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ABSTRACT: The effects of annealing temperature on the
tribological properties of electroless nickel—boron coatings
have been investigated. The coatings were annealed in a tube
furnace under a flow (0.0094 N m®/min) of oxygen gas at
temperatures of 250, 400, 550, and 700 °C for 3 h. Using
scanning electron microscopy, images of the annealed coatings
documented changes in surface morphology. From this it was
seen that the higher annealing temperatures produced marked
changes, moving from the nodular structure of nickel—boron
coatings to a flaked surface morphology. The chemical effect of
the annealing temperature was studied via X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. The XPS data
indicated that after annealing at the temperatures of 550 and

700 °C, an accumulation of boron oxide species could be seen at the surface as well as a complete loss of nickel signal. An analysis
of Raman spectra collected across the surface further identified the predominant species to be boric acid. The tribological
response of the coatings was studied with a pin-on-disk tribometer with 440C stainless steel balls run against the coatings in
ambient air. It was seen that the as received sample and the sample annealed at 250 °C samples exhibited modest friction
properties, while the 400 °C sample had increased friction due to wear debris from the ball. The 550 and 700 °C samples showed
remarkably low friction coefficients between 0.06 and 0.08, attributable to the presence of boric acid. The wear tracks were
analyzed using scanning white light interferometry and from this data wear rates were obtained for the coatings ranging from

1078 to 1077 mm>/Nm.
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1. INTRODUCTION

There is a large need in the design of engineered pieces for the
protection and enhancement of the performance of surfaces. In
2009, the global coatings market totaled over $90 billion USD
with nondecorative coatings (such as marine, hard coatings, and
tribological coatings) making up over 50% of the market.” Hard
coatings such as diamond-like carbon, chrome coatings, and
boron nitride are commonly used to increase the hardness of a
surface to prolong its operation. By covering the surface with a
hard coating the lifetime of the part is increased due to the fact
that the piece will experience less wear during operation. Hard
coatings can also modify other properties of the surface,
potentially providing resistance to corrosion, improved fric-
tional behavior, and protection from unwanted chemical
reactions. Nickel boride coatings offer a number of these
advantages.z_7

A number of coating processes can be used to deposit nickel
boride, including physical vapor deposition, chemical vapor
deposition, and electrolytic deposition. One of the increasingly
used deposition processes is electroless deposition. Electroless
deposition is a purely catalytic process in which no external
power source is needed to drive the deposition. Also electroless
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deposition eliminates line-of-sight issues as well as edge effects
commonly seen in many deposition processes.’® Advantages of
this approach also include the relative simplicity in equipment,
low capital expenditure, scalability, and the overall lower
workforce skill involved in the deposition.® '* The electroless
deposition of nickel boron coatings is beneficial in protecting
against corrosion and fouling, extending of service lifetimes, and
conservation of energy. Nickel boron coatings have been shown
in previous studies to have high hardness, low wear, good
adherence on a variety of substrates, and provide corrosion
resistance.'® In certain situations, nickel boron coatings have
shown low friction but many factors such as deposition
variables, annealing temperature, and tribological testing
environment play a large role in the variance on friction values
reported.'™'* Nickel boron coatings are commonly annealed
under ambient gas conditions to increase the hardness of the
coatings; 400 °C is commonly used as a result of empirical
investigations that revealed an enhancement in hardness
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following this treatment.'>'* In the present study, the influence
of temperature-dependent oxygen anneals on the tribological
properties of electroless nickel boride coatings have been
investigated in order to elucidate the various contributions to
the modified coating properties.

Following anneals under a flow of oxygen gas at 250, 400,
550, and 700 °C, X-ray photoelectron spectroscopy (XPS) has
been used to document the composition of nickel boride
coating surfaces as a function of annealing temperature. In
addition, Raman spectroscopy has assisted in ascertaining the
molecular nature of the boron oxide species detected in the
near surface region following high temperature anneals. In turn,
compositional changes have been correlated with variations in
surface morphology and tribological response in order to
generate a thorough understanding of the origins of favorable
performance characteristics. Pin-on-disk tribometry has been
used to measure the friction and associated wear properties of
the nickel boride coatings as a function of annealing
treatments.'® The pin-on-disk measurements have provided
an average coefficient of friction for a given set of sliding
conditions while interferometry measurements have been used
to follow the amount of material lost during sliding. Using
known variables from the pin-on-disk testing, fundamental wear
rates of the variously annealed coatings have been obtained.

2. METHOD AND MATERIALS

Numerous 4130 steel substrates measuring approximately 10 mm X 14
mm were processed by UCT Coatings Inc. (Stuart, FL) to deposit a
100 pm thick nickel—boron coating from a nickel chloride hexahydrate
(NiClI2:6H20) and sodium borohydride (NaBH,) solution. Lead
tungstate (PbWO,) was employed as a solution stabilizer. The coating
thickness was monitored via deposition rate calculations and verified
via cross-sectional SEM images.

A tube furnace allowed for ultrahigh purity O, gas to be flowed over
the coated substrates during the various annealing procedures. A
steady flow of 0.0094 N m®/min was established to purge the tube of
any ambient air before heating to the specified temperature.
Temperature was measured via a K-type thermocouple placed inside
the tube immediately above the sample. Once the desired temperature
was reached, the samples were held at this temperature for 3 h.
Samples were allowed to cool to room temperature under a flow of O,
gas.

XPS was performed with an Omicron Nanotechnology GmbH Al
Ka (1486.7 eV) monochromatic X-ray source, used in conjunction
with an Omicron Nanotechnology GmbH EAC2000-Sphera hemi-
spherical, 7-channel analyzer. After annealed samples were attached to
transfer platens via spot-welded Ta strips, low resolution survey
spectra were taken for the 1386.7—50 eV binding energy range to
identify the elements present in the surface region of the coatings.
High resolution core spectra were measured for the elements present
to determine the chemical bonding state of the elements present and
to calculate their relative concentration within the selvage region. A
takeoft angle of 55°, a spot size of 1750 X 2750 um, and a spectral step
size of 0.03 eV within core scans were employed. All samples were
sputtered for S min with a PHI FIG-5CE ion sputter gun with beam
energy of 1 kV before general survey spectra were taken to remove
surface contamination. Processing of the XPS spectra was performed
using CasaXP$ software (Casa Software Ltd.) and entailed a sequence
of background subtraction, curve fitting, integration of peak intensities,
and correction for each element’s atomic sensitivity factor.'>™'” The
Shirley background subtraction method was used to subtract the
background intensity for the spectra and a 30% Lorentzian/70%
Gaussian profile was used in fitting core level peaks.

Raman spectra were collected with a LabRam Infinity (Horiba
Group) micro-Raman system, employing 1.5 mW continuous helium:
neon laser (4 = 632.8 nm) and a 100X objective. Spectra were
recorded using 6 s integration times and averaged 10 times for a total
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integration time of 60 s. Backscattered radiation was collected by the
same microscope objective, passed through a sharp-edge filter to reject
elastically scattered light, and imaged by a CCD detector (1024 9 256
pixels).

Tribological testing was performed via a novel ultrahigh vacuum
tribometer, seen in (Figure 1), which was based on the MISSE 7 series
of pin-on-disk tribometers transported to the International Space
Station (ISS) and installed in November 2009 during the STS 129
mission."”

Platen

Rotating
Sample Stage

Actuator
Reducer

Motor

Figure 1. Schematic of the home-built pin-on-disk tribometer wear
track radius of 18.85 mm and a piezoelectric controlled flexure arm.
Stage is capable of rotating up to 30 rpm and holds samples mounted
to Omicron GmbH platens.

The full design details and specifics of the tribometer have been
previously reported in the literature.”® All samples were run against a 3
mm radius 440C stainless steel ball under ambient conditions with a
relative humidity of 40—50%. The tribological investigations entailed
the application of 1 N normal load and sliding distances in excess of 1
km. Under these conditions, the estimated contact pressure of the
sliding interface was 530 MPa, calculated assuming a Hertzian contact;
higher local pressures likely existed in the region of asperities.

Scanning white light interferometry (SWLI) scans were taken using
a Veeco Wyko NT9100 Interferometer. Scans over multiple regions
were processed and compiled in order to illustrate broad regions
including the wear track. Single point wear rates (K) were calculated
for each sample according to the following relationship

|4

K= (&d) (m?®/N-m)

(1)
where normal load is denoted by F,, total sliding distance by d, and
volume loss by V. Multiple measurements across the wear tracks were
acquired and analyzed to establish an average wear track shape and
standard deviations in wear rates for each of the samples.

SEM images were obtained using a JEOL NeoScope JCM-5000
benchtop SEM employing a primary beam energy of 10 kV. Images
were obtained from the region of the wear track of each sample to
illustrate the deformation and damage caused by the tribological tests.
Images were also obtained off of the wear track to depict the general
morphology of the coating and to document changes occurring as a
result of the annealing processes. The surface hardness values of the
nickel boride coatings were evaluated with a Hysitron Triboindeter,
employing a three-sided Berkovich diamond indenter.

3. RESULTS

3.1. Compositional and Morphological Changes.
Figure 2 shows SEM images of the undisturbed portions of
the coatings not affected by the tribological testing performed.
The as received sample along with the sample annealed at 250
°C depict a nodular structure for the nickel-boron coatings. In
the 400 °C annealed sample aggregation on the submicrometer
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Figure 2. SEM Images of the surface of the NiB coatings (a) as received and after annealing at (b) 250 °C, (c) 400 °C, (d) 550 °C, and (e) 700 °C
showing the morphological changes that occur due to the annealing at these temperature.

Ni2p*?NiB

Arbitrary Units

862 80 858 836 834

Binding Energy (eV)

Arbitrary Units

700°C

550°C

400C

250 C
I|||ll|||l|ll||l

866 864 862 80 858 856
Binding Energy (V)

852

854

850

Figure 3. Ni 2p 3/2 core spectra showing that after higher annealing temperatures no Ni is seen in the sample’s surface region.
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Figure 4. B 1s core spectra showing (a) the fitted as received sample with peak assignments and (b) the spectra for the 250 °C, 400 °C, 550 °C, and
700 °C samples showing a transition from 2 peaks in the lower annealed samples to a singular broad peak in the higher annealed samples.

scaled is observed upon close inspection in the form of smaller
nodules coalescing, smaller surface cracks closing, and deeper
cracks appearing less prevalent. Upon annealing at 550 °C
extensive changes can be seen in the morphology. The nodular
structure is completely absent, replaced by a new phase on the
surface. This new structure, dubbed hereafter as flaked, can also
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be seen in the sample annealed at 700 °C. Also seen in the 700
°C image are slight remnants of the nodular structure indicating
that the new flaked structure has evolved from the previous

structure.
Figure 3 depicts the Ni 2p 3/2 core spectra for the series of

coatings annealed. The Ni 2p spectrum is notoriously difficult
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Figure 5. O 1s core spectra (a) showing peak identification for the as received sample and (b) remaining samples O 1s spectra showing transition in
binding energy and broadening of the peak due to the creation of a B,O; rich surface in the higher annealed samples.

to fit due to the number of satellite peaks, denoted in the
spectra as S1 and S2, which occur due to quantum mechanical
effects.”” Despite these complexities, the 2p 3/2 peak can be
fitted with two smaller peaks. The first peak located at
approximately 853 eV is associated with Ni bonded to B in the
compound Ni;B, the intended stoichiometric compound during
deposition. Prior experiments have shown that as nickel—boron
coatings are annealed, the films crystallize and the dominant
phase seen is Ni;B.> The second fitted peak, located at 853—
854 eV, is assigned to Ni bonded to O in the compound NiO.
An additional nickel oxide, Ni,O;, may potentially form with a
characteristic Ni binding energy of 856—857 eV. Unfortunately
this peak overlaps with one of the satellite peaks and therefore
cannot be fully assessed. Slight variations in the intensity of
these spectral features are seen in the as-received sample and
those annealed to 250 and 400 °C, however the complete
absence of any Ni species is indicated by the spectra measured
from samples annealed to 550 and 700 °C. Based on these
results, lower annealing temperatures are seen to produce a
minor oxidation of the nickel boron coating, while higher
temperature anneals are seen to induce a drastic compositional
change to the surface region, consistent with the morphological
changes described above.

Figure 4 displays the B 1s core spectra for the samples
annealed to different temperatures in the study. The relative
decrease in the signal-to-noise ratio (S/N) compared to the Ni
spectra results from the lower photoelectron cross section for
boron. As can be seen in the as received, 250 °C, and 400 °C
samples there are two peaks expressed. The lower binding
energy peak is located at approximately 188 eV and
corresponds to boron bonded to Ni in the Ni;B structure.
The higher peak, located at approximately 193 eV can be
assigned to B bonded to O. This shows that even in the as
deposited coating some degree of surface oxidation has
occurred. In the samples annealed at the higher temperatures,
the lower binding energy peak is no longer seen and a single
broad peak is observed. This peak is attributed to boron oxide
species and/or boric acid resulting from the diffusion of
subsurface boron and hydrogen at these temperatures and the
extensive oxidation of the surface region. The proximity of
reported binding energies for B,O; (193.7 eV) and H;BO,
(192.8 eV)** and the ill-defined shape of the spectral peak
prevent a quantitative deconvolution into their respective
presence. The formation of hydrogen containing boric acid is
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consistent with the inclusion of hydrogen in Ni;B films
produced through electroless deposition. The breadth of the
peak and the shift to higher energies is also observed for both
oxygen and adventitious carbon detected in related spectra and
is consistent with surface charging of the oxide. These spectral
features observed with increasing temperature demonstrate that
all of the boron present in the near surface region is converted
from its deposited form (Ni;B).

Figure S displays the correlated changes observed in the O 1s
peak as the annealing temperature increases. The lower
annealed samples and the as received sample show a peak
that can be assigned as arising from two species. Intensity
located at approximately 532 and 533 eV and can be attributed
to Ni,O; and B,0;, respectively. For the sample annealed to
250 °C, deconvolution of the O 1s peak reveals intensity at 529
eV that can be attributed to NiO in addition to that observed
for the as received sample. Upon annealing to 400 °C, a relative
shift in intensity located at 533 is consistent with the formation
of more boron oxide species. After annealing above 550 °C, the
O 1s peak shifts to a higher binding energy and widens much
like the case in the B 1s peak, consistent with the complete
oxidation of the surface region and related surface charging.

From the spectra above, the relative percent composition of
the surface of the coatings was determined using the methods
previously described and are presented as atomic percentages in
Table 1. As XPS is insensitive to the presence of hydrogen, its

Table 1. Elemental Composition, in Atomic Percent, of the
Samples after Annealing at Various Temperatures

sample Ni (at. %) B (at. %) O (at. %) C (at. %) Pb (at. %)
as received 31 19 42 8 0
250 °C 22 23 45 10 0
400 °C 24 24 45 6 1
550 °C 0 34 49 17 0
700 °C 0 32 53 15 0

relative presence in the near surface region is not reflected. The
data for the samples annealed to 250 and 400 °C indicate that a
change in surface composition has occurred as a result of the
heat treatment. The presence of C in all of the samples can be
attributed to adventitious carbon that adsorbs to the surface of
the sample during transport from the tube furnace to the
vacuum system. In the electroless deposition process, PbWO, is
used, in very minute quantities, as a stabilizer for the
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bath.">'***** In some samples, a small amount of Pb has been
detected on the surface, usually less than or equal to one atomic
percent, as seen in the 400 °C composition data. The samples
annealed to 250 and 400 °C exhibit a slightly higher B
concentration at the cost of lower Ni concentration with
respect to the as received coating. Significant changes in the
composition occur once the coatings are annealed at 550 and
700 °C. For these samples, a complete depletion of nickel and
higher concentrations of B and O with a much higher
concentration of C is measured. The observed change in
composition correlated closely with a significant reduction in
surface hardness from ~3 GPa for coatings containing nickel
and boron in the surface region to ~50 MPa for those
containing predominantly boron and oxygen. The extent to
which surface roughness influenced these values derived from
nanoindentation measurements was not evaluated.

To further ascertain the nature of compositional changes
occurring with high temperature anneals in oxygen environ-
ments, Raman spectra were collected from the Ni;B coating
annealed to 700 °C. The resulting spectrum is presented in
Figure 6 and is consistent with the transformation of the near
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Figure 6. Raman spectrum of the electroless Ni;B sample following a
700 °C anneal in a blanketing oxygen gas. The spectrum is dominated
by vibrational peaks attributable to boric acid.

surface region to boric acid, H;BO;. The peaks at 510, 894, and
1182 cm™' are in agreement with features previously assigned
to boric acid.?>>*° In addition, the absence of peaks at 808,
1325, and 1475 cm™! characteristic of B,O; is noted.””** The
small feature at 1386 cm™' in the spectrum reported here has
not been assigned, nor were assignments for the features at
3193 or 3265 cm ™" identified through an extensive search of the
literature. Nonetheless, the Raman spectrum clearly highlights
the formation of boric acid and the influence of hydrogen
incorporated into the film during deposition.

3.2. Friction Behavior. Figure 7 plots the coefficient of
friction (u) vs sliding distance (m) for each of the samples
tested. As previously stated, the normal force in each test was
IN and the counterface was a 3 mm radius 440C stainless steel
ball, resulting in an estimated contact pressure of 530 MPa.
Again, a new counterface was employed for each unique
sample. The as received and 250 °C samples behaved similarly,
with each test having a run-in period for the first 100 m or so of
sliding then holding at a value of around 0.5 for a period of 400
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Figure 7. Friction coefficient vs sliding distance for Ni—B coatings (a)
as received and after annealing at (b) 250, (c) 400, with inset picture
of SS ball to show evidence of wear on the ball, (d) 550, and (e) 700
°C.

m. Then following ~600 m of sliding distance both samples
exhibit a steady increase in y until the end of the test, by which
point the samples have reached coefficient of friction values of
~0.8—0.9. The frictional response of the 400 °C sample, (c),
differs from the previous two samples. In the first 30 m of
sliding, it begins with a sharp increase of the y value from 0.35
to 0.7 and then holds steady at this higher value for the next
170 m of sliding. Then, a second, abrupt increase in y occurs,
increasing to a coefficient value of 1.0 for the remainder of the
test. As will be discussed below, this second increase can be
attributed to formation of wear debris within the wear track.
Figure 6d and 6e illustrate a very different frictional response
for the coatings annealed in oxygen to 550 and 700 °C. The
550 °C sample has a very brief run in period then holds at a
value of approximately 0.15 for the duration of the test. The
700 °C sample starts at a slightly higher friction value then
decreases to a steady state value of 0.06 for the remainder of 1
km sliding test.

3.3. Wear Behavior. The wear rates associated with the 1
km sliding runs were determined from an analysis of the
circular wear tracks measuring 18.85 mm in circumference.
Using line scans generated from SWLI and averaged over an
entire image, the volume removed from the coating can be
determined and from there the wear rate of the coating can be
calculated. A representative section of an image analyzed in this
way is shown in Figure 8, illustrating the well-defined wear
track observed on the sample annealed to 550 °C. The wear
rates of all 5 samples are shown in Table 2 as well as the
average u value over the entire test for each sample. The as
received sample and 250 °C sample exhibit similar behavior
having both average y values and wear rates that are very close
together. No wear rate could be calculated for the 400 °C
sample due to debris accumulating on the surface, which will be
discussed in greater detail later. The 550 and 700 °C samples
exhibit a higher wear rate as compared to the lower annealed
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Figure 8. (a) SWLI image showing the wear track generated on the
550 °C sample. (b) Line plot of SWLI data, averaged over the entire
area of the image, indicating the depth of the wear track.

Table 2. Coefficient of Friction and Wear Rates of All
Samples Tested

sample coefficient of friction wear rate (mm3/Nm)
as received 0.55 43 %1078
250 °C 0.58 48x 107°
400 °C 0.90 N/A
550 °C 0.17 2.7 x 1077
700 °C 0.06 2.1x 1077

samples, although having lower coefficients of friction. The
difference between the wear rates of the lower and higher
annealed samples can be attributed to the change in both
composition and morphology occurring over this temperature
range, as described above. Overall, these wear rate values
represent a very low rate of material removal from the contact
zone as compared to many other materials coatings.*”*’

The SWLI measurements further revealed the depth of wear
tracks for the lower annealed samples to be between 10 and 30
nm. In comparison, some of the features on the surface

resulting from deposition of the coatings are on the order of S—
1S nm. As a result, there appears to be more of a smoothing of
the nodular structure than material removal. This smoothing
effect can be seen in the as received and 250 °C samples SEM
images shown in Figure 9a and b. Some of the thinner, deeper
lines seen in the images arise from wear debris from the ball.
The 400 °C sample shows a much broader wear track than the
other samples as a result of the large flat spot formed on the
ball during the testing, which lead to a larger contact area. The
550 and 700 °C samples, which displayed higher wear rates
were revealed to have wear track depths between 70 and 120
nm. While this is much more than the lower temperature
annealed samples, a removal of 100 nm correlates to 1/1000 of
the 100 pm thick coating being removed in 1 km of sliding. As
seen in Figure 9, the higher annealed samples do not display
the smoothing effect seen in the as received and 250 °C
samples, but exhibit a more typical material removal process
within the wear track. The origin of the wider wear track
observed on 700 °C sample (Figure 9e) has not been
determined in these studies.

4. DISCUSSION

4.1. Compositional and Morphological Changes. As
seen in the data presented above, the result of annealing Ni—B
coatings in oxygen at temperatures of S50 °C and above is a
marked change in both morphology and composition. These
changes in turn lead to notable changes in the measured
tribological properties. The typical nodular structure observed
on the as received sample and following anneals up to 400 °C is
converted to a flaked structure when coatings are subjected to
higher annealing temperatures. The resulting coating morphol-
ogy is smoother than the original coating surface, free of the
cracks and gaps between nodules in the nodular structure. This
change in surface morphology points to a complete change in
the material that makes up the surface region of the coating,

This hypothesis is corroborated by the trends seen in the
composition of the near surface region of the coatings
determined via XPS. The as received sample and those
annealed at lower temperatures have similar compositions
showing both Ni and B in the selvage region. The B 1s core
spectra indicate B bonded to Ni in Ni;B as well as B bonded to
O in B,0; like species. Although the core spectra are consistent

200 pm
—

200 pm
—

Figure 9. SEM images of wear tracks of NiB coatings for the (a) as received sample and after annealing at (b) 250, (c) 400, (d) 550, and (e) 700 °C.

3074

dx.doi.org/10.1021/am3004297 | ACS Appl. Mater. Interfaces 2012, 4, 3069—3076



ACS Applied Materials & Interfaces

Research Article

1

0.9

0.8

0.7
0.6

HH|LH |HH | LH

HH

LH |HH |LH | HH

u 0.5

0.4

0.3

=

0.2

v

0.1

0

T

0

10 20 30

40

50

60 70 80 90

Sliding Distance (m)

Figure 10. Graph of y vs time for a 700 °C sample with 9.42 m relative humidity cycles.

with B and Ni bonded together as Ni;B, a stoichiometric ratio
of 3:1 is not observed. In the as received sample, the ratio is 1.6,
while being 1:1 in the 250 and 400 °C samples. These
variations likely result from the thermodynamically favorable
formation of boron oxides and the resulting diffusion of boron
to the surface. This picture is supported by the presence of the
large peak in the B 1s spectra that represents B in B,Oj.

The drastic change in the composition observed for the
samples annealed at 550 and 700 °C are also consistent with
the thermodynamically driven formation of boron oxides. At
elevated temperatures, the diffusion of small hydrogen and
boron atoms is enhanced and the surface region of the coating
is transformed to boron acid. This explains the complete lack of
nickel seen in the higher annealed surface as well. This surface
oxidation mechanism is similar to that observed for the
formation on SiO,, in which Si atoms diffuse through an ever
increasing thickness of SiO, form the oxide layer. For silicon
surfaces, higher temperatures are well-known to produce
thicker oxide layers, consistent with the activated nature of
the process.”" A similar behavior is proposed to be occurring at
the surface of nickel—boron coatings as hydrogen and boron
are drawn to the surface to react with gas phase oxygen.>” The
formation of the boric acid also provides a basis for interpreting
the change in morphology observed following the higher
temperature anneals. The transformation from the nodular
structure to the flaked morphology is seen to result from the
significant diffusion of boron and hydrogen through the near
surface region and the corresponding formation of boric acid. It
should also be noted that the Raman data indicate that
oxidation is occurring to a substantially greater depth than that
detected by XPS, again consistent with observable morpho-
logical changes and the friction and wear characteristics
discussed below.

4.2. Frictional Response. The tribological behavior of the
coatings exhibits similarly drastic changes as a function of
annealing temperature. As seen in Figure 7, the as received and
250 °C samples show a period of stability early, albeit it at
moderately high friction, then begin to increase at approx-
imately 600 m of sliding distance. As deposited nickel boride
coatings of this composition can thus be categorized as having
an intermediate friction with a relatively low wear rate,
consistent with the known hardness of the compound. The
400 °C sample showed an immediate increase followed by a
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small plateau and then another rise to an approximate y value
of 1. These tribological changes are attributed to an interface
within which a high degree of wear is occurring. In this case,
significant interfacial wear occurs on the stainless steel
counterface, as seen in the inset of Figure 7c, as well as the
coating, producing large quantities of dark red debris in the
region of the wear track, consistent with the formation and
transfer of an iron oxide species. The mechanism by which this
form of wear occurs has not been revealed through the studies
performed.

The 550 and 700 °C samples exhibited a completely different
tribological response than the samples annealed at lower
temperatures, as would be expected with the significant change
in surface chemistry and morphology. These coating samples
exhibited notably low p values, in turn attributed to the
formation of boric acid. Boric acid is widely known to form a
layered structure® and is further believed to derive its
usefulness as a lubricant from this property. In light of this,
annealing electroless nickel boron coatings at elevated temper-
atures in oxygen containing environments is seen to not only
produce a given surface finish, but also produce a relatively
thick layer of protective, lubricious H;BO,.

All of the pin-on-disk tests presented above were performed
at room temperature and pressure in ambient air in which the
relative humidity (RH) was ~40% or greater. To investigate the
role of water in the measured tribological properties, an
experiment was performed where sliding began in ambient air
with a relative humidity approximately 50% on a sample
annealed at 700 °C in O,. Following sliding for 9.42 m, a dry
N, purge was introduced so as to lower the RH to <10%. This
procedure of alternating testing environments was repeated
while continuously sliding, resulting in the tribological response
depicted in Figure 10. Here, regions of sliding in high humidity
have been labeled as HH and those in low humidity as LH.
After reproducing the friction results obtained on a similarly
annealed coating, the coefficient of friction was observed to rise
slightly upon the reduction in relative humidity. The sliding
interface was able to recover to the lower value upon returning
to HH; this trend repeated for the second LH to HH cycle as
well. Upon lowering the humidity a third time however, an
almost linear increase in y is seen with sliding distance, rising
from 0.1 to 0.4 over this distance. This result points to a
progressive wear of the protective boric acid layer during low
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humidity sliding. Following this ramping up of the friction
coefficient, a modest recovery is made upon returning to HH,
bringing the y value down to 0.2. The last region of sliding in
LH exhibits an immediate increase back to a y value of 0.4,
which then holds for the remainder of the 9.42 m humidity
cycle. The last HH cycle highlights a potential kinetic effect
with respect to the participation of ambient water in
tribochemical reactions occurring under sliding conditions.
4.3. Wear Response. The wear response of the various
coatings reveals further evidence to the fact that annealing
temperature has a vast influence on the nature of the surface of
nickel boron coatings. As previously discussed, no wear data
was able to be obtained for the 400 °C sample as the wear
debris generated from the ball during testing accumulated in
the wear track, effectively producing a growth in thickness
within the wear track. Beyond this sample, the results of the
SWLI investigation depict a coatings performance of
considerable interest. The wear rates calculated for the as
received and 250 °C samples are both very low, in the range of
4.0 X 10™® mm?/Nm. The 550 and 700 °C samples exhibit a
moderate increase in the wear rate to ~2.0 X 10~ mm?/Nmy;
yet, these rates are all fairly low. These low wear rates can be
rationalized with the reduction in surface hardness through by
recognizing that most solid state lubricant coatings function
through interfacial shear within the coating, not relying upon
inherent hardness as a predominant protection mechanism.
Recalling that wear rates for many advanced aerospace coatings
are in the 107°~1077 range demonstrates that these Ni,B
coatings offer the potential for substantial wear resistance.*”°
Although not measured explicitly, ambient water, in con-
junction with the boric layers formed during oxygen anneals,
likely plays a strong role in maintaining a low wear rate, as
suggested by the low humidity data presented in Figure 10.

5. SUMMARY AND CONCLUSIONS

Annealing electrolessly deposited nickel boron coatings above a
temperature of at least 550 °C has been shown to transform the
surface of the as deposited coating from a nodular structure to a
flaked structure. The chemical nature of the coatings shifts from
one containing Ni;B to a surface that is completely covered
with boric acid. The presence of these species within the surface
layer results in notably reduced coefficients of friction with
respect to those of the parent coating when sliding against steel
counterfaces in humid environments. Together, the results of
this study document correlated changes in surface morphology,
composition, and tribological response as result of oxygen
annealing and demonstrate the potential for further mod-
ification of these useful coatings through post deposition
thermal treatments.
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