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The codeposition of nonconducting silicate particles with different grain size during the plating of nickel 
coatings with preferential orientation along with < 2 1 1 > axis is investigated by electron microscopy. The 
results confirm that small size particles, about 20 nm, are included in the twinning defects, inherent to 
this orientation, blocking the latter as active dissolution sites. Larger particles, approximately 1.5/lm, are 
included in the bulk of the coating, and cause a continuous redistribution and decrease of the corrosion 
rate. On the other hand, when particles of 20 nm size are used, an unusual decoration of the twinning 
plane { 1 1 1 } perpendicular to the substrate, may lead to the elucidation of some theoretical problems 
related to the initiation of the texture <2 1 1 ). A dissolution mechanism is proposed, based on the 
mutual effect of both factors: redistribution of the corrosion current, and blocking of the twinning 
planes which act as active dissolution centres. This mechanism is confirmed by Corrodkote tests of 
codeposited nickel coatings. 

1. Introduction 

In recent years there has been an increasing use of 
microporous chromium plates for protective- 
decorative copper-nickel-chromium coatings. This 
is due to the fact that the corrosion resistance of 
the system is increased several times as compared 
with the conventional triplex bright plates, which 
require a substantial thickness of the nickel layer. 

From the first papers of Odekerken [1,2] 
several publications in this field deal with the 
nature, shape, structure, and dimensions of the 
non-conducting particles [3-6],  the mechanism of 
inclusion in the coating [7-12],  the number of 
particles included as a function of deposition con- 
ditions, the stability of  the respective suspensions 
[ 13-16], etc. Special attention has been devoted 
to the relation between the corrosion resistance of 
the multilayer system copper-nickel-chromium, 
and the number of  pores in the chromium layer 
[2, 13, 17-19].  The excellent corrosion resistance 
of the complex coating which used a several 
micron thick intermediate nickel layer with non- 
conducting inclusion particles is due to the ex- 
tensively increased nickel surface as a result of the 
large number of micropores in the adjacent chrom- 
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ium layer. Thus the corrosion current with respect 
to the nickel plate decreases substantially. 

Probably this generally accepted view (which is 
supported by data derived from practical appli- 
cations) has discouraged investigations aimed at 
the determination of the effect of the structural 
peculiarities of the nickel coating, the pattern by 
which the nonconductive particles are included 
and their nature, upon the corrosion resistance of 
multilayer copper-nickel-chromium plates. 

The present paper is aimed at the investigation 
of the inclusion of nonconductive particles with 
different grain size in etectrolytically deposited 
nickel coatings with a definite structure, and to 
find a possible relationship between the inclusion 
pattern of the particles, the structural peculiarities 
of the nickel plate, and the corrosion behaviour of 
the copper-nickel-chromium system. 

2. Results and discussion 

The investigated coatings were deposited in a 
Watts electrolyte in the presence or absence of 
brighteners. The size of the nickel crystallites was 
approximately 70-80 nm in the former case, and 
1.5/~m in the latter. 
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Fig. 1. CEM photographs of nickel coatings with texture 
(2 1 1) (X 6500). 

The coatings were electrodeposited under gal- 
vanostatic conditions at 3-5 Adm -2 , temperature 
50-60 ~ C, pH 4.5 and displayed a <21 1 ) texture. 
The nonconductive particles were of a silicate 
nature activated in an effort to improve their sur- 
face properties and increase the stability against 
sedimentation of the electrolyte-particle suspen- 
sion. They were separated according to grain size 
so as to obtain fractions with predominant dimen- 
sions approximately 5/am, 1.5/am and maximum 
200-300nm. The coatings were checked by con- 
ventional CEM scanning, SEM and transmission 
TEM electron microscopy at high accelerating 
voltages. The methods for the preparation of the 
samples of thin foils subjected to irradiation are 
described in detail in a previous paper [20]. A 
version of the electro-jet method [21,22] for 
stripping nickel foil in acetic (77%) and perchloric 
(23%) acid solutions at 12 V was used throughout. 
This technique offers the possibility of investi- 
gating the development at different stages of 

Fig. 2. TEM photograph of nickel coating with texture 
(2 1 D (X 13 000). 

growth;thus the results that are obtained apply to 
a distinct and defined thickness layer. 

The inclusion of particles with grain size ap- 
proximately 1.5/an in nickel coatings of different 
thickness was investigated. According to the data 
published in our previous papers [20, 23] nickel 
coatings which have the texture (211 ), regardless 
of their thickness are composed of pyramid- 
shaped crystal]ires with binary symmetry (Fig. 1), 
characterized by the presence of twinning planes 
{1 11}, perpendicular to the substrate (Fig. 2). 

Fig. 3 gives the SEM data of 0.5, 3 and lO/am 
thick coatings. Samples 0.5/am thick (Fig. 3a) dis- 
play a free grain structure. With an increase of the 
thickness to 3/Jan or lO/am (Fig. 3b, c) the size of 
the crystallites increases, and at 10/am one can see 
distinctly the agglomerates formed by the coverage 
of the nonconductive particle with pyramid- 
shaped crystallites. In order to clarify further the 
inclusion process under conditions similar to prac- 
tical application, larger 5/am particles were used 
for inclusion in bright coatings with a crystallite 
size of approximately 70 nm, and thickness 15/am. 
Fig. 4a shows numerous round-shaped particles 
which have not coalesced. At increased magnifi- 
cation, the separate particles are distinctly visible 
(Fig. 4b) and the different stages of formation and 
sealing of the pores in the coating, depending on 
the size of the particles, can be observed (Fig. 4c). 

In a previously published paper [24] we dis- 
cussed the corrosion behaviour of the multilayer 
copper-nickel-chromium system with particle- 
codeposited nickel. The tests were carried out by 
the Corrodkote [25] method, which gives the 
corrosion resistance of the coating expressed 
in grades (the highest grade 10 corresponds to 
an absence of corrosion) as a function of the 
duration of exposure (one cycle is 20 h). Fig. 5 
[241 suggests that regardless of the fact that the 
thickness of the nickel in the codeposited nickel- 
chromium (curve 3) is 2 to 3 times less than that 

conventionally used (curve 2) and both samples 
have an approximately equal number of pores 
on the surface, the corrosion resistance of both 
systems is very high. Therefore it can be seen that 
some other factors affect the corrosion resistance 
of the system, and they are not related to the 
number of micropores on the surface. Such factors 
might be structural peculiarities of the nickel 
coating used, e.g. defect sites in the crystal struc- 
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Fig. 3. SEM photographs of nickel codeposited with maxi- 
mum particles size 1.5 t~m. (a) thickness of the coating 
0.5/~m (• 3250) ; (b) thickness of the coating 3/~m 
(• 3250); (c) thickness of the coating 10#m (X 1950). 

ture which act as active dissolution centres, or 
the redistribution of the corrosion current in the 
bulk of the coating containing included particles, 
provided thickness is more than 7/~m. 

The most commonly used nickel seal coatings 
with thickness up to 3 grn are deposited from 
baths containing 1,4-butyn-2-diol as brightener. 

According to some investigations, in the 
presence of 1,4-butyn-2-diol at 50 ~ C, and above 
3 A dm -2 (conditions similar to routine appli- 
cations) the nickel coatings display a ~2 1 1 ) 
texture [23, 26] i.e. the texture is identical 
with that obtained in a pure Watt's electrolyte, 
but the size of  the crystallites is substantially 
smaller, 70 nm. Fig. 6 clearly show that in this 

case also the twinning planes {1 1 1} are per- 
pendicular to the substrate. 

Since the twinning planes {1 1 1 } perpendicular 
to the substrate surface are the active sites of  
growth and dissolution [27, 28], it was very 
interesting to check whether the nonconducting 
particles used in our experiments will be pre- 
dominantly included in these defective sites, 
at the grain boundaries, or will be uniformly 
distributed in the bulk of the coating. Model 
studies were carried out by the co-deposition 
of nickel coatings in a Watt's electrolyte with 
texture (2 1 1) and grain size 1.5 gm when the 
twinning planes are very distinct, while the non- 
conducting particles are fine-grained (up to 200 nm, 
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Fig. 4. SEM photographs of nickel codeposited with 
maximum particle size 5 ~m. (a) • 650; (b) X 5200 
(c) X 3250. 

predominantly 20-30 nm). The results of the in- 
vestigations presented in Fig. 7 show that the 
particles are included mainly at the twinning planes 
{1 1 1} and less in the bulk of the crystallites and 
the grain boundaries. 

Consequently the twinning planes {1 1 1} are 
active sites for the inclusion not only of nickel 
ions [27], but also particles. Therefore it may be 
presumed that this preferential inclusion of the 
nonconductive particles can block the twinning 
planes which are active centres of dissolution thus 
decreasing the corrosion rate. 

The use of a goniometric accessory showed 
that when we swivel the object to a certain degree, 
some of the twinning planes disappear since they 
are not in a reflecting position, but one can 

observe distinctly the particles which decorate 
them. By the use of this peculiar decoration mode, 
the exact number of twinning planes {1 1 I} per- 
pendicular to the substrate can be established. 
However it must be stressed that the extent of 
inclusion of the particles varies, which suggests a 
difference in the activity of the twinning planes. 

The effect upon the dissolution pattern caused 
by the blocking of the twinning planes by the 
particles was studied by plating nickel coatings 
from a Watt's bath under identical conditions in 
the presence or absence of particles. The samples 
were subjected to 90 s anodic etching in an ethyl 
alcohol-phosphoric acid electrolyte at current 
density of 2 A dm -~, followed by CEM investi- 
gations. 
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Fig. 5. Change in the corrosion resistance with time 
according to the 'corrodkote' test. Curve I, bright 
nickel 28 ~zm thick and chromium 0.5/am; 
curve 2, bright nickel 25 #m thick, codeposited 
nickel 3/*m and chromium 0.5/~m; curve 3, 
codeposition nickel with thickness 10 #m chromium 
0.5/~m. 

Fig. 8a shows clearly that in a coating free of  
particles, the twinning planes are the active sites of  
dissolution, while in the presence of  particles 
(Fig. 8b) this phenomenon is not observed and the 
coating dissolves uniformly. Therefore it is likely 
that the inclusion of  particles leads to the blocking 
of  the active sites and dissolution proceeds slowly, 
due to this 'inhibitive' effect. 

It is quite possible that this phenomenon is 
present in the nickel coating with the same texture 
and very fine-grained structure, i.e. a case very 
similar to the practical applications, as for instance 

Fig. 7. TEM photographs of nickel codeposited with 
particle size 20 nm at 1 MeV (X 65 000). 

with the addition of  1,4-butyn-2-diol to the 
electrolyte. 

The results presented up to now suggest that the 
particles with different size are included at definite 
sites in the nickel coating, thus affecting in a 
different way the improvement of  the corrosion 
resistance of  the system: coarse grains create pores 
in the bulk, while fine-grained particles block the 
active sites of  dissolution. 

It is of  interest to examine the probable develop- 
ment of  corrosion in 10-15 gm thick nickel coatings 
containing particles and compare it with the 
routine 3/~m thick nickel coating containing in- 
cluded particles and 25 tzm bright nickel, tn the 
case of  a 3 ~m coating it is generally accepted that 
corrosion starts from the micropores, and due to 
their large number, the corrosion current is dis- 
tributed uniformly on the surface of  the nickel 
plate. With the broadening of  the corrosion pits in 
the nickel layer, possibilities are created for the 

Fig. 6. TEM photographs of nickel coat- 
ings with texture <2 1 1> deposited in 
the presence of butyn-2-diol- 1,4 
(X 195 000). 



540 ST. RASHKOV AND N. ATANASSOV 

Fig. 8. (a) CEM photographs of nickel coatings after anodic etching (• 32500); (b) CEM photographs of nickel 
codeposited with particle size 20 nm after anodic etching (• 32 500). 

corrosion process to reach the substrate, due to 
the substantial number of active centres of 
dissolution (the {1 1 1} planes perpendicular to the 
substrate). 

Nickel coatings 10-15/am thick containing 
particles show that the initial corrosion also starts 
at the micropores and since in this case the twinn- 
ing planes are blocked, the corrosion process 
should develop slowly along the metal-particle 
boundary. Fig. 9 shows that when a particle con- 
raining nickel foil is stripped and becomes thinner, 
dissolution really occurs around the particles, i.e. 
the metal-particle boundary is an anodic region. 
Since the number of particles in the bulk of the 
coating is enormous, probably due to the pene- 
tration of the corrosion process in depth, a con- 
tinuous redistribution of the corrosion current 
occurs on an ever increasing anodic area. This in 
the long run leads to a substantial suppression of 
the corrosion rate. 

Fig. 9. TEM photographs of nickel codeposited with 
particles having maximum size 1.5/~m after disolution 
(X 6500). 

This mechanism, regardless of the fact that 
under normal conditions sulphur-containing 
organic additives are also present (leading to 
sulphur inclusions in the coating) is confirmed to 
a certain extent by the experimental results in 
Fig. 10 which shows the change in the corrosion 
resistance with time carried by the 'corrodkote' 
test method. These data suggest that in the system 
10/am bright nickel and 3/am nickel containing 
particles, corrosion starts rapidly (curve 1) when 
compared with a 10/am thick plate, which con- 
rains numerous inclusion particles in the bulk 
(curve 2). 

Future investigations will investigate the 
mechanism in greater detail. 
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Fig. 10. Change in the corrosion resistance with time 
according to the 'corrodkote' test. Curve 1, bright nickel 
10 ttm thick, codeposited nickel 3/~m, chromium 0.3 tzm, 
chromium 0.3 #m; curve 2, nickel codeposited with 
thickness 10/zm, chromium 0.3 ~m. 
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