temperature. because polasization is decreased. Whether the deposition of the more noble o
less noble metal is [avoured depends on which deposition underpoes the larges decrease in
polanizalion. These ellccts are specilic and, therefore, the clfect of lempetature. vid
polarization, cannot be predicted without aciual measureients on the deposition potentials of

each of the metals.

(¢} Concentration: An increase in (emperature increases the coricentration ol metal in the
cathade diffusion layer, becanse the rales ol diffusion and of conveclion inciease with
temperature This is the most important mechanism by which temperature affecls the
composition of electrodeposited alloys Aceurding to the pnnciple of alloy deposition, an
increase in melal concentration at the solution cathode nletface tavours increased deposition of

that metal which already was deposiling preferentially.
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(d) Cathexde coment efhaiency: Temperature may alfect the compostbion of an elecirodeposited
alloy indirectly throngh its elfect on the cathode current elticiency of deposition of the metals,
particularly those deposiled from complex fons. For example, an 1nciease in lempetature
increases the cathode current efficiency of deposition of tin from a stannalge bath, and of copper
l'om a cyanide bath. In codepositing Sn or Cu with other metals whose elTiciencies of
deposition are unalfected by lemperature the Sn or Cu content of the deposit will increase with
temperalure regardiess of whethes Sn or Cu happen to be the more noble or the less noble melal

of the pair.

Of these Tour Factors, (¢) and (d) are the mos! importanl

2.2.7.2 Effect of Batli Temperature on Composition of Alloys in
Anomalous Codeposition |

A complex relation occurs in the vanation of alloy composition of anomatous lype with the
temperature of the hath. The elTect of temperature can be qualttatively explamed on Ihe hasis of
two lactore namely {1) Polarization and (i1) dii fusion phenomenon. These two Tactors have
opposite etfects on the deposit compomibion. With increasing bath temperature, (uclor ()
favours a decrease and Taclor {i1) an increase in the content of Lthe less noble inetal in the
depuosit. These two opposing inlluences are 1esponsible for the appaiently jnconsistent and

rather indeterminate trends of alioy composition with lemperatuie in anomalous codeposition,

The influence of polanzation is cspecially tmportant in anomalous codeposition, since the
failme of the more noble metal (o deposit prelerentially may be construcd as indicalive of some
kind of large polartzation 1 the deposition of this metal. If this be granted, then the reduclion
of polarization ivhich ocenrs ou raising the temperaturc of the plating bath shovld be larger lor

the more noble metal and the deposition ol the fatier should be favored to a larger exicnl than
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that of the less noble mctal. Hence, in anomalous codeposition. the conlent uf the tiote toble

metal 1n the deposit may iicrease with temperzlure,

An incrcase in tempetalure favows the deposition of ihat metal which is preferentidlly
deposited, because it speeds up diltusion and thus relieves the depletion of melal afl the
cathode. Since in anomalous codeposition, the less noble metal deposils preferentially, an

elevation of lemperature should increase the content of the less roble metad in the deposit.

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

Agitation of an alloy plating bath or rofation of the cathode can directly affect lhe compositiof
of the alloy by reducing the thickness of the cathode diffusion layer. This 1s # putely
mechanical action which does not change the elccirochemical propertics of Lhe solutioi of the
mechanism of (he plaling process. Being of this natuie, agitstion.has a mote coisislient

influcnee on Lhe composition of the deposit than cilber temperature or ctirfent densily.

The effect of agitation on the composition of the deposit is due to the concenthatiot changes
which 1l produces at the cathode-solution interface. Dhring alloy deposition, the cathode
diffusion layer is depleicd in metal ions and | withermore, the ratio of the corcentialivng of the
melals in the layer difTers [tom that in the body of the bath. Agitation of the baih or rolation of
(he cathode. by decreasiig the thickness of the caihode diffusion fayer not only results in an
increase in the concenttation of metal ion in the cathode diffusion layer, but also causcs the
metal ratio of the diffusion Tayer to appreach inore closely Lo that of the solution in the Body of
the: bath. This favours art increased rale of deposition ol that metal which 1s already deposiling
picferenlially. The effect of dgitation, thus, 15 sumilan to thal of increasing the concentratioh ot

the lemperature of a bath,
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2.3 PROPERTIES OF ELECIRODEPOSITED ALLOYS

The ulilization of melals is determined by their properties and by economic considerations.
With the growih of tcchnology, however, electrodeposits began (o be applicd to a variéty of
enpineering and scicntific purposes and. vonscyuently, inote interest was shown in their
ptopertics. Obviously, the exlension of the applications al elecltodeposits would be greatly
accelerated iF more information were available concerning their mechanical, physical and othét

properties.

The propertics of electrodeposited melals may be vaticd by altering (he conditions b
deposition. Indecd, some of the properties ol clectrodeposited metals, for example, the
hardness, may be made to vary over a much wider range than thuse of therimally prepared
alloys. Again, the properlies of clecirodeposited melals may be varicd further by application of

heal itealmichis.

2.3.1 Mechanical Properties of Electrodeposited Alloys

2.3.1.1 Hardness

The hardness of elcelmdeposits is usually measured by indentation or seratch miclhods The
use of a pointed diamond indenter, such as a Vicker o Knoop diamond, in conjunction with a
light load of 25 16 250 gm is the preformed method. The measurements are usualiy referied Lo as
the mictohardness but they dilfer from ordinary indentation fiethods only in \hat a fiphter lodd
s used. The indentations arc usually made on a polished cross section of the deposit, which
should be a mininum of about 5O pm thick, bul measmements can also be made directly of the

plated surface paralicl to the busis mefal.

The hardness of electiodeposited 1netals is grealer than that of cast melals, and in tuin the

hardness of electrodeposited dltoys 1 greater than ihat of either of the individually H=posited



31

parent metals. This is illusiraled in Table 2.2 Tor several alloys, [Lis of inferest to nolé thal
although tin is inuch softer than copper (he hardness of the clectiodeposited alloys arc grealer

than thal of copper and the hardness increases with the content of Uin o a vatuc 450 Brinell at

45% un.

Table: 2.2
Comparison of Hardnesy of Electrodeposited AHoys with thit of Individially

Elecirodeposited Metals aitd With that of Mefallurgical Metals.

No.  Alloys! Najure of Metal Composition, % Hardncss

Mcetals

Mo, Method

l. Tin Melal luz gical 10 4 Brinefl
2. Tin Llectrodepossted 100 8 Brinell
3. Copper Metaiurgical 17X 60 Brinell
4, Copper Electrodeposited 100 4580 VPN
5. Bionze " 12, 5n 222 Brinell
f, " " 17, Sn 345 "
T. Speculum " 45, 5n 450 "

‘['he hardness of clectrodeposiled alloys increases most rapidly with the fitst smalt additions of
the alloying metal, then at a decreasing rate. The percenlage of alloying clemetit above Which
the hatdness shows litlle change, depends on the naturc of the alloy. For example. he hurdress
of clectrodeposited cobalt-tmgsien alloys increased with tungsten content unti! the lailer

reached 35-50%. Tn conirast, the hardness of electrodeposited silvei-lead alioys reached ils
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il when (he lead cotitent of the alloy was abont 3%, as shown tn [ig. 2.6, These data arc
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Fig.2.6: Fffect of Pb content on harduess of Ag-Pb altoys depusited from a cyanide-
tartrote type of bath. One set of specimens was deposited af 257C, the other at

4000, The curves are achially boundaries of the data with points falling in betwéen,
since the hardiess weasurements showed considerable scatter.

1.3.1.2 Ductility

Ductitity is the amount of abuse ihal a coating can withstand belore crackig ot before
becoming scparated from the basis mielal. Many tests have been developed (o measute ductility.
I'hey are tensile test, bulge test, stretching test, fow frequency laligue test, bend test ete. Off
them. the most widely used appioach is some (ype of betl test in which coated material is

deformed in a standardized manner while lhe coating is scrulinived lor the fiist evidence of

crackng or peeling.

Ductlity depends on coating composition, coaling thickness, surface roughness of fie coating,

overpolential and other coaling characteristics. The ductihly decreases with increasiing sutface
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roughness, provided other paramelers which influence the ductitity are kept conistanl [21F.
Cxcepl for very ductile deposits, the apparent ductility 1s an inverse function of the coatinig
thickness |22]. TFor systematic study of ductility dependance on coaling composition, the olher

parametels must be wentical,

2.3.1.3 Wecar Behaviour

Wear may be defined as unintentional defertoration resulting from use or environinent. It may
be constdered essentially a surface phenomenon. Wear 18 one of the most destructive inlTuences
1 which metals arc exposed. The displacement and detachment of metallic parlicles [rom a
melallic surface may be caused by contact with (1) another metal {adhesive wear), {ii) a melallic

or a non-metatlic (abrasive wear}, or (i) moving liguids or gases (erosion).

H is gencrally accepled that a universal wear test is not feasible. Equipment To1 wear testing
must be designed 1o simulate actual service condiitoits. These tests should have proved
reproducibility and should be validated by correlation with scivice data The pin-on-disc tesler
is & means of evaluating wear 1esislance becduse a flal loaded pin i in rubbing contact with a
flal rolating dise. During the tesls, the sample (pin) 15 pressed apainst the rotating disc under a
constant load fer a prespecificd time period. Pins dre weighed before and after the tests o
determine the weighit loss duc to wear, The exient ol weight loss t= mversely proportional tn

wesHr resislance.

Lot dip zine coaling is applied to sicel compenents for its amti-corroson property. Zn-Ni alloy
coaling has been found to possess cven moie invproved cotrosion tesistance. Nickel being a
rather expensive clement, a [airly thin {(~30 gem) Zn-N1 alloy coating is usualty applied on steel.
The dirt paiticles of the environmenl or other abrasive agenls can cause wear of coated
components. As hat dip zine coating is quile thick (sevetal hundred pm), wear to senc exlent

does nol expose the steel substrate (o envirenment. Oo Lhe comirary, wear can remore Lhinnet



Zn-Ni alloy coaling resulling in Taster cortosion of the subsirate unless il possess adequale
wea reststance. In the present study wear behaviour of different Zn-Ni alloy coatings has been

studied and comparcd with those of pure zine coalings.

2.13.2 Protective Value of Alley Coatings

2.3.2.1 General Considerstions

The most important use of clectrodeposits, whether individual metals or alloys, is as coatings
o protect olher metals, such as steel, brass and zine (rofm corrogton. For this reason the main
intetesl in the chemseal propeitics of clecirodeposited alloys has cenlered around the corrosicn
and tarnish resisiance of the alloys with particular emphasis on the prolection thal altoy coalings

aflord Lo sleel.

The chemical reactivily of 2 binary alloy usually lics belween thal of its constituents and at [irét
sight it would seem as if electrodeposition of the alloy would be of no advanlage. since its
cormision resisiance would be inferior (o that of ils more noble conslituent. This would be true
il the alloys were used in the massive state, but when applicd as coaliups their chemical
reaclivily 15 only one of the factors thal delcrmines therr apphicability as a protective codting,
other imporlant considerations are the natvre of the basiz metal, thickness and cotiintity of the

coaling and the service conditions.

To show that the chemical nalure of a metal alone does not determine ils value as a codlbitig, il
may be poinied ot that, Tor the protecton of steel against corrosion, metals of diamietricatly
opposite degrees of chemical reactivilies arc ulilized; yet cach type salisfaclodly aiTordy
protection against corrosion but in dilferent applications. The lwo (ypes of coalings which ate
applied to steel arc designaled as cathodic amd auodic Cathodic coatings, of which vicke! and

coppel arc examples, arc chermically less active than stee! T a salt solition these mr1ls are
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positive (less active) b0 steel. Coalings of these melals protect stecl by shielding it [rom
ocorrosive environments and aie elfcclive as lomg as they completely envelope the sleel.

Being less reactive than steel, a given (hickness ol coating lasts much longer that oh equivalent
thickness of sicel However, if discontinwties exlending down e the skeel oceur in the coating,
(he cotrosion of the sieel is accelerated by the galvanic aclion wiich 1s set up betweés the

coaling as cathode and the steel as anode in the presence ol moistwic.

In contrast (o the cathodic coatings, the anodic coatings, of which zinc and cadmivm are 1he
musl impartant, arc more active than stecl. In a sall solulion Lhese melals ale negative {less
noble) to steel. Anodic coalings protect steel from conosion initially, just ag do the cathodit
coalings, by shielding it from corrosive environments, but being cheimically aclive they are
attacked more rapidly than cathodie coatings. When, or il the sleel is exposed (hiotigh
disconlinuities in the coating, the latier still proteets the steel by virlue of a galvihic action. Tn
the presence of moisture the coating becomes the anode of a galvanic cell and is slowly
consumed, whereas the steel being cathodic does not corrode, tntit the exposed area becomes

so large thal paits of 1t are too tar removed trom the coated arca Lo receive appieciable current,

Zn-Ni alloy coatings provide betler cotmsion protection of steel than other #ine coalingd In
reechl vems, the commercial use of these alloys has picatly expanded. replacing Zn and Cd
plating in many applicalions such as i attomotive body panels. Maximum corroston proleclion

ronn rust is alforded by Zn-Ni alloy coatings in the range (11-14)% Ni [23],

2.3.2.2 Advaniages of Using Alloy Coatings and Exanples of
Corrosion Resistant Alloy Coatings

Since {hc chemical reactivily of alloys usvally lalls between that of the paient metals, it is
necessary o considor if there arc any advantages in vsing 2 coaling of an allay ral'er than a

coating of etther one of the purent metdds. There are three possible advantages of tuing alloys.
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(1} Since cogosion conditions ate rather specific, often a cerlain composition of alloy yiclds
beiler protection in « particular environment than a pure electrodeposil. Or slated in another
way, lhe composttion of the alloy may be tailored lo meet a parlicolar kind of cortosive

condition,

(2} Metals with good cotrosion charcleristics which cannot be deposited alohe can be oblaitied

as allovs in induced codeposition.
(3) 1 one of the parent metals 18 expensive, the use of an alloy affiids an cconomy.

Point (1) is the most important congideation that deterrmnes whether an alloy ts used itistcad of
ah tndividoal meltal. The Zn-8n alloys are ciled as an example of tailoring a deposit to meet 2
corfosive condibion. Zinc proteets steel sacrificially, but being rathet active does ot have a
long Wle. On the other hand, tin is less acuve than sleef aiid off outdoor exposure protects it
mechanically [or cathodic coatings. The protective value of an electrodeposiied coating of an
alloy containing 80%: af tin and 20% of zinc is supertor Lo that of either of the parent metals.
Appatently, the presence of the less achve tin decreases the rate of anodic attack of zitic by just
the right amount, so that the coating sl proteets stecl anodically and yel has a longet life than
pure 7inc coatings. Another examples of the beneficial effect of alloying ig the protectivé value
of chrommium-iton alloy. Chtomium alone is so passive that it lunctions on stec! only as &
cathadic type of coaling, and 1usling 1cadily takes place throwgh cracks ih ihe coating.
However, the coating oblained by codepositing chromium with about (5-10)% irod g

sulliciently aclive o pmicct sicel palvanicatly i the salt spray.

As an explanation of point {2), elements like W, Mo and P resist altack by acids atid other
chemical reagents and conler sontc of their comomon reststance on their alloys, A few

exaihples of the elfectiveness of coatings ol these alloys apainsl corrosion are citerd  Coalingg
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ol Co-W alloy prosides ouistanding proteciive vatue o steel in oudldoor exposure tests.
Although the coalings became dark and discoloured, they prevented formation of rust and were
superior 1o cither pure nickel or pure coball coatings Ni-P alloys 1241 in outdoor exposure
lests remamed bright much lonper than nicket deposits, and a coaling of the alloy aboul 12pm
{hick was in as gond condition al the end of the lest as a coating of nickel of twice the

thickness.
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CHIAPTIEIR: TIANRIEE

3. EXPERIMENTAL

3.1 Materials
Commercial mild sicel shects were used as substrates 1 (his investigation. Az anodes Tor
electiodeposilion. lead shecls wore uscil. 'Fhe size of lead anodes was 3 mm & 25 mm x 1 mtn

and that of mild steel substrate was 60 mm x 30mm x 1 mm.

3.2 Prepsration of Specimen for Electrodeposition

The Now diapram of sample prepamtion is as [ollows:

Removat of Cleaning with oy

. — — Pickling —
Sharp cdge dctcrgenl

Rinsing with Alkaline apodic Rinsing in

=2 , = =
tap waler electineleaning Warm waler
Acid dipping| Rinsing in = | Electrodeposiiion
cold watel
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Hemoval of shaip edges: This is done by prinding the sharp edges. Ctirrentl density
becomes larger at sharp edges and this, in urn, resulis thicker deposilion at the edpes. {h order

iy get unitorm deposition, sharp edges were removed.

Clesning with déetergent: The sample may conlain grease, oil, drawing compoutids and
olher substances which come during its fabrication. If Ihese contaminants are prescnt, they will

weaken the nexl pickling action on the sample. So, these were removed. TFor this opefaliofi,

commercial Na,COq powder were uscel.

Picklifig: Pickiing was done fon the chemical removal of surface oxides (scale) and other
conlaminanis such as dirl from metal by immersion in aft aqueots acid softdion. Particulars of

pickling operatioh are given 1 Table 3.1,

Rinsing: Thorough rinsing was done for oblaining the clean, slain-free and smut-free surface
necessary Tot subsequent electroclcaning operdtion. Tri order Lo get optimum 1insing conditions,
mainlefiance of the high pressure cold water sprays were provided. Thus, acid cofttamination

of Ihe subsequent clectrocleaning bath is eliminated or mininiized.

Aiodic Blectrocleaping: Here ihe sample was nsed as anode in an alkaline bath. Mild &léel
plate of size 60 um £ 30 mm x | mm was used as cathode in this operation. This (Fealmeéil
removes metallic oxides and smuls and presenis the deposilion of other positively charged
metallic ions, which atherwise may resull in a detrimental film on the work picce. The

patticulars of This operation we ginven i Table 3.1,

Rinsing In warm water: Alkalinc cleaners are difficult o tinse. Cariyover ol 1csiducs can
produce staining, skip plating or loss of adbesion. So warm water was used i rinsing of the

electrocleancd sample.
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Acid dipping: Plating is rmrtiated on an aclive surface 5o, clecirocleaned samples were cid
dipped lo neutialize any residual alkali film, remove oxides and smuls and to activate the
workpicoe lor subsequent clectroplating. Various parameters of this lreatment are given in

Table 3.1. The sample 18 now ready for electrodepostiion,

Table 3.1

Particitlars of Pickling, Electrocleaning and Acid Dipping Opekdtions

|
| Name of Reagents used i .
. Opetaling conditions
upertion {(WLG)
g Temp. (*C) Currenl ﬂE]’;HiT.}' Tire
(mAJem<)
Pickling H,80, :20 70 10 Mins.
H,O * R}
Anodic electro- | NaOH 1 50 &) 55 (22 Mins.
cleaning Na,COy 125
NuySi0; 20
Na P50y 05 :
Acid dipping He 20 Room 15 Sccs.
| IO 90

3.3 Electrodeposition Sct-up

Electrodeposition was carricd oul wi a laboralory type electrodeposition sel-up consisting of 4
beaker. a D.C. power supply, a thermometer, a magnetic siirrer, a stand and perspex holder.
The beaker conlaining the electroptaling solution and magnetic stirmer was placed on a niagnetic
hot plate 0 as Lo be abte (0 agitaic the cleclrolyte automaiically. Anode and cathode were
connecled to the D C. power supply via a milliammeter. Two anodes were used on both sides
of the cathode Tor unilorm deposition on both stdes of the cathode. Schematie of the sét-up

used lor electrodeposilion is shown in Fig. 3.1,
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Fig. 2.1: Elechodepasition unit

3.4 Electropiating Operation

The beaker was filled to approximately lwo thirds of s marking point with bath solution. All
the accessones were then set=up. The preparcd substrale was then connected to the nepative
ternunal of a D.C. power supply and two lead anodes to the posilive lerminal. A digitat
mulimeter was also placed in the circuit lo measure the cinrem. Deposition was caiticd oul al
constanl current densities vie 50,75, 100, 150, 200 mA‘cm?. Al the end of clectrodeposition
for a predetermined time period c.g. 30, 60, 90. minutes ele., the power supply was swilched
of l aind the workpiece was taken oul, Aller deposition, the specimens were thoroughly Hhéed

in cold water o emove sumplus electrolyle. Afterinsing, the specimens were dric! aixd siored
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in a desiccator Tor Turther investigation. Composilions of different baths vsed are given in

Talle 3.2

Table 3.2
Plating bath compositions for the electrodeposition of In metal eoating and

varions Zn-Ni alloy coatings.

" Bath o Bah concentrations (g/L)

mmpnm:m.q
Pwe 7in Zn-Ni alloy

i Bath 1 Bath 2 [30] Bath 3 |30} Bath 4 {30}
NiSCQy, 6H,0 - 285 350 200

| 7n80)y, THHO 24} 150 150 10
H3BO, ; i . 35

|| NH4C 15 ) i i
NS0, - 151 150 -

3.5 Electrodeposition to Constatt Thickness

Bowh wear resislance and ductilily are Tunctions of énating thickticss. So depositing filin of
constant thickness 15 necessary, Deposition of 40 gim thickness and 20 um thickness was made
frim all types of baths for wear test ssmple and duchlity lest sample respectively. Theoretical
time required 1o make a Rlm of 40 gm thickness was calculated from Fataday's law, As culrent
cllicicney always remains less than 1004, practical thickness will be lever than the theoretical
value, To obtain a deposil of 40 pm thickness, several deposils were made by varying the
“deposiiton me e.p. 1.21, 1.4 1.6 ele. (I=thcoretical lime {or 40 prm thick film) for a fixed

bath. Fhe thickness ol the deposits ete measured under an optical microscope. A paph was
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drawn by taking lime as abscissa and thickness as oidinate. From the graph, the point

representing 40 pm (hickness was located and the corresponding Lime was oblaincd. Then

deposits of 40 pm thickness were made lor (he ime already oblained Fig. 3.2 shows Lhe

actual time reynired Lo oblam 40 pm thick depasit. Deposition to 20 m Ihickness was also

performed in the sumilar way.

55

Dep. ¢. d.: 100 mAjom?

pure 21

Thickness (mm)

8 8 58 & &

[
n

1

L
. gl
.....:_.u'ﬁ

18
Time {min)

Fig.3.2: Time calculétion for 40 »m thick deposit

3.6 Mecthods of Tnvestigation

In the present study, the following lesis have been condueled on the deposit:

i Chemica analysis of the eoaling

tiy X-ray diflractomett v of both as depostied and anncaled coaling

iy Microhardness measurement of both as deposited and annealed coating

iv) Wear tesl of the deposil

v} Ductitity test of the coating,
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3.6.1 Chemical Anaiysis of the Zn-Ni Alloy Dcposit

Chemical analysis of the deposil was carried oul by the conventional wel method [31]. Weighl
of the electiodeposited sample was taken fivst (sdy w)) The deposit was allowed (o dissolve th
150 c. c. cone. HCL solution. Precaution was taken here so that [HCEH do not react wilh the
sithstrate. The sample was rinsed with lap watel, died in acclone and weighted (say w.,). So,

w =W, (=w, say) gives the weight of the deposit dissolved in HCL solution. The solution vas

then heated unti] the volume rediced o 100 .

Alncutral paint, disuethyl glyoxime (€ 1 LN,0,) was added. Ni-glyoxime precipilate of blood
icd colour was Formed which was sepavated by Filtering thromgh a dual lilter paper of equal

weight. The filtrate was treated several tumes with NH,OH, dimethyl glyoxime it seqitence

unlil precipitation was compleled. The precipitate was then washed seyveral times with hot

waler, dried for onc hour at 110-1208C and weighed as NiCgH | ,0,N,. Al types of samples

were aken under this trealment and M was determined.

3.6.2 Wear Test

Wear lesis were catried oulin a pin-on-dise type apparalus (Fig. 3.3} vnder dry sliditig
condibions in the ambicnt air at room temperatute. Cylindrical ping of 8 mm diamelet and 6.5.
mim length coated with 40 pm thick deposit were used. Grey casl iron dises of 80 mm diameler

and about 10 mm thickness vere used as the counter body.

Daring the lesls, the sample was piessed against the entating disc under a cohslant load [or 2
prespecified lime periol. Toads of 120, 175 and 250 gm were nsed during the tests. Tekling
peniod were 5, 1€} and 15 minules. The counter body was iotated at 500 rpm which gave a
linear speed of 1 39 m/s. For each experiment, a new pin and a new dise were used. Belore Ihe

tests, both the pin and the dise were degreased. cleancd thoroughly in watet and diried
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immedialely in acctone. Alter testing, the worn surlace ol the pins was examtined by optical
microscopy and the width of the wem scar was measuted. At teast three lesis were carried out
for each sct of conditions and the average width ol wear sear on (he coated pin was lakeh as a

measure of the coating wear.

Load

Pin (Fixed)

Counter body

| /

Fig.3.3: Schommic diagrenn of wedr (051 apparaiis.
fiir-on-dise fype)

3.6.3 Micro-hardness Medsurenient

Microhardness vaiuces were determincd by using 2 Shimudzue microhardness tesler.
Microhardness measurements were carried oul by using 50 gm load applied for 5 seconds on
lightly polished and unelched specimen, Microhardness measurements were done [or all

deposits of various compaosilion

Microhatdness was also taken afler anncaling ihe samples a1 3259C for 172 hour Jor samiples

deposited from |3ath 2 and Bath 3 and at 7009C Tor 1/2 hour Tor sample deposiled from bath 4.
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Annealing temperalures were selected fiom the cqulibrium phase diagiam of Zn-Ni alloy as

shovken in Appendix A

3.6,4 Phase Study through X-ray Metallogiraphy
Phasc structures of both as-deposited and heat-trealed coalings were iivestigated by means of
X-tay dilTraction and compared with the equilibirium phasc diagram (Appendix A) The

pperaling condition of X-ray dilfractometer 1< shown 1n Table 3.3,

Table 3.3

Opcratipg condifion of X-tny Diffraciemiter

Radiation - CuK,,
Vollage and Cuirent CAKEY, 15 mA
Scanming speod : 2%min

i Chart specd : 10t mmimin
Range :30° - oY

3.6.5 Ductility Test

Bend test For ductility of plaled metals wag performed in aceondance with ASTM B 489-68
[22]. A series of mandiels with diamcteis from & to 50 mm in 3 mm steps with length of 150
mm were used for the test. Flat spectmens of size 150 mm A 10mm A 1 mm [22] werecut by a
Guillotine shear rom the middle portion of clectrodeposited sample of size 150 mm x 60 mim x
T . The Targest manthie! was placed in the vise. The test specimen, with the betler voai iy
culward, was bent over the mandrel so that as the bend progiessed the test specimen rematned
in conlact with the fop of the mandrel. Bending was conbmued with slow, stcadily applicd
pressure unlil the Iwo leps were parallel. If there were no cracks visible under a 10X

magnitict, the icst was ieprated. using new specimens, on mogiessively smatler-dismeter
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mandtels, unhil cracks appeared across o through the plating. The preceding mandicl diameter

was taken as the value lor (he ductitity determination, The elongatian is delermined as follows:

L = 10T (E4T)

Where, E = Percentage elongation
T =Tolal thickness o the basis metal and deposil
i) = Diawmeter of the mandrel
As ductitity differs with coalipg thickness vanzton, all te specimens laken under thrs {est

conlained 20} am thick deposit.
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CIELATRTIRIR: 1FCIR,

4. RESULTS AND DISCUSSIONS

4.1 Electrodeposition of Zn-Ni alloy Codting

Electradeposiion of Zn-Nt coatings was carricd out in three different haths conttmng difTerent

refative proportom of Zn80,and NiS(, (Table 3.2} 1t was found thal pH of the bath had a
profound elfect on the nature of Zn-Nt alloy deposit. Uniform, adherenl coatings Were
abtained in the pH range of 1.8-3. In baths of pH > 3, coating became non-adherent sid

hritde. At baths of pH < 1.8, depasit could form only near {he cdges while major portion of the

submirale surlace remained bare,

Ttig thought that at pH < 1.8. Zn-Ni plating baths became ton cotrosive and therelore attacked
lhe depesited Zn-Ni alloy chemically. At the mid portiom of the sample where ctrrent density is
lower than the average, rate of this chemical altack is higher than the deposition rate. On the
olher hand, at areas near the edges which reeeive more current than the average, the rate of
deposition is higher than (hat of chemical attack. As a resull, sigmificanl amounl of deposil
could only be seen near the cdges at pll jower than LR, Relerring o the Pourbasx diagraim of
nickel [33], i is seen that precipitation of 1'~~Jil{li_".'1~ll’12 can lake place al pl1 greater than 5.8. Due (o
hydrogen dischaipe al the cathode, hydiogen concentration at the cathode diffusion layer is

lowered and thus pl ] at the difl fusion layer can be increased |34]. Under this condiion, pH of
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solution of cathode diffusion layer might be grealer than 5.8, although pH of the bulk soliition
remained a slight above 3. As a result Ni{OH}), can precipitate in the dilfusion layer Tnclusion
of this hasic hydroxide into the deposit is believed to cause the britlleness of Zn-Ni alloys

obtzined fiom hath having pld greater than 3.

Chemical analysis have shown that baths 2, 3 and 4 (Tabte 3.2) vield Zn-Ni alloys wilh 7,
4.4 and 40% nickef respectively. The influence of Ni?' concentiation in the bath op lhe
composilion of the deposil is shown in Fig. 4.1, The posttion of the curves in this tigure
shows that under the electrolysis conditions used, zinc is the most readily deposited metal, Thie
percentage of zine, the less noble melal, in the deposit 18 always higher than its percentape in
solution. While the pereentage of nicke!, the more noble metal, in the deposil is alwivs lower
(han its percentage in solution, From this depositton pattein, it is scen that Zn-Ni alloy coating

15 of anomalous (ype [25,35].

B 100 120 140
Nickat lon In bath (g/L)

Fig.d. b Effecrof Nit 2 congentration in bath o thepers it Conpasitiont
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When the percentages of mickel in the deposits and in the baths arc relaled, a lincar dependency
15 uhtained. This lincar retaton 18 shown in Fig. 4.2, This is well documenled with the work

done by others [36] who studied electroplating of Zn-Ni alloy lilms from a chloride bath,

0

o
i

% Mi in deposit
=

b
15
0 ] ) ) I ) ! I
Lt os 70 7% &0 o 90 ot {00

% NI In bath

Fig.4.2: Bffect of NI'% in Ienth on Ni in deposit

4.2 X-ray Investigation

Each of the three Zn-Ni allow coaungs containing 7% Ni, 14.4% Ni and 40% Ni wore analy zed
by X-ray difltaction under as-eposited as well as annealed eondittons. X-ray dilfraclion wag
alse pertormed on as-deposited pure zine coating, Fig. 4 3 shows the diffraclion patieins ol
Zn-14.4%Ni alloy coating under both as-deposited and anncaled condilions. Thiee prorminent
diliiaction peaks al the 2@ value of 42,67, 62.3% and 78" are detected lor as-deposited sample.
These peaks correspond to (4117 planc of y, {442) and (426) plancs of & respectively. The
presence of y amnd 8-phases is cxpeeted for the composition Zn-14.4%Ni from Zn-Ni
cquilibrium phase diagram as given in Fig. 3.3, The aloiesaid threc peaks were nlso delected

on the annealed Zn-14 4% N1 alloy coating. Scveral extra peaks of y and d-plase were also
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delected. The coincidence of the Zn-Ni cquilibrium phase diagram with both the as-deposited
and anncated X-ray diftraction pattern indicates that the Zn-14.4% Nt alloy deposited with
equilibiium phases in ils microstructuce. 1t is Lo be noled that for annealed sample, threc
diffraction peaks corresponding to the 2o value of 31 5%, 34.67 and 74.67 arc presenl shich

colild not be indexed,

Ax has beon stated earhier, anty three prominent peuks are obseived for the as-depositéd samplé
whercas he diffraction paltern of the annealed sample exhibits the proniinent as well ds
numerous weaker peaks. The absence of weaker peaks in the ilif [rdclion pattern of as-deposited
samplc is belicved W be due to liner grain size and presence ol inlernal stress in this sample

[37].

Fig. 4.4 shows the X-1ay difftaciion patterns of Zn-40% Ni alloy coating. Four difffaction
peaks, corresponding to (e (101) plane ol B, (422), (444) and (552) planes of y phascs
respectively were detecled on both the as-deposited and anncaled coalihg. The peaks
represenling B and y-phase agiec well wilh the Za-40% Ni composition of the Zn-Ni
equilibrium phase diagiam. The deposilion is supposed Lo be nider equilibiium condition dug
o this well-agreement with Lhe Zn-Ni equilibrium phase dingram. With some extra peaks of y-
phase, three unknown peaks were also detected on the antiealed sample. The preserice of exim
known peaks of annealed samplc may be dne 1o ils stress-free grains of larget size and
favourable ientation [37]. The reason for the presence of the undetected peaks in annealed

sample coutd not be known,
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o



Inlensity {arbitrary unit}

intensily {arbitrary unit}

53

$5001)

r(.22)
Y(444)
y{552)

30 40 50 60 70 80 9y
Diftraction angle, 2@ (deg )
fer)
- 5
&
~
s
— — ur —
N T
o 3 % =
S - :
{"‘ Mﬂkm L’ﬂd
MM«*ML.MM*J M e
30 40 50 60 70 80 90

Ditfraction-angle, 2 8 (deg.)
(i1}
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Zn-7% Ni composition of Zn-Ni phasc diagram lies in a two phasc region of (d4+v). Three
diffraction peaks corresponding to (330). (442) and (426) plancs of & phase were detected in
the as-deposited sample and peak ol no n-phase conld be detected. On the othet hand, the
annealed sample 1cvealed some extra peaks representing y and d-phase and two unknown extia
peaks. Both the palterns of as-deposited and anncaled samples did nol coineide with the Zn-Ni
caquiltbnum phase diapiam, The anncaling was repeated and X-ray diffl1action was taken again
with a view (o get new information Lo solve the contradicion. Yel the repeated X-ray patlers
was the duplicale copy of the previous pattern ol anncaled sample. 1'he reason for this

contradiction could hol be solved. Both the dilfiaction patterns are shown in Fig. 4.5,

Fig. 4.6 represents six diffraction peaks of v phase tor the sample of as-deposited pure Zinc

coating. The peaks correspond 1o the plane (1000, (F01), (102), (103, (1112) and {2013,
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Fig.4.6: X-ray diffraciion pattern of as-deposited ure zine coafing. (Deposition clrret
density: 100 mAicin?, Deposition time: T hir.)

4.3 Microhardness Measurcments

The microhardness of pure zime coating and Zn-Ni alloy coating are shown as 8 Tunetion of Ni-
content of the deposit tn Fig, 4.7. All the coalings were deposited al room temperature at
constant currenl density of 100 mA/cm? { he hardness increases with incicase in Ni content
The hardness increascs at a fasler rale al lower percentage of nickel, The hardness practically
levels ofl afler 14.4%Ni. Fig. 4.8 shows ihe cilcet of current densily on microhardness of the
coating deposited from different baths. Tt 15 seen that microhardness is independent on curicnt
density in every case. As hardness is independent on cuteent densily, it can be suggested that
alloy composition is not alfected significanily by curtent densily variations, This ts supported

by the work done by athers [36].
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Fig. 49 shows a variation in hardness beiween as-depostied and annealed Zn-Ni alloy coatings

al dillferent composifion. T'he hardness vatue of anncaled deposit is a shightly lower than thal of

500 As daposited o

1500 10 20 Y 40

%Ni in deposit

Fig.4.9: Vartation in harduess between as-deposited and aunealed 7n-Ni alioy coating

as-tleposited coating, The as-deposited coating 1s belicved to remain in a linely grained and
stressed condition. Anncaling of the coating catses the internal stress Lo be relteved and also
tesults m grain growth [37]. Therefore lower haidness values are expecied in anncaled

saniples

4.4 Wear Tesl Livaloation

Fig. 4.10 shows the microgiaphs of wear scar an pure zine, Zn-7%Ni, and Zn-14.4%Ni
coalings tested under a load of 250 g lor a sliding dislance of 416 m. The miciographs were
laken immediately afier the test without any cleaning. 10 is seen thal wear scar width 1s a

lunction of deposit composition and the widih increases with a decrease m nickel conlent of the
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deposit. For purce zine coating, the sieel substraic was exposed which is seen as grey repion at

the middle of the wear scar |Fig. 4. 10{a}].

fa}

Fig.4.10: Micrograph of wear sear of pure zine conting
{Applied foad: 250 g, Shiding distance: 416 m)

In addrion 10 some shiding marks, scar on pure zine coating is found to be dirly. On the othier
ham, scars on Zn-7% Nt and Zn-14.4%Nt coaling arc scen W be smooth and clean. Fine
shding marks are also visible on buth the micrographs ol Zn-T%Ni |[Figd. 10(b)] and Zn-
14.4% N [F1g.4.10{c)] coaling.

Figs. 4.11-4.13 show lhe cffect of sliding distance on wear scal widih on the coaled pih al
vanons loads, Iromm the figures, it s seen that Zn-MNi coating with 14.4% Ni is more weal
resislant than the coating with 7% Ni, Pure Zn coaling was tosted for shding distance of 416

. Beyond this distance Zn coaling totally disappearsd and the subsinde was cxposed.
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(h)

)

Fig.4.10: Micrographs of wear scar of () £n 75N and (e} Zn- 14,45 Ni coating
 (Applied load: 250 g, Stiding distance: 416 1)
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Obviously pure 7ine coating is lound 10 be the least wear reststant. The rale of (nerease ol the
width of wear scar of both Zn-7%Ni and Zn-14.4%N alloy coating is scen Lo be higher at
shorter slrding distance but the same tend (o gel reduced at higher shding distance. The curves
in Figs. 4.11-4 13 show (his trend With mereasing shiding distance, this rate gradually

decreases,

The wear rates of both zine coaling and Zn-Ni alloy coatings are shown asaf llll(;tit}l'! of Joad in
Figs. 4.14-1.16. The anit-wear property increases wilh nickel percentage in the coating. The
initial wear rate is high and gradually it becomes steady. The differeitce th wear rate between
14.4% Ni and 7% Ni Tor lower Joad (120 gm) 15 small bul this difference incieascs with an

increase in applied Ioad.

Wear scar wadth (mm)

O Pura Zn Coafing

=
[+

o
=S
\

T

i

I ]
0 200 400 600 800 1000 1,200
Sliding distance (m)

=

Fig.4.11: Variation of width of wear scar as o function of stiding distonee ar an applied
fourd of 250 ..
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" foad of 120 2.
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Fig.4.16: Wear scar width as a function of applied foad (Stiding distance: 1248 in)

Fig. 4.17 shows the photomicrogiaph of wear scar on pure zinc coaling tested tor a sliding of
416 m. The micrograph was taken immediately after the test without any cleaning. In addition
to some sliding maiks, the worn surface 18 seen 1o mainly consists of dark areas contdining
atlached debns or transier layer. This supgesis thal adhesive wear is the main mechanism it ihe

case of pure zinc coaling

}ig.4.47: Micrograph of wear scar of pure gine coating (Applied load: 250 g, Sliding
distance: 416m)
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The micrographs of wear scars on Zn-7%Ni ailoy coaling is shown in Fig. 4.18. All the
micrographs weie taken without any cleaning o the scais, Scars on samples tesled lor 416 and
832 m are seen to be smonth and clean. Fine sliding maks is the main leature of these scars.
On the other hand, scar on sample Lested for 1248 ot 15 found to be ditly. Patches of debris are
seen (0 cling Lo the scar smface. The appearance ol wear scar on Zn-7%Ni thus suggests that
for dislance upto 832 m, mainly absasive wear operales. For longer sliding distance weat
mechanism changes to the adhesive lype. As an explanatioti, it cah be said that heal is generaled
dne 1o siiding Tor langer distance which creates a softening action on the alloy deposit. As

hardness is dectedsed o some extent, adbesive wear lends (0 be dominant.

Like other type samples, the. mictogiaphs of Zn-14.4%Ni alloy coaling were alsd iakeh
immediatcly after the test withoul any cleaning ol the scars. Fine unidirectional scraiches on the
microstructure zre belicved 1o cause ihe microcutting/ ploughing v the surface. Fibe sliding
marks is the main lealure of the scars. Abrasive action of the fine debris also stnoathens the
scar. Thus abrasive wear is believed (o be the main mechanism of Zin-14 A%Ni coating. IMigs.
4.19 (a), 4.19 (b} and 4.19 {&) show the mucrostiucture of wear scar [or sliding distatices of

416 m, 832 m and 1248 m respectively.



b

(&)

Fig.4.18: Micrographs of wear scdr of Zn-7 %N conting
(Applied load: 250 g, Stiding distance: {a) 416 m, (D) 832 m}
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Fig.4.18: Micrograph of wear scar of 7Zn-7%Mi coating
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fig 4.19: Micrograph of wear sear of Zn- 14.4%Ni coating
{Applied load: 250 g, Shiding distance: {a) 416 m)
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fe?

Fig.4.19: Mirrographs of wear scar of 70-14.4%Nf coating Applied lond: 230 g,
Sliding distunce: () 832 m, () 1248 i)
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Islam et al. {38} have found (hat there 1% & relation between the hardness and wear ratc of 5G
castiron. The as-cast $G cast won with low hardness value sustains more damage due to wedr,
The heat-treated SG cast iron wilh higher hardness value possesses highet weai tesistance. The
results of the present study also confirms Lo the above. Coaling wilh 14.4% Ni, 7% Ni and 0%
Ni are found to possess 8 ardness of 460 YN, 390 VHN and 180 VHN respectively.

Among the above three lypes of deposits wear rale of (4% Ni deposit s the highest and thal t;f
the 14.4% Ni deposit is the lowest Tn Fig. 4.14, it can be seen that wear rate ihcreases with a
deciease in nickel content of the deposit. Fig. 4.7 iltusirates thal hardness decreases wilh
decrease in mickel content of the deposit The 1elation between hardness and wear resistance of

the present 7ine based coatings is seenin Fig. 4 20

Sexlon and Fischer {39] and Czichos (40] have [omd that the wear mechanism in sieel
depends upon its hardness. In martensitic stoel with higher bardness, abrasive wear lends fo
lzke place. Bul Tor low hardness values, wlhesive wear is encountercd. The results of the
present study also conforms Lo the above. Yor Zn-14.4% Ni alloy deposit with hardness value
of 460 VHN, abrasive wear has boen found Lo be the main mechanisim while on the 0% Ni

( 100% Zn) melal coating with hardness value of 180 VHN, adhesive wear has Laken place.
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4.5 Ductility Test

Coatings confatning 14.4% Ni, 7% Ni and pure 2inc coating were investigated lor their
ductility property. Fvery deposil was of 20 _m thickness. As desciibed in aiticle 3.6.5, the
present investigation 1nvolves a comparative study of duetility of different Zo-Ni alloy deposits
with Ni-content. Pure zinc coaling and coatings containing 7% and 14.4%Ni did ot show any
crack across or through it even at the smallest diameler (6 mm) mandiel. Therefore this melhod
of bend test is not appropiiate for companng the ductilily of 7ine coating and Zn-Ni coating of
varving nickel contenl. This lest was not continued for coating wilh 40% nickel An
appropriate ductilily measurmng lechnigue that can handle coatings with higher ductility should

be used.
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CHRIAPUTIER: FliVE

5. CONCLUSIONS

5.1 Conclusions Drawn from the Present Work.
i) Unilorm, adherent Zn-Nj alloy coatings may be deposited [rom a sulphale balli 4l rosh

{emperature and in the pH range of 1.8-3

i1) Deposition of Zn-Ni alloy is of anomalous type, where the less noble metal (zinc) deposils
preferentially. There is a lincar relationship between the %Ni in the deposil and thal it the bath.
Current density in the range of 50 10 200 mAfem? is found Lo have no offect on N in the

deposil.

in) Zn-AN%Ni alloy and Zn-14.4A%Ni alloy deposit with equilibrivim phases.

iv) Both microhardness and wear resislance of coating increases with increase in nickel content

o1f the deposil.

v} Wear of pure zine costing having low hardness value is of adhesive type and that of Zn-
14.4% Ni alloy coaling having higher hardness value is of abrasive type At towet sliding
distance, abrasive wear is the main mechanism of Zn-7% Ni alloy coating whilc adhesive wear .

becomes predominant i higher gliding distance.
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5.2 Suggestions for Further Work
1} A Turther modificalion of clectroplating process shouid be developed in order L gel bright

7n-Ni alloy deposit without hampering the mechanical pruperties.

i) Duculily test methods other than ASTM 13 489-68 bend (esi should be used Lo measiire the

ductility of Zn-Ni alloy coatings. Strciching test may be & usclul method in this case.

iii) [urther rescarch should be cated out o identify the unknown X-ray peaks of annealed

samples and to find out the reason why the peaks did niot appear i the as-deposited sarhpie.

iv} Further study shoulkd be carried out to confirm the occtmence of hon-cquilibrium phascs in

Zn-7%Ni alloy und find oul he reason behind this.
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