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Abstract

Lubrication is critical for minimizing wear in mechanical systems that operate for extended time periods. Developing lubricants that can be
used in engineering systems without replenishment – particularly those that are environmentally friendly – is very important for increasing the
functional lifetime of mechanical components. In the present investigation, extended duration pin-on-disk experiments were carried out to determine
the relative performance of a wide range of lubricant combinations in a commercial brake valve assembly. In the experiments, the lubricants were
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nitially applied to the disk surface but were not replenished over a sliding distance of more than 6000 m. The experimental results revealed
hat the environmentally friendly lubricant boric acid was highly ineffective for reducing the wear in the surfaces tested. When combined with
commercial transmission fluid, however, the boric acid mixture proved to be highly effective in terms of both friction and wear performance.
ased on the success of the combined lubricant experiments, the boric acid was then mixed with canola oil to form a completely natural lubricant
ombination. Based on further pin-on-disk experiments, this lubricant combination yielded the best wear performance of all the lubricants tested.
he importance of these results, as related to the use of the natural lubricant combination in other engineering systems such as sheet metal stamping,
as subsequently ascertained and discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In the absence of adequate lubrication, sliding between mat-
ng components in extended-duration operations will result in
igh levels of friction and wear – and ultimately failure – of
he materials in contact. These high frictional values are primar-
ly caused by the inherent roughness of the materials in contact
nd the large pressures that develop between them. To reduce
he undesirable effects of wear, lubricants are generally applied
long the interface of contacting materials. Rather than being
arried by individual asperities, lubricant films separate asperity
nteraction and allow contact pressures to be more evenly dis-
ributed over the contact interface. Due to the high costs often
ssociated with disposing of lubricant materials that are typi-
ally used to reduce wear, efforts are being made to develop and
mplement lubricants that are environmentally benign. These

∗ Corresponding author. Tel.: +1 412 624 9601; fax: +1 412 624 1108.
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lubricants, such as boric acid, have excellent lubrication prop-
erties without requiring expensive disposal techniques. In this
light, the present investigation will focus on evaluating the lubri-
cation properties of boric acid for extended time duration appli-
cations where lubricant replenishment is not feasible.

Reviewing the literature, several studies related to the lubri-
cation properties of boric acid have been carried out over the
past several decades [1,2]. These works have primarily focused
on the performance of boric acid in high temperature applica-
tions. More recently, research specifically aimed at the use of
boric acid in engineering systems has been undertaken [3–6].
These publications have indicated that boric acid’s unique lay-
ered inter-crystalline structure makes it a very promising solid
lubricant material because of its relatively high load carrying
capacity and low steady state friction coefficient. Other impor-
tant research has investigated the use of boric acid as a lubri-
cant in manufacturing processes such as forming, drilling and
machining. In metal forming applications [7–9], it was shown
that boric acid provided very low friction (0.04) between an
aluminum work piece and a steel forming tool. During these
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Fig. 1. Results obtained from interrupted pin-on-disk tests [13].

processes, the post-fabrication cleaning of the boric acid lubri-
cant was environmentally safe, non-toxic and water soluble. In
earlier work by Liang and Jahanmir [10], drilling experiments
with sapphire tools indicated that the addition of boric acid to
distilled water increased the rate of drilling of polycrystalline
alumina by a factor of two. In addition, boric acid was found to
help reduce friction and corrosion when mixed with cutting and
grinding fluids [11,12] during machining processes. It is very
important to note, however, that the success of the boric acid
in each of the above studies was dependent on the continuous
replenishment of the boric acid into the contact region.

To assess the feasibility of using boric acid powders to sustain
low friction and wear when replenishment was not continuous,
the authors have previously conducted high speed pin-on-disk
experiments [13]. A schematic of the test apparatus utilized in
this work is shown in Fig. 1. In the experiments, the concentrated
sliding contact consisted of an alumina pin (5 mm diameter) on
an AISI-M50 bearing steel disk at a maximum central Hertzian
contact pressure of 1.9 GPa. For sliding speeds of approximately

1 m/s, the resulting friction revealed a reduction in friction from
0.4 for the dry contact, to approximately 0.15 for the boric acid
lubricated contact. As illustrated in the figure, continuous pow-
der delivery of the boric acid successfully produced a lubricous
surface film and low friction until the delivery of powder was
halted.

The primary objective of the present investigation will be to
draw upon the author’s prior research to develop methods for
obtaining the beneficial properties of boric acid when replen-
ishment is not feasible. To provide a basis for its potential
applicability in real-world engineering systems, the work will
specifically focus on using boric acid in a commercial brake
assembly that must operate without maintenance for 125,000
cycles over a 5-year period. As shown in Fig. 2, the brake
assembly consists a male slide valve that mates within a bush-
ing (valve seat) housing. The base materials for the slide valve
and housing components are copper alloys C93200 and C84400,
respectively. Both of these materials are lead based white metals
(commonly referred to as Babbitts) that exhibit low friction even

valv
Fig. 2. Slide
 e assembly.
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in the absence of liquid lubrication. Their low friction behavior
is due to the fact that lead base alloys contain phases that form
low shear strength films on the contact surface during sliding.

In the application of interest, it is known that the assem-
bly operates at contact pressures between 620 and 760 kPa, and
that both the slide valve and bushing components are fabricated
from copper alloy materials. In addition, a standard transmis-
sion fluid is applied to the assembly when it enters the field
to provide initial lubrication between components. Due to the
lack of lubricant replenishment and the entrapment of particu-
lates (i.e. pipe scale and aluminum oxide) within the contacting
interface, the performance of the brake valve assembly signifi-
cantly degrades over time from the development of longitudinal
wear. To establish the potential effectiveness of boric acid as
a lubricant in extended duration applications, pin-on-disk wear
experiments were performed at the same operating conditions
experienced by the brake valve assembly at several different
lubrication states.

2. Lubrication properties of boric acid

Over the past 30 years, several solid lubricants have been
found to significantly reduce friction and wear during slid-
ing contact. Most of these lubricants, which include graphite,
molybdenum disulphide and tungsten disulphide, belong to a
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Fig. 3. Geometry of the monomer and the monolayer with symmetric element
shown in one unit cell of orthoboric acid [17].

Two of the most important characteristics of boric acid for
use as a lubricant are that it is readily available and environ-
mentally safe. In its solid form, boric acid is a weakly acidic
white powder that is soluble in water (about 27% by weight in
boiling water and about 6% at room temperature), soft, ductile,
stable, free flowing and easily handled. It is very inexpensive, as
finely ground technical grade boric acid powder (>99% pure) is
commercially available for less than US$ 2 per pound. The Envi-
ronmental Protection Agency has established that boric acid is
benign and the Clean Water Act does not classify it as a pollutant.
In fact, a dilute water solution of boric acid is also commonly
used as a mild antiseptic and eyewash. In addition, the industrial
marketplace has already accepted boric acid as an engineering
material. The present markets for boric acid and boric oxide in
the United States include glass making (78%), fire retardants
(9%), agricultural fertilizers (4%) and other industrial applica-
tions such as metal plating and finishing, paints and pigments,
electroplating and cosmetics (9%). The US is the world’s largest
producer of boron compounds, as large domestic reserves of
boron materials reside in lake sediments and brines.

3. Experimental procedure

In an effort to develop methods for increasing the effective-
ness of boric acid during extended duration operations, pin-on-
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pecialized class of materials known as lamellar solids. As
escribed in the introduction, boric acid is another often over-
ooked lamellar solid that has been found to be an effective
ubricant [3–6]. This effectiveness can be attributed to boric
cids low friction and shear strength values. As reported in the
iterature [13], the shear strength of boric acid has been experi-
entally determined to be 23 MPa, and its coefficient of friction

as been measured to be less than 0.02 in ambient environments
13]. These values are very similar to the more commonly used
olybdenum disulphide, which has a measured shear strength

alue of 24 MPa.
Examining its physical characteristics, boric acid is the com-

on term for orthoboric (or boracic) acid H3BO3, which is a
ydrate of boric oxide B2O3. When in contact with water, boric
xide will readily hydrate, converting to the lamellar solid boric
cid. Under atmospheric pressure, boric acid dehydrates (i.e.
everts back to boric oxide) above 170 ◦C. Boric oxide is known
o soften around 400 ◦C at atmospheric pressure. As shown in
ig. 3 [17], the fundamental molecular structure of boric acid
llows it to act as an effective solid lubricant film. When crys-
allized, boric acid forms weak Van der Walls bonds between
ndividual layers and strong hydrogen (covalent) bonds within a
ayer. Such a bonding structure makes the structural properties
f boric acid highly anisotropic. When tangentially loaded, the
ndividual lamellae slide relatively easily over one another. This
s in contrast to the normal direction where the boric acid has
relative high loaded carrying capacity. Hence, when properly

ligned with a substrate, boric acid will exhibit minimal friction
nd provide effective separation between surfaces [13]. In fact, it
as been shown that the friction coefficient of sliding interfaces
ith a boric acid film decreased with increasing pressure [15].
isk mechanical wear experiments (see Fig. 1) were performed
nder the same operating conditions experienced by the brake
alve assembly shown in Fig. 2. To represent the slide valve in
he experiments, 50.8 mm diameter disk samples were prepared
rom copper alloy 84400. The surfaces of the discs were polished
n order to obtain the same surface roughness (Ra) of 0.2 �m as
he slide valve. Likewise, to represent the bushing material, a
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38.1 mm long pin was constructed from copper alloy C93200.
The pin was threaded at one end and machined to a hemisphere
at the other end, the radius (6.35 mm) of which was chosen to
exert the same maximum contact pressure as that experienced
by the slide valve (689.48 kPa). During the wear experiments,
125,000 revolutions of the pin on the disc were programmed. As
specified by the manufacturer, this sliding distance represented
the total pneumatic application of the brake during its expected
lifetime.

The experiments were carried out at room temperature
(22 ◦C) with the test chamber having a relative humidity equal to
30%. To quantify the relative lubrication performance of boric
acid, wear tests were performed at several distinct lubrication
states. Initially, these states included no lubricant, boric acid
and the standard transmission fluid currently used in the slide
valve. The boric acid used was 99.9% pure having an average
crystal size of 100 �m and the transmission fluid had a viscos-
ity of 35 centistokes at 40 ◦C. Based on preliminary results, a
combination of the boric acid crystals (5% weight) suspended in

Fig. 4. Typical wear track profile plot—unlubricated case after 125,000 cycles.

the transmission fluid was also investigated. In all of the exper-
iments, a uniform film of lubricant was carefully placed on the
disk so that the surface of the disk was in a fully flooded con-
dition. To account for impurities present during the standard
Fig. 5. Sample wear sca
r measurements.
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operation of the slide valve, a series of experiments were sub-
sequently performed using a contaminant consisting of 50%
Arizona dust and 50% rust (<0.005 in.). These experiments,
which utilize less than 2% weight of the contaminant per the
quantity of the lubricant, were performed for the transmission
oil and combined boric acid/transmission oil lubricants only.
Since one of the focuses of the present investigation was to
develop environmentally friendly lubricants that could be used
in extended duration experiments, a combination of boric acid
(5% weight) and canola oil was analyzed. Canola oil, which
is often used in food preparation, is a natural material that is
extracted from rape seed.

Throughout all of the wear tests, the variation of the friction
coefficient with time and distance was continuously recorded. At
the completion of each test, the wear tracks on the discs were ana-
lyzed using standard profilometer techniques. As demonstrated
in the typical wear track illustrated in Fig. 4, the dimensional and
roughness characteristics of the track could be directly obtained.
The degree of wear on the pin was similarly assessed based on
the microscopic measurement of the wear scar radius (r) (see
Fig. 5). As presented by Fischer and Tomizawa [14], the wear
volume (V) was directly calculated by the mathematical expres-
sion [V = (πr4)/(4R)], where R is the original pin radius.

4. Results and discussions
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of the base materials in the absence of a lubricant yielded the
highest friction coefficients over the sliding distance tested. In
fact, the coefficient of friction rapidly increased from 0.125 to a
value of more than 0.6 at a distance of 2000 m. This trend can be
explained by the fact that in the absence of a lubricant, there
is considerable asperity interaction between components. As
shown in the figure, the sliding resistance levels off over time as
peaks of the disk asperities plastically deform and become more
rounded when steady state sliding is attained. These rounded
peaks, which have become work hardened, offer a consistent
resistance to the sliding motion and allow a low shear strength
lead film that naturally develops within the interface to provide
some lubrication. The formation of soft lead films, however, did
not significantly assist in reducing the friction during the tests. In
fact, by comparing Figs. 7 and 8, it appears that wear debris parti-
cles were formed from contacting disk asperities being sheared
off. In the figures, which show a representative initial surface
profile of the disk (Fig. 7) and a cross section of the wear track
after 125,000 cycles (Fig. 8), it is observed that several deep val-
leys (i.e. 1.1 �m) were formed in the unlubricated case. These
valleys indicate that the asperities have fractured and ploughing
has occurred on the disc surface. The valleys are highlighted in
the roughness parameters listed in Table 1 as both the average
(Ra = 0.245 �m) and peak-to-peak (Rp = 0.985 �m) roughness
values for the unlubricated case are substantially greater than
the initial disk (R = 0.2, R = 0.63). Although the formation of
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.1. Unlubricated condition

The experimental procedure outlined in Section 3 was used
o determine the relative effectiveness of boric acid during the
rolonged wear experiments. In order to develop a baseline for
erformance comparison, the measured friction coefficient val-
es were plotted as a function of the sliding distance for all of the
ubrication cases investigated. As depicted in Fig. 6, the sliding

Fig. 6. Variation of coefficien
a p
he lead film did not reduce the friction, it does appear to have
layed an important role in reducing the wear between the pin
nd disk surfaces. As listed in Table 2 and shown in Fig. 5, the
nlubricated case actually had a substantially lower amount of
ear than the case with the boric acid lubricant. The low amount
f wear indicates the formation of a beneficial lead film along
he contact interface. This is an important finding when consid-
ring the use of boric acid as a lubricant, as it may interfere with

riction with sliding distance.
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Table 1
Surface parameters obtained from the pin-on-disk experiments

Test case Ra (�m) Rq (�m) Rp (�m) Rv (�m) Rt (�m)

Initial disk 0.20 0.23 0.63 0.645 1.54
No lubrication 0.245 0.332 0.985 0.905 2.39
Transmission fluid 0.175 0.233 0.585 0.925 1.74
Transmission fluid and boric acid 0.162 0.222 0.605 0.99 1.8
Boric acid 0.286 0.367 0.955 1.06 3.04
Transmission fluid with contaminant 0.81 1.07 2.94 2.14 6.25
Transmission fluid and boric acid with contaminant 0.763 1.2 2.46 4.5 7.8

Fig. 7. Sample initial surface profile disk roughness.

Fig. 8. Surface profile of wear track cross section in unlubricated case after 125,000 revolutions (6280 m).

materials that exhibit self-lubricating behavior. Furthermore, for
the brake valve assembly being studied, a high level of friction
and a low level of wear may actually be an ideal combination.

4.2. Boric acid

Similar to the unlubricated case, Figs. 5 and 6 and Table 2
demonstrate that boric acid alone was an ineffective lubricant
for the operating conditions examined, particularly when con-
sidering wear performance. In Fig. 6, it is observed that the
friction coefficient steadily increases for the boric acid from

Table 2
Calculated wear volume of the pin

Test case Wear volume
(mm3) of the
pin

Wear rate
(mm3/s)
of the pin

No lubrication 0.01338 3.55E−7
Transmission oil lubrication 0.00976 2.60E−7
Transmission oil and boric acid lubrication 0.0033 8.8E−8
Boric acid lubrication 3.7246 9.9E−5
Transmission oil with contaminant 0.331 8.82E−6
Transmission oil and boric acid lubrication

with contaminant
0.2638 7.04E−6

Boric acid and canola oil 0.00167 4.45E−8

an initial value of 0.13 to more than 0.35 over the range of
sliding distance tested. This increase in friction is caused by
the fact that the amount of boric acid in the contact interface
gradually diminishes with time. Being a solid powder crys-
tal, some amount of the boric acid is forced out of the contact
region during each sliding cycle, which diminishes its effective-
ness without replenishment. It is important to note, however,
that in terms of the final friction coefficient values, the boric
acid (µ = 0.35) was significantly lower than the unlubricated
case (µ = 0.60). Even though the boric acid did not maintain
an optimal separation level within the contact interface, a bet-
ter frictional performance was attained because a portion of the
lubricious boric acid remained in the contact region. As shown
in Fig. 6, the boric acid initially undergoes a non-uniform lubri-
cation (run-in) period in which the boric acid powder becomes
evenly distributed in the contact interface to form a continuous
crystalline layer. Without replenishment of the boric acid, the
crystal layers gradually disperse away from the sliding interface
and the asperity interaction of the contacting surfaces becomes
more pronounced.

As clearly illustrated in Fig. 5, the boric acid was found to
have a dramatic influence on the wear properties of the cop-
per alloy materials in contact. Similar to the unlubricated case,
significant grooves were found in the disk wear track, which
indicates that fracture and ploughing of the asperities occurred.
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These grooves were more pronounced than the unlubricated
case, as indicated by the higher average (Ra) and RMS (Rq)
surface roughness values in Table 1, which were measured to be
0.286 and 0.367 �m, respectively. The fact that the roughness
values were substantially greater than the initial disc demon-
strates that significant wear and ploughing has developed over
the 125,000 cycles. The wear is even more pronounce on the
pin surface, where the wear rate listed in Table 2 is more than
10 times greater than any of the other cases examined. Such
as finding is extremely important, as it indicates that boric acid
may actually be a detrimental for some materials, as it appears
to have inhibited the self lubrication of the copper alloys used
in the present experiments.

4.3. Transmission fluid alone

In addition to the unlubricated and boric acid alone cases, a
series of experiments were conducted with a transmission fluid
as the base lubricant. When the lubricant was tested, the coef-
ficient of friction was found to increase from 0.055 to 0.1 over
the sliding range tested. This increase can again be attributed to
the degradation of the lubricant film over time. In the experi-
ments, the transmission fluid fully covered the disk asperities at
the start of the tests. Therefore, during the initial sliding period,
very low friction was observed as sufficient hydrodynamic lift
was provided to separate the pin and disc asperities. It is also
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sion fluid has been used in the brake valve assembly over the
last 40 years.

4.4. Transmission fluid with boric acid

Based on the poor results of the boric acid experiments, the
solid lubricant material was physically dissolved without the
use of dispersant (5% weight) with the transmission fluid to
establish its potential use as an additive in liquid lubricants. As
shown in Figs. 5 and 6, this lubricant combination was found
to provide the excellent friction and wear properties as the fric-
tion actually decreased over a significant portion of the testing
period. Specifically, as depicted in Fig. 6, the transmission fluid
and boric acid had an initial coefficient of friction of 0.08. This
coefficient value gradually decreased to a value of 0.062 at the
completion of the sliding experiments, which was 40% less than
that obtained in the transmission fluid only experiments. The
comparatively higher initial coefficient of friction values for
the transmission fluid and boric acid combination were most
likely due to the fact that the boric acid crystals were not evenly
distributed within the transmission fluid at the start of experi-
ments. As shown in Fig. 6, however, it appears that the boric
acid became evenly disbursed within the fluid after approxi-
mately 100 m of sliding. Once evenly distributed, the lubricant
combination was able to provide a continuous hydrodynamic
lift and a low shear resistance within the contact interface to
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ikely that the formation of a thin film of lead during the sliding
urther reduced the coefficient of friction. In the presence of the
ransmission fluid, it is believed that the soft lead particles were
ble to remain suspended in the transmission fluid and were
eld in the wear track due to the surface tension properties of
he fluid. Since the transmission fluid was not replenished over
ime, the fluid film separating the contacting surfaces eventually
ecreased in volume and broke down. This decrease of fluid vol-
me within the contact interface resulted in an increase in the
urface asperity interaction. The increased asperity interaction
ltimately changes the fluid’s properties as indicated by the slow
ncrease in friction coefficient.

When compared to either the unlubricated or boric acid cases,
he wear interaction of the surfaces for the transmission fluid
ubricant was considerably less pronounced. This finding was
learly observed in the cross section of the wear track and the
ear of the pin (Fig. 5 and Table 2). In the wear track cross-

ectional profiles, large cavities were not found, which suggests
hat adequate lubrication to prevent ploughing was provided
uring the entire sliding experiments. This hypothesis is con-
rmed by the fact that the average (Ra = 1.75 �m) and RMS
Rq = 0.235 �m) roughness values of the disk wear tracks were
ubstantially less than the unlubricated and boric acid cases.
n fact, as listed in Table 1, the final value of average surface
oughness within the wear track was less than the initial disc
Ra = 0.20). This indicates that some asperities interaction was
resent during the sliding experiments as the highest asperities
ere plastically deformed, which corresponds to the increase in

riction over time. The wear rate of the pin listed in Table 2 was
ignificantly less than the boric acid case and moderately less
han the unlubricated case, which indicates why the transmis-
unction as an excellent lubricant. Unlike the independent trans-
ission fluid and boric acid cases, the complimentary properties

f the lubricant combination allowed it to withstand significant
egradation over time. Considering the dispersion of the boric
cid crystals, the surface tension properties of the transmission
uid help constrain the boric acid powder so that it did not
ove outside of the contact region. Likewise, the addition of

he solid boric acid particulates into the fluid increased its vis-
osity, which decreased its displacement outside of the contact
nterface, reducing its degradation over time. Hence, placing the
oric acid within the transmission fluid allows the system to gain
he beneficial properties of both lubricants over the entire testing
eriod.

Along with having the lowest frictional values, the combined
oric acid and transmission fluid case also had the best wear
esistance of the initial lubricants tested. In both the profile of the
ear track of the disk (Table 1) and the measured wear volume
f pin (Fig. 5 and Table 2), the lubricant combination demon-
trated excellent wear behavior. Considering the profile of the
isk wear track, the average (0.162 �m) and RMS (0.222 �m)
urface roughness profile values were the lowest recorded in the
xperiments. This demonstrates that the wear track generated
n the presence of the combined lubricant was the most uni-
orm among all the samples tested. As illustrated in Fig. 9, the
ow roughness values indicate as the disk asperities were plas-
ically deformed and rounded rather than being sheared-off to
orm valleys. Considering the wear on the pin, both Fig. 5 and
able 2 indicate that excellent wear resistance was achieved by

he combined lubricant. In fact, the measured wear rate at the
ompletion of the experiments was three times less than that of
he transmission fluid alone.
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Fig. 9. Surface profile of the wear track on the uncoated sample with boric acid and transmission fluid lubrication, after 125,000 revolutions (6280 m).

4.5. Contaminant experiments

In order to further assess the use of boric acid as an additive in
liquid lubricants, additional extended duration experiments were
conducted in the presence of a contaminant. The contaminant,
which consisted of Arizona sand and rust particles (<0.13 mm),
was first mixed within the transmission fluid and then applied
to the disk surface in the pin-on-disk experiments. The tests
conducted for the transmission fluid only were used as basis
for comparison for the combined boric acid and transmission
fluid lubricant. As shown in Fig. 6, the presence of brake dust
in the transmission fluid caused a high initial start up friction
of 0.13; however, the resistance to motion gradually decreases
at greater sliding distances. This tendency can be attributed to
the increased surface interaction in the presence of the abrasive
dust particles. After the surfaces plastically deformed during a
‘run-in’ period, a minimum friction value (0.085) was reached
at a distance of approximately 2500 m. After remaining at this
value for a short period, the friction gradually increases to its
maximum value 0.13 at the completion of the experiments. The
increase in the friction after a 3000 m of sliding is due to changes
in the sliding interface as the lubricant material disperses out
of the contact region. As the lubricant volume decreases, the
contaminant becomes entrapped and abrades the contacting sur-
faces. In fact, as illustrated in Figs. 5 and 10, a substantially
larger amount of abrasive wear was observed on both the pin and
d
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fluid case were observed on both the pin and disk. Considering
the wear track on the disk surface, significant abrasion was also
observed, but the combined lubricant performed slightly better
than the transmission fluid only case. The increased wear perfor-
mance was shown in the average and RMS surface roughness
values listed in Table 1, which were, respectively, 0.763 and
1.2 �m. The pin also showed a much higher wear rate than the
case without contaminants (7.02E−6 mm3/s), but was slightly
lower than the transmission fluid case. The performance of the
combined lubricant with respect to wear in a harsh environment
demonstrates that boric acid has promise as an additive to liquid
lubricants.

Examining the friction behavior of the boric acid and trans-
mission fluid lubricant, it is somewhat surprisingly found in
Fig. 6 that the combined lubricant has a significantly higher fric-
tion coefficient than the transmission fluid case over the sliding
distance tested. As shown in Fig. 6, the friction coefficient value
starts near 0.2 and slightly increases to 0.215 at 2500 m, before
falling back to 0.20 at the completion of the experiment. The bet-
ter wear performance at substantially higher friction coefficient
values indicates that the boric acid crystals and contaminants
may significantly increase the viscosity of the liquid lubricant.
The relatively high level of solid materials in the contact region
appears to increase the lubricants resistance to shear flow while
reducing the abrasive nature of the contact.
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isk when the brake dust was present. In Fig. 10, large ‘gauges’
ould be observed in the cross-section of the wear track. As
isted in Table 1, the surface profile of the disk wear track had
n average roughness value (Ra) of 0.81 �m and an RMS rough-
ess value of 1.07 �m, both of which were substantially higher
han any of the prior tests. Likewise, the wear volume of the
in (8.82E−6 mm3/s) was much greater in the presence of the
ontaminant, as would be expected.

Identical contaminant experiments were repeated in the pres-
nce of the combined boric acid and transmission fluid lubricant.
xamining the wear behavior, results similar to the transmission

Fig. 10. Surface profile of the wear track with contaminant usin
.6. Canola oil and boric acid

The final set of experiments conducted incorporated a com-
ined lubricant of boric acid (5% volume) and canola oil. The
otivation for utilizing this lubricant combination was to cre-

te a completely environmentally friendly material that could
e used in extended duration operations. Similar work has been
arried out in the past to improve the lubricity of low-sulfur
iesel and gasoline fuels [16]. In Section 4.2, it was shown that
oric acid was only beneficial at reducing wear when it was sus-
ended within a liquid. Canola oil, which is extracted from rape

smission fluid lubrication, after 125,000 revolutions (6280 m).
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Fig. 11. Boric acid and canola oil friction results.

seed, was specifically chosen as the natural carrier of the boric
acid because it has a viscosity and surface tension similar to the
transmission fluid tested.

As shown in Fig. 11, the friction coefficient in the com-
bined boric acid and canola oil experiments were comparable
but slightly larger than the transmission oil and combined boric
acid and transmission fluid cases. One very interesting trend of
the boric acid and canola oil case was that the lubricant com-
bination showed no degradation over the entire range of the
sliding tests. In fact, unlike all of the other lubricants tested, the
all natural lubricant combination had a continuously decreas-
ing friction coefficient value throughout the conditions tested.
As illustrated in Fig. 11, the friction coefficient in the canola
oil and boric acid case decreased below 0.1 at the completion
of the sliding tests, which was less than the transmission fluid
only case. More impressive than the friction behavior of the
boric acid and canola oil combination was the overall wear
performance of the natural lubricant combination. As shown
in Fig. 12 and listed in Table 2, the boric acid and canola oil
combination yielded the lowest wear rate of any of the lubri-
cants tests. In fact, the wear rate was nearly 50% lower than the
next best case of transmission fluid and boric acid. The better
wear performance can be attributed to the fact that the boric
acid and canola oil did not degrade over the entire range of
sliding experiments. Such a finding is extremely important as
it indicates that the lubricant can be used in extended duration
a
i
u
p
c

t
e

Fig. 12. Boric acid and canola oil wear scar.

and canola oil are known to degrade at elevated temperatures,
which would limit its applicability in manufacturing processes
to stamping operations.

5. Conclusion

Extended duration pin-on-disk experiments were carried out
to determine the relative performance of several lubricants in
a commercial brake valve assembly where lubricant replenish-
ment was not feasible. Based on analysis of the frictional curves,
the surface profile of the wear tracks and the wear rate of the
pins, the following conclusion can be drawn:

(1) The present lubricant being used in the brake valve assem-
bly, a transmission fluid, was found to be an effective lubri-
pplications where replenishment is not feasible. In addition,
t also shows that the lubricant combination can potentially be
sed in a number of other applications such as manufacturing
rocesses where disposal of non-environmentally friendly lubri-
ants is often extremely expensive.

It is important to mention, however, that care should be
aken not to use the natural lubricant combination until further
xperiments have been performed. For example, both boric acid
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cant for most of the testing period, but degraded over time
due to loss of lubricant mass in the contact interface.

(2) Boric acid alone was found to be ineffective lubricant for
the sliding tests performed, particularly when considering
wear. The poor wear performance can be attributed to the
fact that without replenishment, the boric acid is quickly
forced out of the contact interface. In addition, it is also
believed that the boric acid inhibits the formation of a lead
film that naturally develops between the copper components
of the brake valve assembly.

(3) When boric acid was mixed with transmission fluid, excel-
lent friction and wear results were obtained. Unlike the
independent transmission fluid and boric acid cases, the
combined lubricant exhibited complimentary viscosity and
surface tension properties that allowed it to withstand sig-
nificant degradation over time.

(4) Based on the success of the boric acid and transmission
fluid experiments, an environmentally friendly lubricant
combination of boric acid and canola oil was investigated.
This lubricant also exhibit excellent wear behavior and was
deemed a potential completely natural lubricant alternative
in some engineering applications.
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