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Introduction
The project, initiated in January 2013, addresses the induced codeposition of molybdenum and tungsten alloys with nickel and
iron having a focus on developing a toolbox of plating conditions to deposit different combinations of Ni, Fe, Mo and W. This
paper covers progress made during the seventh quarter. Work was focused on the change of composition of Ni-Mo-W alloys
from non-ammonium containing electrolytes with an eye towards improving the current efficiency.
Through NASF-AESF Foundation funding, several students, both graduate and undergraduate, have gained experience in
surface finishing research. In this period, there was a change in student participation. A new student, Rui Wu, has joined our
research effort on Ni-Mo-W alloys. Graduate student Avinash Kola has continued work on the influence of deposition conditions
on the properties of the Ni-W alloys.
Effect of operating variables on Ni-Mo-W current efficiency
From our past work, one detracting feature noted is that without the use of ammonium-containing species in the electrolyte, the
current efficiency was particularly low, ~10%. In an effort to improve the current efficiency in our boric acid-citrate electrolyte, two
variables were examined: the electrolyte temperature and tungstate composition. These two variables were identified previously
as having a significant change on the deposit thickness, hence current efficiency.
Experimental
Two types of electrode experimental set-ups were used: (a) a rotating cylinder electrode (RCE) and (b) a rotating cylindrical Hull
cell (RHC) as the working electrode. The counter electrode in both cases was a DSA anode. The electrolyte contained 0.15M
nickel sulfate, 0.005M sodium molybdate, 0.375M sodium citrate and 0.1M boric acid with various amounts of sodium tungstate
(0.01, 0.05 and 0.1M). Five different electrolyte temperatures were examined: 25, 35, 45, 55 and 65°C. The electrolyte pH was
maintained at 7.0 with sodium hydroxide and sulfuric acid additions.
Rotating cylinder electrode (RCE)
The RCE was used to assess the current-potential relationship (i.e., polarization curves). The use of an RCE ensures uniform
mixing near the electrode surface with a fully developed turbulent flow profile. The electrode diameter was 0.6 cm, and the
electrode length was 1 cm. The rotation rate was constant at 500 rpm and the sweep rate was 10 mV/sec.
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Rotating cylindrical Hull cell (RCHC)
A rotating Hull cell was used to survey the current density for the different electrolyte tungstate concentrations and temperatures.
In contrast to a conventional Hull cell, the cylindrical design provides a better control of the mixing environment and hence
boundary layer thickness. The RCHC was first introduced by Madore and Landolt,*** and was designed to mimic the current
distribution of the original Hull cell. The current distribution is created by placing the anode outside a plastic shield that
surrounds the cathode. Figure 1 is a sketch of the RCHC used here with the dimensions of the cell. Hence, this design merges
the advantages of the rotating cylinder electrode with a controlled, non-uniform current distribution as in the Hull cell.
Deposits were analyzed by x-ray fluorescence (XRF).
Results
Figure 2 shows polarization curves at different electrolyte temperatures. The overall current density does indeed increase with
electrolyte temperature, which may suggest a positive step forward in improving current efficiency. However, an increase in
temperature can also increase the side reaction rate, and hence without another measure of mass deposited, this figure alone
cannot predict whether the current efficiency actually improves with temperature.
To this end, the RCHC was used to survey the deposit composition and mass. Deposits were generated by applying an average
current density of 67 mA/cm2 for 25 min at 500 rpm, resulting in a low current density (~7 mA/cm2) at one end of the electrode
and a high current density (~ 200 mA/cm2) at the other end. Figure 3 shows the concentration change along one electrode.
Assuming that field effects dominate, the x-axis is an estimate of the local current density. At room temperature (25°C), a Ni-MoW alloy (53.8 wt% Ni, 30.7 wt% Mo, 15.5 wt% W) composition was obtained in the low current density region. As the current
density increased the amount of tungsten decreased. At high current densities the thickness is so low that there may be
considerable error in the composition analyses. Focusing on the low current density region, as the temperature increased the
molybdenum content in the deposit decreased, and the tungsten content increased.

Figure 1 - Schematic diagram of a rotating Hull cell (measurements in cm) with the current distribution expected when reactions
are facile (primary current density): (A) working electrode, (B/E) motor, (C) concentric anode, (D) electrical contact,
(F) plastic shield.
***

C. Madore and D. Landolt, Plating & Surface Finishing, 80 (11), 73-78 (1993).
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Figure 2 - Polarization curves of the Ni-Mo-W electrolyte at different temperatures on a RCE, 500 rpm (0.1M sodium tungstate).

Figure 3 - Effect of temperature and current density on the Ni-Mo-W deposit composition at (a) 25°C, (b) 35°C, (c) 45°C, (d)
55°C, (e) 65°C (0.1M sodium tungstate).
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The current efficiency as a function of current density was determined from the XRF measurements. At room temperature, we
observed low current efficiency. With an increase in temperature from 25°C to 65°C, there was an improvement in current
efficiency when the applied cathodic current density was less than 50 mA/cm2. Comparing Figs. 4 (a thru e) with Figs. 3 (a thru
e), the improvement in efficiency correlates with a decrease in molybdenum content in the deposit. We are currently examining
the potential values at the higher current density regions in order to calculate the partial current densities of the metal reaction
rates with potential to get a better quantitative measure of the change of the reaction rates.

Figure 4 - Effect of temperature and current density on current efficiency during Ni-Mo-W deposition at (a) 25°C, (b) 35°C, (c)
45°C, (d) 55°C, (e) 65°C.
The one negative feature that has plagued our previous results is the formation of cracks. Figure 5 shows optical images that
characterize the surface at low and high current densities for a low temperature deposit (25°C) and a high temperature deposit
(65°C), at each end of the cathode rod used in the RCHC. Considerable micro-scale cracks were observed at 65°C when the
current density was large (Fig. 5d). In the low current density range, fewer micro-scale cracks were observed at the lower
temperature (Fig. 5a). Keeping the cathodic current density low, below 10 mA/cm2, but at higher temperature (Fig. 5c), the
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deposit was not crack-free, but did exhibit a lower crack density when at the higher current density range, and with improved
current efficiency. We plan to examine this current density region in more detail.

Figure 5 - Optical images of deposits on the RCHC at (a) the low current density end at 25°C, (b) the high current density end
at 25°C, (c) the low current density end at 65°C and (d) the high current density end at 65°C.
The influence of the tungstate concentration was also examined. Figure 6 shows polarization curves for three different tungstate
concentrations. In all cases, when the applied cathodic current density was larger than ~50 mA/cm2, there was a change in
slope that would be consistent with the onset of the side reaction from water reduction.
Experiments were carried out with the RCHC at the same rotation rate used in the above studies. The sodium tungstate
concentration in the electrolyte was varied between 0.1 and 0.01M, at a constant temperature (65°C), keeping the remaining
deposition conditions the same. As the tungsten concentration in the electrolyte was decreased (Fig. 7), there was less tungsten
in the resulting deposit, but it was not entirely replaced by molybdenum entirely. The molybdenum content did increase, but so
did that of the nickel.
With more molybdenum codepositing, the current efficiency decreased (Fig. 8), a behavior that is generally consistent when
depositing molybdenum and tungsten together. The more molybdenum, the lower the current efficiency, as it seems to better
catalyze the side reaction, compared to tungsten.
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Figure 6 - Polarization curves for the Ni-Mo-W electrolyte containing different sodium tungstate concentration, on a RCE, 500
rpm, 65°C.

Figure 7 - Effects of sodium tungsten concentration and current density on deposit composition: (a) 0.1M, (b) 0.05M, (c) 0.01M;
(65°C).
Conclusion
The electrolyte temperature had the most significant effect on the current efficiency, although the deposit composition changed.
The tungsten content in the deposit increased with an increase in temperature. Lowering the concentration of sodium tungstate
in the electrolyte reduced the amount of tungsten in the deposit. There was no detectable tungsten present at a 0.01M sodium
tungstate concentration, at 65°C.
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Figure 8 - Current efficiency versus sodium tungstate concentration (65°C).
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