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A study has been made of electroless nickel (EN) depositig
on ferrous substrates in the presence of four bath
stabilizers—lead ion, iodate ion, mercaptobenzothiazole
and maleic acid. Deposit morphology and spreading o
EN to carbon inclusions in carbon steel and gray castiror
were examined by SEM/EDS analysis. The porosity of EN
coatings was measured as a function of bath stabilize
concentrations. It was found that the stabilizers retarded
the rate of EN deposition on carbon inclusions and
increased the porosity of EN coatings. Maleic acid
decreased the phosphorus content of EN coatings. Sulfy
and lead codeposited in the presence d
mercaptobenzothiazole and lead ion, respectively. Thi
paper summarizes the results of these investigations.
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Electroless nickel (EN) plating baths can operate satisfact
for a long period of time; however, they may decomp
unexpectedly at any moment. This auto-decomposi
process is usually controlled by the addition of trace amo
of catalytic inhibitors, called stabilizers, to the EN b
Stabilizers, although added in very small amounts, can
important consequences for the EN plating process.
Itis generally observed that addition of stabilizers decre
the EN deposition rate and, beyond certain criti
concentrations, they may completely inhibit the plat
process. Some stabilizers, such as thiourea, can increa
deposition rate when added in small quantiti€sabilizers
also affect the properties of the EN deposit. Some stabiliz
especially those containing heavy metal and sulfur compou

Table 1

Deposition

Stabiizers
on Femous Substrates

D-T. Chin

tend to codeposit, along with nickel and phosphorus and
lower the corrosion resistance of EN depdsithis study

was performed to investigate the effect of four commonly
used bath stabilizers: Lead ion, iodate ion, maleic acid and

Mmercaptobenzothiazole, on the deposition rate and porosity

of EN coatings on ferrous substrates.

Stabilizers most frequently used in commercial EN plating
baths are divided into four classgs) heavy metal cations:
Sn?, Pl%; (i) oxygen-containing anions: AsQIO;; (iii)
unsaturated organic acids: maleic, itaconic; and (iv)

rcompounds containing sulfur: thiourea, thiocyanate. In this

study, one stabilizer was chosen from each class; thisincludes
lead ions from group (i); iodate ions from group (ii); maleic
acid from group (iii); and mercaptobenzothiazole (MBT), a
rsulfur-containing stabilizer, from group (iv). The following
fconcentration ranges were used: Lead ions, 0-3 ppm; iodate

5ions, 0-600 ppm; maleic acid, 0-5000 ppm; MBT, 0-8 ppm.

Lead ions were added in the form of lead acetate, while iodate
ions were added in the form of potassium iodate.

Drily
DEXperimental

) Procedure
I@NBath and Plating  Procedures

LiEfectroless nickel deposition was carried out with a generic

tbath containing 44 g/L of nickel sulfate hexahydrate, 10 g/L
afesodium hypophosphite hydrate, 42 g/L of amino acetic
acid and 10 g/L acetic acid. The pH of the bath was adjusted

n$03l.5 and the bath temperature was maintained at 88-90
cakad, iodate and maleic acid stabilizers were added to the EN

Ngath in adequate quantities to provide the required

sedheentration. MBT is insoluble in aqueous solution; a solution

was prepared by dissolving 0.1 g of MBT in 100 mL of
efSsolute ethanol. This solution was then added to the EN bath
ndsadequate quantities to provide MBT concentration of 0-8
ppm.
AISI 1010 carbon
steel and graphite

Structure  of ENDeposit as a Function of Bath Stabilizer Concentration coupons were used as
substrates. The
Conc. Nodule Sizen graphite coupon was
Stabilizer ppm Structure* Steel Graphite activated for EN
- deposition by galvanic
None - Spherical nodular 5-12 3-5 coupling to an AISI
05 Spherical nodular 3-10 9925 1010 steel coupon with
Pbr2 1 Spherical nodular 3-8 2.2-25 a CF’ndUC“”g wire
outside the EN bath; a
20 Spherical nodular 3-6 2.5-3 piece of Teflon™ sheet
103 40 Spherical nodular 3-6 2.5-3 of 1.6 mm thickness
20 Soherical nodul e 25 was placed between
pherical nodular = -2. H H
Maleic acid 100 Long flake 25x9 1.1x2 tsr;ggr atgdm?;mﬁ-l{]e tahtea
3000 Spherical nodular 456 1.8-2.5 graphi
constant distance
Mercapto- 0.5 Spherical nodular 16-18 5.5-8.5 inside the bath. Prior to
benzothiazole 1 Long flake 1.5x5 1.1x1.7 EN plating, the steel

coupons were

* Size of spherical nodules is expressed as diameter.
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mechanically polished
to a 120 grit finish,
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13 . Stent To evaluate the effect of a

- stabilizer on the porosity of EN
E coatings on ferrous substrates,
8 1 experiments were performed to
function of  stabilizer
concentration. AISI 1010 carbon
steel coupons were used as the
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determine coating porosity as a
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0 -— substrate. The coupons were
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g:)gi’cl:)ﬁf:gm Ptz concentration on EN deposition rate; ::;?ezgggfe;; Zf_sl_g concentration on EN deposition M NaOH solution and activated
by dipping in 37-percent HCI
: ? : prior to plating. They were then
::11 T T Ia Ht TR Iﬂ immersed in EN baths
£ . £n ® Sizel containing a known amount of a
i EE" ol stabilizer. The thickness of the
LT e 1 B coating on each coupon was
g gl e gt 1 cgntrolledhat 14i0f.7 pm by
N = | adjusting the time ofimmersion.
B Li\'__f}l‘_‘_f E The EN-plated coupon was then
2 T 1"\.«”# 5 A 1 immersed in a solution
8 -u containing 3 wt percent of HCI
0 50 100 150 200 250 300 @ 1000 2000 3000 4000 S000 6000 and 1.5 wt percent of J@, and

Canc. of maleic acld. ppm e o e o, B its corrosion potential with

Fig. 3—Effect of maleic acid concentration on EN deposition ratéC9pH 4.5: (a) conc. range 0-300 ppm; (b) conc. range respect to a reference electrode
0-5000 ppm. was measured with an
electrometer.

anodically electrocleaned in 1 M NaOH at 6 Afdand| Electrochemical Polarization Measurement

activated by dipping in 37-percent HCI. The graphite coup okdectrochemical polarization measurements were carried out
were rinsed in acetone and water prior to EN plating. [THe examine the effect of bath stabilizers on EN deposition

substrates were immersed in the @ating bath containing a reactions. The effect qf the stab|l|zer_s on the anodic and
known concentration of a particular stabilizer, and plated fofathodic half-cell reactions were studied separately, using
period of two hr. The plating rate on steel and graphite coup&@f-EN baths. The cathodic half-bath contained nickel ion

was measured from their mass gain. and complexing agents (amino acetic and acetic acids), butno
hypophosphite ion, while the anodic half-bath contained
SEM/EDSAnalysis hypophosphite ion and complexing agents, but no nickel ion.

A scanning electron microscope (SEM) was used to examiriee solution pH for the half-baths was adjusted to 4.5 and the
the surface characteristics of the deposit. X-ray spectra wig@perature maintained at 88. To determine the effect of
used to identify the elements present in the deposit and epégjabilizer on the partial reactions, a known quantity of the
dispersive X-ray spectroscopy (EDS) was used to determfite ilizer was added to each half-bath. The polarlzatlon
nickel and phosphorus content of the deposit.
A set of SEM/EDS element mapping experiments was
performed to examine the effect of stabilizers in the plating
bath on the spreading of EN deposits to the graphite part pfthe
gray cast-iron microstructure. Gray cast-iron coupons were
polished with 1pm alumina powder, anodically
electrocleaned in 1 M NaOH solution at 6 Afdior 2 to 3
min, and etched for 60 sec in a solution containing 95 mL of
methanol, 5 mL of water and 3 mL of 70-percent HNIhe

Table 2
Effect of Maleic Acid Conc.
OnPhosphorus Content of ENDeposit

Maleic acid conc. Percent P

coupons were marked with a reference scratch line and a PP On steel On Graphite
particular spot was observed under the SEM to identify the 0 9.9 9.9
locations of the graphite flakes on the substrate microstrugture.

The coupons were then washed in acetone and coated with 40 8.1 8
EN in a bath containing a known amount of a stabilizer| for

a period of 10 min. The EN-coated samples were then el [ v
re-examined at the same spot under the SEM, and an X-ray 300 25 71
map for the distribution of Fe, C, Ni and P was obtained with ' ’
the EDS analysis. A comparison of these maps with| the 1000 7.0 75
uncoated substrate provided information on how the stabilizer

affected the spreading of EN on the graphite inclusions of 3000 9.8 9.5

gray cast iron.

56 PLATING & SURFACE FINISHING



il

studies were carried out in & ' ' ' in the plating rate. The plating rate
three-compartment cell. A nickel g™ 4 decreased more rapidly on the steel
rotating disk, coated with EN, was# ' ek substrate than on the graphite
’ : ’ 1 E‘» # Cirapiits S OIS . 4 :
used as the working electrode. /3 "1‘% \a resulting in a higher plating rate on
platinum gauze was the counte ™ |- i\ 4 the graphite for maleic acid
electrode and a saturated calome¢= i concentrations greater than 3000 ppm.
electrode (SCE) was used as th§ *® Wk This phenomenon was confirmed by
reference electrode. The anodic an=z .| \\"-.‘ 1 visual observation of hydrogen gas
cathodic pqlarization curves were 3 N evolution on th.e su_bstrate surfape.
measured with a computer-interfacer  * k‘:{\‘» When the maleic acid concentration
potentiostat at a potential scan rate ¢ 4 L L — S in the bath was 300 ppm, the rate of
]

10 mV/sec. The mixed potential anc ~ *

current density were determined from

Cone. mercaptcbanocthinesin, ppm

[} 1o

hydrogen bubble evolution from the
substrate surface was higher than

the intersection of the anodic andFfig- 4—Effect of mercaptobenzothiazole concentration ofyhen the maleic acid concentration

cathodic polarization curves.

Results and Discussion
Rate of ENDeposition
Concentration

The effect of bath stabilizer concentration onthe EN depos
rate on AlSI 1010 steel and graphite is shown in Figs. 1-4
lead ion, iodate ion, maleic acid and mercaptobenzothial
(MBT), respectively.

With lead and iodate ions, the plating rate on both steel
graphite substrates decreased steadily with increal
concentration of stabilizer in the bath. The EN plating 1
was completely inhibited on steel at the lead concentrat
greater than 3 ppm, and on graphite at the lead
concentrations greater than 2 ppm. With the iodate ion
concentration necessary to completely stop the EN depos
on steel and graphite substrates were 600 ppm and 40Q
respectively.

Maleic acid had a rather unusual effect on the depos
rates on both steel and graphite substrates. The EN depo
rates first decreased with increase in stabilizer concentre
till the concentration of maleic acid reached about 40 p
Further increase in maleic acid concentration causec
increase in the EN plating rate, which reached a maximu
about 300 ppm of maleic acid in the bath. Afterward, furt

vs. Stabilizer

EN deposition rate; 90C, pH 4.5.

was 100 ppm. When the maleic acid
concentration reached 5000 ppm,
there was considerable delay in hydrogen evolution from
both graphite and steel surfaces; once EN deposition was
induced on the graphite surface, there was nearly twice as
tioruch hydrogen evolution from the graphite surface as on the
| Kieel surface.
zol&’he EN deposition rate was increased by the addition of
MBT to the bath, when the MBT concentration was less than
an8 ppm. When the concentration was increased beyond 0.5
spm, the EN deposition rate began to decrease on both steel
aband graphite substrates. The EN plating rate on steel and
arsphite was totally inhibited when the MBT concentration
ierceeded 8 ppm for steel and 4 ppm for graphite. The
theximum on the plot of EN deposition rate vs. MBT
ittmmcentration was also observed in the study by Alamd
@EMinjer and Brennéfor the sulfur-containing stabilizers,
such as thiourea and thiocyanate.
tion
sitlorphology of ENDeposits
atligure 5a is a SEM photomicrograph of a steel substrate
pooated with 27um of EN from a bath without any stabilizers.
| e photomicrograph of an EN deposit {21 thick) on a
ngedphite substrate without use of bath stabilizers is shown in
h&fg. 6a. The inset on each photomicrograph is the X-ray

increase in the maleic acid concentration resulted inadec

egmectrum showing the elements present on the sample surface.

Fig. 5—SEM photomicrograph of EN on steel substrate from a bath: (a) withou
um); (c) with 100 ppm maleic acid (avg. coating thickness, fithh
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Fig. 6—SEM photomicrograph of EN on graphite substrate from a bath: (a) without stabilizer (avg. coating thickpegs(2iwith 20 ppm I@ (avg. coating thickness,

14 pm); (c) with 100 ppm maleic acid (avg. coating thickness, L3

The deposit on both substrates had a spherical no
structure. The deposits obtained from the baths contai
lead and iodate ions also had a nodular structure of a si
nature, although the nodule size decreased in the prese
lead or iodate ions. Figures 5b and 6b are the S
photomicrographs of EN deposits obtained from a &
containing 20 ppm of iodate ion on steel (#8 thick) and
graphite substrates (14m thick), respectively. They ar|

&

WFS: 1000

Livetima: G0
Deadtime: 0%

Hukpresentative of the deposit structure obtained from the
nleghs containing lead and iodate stabilizers.

milawwhen maleic acid was added to the EN plating bath,
nepbérical nodular structure similar to those shown in Figs. 5b
Edvid 6b was observed for all EN deposits except those obtained
aththe maleic acid concentration range of 100 to 300 ppm.

Those deposits had a completely different structure, showing

elong, flaky formations on both steel and graphite surfaces, as

shown in Figs. 5¢ and 6¢, and had a bright appearance. It may
be noted that in this concentration range, the EN deposition
rate increased with increase in maleic acid concentration, and
peaked at 300 ppm. Baths containing MBT produced deposits
with spherical-nodular structure similar to that shown in Figs.
5b and 6b when the MBT concentration was below 1 ppm.
Deposits obtained from the baths containing 1-2 ppm of MBT
had a flake-like structure similar to that shown in Figs. 5¢c and
6c¢. Table 1 summarizes the structure of EN deposits obtained
with different stabilizers at various concentrations.

Energy dispersive spectroscopy (EDS) of the EN deposits
revealed that lead was codeposited along with nickel and
phosphorus on the substrate surface when the plating baths
contained more than 1 ppm of lead ions. Figure 7ais an X-ray
spectrum of an EN depositi4n thick) obtained from a bath

0.000 Eal 10.220
Iﬂ VFES: 280 Livetime: 60
Deadiimea: 0%
o 1F L
a
-
X
= 0.8 L
=
E s 1
g
B DAf 1
£
[
2oz
=}
@
Sk i : % %1 0z 03 04 05 06 07 08
0,000 kel 10.220 ’ ; At ) ’
: . . Conc. PR™, ppm
Fig. 7—EDS spectrum of EN on steel substrate obtained from a bath: (a) with 2 ppm

Pbt+2 (avg. coating thicknessdm); (b) with 4 ppm MBT (avg. coating thickness 2
pm).
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-ZFig. 8—Effect of P& concentration on porosity of EN deposit on AISI 1010 carbon

steel. Coating thickness 0.7 um.
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containing 2 ppm of lead ion. A
strong lead peak indicated that ~
lead was present in the deposit.
Plating in the MBT-stabilized
bath led to codeposition of
sulfur, as indicated by the sulfur
peakinthe X-ray spectrum, Fig.
7b. Electroless nickel plating in
the maleic-acid-stabilized bath
decreased the phosphorus
contentofthe deposit, as shown
in Table 2. The EDS analysis b

Porosity, area fraction (x 107

ppm of MBT, with coating
thicknesses of 2, 1.7 and uid,
respectively. With no MBT, the
EN deposit covered the substrate
1 completely. With 1 ppm of MBT,

a small portion of the graphite
was left uncoated; there was no
Ni-P deposit on some of the
locations where graphite was
initially present. When the MBT
concentration was increased to 5
ppm, most of the graphite flakes

revealed that phosphorus ™', 0 20
content in the EN deposit

decreased from 10 to 7 percent_ _
Fig. 9—Effect of 1@ concentration ol

Conc. 103, ppm

3 r sp  onthe substrate surface were left
uncoated after 10 min plating

_ _ time. The amount of sulfur on the
n porosity of EN deposit on AISI 101

K . 0 .
when the maleic acid carhon steel Coating thickness 24.7 ym. deposit was greater at 5 ppm of

concentration increased from O
to 300 ppm. The phosphorus content returned to 10 pe
when the maleic acid concentration was 3000 ppm (Tabl

Element Mapping Analysis

A set of element mapping experiments, using the SEM/E
analysis, was performed to determine how the spreadin
EN deposits to the graphite part of the gray cast microstrug
was affected by the addition of different types of stabiliz
to the bath. The experiments were carried out with le
iodate, maleic acid and MBT stabilizers. The effect of M
may be taken as a typical example: Three gray cast
coupons were plated with EN in baths containing 0, 1 al

.

-

Porosity, area fraction (x 10%)

010

1] 50 10 180 200 250 300 350
Conc. malelc achd, ppm

Fig. 10—Effect of maleic acid concentration on porosity of EN deposit on AlSI ]
carbon steel. Coating thickness 1@.7 um.
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Fig. 11—Effect of mercaptobenzothiazole concentration on porosity of EN depo
AISI 1010 carbon steel. Coating thickness+D47 um.

MBT, compared to the sample
cglotained from a bath containing only 1 ppm. These results
e @monstrate that increasing the concentration of MBT in the
bath reduced the rate of EN deposition on the graphite
inclusions of the ferrous alloys and caused sulfur to codeposit.
:[38Ifur inhibits the catalytic reaction of EN deposition and
ceahances the possibility of pore formation in EN deposits.
tur@’he SEM/EDS mapping analysis of EN samples obtained
efiom the baths containing lead ions, iodate ions and maleic
atid also showed that increasing the concentrations of these
B3tabilizers in a plating bath reduced the rate of spreading of
ilBN deposits to the graphite inclusions on the microstructure
na@&errous alloys. When 100 ppm of maleic acid was added to
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OF@y. 12—Effect of Pt stabilizer on the mixed potential for EN deposition on
electroless nickel electrode.
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SiFgg. 13—Effect of 1@ stabilizer on the mixed potential for EN deposition on
electroless nickel electrode.
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a bath, the EN deposit was so thin that some graphite flakes 048

were still visible after 10 min. '

Porosity — of ENDeposit 1

To evaluate quantitatively the effect of stabilizers on|the &

porosity of EN coatings on ferrous substrates, a set of # -I.5

non-destructive electrochemical porosity measurements was =

performed to determine the coating porosity as a functign of = .pgq

stabilizer concentration. AISI 1010 carbon steel substiates *

were coated with 140.7um thick EN from baths containing 064 b

a known amount of stabilizer. Figures 8-11 show the porosity ; e i ; ,
of EN deposits vs. the concentration of stabilizer in the bath -5 -50 45 4D 35 -A0 -25
for lead ion, iodate ion, maleic acid and MBT, respectively. log (Afem™)

The coating porosity increased linearly with increasing |
concentration (Fig. 11). The addition of iodate ions &
resulted in an increase in the porosity of EN deposits (Fig
The results for maleic acid indicate (Fig. 10) that in
concentration range of 0-100 ppm, the coating pora
increased with increase in concentration. In the rang
100-300 ppm, EN porosity leveled off to a constant valu
0.0004 (area fraction of pores on coating surface). This
probably a result of the flaky structure of EN depo
obtained from the bath containing 100-300 ppm of ma
acid (Fig. 5c). Electroless nickel deposits obtained f
baths containing 0-0.5 ppm of MBT had the same poro
When MBT concentration exceeded 0.5 ppm, porog
increased linearly with increase in concentration of MBT]|
shown in Fig. 11.

Electrochemical Polarization Study

The effect of stabilizers on the anodic and cathodic half
reactions were studied separately, using EN half-baths
cathodic half-bath had no hypophosphite, while the an
half-bath did not contain any nickel ions. These half-
reactions were first studied in the absence of stabilizers
determine the effect of a stabilizer on a half-cell reaction
stabilizers were added to the half-bath.

The anodic polarization and the cathodic polariza
curves in the presence of lead ions are presented as an
diagram in Fig. 12. The anodic polarization curve was
affected by the addition of lead ions; increasing lead
concentration caused a shift of the cathodic polariza
curve toward the negative potential. This indicates that
ions stabilize the bath by inhibiting the reduction reactio
nickel ions. For each lead ion concentration (Fig. 12),
anodic and cathodic polarization curves intersected
mixed potential, as shown by a small arrow in the figure.
point of intersection also gave the mixed-current den
which represented the rate of EN deposition reaction

eag. 14—Effect of maleic acid stabilizer on the mixed potential for EN deposition on
hlstgctroless nickel electrode.
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(EEQ 15—Effect of mercaptobenzothiazole stabilizer on the mixed potential for EN
bﬁﬁsition on electroless nickel electrode.

pdic
catin. The mixed-current density decreased with an increase in
5. ibdate concentration.

theThe anodic and cathodic polarization curves inthe presence

of maleic acid are shown in Fig. 14. The anodic polarization
iarurves show a shift in the open circuit potential in the positive
Ediestion when the maleic acid concentration was increased
nedm 0 to 100 ppm. When the concentration was 1000 ppm,
ide open circuit potential of the anode was shifted back in the
tinegative direction. A similar phenomenon was observed for
len@ cathodic polarization curves. The mixed potential for the
n BN deposition reaction was shifted in the positive direction
thethe maleic acid concentration region of 0-100 ppm; the
at@p in the mixed-current density in this initial concentration
Thegion was probably caused by the absorption of maleic acid
Sity the working electrode surface. Maleic acid is unsaturated;
ahtan sufficiently high concentration (greater than 100 ppm), it

given lead ion concentration. The mixed-current den
decreased with increasing lead ion concentration. This

sityuld undergo hydrogenation to succinic acid on the working
refidctrode surface. Once hydrogenated, it no longer functioned

agreed with the result of actual EN plating rate measuremem.a stabilizer, and the EN plating rate increased with further
The effect of iodate (I) ions on the anodic and cathodidncrease in concentration, as shown in Figs. 3a and 14.
half-reactions is shown in Fig. 13. Both anodic and cathpdicThe effect of MBT on the anodic and cathodic polarization

polarization curves shifted toward the positive potential

iturves of the EN deposition reaction is shown in Fig. 15. The

increasing iodate concentration. The open-circuit potentisffect of MBT on the shape of anodic polarization curves was

of the anodic polarization curve was -650 mV vs. SCE

imall; however, MBT shifted the open-circuit potential of the

no iodate ion, and was shifted to -360 mV vs. SCE when 1€8thodic polarization curve in the positive direction. The
ppm of iodate was added to the solution. This was probabijxed-current density for EN deposition was increased by
caused by the adsorption of iodate ions on the surface o¢fifeaddition of MBT in the concentration range of 0-0.5 ppm.
working electrode, which reduced the number of catalytithis result agreed with the plating rate measurement that the
sites available for oxidation of hypophosphite ions. FeldsteN deposition rate had a maximum at the MBT concentration

and Amadid also observed this effect, attributing it t

af 0.5 ppm, then decreased with further increase of MBT

reaction between adsorbed iodate ions and hypophogpb@acentration.
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Editor's note: This is an edited version of a paper presented at SUR/FIN
‘6. Cleveland, OH.
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Summary

Addition of lead and iodate ions to the bath resulteg
decrease of the plating rate on steel and graphite subst
When maleic acid was used as the stabilizer, the EN pl3
rate initially decreased until the concentration reached a
40 ppm. Further increase in maleic acid concentration ca
an increase in the plating rate and a maximum was obse
at 300 ppm. Less than 0.5 ppm MBT increased the
deposition rate, but reduced it when the concentration

higher than 0.5 ppm.

Lead and sulfur codeposited with nickel and phosph
when EN plating was carried out in the baths containing
ions and MBT, respectively, as the stabilizers. Addition
maleic acid to the bath decreased the phosphorus contg
the EN deposit and changed the morphology from a sphe
nodular structure to an elongated, flake-like structure.

Bath stabilizers decreased the rate of EN spreadin
graphite inclusions in the microstructure of gray cast if
This enhanced the possibility of pore formation at the locat
where graphite was present on substrate surfaces. The po
measurement for EN coatings on AISI 1010 carbon §
revealed that increasing stabilizer concentration resulte
an increase in the porosity of EN deposit.

The results of electrochemical polarization measurem

indicates that lead ions and MBT affected the cathg
half-reaction, while iodate ions and maleic acid affected k
anodic and cathodic half-reactions. The EN plating

calculated from mixed-potential theory, as a function of
stabilizer concentration, showed similar trends as th
observed in actual plating rate measurement.
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