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ABSTRACT

The clectrolytic depositon of nickel-phosphorus coatings were carried out at vanous current
densitics (40 - 200 mAfem?) in sodium hypophosphite baved baths contaming 150 gfl nickel
sulphate, 45 g/l nickel chionde, 50 g/l phosphone acid and various amount of sodium
hypophosphite (5,75, 100 and 125 gfl) at a temperature of 60°C. The structure and
composition of the coalings were delermined by X-ray dilfraction and chemical analysis
respectively . Amount of sodium hypophosphile in the bath was (ound (o have a pronounced
cffcet on the character of the deposit. Bath containing 100 g/l was found to yicld bright,
compact and adhcrent deposits. All the deposits oblained at deposition current densities of 60,
100, and 200 mAjem? from 100 gfl hypophosphite conluning bath possessed a phosphorus
conent of about 14 wi%. X-ray dilfrachon patiern reveualed these deposils Lo be amorphous,
On the atherhand bath contanmng 5 g/l of hypophosphile yielded erysialline deposils.

NI-P coatings were tested [or (hickness, microbardness and wear behaviour, The coaling
thickness was found 1o decrease with the amount of sodium hypophosphile in plating bath and
increase with current Idcnsit}' and deposition time. The microhardness of Ni-P coalings
deposited at current densities of 60 mA/em? and 100 mA/cm? were measured to be 731 YHN
and 665 VHN respeclively.

Using a pin-on-disc type apparatus under dry sliding conditions, wear bchaviour of Ni-P
coalings depasiled at current densilics of 60 and 100 mA/em?2 on brass specimens was studied
against gray cast iren counterbody, Wear experiments were done in the ambient air al room
lemperature under Lhrec differcnt loads {180 g, 250 g and 480 g) for three shiding dislances
{416 m, 832 m and 1248 m) at a lincar spced of 416 m/fs. Exlent of sliding wear damage was
investigated by means of measurement of wear scar width and mctallography. Ni-P coatirigs
obuained at 100 mA/cm? was found 1o be more resistant to wear than Ni-P coatings deposited
al 60 mA/cm? Both these coalings were found 1o possess wear resistance about four times
higher than that of uncoaled brass. Microscopic mechanism revealed that although abrasive

wenr mamly 0ok place on Ni-P coalings, adhesive wear was also operative.
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CHAPTER: ONE

i. INTRODUCTION

Nickcl-phosphorus deposits were first produced in 1845 when Wurly. [1] observed thal
hypophosphite ions reduced nickel ions to mekel metl. In 1916 Roux [2] was granted a
patcnt on the chemical deposition of mckel using hypophosphite ions as a reducing agent

but the process attracted little attention until 1944,

The phosphorus alioys of nickel or cobalt were first deposiled 1n the form of coherent
coatings by the electroless plating process in 1947 developed by Brenner and Riddell [3].
This process is a chemical reduction of the metal salts with hypophosphite ion. The
deposits were of considerable inlerest. They conlained about 8% ol phosphorus and were
harder than ordinary electrodeposits of nickel or cobalt. They increascd in hardness after
being heat rcated at 400°C and were rot appreciably sollened by heating 1o 600°C. They

conid be depasited dull or bright.

‘The properties of he electroless depostis were of sulficient interest to stimulaie effors to
find more satisfactory condilicns for depasiting phosphorus alloys. Since the sludies of
Brenner and Riddell, mueh work has been conducted on clectroless nickel soluticon and
deposit properies. However, the use of nickel-phosphorus deposits has been restricted
by the difficullies in the electraless plaiing process. As the process docs not 1cadily
permit conlrol nt.“ the phosphorus conlent of the depastits, Brenner ¢t al. [4] developed an
electrolyue process for depositing phosphorus alloys. These alloys are of both pructical

and theoretical merest.

Nickel-Phosphorus alloys are now-a-days recognized for thetr improved hardness,
corrosion and wear resistance [5,6], inleresting catal ytic properties |7]. Conseguently

they arc [inding incrcasing applicalions in various industrial components in different



scclors including chemical, automotive, mining and ¢leclraonics. Nickel-phosphorus
coatings are also being considered for clectrical connectors used in electronics,

telccommunication and compuler technology as a cheap replacement lov the currently

used gold coatngs.

In the present siudy, electrodepasition of nicke!-phosphorus coatings has been atiempted
from hypophosphite based haths, Depostted coaungs have been charucterized by chemical
analysis and X-ray diffraction. Hardness and wear resistance of these coatings have becn
studicd. Effect of process paramelers on coating thickness, hardness and wear resislance

have also been investigated.



CHAPTER: TWO

2. LITERATURE REVIEW

2.1 ELECTRODEPOSITION OF CRYSTALLINE AND AMORPHOUS

NICKEL-PHOSPHORUS ALLOYS

One 1mportant feature of electrolyuie Ni-P coatings is thal by contre sling the plaling
parameters and bath chemistry, crysialline or amorphous structures can be obluined to

satisty specilic needs.

In general, it has been shown that if the amount of phosphorus dissolved in nickel
exceeds about 125 then the siructure of Ni-P alloys becomes amorphousiB].Below this
percentage of phosphorus, the alloy remain microcrystalline. This transition from the
finely crystalline Lo the amorphous state is, however, not very well defined[9-11} and
probably proceeds over a considerable range of concentrution, Furthermore, as discussed
recently else where[ 12}, the cnotical concentration [or the transition from [erromagnetism

to paramagnetism in the Ni-P systern also lies closc W this composibon.

2.2, MECHANISM of NICKEL-PHOSPHORUS ALLOYS DEPOSITION

Brenner |13] studied two types of electrodeposition mechanism by which an jon in
solution becomes a metal atom 2 lattice. One of these which has been much discussed
is whether the atom deposits at some random position and then diffuscs into ils final
posttion. 1f aioms could migrate, one could expect them (o take up equilibrium positions
in the lattice, producing an alioy having the lowest cnergy content. However, many
clectrodeposiled atloys arc nol in eguilibrium and, hence, are metastable and posses more
energy than the equilibdum alloy. H atoms could diffuse appreciably, they would not lake

up & melastable position.



Brenner | 13] suggested that clectrodeposition of nickel-phosphorus atloy is of the
induced type. Induced codeposition is characierized by the deposition of alloys containing
metals such as molybdenum, tungsten, phosphorus or germanium, wlich can not be
deposited alone. However, these metals readily co-deposit with the iron group melais,
Metals which sumulate deposinon are called inducing metals and the metals which do not
deposit by themselves are called reluciant metals. Thus phosphorus 1s the reluctant

componcnt while nickel 1s the 1nducing metal,

Two l-ypes reduction mechanism in the clectrodeposition of Ni-P alloys are deseribed in
the literature. One 18 the dircet reducnon and other is indirect one, In a direct reduction
mechanism for electrodeposition of Ni-P alloy proposed by Narayan et al. {15],
phosphorus acid which is the suppler of P, is partly reduced to hypophosphite. This
hypophosphile is further reduced to P, according o reactions (1) and (2). -

HPO,” + 2if+2¢c —> ILT0, + 1400 (1)

HPO,"+ HY +¢ —> P+ 2H 0. A2y
But hypophosphite (HPO,") can also partly oxidize W phosphite (1L,10,7) accompanicd
by cxcessive hydrogen cvolution by 4 homogencous reaction (3) al the anode, thereby
decreasmg the overall clficiency.

HPO + H,0 —> H PO, + Hy e (3)
Furthermore, mckel and hydrogen ions can be reduced

MITTE 28— Mieeieeiieeeee e s {4)

A1 + 22 —= H, TN PU RPN (. 3.

Anindirect mechamism lor elcctrodeposition of Ni-P alloy has been propased by Ratzker
et al.[16] in the presence of N1 ions:
GH o+ 6 == BHoeooi s ierienervnnneeerisinens {6}
PO+ 6H —> PH, 4+ 3H,0 oo, (7

ZPH, + 3N " —> 3N14 2P +6I0. . (B



Carbajal et al. suggesied that the direct reduction of hypophosphite (1,70, and nickel
ions would be expected o produce a co-depasinon of nickel and phosphorus with high P
content 10 acid medium, On the other hand, the cificiency in the indirect reduction,
according (o reactions (6)-{8}), with [ormation ol phosphine (ML), as an 1nlermediale

from nascent hydrogen would be lower.

Phosphoric and phosphorus acid are supplicrs of protons. These protons are consumed
in the phosphile and hypophosphite reduction [Reactons (1) and (2)] and in the
production of hydrogen. Electradeposition of Ni-F s greally reduced by the vigorous
hydrogen evolution, However, the reduction of phosphilc and hypophosphile according
lo reactions {13 and (2) require protons which arc not available al the solution-cathodc

interface. Tlas fact will drop the rate of deposition of P [14].

At high cathodic potentials, nicke! is preferentially deposited over phosphorus. This
suggesls that codeposition of mckel and phosphorus comtinuous though the rate of
phosphorus codeposition 15 slower. An increase in the numbcer of moles of nickel in the
solution with a lxed amount of phosphorus increased the amount of mickel in the
deposiled alloy, This is also valid for Pi.c. increase of phosphile in solulion increase the

conleni of Pin the alloy [ 14]).

Since nickel electroeryslallization Lakes place in a lace-centered cubic system {[ec) and the
co-teposiion of phosphorus lakes ptace in the oclahedron siles, the presence of
phosphorus in the mekel crystal lattice would distort ils structure, thus breaking the

perioahicly and producing an amorphous material [14].

Electroplated N1 film is crysialline, with a preformed orientation of 220, When 5% P s
mixed into this Ni film, the oreniation 18 changed o 1171 and the crystals in the {ilm
assume an clliptical or columpar shape about S0OA in diameter and 100A or less in length,

perpendicular to the surface of the Him. When the concentraton of P reaches about 10,



]

(he crystals assume a needle shape, and at higher P concentration the ncedie length

decreases and the (ilm becomes amorphous [17].

2.3 YARIABLES QF BATH COMPOSITION

A typeal bath for the clectrodeposition of Ni-P coatings may have the following

Cc}mpc:nenls‘.

1} Nickel source: mainly mickel sulfate (NiSO,.6H,0} 15 vsed. in addivon, nickel

chloride (NiCl, 6H,0} is also used m the bath,

2} Phosphorus source: either phosphorus acid (H,PO,) or sodium hypophoshile
{NakLF0,.H,O) can be used. Phosphorus acid being cheaper, is commaoniy employed in
clectrodepasition of Ni-P alloys. Oceasionally combination of both have also been
employed. However phosphorus acid is not available in the local market. Present work

lherefore camied out using sodium hypophosphite.

3) Buffering agent: phosphoric acid {H,PG,) is used as buflering agent o control pH ol
the balh in wrder w avoid precipitaton of basie nickel hydroxide. H,BO, is somcume

used as buffenng agent. .

4) Nickel carbonate (NiCQ,) has sometime been used as o neutralizing agent.

Information on the bath compositon used by different regcarchers for the depositon of
nickel-phosphorus alloys are summarized in Table 2.1. [t 1s scen that the baths contain
mekel sultate {(main source of nickel) willin a narrow range viz, 150-170 gfl. Amount of
mekel chloride in most of the baths is between 45-30 g/l. Ranges in the amount of

phesphonc actd, phosphorus acid are guite wide,



Table 2.1 Swmmary of information on bath composition used by different
researchers for the electrodeposition of nickel-phesphorus alloy

Hath Desigmation | Wis0g 60 | N1C12.60120 | NaHzPO 0D Lzl | Habty | Mg | Habis ptl
and Reference fil} o'l ' ig'h (e (edly U
Bath A 150 45 — 50 40 45 — 077
Katzker of @1 [T&] L1
Tiath B 150 45 1IN} — S — — 2
Rapapopal o al
[26]
Hath ) 170 20 =35 — — — 20 2.0
Huosheng ot ab 127]
Tiath T2 (I 50 — I3 i — — 0 5a
Hrenner of o, [4] 10}
Bath E 150 45 — 40 S0 -_ — 0 a-
Brenoer o1 1 |4 1.0
Balh 1+ 150 3 - dq 200 ml — — —
Atanaswa et al, [1R]
Bath G 150} — 3 42 — — [0
Bredact et 2l. [19]
idath i 150 S0 - B 42 — — (LUHE
Grrdtae! et al [19]
Fiath ] 154 a0 e 27 41 - — n7rs
Iedael et al [19]
Bath [ 150 50 — 44 42 e - 0,69
Fiedael et al [19]
Bah £ 150 50 - a5 A2 - — 0,60
Brodasl et al 11%9]
BahL 150 50 — 0 42 — — 143
Bredach ¢ al. [19]
Ealh M 160 4% — <N 40 28 — 1.6
Toth Kada etal
[35]
T2alh > 163 45 — 35 48] 26 — 1.0
“T'oth Kadar ¢t al
[33]
Bath O 147 465 — 30 40 25 — L0
Toth Eadar el al
[33
Dath P in 46 - 25 40 232 - 10

T'osth Hadar et al
3351




2.3.1 Effect of Phosphite Concentration

-
-

The curves in Fig.2. 1 represent typical relatons between the compositon of the deposit

and the composition of Lhe bath in induced eodeposttion [ 13].

Amount of phosphorus 1 the deposit inerease as the amount of phosphorus in the bath
nercases. However, the rate of increase phosphorus 1n the deposit is not as high as that

of tungsten 1n Fo-W alloy.

60 L e

T i
[+ . i
—
Ly
b=
= 40k _
=
W
£
E r -
1]
g
= 3 .
H
E
7 L 2
5 |
["H

a . ] , 1 . 1 . 1 L

t 20 A RO &0 it

Metal-percenlage reluctant medal in lath

Fig, 2.1 Relation between cownposition of buth and compeosition of deposiity in
induced codeposition. The reluctant elements are ungsien, phosphorns and
molybdenum {13} Curve 1, Tungsten-fron atlovs deposited from acid solation.
Curve 2, Phosphorus-nickel deposits from an acid bath. Curve 3, molybdermm-
nickel alloys deposited from avnaniacal Dath.



The phosphorus content of the nickel-phosphorus alloys varted with (he concentration of

" phosphorus acid in the bath, as shown in Fig.2.2 [4, 18],

Phosphorus in deposit (%)

o n 20 0N 10

H P85 (2/1)

Fig. 2,2 Variation of the phosphorns content of electro-deposited nickel-
phosphorus alloyy with the phosphorus acid content of the bath, Cuarve | represent
data of Drenner et al. [4f; Curve 2 data of Atanasin amd co-workers (18] RBath
nperated at 75°C and 10) ampldm?

Curve ] is lor nickel-phosphorus alloys deposited from bath B (sec Table 2.1 ior
composition ) Curve 2 shows data Tor nickel-phosphorus alloys deposited from bath F as
given im Table 2.1 Tor composition. Both curves gencrally show an increase phosphonus
contenl of the deposit as the amount of phosphorus acid in the bath increase. The larges
content of phosphorus oblained by Brenner and co-workers in the micke] deposil was

aboul 15%,.

Bredael et al.[19] have also obscrved in a jet-cell that an ineroase i H, PO, conlent in

the clectrolyte gives rise to a higher amount of phosphorus incarporated into the deposit

{Fig.2.8).
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As for cathode current efDaency, it was found | 13 that current elficiency at the cathade
decrease until deposition finally ceases as the metal percentage of the refuctant metat in the
bath is increased [13]. In the casc of nickcl-phosphorus alloy deposition, relation
belween cathode current efficiency and amount of phosphorus acid in the hath is shown
in Fig.2.3. The cathode current elficicncy of depositton decreased maukedly as the

conlenl of p-husphc:-rus; acid in the bath was increased. The same ellcet may also be seen

it Fig.2.10 by companng curve 1 and 2 [4].

104

o

13 80

=

L .

-

=

u =]

5 11}

Gl

o

o
+
q 40 40 120 180

H,PO,, G/ L

Fig. 2.3 Fffect of concentration af phosphorus acid in the bath on the cathode
current efficiency of deposition of phos-phorus alfoys. The curve represent data of
ftrenncr el al 4]

2.3.2 Effect of Acid Concentration

The effect of pH on the composition of alfoys in induced type of codeposition is moie

complicited than on the other Lypes of alloy systems [13].

Within the operable plating range of the moderatcly acid baths, Bicnner cl al. noted no
appreciable offect of pH on the phosphorus content of the deposits. Tlowever, Alunasiv cl

al. {18) using baths of much higher phosphoric acid conient, observed a decrease in ihe
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phosphorus content of the deposit with increased acidity of the bath, Their dada are
shown mm Fig. 2.4, The cathode current efficiency of deposition of the alloy decreased

considerably with nerease in the ucidity of the bath [ 18].

Phosphorus in depasit, %

10 200 300

Concentration of phosphorie acid in bath, ml/1lter

N

Fig, 2.4 Variation of the phosphorus conteni of eleciro-deposited nickel
phosphorus alloys with the phospharic acid comtent of the bath [18]. THis curve
represent nickel-phosphoris alloys deposited from bath F as given in table 2.5,
Current density: 40 ampidm?, Temperatire: 30°C,

Carefui conwrol of the pH of the alloy plating haths was cssential for oblrining sound
deposils. If the pH of the bath became 1oo high, basic material codeposited. The conttal
of the pkl ol the bath requires Fairly frequent measurement and adjustments, beeanse the
low cathode current cfficicncy tends o raise the pH, unless mxoluble anodes are wsed.
The acid is preferably added by contnuous dripping, after the rate of consumption of acid
by the bath has been determined. The dircet measurement of the pll of highly acidic,
concentrated solutions ol metallic salts with a glass eleetrode some umes viclds imcorrect
results. The cause of the inaccuracy may be a dehydratmyg effeet of the conccnlraicd

solution on the glass electrode.



2.4 YARIABLES OF BATH OPERATION

Dcposition currenl density, bath temperatnre, bath agitation, types ol anode and substrice
are the main vatiable in the clectrodepastion of mickel-phosphorus alloy. Information on
Lhese variables used by different researchers are shown tn Table 2.2 . Wide variation in

pluling vanables tound in different works.

Current density used by differcat workers arc found o vary widely. Higher current
densitics are found 10 be used by those employing a higher degree of agilabon. Bath

lemperature for nickel phosphorus is mostly above 60°C.

Table 2.2 Summary of information of variables of bath operation nused by
different reseurcher for the electrodeposition of Ni-P alloy

Relerence Currenl dennily | Temp, OO Hath Apitabion Substrate Anole
Addm2
Ral:ker ot al. PO-150 85 Constant Cun clisk rnaanmted PRatinum
[16:] pummng o o relaboe
Billering
Rajapupal cf al 15 60 uniform pumping | bkl st Mickel
[26]
i lusheng et al 1L.0-L.5 £l — Chilled cast iroen —
[27]
Brenner ¢t al 5-d0} T5-95 A agilation Blec Bickel
4]
Alsnasiu el al an tH) Adr agialion Bl Mannum
11%]
Rracdaal o al 2-150 G0 Flow velocily. Brasz fol Platinizeel
[19] {Far jetccll) d m'y tiLanium
nozzle
Gredacl cl al 2-150 a5 Holaling sprecd Chicular brass Flatimized
[199 (For RDE) T50 mm dises titamum prid
Toth Kadar et al 0 He-10 T Homogeneous Coppoer Fodls Mickel plate
135] agilahon wth
laminar low
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2.4.1 Effect of Current Density

Cuirent density is the most inportant of the operating variables. The relations between
the compostlion of the deposit and the current density in induced codeposiion are simular
i those of irregular codepositon. The effects of current density arc not large and there is
no consistent trend of the content of the reluctant metad 1n the deposit with current
density. Typical curves are given in Fig. 2.5 showing the eftect of current densily on the
composiions of alloys of three reluctant clements: Phusp-horus, tuigsten and

molyhdenum [13].

L s O O L B

=

g L "

B |- X -
=

B - * -
3

E 20 ) -
E P —
B

=

& _ . .

Current deosity, ampp/dm®

“ig. 2.5 Relation between alfoy composition and current densiy in nduced
codeposition as llusirated by tungsten-nickel (curve ), molybdenwm-uicke!
foarve2) and phosphorus-cobalt afloys {curve 3).

Corve 1 represeniing the deposition of mickel-tungsten alloys [rom an ammomacal citrate
buth shows an increase 1n wingsten conlent of the deposit with current density. Curve 2
represening the deposition of molybdenun nickel alloys from an ammoniacal citrate bath
and curve 3 for the deposihon of phosphorus-cobalt altoys trom an acid bath, on the
othcr hand shows a decrease in the content of the reluctant ciement wilh increase in

current density [13].
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The cffect of current density on phosphorus content of depostl has been studied by
diffceent waorkers. Brenner [4] dmcu-:;ﬁcd the carlicr works which are summarized in
Fig.2.6. The phosphorus content of the deposits from baths lugh in phosplorus aad
decreased as the current densily was raised as shown in Fig. 2.6, but the content of
phosphoros in Lhe deposits of Ni-P alloys fram the low phosplorus baths (data nol

shown 1n the [tgure) did not vary appreciably with current density |4, 18],

., -
10

Phosphorus in daposlt, §

2 I | L 1 | | L 1
5 1a 13 20 2% 30 25 40

Current density, ampfdm?

Fig. 2.6 Variation of the phosphoris content of electradeposited nickel-phosphorus
alloyy with current density. Curve | nickef-plenpdioras affoys deposited frem the
high-phosphorus bath E, as given in Table 2.1 for compasition. Dt of Breaper of
tf. f4f. Curve 2, nickel-phospharus alloys deposited from the bath F, as given in
Tuble 2.1, except concentration of H P, was 25 g/l Data of Atanasi et af. 18],
Curve 3, nickel-plasphorus alloys depoxited from the bath I, as given in table
2.1, except concentration of H 'O wax [0 @/l Daver of Atanasiv ef af. fI8].
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More recent studies on the effect of deposition curient density on Lhe phosphotis conical
ol the deposit was summarn zed by Bredae] el al f 19] as presenied i P27, A gencial
trend of a decreasing phosphorus content with incrcasing cuncat density is evidenl. The
lange scatter i the results presenied in Fig 2.7 s mainly due o e difierent bath

composition used.

23 i ta LI AL B L A B
N O Brenner |20] i
L &0 Omi [38) .
,_\20 I 4+ MNarnyan [15] —
B B X Clolh-Kadar |3$] 7]
- E i C‘ Enwashimna |36]
w F W Goldman |37 -
E 15 - —
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o .
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= L
oL L i
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0 10 pat] 30 44

current density (A/dm?)

Fig, 2.7 Effect of current densdy on phosphoris comtent fond by different
tavesiigators f15,20,35-38f

Bredacl ct al. [19] mnvestigated the phosphorous content of the Ni-P coalings as a
funcuon of the current density 1n a jel-celf for baths {Table 2.1) containing varying
armnounts of phosphorous acid (H,PO,) as shown in 1ig. 2.8, There aic two Lypes of
curves observed in this figure, one group {curves G, H, and I} indicating low
phosphorus acid baths (baths G H and [ respectively |, as given in Table 2.1) and other
group {(curves J, K, L) indicating high phosphorus acid baths (baths J K and L

respectively , as given in Table 2.1). The phosphorus content in the deposit is high at
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lower current densities in the case of both types of baths. Tor baths with higher
phosphorus acid, there is a transition current density below which the rale of incicase in
phosphorus content of the deposit with decrasing current density is low. Similurly e
rale of decrease of phosphorus content in deposit with an increase 1n current density is
lower lor deposition current densilies above the lransition value The transiton current
density is found (o be alfected by phosphorus acid content in the bath. As the phosphorus

acid conlent in the bath decreases, the transition shilts 1o lower values.
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Fig. 2.8 Effect of current density in the jet-cell for different buths conlaining
varying amounts of phosphorous acid. The curves represent data of Bredael ef
al.[i9]. Curve G, nickel-phosphorous alloys depasited from bath . Curve 11,
nickel-phosphorous alloys deposited from bath H. Curve I, nickel-phosphorous
wlloys deposited from bath . Curve J, nickel-phosphorous alloys deposited from
hath J. Curve K, nickel-phosphorous alloys deposited from bath K and Curve 1.,
nickel-phosphorous alloys deposited from bath 1. For compasition of baths ¢, 1,
1 J Kund [, see Tabie 2.1.
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The effect of current density on the cathode current efficicney of deposilion ol nickel-
prhosphorus alloys observed by Brenner [4] as shown in Fig. 2 9.The cathode current
cificiency of depaosilion of the phosphorus alloys did nol vary appreciably with current
density, providing the cwrrent density was above the eritical imit Tor deposition from the

particular bath.

o
fa]

-
o

CATHOOE EFFICIENGY AT 75°C, %

o
=

‘15 2g 23 30 33 40
GURRENT DENSITY, AMPromT

Fig. 2.9 FEffect of current density on cathode currest efficiency of deposition of
nickefap.‘:wspharm alloys. Bathy operated at 75°C. Curve 1, mickel-phosphorus
alloyy depasited from low-phosphorus bath I and curve 2, nickel-plosplorns
alloyy deposited from high-phosphorus buih E, as given in Table 2.1 for
composition. Data of Brenner et al. [4].

2.4.2 Effect of Operating Temperature

The eflect of lemperature on the composition of alloys in induced co-deposition is {airly
consisient. An clevalion of iemperature of the bath usually causes a small imcrease in the
conlent of the reluctant metal in the deposit {13]. Temperature was one ol the most
important variables governing the deposition of the Ni-P alloys. The deposits plaled at
room temperature were stressed and mechanically unsound and the cathode curicni
cflicicncy of deposition was quite low [20]. Because of the unsatisfactory nature of the

deposits obtained al room temperature, deposition was always curried out al clevated



18

lemperatures. Brenner el al. considercd 75°C as the optimum temperature, il Atanasiu et
al. preferred 9O°C, This latter temperature has some advantapes. However, pilling was
maore serious at Lhis temperature than al 75°C. Also at 90°C high cwirent densitics had 1o
be used o obtain complete converpe of a specimen. The rapid evaporalion of the bath at
80°C was ancther inconvenience [20)]. The effect of lemperature on the cathode current

clliciency of alloy deposition 1s shown in Fig. 2,10,

[uly)

tn
o &

34
L

CATHODE EFFIGIENCY. %

25 S0 T 100G
BATH TEMPERATURE, *C .

Fig. 2.10 Iiffect of bath temperature on the cathode current efficiency of depesition
of phosphorus alloys. Data from Brenner et al. j4f. Curve |, nickedl-phosphorns
alloys deposited from the low-phosphorus batht 1) of Table 2.1. Curve 2, nickel-
phosphorus afloys deposited from the high-phosphorus baitt E of Table 2.7 .

2.4,3 Effect of Agitation

Uniform agitation over the eathode 18 most important in the deposttion of Ni-P alloy. The
deposilion potental of Ni-P alloy and the phosphorus conlent of the deposit is directly

alfected by agitation.

Fig. 2.11 represents the importance of the bath agilation on the phosphorus content of the
deposit, where, with exception of the bath agition, ncarly identical plating parameters

were used in the two investigations. Lashmore and Weinroth (22] used 2 magnetic
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stmng bar 1n their plating cell, while Ng et al.{23] deposited Ni-P coatings in a high
speed deposition system with [low-rate up W 14 m/s. This hugher agittion viclds

phosphorus-rich Ni-P coatings.

25 [ F F 1 ] T T 1.1 ‘ T L 1 F§ i LI L] ] ¥ 171 |

I C Lashmore [22] i
20 4 Ng 23} -
15 -

phosphorus cantent {wtX)

0 .
51 ]
G I-..l | ] | | .y I L L[ 1 1 J | I | I | S T ]

0 50 100 150 200 250

current density {A/dm?)

Fig. 2.11 Effect of bath agitation on phosphoriy comtent of the deposit. Data of
Lavhmore ef gl [22] and Ng et al. {23].

2.5 CURRENT DENSITY-POTENTIAL RELATIONS IN NICKEI.-
PHOSPHORUS ALLOY DEPOSITION

According to the hypothesis of the transfer of polanization, the upper theoretical Limil for
the content of phosphorus in the nickel alioy should be anc cquivalent of phosphorus to
one of iron-group metal which corresponds 1o 25% phosphorus by weight. As already
noted, the hiphest content of phosphorus oblained in an alloy was 15%. ALlmasiu ¢t al

[ 18] oblained black depasits conlaining 33% phosphorus bul they were nol ructaliic.
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The deposition potentials of the nickel-phosphorus alloy are more noble than that of
nickel. This 15 shown 1n Fig. 2,12 by companson of the cunmend density-cathode pelenial
curves for the deposition of nickel-phosphorus alloys, curves | and 2, with curve 3 lor
deposition of nickel individually. Stmilar obscrvations were reporicsd by Alanasiu el al,

[24].

- m o =
L] T T T

GURRENT DENSITY, &MP/DME
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T

Q L i L
0.3 .4 - 0.3 -0.8 -0.7 -8
CATHGQDRE POTENTIAL, YOLT

Fig. 2.12  Relation between current density and cathode potential in the deposition
of nickel-phosphorus alloys. Temperature of deposition: 85°C. Data of Tavior
f21f. Curve 1, nickel-phosphorus bath containing 35 mift of I 0, (83% ) with
addition of 115 mifl of H,PO,(70%). Curve 2, nickel-phosphorus bath contu-
ining 35 mifl of H PO, (85%) with addition of 4 miit of H,PO (70%). Curve 3,
nickel bath containing 35 miil of H A (B5%).

The current density-cathode potential curve recorded by Bredael et al.|19] for the
clectrodeposition of Ni-P alloys in the jet-cell 15 shown in liig. 2.13. Bredacl et al.
observed a transition potential at which the slope of the polanization curve changes. At
potential more noble than the (ransition potential higher phosphorus deposits were
obtatned. Polentials less noble than transilion potential yiclded deposits with low

phosphorus.
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Fin. 213 Relation between current density and cathode potential in the deposition
of nickel-phosphorus atloys. Thiy curve was recorded in bath comaining 27 g/l
H 0 (hath §, as given in Teble 2.1) at a temperattire of 60°C and a velocity of 4

wiis, Data of Bredael et al.f19].

16 STRUCTURE AND PROPERTIES OF ELECTRODEPQSITED

NICKEL-PHOSPHORUS ALLOY

The propertics of the etectrodeposited NiP alloys are of special interest: partly hecause the
alloys are the only ones thal contain a non-melal and can be deposited in a sound
condition; and partly because the properues themselves arc unusual, The alloy can be
cleetrodeposited bright without organic addition agents, 1t has high hardness, and an
unusuat siructure. The deposits varied in appearance, depending on their content of
phosphorus. Deposits containing 2% or less of phosphorus were smoolh and fine-
prained, but with a mat appearance very much like that of ordinary electrodeposited
nichel. Deposits with a phosphorus content of about 5% were senu-bright and those with

i phosphorus content above 109% were fully bright. These latter were true bright
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depomits, because when formed on a duli swrlace they inercased in brightness with
increase in thickness. The retlectively of bulted deposils which contained 2% of
phosphorus was only slightly lower than thal of the unalloyed sron-group metals. The as-
deposiled, bright deposits had a shightly dark or yellowish cast, as nught be expecled
because ol therr larger content of phosphorus. Their specular reflectivily was only about

45 or 5% as compound with about 60% for mekei.

2.6.1 Structurc of Deposits

2.6.1.1 Microscopic Examinalion

Microscopic examinations of clectrodeposiled phosphorus alloys were made by Brenner
ct al.[4], Alanasiu [18] and Goldstein [25]). The observations were similar. 1a studying
the microstructure of the alloys Brenner et al {ound some difficulty in Minding etching
reagents that did not produce pits |20]. The micrestruelure of mckel-phosphorus alloys
containing 13% of phosphorus had many well-defined lamination and differed completely
rom the mucrostructure of unalloyed, electrodeposited mekel. The phosphorus alloys
afler heat-treatment, lost their charactenstic lamination and deveioped a (ine granular
structure guite different fvom the large eguiaxed graims obtuned by heat-treaung the purc

metals [20].

2.6.1.2 X-ray Study

Xoray diffraction studies did not yield much infennation about the structure of the alloys.
A specimen of the high-phosphorus nickel alloy yiclded only one diffuse band which
indicatcd that the material was amorphous and thercfore, no information could be
obtaincd about its structure. These amorphous alloys, being hard amd brittle, might be

considered as a metallic glass [204].
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Bredact ct al. [19] studicd the structure of nickel-phosphorus alloys, X-ray diffraction
was uscd o characterize the as-plated structure of Ni-P samplcs . Howas observed that a
transition from a structure with X-ray diffraction characieristics of amorphous materials
Lo 2 ervstalline struclure lakes place al 12% P. An important feature W be Tulfitled, is thit
Ni-P coatings with a conslant phosphorus conlent over the whole coating, have to be
selected for the XRD cxperiments. Otherwise misleading results will be obtained. A
broad XRD patiern as shown in Fig 2.14(a) could result [tom an amorphous as well
from a tinc microcrystalline structure. The transformation occurring during heating an
amorphous sample 1o a crysilline structure, can give some indivect nformation on the
nature of the as-plated structure [32]. Chen and Spacpen [33] developed a colorimelric
melhod in which an isothermal signal is used as a criterion o differentiale an amorphous
structure [rom a crystalline one. This method has been applied by Bredael etal [19] 10 the
clectrodeposiicd Ni-P samples and showed that above 12% P. real amaorphous Ni-P

coatings are obmined {[9].

XRD measurcments on compositionally homogencous as-plaled Ni-P deposits showed
that above 129 P the as-plated coatings are amorphous, whereas below this threshold
value, which is independent of the plating paramelers crystalline Ni-P coatings are
obtained |19]. The transition {rom the amorphous high phosphoius structure 1o the
structure of erystalline one with a loweor amount of phosphorus 1 possibly linked o a
change in reaction mechanism of the Ni-P clcetrodepositon with ereasing current
denaity, as supported by electrochemical measurements [19]. Ni-P coatings wilh fess
than 12% P have a erystalline structure with a Ni {111 dilfraction peak ot 45 degrecs 24

and a Ni (222} ditfraction peak at 98 deprecs 24 as shown in Fug 2.140h).
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Fig. 2.14 (a) X-ray diffraction pattern of elecirodeposited amorphons Ni-Palloys
() X-ray diffriction patiern of electro-deposited crystaltine Ni-1* affoys.

2.6.2 Physical and Mechanical Properties

2.6.2.1 Thickness

Thickness measurement on electrodeposited Ni-P coalings were carried out by Rajagopal
el al.[26] with a pencil type magnetic thickness meler at 3 or 4 points on the speeimen.

Thickness of the Ni-IP deposit were cifected by the current density as shown in Tablc
2.3,
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Fahle 2.3 Effect of cuarrent density on nickel-phospltorus alloy
deposition [26]
Current density Temperature Appcarance of the Thickaocss o the
(A1) {°C) deposit deposite (um)
0 &0 Dl deposit A55
10} &0 Non utitorm deposit - 112
150 a0 Uniform and dull G0-1(X)
deposil

Duration of experiverd © 60 min

pH

Concentration of NaFL PO, HO - 5 gl

354

Thickness of deposit were also cltecled by the duration of the depositton [26] with Table

2.4.

Table 2.4  Effect of time on the Ni-P alloy deposition [26]

Temperature

Duratiom of expenments (mun} | Appearance of deposit Thickness of the
deposit (gernt)
19 Wery thin deposil 2
20 Thin deposit 4-7
30 Unitorm, bright and adherent 17-21
depost

Current density (1 30AKF

Concemtration of NaH O, 1LO {00!

rH s2

6RO
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Bradael et al [19] clectroplated Ni-P eowdings on a rotabing dise electiode{RIMD) at averge

current densities up 10 150 A/dm? in plaling bath comaining 40 g/l H, 3, (bath Jas
given in Table 2.1).The relationship between current density and thickness of the
coalings as reporled by Bredael et al. 1 shown in Fig, 2,15 With incicasing averape
current demsity the layer thickness increases. Por cach average current densily an increase
in layer thickness is observed towards the edge of the ¢athiodes, Thig increase ig vory

pronounced for the coatings deposited at 40 apd 60 Afdm?

? I T I F ] I T 1 1 T I T T 13 T i
N O 10 A/dm? - ]
G- A 40 A,{d:n-Lz ROE -
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- X B0 Afdm
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Fig. 2,15 Variation of luyer thickness ax a functien of current density in the
relating disc electrode with respect of cathode position . The curves represent data
of Breduel et al f19]. FFor composition of bath | see Table 2.1.

2.6.2.2 Hardness

The vickers micrehardness of the Ni-P amorphous coalings on snbstales of stec] 605
2Mn weare measnred by Husheng et al. [27] alter heat treatmenl at dilTorent temperatures
{ Fig. 2.16.) . The microhardness changed little when the temperature was helow 30PC.

Above 300°C, il rose very quickly. The maximum value (1200 Hv) was reached at
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430°C. Then the microhardness decreased and approached 770 Flv at 600°C. {1 can be
seen from Fig. 2.16 (hat the microhardness of coatings was greater than 1000 Hy when

the heal reatment lemperature was between 380 and 480°C |27].
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Fig. 2.16 Variation in microhardness of Ni-P coatings with heat-ireaintens
temperatire. Data of Husheng et al f27 ],

The hurdness of Ni-P coatings in the as-deposited and heat-treated condiuon were also

measured by Brenner et al.[4] as shown in Fig. 2.17.

The phosphorus alloys of nickel increased in hardness on heat treaument. Brenner ¢t al.
[4] and Goldsiein [25] made obscrvations on the eficcl of hcaling.’[‘l}c maximuim
hardening was oblained at about 400°C. Deposits healed at BOGC were usually cither of
about the same hardness as initially or slightly softer. The high phosphorus-nickel alloy,
curve 1, subjectcd to the heat treatment al 400°C became about as hard as
electrodeposited chromium which usually has a hardness about 900 VHN. The

phosphorus alloys were sofiened less than chromium due to exposure at BOOPC,
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fig. 2.17 Effect of I hour hieat-treatment on the hardness of electrodeposited
nickel-phosphorus alloys. Data of Brenner et al.f4f. Curve 1, nickel-phosphorus
alloys containing 13-14% of phosphorus.Curve 2, nickel phosphorus alloys
containing 6-7% ol phosphorus.Curve 3, nickel phosphorus alloys conlaining 2-
3% of phosphomus.

2.6.2.3 Strength and Ductility

Nickel alloys containing up to 2% of phosphorus arc strong and stightly ductile. Aler
hcat Lrcalment at the oplimum hardening temperature of 400°C, the low-phosphorus
alloys became maore brittle, but afer heat (reatment at BOOYC, they becume more ductile

than they were onginally [4].

The higher the phosphorus content of the deposils, the weaker and more brittle they
were. Heat treatment of the high-phosphoms alloys al 800°C caused them (o become sull

more brittlc and weaker than they were initially.
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Onc interesting point yet to be settled 1s whether it is possible o find a temperature for
heat treaung the phosphorus alloys which will harden them and yet render them more
ductile. [n contrast, practically all thermally prepured alfoys which are hanlened by heat
trcatment also bocome less ductile, There 15 2 basis [or believing that elecirodeposiled
alloys could become both harder and more ductile on heat trcalment. [f the low ductility
ol the electrodeposited alloys were partly duc to internal stress, this could be relicved by

heat treatment with an improvement 1n ductility [4].

2.6.3 Electrical and Magnetic Properties

The electrical remsuvity of electrodeposited nickel 18 about 8 microhm-cm and that of
elecirideposiied cobalt 15 probably about the same. Fip.2. 18 shows that the resistivity of
the phosphorus alloys 15 considerably higher than that of unalloved, electrodeposited
nickel (curve 6) and that the resistivity imcreases with the phmphu—ru:; contenl of the
deposits. Heat trcatment of the alloys decrcased (he resistivity of the deposits, but the

decrease leveled off (or heat treatment above 6007C [4].

Brenner et al. {4] made measurements on the magnetic propertics of the phozphorus

allovs. Nickel alloys containing morte than 8% of phasphorus were nonmagnetic,

Working with a sodium hypophoshite bath, Zhogina and Kenacher [28F deposited cobalt-
nickel-phosphorus alloys for magnetic mcording tapes. The cocrcive force of the alloy is
shown i Fig. 2.19 as a function of the sodium hypophosphite concentration of the bath.
The coercive [orce had a maximum of aboul 800 Ocrsteds. The phospherus content of

this deposit was abont 3.3
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Fig. 2,18 Effect of I hour heal-treatment on the clectrical resistivity of
electrodeposited cobalt-phosphorus and nickel-phosphorus alioys. Datu from
Drenner et al. {4]. For composition of baths, see Table 2.1, Curve {-3, represent
rickel phosphorus alioys containing 73, 10 and 7% of P respectively. Curve 4,
represent nickel-phosphorus alley containing 2.2% of P. Cwrve 5, cobalt-
phosphorus alloy comtaining 1.7% of P. Curve 6, umalloved nicke! deposited from
bath contained no phosphorus acid.

2.6.4 Density

The density of phosphorus-nickel alloys decreased as the content of phosphorus in the
deposit increased. The density of the deposits did not change appreciably as a resull of
heat treatment. Over the short range of compositions, the relation between density and
conlent of phosphorus was nearly lincar [20). The densitics of severul thermally preparcd
nickel phosphide are given [29) as follows: Ni,P: 7.8 g/iem?, Ni,P 1 7.4 glem®, NiLP:
7.2 glem?; NiPg ,: 5.85 g/em®. The best agrecment with the experimental data wag

oblained with the Ni,P.
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Fig. 2.19 Variation af Coercive Jorce of elecirodeposited cobult-nickel-phosphorus
allays with sodium hiypophosphite concentration of the bath. Data of Zhogina and

kaznachei [28].

2.6.5 Protecfive Value

A. Brenner [20] studied the corrosion resislance of Ni-P coating. He obscived that brighl
coatings of nickel phosphorus alloys (contining 10-15% P), scveral mi¢rons in
tiickness, developed numerous rust spols afier 2 days in the salt spray lest, bul deposits

25 pm or more in thickgess did not develop rust spuis aller a week or wo | 20)).

Clara Deminjer and Brenner [31] made a comparison of (he prolection againsi rusling
afforded 1o steel by coatings of electrodeposited nickel phosphorus alloy in out door
exposurc tests. The coatings of the electrodeposited phosphorus alloy were 25 um thick.
The lests were made at Kure Beach, North Carolina and Washington, D.C. lor 14 0 15

months. The electrodeposiled high-P alloys containing aboul 9% of P were about
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cquivalent in their protective value 1o the best electroless nickel deposils and both
afforded much more protection than unaltoyved mickel coatings. The low-P alloys
contning about 3% of P were more protective than nickel coatings but were jpfenior o
the high-P coatings. The appearance of the high-phosphorus coatings was still very pocxd
after the exposure. Those exposed in Washinglon [2.C. were still bright and by a slight

amounl of polishing could be restomed readily to Lheir eriginal appecarnce.

Goldslcin [253] also made observattons on the protective value of nickel-phosphorus
coalings. Those tmcker than 25 gm () mil} were staled to be free of pores, as-deposiled
and in out door exposure 10 afford stecl betler protection than nickel or chromium

COAlnYS.

2.6.6 Wear Resistance

linproved wear resistance has been obscrved in nickel-phosphorus alloy coatings 1n
diflerent studies. Husheng ¢t al.[27] [ound that nickel-phosphorus coatings remarkably
increase Lhe shding wear resistanee of chilled casl iron [27]. They considered the use of

nickel-phosphorus coatings on chilled cast iron tappets for improved performance.

Nickel-phosphorus alloy coatngs offer good dry shiding wear resistance in the heat-
reated siate on 0-2 steel [30]. An investigation of dry shding wear of clectrodeposited
nickel-phosphorus coatings on 0-2 tool sieel against 52100 sieel has been carried oul by
Ruff ¢t al.[30]. Wear test on Lhe uncoaled 0-2 ol slecl matenal has also been camed ot
for comparison. l-rom this study of dry shding wear charactenistics of Ni-P alloy coatings
on 0-2 steel, 11 has been seen (Table 2.5) that aficr heat treatment (al 4009%C for 30 min)
all the nickel-alloy coalings developed a significantly greater wear resistance than

uncoaled 0-2 100l sieel.
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Table 2.5 Comparison wear rate between -2 fool steel with Ni-P alloy
coafings and withouf coatings [30}

Coating Suhstrate Wear ratc
Designation Dcsignation 1 mmdim
Uncoaled O-2 steel 1.1
MNi-5P, DC, HT -2 slecl 0.17
Ni-12P, P2, HT (-2 sicel N1z
Ni-12P, DC, HT 0-2 sieel 03

DC= direct current; HT = heat treated; PP=pulsc plated




CHAPTER: THREE
3. EXPERIMENTAL
3.1 SUBSTRATE PREPARATION AND ELECTRODEFPOSITION
3.1.1. Substrate Preparation
In the investigation, copper sheel and ¢ylindrical brass rod were employed as substrale
and platipum sheets as anodes . Deposit made on copper sheets were used [or chemcal
analysts , X-ray diffraction , thickness and hardness measurcments while those on brass

rod were used for wear sludies .

The substrate pretrealmenl sequence used in this study 15 - 1) polishing 2) rinsing  3)

alkaline degreasing 4) rinsing 5) acid dipping ) rnsing ( Fig.3.1).

paper polishing] => | Rinsing| = Lﬁllkaline degreasing | =>

Acid dipping | => LRinsing with distilled water! =»

Rinsing | =>

Electrodepositioin =

Fig. 3.1 Seguence of sulstrale pretreatinchit.
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Polishing: The subsirates were [ivst polished with cmery papets (sequence ol paper

grade: 3, 2,1, Q, 240, 3/0, 4/0} 1o a finc linish .

Alkaline decrensing: The specimens were then cleaned in alkaline solution conlaining

35 g/l sodium carbonate (Na,CO,) and 25 g sodium hydronide (NaOH) at 55°C for

one minutc .

Acid dipping: Traccs of alkali on the surface were subsequently neutratized by dipping
the specimens lor 30 seconds 10 10%, sulturic acid and was thoroughly washed with

running water and then with distlled water.

3.1.2 Electrodeposition Sct-Up

The cleciradeposition set-up consists of a glass beaker, a d.¢ power supply, a magneclic
stirrer, a thermometer, and a perspex cleetrade  holder. The beaker contaning the
clectroplating solution and a magnetic stirrer bar was placed upon & magnetic hot plate so
as 10 heat the solution Lo a desired lemperature and agitate 1t aulomatically. Cathode was
connected to the negative terminal of the d.c. power supply via 2 muitimeter and anodes

were connecled 1o the positive lermenal.

For electmdeposiion on copper sheols, two anodes were used on both sides ol the
cathode to achicve umform deposition on both faces . Three equally spaced anodes placed
around the subsirale were used (o deposit on cylindrical brass specimens. A thermometer
was placed in the beaker and was used [or measuring the lemperature ol the bath

solution. The cross-section of the electrodeposition ccll arrangement 15 shown in Fig

32,
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Fig. 3.2 Schematic diqgram of & electrodeposition unit.

3.1.3 Electroplating Operation

Aflter the preparation as described in section 3.1.1, the specimen was placed ina 1000
ml. capacity beaker which was filled approximately two-thirds with bath solution. The
lemperalurc of the bath solution was maintained at 60 + 3*C vsing a thermoslal and
measured with a thermometer. The substraie was then connecled o the negalive lerminal
of a power supply and the platinum plates used as the anodes to the positive terminal.
Dcposition was carried out at constant current density. Current densitics used in this
study were 40, 60, 80, 100 and 200 mA/em? . At the end of elcctrodeposilion for a

predetermined time period which varied from 1 to 7 hours, the power supply was
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swilched off and the specimen was taken ocul. Allcr deposilion, the specimen was
thoroughly swilled in water o remove surplus elecirolyle. The specimen was then dried
and stored in a destecator for further investigation. Compositon of the plating baths and

operating conditions arc listed in Table 3.1 and Table-3.2 respectively.

Table-3.1 Composition of the Plating Baths

Baths NiSO,.6H,0 NiCl,.6H,0 NaH,PQ,.11,0 H,PO,
Desig. (g) (gl (gT) (g
1 150 45 75 50
1 150 45 100 S0
il 150 45 125 50

Tuble-3.2. Operating Condifions of Ni-P Deposition

Paramelers Deluls
Currcnt density {mA/cm?) 50-200
Opcraling lemperilure (°C) 60 +3°C
Operating time (Hours) I -7
pH 163 al 60°C ™
Degree of agitauon Mild

= For bath Il { sec Table 3.1

For wear tests |, deposits with a conslant thickness of 20 gm were made at current
densizes of 60 und 100 mA/em? . The deposition ume for cach curvent density was Tound
out trom a thickness versus deposition time curve (Fig.4.5) which was first cstablished

before depasiting woear LSt specimens .
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3.2 CHARACTERIZATION OF NICKEL-PHOSPHORUS COATINGS
3.2.1. Microhardness Measurement

All the coatings used for microhardness measurcments were deposited on copper shecls.
The vickers microhardness of the Ni-P coaungs was measurcd with a Shimudizu
micrmhardness tester. The load for measuring the hardness was 30 gm. This load was
applied lor 5 seconds . Microhardness measurements were donc for deposits oblained at
current densities of 60, and 100 mA/cm? from all the baths. By measuring the diagonal
fength of ihe indentations, VHN at the corresponding point was oblained from the

calibration chart.

3.2.2. X.ray Diffraction

X-ray diffraction was used Lo characierize the as-plaled structure of Ni-P samplcs. For
this purpose, a JEOL X-ray dilfractometer was usced with copper k| radiation. Delails

of the operating conditions of X-ray diffractomeler are shown in Table-3.3.

Table 3.3 Operating Conditions for X-ray Diffraction

Radiatiom : Copper K,
Vollage : A0kV
Current : 15mA
Scanning speed: 1%min
Chart speed - 10 mm/min
Range : 30°-100°




3.2.3 Chemical Analysis

The deposit was chermically analyzed (or phosphorns and nickel content was [ound out
by subtraction. To {ind out the phesphorus conient, the deposit was removed lrom the
substrale and 0.2 gm of the deposit was laken. The sample was dissolved 1n 20 ml.ofl 1:1
nilni¢ acid, [Lway then diluled to 250 ml. 15 m! of this solution was Laken and fransiered

to a 500 ml beaker. 45 mi.of HNQ, was added and the solution oxudized with KMnO,

after bonling of nitrous (umes. A brown precipilate was formed alter 3-5 minoles of
continuous boiling. Reducton was carried out with NaNG, and boiled for a [ew miniites
to expel nitrous fumes, Temperalure of the solulion was adjusted ul 45%C and 60 m1.Cold
ammonium-nitro-molybdate was added. The solution was then shaked out for ten

minutes and seliled (or 20 minutes at room temperature,

The precipilate and pad was transfered to the (lask after [Utering and washing. Sulficient
amount slandard NaOH solulion was added then from a burctte to dissolve the yellow

precipilate. A few drops of indicator solution (phenclpthelin reagent) was added and

ttrated with standard 0.1N HNO, until the pink colour disappears. Assuming the

standand solution arc of equal strength. Phosphorus content was carricd out from the

following:

% of P={ ml. of NaOH - ml. of HNO;) x 1.67 on 0.2 gm. samplc
3.3 WEAR TESTS AND EVALUATION

Wear tests were carried out in a pin-on-disc type apparatus {Fig. 3.3) under dry sliding
vonditions in the ambient air at room lemperature. 20 ym thick Ni-P coating deposited on
brass pin of 8 mm diameter and 6.5 mm length were used in this study. Brass pins

without coulings were also tested for comparison .
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Grey cast iron discs of B0 mm diameter and about 10 mm thickness were used as the
counter body. During the tests, the plated cylindrical pin was pressed against the roaling
disc under a constant load for a pre-specified time period. The disc speed was XX rpm

which gave a linear speed of 416 m/s at wear track.
For each experiment a new pin and a new disc were used. Belore the tests, both (hé pin
and disc were degreased, cleaned thoroughly in waler and dricd immediatel v in acetone,

All lests were carmicd out in ambient air al room temperature. 180, 250 and 480 gm toads

were used during the lesis. Tesling periods were 5, 10 and 15 minutes,

Load

Pin (Fixed)

Counter body

/

Fig. 3.3 Schematic diagram of wear lest apparatus.

Afler tesling, the worn surface of the pin was cxamined by optical microscopy and (he
width of the wear track was measurcd. At least Lhree tests were carried ot for each sel of
conditions and the average width track on pin was laken as a mcasurc of the coating

Wedr.



CHAPTER: FOUR

4. RESULTS AND DISCUSSION

4.1 COMPOSITION AND STRUCTURE

The effect of deposilion current density on the phasphorus content of the Ni-P deposits is

shown in Fig.4.]. Tt is seen from the ligure that an increase in current density [rom &0 (o

200 mA/em?® does not cause any significant variation in phosphorus content.

5.0 T T T T

20.0 o]

150 | -

1.0 i

Phogphorus conent (%)

0.0 1 1 1 L
] =0 100 150 Z0D 150

Cuorrent density (mAiem’)

Fig4.1 Effect of deposition current density on the phosphorus content of Ni-P
deposits oblained al 60PC from bath coniaining 100 g/l sodivm hypophosphitef buth
I Table 3.1).

All 1he deposils oblained at 60, 100 and 200 mA/cm?conlain about 14 wt. % phosphorus.
The relationship between deposition current density and phosphorus content of the
deposils oblained from baths conlaining phosphorus acid is well described in the
literature. However Lhe dependance of phosphorus conlent on current density in

hypophosphite based bath as was used in the present work is not available.
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Ditferent studies on the relalion between current density and phosphorus content in
deposils from phosphorus acid-based baths have been summarized by Bredae! et al [19).
A general rend of a decreasing phosphorous conlent with increasing current densily was
observed in these mvestigations (Fig. 2.7). Similar observation was also made by
Elrc-nncr 4] from the compilation of results of earlier studies. T'he range of corrent
densitics used in those earlier works in phosphorus acid based baths was very wide (20
ta 400 mA/cm?) (Fig.2.7). In comparison, the currently studied current density range is
only 60-200 mA/cm? This narrow range may hide the general trend thal oceurs over a
wide current density range. 1t is therefore nol clear whether the relative inscnsilivity of
]:;husphorus conlent of Lhe deposit Lo current density found in the present study s due to
narrow current density range nsed or to the nature of the bath (i.e. hypophosphile bascd

bath) employed. Forther study is necessary (o clanfy Lhis point.

Amount of hypophosphitc present in the bath was found o have a profound elfect on the
nature of the Ni-P deposits. It was found that there is an optimum hypophosphile
concentration which yiclded uniform, bright deposits. In the present study, this oplimum
concentration of sodium hypophosphile was [ound to be 100 g/l. This result contirms

similar observalion made by Rajagopal et al.[25] in an earlier studly,

Ni-P alloy coatings deposited on copper subsirale at diffcrent currcnt densitics were
invesligaled by X-ray diffractioun. X-ray dilfraction palicrn was also recorded on pure
copper substrate. Fig, 4.2 shows the diffraction paticrns of the above Ni-P alloy coatings
and pure copper substrate . Patlerns from all the coalings show a browd dilTraction peak at
2¢ valuc between 40-5(°. The patlern {rom deposit oblained at 60 mA/em? shows, in
additiou 10 the broad peaks, some exuma sharp peaks. Comparing with the diffraction
patern of copper substrate ( Fig.4.2d ), it is clear that these exira peaks in Fig.4.2a
aclually belong to the substrate. Presence of Lhe peaks of copper subsiratc in the
diffraction panem of Ni-P deposit obtained at 60 mA/cm? indicates lower thickness of the

deposit. Thus all the deposils oblained at 60, 100, and 200 mAfcm? have a broad
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diflraction peak in their diffraction patiern. This suggests an amorphous as-plated
structure in all these deposits. [t may be mentioned that all these deposits have simit

phosphorus content, around 14 wi® .

Intensity (arbitary unit)

0 40 50 60 70 80
Diffraction angle, 2@ {degree)
{a)

Intensity (arbitary unit)
T E T '
§
[« 8
=
]

30 40 50 60 70 80
Diffraction angle, 28 {degree}

(b)

Fig. 4.2 X-ray diffraction pattern of (a) Ni-F coating deposited at crrrent density
60 mAicn? (b) Ni-P coating al current density 100 mAfom? | Nal,Peh 1,00 ; 1)

¥/, deposition time : 2 hours),
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Fig. 4.2 { continued ) (c) Ni-P deposited at 200 mAfcné and (d) Pure copper

Fubstrate,

I 15 gencrally believed that Ni-P coatings becomes amorphous when the phosphorus
content of the deposit exceeds a certain minimum value. In literaturc there 18, hosvesr,
no agreement on the exact phosphorous content where an amorphous structure is
obtained o as-plated Ni-P alloys. The minimum phosphorus content [or amorphous

structure as [ound in different studics is compiled 1n Table 4.1.
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It 13 expected in the present study where phosphorus content is 149%, that the structine ot

Ni-P deposils would be amorphous.

Table 4,1  Minimum Phosphorus Content for Amorphous Structure

Relcrences Mtnimum phosphorus content (or
amorphous structure {wi%)
Rajagopal ¢t al. [26] 12
Husheng et al. [27] B
Bredacl ct al. [19] 12
Goldenstein ct al.[41] 7-10
Graham et al. [34] 12

Howcever, a broad XRD pattern, does not always guarantee a rcal amorphous structure. Tt
could result {rom an amorphous as well from a Gne microcrystalline structure. The
transfnnnﬂti-(:-n occunng by heating an amorphons sample to a erystalline struciure, can
give some indirect information on the natnre of the as-plated structure |32]. Chen and
Spaepen [33] developed a calorimeine method in which an isothermal signal is used as a
criterion Lo dillerenliale an amorphous struclure from a coystalline onc, This method was
applied by Bredael et al.[19] 10 their elecirodepaosited Ni-P samples and found that above
12% P real amorphous Ni-P coalings arc oblmned. Ths latter crilena suggests that Ni-P
deposits contatning about 14 wi% P oblained at 60-200 mA/em? in the present study are

real amorphous.

All the nickel-phosphors deposits descnbed above (Fig.4.2) were oblained ltom bath
conuning 100 g/l sodium hypophosphite. When the hypophosphile conceninuion in the
bath was reduced to 5 gf], the resulling structure of 1he deposit became crystalline
(Fig.4.3).
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Fig4.1 X-ray diffraction pattern of crystalline Ni-P afloy coating deposited ai
current density 400 ma/cn? (NaH PO, HO: 5 g/l deposition time: 4 hours).

This deposit 1s seen 1o contain mainly Ni,P compound. Peaks ol copper substralc arc
alser visible 1n the dilfraction pallern. Since this deposit was dark and hon-uniform, 1t was

not used in any further study.
4.2 THICKNESS AND MICROHARDNESS

Variations in the thickness of Ni-P alloy coatings were obscrved in reiation to the amount

of sodivm hypophosphite (NaH,PO,H,0) in deposition bath, current density and

electrodeposition time. Fig. 4.4 shows the elfect of current density and amount of

NaH,PO,H,O in the bath on coating thickness. It is obscrved thal an increase n the

amount of NaH,PO,H,0 1n plating solunon causes a decrcasc in coating thickness. On
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the other hand, increasing the current density causes an increasc in deposit thickness. 1018
scen in Frg4.4 that the decrease in thickness with an inerease in hypophusphile
concentralion is very pronounced at deposition current density of 80 mA/em?2. It is
thought that an increase in the amount of hypophosphite lavours hvdrogen evolution at
the cathode thercby decreasing current efficiency. This resulls 1 a lower thickness o
higher hypophosphite concentraticn in the bath. It is evident lrom the Fig. 4.4 that the
coating thickness is maximum when 75 g/l NalL,PO,H, O prescul in the plating bath.
Howcver the appearance and character of the deposil was not the best al the
hypophosphite concentration of 75 p/l. In fact, deposit with best appearance and
adherance was obtained when hypophosphite was present at a concentration of 106 g/t
At this concentration the deposit was bright and smooth, Stmilar observiion was also

mixle by Rajagopal et ul.[26].
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Fig. 4.4 Effect of amount of sodium hypophosphite in the plating batf on faa.fmg
thickness (Deposition time: 2 hours).

130
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The vanation ol coaling thickness wilh deposition time 15 plotted 1n Fig.4.5. All the
coaiings were deposited from baths containing 100 g/l hypophosptute. Coating thickness
data for three different current densities are plotted. It 15 seen that thickness of the deposit
increascs almost Linearly with deposition time. [ncreasing deposition current density also
causes an increase in coating thickness. This is in gencral agreement wath Faraday's law
of electrolysis. 1t may be mentioned that Fig.4.5 was used 1o lind oul ime required to
deposit 20 xm thick coatings al 100 mA/cm? and 60 mA/em? for using in weur lests. The
time periods required 1o deposit 20 g thick Ni-P coating at 100 and 60 mA/cm? are |
and 4 respectively. [0115 1o be noled here that these time periods are muach longer than the
corresponding theoretical ime perods. This is due o lower current efliciency cavsed by

high hydrogen cvolulion in Ni-P plating baths [20].
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Fig4.5 Lffect of electrodeposition timme and current density on coating thickness
( NaHLPO,.H,0: 100 g/l }

The microhardness of Ni-F coalings was found o vary with the amount of sodivm
hypophosphite in deposition bath. The cffect of the amount of hypophosphitc in

deposition bath on microhardnesy is shown in Fig. 4.6. It is seen that wrthin the range of
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the zmount of hypophasphite (75-100 g/l) studied, increasing the umount of
hypophosphite at lirst causes an increase in the microhardness . The microhardness then
decreases showing a peak value at a hypophosphite concentration of 100 g/l Similar

resulls have been reported in literature {25]. Rajagopal |26] found that harder depsil
were obained from tath contining 100 g1 NaH PO, H,O.
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Fig. 4.6 Varlaiion In microhardness of Ni-P coatings with the amseunt of sidim

hypophasphite in bath solution (current density: 60 mAfcm?, electrodeposition
time: 2 hours),

The hardness volue of as-plated deposils obtained at 60 and 1} mA&m2 from 100 pl
bypaphosphite conuining bath arc given in Table 4.2 along with the data reporied in
lilcrnture. 1t is seen that hardness of the deposits oblined in the present study is guite

high as compared with thase reported in the literature.



50

Table 4.2 Hardness of As-Deposited Nickel-Phosphorus Coating

References Hardness of as- deposited | Phosphorus content
Ni-P coating { VHN) present (5%6)
Rajagopal ct al. [26] 360 12
Brenner ot al. {240] a00 13
Present investigation; T01° 14.28
665 1413

* Deposition current density: 60 mAfem?
** Deposition current density: 106 majcm?

43 WEAR BEHAYIOUR

20 ym thick Ni-P coalings deposited on brass pins at current densitics of 60 and 106
mA/cm® were investigated (or their wear behaviour. Brass pins wilhout coating were also
lested (or comparison. Wear tesls were curmed out under three diffcrent loads viz, 480,
230 and 180 p for three sliding distances viz, 416 m, 832 m and 1248 m. Earher studhes
[44, 45] have eslablishcd that width of wear scar on coalcd pin can be taken as a good
measure of the cxicat of wear damage. In the present work also, the extent of wear

damage is cxpressed in lerms of widlh of wear scar.

Figures 4.7 and 4.8 show the microgruphs of wear scar on Ni-P alloy coalings deposited
al current densities 60 mA/em? and 100 mA/cm? respectively, and tested under a load of
250 g for different shiding distances. The micrographs were taken immediately afier the
test withoul any clcaning, It is seen thut the widlh of wear scar imereases with an increase

of sliding distance.
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T Scar width

k

(a)

scur width

(b}

Fig 4.7 Micrographys of wear scar of Ni-IP coatings deposited at current denxsity
of 60 mAfcr? (a) sliding distunce 418 m (b)sliding distance 832 m (applied toad:
250 gm)

Scar width

Fig. 4.7 (continued) (c) sliding distasnice 1248 m {applied load: 250 pin}
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The varation of widlh of wear scar as a function of sliding distance at various loads is
shown 1n Fig. 4.9-4.11. It is scen from Fig. 4.10 that maximum wear damage 18
sustained by uncoated brass specimens. Nickel-phosphorus coatings deposiicd at 60 and
100 mA/em? are found to possess considerable resistance to wear. The wear damage on
coulings clectrodeposited al 60 mA/em? is slightly more than that of NpeCImMens
clectrodepesited at 100 mA/cm?2. From Fig. 4.1(}, it 15 evident that the wew sear widih on

nncoaled sample is about four limes the wear scar widlh on coated samples.
From Figs. 4.9-4.11, it is seen that the rale of increase of the wear scar widih of both

coaled samples {al 60 and 100 mA/cm? is higher al shorter stiding distanee but the sume

lend 10 gel reduced at hugher sliding distance.
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Fig. 4.9 Variation of wear scar width as a function of sliding divtunce {applied
load: 180 g).
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Figs. 4.12-4.14 show the vanation ol wear scar width as a (unction of applicd load at
various sliding distances. Wear damage is found 10 mcrease more or less steadily as Lol
increases. Coatings deposited at 100 mA/cm? is found (o be more resistant 1o wear than
coatings deposiled at 60 mA/fcm® Morcover as the load increascs, Ni-P coatings
deposited at 100 mA/em?is found Lo be increasingly more resistant to wear as compared

with samples deposiied at 60 mA/em? when applicd load increascs.
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Fig, 4.12 Variation of wear scar width a5 a function of applied load (siiding
distance : 416 m)
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The photomicrographs of wear scars on Ni-P alloy coalings are shown in Fg. 4.15. All
the micrographs were laken withoul any clcaning of the scars. The worn surface of Ni-P
coahnps mainly consists of relativcly line sliding marks. In addition, small palches of
Jebris arc seen scattered on the surface. The sliding marks are belicved 10 have causcd be
asparities of the counter body andfor hardened debris through microcutting and
micmploughing action. Such type of micromechanism leads to what is known as abrasive
wear. Furthermore, patches of debris on the worn surface of Ni-P coatings arc hikely 10
be a transferd layer from cast iron connter body. Haseeb [43] has shown that translcr of
iron from sicel counter body to nickel surface lakes place due to strong chemical
interaction between nickel and iron. However, Lhe extent of transfer of tron and henee the
thickness of transfer layer on Ni-P coutings in the present case are much lower than those
on nickel described by Haseeb. This in duc to higher hardness of Ni-P coaungs. Tt 18
concluded that op Ni-P coalings wear take place niainly by abrasion of aspersitics on
counter body and/or fine hardened debris particies. Some adhesive type of wear also
takes place. Sometmes microcracking was found on Ni-P deposits {Fig 4.16). [t is
thought that these cracks were caused by insuflicient support provided by the relatively

weak brass subsirate o the applicd load Juning lesting,

The micrograph of wear scars on uncoated brass 15 shown in Fig, 4.17. The micrograph
was laken wilhout any cleaning of the scar. The wear scar on nncoated brass pin is much
more rongh than the scars on Ni-P coalings (compare Figs. 15 and 17} The grooves on
the scar on brass are much decper. Evidences of plastic deformation is visible on the scar.
The uncoated brass has clearly sulfered much moere dumage than N-P coated brass. Little
transler layer or debris is seen. Microploughing by relatively hard asperitics on cast iron

counter body is supgested Lo be the main wear mechanism.
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CHAPTER: FIVE

5. CONCLUSIONS
5.1 CONCLUTIONS DRAWN FROM THE PRESENT WORK

1. Hypophosphite based buth containing 100 g/l of sodium hypophosphite was [ound o
yield bright, adherent and hard { 665-701 } deposit.

2. Ni-P coatings deposited at current densitics of 60-200 mA/em? were lound to conlain

about 14 wi.% phosphorous and all were found to be amorphous.

3. Thickness of Ni-P coatngs was {ound 1o increase with an incrcases in current density
and deposilion time but decreasc with the amount of sedium hypophosphile in plating

bath.

4. Ni-P coating deposited at a current density of 100 mAfem? was slightly morc wear
resistant than the coating deposited at &) mA/em”. Ni-P coated specimens were found

to be aboul four hmes more wear resistant than vncoated brass specimen.
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5.2 SUGGESTIONS FOR FURTHER WORK

1. Microhardness and wear behaviour of Ni-P coatings should be carmied out in the heal-

trealed condilomn.

2. X-ray diffraction studies should be carried out on heal-treated Ni-P coalings 0

understand the phase changes.

3, Other propertics, especially magnetic properties and corrosion resistance ol Nt-P

coatings should be investigated.

4. Dependance of wear behaviour of Ni-P coatings on deposition current densily should

e studied in detail.
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