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Evolution of Wear in a Two-Dimensional Bushing 259

TABLE 1—PROGRESSION OF THE SHAFT RADIUS FOR THE FIRST

THREE CYCLES

Cycle Rn

1 R1 = R0 − 2αR0 Fv Ks
2wR0 sin(α) = R0 − Ks Fv

w
α

sin(α)

2 R2 = R1 − �R1 = (R0 − Ks Fv
w

α
sin(α) ) − 2αR1 Fv Ks

2wR1 sin(α)

= R0 − 2Ks Fv
w

α
sin(α)

3 R3 = R2 − �R2 = (R0 − 2Ks Fv
w

α
sin(α) ) − 2αR2 Fv Ks

2wR2 sin(α)

= R0 − 3Ks Fv
w

α
sin(α)

n Rn = R0 − nKs Fv
w

α
sin(α)

in Eq. [3] following the assumption that the subtend angle α is
constant during operation.

Fv = 2
∫ α

0
wRn Pn cos(φ)dφ [2]

Pn = Fv

2wRn sin(α)
[3]

The radius of the shaft at any cycle is simply a function of the
previous cycle’s shaft radius minus the change in shaft radius as a
result of the previous cycle; this is shown in Eq. [4]. The sequential
application and substitution of Eqs. [1], [3], and [4] (shown in
Table 1) yields a simple closed-form expression of shaft radius for
any cycle number, which is given by Eq. [5]. In this expression R0

is the initial shaft radius, and everything but the subtend angle α

is a model input (the subtend angle will be addressed shortly).

Rn+1 = Rn − �Rn [4]

Rn = R0 − nKs Fv

w
α

sin(α)
[5]

A similar procedure is used to model the evolution of bushing
wear. First, the depth of wear per cycle is given by Eq. [6]. The
sliding distance for each element in contact is the circumference
of the shaft, 2π Rn.

�hn =
∫ 2π Rn

0
Kb Pnds = 2π Rn Pn Kb [6]

Following the techniques used previously for the shaft evolu-
tion, the recession of bushing material as a function of cycle num-
ber is given by Eq. [7]. Table 2 shows the successive substitutions
of Eqs. [3], [6], and [7] that yields Eq. [8].

hn+1 = hn + �hn [7]

hn = nKbFv

w
π

sin(α)
[8]

Figure 3 shows the progression of wear of both shaft and bush-
ing as developed in Eqs. [5] and [8]. The primary unknown quantity

TABLE 2—PROGRESSION OF THE BUSHING RECESSION FOR THE FIRST

THREE CYCLES

Cycle hn

1 h1 = h0 + �h0 = 2π R0 P0 Kb = 2π R0 Fv Kb
2wR0 sin(α) = Kb Fv

w
π

sin(α)

2 h2 = h1 + �h1 = ( Kb Fv
w

π
sin(α) ) + 2π R1 Fv Kb

2wR1 sin(α) = 2Kb Fv
w

π
sin(α)

3 h3 = h2 + �h2 = ( 2Kb Fv
w

π
sin(α) ) + 2π R2 Fv Kb

2wR2 sin(α) = 3Kb Fv
w

π
sin(α)

n hn = nKb Fv
w

π
sin(α)

Fig. 3—Schematic drawing of the predicted shape for a mutually wearing
simple shaft-bushing system. A vector loop, which sets up the
scalar equations that will eventually define the angle α, is shown.

in the model is the subtend angle, α. This angle can be derived geo-
metrically using a series of closure equations, which is illustrated
in Fig. 3 and given by Eqs. [9]-[11].

L1 = R0 + hn − Rn [9]

R0 sin(α) − L2 cos(α) − Rn sin(α) = 0 [10]

R0 cos(α) + L2 sin(α) − Rn cos(α) = L1 [11]

These closure Eqs. [9]-[11] can be solved with Eqs. [5] and [8]
for α. The result, Eq. [12], is a transcendental equation that cannot
be explicitly solved for α. Introducing a dimensionless ratio of
wear rates (given in Eq. [13]), Eq. [12] can be rearranged into the
explicit forms shown by Eqs. [14] and [15].

1
cos (α)

= 1 + Kb

Ks

(
π

α

)
[12]

K∗
b = Kb

Ks
and K∗

s = Ks

Kb
[13]

K∗
b =

(
1

cos(α) − 1
)
α

π
[14]

K∗
s = π(

1
cos(α) − 1

)
α

[15]

These expressions are plotted using the subtend angle α as the
independent variable and then inverting the axes, which creates a
graph or look-up table of subtend angle as a function of the ratio
of the wear rates. This is illustrated in Fig. 4, where the ratio of
wear rates goes from 0 to 1 and back to 0. This corresponds to the
physical situation of an infinitely wear-resistant bushing (K∗

b = 0),
transitioning to a mutually wearing-shaft and bushing (K∗

b = K∗
s =

1), and terminating at an infinitely wear-resistant shaft (K∗
s = 0).

Using solutions to the subtend angle α in terms of the ratio
of the wear rates, with the other geometric and system variables,
predictions in the bushing system can be made as a function of
number of cycles. Of some importance is the narrowness of the
range in which non-extreme subtend angles are predicted (i.e.,
wear rates need to be well within one order of magnitude to have
noticeable wear on each component).

EXPERIMENTAL APPARATUS

A dedicated apparatus was constructed to study the wear of a
bushing system that mimics the assumptions in modeling; namely,
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260 D. J. DICKRELL, III AND W. GREGORY SAWYER

Fig. 4—A graphical solution to the transcendental equation for the angle
α and the corresponding worn shapes of the bushing system.

two-dimensional, steady rotational shaft speed and constant verti-
cal load. A schematic of the apparatus is given in Fig. 5. A series of
linear bearings with four posts was used to prescribe the smooth
linear motion of a housing assembly that contained a 13-mm-thick
bushing specimen. A 3/8 kW DC motor with a speed-reducing

Fig. 5—Schematic of the experimental apparatus.

transmission and a timing belt and pulley drive system was con-
nected directly to the 19-mm-diameter shaft. A DC motor con-
troller was used to set and maintain the desired speed, which was
120 rpm for these experiments. A dead weight load of 222 N was
placed on top of the bushing housing, which was constrained to
move vertically as previously described. The bushing was carefully
prepared to have a 19-mm-diameter recess and carefully aligned
with the shaft to make a conformal 180◦ arc of contact (note: there
is no bottom to the bushing—it is, in effect, a half-bushing).

Both the shaft and the bushing were measured using a co-
ordinate measuring machine prior to testing. This machine out-
puts a point cloud of data with manufacturer-reported uncertain-
ties on the order of 60 µm. At the conclusion of the test, the
bushing system was disassembled and the surfaces were again
scanned.

In situ measurements of the slider displacement were recorded
manually using a dial indicator that was positioned over a refer-
ence location on the housing. This measurement includes wear of
both the shaft and bushing, and, in order to decouple this, tests
were periodically interrupted and measurements of the shaft di-
ameter were made using a digital handheld caliper that has re-
ported uncertainties on the order of 30 µm.

RESULTS

The results from two experiments that were run will be re-
ported and discussed in this section. The first experiment was a
self-mated brass bushing system. Both the brass shaft and brass
plate were purchased from the same provider and were reportedly
the same 360-alloy material (61.5% Cu, 35.5% Zn, and 3.0% Pb).
The surface scans from the coordinate measuring machine for the
shaft are shown in Fig. 6(a). The experiment ran for approximately
84,000 cycles. In situ measurements using the dial indicator and di-
rect shaft measurements using the calipers are shown are shown
in Fig. 6(b).

A second experiment was run using a 360-alloy brass shaft
with a polytetra-fluoroethylene (PTFE) bushing material. Fig. 7(a)
gives the coordinate measuring machine scan of the PTFE bushing
after 276,000 cycles. Changes in the displacement of the housing
assembly are attributed to changes in the bushing material. This is
confirmed by three observations: (1) no measurable changes in the
shaft, (2) agreement between the measurement from the coordi-
nate measuring machines, and (3) agreement between gravimetric
analysis and calculated volumes of material removed from the co-
ordinate measuring machine data.

DISCUSSION

The results from the brass versus PTFE experiments were ex-
actly as hypothesized. The wear rates calculated by fitting the
model to the experimental data are Kb = 8.4 × 10−4 mm3/(Nm),
which is within a range of published wear rates for PTFE. The cur-
vature in the graph of bushing wear depth versus number of cycles
(Fig. 7) suggests that there may be a cycle-dependent change in
wear rate of the PTFE. Considering the number of cycles run, over
250,000, such a long transient behavior for PTFE is questionable.
A second hypothesis for this curvature is that the normal load is
being reduced as the carriage holding the PTFE bushing translates
down the four supporting shafts. Care was taken to minimize this
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Fig. 6—Results from experiments with a self-mated brass bushing sys-
tem. On the top, point cloud data collected from the shaft speci-
men using the coordinate measuring machine are plotted. On the
bottom, a plot of the raw data collected during the experiment
and a curve fit with the model are shown.

effect in the design of the apparatus. The coordinate measuring
machine measurements agree extremely well with the measure-
ments made using the dial indicator, so there is likely not a large
accumulation of debris on the shaft. Although it is not clear what
causes the curvature, a large amount of PTFE debris was gen-
erated during the test, and by the end of the test a continuous
thin transfer film was present on the shaft; so perhaps an ever-
improving transfer film protective ability was reducing the wear
rate of the PTFE. Unfortunately, no interrupted examinations of
the shaft were made and no torque measurements were made.

The results of this “self-mated” brass-on-brass experiment,
shown in Fig. 6, are curious. It was originally hypothesized that
the wear rates of the two brass samples should be very close in
this self-mated contact, and it was expected that wear should be
observed on both the shaft and the bushing. However, this was not
seen in the experiment, as only the shaft showed measurable wear
for the pair. Further, the wear rate of the brass appears excessively
high (even greater than the PTFE). A series of tests were run on a
pin-on-flat reciprocating tribometer; this tribometer is described
in detail in Sawyer, et al. (15). Pin specimens of 360-alloy brass
(61.5% Cu, 35.5% Zn, 3.0% Pb) were machined out of the round
and plate stock that the shaft and bushing were created from.
Flat counterfaces were also machined out of the same stock. The
cuboidal pins measured 6.35 mm × 6.35 mm × 12.7 mm and the
counterface samples were made such that they could accommo-

Fig. 7—Results from experiments with a brass shaft and a polytetrafluo-
roethylene bearing. On the top, point cloud data collected from
the bushing specimen using the coordinate measuring machine
are plotted. On the bottom, a plot of the raw data collected during
the experiment and a curve fit with the model are shown.

date up to 40 mm of reciprocating contact. Several specimens were
machined to determine if grain orientation in the stock played any
part in the wear behavior.

A pneumatically applied normal load of 650 N, corresponding
to a contact pressure of approximately 16 MPa, was applied for
the duration of the test (this is a reasonable mimic of the average
contact pressure experienced during the bushing tests). A sliding
speed of 50.8 mm/s and a per-cycle sliding distance of 50.8 mm
were kept constant during testing. The total distance of sliding
was 152 m. A final mean wear rate on the counterface samples
was computed as K = 1.05 × 10−3 mm3/(Nm) for all combina-
tions of shaft and bushing material; the standard deviation was
σ (K) = 8.0 × 10−5 mm3/(Nm). In all combinations the counter-
face experienced significant wear while the pin wear was inconse-
quential. This is consistent with what was observed experimentally
as elements on the bushing experience continuous contact (pin)
and the elements on the shaft move though the contact zone each
cycle (counterface). The friction coefficients for all tests remained
steady at around µ = 0.25.
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262 D. J. DICKRELL, III AND W. GREGORY SAWYER

Previous investigations on the wear properties of α/β brass,
such as 360-alloy brass, have reproducibly generated wear rates on
the order of K = 10−4 mm3/(Nm) when sliding against a smooth
hard surface. Archard and Hirst (16) reported a wear rate of
K = 6 × 10−4 mm3/(Nm) for an α/β brass on an unlubricated
tool steel counterface in 1956. This wear rate is characteristically
“severe” in terms of the wear behavior of free-machining brasses.
A “mild” wear mode is also seen under certain conditions; namely,
low contact pressures and sliding speeds.

Brass wear has many influencing parameters that affect the
severity of wear: contact pressure, sliding speed, temperature, ma-
terial combination, and environment. The transition from mild to
severe wear can be seen over a wide range of these experimen-
tal conditions, but there is little to indicate that any appreciable
mild wear occurred in the self-mated brass from the experimen-
tal conditions used in pin-on-flat or bushing testing. Historically
it has been found that if contact pressures exceed some threshold
value, which may be as low as 0.2 MPa (Lancaster (17)), the real
area of contact jumps suddenly and large brass particles detach
and accumulate as an extremely hard transfer film. This trans-
fer film undergoes a cyclic buildup and detachment process that
generates extremely high wear rates. Friction coefficient values of
0.2-0.3 have also been seen in self-mated brass tests undergoing
severe wear (Hutchings (18)).

A hypothetical explanation of why the brass member that sees
intermittent contact is the member that undergoes severe wear is
that the stationary member (either the pin or the bushing) is likely
the site of the accumulation. The accumulation probably protects
this member at the expense of the other; these layers have been
seen previously by Lancaster (17) and have measured a hardness
of over 200 HV compared to 150 HV for the bulk material. Debris
was observed on the bushing of these tests, as is evident in Fig. 7,
where the differences between the indicator measurements and
the shaft radius measurements are attributed to such buildup.

It is intriguing that neither experiment showed wear on both
surfaces. One outcome from the modeling is that the subtend angle
is extremely sensitive to the ratios in wear rate, and variations that
are orders of magnitude in wear rate are at the extremes. Thus,
in order to realize wear on both the components, the wear rates
may need to be unrealistically similar. There is some anecdotal ev-
idence that abrasive wear resulting from introduced third bodies
such as sand may cause wear on both surfaces; this was not ex-
perimentally investigated in this study, although the mathematics
developed should be applicable to such a process given sufficient
understanding of the wear mechanism.

CONCLUSIONS

1. A model for a mutually wearing shaft and bushing pair was
derived as a function of experimental parameters and cycle
number.

2. An experimental apparatus was constructed and instrumented
for dry-sliding contacts of a shaft and bushing pair. A criti-
cal parameter that determines the behavior of the system was
found to be the ratio of the wear rates of the bushing and shaft
material.
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