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Electroless nickel deposition on mild steel by using a new bath formulation 
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A new hath formulation has heen developed to prepare the Ni-P deposits Qn mild steel substrates. T he alkaline 
hath formulation contains NiCI 1 as a Ni source and sodium h)•pophosphite as reducing agent. The Ni-l' alloy with 
higher phosphorus content was obtained by using this new bath formulation. The uniform deposits of Ni-l' ( 1.\111-
12.5) were obtained. The change in rate of deposition with time, temperature and pll was studied. The effect of 
concentr·ation of nickel and reducing agent on the deposition was investigated. The samples obtained were 
characterized by using SEM, XRD, DSC and ICP-OES techniques. The Ni-l' deposits were amorphous in nature and 
upon heat treatment in between 300 to 450°C, it changes lo crystalline Ni_~-1' phase. The phosphorus content of the 
deposits increases with the deposition time and highest P content is obtained on the samples prepared at 3 h time. 

Recentl y ex tensive studi es have been made on th e 
depos iti on o l' Ni-P all oy on met al substrat es . Th e Ni-P 
all oy has w ide industrial appli cati ons because o f its 
exce ll ent corrosion res istance, wear res istance and 
non-magneti c properti es . Th e electro less nickel 
deposi ts using sod ium hypophosphite as a reducing 
agents result in depos its of binary all oys or ni ckel and 
ph osphoru s on th e surface '. The phosphoru s content 
or the depos its vari es with the pH o f the solution 2 

The deposit s platedl'rom alkaline so luti on had a lower 
phosphorus content and are crys tallin e.1A whereas the 
depos its from acidi c soluti on had a higher phosphors 
content. Generally more than 7 w t. % phosphorous 
were known as amorphous or mi crocrys talline. 

Goldenstein er o/5 in their study of deposits 
containing 7 to 10% phosphorous concluded on the 
bas is of X -ray diffracti on results th at, as plated 
deposits were amorphous. Makhshoos el a/.6

-
8 studied 

the micros tructure and phase transformation 
behav iour us1ng Scanning Elec tron Microscope 
(SEM ) and in situ elec tron beam heating o f el ec trode 
depos ited Ni -P all oys. They found that as plated 
deposi ts containing 12 to 26% phosphorous were 
amorphous and dendrite transformati on spread out 
from the beam center, whi ch might be caused by the 
nucleati on and grow th of crys tallites from amorphous 
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so lid . Some oth er in ves ti gators examined the TEM 
and interference function for clec tro less Ni-P depos it s 
and concluded that the depos its had an amorphous 
like stru cture9

.
12 In contrast to these, Grahm et o/. 13 

concluded on the basis o r elec tron and X- ray 
diffraction and some other considera ti ons that as 
plated el ectrol ess ni ckel depos its conta ining 4.6 to 9.4 
wt. % phosphorous were supersaturated so lid solutions 
o f phosphoru s di ssolved in crys talli ne nickel w it h 
numerous stakin g fault s. Parkcr 14 al sn found th at 
crys talline nickel had a ( Ill ) fi brous tex t m e in as 
plated state. Cargill 15 and Di xmi er and Du wez 1(' 
studi ed the X-ray intcrl'erence functi on for elcc tro
depos ited or elec troless pl ated Ni-P all oys and found 
a higher degree o f short-range order than in a liquid. 

These contli cting result s arc th ought to be cl ue to 
the unstable structme or the depos ited alloys and the 
detail ed structures o f electroless i-P deposit s are not 
well-understood. Therefore, more basic stu dies arc 
required to determine whether el ec tro less ni ckel 
depos its are microcrys talline supersaturated so li d 
so lution or amorphou s. The transform ation process 
from amorphous stru cture to crys tal! ine structure has 
two stages. First, short-range atomic movement 
cau ses decompos ition to the equi I i bri um phases . On 
the other hand, the phase transformati on behav iour o r 
microcrystalline supersa turated binary solid so lut ion 
all oy has onl y one transformati on process, w hi ch is 
very simi Jar to the second stage mentioned above. A II 
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Table 1-Raw materi als for the bath 

Chemicals Formula 

Nickel chloride NiCI 2.6H 20 

Sodium citrate Na3Cr,H50 7.2H20 

Sodium hypophosphite Na2H2P02.H20 

Ammonium ch loride NH4CI 

Ammonia NH, 

Tab le 2-13ath Formulation 

Constituent 

Nicke l chloride ( NiCI2 ) 

Sodiu m citrate ( Na,Cr,HI0 7.2H20 

Sod ium hypophosphite ( Na2H2P02.H 20) 

Ammonium chloride (N H4CI) 

Solutions g/L 

30 

84 

10 

50 

the previous work 17 has been done by using reported 
bath formulation s. Very few workers have tried to 
develop new bath. The purpose of thi s work is to 
study the performance of the new bath , the 
mi crostructures and the crystalli zation behaviour of 
electroless Ni-P depos its. In the present inves ti gation , 
a new bath formul at ion for the deposition of Ni-P 
all oy on mild steel tubes by using an alkaline bath and 
sod ium hypophosphite as a red ucing agent is 
developed. The fo rmulated bath is quite stable and 
can be used repeatedly. Uniform homogenous 
deposits were obtained by using thi s new bath 
formulation. The phosphorous content obtained by 
usin g thi s new bath formulation was hi gher than that 
of the usually reported alkaline baths. The effec ts of 
tem perature and pH on the quality of deposits, 
depos iti on rate and mi crostructure were studied . 

Experimental Procedure 

All the chemicals and reagents used in this process 
were of ana lytical grade and used without further 
purification . The raw materi als used for ex perimental 
work are shown in Table l. 

In thi s study. the ni ckel chl oride was used as a 
Nickel source, sod ium hypophosphite as a reducing 
agent and sod ium citrate as com plex ing age nt. 
Am monium chloride was used as an accelerator and 
ammonia ( l : I) so lution was used to adj ust the des ired 
pH. The substrate used for plating were mild steel 
tubes with diameter of 4 mm and 20 mm in length . 
Before deposition the substrate was first polished with 
emery paper followed by cleaning and degreas ing. 
The chemical compositi on of bath used to obtain 
uniform nickel depos its is show n in Table 2. 

Make 

Lob a 

Qualigens Fine Chemicals 

CDH 

Quali genes Fine 

S. D. Fine 

Purity % 

9R 

98- 1 00 

9R 

99.5 

25 (NH1) 
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Fig. !--Effect of pH on electroless Ni-P deposition at 70°C 

Results and Discussion 
The depositi on of ni ckel on mild steel substrat es by 

electroless method is very well-known and many 
researchers 17 have proposed the mechani sm for thi s 
process. The bath formulation (Table 2) gave a very 
stable bath and was found to be econo mi cal for the 
industrial application . In view of thi s, the furth er 
detailed study with optimization has been made. The 
sodium citrate used as a co mpl ex ing agent is having 
long chain of carbon so it does not allow any i
precipitati on in bath resulting in better bath stab ili ty. 
Figs 1-3 show the rate of deposition in terms of 
thickness of deposit in microns of spec ifi ed surface 
area of mild steel substrates at different temperatu res, 
time and pH . From the figures it was observed th at , 
the rate of deposition increases with increase in pH of 
the bath at constant temperature i.e. in crease in oH· 
ion concen trat ion favo urs the higher depositi on rate. 
Thi s formulation can be used over the pH range or R 
to II and the bath was quite stab le within thi s pH 
range. It was also observed that the temperature of the 
bath pl ays an importa nt ro le in the depositi on process . 
The temperature of the bath was va ri ed between 70-
900C and among the three temperatures stucli ecl , the 
rate was hi gher at 90°C. 

Generall y the actual nickel redu cti on is clue to 
atom ic hyd rogen, whi ch acts by heterogeneous 
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ca tal ys is at the cata ly ti c nickel surface. The atomic 
hydrogen generated by th e reacti on of water with 
hypoph osphite is absorbed at the catalytic surface. 
The absorbed atomic hydrogen reduces nickel ions at 
the cata lytic surface. The secondary reaction between 
hypophosphite and atomi c hydrogen results in the 
formation of elemental phosphorous. The metalli c 
nickel catal y ti c surface has a direct reacti on w ith 
elemental phosphorous to depos it nicke l phosphorous 
alloy coa ting. The bri ghtness of the coating depends 
on the content o f the ph osphorous in the Ni~P. High 
phosphorous content in alloy results in good and 
bright surface of the substrate. 

Structure analysis 
The X~ray diffracti on analysis was performed on 

Ri gak u X ~ ray Diffractometer with Cu, K~ radiation 
and N i filter. The X ~ ray diffraction results (Fig. 4) 
show first broad and shallow peak, rcpresenti ng the 
face centered cubi c nickel crys tallites prec ipitated in 
amorphous matri x. The crys talli zation behaviour was 
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Fig. 4- X-r;l y diffrac ti o n patte rn o f til e e lcc trn less Ni-P depos its 

obtained ;II pH -9, te mperature 90°C fm 2 il: 
I 0 -Pure Ni. • -Ni , -PI 

studi ed by heating the sample deposited at pH 9 for 2 

h and heated in between the temperatures 200~500°C. 

Upon heating at 250°C, slight sharp peak has been 
observed along wi th broad peak, which means there is 
initiation of nucleati on before crystal growth. The 
sample heated at 400°C shows the complete transfor~ 
mation or amorphous to crysta lli ne phase becau se 
furth er heating at higher temperature does not show 
much change in in tens ity of the peaks. The c rys talli~ 

zat ion temperature was al so confirmed by Differential 
Scanning Calorimet ry (DSC) method. 

Thermal analysis by d(fferential scanuiug 
calorimetry 

The DSC was performed on th e Metl e r~ Toledo 

DSC instrument at a heat ing rate of I0°C per minute. 
The sample obtai ned from the elec tro less N i dcpo~ 

sition at 90°C and at pH 9 for 2 h was used for the 
DSC anal ys is. The sample was heated between 25-
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Fi g. .)--DiiTcrcntia l sca nning ca lor ime try curve of the 
crysta ll ization process for the clec trol ess ni ckel depos it obta ined 

p ii -'J. tcmpca turc 90°C for 2 h. 

Fi g. 6- SEM nf the e lec trol ess Ni-P depos iti on at pH -9. 

temperature 90°C andtirne - 2h 

600°C in the nitrogen at mosphere (N 2 flow -I 00 
mL/min) at the heat ing rate 10°C per minute. DSC 
da ta shows a small peak at about 350°C (Fig. 5). This 
peak is caused by the crysta lli zat ion of the Ni , -P, 
wh ich is also confirmed from the XRD results. 

Fig. 6 represents the Scann ing Electron Mi crogram 
(PHILIPS XL30) of the Nicke l plated sa mpl e at 90"C 
and pH 9 for 2 h. From the Fig. it is observed th at 
there is a layer of i-P at amorphous state and the 
same has been confirmed by XRD. 

Elemental analysis by ICP-OES 
The sa mple of Ni-P deposi ted was analyzed for its 

nickel and phosphorous content by using Induct ively
Coupled Plasma Optical Em iss ion Spectrometer (ICP 
-OES, Perkin-Elmer- P-I 000). For thi s ana lysis, a 
known quantity of sample was disso lved in acid and 
analyzed for phosphorous content at wavelength 

2 13.5 nm and nickel at 23 1.6 nm. The resul ts are as 
follows: 

T ime N icke l % Phosphorous <y,, 

Yz h 2.76 N.D 

I h :u2 1.9X 

2 h 6.]4 6 . .'i:l 

] h 11 .9 12 .5 

From the above results it was found that th e nickel 
and phosphorous content increases wi th time. Only t 

is detected in the sampl e prepared at 30 min time and 
there is no phosphorous content wh ich shows that 
on ly Ni is deposited in the first half an hour and after 
half an hour the Ni-P depos iti on sta rt s. Thi s indicates 
that the red ucti on of nicke l complex takes place at th e 
beg inning followed by the formation of Ni-P al loy. 
Genera lly in acidic bath, phosphorous depositi on is 
more but in the above a lkaline bath first time more 
phosphorous depositi on is observed. Thi s wil l he 
quite c lear after studying the kinet ics of the 
deposition. This is the interest ing phenomenon , which 
needs furth er studi es . 

Concl usions 
From the study, it can be concluded that , the new 

bath formulation is very suitab le for the deposition of 
Ni-P deposits conta ining hi gher concen trati on of 
phosphorous in a lka line med ium . The e lec trol css 
nickel deposition increases with pH and time. It was 
observed that the depositi on ra te increases with bath 
temperature. As depos ited sample shows Ni-P 
depos its which arc amorphous in nature or co nsisting 
of ext reme ly small gra in s. The Ni-depos itcd subs trate 
heated at 250°C shows th e beginning o f crystalli
zation and at 450°C shows the comp lete transfor
mation of amorphous to crys tall ine phase. The sample 
heated below 450°C shows most o f the diffracti on 
pea ks of Ni ., P crystallites and very weak peak of Ii 
which conc ludes th at , in the early stage pre-ex istin g 
FCC nickel grains coarsened and on further heating . 
the Ni .1P crysta llites nucleated in the P rich matrix and 
grew rapi dly by enc irc ling nickel grains. On funh er 
heat ing to 450°C nicke l gra ins grew up full y to th e 
diffraction pattern. The crysta ll ization behaviour has 
been confirmed by DSC where crysta lli zati on peak 
was observed at 350°C. In the half an hour there is 
pure nickel plating and after half an hour there is th e 
initiation of Ni -P deposition. 
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