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This paper describes a newly-developed nanocrystalline
Ni-W alloy coating with both excellent corrosion and wear
resistance as compared to other commercially available
electroplated coatings. This technology employs unique
chemistry and applied current waveforms to control precisely
grain structures at nanometer length scales (2 to 200 nm). The
resulting coatings are structurally stabilized, and resist grain
growth and associated softening as often seen with other tra-
ditional (e.g., hard chromium) or nanocrystalline engineering
coatings. Further, unlike coatings such as electroless Ni-P,
nanocrystalline Ni-W can be further hardened via baking
without compromising other performance metrics, making it
a candidate for application at modestly elevated temperatures
(up to ~300°C). Additional important performance attributes
include improved thickness distribution and significantly less
surface roughness after plating, which permit reduced plating
times and less post grinding.
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Introduction

“Engineering” or “functional” coatings are broadly employed com-
mercially to provide enhanced surface performance for engineering
components. Typically wear and corrosion resistance are the two
critical properties for an engineering coating, with secondary con-
siderations including surface finish, coefficient of friction, surface
coverage and throwing power. The most common and well-known
functional coating is hard or functional chromium (hard Cr),'? the
properties of which are often used as a standard benchmark for
other engineering coatings.

In recent decades much effort has been spent looking at alterna-
tives to electroplated hard chromium. This effort has been driven
by a combination of environmental and worker safety concerns
surrounding the hexavalent Cr(VI)-based plating process, and a
desire for better-performing coatings for many applications. Some
proposed hard chromium alternatives, including thermal or plasma
sprayed coatings,>¢ vapor-deposited coatings,”® and electroless Ni-
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P (EN) coatings,’ have found use in select applications. While each
of these competing technologies offers some important benefits,
each has also been restricted in its scope of application by funda-
mental limits of the technology. Such limits include the line-of-
sight nature of spray technologies, the need for highly-engineered
environmental cabinets for vapor deposition, and the tradeoff
between heat-treat hardening vs. cracking and loss of corrosion
protection in EN.

Another class of coatings that has been considered as a hard
chromium alternative is electrodeposited nanocrystalline coatings,
and in particular nickel- or cobalt-based nanocrystalline materials.
While these coatings have found some interesting niche applica-
tions, they have not yet achieved broad application. Unalloyed
nanocrystalline coatings coarsen very quickly,'!* and thermal
stability is often achieved through alloying. A variety of electro-
plated nanocrystalline alloys have been demonstrated in the sci-
entific literature,'*'® but these have not yet found significant com-
mercial success as functional or engineering coatings. The most
common alloying elements for the nickel- or cobalt-based alloys
are metalloids such as boron or phosphorus (which can often cause
embrittlement or cracking), or other transition metals such as iron,
tungsten or molybdenum.

One such nanocrystalline alloy, Ni-W, has been studied regularly
since the seminal work of Brenner,?! and shows particular prom-
ise as an engineering coating. Recent advances in characterization
of nanocrystalline Ni-W alloys have revealed in detail the connec-
tions between processing, composition, structure and properties of
these alloys.?>?! As a result of this activity, Detor and Schuh,¥-323
were able to propose new processing strategies to broaden signifi-
cantly the properties accessible in the Ni-W alloy system through
the use of pulse-reverse electrodeposition.
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In this paper we discuss a potential alternative to hard chro-
mium developed by the current authors, which takes advantage of
these new processing techniques in the Ni-W system. Specifically,
we report on the benefits that this approach offers in regard to
critical performance metrics. Because the plating process is free of
hexavalent chromium, it also enjoys a substantially reduced envi-
ronmental and worker health and safety footprint as compared to
hard chromium electroplating.

Experimental methods

The proprietary coating™ we describe herein, which we refer to as
“XP” for convenience, is produced using a tailored pulse-reverse
waveform combined with an appropriate chemistry to produce an
engineered coating with optimized properties. The plating tech-
nique includes a repeated sequence of forward and reverse current
pulses, and employs an optimized proprietary chemistry that is an
advancement of the classic Brenner bath?' for electroplating of Ni-
W alloys. Some details of the bath make-up are provided in Table
1. Further details of the processing method are not provided here as
they are proprietary in nature.

For the series of experiments reported here, a Power-Pulse
(pe86C-15-27-27-S) rectifier from Plating Electronic GmbH
(Denzlingen, Germany) was used, with plating control soft-
ware from TCD Teknologi ApS (Copenhagen, Denmark).
Electrodeposition was conducted in an 85-L polypropylene tank
equipped with an immersion pump, heater, temperature probe and
pH probe. Inert anodes (AISI 316) were used with an anode-to-
cathode distance of ~18 cm. Several different types of specimens
were prepared, as described in the following sections. In some
cases, identical substrates were plated with the XP coating, hard
chromium (high efficiency non-fluoride process) and EN (high
phosphorus, unbaked). The latter two coatings were applied by
a third party electroplater, and were prepared to provide a direct
comparison of the properties of XP with these conventional engi-
neering coatings.

Wear testing

The substrate coupons used for wear testing were plain steel disks
(AISI 1030 grade, 51 mm diameter, 3.2 mm thick) metallurgically
polished through a 0.3 ym SiO, slurry to achieve a flat surface
finish. XP coatings were plated to a thickness of 15 ym, while the
hard chromium and EN coatings were approximately 25 pm thick.

Sliding wear resistance was assessed using conventional pin-on-
disk (POD) testing, using a Ball-on-Disk/Pin-on-Disk Tribometer
(TRB-S-DU-0000) from CSM Instruments (Needham, MA, USA),
operating in a rotational mode. A 6-mm diameter WC sphere was
used as the counterbody. Prior to each test, the rotational velocity,
friction force and rotating diameter of the POD apparatus were
calibrated. Immediately prior to testing, the plated disk and WC
counterbody were wiped with acetone and dried with forced air to
ensure a clean contact. The rotational velocity of the plated sample
for each test was 15 cm/sec, the wear track diameter was held con-
stant at 10 mm, and the test duration was 8,000 cycles. For both XP
and hard chromium, the applied normal load employed in testing
was 3 N, whereas for EN it was necessary to reduce the applied
load to 1 N. This will be discussed in more detail later.

#* XPROTECT™, Xtalic Corporation, Marlborough, MA, USA.

May 2010 e Plating & Surface Finishing

Table 1

Chemistry and deposition conditions

Operating value Range
Ni, g/L 6.5 6-7
W, g/L 325 29 - 36
Additives Yes
pH 7.9 7.7-8.1
Plating rate, pm/hr 30 - 40
Temperature, °C 60 58 - 62

Following POD testing, the profiles of the wear tracks were
mapped using a P10 profilometer from KLA-Tencor (Milpitas,
CA, USA) equipped with a 2-ym radius stylus. Based on the
profilometry scans, the volumetric wear rates of the coating were
calculated.

Corrosion testing

The substrates used for corrosion testing were hardened precision
ground shafts of AISI 1566 steel (part #6061K 12 from McMaster-
Carr, Atlanta, GA, USA), 15 cm long with a diameter of 0.95
cm. Prior to plating, the rods were cleaned and then activated by
immersion in hydrochloric acid. The area ratio between anode and
cathode for plating these specimens with XP was 4:1, and XP coat-
ings of several thicknesses were prepared: 12, 18 and 25 ym.

For comparison, the same substrate shafts coated with hard chro-
mium (part #60345K21 from McMaster-Carr) were also acquired.
These rods were post-finished by the manufacturer, had a nominal
hard chromium coating thickness of 12 ym, and were 15 cm long
with a diameter of 1.27 cm. The hard chromium coatings on these
rods were specified to conform to AMS 2460, Class 1 (Corrosion
Protective Plating), Type 1 (Bright finish) according to the sup-
plier.

Standard neutral salt spray (NSS) testing was performed in a
SCCH21 cabinet from Singleton (Cleveland, OH, USA) accord-
ing to ASTM B117.3* The hard chromium samples were tested in
the as-received condition, while the XP samples were tested in the
as-plated condition without post-finishing. We evaluated corrosion
protection using two performance metrics based on the NSS test.
The first metric defined the failure time at the first appearance of
red rust, which is indicative of the onset of substrate corrosion. This
is a stringent test criterion, as any individual flaw on the surface is
logged as a failure of the specimen as a whole. An alternative rating
scale is provided by ASTM 537,% where a relative rating of 10
indicates no corrosion, a rating of 9 denotes 0.1% of the specimen
surface area has corroded, etc. This rating was used primarily as
a means of evaluating the severity of the failures seen using the
more stringent metric. Samples were usually removed from the test
after the first sign of corrosion, so generally no ongoing rating was
calculated after the first failure.
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Surface finish

Profilometry (surface finish) data was obtained using a Surtronic
25 (K505/125E-01) from Taylor-Hobson Ltd (Leicester, England,
UK). Three characteristic roughness measurements were made:
R is the arithmetic average of the absolute values of the vertical
deviations in the surface, R, is the total roughness (the maximum
peak-to-valley differential), and R_is an average peak-to-valley
differential measurement. )

Thickness distribution

To explore the distribution of the XP coating thickness, two sub-
strate geometries were used. The first was the same 1566 steel
shaft described above in reference to the corrosion testing. For this
geometry, plating was conducted with an anode-to-cathode area
ratio of 5.3:1. The second substrate was a spur gear (part #1L.959
from McMaster-Carr) with the following dimensions: outer diam-
eter 4.19 cm, hub diameter 3.02 cm, face width 1.27 cm, with a
pitch of 16. For plating this sample an anode-to-cathode area ratio
of approximately 8:1 was used. For the gear, coating thickness was
assessed through cross-sectional metallography using either an
optical microscope or a scanning electron microscope (SEM, LEO
1430VP) from Carl Zeiss SMT Inc. (Peabody, MA, USA). For
the shafts, thickness data were obtained using x-ray fluorescence
(XRF) measurements made using a Fischerscope (XDL-XYZp)
from Fischer Technology Inc. (Windsor, CT, USA).

Results and discussion
Sliding wear resistance

Profilometry results showing typical cross-sections of the POD
wear tracks for each coating are shown in Fig. 1, and calculated
wear rates are listed in Table 2. The striking feature captured
by these data is the order-of-magnitude difference in wear rate
between the XP coating and hard chromium, and the more than two
orders-of-magnitude improvement of XP over EN. It is interesting
that there is such a large difference between XP and EN despite
the significantly gentler test conditions applied for EN. As already
noted in the procedure section, EN was run with a 1 N load com-
pared to the 3 N load used for XP and hard chromium; this change
was necessary because the compliance and wear of EN at a 3 N
load led to an overload condition on the POD instrument. Were the
instrument able to perform the test at a 3 N load, the wear rate of
EN would be significantly higher than that reflected in Fig. 1 and
Table 2, and the relative advantage of XP even higher.

Optical micrographs of the wear tracks (top-down view) are
presented in Fig. 2. These images corroborate the track widths
measured by profilometry. Not reflected in these images are subtle
differences in the wear process among these samples. Specifically,
the center of the wear track on the hard chromium coated sample
exhibited a fine crack network, whereas the XP and EN wear tracks
did not exhibit any cracks.

Corrosion resistance

The results of the corrosion testing are shown in Fig. 3 for XP coat-
ing thicknesses of 12, 18 and 25 ym, and hard chromium coatings
of 12 um thickness. Figure 3 presents the fraction of samples that
did not exhibit any corrosion spots, as a function of NSS exposure.
For the XP coating, the majority of samples exhibited no red rust
corrosion sites after 1000 hr. Half of the samples of 18 ym thick-
ness exceeded 3600 hr of exposure, as denoted by the run-out
arrow on Fig. 3. This result reveals the intrinsic corrosion protec-
tion of the coating, in the absence of specific local defects. Figure
4 presents photographs that show the 12-ym XP-coated samples
after corrosion testing. When a red rust corrosion site appeared,
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it was typically very small (sub-mm) and below the resolution of
the photographs shown here. The corrosion ratings collected for
some of the failed specimens in Table 3 support the small size of
the corrosion sites.

Also shown in Fig. 3 is data for equivalent testing of 12-ym
thick hard chromium deposits on the same steel substrate material.
As mentioned above, these shafts were acquired in a post-fin-
ished condition. Post-finishing typically increases the corrosion
resistance of hard chromium. However, all of the hard chromium
shafts tested here exhibited red rust corrosion sites after 2 hr of
NSS exposure. After 4 and 48 hr there were approximately 7 and
300 corrosion sites/cm?, respectively. These numbers are translated
into the rating data provided in Table 3. Photographs of the chro-
mium-plated shafts after 48 hr of NSS exposure are shown in Fig.
5, where it can be seen that at this thickness and test duration, the
amount of corrosion is extreme.

Table 2

Total penetration depths after 8000 cycles and volume
wear rates for the XP coating, hard chromium and EN

Coating Load Penetration Wear rate
[N] depth [pm] [mm?hr]
XP 3 0.2 1.0 x1073
XP, 400°C/4 hr 3 0.1 4.0 x10*
Hard Cr 3 1.5 2.3 x1072
EN 1 10.5 2.9 x10"!

Vertical Distance |pm]

400 GO0 S0 1000

[ 200)

Lateral Distance [pum]

Figure 1—Two-dimensional profilometer scans of POD wear tracks on XP, EN,
and hard chromium coatings deposited onto a plain steel substrate. XP and
hard chromium coatings were tested with a higher applied load (3 N) than the
EN coating (I N).
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Figure 2— Light optical micrographs of the POD wear tracks on (a) XP, (b) hard chromium and (c) EN.
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Figure 3—NSS corrosion resistance for various coatings plated on steel shafts.
Performance for 12 ym hard chromium coating and XP coatings of different
thicknesses are shown; the hard chromium specimens all failed in less than two
hours.

The results reported here for corrosion resistance of hard
chromium are consistent with generally accepted values.**** For
example, coatings 35-pm thick are reported to offer between 24
and 122 hr in NSS testing, depending on the pretreatment process.
The corrosion performance shown here by the XP coating is sub-
stantially superior to either the tested or literature-reported values
seen or expected for hard chromium.

It is interesting in this context to also compare to typical corro-
sion resistance for EN, which is sometimes used in place of hard
chromium for its superior performance in NSS. Literature values
for NSS corrosion resistance of EN over plain carbon steels are
summarized in Table 4,* where it can be seen that EN performance
is substantially affected by phosphorus content in the plated alloy.
At high phosphorus levels the corrosion performance is improved.

The data reported above are for as-plated EN, which lacks good
wear performance (cf. Fig. 1). With heat treatment the hardness
and wear performance can be improved. For example, an EN
deposit with 10.5% P has an as-deposited HV 0, of 480 and a
post-heat treatment (290°C for 6 hr) HV . of 900.° However, in
this same paper the authors report that the heat treatment reduces
the corrosion resistance in 10% HCI by a factor of 126. This is a
characteristic result for EN, where corrosion resistance and wear
performance tend to be inversely correlated.

Table 3

Average corrosion resistance rating (based on ASTM 537%) for XP coatings of different thicknesses, in
comparison to hard chromium. Samples were plated on steel shafts, XP-coated samples were tested as-plated,
while hard chromium-coated samples were post-finished prior to testing.

XP Hard Cr
Thickness Hours Rating Thickness Hours Rating
[pem] [pm]
12 353 9.8 12 4 8
- = - 12 48 1
18 910 9.1 - - -
25 664 9.8 - - -
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Figure 4—Appearance of 12-um XP-coated steel shafts after exposure to NSS, with exposure times as shown. The ends

of these shafts are masked (orange) during testing.

S em

Figure 5—Appearance of 12-um hard chromium coated steel shafts after 48 hr of exposure to NSS. The ends of these

shafts are masked (orange) during testing.

Table 4

Neutral salt spray corrosion resistance rating for
EN coatings*

Thickness Hours in NSST
[pm]
4.0-8.0% P 10.5 -12.0% P
12 24 250
22 to 50 96 1000

Surface texture

Figure 6 shows the measured R roughness of coated substrates
as a function of the initial substrate roughness. The data for hard
chromium are taken from the literature,’” and show an increase in
roughness with thickness. On the other hand, XP coatings roughen
the surface substantially less. For substrates with the same start-
ing surface finish (0.12 ygm), a 50-pm hard chromium deposit
increased the substrate R value by about 90% while 25- or 100-zm
XP coatings will increase the surface roughness of the substrate by
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only 40 or 67%, respectively. Further, when the starting substrate
is rougher, the XP coating can in some cases decrease the surface
roughess after plating. For example, for a starting substrate R of
1.1 pm, the roughness change for a 25- or 100-uxm XP coating is
-32 or -14%, respectively.

A negative change in the R indicates that leveling has occurred
during the plating process. Leveling is not observed for very
smooth substrates because the intrinsic texture of the coating is
more significant than the substrate roughness. In other words, there
is some maximum degree of smoothness that is reached in the as-
deposited coating.”™" This is more clearly demonstrated in Fig. 7,
where it can be seen that the roughness parameters decrease for a
25-pm thick XP deposit. For a 100-um thick XP coating, R has
only a slight increase and little to no change is seen in R_or R from
the unplated surface.

The data in Figs. 6 and 7 demonstrate that the XP coating can
better replicate the surface finish of the substrate than a hard chro-
mium coating. In some cases, the XP coating can actually level the
substrate providing a smoother finished surface. This could provide
an advantage in manufacturing, allowing the degree of post-finish-

™ The degree of leveling reported here is for the standard XP plating chemis-
try. This can be further controlled through adjustments of the bath chemistry if
desirable.
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Figure 6—Surface roughness increase verse substrate roughness for XP and
hard chromium deposits.

ing to be partially, or in some cases fully, eliminated. XP samples
plated onto substrates of initial R, = 0.12 ym are shown in Figs.
8(a) and (b). In Fig. 8(a), for a 25-um thick coating the substrate
grind lines are visible (and indicated by arrows), whereas in Fig.
8(b), they are virtually leveled out. The small nodules shown in
Figs. 8(a) and (b) are about 5 and 25 pym in diameter for coating
thicknesses of 25 and 100 pm, respectively. On the other hand, a
hard chromium deposit® that is 25 ym thick has nodules that are
about 35 ym in diameter.

Coating distribution

Another factor that can substantially impact the degree of post-
processing necessary after plating is the coating distribution. If
substantial differences are seen in the relative plated thicknesses
in higher and lower current density areas, it is more likely that a
part will need to be post-machined to achieve desired tolerances.
Typical processing issues include excessive build-up on gear teeth
or “dog-boning” of shafts and plates.** The two geometries selected
for the present experiments specifically address these two condi-
tions. It is important to note that for these experiments, no special
anode configuration was used. Flat anode sheets were simply posi-
tioned on either side of the substrates, without thieves or shields.

15
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Figure 7—Surface roughness parameters versus XP coating thickness.

A photo of a plated gear (details of the gear are provided in the
Experimental methods section) is provided in Fig. 9, along with
cross-sectional micrographs showing the plating distribution. The
peak-to-valley ratio for the XP coating thickness is approximately
4:1. The XP coating is also very smooth along the peaks of the
teeth, with no substantial edge build up on the edges. By contrast,
hard chromium processes typically exhibit poor covering power.*
For the present geometry, one would typically expect no better than
a 10:1 peak-to-valley distribution for hard chromium, and in some
cases no coating at all would be expected in similar recesses. A
closer comparison to what is shown in Fig. 9 would be to expecta-
tions for standard commercial nickel, the throwing power of which
is accepted to be much superior to that of hard chromium.

Thickness distributions of the XP coatings were also measured
on the same shafts used for the corrosion and surface roughness
measurements. The results of these measurements are shown in
Fig. 10. Two separate shafts were measured, with two sets of mea-
surements taken on opposite sides of each shaft at 14 evenly spaced
points. In general, all the measurements taken were with the noise
of the measurement (+~2 ym), with only one data series showing
a thickness increase significantly beyond the noise in the measure-
ment at one end of the shaft. This maximum increase was minimal,

Figure 8 — Optical micrographs of XP-coated surface appearance of samples from the roughness testing (see Fig. 7). The
substrates were steel shafts with an R of 0.12 ym. The XP coating thickness is 25 ym in (a) and 100 pym in (b).
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Figure 9—XP coating distribution on a spur gear. No special fixturing was used
for the plating of this gear. The peak to valley coating thickness ratio is 4:1.

being only about 6%, and the next highest variation was only about
3%. These measurements were all within the measurement preci-
sion with no notable trends to higher thickness towards the ends
of the shafts, suggesting that dog-boning should be minimal when
using the XP coating process.

Heat treatment

Mild heat treatments of nanocrystalline Ni-W coatings are known
to increase their hardness, by virtue of relaxation of the grain
boundaries.*! For the present XP coating, a bake at 191°C for six
or more hours increases the microhardness to 950 HVIOOg without
causing macrocracks in the coating. This is shown in the photomi-
crograph in Fig. 11. The ability to bake-harden without cracking
is in contrast to many phosphorus-containing electrodeposits that
crack under such treatments. Heat treatment can also be used to
further improve wear resistance, as shown in Table 2, where a 4-hr
treatment at 400°C roughly halves the wear rate.

Application example

The wear and corrosion benefits of the XP coating lend it to
industrial uses with high durability requirements. Here we present
one in-service application test that validates these properties. The
specific application is in the field of gravure printing, wherein a
rotating disk with embossed letters on its outer circumference is
used to transfer ink to a travelling medium. On each revolution the
embossed letters are exposed to an ink, and experience mechanical
contact wear as they are impressed into the medium. In the present
test a wire-printing gravure wheel was selected for validation of
the XP coating. A photograph of a similar such gravure wheel is
shown in Fig. 12. The wheel diameter is 8.2 cm, and its thickness
is 0.9 cm.

The performance of the coating is measured in terms of the
length of printed wire that can be obtained before wear renders the
printed letter quality unacceptable. Such wheels, when coated with
commercial hard chromium, exhibit a typical lifetime of 13.5 km.
A wheel was coated with 12 ym of the XP coating, and placed into
industrial service. It delivered more than 135 km of printed wire
without failing. This result aligns well with the relative improve-
ments in wear vis-a-vis hard chromium observed in our laboratory
tests.
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Figure 10— Distribution of XP coating on two 1566 shafts, with the two different
shafts represented by different colors. The two series shown for each shaft are
reflective of measurements taken on opposite sides of the respective shafts.

Figure 11— Cross-sectional photomicrograph of an XP coating over steel, after
a 191°C bake for 24 hr. Note the absence of cracks.

/

Figure 12— Photo of a commercial gravure wheel coated with the XP coating.
The embossed letters on the outside diameter, which comprise the functional
surface, can be seen on the bottom of the photograph (as highlighted by the
arrow).
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Conclusions

While nanocrystalline electrodeposits have been proposed as hard
chromium alternatives in the past, these have all suffered from
drawbacks in terms of performance or stability of their structure
or properties. Nanocrystalline Ni-W is unique in the sense that it
is based on an alloy of two transition metals and has a broadly
tunable structure and property set. The XP coating explored in this
work represents an optimized coating intended for use in func-
tional or engineering applications.

Our pin-on-disk sliding wear tests show that XP coatings have
a significantly slower wear rate than either hard chromium (by a
factor of 7.5 by depth) or electroless nickel (by a factor of more
than 52 by depth). Compared with hard chromium, wear leads to
less associated cracking, while in comparison to EN, improved
wear properties are delivered without the need for heat treatment.

The neutral salt spray corrosion resistance of XP-coated steel
shafts is significantly better than that attained with hard chromium
plating. Even significantly thinner deposits of the XP coating can
provide corrosion resistance equal to or surpassing thicker chro-
mium deposits. The corrosion resistance of XP-coated steel is also
comparable to or better than an equivalent thickness of EN.

XP coatings can replicate the surface texture of the substrate or,
in some cases, can even improve the surface finish of the part. This
attribute can reduce post-finishing costs, and may even allow pol-
ishing of the substrate before plating, rather than post-plating pol-
ishing of the coated component (as is common in hard chromium
plating). The ability of the XP process to throw into recesses also
offers many advantages when compared to chromium plating. It
permits shorter plating times when a recessed area requires a mini-
mum deposit thickness. Lower edge build-up on sharp corners is a
peripheral benefit that can result in less post-finishing of the part.

Although as-plated XP coatings exhibit all of the desirable
properties noted above, they can also be hardened through heat
treatment. At lower bake temperatures than are common for EN,
the wear resistance of XP coatings can be doubled. Cracks are not
formed in XP coatings after baking, suggesting that high hardness,
wear resistance and corrosion protection can all be simultane-
ously achieved in XP coatings with appropriate plating and baking
cycles.

Nanocrystalline Ni-W alloy coatings are very well suited for
engineering applications that require excellent wear and corrosion
performance, and its deposition attributes offer significant produc-
tion efficiencies. Here we have provided just one application exam-
ple that validates the properties seen in our laboratory experiments.
XP-coated gravure printing wheels exhibit an in-service lifetime
more than ten times that delivered by commercial hard chromium.
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