. . ’: .

o
G w»
.

yours or that of a thwd party) or any cher law,
patent trademark conﬁdent:ahty data pr@tec




w

AN it e

3 i coae
[ . D % % S i S
L X : : s o

.




Author's Name;;« ; ““Sﬁﬁﬁz . TUEALL SHE

Degree: \' }"vPthQf199l'

The deposition 6fflclencl@$
nickel and cobalt plating sei
the case of nickel co :
solutlon Nifoss 80 /

(92°C and pH 4. 5) Nin/o
eff301enﬁ1y th@ aikali

The methodsof produclng c@mpas;te 1ayers ﬁ@ntalning.é 5
carbide particles and chromium powder is described, N
and cobalt layers containing approximately 27% carbi
particles, or 40% (Ni) and 30% (Co) chromium par
volume were obtained. This value is independent t
particle concentration in ﬁhe platlng s&iuti@ﬁ Wi

range (20-200 g/1).

Hardness of the nickel as dépas’

increased to a maximum of 1155

for 5 hours in va@uum@, Iﬁ@@r@@ra,
particles resulted in a maximum

heating at 500°C for

icles resulted in a max1mum

treatment at 400°C for 2 hc

hardness of cobalt as depo

to a maximum of 1300 Hv aft

hour. Incorporation of chromiu

in a maximum hardness of 1405 Hv a ;

& hours in vacuum and chromium particles Te
max1mum hardness of 1440 HV after heat trea
at 400°C in vacuum, : . . 9

The structure of the depmsmts w
scanning electron microscop
of friction was determined b»
rate and coefficient of f
hardness., The Wear resis
determined using a simula
standard die steel we

layers as deposited an

with those @f uncoated
increased with hardness,
uncoated die ﬁﬁéﬁlvf-\.

Acetic acid salt spra:
months was used to sty
deposits and pote:
nﬂ@r?@si@n potenti

n carbide comp




The work described

University of Aston in Birmingham between -

1. Tt has been done

October 1978 and Maféh 198

independently and submitted for no other degree. "f_

e ;
.

e
. o
. ;L ) e
F % i S S M : T
; : G
b " : : 5 : i ey

S

o




Title

Summary

Declaration

List of Figures

List of Tables

Chapter 1. INTRODGCTION ”'f ”71* e !

1.1 Scope of the pféjécf - 2

Chapter 2. LITERATURE SURVEY

2.1 Introduction

2.2 Electroless plating e 5

2.3 Reducing agents foyrchemical % 6

deposition of nicke

(i) Hypd?hpsphit’%
(ii) Boron'hydride§;

(iii) Amine Borangé/f’/;

(iv) Hydfé;ine

2.4 | Mechaﬁism/féryélet~*i’f
andrcobéifféiétlng

2.4.1 Theories for th

mechanism of chem

2.4.2

mechaﬁiém-@f‘ h
bfxniékel and‘cobél wiﬁ@

ﬁydridevbéééd_bathsi




2.5.1

(ii)
(iii)

(iv)

(v)
(vi)

(vii)

2.6.1

2.6.2

(1)
(ii)

(1ii1)

(iv)

Influence o

Influence of pH 15

fnffueﬁté'bf'ﬁiéfél‘fbﬁé%ﬁ%%ﬁfibn 16
Influence of hypophosphite 16
concentration R

Influence of the complexing agent 17
Influence of the stabilizers and 18
accelerators

Influence of agitation 19

Alkaline hypophosphite solution 21

Composition L

Factors in

reaction

hypophbsphifé?cqng

Influence of comp

solutions with

reducing agents



2.9.7

2.10
2.10.1

2.10.2

Types of electréd~p sﬁtg@ CQmp6g

Composition

borohydridé566ﬁcéﬁffééign
Electroless nickel/cobalt solutions 29
with amine boranes as redﬁcing

agents

Properties of electroless plated 30

nickel and cobalt

Appearance 30
Hardness TRLEE R 31 ;
Internal Stress 52 j
Wear behaviour and coefficient of 33

friction

Corrosion behaviour

Compositibn%5f?¢leqtfdi§$§5hickelz_'737

and cobalt deposits
Structure of as:plated rickel

phosphorus/cobalt- phosphorus and

nickel boron/cobalt boron coatlngsj

Introducti

coatings



2.10.3
2.10.4
2.10.5
2.10.6
2.10.7
2.10.8

2.12

Chapter 3

3.1

3.4

3.4.1
3.5

3.6

Wear resistgntn

Nigkg}iqomPQSite CO&ting$,

Cobalt composite coatings

Lubricant coatings

Metal alloys S 50
Mechanism of codeposition with 52

electrodeposited coatings

Electroless composite coatings 56 \
EXPERIMENTAL PROCEDURE 60 '\\'\V%
Introduction D 60 ;
Plating‘solution‘éompg%itigﬁé 60
Method of sol tign;psepi 62
Pretréat@éq#‘ofiﬁﬂé/subs;;gtef// Gé

prior to pig#in'
Selection oflﬁlatiﬁg,501u£ion
Method of égitation

Air agitation o

Bath circulation

Plate pumper Drocess

Liqu;qégir/nroteSS/
Mecﬂa@iégl stirr
Platiﬁg(cpnditio S
Temperéturg

pH value



3.7

3.8

3.10
3.11

3.12

3.13
(1)
(ii)
(1)
(ii)
(1ii)

3.15

Chapter 4

4.6

Wear rate and coefficient of

for electroféés‘eompof

Electron microprobe analysis of the 70

deposits 1

Optical examination 71
Scanning electron microscope 71
Microhardness measurements Cap 72
Wear rate and coefficient of 75

friction measurements

Die forge test 80 \ h“\\f
Measurement of wear 82
Calculation of mean wear volume 86

Corrosion resistance testin 88

Salt spray;tﬁ§./ - ;83«

Outdoor exposure ,I,;f?fﬁ = &9_,  : ;

Potentiostatic measurements

Tensile testing

RESULTS

Quantimet:analysisxi‘i:/,;f ;  _»‘791

Electromicroprobe analysis

Microhardness mea

Scanning elec

examination

friction measurements



Chapter 5

5.1

5.2

5.5

5.6

5.8

Chapter

Chapter

Chapter

Chapter

Chapter

O

10

Die forge test
Pot&ntiostaf megguremenfxw
Salt spray aﬁdléﬁéaaa}/éxPqure
results’//f £ T

Tensile testing

pISCUSSTON 147
Selection of the plating solution 147

and plating conditions

Effect of the particle concen- 148

tration in the solution on the

deposits

|
|
1
|
|
|

Hardness e AT 151

Metallography -~ 155

Wear rate and cbeffiéiéng:,; 1591

friction

Corrosion resistance
Forging test
Possible application

CONCLUSIONS

SUGGESTION FEOR FURTHE]

ACKNOWLEDGEMENTS
APPENDIX

REFERENCES



LIST OF T

Figure
Number
1 Plate pumping'unit .
2 Liquid air prOcéééé St ;/7’,% - 67
3 Pin and disc wear equipment 73
4 Diagrammatic representation of pin 74
and disc wear equipment
5 Jig for flattening pin tips 76
6 Forging equipment showing billet in 79
position on die prior to forging ‘j
7 Positions at which wear traces were 83 .
obtained on die surface
8 Typical wear trace - 83A
9 Wear traces
10 Hardness versus temperatﬁre curves bf:

electroless nickel coatings. Heat

treatment in air for 1ahbug; Z{prrs,

S hours.

11




Figure
Number

12 Hardness versus temperature cur

electroless nickel+chromium composite

coatings. Heat tféatm,ntéinféir for

1 hour, 2 hours, 5 hours

13 Hardness versus temperature curves of 97
electroless nickel coatings. Heat

treatment in air for 12 hours, 24 hours

14 Hardness versus temperature curves of 98
electroless nickel+chromium carbide
composite coatings. Heat treatment

in air for 12 hours, 24 hours

15 Hardness versus temperature curves of 99

electroless niC/kel/+
coatings. ‘Héat}ffeéfﬁght,;ﬁré

12 hours, 24 hours

16 Hardness versus temperature curves of

electroless nickel coatings. Heat

treatment in air for 50 hours, 100 hours

17 Hardness,VersusfteﬁperafuféfcurveSedf/\ 1001

electroless nicke1+chromium’éarﬁidg’ .

composite coatings

air for 50 hoﬁié;*l

00 h TS

18 Hardness versus temperature curves of

electroless nickel+chromium composi

coatings. Heat treatment in air for

50 hours, 100 hours .




Figure
Number

19

20

21

22

23

24

Hardness versus temper

electroless nidkel coatings.

2 hours, 5 hours

Hardness versus temperature curves of 104

electroless nickel+chromium carbide
composite coating. Heat treatment in

vacuum for 1 hour, 2Z hours, 5 hours

Hardness versus temperature curves of 105

electroless nickel+chromium composite

coatings. Heat treatment in vacuum

for 1 hour, 2 hours, 5 hourg

Hardness versus temperature

106

electroless nickel coatin
treatment in vacuum for 1

24 hours

Hardness versus temperature curves of

electroless nickel+phromium carbide

coatings. Heat treatmen

for 10 hours, 24 hours

Hardness versus temperature
electroless nickel+chro
Heat treatment in°V5§U

24 hoprs\




Figure

Number
25 Hardness veréus .curﬁ@siéf" f,l@@g
electroless cobalt éoatlnggl'?ﬁ&ét,
treatment in vacuum for l.hour,‘é hduf§§@a
5 hours and 24 hours -
26 Hardness versus temperature curves of 110
electroless cobalt +chromium carbide
composite coatings. Heat treatment
in vacuum for 1 hour, 2 hours
27

Hardness versus temperature curves of 111
electroless cobalt+chromium carbide
composite coatings. Heat treatment

in vacuum for 5 hours, 24 hours

28 Hardness versus temperature curves of 112

electroless cobalt+chrom
Heat treatment infvacuuméforﬂijhour;

2 hours, 5 hours, 24 hours .

Hardness versus temperature curves of
electroless cobalt coatings. Heat
treatment in air for 1 hour, 2 hours,

5 hours

composite coatings. Heat treatment in

air for 1 hour, 2 hours, S/hours'

31 Hardness versus temperature curves of

electroless cobalt+chromium»comesitei'

coatings. Heat treatmen

1 hour. 2 hQﬁT/



Figure
Number

32

33

34

36

37

Hardness versus temperature eurves of

electroless cobalt coatings. Heat
treatment in air for 12 hours, 24

hours, 50 hours, 100 hours

Hardness versus temperature curves of
electroless cobalt+chromium carbide
composite coatings. Heat treatment

in air for 12 hours, 24 hours

Hardness versus temperature curves of
electroless cobalt+chromium carbide
composite coatings. Heat treatment

in air for 50 hours, 100 hdurs

electroless cobalt+chromium CmeOSite

coatings. Heat treatment in air for

12 hours, 24 hours, 50 hours, 100 hours

Hardness versus log, time curves of

electroless nickel coatings} ;Heat

treatment in vacuum

Hardness versus log time curves of

electroless nickel+chromium carbide

Compoéite Coatings; Heaﬁ'tréatmén; ‘f,-

in vacuum

117

118

119

el e

o N AT RS s o S



Figure
Number

38

Hardness versus log time curves

electroless nickel+chromium composite

coatings. Heat treatmedtﬂinﬂvacuum

39 Hardness versus log time curves of 123
electroless nickel coatings. Heat

treatment in air

40 Hardness versus log. time curves of 124
electroless nickel+chromium carbide
composite coatings. Heat treatment

in air

41 Hardness versus log time curves of 125

electroless nickel+chromium composite

coatings. Heat treatmehf,igfé:r

42 Hardness versus log time 126
electroless cobalt éééfiﬁg§l*%ﬁéét

treatment in vacuum

43 Hardness versus log time curves of

electroless cobalt+chromium

composite coatings. Hea:

in vacuum

44 Hardness versus log t

electroless cobalt+chromium composite

coatings. Heat treatment in vacuum




Figure

Number v

45 Hardness versus log time curve
treatment in air/ 

46 Hardness versus log time curves of
electroless cobalt+chromium carbide
composite cogtings,/ Heat treatment.
in air

47 Hardness versus log time curves of 131
electroless cobalt+chromium composite
coatings. Heat treatment in air

48 Cross section of nickel+chromium 133
carbide composite deposit (optical
micrograph)

49 Cross section of cobal
carbide composite deposit (optical
micrograph)

50 Cross section Of,aS,Pl§iﬁd3§Q§‘Ct¢hed
electroless nickel showing banding
(scanning electron microgféph):fjﬁ;,7

51 X-ray fluo;gsggg;7photoggaph1Qf'
electroless nickel (scann
micrograph)

52 Surface of nickel+chromium carbid

composite deposit after j hour plating

(scanning electron miGngréﬁh);ft‘“




Figure

Number

53 Surface of cobalt+chromium carbide
composite deposit after } hour plating
(scanning electran%migﬁégggph}§ _%

54 Surface of nickel+chromium carbide - 136
composite deposit after 6 hours
plating (scanning electron micrograph)

55 Surface of cobalt+chromium carbide 136
composite deposit after 6 hours plating
(scanning electron micrograph) |

56 Surface of nickel+chromium composite
deposits after 1 hour plating
(scanning electron micrograph)

57 Surface of nicke1+chromium:céﬁﬁésitéf
deposit after 6 hours plating
(scanning electron micrograph)

58 Cross section of nickel+chromium s
carbide composite deposit (scanning
electron micrograph)

59 Cross section of cobaltfchr@mium‘f}*?
carbide composite'deposit°fSQa§niﬁgjii
electron micrograph)

60 X-ray fluorescence of nickel+chromium

composite deposits (scanning elect;q |

micrograph)




Figure

Number
61 Cross Sectionxoflnickei*chrdm d‘
composite deﬁbéit |
(scanning electron ;
62 Photograph/oﬁ,thgipanggsiafp§;?§a1t 145 }
spray test |
63 Photograph of the panels after outdoor 146 |
exposure
64 Relationship between volume fraction 158
of WC particles and #fjow _ stress in

cobalt alloys




Table

Number

I

II

ITI

v

VI

VII

VIII

IX

Result of tﬁe“Quanpimet~anal?S‘s

Electron microprobe

“naiYsisfreSults

Table showing maximum hardness of

the deposits

Wear rate and coefficient of friction

results

Die forge test results
Potentiostat measurementrresults
Tensile test results

Difference in h

nickel composite and electroless

nickel after various heat treatments

Wear volume of different deposits/

die -steel

Y

rdness of electroless

92

93

140

5142
143
144

157

T b S e




process in which metallic ions are reduced.to met

aqueous solution in the presence of‘a reduc1ng agent

without an electric current.  The metaledep051t has there-

fore a uniform thickness and eny ijeet?ceﬁ;be‘plated

i

regardless of its shape and dimensions.

Electroless plating can be applied to any substrate

including non-conductors, such as glass, ceramics, plastics,

etc., and thickness can be built up to any reasonable

value. The electroless plating solutions in many cases
can be continually maintained as with electroplating
solutions. Many metals and alloys can now be obtained

from electroless plating solutions, for example nickel,

copper, cobalt, gold, n1cke1 cobq:t ﬁnlckel\phosphorus,

nickel-boron, cobalt-phosphorus.

Electroless nickel was rediscovered by Brennef'aﬁ&eéideQ\

in 1944. The solution most commonly used.to’oﬁtalneele

less nickel coating contains ac1d hypophosphlte. Thelevequi

all reaction in an acid solutlon 1s

Nitt + 3[H,P0,]" + H,0 »>Ni + 2[HPO i]‘z,’a L H p ;@H
t 27724 T2 meltval 2
i), ool .

A solution of phosphorus, iDéQV ké}

the evolution of hydrogen.



particles both hard and soft with several-typeé of

S XA T

matrices. The idea of cofﬁegg%iéigg;haii{particles~
with electroless plated metals or alloys was encouraged.
by these developments and has led to the deVélOpment of

several electroless composite coatings.

The unique characteristics of electroless coatings such

as inherent thickness uniformity, corrosion resistance

and hardenability can be further enhanced by co-depositing
hard particles with electroless metals or alloys. Many
varieties of composite electroless coatings are made

possible by using different particles, smooth and abrasive

surfaces may be generated simply by~¢hbésing;appropriate
particles.

The main object of this project is to study the dep051t? 
properties and application of electroless coatlngs
particularly nickel—phosphorus/andfcobaltfphosphorus

containing particles of carbides and chromium.

1.1 Scope of the Project

Electroless acid nickel and alkallne cobalt platlng
solutions deposit nickel- phosphorus and cobalt phosphorué"
alloys which are capable of proVIdlng effectlyngeaglfg ;'
resistance, particularly when they are heat treated:"'

400-500°C. This progect involves the study of the ro_e

the particles in improving the propérties of’eléctfdleé?’




nickel-phorphorus and ccbal

addition of hard particles, such as carbldes andmchf“'

metal.

The main objectives are towéfﬁdy thézfﬁliowing:

i) Effects of the particle*volumeffractién/in the

coating on the hardness and wear resistance of

the coating.

ii) Determination of properties such as hardness,

ductility, and corrosion resistance.

s e i O

1ii) Wear rate and coefficient of friction determin-
ation by pin and disc method.
iv) Performance of the coating on experimental

hot forging dies.

The ideal object would be to develop a commerc1a11y Vlablef
system,that is cheap and éasy to operate, capable of ’
being used for a long period before the solutlon is
discarded and capable of giving g Versatile deposit 

useful for many applications.




2.

LITERATURE SURVE

2.1 Introductlon

Metallic nickel was flTSt obtalned by A. Wurtz CI} in 1844”

by reducing a nickel salt solutf n w1th sodlum hypophos—‘

phite. Later many research workers studled this reactlon
including Breteau (2 ), Paal and F;ederici (3), Scholder

and Heckel (%) and Scholder aég/ﬁaken (5)./ Paal and
Fredereci (3) have also studied/the reduction of cobalt
lons to cobalt metal. In most of the cases this spontan-
eous chemical reduction yields a black powder (6). However

Breteau (2) succeeded in obtaining a metallic mirror of

the nickel on the walls of the reaction vessel. He

investigated the influence of the concentration of the
reducing agent on the resulting productswhich was considered

to be the pure nickel. He also stressed the importance of

the autocatalytic nature of the:rgguétiquyeaction.

Roux (7) was the flrst person who was granted a patent

which describes the deposition of nickel coatlngs on's’lldf\”“

substrates from hot ammoniacal nlckel citrate- sodlum hypo—”“”

phosphite solutions. This bath h er . was not good enough‘

to be commercially feasible as it decomposes spontaneously.
to yield a coating on all objects 1mmersed 1n it, 1nc1ud1ngf

the walls of the Vessel and ;t was neglected Brenner and;,f

2
Riddell (8) are credited w1th¢red15cove§}ngrthe’elect olessﬁ




the unusual reducing propert

This process was eventually CoVered'bY'patent (glpih

e

1950. Brenner and Ridde11 (8:9) also egtabliShédhfh
possibility of electroless cobait»deposition on varibus 
metal substrates by reducing éobélt salt solutions with
sodium hypophosphite. General Amerlcan Transportatlon
Corporation (G.A.T.C.) (10) was the flrst organisation to
have an Industrial plant for the electroless nickel plating
in 1955. This process was all automated and is famous

under the brand name of Kanigen (R) (10).

Initially, a great deal of interest was shown in electro-

less cobalt deposits because of their ability to be readily

plated upon suitably activated plastics(;l). Because of

the wide variety of magnetic properties attainable,
cobalt deposits obtained from electroless plating solutlon'
have been employed for high quality, high density

recordings and for computer storage elements in high_§p§¢@:, 
switching devices (12) Now the recent trend in Q}ectrqeg
less cobalt deposition has been directed towards thé«ﬁighg\
hardness and wear resistance of the dep051ts attalnable |

with heat-treatment as orlglnally shown by Brenner(8 9)

2.2 Electroless Plating

Electroless plating is an autocatalytic chemical ;educ@iqn;,;<°”

process.
of the periodic table, e.g. nickgi’ cobalt

the reaction to proceed, a catalytlc surface must f'

When using metals less electronegatlve than

be formed.
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nickel or cobalt, such as iro »;?@fSﬁrfaée'isiff_

formed as a result of diépiateméntf

Fe + Nilt

Co2+ + Fe

Ni o+ Re?t

Co + Fe?t

Therefore once an initial coating;of nickel or cobalt has
been established, the electrolegé plating process 1is self
perpetuating. Thus it is better described as an auto-
catalytic process, which theoretically imposes no limit
on the thickness of the metal that can be deposited.

This differs from those processes which operate by a

displacement reaction leading to thin immersion coatings

only. In these systems the metal to be coated has a more

i e e e

negative potential than that of the metal ions in solution.

Metals which are not spontaneously coated are usually

activated by a galvanic process (13);77

Electroless plating solutions usually have fOUr-compdﬁénts

in common. They contain a source of metal ions, a

reducing agent, a buffer and accompanying agents. Maﬁy .
baths have additional compounds added in order to improve
their plating rate, stability and surface appéafanée‘Of‘

the electroless deposit.

2.3 Reducing Agents for Chéhitalﬁﬂ€p6§ ijf
and Cobalt CREE

Hypophosphite, boronhydride, aminb b6réne and hydfézih§ : ﬂ"i$

nickel and cobalt on the metal substrates from thei

aqueous solutions.
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(1) Hypophosghitééﬁ

Sodium hypophosphite is a commonly used re uéiﬁéfgééﬁff

.

It is manufactured by emulsifying white phosphorus

sodium hydroxide at 45-50° (14)::

R S i e e

P, + 40H + 4H G LSRR dre . ?
4 20 > 4H,PO; + 2H, 3
> - - c ,
4 * 4OH + 2H,0 ~ 2H,PO; + 2PH,

Sodium phosphite formed as a by-product is precipitated
by Ca(OH)2 as insoluble CaHPOS,or sodium hypophosphite
can also be produced cheaply by the reaction of red

phosphorus with an aqueous solution of sodium perchlorate.

The potential of the hypophosphite ion lies between

-1.065 v(pH = 7.0) and -0.882 v(pH = 4.5). So it is a
powerful reducing agent.

Calcium and nickel hypophosphi;esﬂggg;g};g_used to a lesser
degree. Nickel hypophosphite has the advantage that the

solution does not contain unwanted anions and cations.

(ii) Boron hydrides

Sodium borohydride is mostly used. Itgiséagcqlcu?1?§$,.

hygroscopic salt which if ignited burns quietly in &iT,Q{S)

 §
i
-

Sodium borohydride is easily soluble

slow dissociation. It hx@gglx;gajyr

hydrogen:

NaBH4 + 2H20 - NaB.O,.2 + 432.

The speed'oflhydfOIysiS depends on thé‘témpetatﬁf@;f@HVYf\”

and presence of catalyst.




o A

Sodium borohydrlde is manufac tlon of

boron silicate with sodium and hydrogen at 4 O,SOO e (16)

NaB,0

24

7 * 7810, +16Na + 8H, - zi,N‘aBIri;t + \71{7“342810,

IEma s s s oh S

The mixture of boronhydride/éiliéaie;ie:ektraCted under
pressure with liquid ammonia at room temperature and pure

sodium borohydride is precipitated as a white powder.

Substituted borohydrides like sodium trimethoxy borohydride
can also be used. It is more powerful reducing agent than

sodium borohydride.

(iii) Amine borones

The amine boranes are addition compounds of amines with

borohydride of the general formula RSN BHS’ where R

represents the hydrogen or alkyl or aryl group (17) The

most commonly used member of the group 15 dlmethylamlne-,

borane. It is very easily soluble 1n“water and reducing

properties are retained in a wide pH range. .

(iv) Hydrazine

Pure hydrazine is a clear hygrosgopie liquid unstable iﬁi
air. It is miscible with water, alcohol and amines in éllfe
proportions. It is a strong reducing ggegtxfgrimanyjigngi
of heavy metals (18) \During;capglx;ieﬁggigationtwate;é ;
and nitrogen are formed mainly anQ%sQ;it;is;an,i@eQ;i;
reducing agent, unfortunately hydrazine sqlutignsiegewgetwif

very stable and therefore are used rarely.




Another reducing medium is a
suspension containing nickel oxide, acid ammonium

phosphate and a wetting agent is appliéd onithejsuﬁéﬁ

The nickel oxide is reduced in hydrogen atmosphere at
900-1000°C and the nickel deposit contains 2-3% phosphorus(lg)

but this reducing medium is used seldom.

2.4 Mechanism of Electroless Nickel and Cobalt Plating

Many theories have been advanced to explain how deposition
occurs. Salvago and Cavalloti (20) have reviewed the major
theories relating to the long established hypophosphite.
based bath where the mechanism is still uncertain. The
deposition mechanism of baths using other reducing agents,
is complex and only a representation of the actual reactions

can yet be presented. |

2.4.1 Theories for the Explanation of the Mechanism of
Chemical Nickel and Cobalt Platlng with Hyphosphlte

Sodium hypophosphite is used as the reduc1ng agent in thls
type of bath. Brenner and Riddell (8) proposed the deD051-   fﬂf “
tion of nickel by a chemical reduction brought about by the
(21,22) (23)

adsorption of atomic hydrogen. Gutzeit , Levy

and others supported this hypothesis.. . —

A mechanism proposing hydride ions as a reducing 1ntermed1ate ﬂ;c»
was suggested by Hersch ( Y by an anology with the reductlonifi
of nickel salts by borohydride ions and later modlfled"byr'

Lukes (25) who showed it similar to CannizaroTs_rﬁa9§19ﬂ¢   “"



Brenner and Riddell (8) have pr rochemical

mechanism in which electrons reduce the niCkel inter-

mediates, the deposition of nickel would be anfeléénw.

Rt e

process occurring via local cells on a catalytic surface.

Hickling and Johnson (26) supported this view though with
several modifications. More recently, Donahue and yu (27)

suggested a cathodic process for hydrogen evolution and

nickel deposition.

Mechanism involving hydrolysed nickel or cobalt as reducing

species were suggested by Salvago and Cavollotti (20),

(28) (29)

Kovac and Croll and Randin and Hintermann

Gouda et al (30) suggest that there 1is competition

between catalytic and electrochemical decomposition of

hypophosphite on the metallic substrate. The electroless

deposition of nickel would then depend mainly on the

decomposition of hypophosphite. The simplified overall
mechanism for the electroless nickel deposition accofdingf
(30) S

to Gouda et al is:

TO™ o : i —
,iiggiigl*”a H,POg” + 2H' + 2e
- o C ‘ ) ‘
I) H,P00" + H,0 /2Hfbom'&‘*ﬁ .
g
N
talyes, 2 5 2
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2.4.2 Theories for the Exﬁlan =
Chemical Plating of Nickel a
Borohydride Based Baths

£ the Mechanism of
d Cobalt with f

The exact mechanism of the metal ions with bqrbﬁiﬁyariwés“
has up to now not been established. Sodi;m b;rohydr£d; is
mostly used for electroless deposition processes. Some
substituted boron hydride, e.g. sodium trimethoxy boron
hydride NaB(OCH;) . are also used. Sodium béfon hydride is

hydrolysed in all but strongly alkaline solutions:

BH, + 4H,0 ~» B(OH); + 4H

4 2 2

or in the presence of an acid:

BH,” + H.0" + 2H.0 > H.BO, + 4H

4 3 2 3773 2

For this reason plating baths are usually kept above pH

12 (17). The plating reaction can be represented by the

equation below (31,32),

BH, + INL

. + 80H - 4Ni + Bo;'+ 6HZO

In practice, it is found that 1 to 8% boron is presqngkin _‘f"

the final deposit accounted for by the following reaction:

2BH. + 4Ni%" + 60H » 2Ni,B + 6H,0 + H

4 2 2

The plating reaction is best represented by,

- LT LaE BRI T > '+f*\ _
aNi%* ¢ BH + 2H,0 » INL v 2H, + 4H + BO,

Mochalov andco-workeré (33) have investigated the kiﬁeﬁécs
of the hydrolysis of boron hydrides in an alkaliﬂé}mgd;ﬁ“
and established that the speed of the PrQCQSS;pf eééﬁﬁ
elementary reaction follows the firét Ordér\kinétic"léWS;: f 

of reaction.




When substituted émine:bdra

reaction is represented by (17) ; ~‘ :

Z(CHS)ZNHBH3 + 3Ni + 6H20 = 3Ni&T“Z(CH3)2H2N

3

+ 2HgBO

+ 6H' + 2H,

Schlesinger and Brown (34) in their investigation have

reported that the hydrolysis of boron hydride is
accelerated by the presence of Co , Ni , Cu , Fe and

Mn~ salts in the solution and they suspect that in this
case metal salts themselves do not act as the catalyst s
but the products of their reduction appear as catalyst.
The most active catalysts were the cobalt and nickel ions
and the resulting product also contained boron besides

cobalt.

Brown and Lyons (35) have also~inve§tigq;%d thé reduction
of cobalt ions by sodium borohydride. From the experi-
mental data obtained, they suggest that the reaction .
leading to the formation of precipitate can be désCf&b§d5
by the following equations] |

+

2+ - . 1
2C0 + BH4 + BHZO - (COZB) + 3H39 +72H2\

The hydronium ions which are formed after this reaction,

then react immediately with the boronhydride«ions;_

+ : ‘ RS
H3O + BH4 + HZO - HBO2 +‘4H2

The summary reaction is as follows:

i ~ 2isEx
2c0%* + 4BH] + 6H,0 » (CO,B) + 3HBO, + £oH,

R B 2



Takezuga and Kazuaki (3§3} /eaftefwa'se¥ié5

of experiments that nickel (or cobalt) borohydride is
formed during the first stége of the reductiqn’pieﬁes,v

afterwards it dissociates intq,nickel and diborane:

NI v ZBH, > NL(BHp), » Ni + ByHg + H,

This scheme rests on the assumption that nickel (or
cobalt) borohydride is formed in the beginning and later

on this compound is dissocCiated.

2.5 Acid Nickel Hypophosphite Solution

Electroless nickel acid hypophosphite solution has higher
speed of plating than alkaline solution, greater stability,
simpler control of solution and better properties of the

nickel phosphorus coatings obtained. The following

place during the reduction with sg@igm,hypophosphige in
acid medium~

[H,P0,]" + H,0S2E— 1" + [HPO,]*™ + 2H(cat) ......(1)
Nit* + 2H(cat) » Ni o+ 2H" e (2)

[H,P0,]" + H(cat) > H,0 + OH fin'/::..;;.f.;:..if(s)

[1,p0,]" + H,082E— u" ¢ BRI R A

phite ions are:Qxi@ised;;eiqrthophosphite ions

The hypophos
in the presence of a catalytic surface, hydrogen atomsw

given off during this reaction are partly adsorbed on the

surface of the substrate. The nlckel ions are reduced




to metallic nickel by active h omS‘wherebff'

they are oxidised to hydrogen ions. Hypophesphlte |

- e

small amounts is also reduced to OH ions, water and

phosphorus by the adsorbed active hydrogen on the
catalytically acting surface,(subetrdte),and a part of
hypophosphite is oxidised to orthophesphite ions and

evolution of hydrogen takes place.

2.5.1 Composition of Acid Nickel Hypophosphite Solution

Electroless nickel acid hypophosphite solutions contain
a source of nickel ions in the form of nickel salts,
commonly used nickel salts are nickel sulphate, niekel
chloride and occasionally nickel acetate, a reducing

agent, a buffer and a complexing agent. The buffers

are usually organic acids, the most common ones lactic

acid, succinic acid, citric acid, malic acid, propionic

i
|
L
1

acid. Sometimes stabilizers are added to prevent solutlon
decomposition by 'masking' active nuclel. Typical
materials used include thiourea, sodium ethylxanthate,‘

e

lead or trisulphides.

2.5.2 Factors Influencing the Rate of Platlng

Temperature, pH, nickel ion concentratlon, reduc1ng agent

i.e. sodium hypophosphite concentratlon, and complex1ng

agent concentration are the 1mportant factors which ;!f

influence the rate of electroless dep051t10n.7

-14-



(1)

Influence of tenm eratﬁr

Reduction of the metallio i¢n7fe§ﬁifes“éﬁer“
which is supplied in the form'of heat so bath
temperature is the most 1mportant factor
governing the rate of electroless deposition.
Acid nickel hypophosphite solutions need a
higher working temperature although the reaction
partly starts at 40-50°C. Acid hypophosphite

solutions usually work at 90:950C.

Baldwin and Such (37) have established that
coatings from acid hypophosphite solutions become
lower in phosphorus content, the higher solution

temperature.

Influence of pH

pH 1s another important factor in the electroless
plating process, the concentration of H' ions

increases with the reduction of N12+, i.e. the

pH value decreases. Randin and Hinterman (38)
have established the relatlonshlp between the
phosphorus content of the coatlng and pH of the

solution, they found that w1th the decrease in

H* ions, the amount of phosphorus content co- depo—ri - ﬂy:é

siting with the nickel decreases.; DeMlnger and

Brenner (39).establlshed that the dep051tlon rate
of electroless nickel platlno 1ncreased w1th
increasing organic acid concentratlon to’a’

maximum and then decreased. Tt also d@n&ﬂds on

the nature of the bonding of the organic additive;f



The solubility of ﬂie de 1n the platlng

solution can be 1ncreased by reduc1ng pH Value of

the solution. The reduction in the pH Qf,;hf
solution leads to the prevention Qf the deﬁeeitioe\
of basic salts and hydroxides,and reduces the
efficiency of the hypophosphite feducing property.
Reduction in pH also reduces the effectiveness of
the buffers which are present. At pH less than 4
the metallic coating is attacked by the acidic

solution and deposition rate is lowered.

(iii) Influence of the nickel concentration

Nickel ion content does not greatly affect the
deposition of nickel in the absence of fluoride
ions,but in the solutions containing fluoride ions
increase in the rate of deposition will occur up
to a certain increased concentretien of nickel

ion (39).

(iv) Influence of hypophosphite concentration

The amount of hypophosphite used is importanféﬁ’
Approximately, 3 mol hypophosphite reduces 1 ﬁol
nickel ions and a part of the reducing medium is
catalytically decomposedronrthe surface Qf th?;}
nickel. There was no 51gn1f1cant 1nf1uence of &ju
hypophosphite concentratlon on. the rate of nlckel

deposition from glycolate solutlon (8)1; Wlth

similar solutions containing less glycolllc\

howevers Gorbunova and Nikiforova (40) found“

-16-



(v)

the maximum rate of de srat?iﬁfg/ifof.rS

sodium hypophosphite. Thé;jalso ésgabiishe¢:“
that the increase in the hypophosphite ébﬁcéﬂfﬁé%ion\
does not influence the speed 1f the;relatioﬁship'*
between the hypophosphite and the organic com-
Plexing agent lies outside the optimal limits.
Gutzeit and Kreig (41) emphasised that the absolute
concentration of hypophosphite ions should:-be in

the range of 0.15-0.35 mol/1; the optimal mol

ratio of NiZ+/(H2P02)- is in the range 0.25-0.6.
Higher concentration of hypophosphite leads to the

spontaneous decomposition of the solution.

Influence of the complexing agent

The organic additives play an important two-fold
part. The organic acid acts as a buffer and
prevents the pH value of the solution from:
decreasing too rapidly, also they act as complexing

agents for nickel and thus reduces ‘the concentration

of free nickel ions. In this way, the solutio
stablised and nickel phosphide precipitatioﬁ i§

restrained.

Gutzeit and'Ramirezwgég? ;/patcnted‘the
use of dicarboxylic acids, e.g. succinic acid and
glutonic acid. It was shown that the rate§Q§h; ’

deposition is a maximum at a certain concentration *

of acid. Holbrook and Twist-(43)zh&ve cgnfﬁwh@d<

this hypothesis.



(vi)

Use of lactievaciahc:

1s very popular, a maximum rate of platlng ca

be achieved w1th O 24 mol/1 of lactlc ac1d.\ In
these patents it was shown that 1act1c ac1d“tontent
in the plating solutlon can be as high as 0.40
mol/t,and under these conditions the concentration
of phosphite can also reaoh up to 2 mol/1 without
visible deterioration in the quality of the coating.
Lactic acid acts as a buffer, a complexing agent

and has an accelerating effect.

Combinations of carboxylic and hydroxy carboxylic

acids, e.g. propionic acid and lactic acid, are
often used. G. Gutzeit (46) has examined the role

of many amino acids, e.g. am1noacet1c ac1d

(glycine), a=-amino proplonlc ac1d aspartlc ac1d

B-alanine, iminodi, tr1acet1c ac1ds as well as

EDTE. These acids prevent the separatlon of

unnecessary phosphites,and increase the olatlng

speed. Some inorganic acid salts can also be used

to a limited extent, e.g. ammonium salts (45)

fluorides, borates (47).

Influence of the stablllsers and accelerators

Use of ions such as Pb ; Cd , In ;‘SCN_,‘CNi

were described as catalyst p01sons for chem1ca1
(48” |

nickel plating. Talmey and Gutzelt establlshed

that they act as stabilisers in small concentratlons,’

-18-



(vii)

for example l\ug/l;1 . - pétented ﬁ'é
use of molybidic agid-anhydride arsenlous acid
hydroxyl amino sulphate and hydrazlne. Pl
while examining the influénce of varioﬁs métal
ions and a series of organlc substances on the
reduction process found strongly 1nh1b1t1ng but
also accelerating additlves and tried to correlate

the effect of the additives on metal deposition

with their influence on the separation potential.

Organic additives in the chemical plating solutions
act not only as regulators of the pH and complexing
agents, but also cause a certain acceleration of the
reducing reactions. These substances are called
accelerators or stabilisers. When they are at
optimum concentratiqnsgthey act against the decel-
eration effect which/iéréﬁhigited by most complexing

agents. These substances are saturated carboXylic

acids and their alkali metal salts, ammonium salts,
saturated amino carboxylic acids, e.g. glycine and
saturated non-substituted dicarboxylic acids with

short chains.

Influence of agitation

Agitation of the solution though not necessary'is
very useful, as 1t helps in getting even_depgéits -
in recesses and depressions. The movement of'the:
solution increases the pH of the diffusion laygr/;;,
and thereby the speed of the reaction. Brenne£f fo’

and Riddell (51,52) have pointed out that in the case




Amodia (33) have established that‘thé;ﬁéximu
deposition rate with acid solution can be
obtained at 250-300 cycles/minute of the stirrer

in their particular experiment. The degree of
lustre and the adhesion of coatings (54) are
increased by bubbling of an inert gas with molecular
weight under 28 (e.g. hydrogen, helium, me thane)

or because defects such as roughness, pitting, etc.,

are eliminated.

Blowing of oxygen through the solution (55) during
the process has also been patented as well as the
addition of typical oxidising media, e.g. hydrogen

peroxide or potassium peroxide.

-20-




2.6 AlkalinerHyPQphos ;

The first patent by Roux (7) ‘andlthe‘salu‘ion

by Brenner and Riddell,(S) were both based on aik~
hypophosphite solution. The reaction of nickel ionékina
alkaline solutions takes place in the same manner-as in acid
solution: It is accompanied by evolution of hydrogen and
oxidation of hypophosphite to phosphite. The alkaline
plating solutions have a lower rate of metal deposition

than acid plating solutions and the coatings obtained are
more porous and less resistant to corrosion but often more

lustrous.

2.6.1 Composition

The alkaline electroless nickel/cobalt solutions consist of

a source of nickel/cobalt ion in the form of a metal salt,

a suitable complexing agent, a reducing agent and a buffer.
The common metal salts are n1cke1 chloride (8’9), nickel

sulphate/cobaltous chloride, complex1ng agents and buffers

are usually organic acids or their ammonium salts, e. g

5

citric acid, ammonium citrate, tartaric acid, ammonlum o
tartarate. Alkaline solutions also contain spec1a1
additives (stabilisers, accelerators, brlghtenlng agents)

to improve the working of the solutlon.

2.6.2 Factors 1nf1uenc1ng the rate of reactlon

Temperature, pH, concentratlon of nlckel ions, hypophosphlte,;'

complexing agents and spec1al add1t1ves 1nf1uence the rate;ﬂi

¢

of metal deposition onto the metal substrate.
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(1)

“the concentration of hypophgsphlta.ﬁ ngh contents

Influence of te
The rate of nickel/c@baltidepOSiﬁidh
exponentially with temperature ) pH iS‘alS
important for achieving a smooth deposifl Asﬁfhé"
reaction proceeds, the élkéifﬁity decreases, which
has to be counterbalanced by the addition of ammonia.
The rate of cobalt deposition increases with

increasing pH value of the plating solution and it

slows down considerably if the pH goes down below 7.
According to Frieze and others (56L this reduction
in the deposition rate is due to the inhibiting
effect of the increasing phosphorus content in the

coatings which are codeposited with the metal in

the deposit.

Influence of nlckel/cobalt and hypophosphlte
concentrations

The rate of deposition 1s only slightly increased by
increasing the nickel/cobalt ions c:oncen’cratlon(8 9)
At higher concentrations of metal 1on§,there could

be a deterioration in the quality of the dep051t and
a decrease in the rate of deposition because Qf[thQ :
precipitation of nickql/cgb%l;/bydrqxides or basic k

salts. The rate of dep051t10n 1s proportlonal to

of the hypophosphite/increasg ;he?geposlthn’raps  1  

considerably, but stabilisers need to be gd@eé;tq

"(§j,'

prevent spontaneous deposition of nlckel/cobalt

Nickel phosphite does not precipitate. when worklng
with ammonia.  The phosphite has no“lnf¥uen;§'9¥kdi

the speed of the plating at concentrations up to

60 g/1.




(iii) Influence of complex

Complexing agents_ér? added tO pre er t -

pitation of hydroxides or basic{Salts;
complexes a large part of the metal iQns; Citrate
is the most common anion used to complex nickel/
cobalt in the form of sodium Citrate, ammonium
Citrate, or citric acid. Lipin and Massjutin (37)
have established the optimum concentrations of
additives for high rate of deposition and to

achieve bright coatings. Schwartz (58)

suggested
the use of pyrophosphate ions (K 4 7.Na2 407) as
the complexing agent. The speed of the reaction

is higher than that with ammonical citrate solution.
At 80°C it is 15 um/h and according to him it is
due to the greater activity of pyrophosphate. It
also offers the POSSibli?Y§§9¢U§€;CQQ Solutgog”at
high temperature. Barlett Eig),qu“co-workers;havg
recommended the addition of 1 g/l of ferrous
ammonium sulphate and 3.5 g/l saccharin for
reducing the internal stress in the coating.
Lunjazkas (60; while investigating the cqnditngs
for the reduction of cobalt;;njsolution of citfét
established that the basic chgorsiare the molar

. 2+ 3
proportions C.H 5O7 /Co ~.and NH /C 1.0

.in the
solution which determine the speed of reaction. .
The presence of dmmonium ions in the citrate'solﬁtiég ‘
changes the speed of the reaction and impfbves thé“
appearance of the coatings. The optimum cont '@5  i
of ammonium ions is in accordance with;égmqlan

proportion NHZ/CéHSO;_ ={4;4e/ Any further increase




(iv)

in the ammonium ion co

speed of the reaction, this can be exp
the formation of permanent ammonium complékéé\ﬁlt
cobaltous ions and oxidation of cobaltous ions to

cobaltic.

Influence of the stabilisers and additives

Stabilisers and accelerators are not really typical
for alkaline nickel/cobalt eléctroless plating
solutions. Machu and Elgendi (61,62) have found

that the rate of deposition and appearance of the
coating changes after the addition of cobalt, zinc,
cadmium, uranium salts to the electroless nickel
alkaline solution. Mixture of lustring agents

offers no advantage to the appearance of the coating.
The lustre of the as deposited nickel-phosphorus
layers is in general lower and reaches the value of
the most effective lustring agent only when its
quantity in the mixture is overwhelming. The rates”
of deposition are in general more reduced than \
would be the case according to the algebraic meah:
of the activity of the separate lustring agent (62)
Some of the thio compounds, e.g. thiourea, act as
inhibitors in the electroless nickel alkaline" ;
plating solutions, this is due to their hydrolysis
into HS 1ions (63),

Feldstein and Amodia (64) have investigated.;he“ﬁ
inhibiting effect of a series of oxy'ions,witﬁié

solution containing pyrophosphate by measuring the



potentialiof the‘o~

into two groups on the b

action?

Group I: ASOZ—,:IOS:JTNQ"

>

Each of these ions show an ihhibiting/effect at

. . §
various concentrations.

- - - - 3._ 3..
Group II: 50,27, HPOS™, CHO™, €107, Aso,3”, po,37,

CO32— and others.

In a concentration up to 1 mol/l, these ions do

not show any inhibiting effect.

720 _



2.7 HydrazinefSOIggion'ji
Levy (65) yas the firéé whgiinﬁes:igated'tﬂe hydf‘zine
based baths. The deposit obtained contaiﬁed 97-995
nickel with 2-3% nitrogen és'impurity; Hé‘aéséft; %ha£
the rate of deposition is difeeily;prébdrtional to thé
concentration of nickel ions;rpH ané?téﬁﬁefature have
an exponential effect./ The fdrmétioh‘of tﬁe deposits

can be described by the following equation:
2+ = Cat o

INi + NZH4 + 40H ~%~ 2Ni + N2 + 4H20
.Dini and Coronado (66) have found that some of the physical
properties of nickel deposits obtained after reduction
with hydrazine are not as good as those of nickel phosphorus
coatings. They are for example, brittle, of dark colour,
often exhibit internal tensile stresses and their resistance
to corrosion is low. The hardngss;pf ;bg as plated deposit
is 400 Hv, but after heating the deposit at 450°C for‘one"

hour, it becomes softer (< 150 Hv) and much more ductile.

It is possible to deposit cobalt from electrolessyﬁiétifg'
solution by using hydrazine as the reducing agent. .Kozlové  ‘,
and Korofin (67) obtained elecﬁroljs cqbglt deposits’from‘
a solution containing tartrate, fﬁe réfé.af‘depbsitién was
4-5 pm/h, and the deposits were lustrous and relatively
pure. Tokana et al (68) have shown ,
deposition can be increased to“B“ﬁﬁ7h’ifi274’mg'of’tﬁidqregdi”
are added as a stabiliser. U.S. Pdfenf (69)'pf01 s ‘the

use of ethylene diamine as complexing agent in hYd;ggin  ;

solutions for the deposition of cobalt.



2.8 Electroless Nickei/v'
Boron Compounds as T

alkyl amine boranes

as reducing agents has commercial

applications The solution édntaining borohydfides
as reducing agents are used mainly in hot alkaline
solutions for plating onto many alkali-resistant metals(’0)

while alkali amine boranes are used in cold-weakly acid

baths for plating onto light-metals and plastics (71)

Electroless cobalt can also be deposited from plating
solutions using borohydride as reducing agents. Valsyunnene
and Prokoptchik (72) have recommended Qn optimum formula
for the electroless cobalt plating solution which works at
temperature of 60-70°C.

U.S. Patent (73) has the formulations for an electroless
cobalt solution using borohydride gs/reducing agent and
works at low temperature of 35—406C; Formulations for
solutions using amine borones as reducing agents havewb,én'$*

also given in the technical literature (73).

2.8.1 Composition of SolutionS*with”Bdrdhydride\ashthe
Reducing Agent

. E e T 3

These solution usually consists of an aqueous alkaline

solution of nickel/cobalt salt, containing a complexing~
agent in the form of organic compounds and sodium bOrQ-”
hydride. The addition of stabilisers in the solution i

very important.




of borohydride ions takes place very fast
neutral or acid media, as

or (2):

BH, + 4H)0 > B(OH), + 4H,  ..........

- + : w7
BH4 + HSO + ZHZO - H3B03 + 4H2/ .i.......(Z)

In the presence of nickel ions in the solution,

nickel boride is obtained (1) =

8BH™ + 4Nil?

1 + 18H20 > ZNiZB + 6H3BO3 + ZSH2 ... (3)

If the pH value of the solution is regulated
between 12-14, the formation of nickel boride is
made more difficult and the main product is pure

nickel (15);

ANiZ s BH, + 80H » 4Ni + BO

ny 6H20
High temperatures accelerate the unwanted deG@me;
sition reactions (1) and (2), while they are_}.
suppressed by the addition of alkali. A working
temperature of 92—970C,is;preferr¢d and the rate

of deposition increases exponentially with increase

in the temperature of the solution.

Influence of metallic ion%and;bgrohydridezGéngentfﬁs

The increase in the concentration of sodium boro-
hydride leads to the decomposition Of~the‘S° 

so periodic or uninterrupted addition of the .



reducing agent in sp

is recommended”czd);”»High concentra

sodium borohydride is only desirable if‘pi:tlng

1s carried out at low temperature.

2.8.2 Electroless Nickel/Cobalt Plating Solutions with
Amine Boranes as Reducing Agents

The amine boranes are weaker reducing agents than boro-
hydrides, being expensive are used only for the deposition
of thin metallic layers. Dimethylamine borane is most
commonly used and is soluble in water. It is quite stable.
The composition of the solution is similar to alkaline and
acid hypophosphite solutions in many ways. With amine

borane (31,71)

solutions deposition can be carried in a
broader range of pH and temperature. The concentration. of
waste products produced is also low Moreover amine borane
solutions have an almost unlimitqd,g;p@g;i«zfor regeneration,
and therefofe long life. The rate of plating is independent
of the concentration of metallic ions; at constant pH and
controlled temperature, it is a function of the reduci
medium. The solution possesses high stability Qﬁd\F@Q;b&f

used continuously in automatic plants. The coating obtaiﬂedi'

is almost pure nickel and possesses a high conductivity.

Stablisers are added to save the solution from spontaneous

decomposition, particularly during;ﬁhﬁ?adéiti°@~9f the

reducing agent and to increase the rate of (deposdtion. Jhe
majority of the stabilisers are bivalent compounds

sulphur and selenium; metallic oxides and salts of the

elements in Group II and VI of the periodic,tabﬁle and*otbei

compounds. Klein and Zimgieble (75’76) have‘pateﬁdéd‘many

stabilisers and have also explained the Stabili§iﬁg QCtion



of these compounds. They;remap ,t‘e,é&&ition ©f'
the compounds of the clements €d, T1, Sn, P ’ |
and Te increases the yield of the reducing agent<én’
accelerates the formation of’nickel boron precipitates.

So it 1is not important whether these elements are present

as cations or 3ni0n5(eg.NaA503)'offat‘the’Same time as both.

Gorbunova and co-worker (77) also mention some compounds
containing selenium as stabilisers, e.g. 2-methyl selenium-
s-thiophene carbonic acid, 3-butyl selenium-2-thiophene

carbonic acid.

2.9 Properties of Electroless Plated Nickel Cobalt

Chemically deposited nickei/cobalt coatings differ in their
physical, chemical and technological properties from electro-
deposited nickel/cobalt because phosphorus or boron is co-

deposited with the nickel. Thefggg;@mingngs‘arise from the
oxidation of the respective reducing agents used. Generally
the properties of the nickel deposits are closelyygontrolied
by the solution used. The nature of the substrate an@\i -

pretreatment are also factors which influence some propertiesf*_

i

of the coatings.

2.9.1 Appearance ciel phssnborie

Electroless nickel-phosphorus coatings are similar in

appearance to bright steel with a more matt, metalli;,

silver colour. Nickel-boron coatings have a matt*@PP3%¥anCe';*x

Cobalt-phosphorus deposits are also bright while{cobaltflﬁ/

boron deposits have a matt appearance.




than that of nickel coétings obtained fndm.cqmy
electroplating solutions and’i@/ Malsq-aglittleahighen‘
than the values obtained for hardrniCKel electro——deposifs
Heat treatment of electroless deposited nickel coatings
increases their hardness while.heatztreatment softens
electrodeposited nickel coatings. The maximum hardness

of nickel-phosphorus and nickel-boron coatings is approximately
1100 Hv and 1200 Hv after suitable heat treatment which

is comparable with that of hard chromium. The changes .

in hardness with temperature and time have been invest-.

igated and discussed by many authors (21,31,36,37,78,79,
80,81,82,83) k

Maximum hardness is dependent on the hgsphdpus,cpntent -~
in the electroless nickelfphosp ‘
early years of development of electroless nickel coatings,
two sets of heat treatments were pfoposed to .obtain |

maximum hardness.

a. 1 hour at 400°C inert conditions

b. 12 hours at 2900C in air.

Under these conditions nickel phosphorus layers do not

oxidise. sz Leng iin 27

Lee (78) reported that one hundred{hours heat treatment .
of the nickel-phosphorus. coating at 280°C resu;t@df n

maximum hardness.

|
L
|



solution.

After heat treatment, it Changes]inktﬁe’

way as electroless depQSited'nickﬁl-phOSphOruS coétingst

2.9.3 Internal Stress

Relatively little research has been done on Internal
Stress measurements, and the results obtained are to a
certain degree contradictory. The reasons for this are
the use of different measuring methods and on the lack of
knowledge of the mathematical relationships between the
internal stress and the measured parameters. The causes
of the stress have not been fully explained but may be

caused by impurities in the plating solution.

Spahn (79) had investigated the mechanica _properties of
electrodeposited nickel and electroless deposited nickel-
phosphorus layers. He reports very low Valuesof,internaI:
stresses in nickel-phosphorus layers, viz. tensile stress

of 1 to 4 Kg/mmz.

Baldwin and Such (37) have foundfth@@/éqternal stress
produced in deposits plated from'acid;hypophosphite
solution with pH range*of,4.0:6.0:1@zies;in;a,iinear;g,
fashion. The stress was tensile at pH higher than;.’
zero at 4.65 and compressiveratng91Qwer than_4;55 

Bartlett et al (59),showed that the internal,strgsg,v
developed in nickel-phosphorus coatings obtained
alkaline plating solution containing pyrophosphatqg

reduced by the addition of 3.5 g/l saccharin and 1 g/l

ferric ammonium sulphite.




Shemenski et al (84) fohn& ha
electroless nickel coafings on 10 mu tﬁick  _tyl'”
strips had a tensile stréss éf 1.4 - 3.5 Ké/mmzf‘
as plated condition which increased té 7;i4”Kg/mm2 aftéi 
heating at 190°C. They attributed the associated

contraction of the coating to a solid state reaction with

the formation of the stable Ni3P phase.

Parker and Shah (85) have invéstigated the internal stresses
of electroless nickel plated onto six different substrates.
The stress varies from tensile to compressive depending on
the thermal expansion coefficient of the substrate and the
phosphorus content of the deposit. Due to differential
shrinkage upon cooling on substrates with high thermal
expansion coefficient (aluminium), compressively stressed
coatings were produced,‘whilg;qniigyighgrm%l‘expansion
metals (such as titanium) tensile coatiéés’were produced.
The phosphorus content in the nickel,déposit-also’influenced;
the internal stress. Increase in phosphorus reduced‘tehsiieuw}

stresses to zero and ultimately compressivegstress_developqus

2.9.4 Wear Behaviour and Coeffiéie?ﬁ,Of‘FriCtiqn‘  J 
The resistance of electrplgss gickglﬁgg ngr,is qui§e gQ9d;
It lies between that of hqrd<;hr9mium @ndzof‘glecprdq‘ositedi
nickel. With suitable heap ;ppg;ﬁég};: trQIQ?S@EiCk .
wear rate is similar to tﬁat’of ﬁérd chromium. ‘Cémpbéli(8éjgn
in his investigations on heat-treated electroless nigkgi;
phosphorus coatings, has shown that a coating df\zsygm% ‘

thickness was removed completely in the course of nine hours



was 25 um/hour while the speed of carbon steel all
with nickel was 3.8 ﬁm/hour.

. 87 . 5 - H T TR
Gostin, ( ), gives information about the resistance to
wear of nickel-phosphorus layers obtained by tests using
the pin and disc method. The rate of wear of carbon steel

alloyed with nickel was 3.8 um/hour, i.e. higher than

that of electroless deposited nickel.

Radin et al (37) examined the influence of phosphorus
contents in the coating on the wear rate in dry friction.
Wear was highest in the as plated condition when phosphorus
content was about 7%. When the layer was heat treated the
wear rate decreased. After heat treating the coating at
400°C, wear decreased with increase in phosphorus content,
while at lower temperatures wear at first decreased with
increasing phosphorus content, and then above 7% it"’\’
increased again. Weightman and Pearlstein (80) shbWéd\
wear resistance to be generall} related to hafdnésé'énd;' 
not to phosphorus contents or other variables. Wiegand
and Heinke (88) have investigaféd?fﬁe: haviour of nickel-
boron and nickel—phosphorﬁéiébétiﬁég.;;

there was not always a relation

resistance to wear.

STA -



2.9.5 Corrosion7BehaV

Gutzeilt and Mapp (82 clalm that electrole

deposits are in all cases more resistamﬁ'than~éiec TO~-
deposited nickel coatings of the same thickness.

(89) -
Gutzeit established that corro stalns appearing

on the surface do not spread, even during continuous

immersion of the samples in the corrosive medium.

. 39
Minger (39) and Brenner have compared the properties of

electroless nickel and electrodeposited nickel deposits.
The samples were subjected to salt spray, sea water and
an Industrial atmosphere (duration of test about 15
months). From the results obtained,they concluded acid
electroless nickel deposits are the more resistant

coatings to corrosive attack.

Metzger (50) traced the poor corrosion resistance of
alkaline electroless nickel phosphorus coatings to the
pores in the coatings and he also suggested that coatings
free from pores deposited from alkaline solutions are
just as resistant as those obtained from acid‘SélutiChs;‘
Spraul (91) asserts that heating the coated components
for four hours at 7SOOC’imprOVéS e C( osion resi

of the deposit. Corrosion’ ‘resistanc ff:f dépeﬂ&éfbnvthe
nature of the substrate surface. itihééfbeen Showﬁ“thatf 
even a thin layer applied on a metallurgiCaITY;beﬁtéf5f
prepared metal surface produced a better corrosion T

tant coating (92). ~Apdrew and Heron (; ) have 1nVe§L1gated«

the corrosion resistance of samples of steel and brass

plated from an acid electroless solution. The amount of




phosphorus in;the'coating va
COrrosion resistance of the‘coating increas

increase in the thickness upto 50 um..

in the thickness up to 75

um gave,only‘ﬁqderatg{improfejgp
ment. Heat treatment for o g_ji/fat,AQQ‘Ciled to an
increase in the corrosion resistgn;e;in;gfmospheric
testing while it led to a deteriqratiqp of the corrosion
resistance in salt spray test. Nickel-phosphorus layers
on brass (thickness 4 to 30 um) have shown good protective

properties against atmospheric corrosion as well as against

corrosion caused by perspiration.

Nickel-boron coatings have good resistance to corrosion,
this chemical resistance may be due to their peculiar

composition and structure, uniformity and low porosity(ls).

The corrosion resistance of the nickel-boron coatings can

be increased further by oxidising€gf§er2treatment, Klein -
et al (94) have carried out detailed corrosionfresigtaﬁc
testing of electroless nickel-boron coatings on stée;}
Nickel-boron coatings were resistant against hydroxidesg
alkali carbonates, and chlorinated hydrocarbons.  N?§kﬁ1;
boron coatings were also resistggr%ggainstfaqueous‘Qalt'
solutions, e.g. potassium dichro
ate, potassium chlorate, but the

resistance against strong organic a

citric acid),ammonia solution and aqueous ammonium salt
0 ' S e
solutions. Heat treatment at. 350.C for two hours duration

increased the rate of cOrrosion.

AL



Better corrosionireh
coatings which hadwbeenvheat treated
600°C in air for tyo houre. This may:befdge to\th“'
diffusion of nickel into the~base* ter;ailﬁ hlohei boron
coatings show a 51gn1f1cant re51 tance agalnst ox1dat10n
at increased temperature they are noted 1n the patent
specifications (95) as Coatlngs hav1ng 1ower por051ty as

compared to electrodeposited n1cke1 coatlngs

2.9.6 Composition of Electroless Nickel and Cobalt Deposits

The composition of the coating depends upon the conditions

of the plating, viz. pH, temperature, loading of the

solution, duration of nickel plating, etc. The amounts of

0

the phosphorus in the deposit can reach up to 15% by

welght (96).

Electroless nickel-phosphorus:coati S on average contain

7-10% phosphorus as well as hydrogen, n1trogen, oxygen and

carbon (90). Cobalt, alumlnlum, iron, manganese, 1ead and,yﬂ,ﬁ
(90) o .

silicon are present in trace amounts

Nickel-boron coatings from a standard N1 bodur* solutlon

with sodium borohydride as reduc1ng‘agent contaln on an

ings from the Varlous
(31 71)

o

(7 1) / Thewcoat

average 5-7% boron

amine-borane solutions contain between O 4= % boron

Electroless cobalt-boron coatings contaln about 3% boron

*+ Trade name of P1050 (Bayer, A.G.)




2.9.7 Structure of As Pla e
Phosphorus and Nic el?

The electroless nicke’vlv-'ph'o‘sphor.us 5 d;e-ﬁ),o';’s_i
fine grained structure. This is cbnfirme& by X réy'
diffraction which shows line br ade 1ng typ1ca1 of small
particle size (6 6). They also observed no ehanges in

microstructure with heat treatment up to 400°C. Graham

et a1 (°7) suggested that there is a'morphOIOgical differ-
ence between the deposits eBteined/from acid and alkaline
solutions. Coatings obtained/from alkaline solutions are
characterised by more frequent change of Laminae than those

(78) confirmed this by

obtained from acid solutions. Lee
measuring the potential value of nickel-phosphorus layere
during their anodic dissolution in nitric acid. The exact

nature of the lamellar structure of the coating remains

unsolved and is a subject for further discussions.

Goldstein et al (98) also exémined the strﬁcture of
chemically deposited nickel-phosphorus deposits Containingg
7-10% phosphorus by weight using X-ray analysis and :
electron diffraction techniques. Freshly prepared n‘ckel

phosphorus layers were found to/have/an/amorphous structure.
This structure seemed to be ihae;enaeﬁt’ef theJde@oéition
method and the pretreatment of the substrat - :

phosphorus in freshly dep051ted 27./,; 1S ngt present as

nickel-phosphide, Ni;P.

Ziehkle et al (99) have accepted the émorpheus'struttufejbf”

the coatings dep051ted from ac1d solutlons and contai ing t

‘Metzger (90) 41so0 propo'ed the 5

above 7% of phosphorus.



amorphous structure."k

101) have claimed that thevph@sphqrug;is"p’
NijPin freshly deposited electroless nickel-phosphor:

They assume that mostfof]the_phosphorus is
present as nickel phosphide Ni. iaﬂa /hiy%a very little

is present in its elementary state. On the basis of data
obtained from differential therhai'analyses,’microanalytic
and X-ray examination techniques they showed that during

heat treatment NiZP becomes~NiSP. PR .

, (102)

Pai et a measured the size of the crystals in

nickel-phosphorus layers to the between 10-20°A. Rantell

103 . . . .
( ) carried out measurements in the formation of nuclei

and the growth of the layers. He found;that the nature

of the substrates 1nf1uences the structure of the metal
n,(104) '

coating. Schlesinger and Morto stand is also

analogous to that of Rantell

Khoperia and Kharati (105) using electron mlcroscopy and .
electron diffraction to study the initial stages of

formation and distribution of electroless nlckel have

shown that sen51tlzat10n helps to produce a compact

coating and reduces thenucleu551ze. When prellmlnary

of crystalllsatlon to~<

sensitization 1s applled the ratlo

that of crystal growth ShlftS towards 1ncr8351ng crystalj

lization rate. The mlcrostructure of nlckel boron, cobalt-

boron coatings obtained by using borohydride as_reduc1ng

t of intensive research

agent is at present the subjec

Berzins (106) assumesthat]n anamorphous matrlx' 5- 10°-

of nickel/cobalt was present in the crystalline form.‘Kleln




et al (94

elementary stage after XiraY"analyseJiaff

layers in the as plated condition and after:

Electroless cobalt-phosphorus 0 >d structure
which may be due to the non-uniform distribution of

107 = i - e E Ful i
( ). Chow et;alj(logl have shown that the

phosphorus
crystal structure of cobalt deposits can be either FCC or
HCP depending on the chemistry of the metallisation

solution.

2.9.8 Structure of the Heat Treated Electroless Nickel-
Cobalt Coatings

Electroless nickel-phosphorus deposits undergo important

structural changes during heat treatment. Goldstein
et al (98) have found that heat treatment at,ZOOOC for

a duration of twenty hours does not prod ce changes in

the structure of the coatlngjbut the halo observed u51ng

back scattering X- ray technlques dlffers from that

produced from as deposited layers. Heating at 400 C.

even for one minute led to significant changes in the;
structure and intense rings of spots corresponding;to
cubic crystalline nickel and the,phaserNiSszhowed on the
X-ray photograph. By increasing thertime ofoheat‘treat~,
ment to two minutes there was an 1ncrease in the 1nten51ty
of the spots and to the appearance*eﬁ;gew{rlng of spots

on the X-ray film.

40—



The speed at whith'thg“
practically'impos3¢b1¢ to ¢Q
Goldstein (98) aSSum€§“fhét‘the~metastablé,
first changes during heat ’ .
crystalline solid solution hich 3 . ‘fdecompbsésw'”
under segregation of the in: m / eéﬁpb’hd Ni P.

The result is a balanced mixture of the phases of nickel
and nickel phosphide. Further heat treatment at increased

1

temperatures (600-8OOOC) led to recrystallisation.

Graham and others (397) asserted that the crystallisation -

of the Ni,P phase in the solid solution is initiated on

3
the basis of B-nickel on a surface of the crystal lattice

of g-nickel in which the position of the atoms is similar

to that in the crystal lattices surface of Ni;P.

By heat treating the Ni-B coatlng at 600°C for 1 hour the
crystalline N13B phase 1s formed 1n the coating | and in

addition crystalline nickel is also formed (106)

A1 -



2.10 ElectrOde.'

2.10.1 Introduc

Electrodeposited%cgmﬁoSite coatings g&n‘be;
those coatings which are produ . “ﬁsoldblé matéi

in fine powder form are added t ; jonal electro-
plating solutions and eleCtrodép sitio: ’S‘égrfied out in
the normal manner. . in this wayiiw0/$9l;dlmaterials are
combined together, in such a manner that the desirable
properties of one are enhanced by those of the other,
resulting in the production of a single composite system

possessing both extended physical and mechanical properties.

2.10.2 Types of Electrodeposited Composite Coatings

Electrodeposition is used to produce three types of

composite coatings. They are as follows:

(i) wear resistant coatings
(i1) dry lubricant coatiﬁgéwﬁ

(iii) heat treatable metal alloys of Varying compOsitions{‘

They are produced by suspending the selected mat

fine powder form in conventional plating electro

in suspension throughout the

the particles being held
'(109)fha51

plating period by mechanical agitation. Kedward

suggested two efficient m of %gitationitq>keep, the

particles in suspension duri

obtain a homogeneous composit

components to be plated: One of these processes

This operate

liquid/air procesSe. ..

the liquid from the top of the electrolyt
connected to a peristaltic&pump:gnd reintroducing it



through an inlqt}

vertical
plate in the

is manner

te the electro-
lyte sufficiently to keep*théfpa tfclegxinasuspension.'
The particle size and shape is also important in composite
production. It is possible to deposit almost any particles
up to 100 um size. Particles larger than this size are
difficult to incorporate in the deposit by mechanical means.
Particles of 1-3 pm are used generally to give smooth

deposits and particles below this size usually coagulate

Materials

in the electrolyte and pr
’ . 9

can also be incorporated in

Pushpavanam et al (}11? suggeSteqjthét'agglom

particles can be prevented by blending the parti
a portion of the electrolyte,:

to the bath.

2.10.3 Wear,ResiStantj

Wear resistant coatings
such as oxides, e.g. 510y

zirconium, carbides, e-g. c

carbide, silicon carbides, diamond, and

e.g. glass being codepos

as;Wgttsyni;kﬁl,fCQPP§.’



2.10.4 Nickel'C{m5b,

Particles of hard”mate
diamond, have been“sﬁCEQSQ“"
matrices both in Watts type

sulphamate baths (117),’

Nickel-alumina cermets
strength, and wear resistanc i
high temperature. Sautter ‘° ;;7; ported, that

iéﬁbwfno influence on

temperature, current density an

the codeposition of alumina with nickel. However Sinha

et al (112) reported that incorporation is dependent on

the above variables. Cationic surface agents give cracked

deposits while anionic surface agents give uniform

dispersions of partlcles <1 14) s = Bt

Nickel-Ti0, deposits ha of about 350 Hv

dependent on the plating va 6).i‘They“are

softer than nickel- alumlna compos

amount of TiO2 codep051ted is double that of alumina

Nickel-silicon carbide
the rate of 25-125‘ﬁm/h6u
density of 7-5A/dm” at 50

used as a cathode in the ¢

and tungsten carbidé*wit/i
silicon dioxide and zir
'Siie‘bf\ZLB\ﬁﬁ*haVéibeén.SUC‘.,
Nitkel?silitﬁn

nickel solutlon at p

a hlgh a



120 .
( ), nickel-titanium

uranium oxide, iron ox
sirconium boride have been suc fully inc orated into

the metal matrix (121).

In ele ter ming fibres of
insoluble inert materials haVe‘been'émployed,to give

enhanced engineering properties to he formed materials -
(122,123,124)

Additions of insolublgfpéi/iz;,j/;
sulphate; carbide:

nickel platingfgives.aio

final chromium platekwhich_gl
protection (lzgflgs),_:ln.thﬁfNitk
maximum addition of ZD~30:gflwqf,inSolublexpa
possible, otherwise the de - ok
whereas in the compqs@té“é@a

process is. no

of the insolubleﬂpzx

Diamond particles

, 5

deposition in th

greater than that |

egﬁame OXX/




Nickel cermet coatings

+Nickel-boron carb
at 375°C)shoﬁ”ho

deposit. Heat treétﬁeht'df,

O . £ : : o SR 5
1000°C there was some change in the struéture of the
reduction of

deposit which is attributed to the partlal
(114)

TiO, to TiZO3 or to the redlstrlbutlon of the partlcles

2

2.10.5 Copper Composite Coatings 5

Generally it is more difficult;to*codéposit particles with

copper than with ni
solution silica, alumina

boron carbide, o1 could B
relatively easily. Bﬁﬁ conducting
deposited oﬁly”from”aéid'901utign§f
to codeposit with cOppeﬁt'

solution, but when 2 suspens

added more alumina We
failed to codeposi
copper sulphate electr/

the poor behav1our of alumi




Foster and Kariappé,r .

effect on codepositionié,yw
Aliphatic amines, thalliﬁm;
to maintain codepositiéﬁ;;iw
ethylene diamine and pyrgph spt
which are not ;odeposited %ith:acAa éopper/bath can be
deposited easily. Silicon carbide and chromium diboride
and tungsten carbide have been coﬁeposited from a copper
sulphate bath on a strip cathodéiwithfﬁaddle wheel

agitation (131).

2.10.6 Chromium Composite

Chromium takes a new form wh /fCértain*"”

ceramics. When zirconium d bo ware'inciﬂdéﬁ
in chromium plating bgthsithere‘
and this produces a perménént,an"
solution, so that this compés/
oxidation resistance tha :
Zirconium diborid
show the most promising res
Greco (133) pas réported h
a hardnes

oxidééw&iﬁh ¢thm'"

alumiﬁé ahd“SiOé21n a»h£XaVa1?

dep6sition £116)} -



Addison and Kedward (134)
produced with trivalent chromium
solution (DMF). These had inclusionS'Upate*ZEuv
volume but were micrecracked'aﬁa“itTCOuid oui}?‘b}e«T
deposited as a thin layerkmhieh;maaeﬁtﬁemTunsuitable for

meaningful evaluations.

2.10.7 Cobalt Composite Coatings

Cobalt-chromium carbide composites have been produced by
liquid/air and plate pumper processes by Kedwards and‘
Wright (135). They investigated the appllcatlon of
cobalt-chromium carbide composite for wear control of
aircraft engine parts. They obtalned a composite coatlng,
consisting of a matrix of cobalt and contalnlng approx-
imately 30% by volume chromium carbtde\NW¢/is‘capablewef

controlling wear on aircraft eﬁgiheif up.tOJSQOQC;

They suggested that the carblde addit e grows to tw1ce 1ts

orlgnuﬂ_vohﬂmzwhalheattrauﬁd ﬂn’ﬁnw hourszln Vacuum at lOOOOCt;;"

by the diffusion of cobalt 1nto the carblde to

produce a M3C7 type compound. The wear reslstanee'

the coating probably stems from the formation of a ”Cobaltf

oxide" on the load bearing areas offthegcobalt components;ifv»“

At high temperaturee,due to fr1ct10na1 heatlng, the ox1de

develops and rapidly becomes compacted on the surface and

finally glazes on the load/bear n,
has formed, the wear rate falls dra
tion of the glaze is tlme temperature dependent
the lowest ambient temperature at wh1ch glaze fo

It develops more rapldly:at'hlgherrtemperatures




content and pre-heat treatment>Qggthéggxidation character-

istics of cobalt-chromium electrodeposits in air at 1000°cC.
They found that chromium carbide isﬁgnspable;at elevated
temperatures in the electrodeposited cobalt composite
coatings, the rate of carbide breakdown being directly

proportional to the temperature and is very rapid at IOQQOC.

The carbide breakdown is controlled by the loss of carbon
to the substrate, if it contains strong Carbide’forﬁingv N
elements and to the atmosphere. The supply of chromium

to the oxide scale improves the oxidation resistance of the

cobalt.

Chisholm (137) has reviewed cobalt- um electrodeposition

and described results for cgmgési@é;élbitrddeposi;s f;qm¥éfJ -

fluoborate and dimethyl formamideoﬁgtér bath, The rate

controlling factor was the inability to sustain coder
and thus achieve the requisite thickness for coatings a

electroforms.

2.10.8 Lubricant Coating;w

certain laminar solids like molybdent

metal matrix. Such coatings_@kﬁiﬁ aﬁhiiow-gagffif

of friction and low wear rate. jThé ggde?qsit'a of




have a low inclusion conten

generate a low shear strength SUffaee_film4u/&
of low load (125’126’127).

Lowering PH and cu
density raises the volume.pereen; (lﬁglfgffmolybdenumdif
sulphide in the coating. Theigame‘ﬁegayiour:is Qbsefved

in the codeposition of graphite mica gng pglytetra—fluoro-
ethylene. This effect can be attrlbuted to the adsorptlon
of hydrogen ions on the part1c1e57(127) 3N;Cke1—bor0n‘,
nitride composites have similar properties to nickel-
molybdenum disulphide but possess high oxidation resistance
and are used to overcome the problems of fretting corrosion.
Five micron size mica particles are codeposited with a

metal to produce a surface which reduces wear (139).

Graphite is included in nickel or copper matrices either as
(140) (141) to o '

fibres or powder 1ubr1cat1ng

surface.

Extensive studies:gr

since they are useful in sliding contacts because of thelr'

antistick properties (130).

2.10.9 Metal Alloys

Another object of composite coatings is the productidn~df 

heat treatable metal alloys. Chromlum pewder has been

codeposited with nickel and heat treatedeb Ve lOOOOC

produce nickel-chromium alloys (141).

;§y5thls,pechp1eue
cupro-nickel stellite and ball bearlpgzéfeels;hqye;é
been produced. Metal powders and eeramies eqa
simultaneously with chromium'(lssl andyCo-Maﬂh
being developed as high temperéture;egrreeibnirﬁ

resistant coatings.

Rl



Bazzard et a1 (142) havelhs

like growths and porous deposits to producefnl

chromium alloys. Saifullin et al (128) have obtalned
relatively compact copper deposrts;contalnlng 8- 12°
nickel powder, with 25 g/1 of n1cke] powder inwa copper
sulphate bath. The use of n1cke1 matrlx 1ayers produced
by the codeposition of nickel powder 1oznlckel matrlx in
electron tubes has been studled by Varadl et al (143)
Such a nickel matrix improves heat or electrlcal condoct—
ivity, adherence to the base metal, decreases the 1nter~
facial resistance and minimises the electrlcal effect of
high voltage sparking. ~

Nuclear materials such as UO2 or ThO, can be codeposited

with nickel to be used as/

detectors. Neutron absorbihéz

reactor coating materials. Efforts have been made to

(117).

and traffic signals




2.11 Mechanism of Codepositio

Coatlngs

Williams (118) has attrlbuted codeposltlon to

phoretic movements of the partlcles to the cathodes and .

subsequent entrapment into the grow1ng metal fllms pH

plays an important role in the successful codep051t10n

of particles, but there are two extreme v1ews on the

mechanism of powder transport 1nvolved 1n thls process
Electrophoresis is said to be taklng part and on the

other hand the particles arecarruaito the cathode simply by
mechanical agitation of the electrolyte and are trapped

by the deposited metal. Most of the theorles postulated m
rely on an attractive force holding the particles at the
cathode while the metal film growsraronndEit.

(116)

Brandes states the 1mportanc"

‘Fffce charge to

particle size and the m1crothrow1n ‘///Electrophore51s

may be an important effect, once the partlcle has entered .
- (109}_f .

the diffusion layer surroundlng the cathode.a Kedwar's

suggests that high current density areas w1ll(be pro uc

when large numbers of partlcles are entrapped

increase in the thickness of the double 1ayers. The vol age;ffpd

drop will then increase and thlS is suff1c1ent to cause the

codeposition of other partlcles in th’ elghbourhood;of ;
double layer. So electrophore51s 1

concluded by Kedward (109)/ {z/'

Foster et al (130)>proposed that theyadsorptiof“

wh1ch is manlfested by the Zeta potentlal is t

factor determlnlng codep051t10n From the stu:

deposition from copper sulphate and nlckel b:

Lo



conclude that deposition o
due to strong adsorption‘of‘niékél ions on t
surface, thereby producing a surface charge w i”
the particles to be attracted to the catho&é”§ﬁrfaéé”é,m
cling to it. Since the catidﬁigﬂggfﬁiﬁﬁn in  copper

sulphate is very small; the aft?aét&ﬁé”fé}Cé towards the
cathode surface is not strong and additions of thallous
or rubidium ions produce a large positive charge on the

particle surface thereby promoting codeposition.

In the case of metal powders like chromium, once the incor-
portation has occurred, the metal particle becomes an
integral part of the cathode surface contributing to an
increase in current density on the éathode,which WOﬁld‘:

ensure rapid incorporation and because of this dendritic

growth of the cathode surface is avoidable

a1l (142) yave concluded”fﬁét”fﬁéiﬁﬁliq‘ kn?the cathode

must depend on the residence time, microthrowing power,

and thickness of the deposit. Sykes et al {14¢}‘ﬁéﬁé'

found that the zeta potential of alumina in Watts

or acid copper sulphate plating bath is very small a

negative. There will therefore be no electrophoretic

transport of the particles to the cathode in either =

solution. In addition plating tes: lumina dispersed

in nickel sulphamate or copper

which the zeta potentiai%%éufé‘ﬁéiz "gﬁﬁé?s m

results to the sulphate baths,'thué:depesitiohiWé;



alumina particles is if they

the cathode surface and the negative*charge on

cathode. Snaith et al (145) have suggested the 1mportance
of solution pH on the ease of dep051t10n of 5011d partlcles.
Kedward (109) anq Brandes (l}ﬁlaegggpstedathat pH of a
solution was important in the codeposition of certain
materials, particularly lubricant such as graphite and
molybdenum disulphide; They suggested that particles of
these materials could absorb hydrogen ions from solutions

of low pH (below 4) thus becoming positively charged. The
findings on silicon carbide show no sudden change in zeta\”
potential as the pH of the solution is lowered. The ‘
change of the zeta potential with electrolyte concentration
is dependent on the total spec1f1c conductance of the
solution, that it is an ionic strength effect rather than |
depending on the particular electrolyte or comblnatlon of
electrolytes present. Consequently pH has little effect .

on the zeta potential in the case of silicon carbide.

Particles may be mechanically trapped on those*pafte
the cathode surface which are rough or irregular, so
bond between the metal and the ceramic‘particle-appeéisgtgga”

be mechanical. The hydrodynamic transpert of the pértiéles:f:ff?

to the vicinity of the cathode,followed by the p0551b1e

electrophoretic transport ofethe pa Cl@S/Wlthln the

cathode are the most Significantéieciqrgégn thexeiect3c

deposition of cermets.

=54~



Snaith et al (145)"f j

were contact adsorbed on. the materials, igﬂ a

silicon carbide and chromium diboride powders, the degree

of adsorption increasinggwith;coggg

ation and decreasing
with temperature. As the concentration was increased the

amount of positive charge adsorbed b me equivalent to:

and finally greater than the negative charge on the
ceramic material, resulting in a reversal in the polarity
of the charge on the ceramic material.  The conditions
required for maximum positive charge on the materials
studied were low temperature and high electrolyte concen-
tration. Measurements of heats of adsorption suggest .

that this adsorption is physical in nature. -




2.12 Electroless COmposit

Encouraged by the successfui ﬂé&elopm@ﬁ%?aﬂ7
of electrodeposited composites, workwon Codép
particles in electroless deposit was initiate&;V The
further potential advéntages of eléctfoless 1afers
inherent uniformity, corrosion resistance and hardenability
added further impetus to theidéveib@méniidfééleCtroless
composites.

1 (146,147) in their patents have described

Metzger et a
their invention for electroless deposition incorporating
particles. The particles were insoluble in aqueous
solutions and were non catalytic and inert with respect
to the electroless reducing agents for the electroless
metals. The particle size ranged frOm/Oél*ﬂm to about

100 um and constituted 1% to 30% ng volume.

The particles were maintained in suspens ithhéjbath ,

by streams of minute bubbles bffga g§§ingfthﬁ@ugh the

bath or by agitation within the bath.

Besides electroless nickel composites,: electroless coba“

and electroless copper formulatlonshave also been publlshed;f’ﬁ75
The hardness values and Taber wear 1ndex of the dep051ts
produced and effects of heat treatm .
discussed.
Epifanov et al (148) used titanium dioxide 7
high quality coatings of>nickel;ph05phdrus;

composites. The composite coating possesses 1



addition of titanium dioxide increased the dep

rate and had no effect on the~pho$phdrus:céntenf;ag

The microhardness of the coatings increased strongly and
passed through a maximum at a titanium dioxide content
of 2-4% and changed little with a further increase in
titanium dioxide content. Ammonium fluoride in the
electrolyte enabled the composite coatings to be applied
onto aluminium components without preliminary zincate

treatment.

Saifullin et al (149) have obtained nickel composite

coatings containing amorphous boron or silicon carbide,

particle size 1-8 um. The rate of Oﬁ%waS/iowér!gff

from the suspension than from the pure tion. The

microhardness of the composite coat ﬁgiﬁiﬁhdutwheat'if,_;,ff; ’"

treatment was approximately the same as obtain@dtﬁy;

electrodeposited composite coatings,'but~theﬁwééM 

tance was higher by a factor of 1.2-1.5.

Metzger et al (150) havéfdiscﬁS§éd?Ehézp5¥ametersﬂafféétingﬂf3f7
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