Effect of Additive Conversion on Internal Stresses
In Nickel Deposits

By A. Bodnevas and J. Zahavi

The effect of aromatic sulfo compounds on the internal
stresses in nickel deposits is governed by the degree
of their conversion into intermediates and the extent of
their incorporation in the deposits. In the case of
thiourea, the internal stress changes as a function of
its concentration, corresponding to the extremes in its
conversion kinetics. An analogous pattern was
observed in class Il brighteners—the lower the degree
of hydrogenation of the additive, the stronger its effect
on the internal tensile stress. The internal stress in
deposits obtained in the presence of a mixture of
additives was found to depend on their competitive
adsorption, with attendant changes in conversion
kinetics and in incorporation of the constituent
additives. Knowledge of these regularities permits
optimized design of additive compositions in terms of
minimal internal stress.

The nature of the internal stress of the deposits is
one of the most important physico-mechanical fea-
tures of nickel electroplating.*® It depends on the
composition of the electrolyte and on the plating regime.**3
Class Il brighteners—depending on their type and concentra-
tion—are known to increase the stresses sharply,*#1216 to the
point of cracking.'” By contrast, class | additives are known to
reduce internal tensile stress; saccharin, p-toluene sulfona-
mide, benzene sulfonamide, naphthalene trisulfonic acid and
certain other compounds have gained widespread applica-
tion in this context.!21%1825 Dijvalent sulfur is an important
factor in this: Thiourea and its derivatives are known to induce
drastic changes—depending on their concentration—in the
internal stress of nickel deposits.192%26
Various hypotheses have been advanced with regard to

the conflicting effects of the two classes, 27927 but there are
no general criteria at present for evaluation of additives (and
their possible combinations) in terms of minimal internal
stress. The difficulty in pinpointing the relevant mechanism
undoubtedly stems from the complexity of the electroplating
process, which involves high overvoltages and evolution of
hydrogen.?®32 Under such conditions, most additives of both
classes undergo conversions in the adsorbed layer, which in
turn determine the degree of inhibition and incorporation of
the additives and their decomposition products in the depos-
its_33-51

In this study, the interrelationship of the behavior of the
additives in the adsorbed layer, the degree of their conver-
sion, and their effect on internal stress, was investigated in
this context.

Experimental Procedure

The experiments were carried out with a Watts-type electro-
lyte, composition (g/L): NiSO,-7H,0, 280; NiCl,-6H,0, 45;
H_BO,, 30; without forced agitation. The compounds used as
brighteners of both classes are listed in the table. The internal
stresses were determined contractometrically and calculated
from the deflection of the free end of the strip cathode in the
course of the electroplating process.%? The consumption rate
of the additives was determined from the changes in their
concentration. The incorporated sulfur was determined spec-
trophotometrically,5 and the carbon, volumetrically.>* The
incorporation rate of these two elements from thiourea was
determined radiometrically, using the *C and *S isotopes.*®
Incorporation of acetylene-based additives and their conver-
sion products was determined by gas chromatography, pre-
ceded by ethyl-ether extraction.5®
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Fig. 1—Dependence on additive concentration in
Watts electrolyte of internal stress level in nickel
deposits: (1) without additive; (2) sodium benzene
sulfonate; (3) sulfanilic acid; (4) benzene sulfona-
mide; (5) p-amino benzene sulfonamide; i,, 2 A/
dm?; 20 °C, pH 4.
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Fig. 2—Effect of incorporated sulfur content on
internal stress level in nickel deposits made from
solutions containing: (1) sodium benzene sulfonate
(°), sulfanilic acid (), benzene sulfonamide (4); (2)
p-amino benzene sulfonamide; i,, 2 A/dm?; 20 °C,
PH 4.

Fig. 3—Dependence of incorporation rate of (1)
sulfur; (2) carbon; and of consumption (3) and
incorporation rate (4) of p-amino benzene sulfona-
mide on its concentration; i,, 2 A/dm?; 20 °C, pH 4.
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Fig. 4—Dependence of cathode polarization on
additive concentration in Watts electrolyte: (1) so-
dium benzene sulfonate; (2) sulfanilic acid; (3)
benzene sulfonamide; (4) p-amino benzene sul-
fonamide; i, 2 A/dn?; 20 °C, pH 4.
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Fig. 5—Effect of additive concentration in Watts
electrolyte on internal stress level in nickel depos-
its: (1) without additive,; (2) p-amino benzene sul-
fonamide; (3) aniline; (4) 50 mg/L aniline; (5) p-
amino benzene sulfonamide in the presence of 50

mg/L aniline; i, 2 A/dm?, 20 °C, pH 4.

Fig. 6—Effect of thiourea concentration in Watts
electrolyte on internal stress level in nickel depos-

its; i, 2 A/dmz, 20 °C, pH 2.5.
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Results and Discussion

Figure 1 shows that the benzene sulfonic acid derivatives
differ in their internal stress effect. Three of them—sodium
benzene sulfonate, sulfanilic acid and benzene sulfona-
mide—reduce the stresses. The action of the last-named
compound is especially strong, actually transforming tension
into compression.

Introduction of an amino group, in the para position, into
benzene sulfonamide drastically alters the effect. For ex-
ample, even minute concentrations of p-amino benzene
sulfonamide cause a steep increase in the tensile internal
stress (Fig. 1, curve 5). Comparison of these data with those
of consumption, conversion and incorporation of sulfo addi-
tives, indicates a close connection between the degree of
their conversion and their effect on internal stress. According
to Zheimyte et al.,* they undergo complete decomposition on
the nickel cathode and only the sulfur is incorporated in the
deposit, so that in the absence of counteractive factors, the
sulfur content determines the magnitude and sign of the
internal stress (Fig. 2, curve 1). The absence of such a
dependence, combined with increase of the internal stress
with sulfur content, in the case of p-amino benzene sulfona-
mide (Fig. 2, curve 2) and of other additives indicates,?21%
however, that their interaction with the cathode is rather more
complex.

Figure 3 shows that an amino group in the benzene

sulfonamide molecule drastically increases its rate of con-
sumption and that of incorporation of sulfur, carbon, and p-
amino benzene sulfonamide molecules (curve 4). It was also
established that some of the carbon belongs to an intermedi-
ate—aniline—which undergoes partial desorption and passes
into the solution. This indicates that adsorbed p-amino ben-
zene sulfonamide molecules are dissimilarly affected on
different active centers of the cathode. Some are incorpo-
rated as they are; others undergo partial decomposition into
intermediates with sufficient adsorbability; still others decom-
pose completely, so that only nickel sulfide is incorporated.
The lower degree of conversion of the p-amino benzene
sulfonamide molecules tends to cause greater coverage of
the cathode surface, compared with the other additives men-
tioned earlier, and is reflected in increased polarization (Fig.
4) and in alteration of the crystalline structure. This effect
largely offsets the opposite action of the incorporated foreign
particles, and no internal stress reduction is observed as the
sulfur content in the deposit increases (Fig. 2, curve 2).
According to Zheimyte and Matulis,* aniline is a strong
inhibitor and its formation and presence on the cathode
merely augment the action of the original additive (Fig. 5).
The relationship between the degree of conversion of the
additives and their internal stress effect also provides an
indication of the extreme behavior of the internal stress
curves as function of the concentration of the thio addi-
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Fig. 7—Effect of thiourea concentration in Watts
electrolyte on: (1) brightness; (2) leveling; (3) cath-
ode polarization of nickel; i, 2 A/dm?; 20 °C, pH 2.5.
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Fig. 8—Dependence on thiourea concentration in
Watts electrolyte of incorporation rate of: (1) sulfur;
(2) carbon; i, 2 A/dm?, 200 °C, pH 2.5.

Fig. 9—Effect of thiourea concentration in Watts
electrolyte on: (1) incorporated carbon and sulfur
(C:S)ratio; (2) brightness of nickel deposits; i,, 2 A/
dnm?; 20 °C, pH 2.5.
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Fig. 11—Dependence of internal stress level in
nickel deposits on additive concentration in Watts
electrolyte: (1) without additive; (2) butynediol; (3)

Table
Organic Additives Used @
300 ©
© jeXd
Name Formula <
i 200- Q31
Sodium benzene sulfonate C,H,SONa o
Sulfanilic acid NH,C.H,SOH 7 | o.2r
Benzene sulfonamide C,H,SONH, E IOOI— ol
p-amino benzene sulfonamide  NH,C.H,SO,NH, 5 P
Saccharin CGHA/ S F 1% 00 1000
\SOZ/ Conc., mg/L
Aniline C,H;NH,
Thiourea NH,CSNH, Fig. 10—Effect of thiourea concentration in Watts
Butynediol HOCH,C=CCH,0H  electrolyte on: (1) incorporated carbon and sulfur
Propinol (2-propyn-1-ol) HC=CCH,0H (C:S) ratio; (2) internal stress level in nickel depos-
Quinaldine CHN its; i, 2 A/dm?; 20 °C, pH 2.5.
Acetonitrile CHCN

tives.'*Z Figure 6 shows that at low thiourea concentrations,
the internal tensile stress increases; at somewhat higher
concentrations, it drops steeply, and eventually increases
again. A similar trend is observed for other properties of the
deposits obtained with this additive (Fig. 7). The first maxi-
mum in the brightness, leveling and cathode-polarization
patterns appears at 5 to 10 mg/L thiourea; upon increase to
50 to 100 g/L, the brightness drops sharply, the cathode is
depolarized and negative leveling sets in; upon further in-
crease, the brightness and leveling reappear and the polar-
ization increases.

The reason for this non-linear behavior was sought in the
conversion kinetics of the additive. Figure 8 shows that the
rate of sulfur incorporation increases linearly with additive
concentration (curve 1) and coincides with that of its con-
sumption. Rather more complex is the kinetics of carbon
incorporation, which proceeds at all concentrations, at a rate
lower than that of the sulfur, which is a consequence of
breaking of the CS double bond. The nonlinearity of the
pattern of carbon incorporation (curve 2), comprising three
distinct regions, is thus dictated by that of its sulfur counter-
part. Accordingly, the C:S ratio in the deposit was determined

quinaldine; (4) propinol (2-propyn-1-ol); (5) sac-

charin; i, 2 A/dm? 20 °C, pH 4.

K

as the measure of conservation of the thiourea as it passes
from the solution into the deposit. Figure 9 shows that in the
1-t0-400 mg/L range of the additive, the C:S ratio curve has
a well-defined minimum around the 90 mg/L point (curve 1),
as do the brightness and internal stress curves (Fig. 10). The
brightness and leveling curves and the ratio curve begin to
diverge only at both concentrations, but this is attributable to
excessive coverage of the cathode by undecomposed thio-
urea and to onset of the limiting discharge current of the nickel
ions.

The dissimilar behavior of the additives in the adsorbed
layer indicates also the internal stress effect of the class Il
brighteners. Figure 11 shows that the widely used butynediol
has almost no effect up to 500 mg/L without agitation; a steep
increase of the tensile internal stress sets in only at high
concentrations. By contrast, propinol (2-propyn-1-ol) and
quinaldine strongly intensify the stresses already existing at
low concentrations, almost doubling them at 50 to 100 mg/L,
above which the deposits actually crack. These data, corre-
lated with the consumption, conversion and incorporation
patterns of the above additives, clearly demonstrate the
interlinkage of the processes in question. Accordingly, propinol
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Fig. 12—Dependence of internal stress level in
nickel deposits on additive concentration in Watts
electrolyte: (1) quinaldine; (2) quinaldine + 1.244
mmol/L saccharin; (3) 1.24 mmol/L saccharin; i,, 2
A/dm?; 20 °C, pH 4.
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Fig. 13—Dependence of consumption rate of 1.24
mmol/L saccharin (1) and incorporation rate of
sulfur (2) on quinaldine concentration in Watts
electrolyte; dotted lines—consumption rate of 1.24
m m o i / L
saccharin (1') and incorporation rate of sulfur (2°)
without quinaldine; i, 2 A/dm?; 20 °C, pH 4.

Fig. 14—Dependence of internal stress level in
nickel deposits on additive concentration in Watts
electrolyte: (1) acetonitrile; (2) acetonitrile + 1.24

mmol/L saccharin; (2') 1.24 mmol/L saccharin; I
A/dn?; 20 °C, pH 4.
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and quinaldine are less sensitive to cathodic action than
butynediol; according to Matulis et al.,*” only three percent of
the molecules of the latter are incorporated, compared with
30 percent for propinol; the percentage for quinaldine is also
high.5tInthese circumstances, these two additives, as well as
others exhibiting conversion lower by one order of magnitude,
compared with butynediol, are stronger inhibitors of the
cathodic process. They bring on sharp increase of the polar-
ization and change the relation between the rates of hydrogen
evolution and nickel deposition.

Eventually, the amount of hydrogen in the deposit in-
creases, the structure of the deposits and the amount of
crystal dislocations change, and the tensile internal stresses
are intensified. This trend can be counteracted by supple-
menting the electrolyte with sulfur-based class | brighteners
which, used separately, cause drastic reduction of the stresses.
Their effectiveness, however, depends also on the degree of
conversion of the other additives. Figure 12 shows that the
internal stress-reducing action of saccharin is in evidence
only in the presence of small amounts of quinaldine; at higher
concentrations of the latter, the effect vanishes (curve 2
almost coincides with curve 1), with the attendant changes in
their interaction and degree of conversion. Admixture of as
little as 7 mmol/L quinaldine drastically increases the rates of
saccharin consumption and sulfur incorporation, which reach
a maximum, as shown in Fig. 13. At still higher concentra-
tions, the saccharin is gradually expelled from the cathode,
both rates begin to drop, and the internal stress increases.
Completely different is the internal stress pattern in deposits

obtained with other class Il brighteners, such as acetonitrile
and butynediol (Fig. 14), which undergo more significant
conversion than quinaldine. Their hydrogen-desorbing action
is stronger and their coverage of the cathode is low, so that
the expulsion of saccharin is weaker, leaving sulfur incorpo-
ration in the deposit unimpeded over a wide range of additive
concentrations.

Finally, it should be emphasized that the observed connec-
tion between the internal stress and the degree of conversion
of the additives and their mixtures is of more than purely
theoretical interest. Through this connection, mistakes can
be avoided in designing additive compositions for high-
quality brightened nickel deposits with minimal internal stress.

Conclusions

1. Aromatic sulfo compounds thatundergo complete decom-
position on the cathode, with only the sulfur incorporated
in the deposit, reduced the internal stress in accordance
with the amount of sulfur.

2. Introduction of an additional functional group, such as
NH,, alters the interaction kinetics of the compounds with
the cathode, whereby the consumption and incorporation
rates of the original molecules and of their decomposition
products are increased. This is reflected in stronger inhibi-
tion of the crystallization process and in intensification of
the tensile internal stress.

3. Inthe presence of thiourea, the internal stress, the polar-
ization effect, and the brightness and leveling of the depos-
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its are governed by the undecomposed part of the additive.
These characteristics are a function of the C:S ratio in the
deposit, which in turn is a measure of conservation of the
incorporated thiourea.

4. In deposits obtained in the presence of class Il brighten-
ers, the internal stresses are determined by the rates of
adsorption and hydrogenation of these brighteners on the
cathode. The lower the hydrogenation rate, the stronger its
inhibitory action, which alters the crystalline structure and
the number of dislocations, leading to hydrogen intake and
intensification of the internal stress. The best compounds
of this class are the ones that, over a wide range of
concentrations, do not inhibit adsorption of their class |
counterparts used for reducing internal stress. Knowledge
of these constants permits optimized design of additive
compositions for high-quality nickel deposits with minimal
internal stress.
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