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A otimizag8o de pardmetros operacionais de um processo de el etrodeposi ¢ao de camadametélica
amorfadeliganiquel-molibdénio contendo boro sobreum catodo utilizando um banho de sulfato de
niquel, molibdato de sodio, fosfato de boro, citrato de sodio, 1-docecilsulfato de sddio e hidroxido
de amdnio parapH 9,5 foi estudada. Estudos detal hados sobre o efeito da temperatura do banho,
agitacdo mecéanica, densidade de corrente catddicae formato de dnodo conduziu as condicdes 6timas
paraobtencdo de depdsitos de ligas satisfatdrias. A mais alta eficiénciacatddica, cercade 69% para
anodo cilindrico e 64% para dnodo retengular de platina, foi obtidaa80°C, 15 rpm e 100 mA cm?2.
Um método voltamétrico para control e e monitoramento automético do processo foi proposto.

Optimization of operational parameters of an electrodeposition process for deposition of boron-
containing amorphous metallic layer of nickel-molybdenum alloy onto acathodefrom an electrolytic
bath having nickel sulfate, sodium molybdate, boron phosphate, sodium citrate, sodium-1-dodecylsulfate
and ammonia for pH adjustments to 9.5 has been studied. Detailed studies of the efects on bath
temperature, mechanical agitation, cathode current density and anode format have led to optimum
operational conditionsfor obtaining satisfactory aloy deposits. The highest cathode current efficiency
for deposition of thealloy wasabout 69% for cylindrical and 64% for rectangular platinum anodewhile
working at bath temperature 80°C, cathode rotation 15 rpm and cathode current density 100 mA cm2,
A voltammetric method for automatic monitoring and control of the processwas proposed.
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I ntroduction

The electrodeposition of molybdenum and tungsten
has been of considerable interest because of unusual
properties of these metals.! Of all the metals; tungsten
possesses the highest melting point (3410°C), the lowest
coefficient of linear thermal expansion (4.3x10°%°C) and
the highest tensile strength (410 kg mm?). It has very high
thermal conductivity (0.487 ca cm?cm/°C) and is one of
the densest metal (19.3 g cm®). The metal has unusual
mechanical properties. The properties of molybdenum are
similar to those of tungsten but not as outstanding. Since
molybdenum ischeaper than tungsten it isamore economic
aternative. For practical applications its most important
properties are its high melting point 2610°C and its
relatively high mechanical strength at elevated tempe-
ratures. Its 0.45% titanium alloy has a tensile strength of
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about 5000 kg cmr? at 870 °C as compared to about 1000
kg cm for the so-called superstrength alloys now in use.
Molybdenum is more ductile than tungsten. It has low
coefficient of linear thermal expansion and high Young's
modulus of elasticity. Molybdenum has good resistance
to chemical attack; but at elevated temperatures it gets
oxidized.

In spite of numerous claims, the electrodeposition of
tungsten as well as of molybdenum in pure state from
agueous solutions has been unsuccessful.>® But their
electrolytic induced codeposition occurs with iron-group
metals.! The most important of the early researches on the
deposition of tungsten- and molybdenum-alloyswerethose
of several Russians, particularly the work of Goltz and
Kharlamov.* They used ammoniacal plating solutions. The
deposits obtained were porous and weak. The next
development wasthe use of organic hydroxy acidsin these
ammoniacal bathsto yield more stable baths of much higher
concentrations.>® The alloys deposited were crystalline.
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More recently Watanabe” has reported el ectrodeposition
of several amorphous alloys.

Literature reveals that under proper conditions of bath
composition, voltage and current parameters, an amorphous
layer may be formed on a cathode by electrodeposition.
But, for the most of this studies, the electrodeposition of
amorphous aloys of these metal's has been limited to afew
demonstration systems of little direct practical interest, and
there are no known instances of electrodeposition of high
hardness, wear resistance, moderately ductile amorphous
alloys. If a technique could be found to produce such
materialsit would then be possible, for example, to produce
highly wear-resistant barrel linersby replacing conventional
low-ductility chromium liner coating with an amorphous
layer that would resist spalling of the coating. Many other
such applicationsmay beenvisioned, including, for example,
pump housing, instrument bores, piston rings, cylinder
housing and bearings.

Thusthereisaneed for aprocessfor preparing coatings
of high hardness, wear-resistant, corrosion resistant and
moderately ductile amorphousalloys by el ectrodeposition.
The work on development, optimization and control of
baths for producing such amorphous aloys has therefore
been undertaken. The results on electrodeposition of Co-
W-B&1, Ni-W-B, Fe-W-B*? and Co-M0-B® have aready
been reported from this laboratory.

Experimental

All reagents used were of analytical grade purity and
deionized distilled water was used for preparation of the
solutions.

A large number of experimenta runs were redlized to
develop a suitable bath composition for electrodeposition of
Ni-Mo-B amorphous aloys with desirable characteristics.™
Nickd sulfate and sodium molybdate were incorporated in
the bath as source of nickel and molybdenum. The
concentrations of nickel and molybdenum were kept as high
as possible congistent with remaining soluble at proper mole
ratio. Boron phosphate was added to the bath to provide a
source of boron for creating amorphous nature to the deposit.
Boron content was kept as high as possible consistent with
solubility. Sodium citrate was added as complexing agents
for stahility of the bath. Its optimum concentration for the
bath was determined experimentally. Sodium-1-
dodecylsulfate was added as a wetting agent to reduce
hydrogen pitting. pH of the bath was adjusted with ammonia

The electrodeposition was realized on a copper sheet
cathode of ca. 8.0 cnm? surface area rotated at a constant
rate by EG& G 616 rotor, using either a platinum foil of
15.36 cm? or a platinum cylindrical gauze of 112 cm? as
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anode, potentiostat Amel 555B as a source of potential
and athermostat MTA KUTESZ MD2 for controlling the
bath temperature. The cathode was polished on Carbimate
papers with decreasing grit size and finished on alumina
powder of 1 and 0.3 um. The nature of the deposit was
verified by X-ray diffraction using cobalt K-alpharadiation.
The composition of the deposit was determined by
analyzing nickel as dimethyl glyoximate,®> molybdenum
as lead molybdate'®> and boron as methyl borate.’®> The
composition of the deposit obtained by the classical
methods was further confirmed by atomic absorption
spectroscopy. The deposit was dissolved by digesting in
minimum quantity of concentrate nitric acid and then
diluted to appropriate concentration for the analysis. The
concentration of nickel®* and molybdenum?® was then
determined by standard methods using Varian 260B
spectrometer. The content of boron was deduced by
difference. Microhardness of the deposits was determined
by using a pointed Vicker indenter with aload of 25 g and
loading time of 15 s. At least eight hardness measurements
were conducted on each coating. More details of the
methods and equipments used for the physicochemical
determinations can be seen elsewhere.®

A large number of electrodeposition experiments were
realized for optimization of the operating parameters. The
optimized bath composition used in this study is as
presented in Table 1. The deposition experiments were
performed by using the following ranges of the operational
parameters: cathode current density 75-140 mA cm?,
cathode rotation 5-60 rpm and bath temperature 25-80°C.
The deposition process was realized by putting the cathode
in paralel to the platinum foil or inside the platinum
cylindrical gauzeanode. After every 20 min of thedeposition
the cathode was dried and weighed to analyze the results. A
Mettler analytical balance with sensitivity of 0.01 mg was
used for weighing. The result reported isan average of three
experiments performed under identical conditions.

Table 1. Composition of the Ni-Mo-B alloy deposition bath

Compound Concentration Metal content
gLt gL?* mol L*
Na,M00,.2H,0 4.23 1677 0.017
NiSO,6H,0 46.00 10.278 0.175
BPO, 7.70  0.787 0.073
Na,C,H.0,.2H,0 117.6
sodium-1-dodecylsulfate 0.035

NH,(ag) for pH adjustments to 9.5

Voltammetric experiments were performed to monitor
concentration and electrochemical reactivity of metallic
species in the bath. An EG& G 273 potentiostat was used
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as the source of applied potential and as a measuring
device. A 10 mL portion of the plating bath solution was
taken in the cell each time. The pH of the solution was
adjusted to 9.5 by NH,OH. The solutions were deaerated
by purified argon, and a blanket of argon was maintained
over the solution during experiments. For squarewave
voltammetric experiments, parameters used were: step
height, AE, = 10 mV, squarewave amplitude, E_,, =50 mV,
squarewave frequency, f = 100 Hz, conditioning
potential =-0.8V, and conditioning time= 1 sec. An average
of 10 replicates was taken.

Resultsand Discussion

Based on a large number of electrodeposition
experiments an electrolytic bath composition presented
in Table 1 was selected for further studies.** A series of
electrodeposition experiments was performed to study the
effect of operating parameters on deposition of the alloy.
The main operating variables are current density,
temperature, agitation of the bath and anode geometry.
The control of operating variablesis much moreimportant
in aloy plating than in the deposition of single metal. In
the case of deposition of alloys moderate changes in
plating conditions may alter the composition and
properties of the deposit considerably. In regular type of
alloy plating systems it is expected that an increase in
current density causes the content of more noble metal in
the deposit to decrease; and an increase in temperature or
in agitation of the bath causes the content of more noble
metal to increase. But the effects of the operating variables
on the induced type of codeposition, such as nickel-
molybdenum alloys, are complicated and not consistent
enough to be predictable.

Effect of rotation of cathode

Rotation of cathode can directly affect the composition
of the aloy by reducing the thickness of cathode diffusion
layer and also by causing the metd ratio of the diffusion
layer to approach more closaly to that of the solution in the
body of the bath. The concentration of the free complexing
agent in the cathode diffusion layer is also reduced by
agitation, which may have apowerful effect on the potential
of one or both of the metals. Also, the possibility exists that
thetrend of alloy composition resulting from areduction in
the concentration of free complexing agent may be opposite
in sense to that resulting from an increase in the metal ion
concentration of the cathode diffusion layer. Such possibility
may occur in an aloy deposition system where less noble
metal alone complexes with the complexing agent. This
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means that in baths made up with complex ions, the effects
of agitation are not as predictable as those in baths made up
with smpleions.

Theeffect of cathode rotation rate observed on efficiency
of deposition of the dloy for thebath at pH 9.5, temperature
80°C and cathode current density 100 mA cm?, is
demonstrated in Figure 1. It can be seen that the cathode
current efficiency approachesto the highest level at 15 rpm.
The trend in the efficiency change cannot be explained
only by simple mass transfer to the cathode, but the
explanation should include some complex reaction
sequences involving a series of electron transfer steps and
modification of electrode surface. The decrease observed in
the current efficiency at rotation speeds higher than 15 rpm
may be ascribed to the kinetic correlation of codeposition
of nickel, molybdenum and hydrogen. Molybdenum
deposition is activation controlled whereas nickel and
hydrogen discharges are diffusion controlled.*” It may be
presumed that under the prevailing electrodeposition
conditions, as the rotation speed is increased from 15 rpm,
the concentration of molybdate ions within the cathode
layer is also increased, formation of lower-valency
molybdenum compounds thus being easier. The latter
compounds block the cathode surface and consequently,
the percentage of molybdenum in the coating is decreased.
A black bloom arising on the cathode surface in such

§ 72, Cylindrical Anode [rpm]
5 | . =
S esl © —e— 15
g % —a—30
) - N
& 64 /\: —v—45
w
: . \ —e—60
3 60 .
s
S 56 :

20 30 40 50 60

Time / min

o\\° 68/ Rectangular Anode [rpm]
> =3
g 64 :>§- 15
& . —a—30
;:_:’ 60 \ w45
& - . 60
P 56 T -
S8 .
S 48l \‘

20 30 40 50 60

Time / min

Figure 1. Effect of cathode rotation rate on cathode current effi-
ciency. The deposition realized with bath composition as in Table 1,
bath temperature 80°C and cathode current density 100 mA cm.
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conditions supports this mechanism. A similar effect was
observed with increased sodium molybdate concentration
inthe bath. Thisabnormal effect, i.e. the processrate lowers
with higher rotation, may aso becorrelated to anintermediate
active product being formed during the process and taking
part in indirect reactions on the electrode. The proposed
stepwise reduction of molybdenum is in agreement with
the observations of Chassaing et al.®® in electrodeposition
of Ni-Mo dloys.

Effect of temperature

Increase in temperature usually decreases polarization,
increases concentration of metal in the cathode diffusion
layer and may affect the cathode current efficiency of
deposition of metals, particularly those deposited from
complex ions.

A series of electrodeposition runs was performed at
different temperatures ranging from 25°C to 80°C. The
cathode rotation rate 15 rpm and cathode current density
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Figure 2. Effect of the bath temperature on cathode current effi-
ciency. The deposition realized with bath composition as in Table 1,
cathode current density 100 mA cm and cathode rotation rate 15
rpm.

Optimization of Operational Parameters and Bath Control 525

100 mA cm2 were used in this study. The variation of
cathode current efficiency with temperature is
demonstrated in Figure 2. It can be seen that the cathode
efficiency is higher in the range of 50-80°C. The deposit
obtained at 80°C was found to have the best physical
characteristics such as appearance and hardness.

Effect of current density

Current density is the most important of the operating
variables. The behavior of regular alloy systems could be
explained with afair degree of successby diffusion theory.
Unfortunately, no similar, smple explanationsare available
for explaining al the vagaries of the induced codeposition
systems with respect to current density.

Using the cathode rotation 15 rpm and the bath tempe-
rature 80°C a series of electrodeposition experiments was
performed in the current density range of 20-140 mA cm2.
It can be observed in Figure 3 that the cathode current
efficiency increases with increase in the current density. It
was found that a good quality of the coating could be
achieved at a relatively narrow range of cathode current
densities. The lower range of preferred current density
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Figure 3. Effect of cathode current density on cathode current

efficiency. The deposition realized with bath composition as in Table
1, bath temperature 80°C and cathode rotation rate 15 rpm.
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turned out to be above the hydrogen overvoltage of the
cathode and it is postulated that the nascent hydrogen
may be involved in the reduction of the molybdate
complex.’® The best operating current density was found
to be 100 mA cm2, Below this current, deposits tend to be
dark probably due to deposition of partially reduced
molybdenum oxides. Higher current density tended toward
poor quality deposits.

Effect of anode geometry

Comparing the cathode current efficiencies obtained
using cylindrical gauze anode with those obtained using
rectangular anode, it was verified that in all the cases the
bath performance increases with the cylindrical anode
(Figures 1-3). Thisincreasein performance can be ascribed
to the more symmetrical distribution of the electrical field
for the cathode when it is placed within the cylindrica
anode.

After optimizing the operational parameters, the final
electrodeposition experiments were realized to compare
the performance with the two types of anode (Figure 4).
Reproducibility of the results was checked at least three
times for each type of anode. The results were found to be
completely reproducible with arelative standard deviation
of <1%. The electrodeposition was performed at 80°C on a
copper cathode of 8.0 cm? surface area rotating at a speed
of 15 rpm and maintained at a constant current density of
100 mA cm2. Thedeposit obtained was sound and smaooth.
TheVickers micro-hardness of the deposit wasin therange
of 860-890. An X-ray diffraction scan of thesealloysplated
on copper substrate using cobalt K-alpharadiation showed
apoorly devel oped broad pesk, characteristic of apartially
amorphous structure (see Figure 5). The alloy deposited
was having an average composition of 76% Ni, 23% Mo
and 1% B. The maximum cathode current efficiency
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Figure 4. Effect of anode geometry on cathode current efficiency.
The deposition realized with bath composition as in Table 1, bath
temperature 80°C, cathode current density 100 mA cm? and cath-
ode rotation rate 15 rpm.
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Figure 5. X-ray diffraction pattern of the aloy layer of a 0.005 cm
thickness deposited on a copper substrate using cobalt K-alpha ra-
diation.

obtained was around 64% for rectangular platinum anode
and 69% for platinum cylindrical gauze anode.

Sability and performance of the deposition bath

100 mL of the bath presented in Table | was
electrolyzed at 80°C for 5 h. A copper foil of 2.50 cm? area
was used as cathode and a platinum foil of 15.36 cm?
worked as anode. It was found that during the 4 h of
electrolysis at 100 mA cm? cathode current density the
deposition efficiency dropped from about 64% to 31%.
The fall in current efficiency during the course of
electrolysis should be caused mainly by decrease in Ni(Il)
and molybdate concentrations. It is also reported in the
literature that anodic degradation of ammonia'®® and citrate
ions?! may contribute to this fall.

It is usually assumed that, during electrolysis with
positively polarized noble metal anode, the anodic reaction
issimply the oxidation of water to oxygen. However, under
conditionsof low efficiency and large cell potentials, other
oxidation processes are possible which may consume or
transform components of the bath. The simplest problem
is that of oxidation of metal ions, e.g. Ni(ll) to Ni(l11).2
The organic compounds such as complexants, surfactants,
brighteners and wetting agents can be oxidized in agueous
solution at potentials less positive than the potential of
oxygen evolution. For example, carboxylic acid group
can be oxidized to carbon dioxide with simultaneous
production of radicals.?* Alcohols and aldehydes can be
oxidized to various products depending on substrate and
oxidation conditions.Z2* Ammonia can be oxidized at
potentials lower than about 1.2 V.*2° These oxidation
reactions may be responsible for low stability and poor
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performance of the baths. Moreover, nickel and cobalt
compounds are known to catalyze anodic processes of
organic compounds,® and to increase the overpotential
for oxygen evolution.?® Thus the presence of a nickel salt
in an electroplating bath in which an inert Pt-anode is
used should result in afaster decomposition of citrate and
ammonium ions.

Electrodeposition in the cell with anode in a separate
compartment

Some electrodeposition experiments were realized on
a cell with anode in a separate compartment to see if the
deposition performance improves. The alloy plating
experiments as described in the above paragraph were
repeated by putting Pt-anode in a compartment containing
1.0 mol L** Na,SO, at pH 9.5 separated from the cathode
by aglassfrit. During the 4 h of platting the cathode current
efficiency decreased from 64% to 45% in contrast to 31%
for unseparated cell. This showsthat separating the anodic
and cathodic processes during the electroplating of the
aloy is an effective method for improving the stability
and efficiency of the bath.

Monitoring and controlling the alloy deposition baths

The above description showsthat anodic decomposition
of the bath ingredients is the main cause of itslow stability.
Keeping the anode in a separate compartment shows great
improvement in the stability. But during the electrolysis, as
time passes, the concentration of the metallic components
falls due to their removal in the form of the deposit. There
should be some device to monitor the concentration of these
components so that they may bereplenished at right moment
to maintain the quality of the deposit and efficiency of the
process. As the aloy deposited has a definite composition,
monitoring the concentration of any one ingredient may
reveal the concentration of the remaining components.

There are severa methods to analyze the bath solutions.
But the preferred method should be simple, rapid, capable
of being readily automated, and should be applicable to the
diversity of the bath problems. A squarewave voltammetric
method? has been developed which fulfills all these
requirements. By performing a series of squarewave
voltammetric experimentsthe experimental parameterswere
determined. It was found that the bath solution diluted with
ammonia buffer of pH 9.5 gives a very well shaped net-
current pesk at —1.1 V corresponding to Ni(ll) reduction
(Figure 6). The peak height islinearly related with the Ni(Il)
concentration (Figure 7). The results obtained show that the
method is very satisfactory for monitoring the Ni(l1)
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concentration even in very high speed plating baths as this
technique provides results in a time scale of seconds. The
process can easily be automated by coupling it with a
computer. The computer may automatically control:
the polarographic analyzer for realizing squarewave
voltammetry; rinsing, sampling and cell drain functions;
and calculation of results and then replenishment of the
ingredients.?®
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Figure 6. Sguarewave voltammogram of bath solution of Table 1 at
pH 9.5. AE, = 10 mV, Ey, = 50 mV, f = 100 Hz, conditioning
potential —0.8 V, number of scans averaged 10. (1) forward, (2)
inverse, (3) net current.
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Conclusion

The most suitable values of operating parametersfor the
bath composition presented in Table 1 for electrodeposition
of Ni-Mo-B aloy were: bath temperature 80°C, cathode
current density 100 mA cn? and cathode rotation speed 15
rpm and the cylindrical anode. The average composition of
the dloy deposited was 76% Ni, 23% Mo and 1% B. The
alloy deposited was sound, thick, hard and partially
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amorphous. The maximum cathode current efficiency was
found to be 69%. Anodic decomposition of the bath
ingredients, such as of ammonium and citrate ions, was
principally responsible for degradation and aging of the
bath. The stability of the bath wasimproved by using anode
in a separate compartment. The bath composition can be
monitored by squarewave voltammetric method.
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