Cathode Process

By D. Golodnitsky, N.V.

Electroforming is a specialized application of electroplat-
ing for the production of finished components and unique
articles that cannot be made by any other method
Sulfamate electrolytes for Ni-Co deposition form highly
efficient and stable solutions, but their wide use for
electroforming has been hampered by the fact that the
mechanism of Ni? and Co" codeposition is as yet imper-
fectly understood. Study was made of the effect of electrg
lyte composition and operating conditions on the Ni-Cqg
alloy constitution and the mechanism of its electrodepo
sition. It was shown that the Faradaic efficiency of the
deposition is characterized by a complicated dependeng
on pH with a maximum of 98.5 percent at pH 3.5to0 3.8
The concentration of cobalt in the deposit decreases by &
much as five to seven percent for a pH rise from 2 to 5.2
A minor increase of cobalt concentration in the electro-
Iyte is followed by a steep rise in the cobalt content of th
alloy. At a ratio of cobalt to nickel of 0.1, the alloy containsg
45 percent cobalt; at equal cation concentrations, the
alloy contains 73 percent Co. This is because of the fast
kinetics of Co" reduction. By rotating-disk-electrode

and chronopotentiometric methods, it was demonstrated
that the rate-determining step of alloy deposition is the
electrochemical reaction, complicated by adsorption. Itis
believed that the codeposition of Ntand Ca*is explained

by the formation of heteronuclear surface complexes with

sulfamate anion as the bidentate ligand. The alloy struct

ture and physical and mechanical properties, such a
hardness, internal stress, tensile strength, elongation an
thermal stability were also studied. An optimum was
found between alloy characteristics and operating condi
tions. Parts having complex shapes (molds, miniaturg
nozzles and other electronic and aircraft components
were produced by Ni-Co electroforming.

Recent developments suggest that the engineering
electroforming applications of nickel and nickel-alloy pl
ing are becoming increasingly important. Composite ¢
ings, electroplated carbon/graphite fibers, electroforr
molds, printed-circuit boards—these are only a few
amples of nondecorative uses of nickel. Electroforming
specialized application of the electroplating process ¢
cerned with the fabrication of complex parts and compon
that cannot be made by any other method. Modern app
tions of electroforming are diverse and may be categoriz¢
follows: (1) tools, including molds and dies, diamond-cutt
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-0.230 and -0.270 V vs. NHE, respectively. Accordingly, it
would be expected, thermodynamically, that Ni, the more
noble metal, would deposit preferentially; however, the re-
verse is found to be true. The discharge rate of the more noble
componentis inhibited, and this causes the appearance of the
* less noble component at a much higher ratio in the deposit
than in the electrolyte. Anomalous codeposition of binary
-iron-group alloys has been widely discussed by many inves-
tigators$-2°but the mechanism is far from being understood.
- It was assumed that formation of the less noble metal is
favored in aqueous solution and that metal hydroxides (MOH
eare the important charge-transfer species. Mattlial**
suggested that at pH above 4, nickel deposition occurs mainly
aghrough the discharge of NiOHons. Dahms and Créil
.showed that anomalous deposition occurred when the hydro-
gen limiting current was exceeded. A mathematical model
e for anomalous codeposition of nickel-iron on a rotating disk
has been developed by Hessami and Tobi&asaki and
2 Talbof found that this model was unable to characterize fully
eleither Ni-Co or Co-Fe electrodeposition. With minor changes
to the hydrolysis constants, however, the model predictions
greatly improve the fit for the Ni-Co results. Contrary to the
results presented above, Glasstéfaind that the potentials
of Ni*2, Co2 and Ni-Co deposition are pH independent and
that the Ni-Co reduction potential lies between thg &lid
Co?potentials. A strong case can be made for the hypothesis
that depolarization and overpolarization effects on alloy
5 deposition depend on the potential of zero charge, on the state
dof the cations in the electric double layer and adsorbed ad-
atomst’°
Deposition of Ni-Co alloys has evolved from hard, brittle
2 deposits produced in Watts-type sulfate and chloride electro-
lytes to ductile deposits produced in sulfamate electrolytes.
Mechanical and physical properties are determined by alloy
aofhposition, which in turn is controlled by the electrodepo-
alsition variables. Considering that Ni-Co platings in sulfamate
Daftectrolytes afford good mechanical properties at a high
neléposition rate (7 to 2Am/min), compared to Watts or
exhloride bathg2-?"it was of interest to estimate the possible
iSraportance of sulfamate-anion effect on the cathode process.
on-tis our purpose to contribute to elucidation of the effect of
estdfamate electrolyte composition on the codeposition of
lish=2 and C¢?, to investigate the mechanical properties of the
2childy, and to optimize the bath composition and operating
ngarameters for electroforming of parts having complex shapes

bands, (2) mesh and foil products, such as filters and razat other components.

screens; and (3) other products, such as space mirrors,
optical parts, bellows, radar and waveguitfeBhe possibili-
ties for innovation in this area are far from being exhaus
Nickel-cobalt alloys are widely used for electroformir
owing to their magnetic and high tensile properties.
From a theoretical point of view, Ni-Co alloy plating
interesting, as it exhibits anomalous codeposition, that ig
less noble metal deposits preferentially to the more n

metal
Experimental  Procedure
tethch experiment was carried out in a fresh solution. Solu-
dions were prepared just before each experiment by dissolv-
ing the requisite amounts of the metal sulfamates in distilled,
isleoxygenated water. The concentration ranges studied were
, these normally encountered in industrial plating. Boric acid
Dlples used to adjust the pH. After each solution was transferred

one. The standard equilibrium potentials of Ni and Co

February 1998

atethe cell, it was sparged with argon for at least 30 min. An
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Fig. 1—Surface pH (1) and pH bulk (2,3) vs. current density in NitC

sulfamate solutions (mmol): 1, 2 *N1120, Co? 70; H,BO, 328, NaCl 69;
3 - Ni? 1120, C¢? 70, NaCl 69 at 25C.

argon atmosphere was maintained over the solution
inhibit the absorption of oxygen. The nickel and col
content of the electrolytes was determined spectroph
metrically.

Electrodeposition experiments were performed wit
three-electrode system consisting of a platinum coun
electrode, saturated silver chloride (SCE) reference elect
and a platinum rotating disk (RDE) working electrode (g
= 0.28 cm). The electrode rotation rates varied from 20
200 rpm. A three-compartment cell was used with the rg
ence electrode connected to a Luggin capillary positione
the flow field. The ohmic polarization drop did not exceed
to 15 mV and was taken into consideration. A potentios
galvanostat was used to control the potential in the dej
tions. Potentiodynamic measurements were performed
slow sweep rate of 400 mV/min. To determine partial g
rents of Ni2 and Ca? reduction and Hevolution, 7 to 10
equidistant points were selected in the overall polariza
curve. Each potentiostatic electrodeposition correspon

rinsed with a solution consisting of a 4:2:1 volume ratio of
sulfuric acid, nitric acid and water, respectively. This was
followed by a thorough rinse with distilled deionized water.
The platinum disk was cleaned by immersion in 0.5 M
NH,SOH and sweeping from -0.2 to 1.3 V for five min.
Copper plates had been previously cleaned in alkaline solu-
tion, etched in 15-percent, 80, for 15-20 sec and thor-
oughly rinsed with distilled deionized water. The bath tem-
perature varied from 22 to &2 °C.

The measurements of surface pH were performed
galvanostatically by the use of a nickel-hydrogen reversible
electrodé® and calculated from Eq. (1).

pH, = E/0.058 Q)

(0]

where E is the electrode potential determined from potential
drop curves at 0.02 sec after current interruption.

The formation of N and Cd? complexes with sulfamic
satid has been studied by nuclear magnetic relaxation (NMR).
daithe investigations were conducted over a wide range of
oteagent concentrations and solution acidity.

Metal distribution was studied in a 150-mL Haring-Blum
1 cell and calculated from Eq. (2).
ter-
rodg = log L/log M 2
rea
Wwhere L is the ratio of cathode spacing and M is the ratio of
feleposit weights on the near and far electrodes. According to
ddnin at ideal metal distribution, log M = 0, Ac; when
YBere is no secondary distribution, A = 1 and, in the absence
tat/ deposit on the far electrode, A = 0.
posiTensile tests were carried out at room temperature on a
a&oastant crosshead machine, type MP-05, at a speed of 3.33
ux-10% cm/sec on 20Qam-thick samples. The deposits were

electroformed nonadherently on flat stainless steel cathodes
tiand removed mechanically, care being taken not to deform
dithg specimens severely while removing them. Hardness was

to the chosen points was terminated after the amou

tneéasured with a microhardness tester, using a 100-g load.

charge passed into the solution was approximately equalridentations were made on the |B®-thick deposits. Inter-

1.0C. The actual value
of the total charge ac-

cumulated was mea- . Table 1 . 5
sured by a coulometer. Composition  of Sulfamate  Electrolytes for NiCo Alloy Deposition
Mechanically pol- " "
ished, disk copper MOO Electrolyte Composition C(-)z to Total
plates were used as # mmol NF* conc. of
cathodes in quantita- _ ratio salts, mmol
tive studies. After 50 Ni(NHSO,), Co(NHSO,), H;BO,
pm-thick deposition,
the samples were 1 1155 35 328 0.032 1190
washed and dried. The 2 1120 70 328 0.062 1190
electrodeposited alloys 3 1083 108 328 0.1 1190
were analyzed for co- 4 954 238 328 0.25 1190
balt and nickel by an 5 596 594 328 1.0 1190
X-ray fluorescence 6 1120 70 82 0.062 1190
method. For each set 4 1120 70 164 0.062 1190
of electrodeposition 8 1120 70 656 0.062 1190
conditions, duplicate 9 160 10 47 0.062 170
or triplicate runs were 10 640 40 187 0.062 680
11 1440 90 420 0.062 1530

performed.

Prior to each experi-
ment, the glassware
and disk were pre-
treated. Glassware was
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All electrolytes contain 69 mmol NacCl.
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Fig 2a—Ni? relaxation efficiency coefficient vs.*Niconcentration in
sulfamate solution, pH 3.1.

nal stress was measured by a Brenner-Sendg
contractometer on depositsil® thick and by X-ray diffrac-
tion on 100pm-thick deposits. Two X-ray pictures at p
mary beam angles of 0 and®»@ere taken from every samp
at 7-8 points. The errors of the measurements of physica
mechanical properties did not exceed percent. Heat
treatment of the 20Qn-thick samples was carried out
200, 400, 600 and 70@. High-temperature oxidation w3
detected at 600, 800 and 10@on 10 hr heating.

Results and Discussion

As was shown previously??: *-32glectrodeposition of iron
group alloys is followed by a local pH rise near the electr,
surface that is favored when, i$ evolved simultaneous|
with alloy deposition. Changes in bulk pH and surface p}
Ni-Co sulfamate electrolyte (pH 3) as a function of polari
tion are shown in Fig. 1. Even though the accuracy of
values obtained near the electrode is not fully satisfactory
rise in surface pH was clearly detected. The acidity chan
most pronounced at high cathode current densities. Whg¢
the pH in the bulk of the solution increases up to 3.4,
surface pH rose to 10 at i = 500 Alrtt should be noted thag
despite the decrease in bulk and surface acidity, sulfal

electrolytes are known to be more stable with pH chandd

than sulfate electrolytes. In the view of BereZh#his
phenomenon may be explained by the possible deproton
effect of the NHSO,” anion at high pH.

Formation of Ni*2and Co"

Complexes with Sulfamic  Acid

The basic constituent of electrolytes under investigation
nickel sulfamate, Ni(NEBO,),, a salt of a strong monobas
sulfamic acid, NHSO,H, which is similar in structure tq
sulfuric acid, with one hydroxyl group replaced by an am
group. A spectroscopic study of the nickel sulfamate bath
undertaken by Krishnaswaniyand the formation of N
sulfamate complexes was demonstrated. There are
discrepancies between these results and research dg
ported by Berezinat al,** who indicated the absence of N
complexes in sulfamate solutions. It was therefore of inte
to study the possibility of complexation reactions of@od
Ni*2with sulfamic acid, especially at high reagent concen
tions, over a wide range of solution acidity. We stud
complex formation by NMR. The dependencies of the re
ation efficiency coefficient (K) of Ni*? and C¢? on pH and
concentrations of reagents are shown in Figs. 2a and 2
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Fig 2b—Ni? (1, 2) and Co (3) relaxation efficiency coefficients vs. pH in
sulfamate solutions (mmol): 1 - Ri571, NHSQH 1200; 2 - Ni? 5,
NH,SQH 384; 3 - Ce?-5.2, NHSOH 1200.

rgipder investigation is almost constant up to pH 6, indicating
that there is no formation of nickel or cobalt sulfamate
jcomplexes, or that any complexes formed are weak and
gunstable. It is believed that there is an outer-sphere interac-
| iR Mmechanism between the sulfamate anion antiaxd

Co?through the delocalized protons of water molecules. The
afquo complex of N? has Ky = 650 L/mol sec, and the rise
isin K, above this value in strong acid solution may be
associated with proton exchange between the first coordina-
tion sphere and the bulk of the solutin.

| Study of the Electrode Processes

ofactors investigated in Ni-Co deposition included electrolyte
>,concentration, current density, pH, temperature and surface-
L @a¢tive additives. The various compositions of sulfamate
v glectrolytes were examined and are listed in Table 1. The
ngncentration of N varied from 160 to 1400 mmol; C

,Was 10 to 600 mmol; & , 50 to 700 mmol. All of the
gé®utions contained 7 mmol NaCl. Alloy films were depos-
sided potentiostatically onto the platinum rotating disk
tgtectrode (RDE) from nickel (C, = 1120 mmol), cobalt

t (C.,.= 70 mmol) and Ni-Co (#2, Table 1) sulfamate baths at
mialie 3.0. As the electrode rotation rate) (is increased, a
gady rise in the current density is observed at cathode
potentials over -0.7 V for Ni, Co and Ni-Co electrodeposition
L8625°C. The extrapolatedd'? straight line does not pass
through the origin (Fig. 3). This indicates that the deposition
proceeds under activation and mass transport control. Also,
there is generally a deviation of the Tafel slope at high
cathodic polarization. This cannot be explained by diffusion
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Fig. 3—Levich plots of i ves*2in nickel-cobalt sulfamate electrolyte at pH
03/ ,Stemp 25°C and polarization potential, V: 1 - (-0. 65), 2 - (-0.7),

may be seen from the plots, the, Kor all of the solutions
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3-(-0.8), 4 - (-0.9).
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Fig. 4a—Current efficiency (1, 2, 3) and Ni-Co alloy composition (4, 5) vsig. 4b—Ni-Co alloy current efficiency vs. current density in sulfamate
bath temperature in sulfamate electrolyte #2 at pH 3.3 and current densitégctrolyte #2 at pH 3.3 and bath temperaturi, 1- 55; 2- 25.
(A/m?): 1, 5-500; 2, 200; 3, 4-50.

limitations alone, inasmuch as the experimental results Ww€re the other hand, at pH 4.5-5 the formation of electrochemi-
obtained at a small percentage (less than 40 percent) pfdakly inactive complexes, such as M(QHM,O), , in the
limiting current for Ni, Co and Ni-Co electrodepositignvicinity of the cathode is one of the reasons for the lower
Moreover, an increase of rotation rate by a factor of gighirrent efficiency of the alloy.
caused the cathode current density to rise by a factor of onlyrhe quality of deposits at pH bulk lower than 2.0 was
1.5t0 2. Itis believed that this phenomenon may be relateditacceptable because rapid hydrogen evolution interfered
the preceding chemical reaction (a descending curvewith regular crystal growth, resulting in porous and dull
iw?2i dependence) or to the formation of a - 35
film adsorbed on the electrode surface. — e

To study the kinetics of Ni-Co electrodepo:= ""-_7_,-_,__':-_---'“.'.;;;\ L
sition, the method of partial polarization;, g P e :
curves onto a stationary electrode was use8. %5 P o T
With rise in bath temperature from 25 to 602
°C, the alloy and cobalt current efficienciess.
increase, while there is no noticeable chang® g
in Ni current efficiency (Fig. 4a). Within the ‘&
range of current densities studied (200 t&
1500 A/m), the alloy current efficiency in- E W
creases with increasing current density up tg
96 percent at i = 1000 AArand 25°C. A &
further increase in current causes the Ni-Co
current efficiency to fall to 89 percent (Fig. 8¢

Cobalt content, %

4b). The cobalt content is inversely propor- 2 25 a LT 4 45 5
tional to the applied current density over all pH
temperature and pH ranges under InVeStlga'Fig. 5—Current efficiency and composition of the Ni-Co alloy vs. pH in electrolyte #2 at 55

tion. °C and i (A/dr#): 1- 50, 2- 200, 3- 500.

Changes in partial current efficiencies are
usually more pronounced with acidity varia-
tions. The plots of alloy and component cur-
rent efficiencies go through a maximum in
the vicinity of pH 3.3 (Fig. 5). With increase,  &p +
in pH from 2 to 3.3, cathodic polarization af.
Ni-Co deposition decreases. The curvés
shifted toward a more positive value and t 80 T
rate of Co? and Ni? reduction became 1.4
and 1.6 times as great, respectively, as atpH 4p L
2. In acid solutions, the discharge ofd £
proceeds simultaneously with iron-grougs
metal deposition. Once the local pH near the 2 T
electrode surface is about 7, hydrogen evolu-
tion can take place by the reduction of water

100

o content in the alloy, %

R . o —_— | . e 0
molecules. The activation energy of this pro- L
cess is 9 kcal/mol greater than fojQH re- 0 50 100 150 200 250 300 350 400
duction, and this is responsible for the in- Tatal concentration [NE2[Co+2], mmol

crease in the partial efficiencies of nickel and-ig. 6—co2, (1, 2), N2 (4, 5), Ni-Co alloy current efficiency (7, 8) and cobalt content (3, 6)
cobalt and decrease of cathodic polarizatiorvs. total cation concentration in sulfamate electrolytes # 9, 2, 10, 11 at pH 3.3 &ad 55
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Table 2

Matrix of Experiment Design

X 1 X2 X3 VY1 Y1 Y1 VYo ) B Vs Y3 s Vs Vs Vs
Co:Ni i pH " H, He o, o, o, o, - o, CE1 CE2 CE3
0.025 200 22 28 2.9 3.08 0.76 0.80 0.73 60 61 60 81 83 81
006 200 22 336 318 342 091 0.87 090 58 60 57 85 86 87
0.025 800 22 261 258 250 066 063 069 75 73 73 91 92 90
0.06 800 22 288 3.1 3.1 0.84 083 0.76 72 70 69 93 93 94
0.025 200 51 368 380 368 070 065 0.66 100 98 101 86 87 86
006 200 51 393 394 420 092 085 082 100 102 96 91 91 89
0.025 800 51 338 3.09 326 081 083 082 135 130 139 81 79 83
006 800 51 344 370 360 0.74 0.77 075 140 135 132 828 84 80
Y, - microhardness (i), GPa
Y. - tensile strengtha), GPa the rate of C&# and Ni? reduction increased

Z ! gthay by factors of 18 and 6, respectively.

; The anomalous behavior of iron-group met-

Y, - internal stressa( ), MPa .

S X,) als can best be appreciated from study of the
Y, - alloy current efficiency (CE), % effect on a_Ion deposmo'n of the ratio of Ni to

4 Co, and this factor received our primary con-
X - cation conc. ratio in sulfamate electrolyte (Co:Ni) sideration. From Fig. 7, it is obvious that the

X, - Current density (j, A/nv

X,-pH

Regression equations
y, =3.3+0.18X-0.19X + 0.34X

y, = 0.78 + 0.05X- 0.018X, - 0.03XX, - 0.02XX,, + 0.028%X,

y, = 915 + 12%- 25.7X, + 5.8XX,
y, = 86.5 + 1.47X- 1.58X - 0.58XX, - 3.7XX,

Hu = 3.9 GPag = 0.9 GPag, =75 MPa, CE = 94%
Conc. Co:conc. Ni = 0.06, i = 250 A7npH 3.95

deposits. At pH bulk higher than 4.5, powdery deposits V

observed. The maximum in alloy current efficiency at pH

correlates well with low internal stress, as observed

Greené for Ni sulfamate electrolytes and, as we have fo

(see Table 2). The cobalt content in the alloy diminishe

5-7 percent only with the drop of sulfamate solution aci

from pH 2to 5.1. It should be emphasized that the order @

cathodic reactions of Kiand C¢* with respect to OHwvas
found to be close to zero (n~0.2).

As the net concentration of the cations increases, the
becomes enriched with cobalt, the concentration of w
rises from 10 to 32 wt pct (Fig. 6). This effect is m
pronounced at low current densities. Cathodic polarizatig
alloy deposition decreases substantially when the net ¢
concentration is varied from 170 to 1530 mmol (electroly
#2,9-11, Table 1). At a cathode potential of 0.6 V vs. S
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content of cobalt is always higher than that
expected from the cobalt concentration in the
bath. Ataratio of 0.1, the deposit contained 45
percent cobalt, while at a ratio of 1.0, the
cobalt content was 73 percent. Consequently,
for Ni-Co alloys, there is an unambiguous
indication of the inhibition of deposition of
the more noble metal and promotion of the
deposition of the less noble metal. The data
are in good agreement with other investiga-
tors12123¢The alloy current efficiency reaches
a maximum at a cobalt to nickel concentration
ratio in the electrolyte equal to 1:16, which
corresponds to 22-28 percent of cobalt content
in the alloy. The maximum of the current
efficiency is coincident with the formation of
the more sophisticated structure of Ni-Co al-
loy. Further decrease of current efficiency as
afunction of C¢*concentration in a sulfamate
electrolyte may be attributed to the decrease in
hydrogen evolution overpotential for the co-
balt-rich alloys. Partial polarization curves of
va¥g? and CO? codeposition are shown in Fig. 8a,b. It was
3feund that change of temperature and sulfamate bath compo-
bition does not influence the Tafel slope, which isd2MmV
urechd 112+5 mV for Cd? and Ni? reduction, respectively.
sRoom Tafel slope values, it is expected that Ni-Co alloy
dityeposition is a two-stage process, where the rate determining
f #iep is a gaining of the first electron. An additional support for
this assumption is the large apparent activation energy of
alloy deposition (17.2 kcal/mol). The cathode reactions were
alfoynd to be of the first order with respect td?Nind C¢?
hichncentrations.
bre Curves of potential drop following current interruption
nwére investigated to clear up the mechanism of Ni-Co depo-
atéition. The long vertical portion on the potential vs. time
tesirve observed after current interruption may be attributed to
C& high degree of activation limitation of theaction (the
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ohmic polarization in all sulfamate electroly 100 100
under investigation did not exceed 10 mV).
addition, the constant-potential segment occur
the potential drop curves. This can be explaine
the formation of an adsorbed film on the electr
surface. The length of the constant potential
increases with the increase of polarization time
does not depend on the cathode potential ch
from -0.5to -1.1 V (Fig. 9). We assume the po
bility of adsorption on the electrode of complex
such as Ni(H0)*?, Co(H0)", Ni(OH)(H,0)" .,
Co(OH)(HO)",,. The effect of adsorption of met
hydroxides was investigated by Wat$oBrande
and Talbot, Andriacoset al.* Sasaki and Talbdt a0 S S R U S _ 0
and Vagramyan and Fatue¥aas well as by
Glasstone and Symés,Dahms and Crof3 6 0z 04 O0E 08 1 1.2
Matlosz}* Hessami and Tobids,and Harris ant [Co2]mi+2]
Clair.*®* Previous studies of the elemental eIvvFig. 7—Current efficiency (1, 2) and Ni-Co alloy composition (3, 4) vs. cobalt-to-
trodeposition of nickel*-**iron " and cobaff nickel ion conc. ratio in sulfamate electrolyte at pH 3.3, temgG%&nd current
have suggested the monohydroxides as the charggasity, A/ 2, 4- 200; 1, 3- 500.
transfer species. The recent model of anomalous
codeposition of Ni-Fe proposed by Matl&stocused on| hydroxyl anions are not involved in the electrochemical
competitive adsorption effects by means of a two-step redeeaction in sulfamate electrolytes, but that they can affect the
tion mechanism for a single-metal deposition. As was shpwuter-sphere Nf and C? aquo complexes. The effect of
by Berezina?® however, and taking account of the apprgxsulfamate anions would be analogous. The hydration energy
mately zero order of the cathodic reaction of Ni-Co deppsit NH,SQ; is lower than that of S@and its radius is smaller.
tion with respect to OHconcentration, it is believed thatAccordingly, it has a higher ion potential, so solutions of
sulfamic acid have high ionic conductiv-
0.7 ity.“°Moreover, the possibility of adsorp-
tion of sulfamate anions on the electrode

1
DEs T surface cannot be ruled out. We believe
that this phenomenon may be associated
08 T with:
-
w 055 T 1. The effective positive charge of amino-
group protons of the NJ$Q,” anion;
0.5 + 2. The adsorption of agua complexes of
Ni*2 and Cd¢? on the electrode.

28 + 2 T80

- B0

-+ dD

Mi-Co current afficiancy, %

T 20

Co content in the alloy, %

.45 4
The presence of three electron-donating
0.5 i + - i v - centers (atoms of oxygen) in the sulfamate
0.5 1 156 a a5 5 anionwould lead to a decrease in repulsion

log i i, A/m?) of the positively charged Niand C6*aquo
egig, complexes by decoordination of water mol-
Fig. 8a. Partial polarization curves of Cbreduction in sulfamate electrolytes 1-acyles and their substitution by bridging
4 atpH 3.3 and temp = 55. through NHSQ,.. In such a situation, the
sulfamate anion would act as a bidentate
ligand. The generated binuclear complex
would be positively charged and may readily
interact with the electrode surface. An in-
crease in cathodic polarization would be
followed by an increase in the concentra-
tion of surface bidentate complexes and by
the subsequent formation of a hetero-poly-
nuclear complex, and can be attributed to
the chemical reaction preceding the elec-
trochemical reduction. Itis thought that the
formation of such a complex would be
0.45 . ; . : , : favorable for the electrodeposition of Ni-Co
' alloy in sulfamate electrolytes. The presence
1 1.5 2 25 3 of sulfur in the deposit is good indirect evi-
kg i [l A ) dence of sulfamate anion involvement in
Fig. 8b—Partial polarization curves of Rireduction in sulfamate electrolytes 1-the cathodic reaction. The adsorption of
4 at pH 3.3 and temp 5%. sulfamate anion and the presence of sulfur

0.65 4 2 L

-E. W

055 +
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2 Structure, Physical &
Mechanical Propertes  of Ni-Co Alloys
The physical and mechanical properties of the de-
1.5 ¢ - - = posits, the maximum allowable current density and
electrolyte stability are used as basic guidelines in
- deciding which type of electrolyte to employ. There
are additional demands, such as uniform distribution
of current and metal over the cathode surface and
absence of dendrite formation, in the case of electro-
05 + forming of parts having complex shapes. As was
previously shown, the maximum current efficiency
| (98.5 percent) of Ni-Co alloy deposition was achieved
0 | 1 1 | i in sulfamate electrolytes at pH close to 3.3. AtpH 2.2
and 5.1, the alloy current efficiency was 92.3 and
0.5 B o o 0 1 il 2 gos8 percent, respectively (i = 500 Ajm
BV Metal distribution in sulfamate electrolytes, cal-
Fig. 9a—Length ofthe horizontal segment of the potential drop curves vs. polarizatiog )| gted from Eq. (2) changes in a similar way,
potential in sulfamate electrolyte #2 at 25. reaching 0.94 at pH 3.3. Higher bath temperature

5 1 and a decrease in current density to 200 %dnd
total cation concentration to 800 mmol was followed
by an improved logarithmic distribution index of
4 4 = 1.2. It was found that all the 30m-thick deposits
* were practically non-porous.

The correlation of deposition parameters with
microstructural features and mechanical properties
is an important undertaking. The deposited Ni-Co
- alloy containing 20 percent Co, appears to consist of
a4 = a large number of layers, as indicated in the optical

- (440X) micrograph (Fig. 10). The most likely expla-
nation for these striations is that they represent
minor composition gradients. The annealing of speci-
mens in vacuum for two hr at 20Q gives rise to a

0 oo 200 =200 400 500 600 homogeneous, columnar structure typical of nickel.
Polarization bme, sec Well-shaped cuboid particles were observed in the
Fig. 9b—Length of the horizontal segment of the potential drop curves vsdeposits by X-ray diffraction. Alloys, composed of
polarization time in sulfamate electrolyte #2 at Z5 210 40 percent Co exhibited a preferred (110) crystal
growth orientation. The increase of cobalt content
in Ni and Ni-Co platings was determined by Semyergtvafrom 2 to 40 percent was followed by an increase in the lattice
al.*® Auger electron spectroscopy experiments performed pgrameter from 3.524 to 3.620 A and a change of the angle of
Dini and Johnsoft,showed that the sulfur content is about{1@xture de-orientation from 8 to 25t should be mentioned
ppm and it is extremely mobile in the grain boundaries tifat the angle of texture de-orientation of the alloy containing
electrodeposited nickel. Also noteworthy are the highe2o percent cobalt, is only 1,1suggesting very sophisticated
order deposition rates in sulfamate electrolytes and fiteghly ordered) alloy structure.
crystals of Ni-Co alloy, as compared to platings from sulfateHardness is known to be a structure-sensitive property.
and chloride baths. The microhardness values were affected mainly by the ratio

To explain the anomalous codeposition offdnd Cd?, | of concentration of cobalt to nickel, and by the pH of the
let us consider the individual complexes from the stanslfamate electrolyte. The plot of alloy microhardness vs.
point of crystal-field theory. In the light of this
theory, Ni? and Cd? complexes can be
related to coordinative substances, the
structures of which show little sublevel &
splitting, that is, high-spin complexes.
High-spin cobalt complexes are more
typical and would explain the prefer- #&
ential reduction of C8, compared with &
Ni*2, resulting in a considerable exces
of cobalt in the alloy (see Fig. 7). More- T5:
over, high-spin complexes involved in
the reaction would permit a two-step re- =
duction mechanism, which is in complete =
agreement with the experimental Tafel slopes.

length of horizomtal segmeant

L

Length of horizontal sagment
[ |

Fig. 10 — Optical micrographs of Ni-Co alloy: (a) as deposited;
(b) annealed at 600C for 1 hr. a b
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tration solutions, the internal stress of the alloy de-
44 + - ® pends strongly on cobalt content.
= - Strength characteristics are mainly dependent on
- alloy composition. Tensile strength increases almost
4 1 e linearly with increase in Co content, reaching 1.5
GPa, while the alloy ductility decreases (Fig. 12). It
was found that Ni-Co alloys, containing as much as
&6 T = 50 percent Co are high-strength ductile deposits that
- can be easily separated from the stainless steel base.
This is of prime importance for electroforming. Fur-
ther increase of cobalt content is followed by alloy
'|' - embrittlement.
28 ' f i : - To estimate the effect of operating conditions on
. the microhardness, tensile strength, internal stress
Ly iy " 2 i Eui Ly i £ and rate of alloy deposition, a stgtistical technique
Co content in alloy, % known as factorial experiment design was used. Ex-
Fig. 11—Microhardness of Ni-Co alloy vs. cobalt content. perimental results are shown in Table 2. The math-
ematical simulation is represented by four regression
- equations that show that the alloy properties are
44 = la affected by a compound interaction of several operat-
- 2 ing parameters. The most significant factors are pH,
current density, and the cobalt-to-nickel ratio in the
sulfamate electrolyte. Optimum operating conditions
for Ni-Co alloy electrodeposition were experimen-
tally established. For instance, for maximum hard-
ness of the alloy, the cobalt-to-nickel ratio should be
o) 0.06, the cathode current density 250 A/amd pH
3.9. With these operating parameters, the alloy will
: - deposit with a current efficiency of 94 percent. Its
0 — } et [ hardness will be 3.95 GPa, tensile strength 0.9 GPa
p and internal stress 75 MPa.
v 10 <0 40 « %0 &0 High-temperature alloy oxidation at 600, 800 and
Co content, 1000°C was found to be 0.03, 0.5 and 1.2 mg/bm
Fig. 12—Tensile strength (1) and ductility (2) vs. Ni-Co alloy composition. respectively. The thermal expansion coefficient of an
alloy containing 30 percent Co was 9.5 x®/teg,
alloy compositionis shown in Fig. 11. This behavior suggest®se to the thermal expansion coefficient of platinum. Such
the formation of a single-phase solid solution on Ni-Co allgyroperties permit the use of the alloy in thermocouples.
deposition. The hardness of the alloy decreased slightly whetysing the recommended electrolyte composition and opti-
annealed at 200 and the effect became marked only aboweal operating conditions for low internal stress, high tensile
650°C. Ni-Co alloy deposition, a number of parts having complex
Many failures of electroplated and electroformed parshapes were fabricated. High-precision micronozzles, 12 to
have been attributed to the presence of highly compressiv8@mm long, with irregular inner shapes and 0.1 mm outlet
tensile stress in the deposit. High internal stress may gadgameter were successfully made. The nozzles, which main-
loss of corrosion protective properties, as shown by|tte@ned accurate control of a fuel jet, were used for thrust
occurrence of cracking and enlargement of pores, flakingrotket engines and for hydraulic amplifiers. Electroformed
the deposit and consequent loss of fatigue strength. Hagrrosion and wear-resistant protective articles having a “V-
internal tensile stress may also cause warping or distortiprsbfped” section and 300-1500 mm length, increased the
the electroform after separation from the mandrel. Intefrsdrvice life of screws and helicopter propellers by a factor of
stress in nickel and nickel-cobalt deposits may result from thé&-2. Nickel-cobalt molds with a highly lustrous finish have
deposition conditions, from the presence of organic jabden made for special medical functions for a manufacturer
inorganic impurities and even from the method of stiee$plastic components. The molds can withstand more than
testing. Precise agreement of data from different sour&®600 high-quality castings.
cannot, therefore, be expected. In this study, the effect qf the
operating conditions on internal stress was studied. It \wWaxings
found that the initially strong tensile internal stress rapidly, The ratio of cobalt to nickel in the deposits was always
diminished as the thickness increased, reaching a suljstatrigher than that in the bath, indicating preferential deposi-
tially constant value at a thickness of 15 tqu#h There wa tion of cobalt.
little variation of internal stress values with current-densi®. The alloy composition was mainly affected by the variationin
changes for both Ni and Ni-Co (5 percent Co) deposits. Itcobalt concentration, total cation content in the bath and, to
ranged from 4.2 to 5.6 kg/nfrfor Ni, compared with 7 to 8. some extent, by the current density and pH of the electrolyte.
kg/mn? tensile stress for Ni-CbA fairly direct correlation| 3. The cathode current efficiency increased steadily with
was found between pH of the low-cobalt-concentration elec-current density and temperature, and sharply with pH,
trolytes and internal stress of the deposit (see Table 2). Iteaching a maximum of 98.5 percent at i = 500 Z\fvhi
should be mentioned, however, that in high-cobalt-con¢en-3.3-3.5 and temp 5%C.

Microhardness, GPa

(441

=
b=

Cruichifity, %a

Tensile strength, GPa
1 ]
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4. An optimal combination of physical and mechanical al
properties, such as microhardness, internal stress, te
strength and operating conditions was found. Comp
shaped parts (molds, miniature nozzles and other ¢
tronic and aircraft components) were produced by Ni
electroforming.

5. The deposits were uniform and had a lamellar structur
ray studies show the formation of a solid solution and
fce structure.

Conclusions

1. Relying on our experiments, it is suggested that
codeposition of nickel-cobalt alloy in sulfamate elect
lytes is based on competitive effects of adsorption o
and Co aqua complexes and sulfamate anion, with
formation of a surface hetero-polynuclear complex, wh

the NHSO, anion plays the role of the bidentate ligan®7

A two-step reduction mechanism was proved.
2. We believe that the anomalous codeposition of Ni-Co g

may be explained in terms of crystal-field theory by

preferential reduction of high-spin Ceation.

Editor's note: Manuscript received, March 1997; revisig
received, July 1997.
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