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INTRODUCTION

- A chromium/molybdenum (Cr/Mo) alloy electrodeposit is very desirable because of its
reported benefits including improved wear, corrosion, and erosion resistance compared to
conventional chromium deposits (refs 1-3). Bing et al. (ref 4) have found that a Cr/Mo alloy
electrodeposit possessed better tribological characteristics than pure chromium electrodeposits
(ref 4). Brenner (ref S) has reported that the Cr/Mo alloy did not have the network of cracks
characteristic of the unalloyed chromium deposit and, in addjtion, the Cr/Mo codeposit lasted
from three to eight times longer in wear tests than pure chromium deposits.

The molybdenum content in an aqueously-deposited Cr/Mo alloy is usually quite low--no
more than 1 percent. Investigators such as Ma (ref 6) have claimed to have obtained Cr/Mo
alloy deposits with molybdenum contents as high as 22 percent. However, attempts by Brenner
(ref 5) and Holt (ref 7) to duplicate Ma’s results were uns ful. More recent attempts to
aqueously electrodeposit a direct current (dc)-plated Cr/Mo alloy with molybdenum contents
higher than 1 to 2 percent have also been unsuccessful (ref 8).| Eckler et al. has successfully
raised the molybdenum content in the Cr/Mo alloy above 2 percent through the use of pulse
plating (ref 9). The results obtained in Eckler’s studies showeq that pulse plating can be used to
produce crack-free deposits with more than three times the mdlybdenum content of dc-plated
coatings. In addition, Eckler reported that a pulse-plated Cr/Mo alloy deposit had a sixfold
increase in wear resistance when compared to conventional chromium deposit and a twofold
increase in wear resistance when compared to dc-plated Cr/Moalloy.

Recognizing the need to improve the erosion and corrosion properties of chromium
deposits, as well as the microstructure and mechanical properties of LC chromium, a pulse
plating study of LC Cr/Mo alloys was investigated. Unipolar (or on/off) pulse plating, the most
conventional form of puilse plating, was used.

EXPERIMENTAL PROCEDURE

The experimental procedure was carried out exactly as described in a previous report (ref
10) except for the electrodeposition process. A standard plating condition consisting of a peak
current density of 100 A/dm? and a bath temperature of 85°C was used. The plating bath
concentration consisted of the following:

® chromic acid: 250 g/

® ammonium molybdate: 80 g/l

e sulfuric acid: 2.5 g/l

® trivalent chromium: 4.0 g/l

A schematic diagram showing the pulse plating cell is shown in Figure 1.



In order to use the plated specimens in tensile tests, they were electroformed in the shape
of cylinders. A copper tube with a 0.40-cm outer diameter was used as the mandrel (cathode)
and masked to a plating area of 5 cm?. The cathode was placed vertically in the center of the
beaker and rotated at 150 RPM during plating. A cylindrical mesh platinum-coated titanium
anode, with a 10.8-cm diameter and 12.7 cm long, was pla. :d inside the beaker. The distance
between the cathode and the anode was 5.2 cm. For energy dispersive x-ray analysis (EDAX),
specimens were prepared by depositing the pulse-plated LC Cr/Mo alloy on a 2.8 by 2.8 cm
copper cathode. The cathode was masked on one side and then positioned and rotated in the
same manner as the cylindrical cathode.

A rapid pulse power supply was used to pulse plate the LC Cr/Mo alloy electrodeposits.
A rectangular pulsating current, which fluctuated between zero and constant peak cathodic
current value, was used. The wave form of the pulsed current was checked with an oscilloscope
(Nicolet Model No. 2090). The plating time was adjusted so that the total charge transfer
(A-hr/dm?) was kept constant at 240 A-hr/dm?.

The on/off pulsing was conducted using low frequency pulse plating (long pulse cycles).
On-times of 10, 20, 40, 80, and 100 ms were evaluated for each cycle. The frequency range of
the pulsing cycle varied from 5 to 50 Hz, while the duty cycle varied from 9.1 to 91 percent. The
frequency and duty cycle corresponding to each on/off condition are shown in Figure 2. '

Four specimens were prepared for each of the plating conditions investigated. The
current cathode efficiency (CCE), microhardness, and ultimate tensile strength (UTS) are the
average of the measurements for the four specimens.

RESULTS AND DISCUSSION

The percent molybdenum in the pulse-plated LC Cr/Mo alloy electrodeposits ranged from
approximately 2.4 percent at 5 Hz (100 ms on-time/100 rus off-time) to approximately 1.5 percent
at 50 Hz (10 ms on-time/10 ms off-time). The percentages are only approximations due to the
limitations of obtaining quantitative measurements with EDAX. Although there was no direct
correlation between the plating frequency and the percent molybdenum in the deposits, lower
plating frequencies tended to result in higher percentages of molybdenum. The EDAX analysis
for the LC Cr/Mo deposits pulsed at 5 Hz and 50 Hz is shown in Figure 3. This trend agrees
with Eckler et al. (ref 9) who found that a Cr/Mo alloy electrodeposited at room temperature
decreased in molybdenum content from 2 percent to 0.6 percent as the pulsing frequency was
increased from 5 to 50 Hz. Power supply limitations prevented investigating lower pulsing
frequencies to determine if higher molybdenum contents could have been obtained below 5 Hz.

Although the percent of molybdenum in the pulsed LC Cr/Mo deposits was almost three
times greater than the percent obtained through dc plating, the deposits were cracked, somewhat
dark in appearance, and insufficiently thin (less than 2 mils). The effects of pulse plating on the
hardness and CCE of the LC Cr/Mo electrodeposits are shown in Figure 4. Figure 4a reveals
that some of the deposits, particularly all of those plated with an on-time of 10 ms, yielded
hardness values greater than 760 KHN--the highest hardness obtained by dc plating LC
chromium (ref 10). However, the hardaess values showed no improvement over those obtained
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when the LC chromium deposits were pulse-plated (ref 11). The pulse-plated LC chromium
deposits had hardness values in excess of 1000 KHN.

The maximum hardness values occurred when the on-time was held constant at 10 ms.
The one exception was when the off-time was 100 ms. With an off-time of 100 ms, on-times of
10, 20, and 40 ms all yielded hardness values around 900 KHN. The maximum hardness value
obtained, 900 KHN, represents an 18 percent increase over the maximum hardness obtained by
dc-plating. In general, hardness values for the LC Cr/Mo deposits increased as the on-time
decreased and the off-time increased. This same trend was observed with pulse plating LC
chromium deposits.

The effects of puise-plating on the CCE of the LC Cr/Mo electrodeposits are shown in
Figure 4b. All CCE values were significantly lower than those obtained through dc or pulse
plating LC chromium (refs 10,11). The maximum CCE obtained, 7.3 percent at a on/off
condition of 10/100 ms, was 52 percent less than the 15.2 percent CCE obtained when dc plating
LC chromium (ref 10).

When the off-time was 40 ms or less, the CCE values were less than 4.3 percent for ail
on/off conditions tested. This is significantly less than the 12 to 22 percent CCE range obtained
when LC chromium was puise-plated with off-times of 40 ms or less. In general, CCE increased
as the off-time increased, with each on-time reaching its maximum CCE at an off-time of 100 ms.
This same trend was observed with pulse-plated LC chromium and suggests that lower
frequencies and lower duty cycles result in CCE increases. In addition, the 0.5 to 7.3 percent
CCE range obtained for these LC Cr/Mo electrodeposits was much lower than the 14 to 27
percent CCE range that Eckler et al. (ref 9) obtained when pulse plating a Cr/Mo alloy. Eckler’s
deposits were produced at room temperature using a current density of 46.5 A/dm’.

Low contraction Cr/Mo electrodeposits produced by pulse plating were of poor quality,
poor adhesion, and high stress, and as a result, tensile test measurements were not possible.

The topographical photomicrographs of LC Cr/Mo pulsed deposits are shown in Figure 5.
The morphology of the LC Cr/Mo pulsed deposits was some what similar to the morphology of
pulse-plated LC chromium (ref 11), but it differed significantly from the morphology of dc-plated
LC chromium (ref 10). The topography changed considerably by varying the on/off pulsing
conditions. For on/off times of 80/10, 80/20, 100/10, and 100/20 ms, the topography resembled a
pattern of interwoven platelets. For on/off times of 20/20, 10/20, and 10/40, the topography
resembled a flat caulifiower-like grain surface. However, when the on/off condition was changed
to 20/40 and 20/80 ms, the topography resembled a cubic-type structure. Only when the on-time
was 40 ms or higher and the off-time was 80 ms or higher, did the topography resemble the
hemispherical nodular appearance typical of dc-plated LC chromium (ref 10).

Scanning electron microscope (SEM) photomicrographs showing the cross-sectional
microstructure of the pulse-plated LC Cr/Mo electrodeposits are shown in Figure 6. For each of
the five on-times tested, the quality of the microstructure tended to increase as the off-time
increased. For instance, the microstructure of deposits with off-times of 10 ms tended to be
quite porous and cracked, while the microstructure of deposits with off-times of 100 ms was very
similar to the typical fibrous grain associated with LC chromium (ref 10).




This trend in the microstructure could cxplain why the hardness tended to increase as the
off-time increased for each on-time tested. In addition, the quality of the microstructure aiso
increased as each on-time was decreased. The microstructure of the LC Cr/Mo deposits pulsed
at an on-time of 10 ms more closely resembled the typical fibrous grain associated with LC
chromium than the microstructure of deposits pulsed at an on-time of 100 ms. This trend in the
microstructure could explain why the hardness of the deposit increased as the on-time decreased.

CONCLUSIONS

The microstructure and mechanical properties of pulse-plated LC Cr/Mo have been
evaluated. In addition, comparisons between pulse-plated LC Cr/Mo, pulse-plated LC
chromium, and dc-plated LC chromium were made with respect to the microstructure and
mechanical properties. Based on the results of our experimental studies, the following
conclusions can be made.

1. Pulse plating an LC Cr/Mo alloy at 85°C significantly improved the percent
molybdenum in the deposit when compared to dc plating. Molybdenum
concentrations as high as 2.4 percent were obtained at the pulsing condition of
100 ms on-time/100 ms off-time. This represents nearly a 300 percent increase
over the percent molybdenum obtained in a dc-plated LC Cr/Mo alloy deposit.

2. Lower pulsing frequencies tended to increase the percent molybdenum in the LC
Cr/Mo deposit. A pulse frequency of 5 Hz (100 ms on-time/100 ms off-time)
resulted in a deposit with 2.4 percent molybdenum.

3. Pulse-plated LC Cr/Mo deposits were generally poor in quality with deposits that
were frequently cracked and nodular in appearance. In addition, thicknesses
greater than 2 mils could not be obtained at several of the pulsing conditions.

4. Hardness values as high as 900 KHN were obtained for the LC Cr/Mo alloy
deposits. This represents an 18 percent increase over the maximum hardness
obtained in a dc-plated LC chromium deposit. However, the hardness of the LC
Cr/Mo deposits was not as high as the hardness obtained for a pulse-plated LC
chromium deposit (1000 KHN).

S. The maximum CCE obtained while plating an LC Cr/Mo alloy deposit was only
7.3 percent. This is nearly 52 percent less than the CCE obtained when dc plating
LC chromium.
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Figure 2. The frequency and duty cycle for each on-time/off-time condition
evaluated during the pulse electrodeposition of LC Cr/Mo alioys.
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(a) 5 Hz (100 ms on/100 ms off) and (b) 50 Hz (10 ms on/10 ms off).
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Figure 4. The effects of puise plating on the (a) hardness
and (b) CCE of the LC Cr/Mo electrodeposits.
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