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Fig. 5—Plots of the friction coefficient versus cycle number for the two
experiments that had terminal blockages in the boric acid delivery
during the experiment. The wear track diameter was 25 mm, the
surface speeds were 5.0 m/s, and the normal loads are identified
in the plot.

occurring in only a few tens of revolutions. This suggests that the
rate of deposition of boric acid is precariously close to the removal
rate of the solid lubricant surface films, which is consistent with
the experimental observations of friction spikes as shown in
Fig. 4.

Fig. 6—Plots of the average friction coefficient versus normal load, flow rate, and sliding speed (the experimental conditions are noted in each plot).

Figure 6 contains three plots of the friction coefficient for vari-
ous normal loads, sliding speeds, and powder flow rate while hold-
ing all other variables constant on each plot. It is apparent that
normal load and flow rate do not have any significant effect on the
coefficient of friction. Further, the lower sliding speeds had higher
friction coefficients than the higher sliding speeds tests under the
same conditions. Competitive rate models for the deposition and
removal of the boric acid film were investigated in an attempt to
explain these phenomena. However, these models all suggest that
the removal rate should increase as sliding speeds increase, lead-
ing to an increase in friction; while the experimental data show
the opposite trend. This implies that either the removal rate of the
boric acid films is suppressed with increasing sliding speed or the
film formation rate is enhanced as the speed increases.

It is hypothesized that the nitrogen and boric acid stream was
not the primary mechanism of boric acid transport to the pin con-
tact; rather, the fluid flow generated across the rotation of the disc
sample entrained the boric acid and delivered it to the pin contact.
This classic problem was solved by von Karman (13), (14), who
proposed a similarity solution for the air flow in the region above a
spinning disk and showed that the air is pulled down at the center of
the disk and expelled radially at its periphery. The flow is assumed
to be laminar if Re < 300,000, where the Reynolds number is given
by the product of the peripheral speed, V, and radius, R, divided
by the kinematic viscosity, ν, i.e., Re = (VR)/ν. For these exper-
iments, the highest Reynolds number at the contact was 4,000.
Rogers and Lance (15), (16) provided a numerical solution to this
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Fig. 7—The average friction coefficients for all experiments plotted ver-
sus the boundary layer thickness. The data are separated for the
various normal loads as indicated.

problem and demonstrated that the boundary layer thickness, δ,
is relatively constant across the disk and varies inversely with the
square root of the angular speed, ω (in rad/s), i.e., δ = 5.4

√
ν/ω,

where ν = 1.5 × 10−5 m2/s is used for the kinematic viscosity of
air. The entire data set is plotted versus the calculated boundary
layer thickness in Fig. 7. There is a definite trend in the data sug-
gesting that the thinner and higher speed flows are more efficient
at delivering boric acid to the contact.

The wear rate of the pin sample for the unlubricated stainless
steel contact was measured to be K = 5 × 10−4 mm3/(Nm). As
shown in Table 2, all of the experiments showed greatly reduced
pin wear rates. There were a number of experiments where no
damage could be detected on the pin surface; such tests are indi-
cated by dashes in Table 2. The lowest measured wear-rate was
K = 7.5 × 10−7 mm3/(Nm) for the 25 mm diameter, 3.3 N load,
2.5 m/s sliding speed, and 0.078 g/s boric acid flow rate conditions.
This is a greater than a 500 times improvement in wear resistance
over the unlubricated condition.

Substantial, although unsuccessful, effort was made to cor-
relate wear-rate with friction coefficient and other experimental
variables. The only qualitative explanation that is offered for the
variations in wear rate is that the majority of the material removal
occurred during the startup transients. These tests were initiated
on nascent surfaces and the boric acid delivery was expected to
generate and replenish a surface film in situ. The startup tran-
sient varied widely from test to test although all tests eventually
reached low friction coefficient. Figure 8 shows the friction co-
efficient traces for the tests with the shortest and longest times
to low friction coefficient. These experiments were both at a ra-
dial position of 2.5 mm and a sliding speed of 2.5 m/s, although
they were at two different normal loads. The experiment with the
shortest transient had a wear rate of 7.5 × 10−7 mm3/(Nm) and
the test with the longest transient had a wear rate of 3.7 × 10−5

mm3/(Nm). The ratio of the volumes lost between the shortest and
longest transient was 0.1 (i.e., the test with a shorter transient lost

Fig. 8—Plots of the friction coefficient versus cycle number for the two
experiments that had the shortest and longest transients to low
friction coefficient. The wear track diameter was 25 mm, the sur-
face speeds were 2.5 m/s, and the normal loads are identified in
the figure.

10% of the material of the test with the longest transient), while
the ratio of the frictional energy dissipated during the transient
region is about 1/3.

CONCLUSIONS

Boric acid has been identified as a potential solid lubricant
due to its lamellar molecular structure. Further, it is abundant
and environmentally benign, with no known health risks to hu-
mans. These experiments clearly indicate that powder delivery of
boric acid is a viable technique for providing in situ lubrication
for concentrated metal contacts. This technique can reliably pro-
duce friction coefficients less than µ = 0.1 for a self-mated 302
stainless steel contact and can reduce wear rates by 100 times or
more. The method of powder delivery can be improved and future
directions for this technology should focus on delivering powder
to the contacts with minimal lubricant waste.
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