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Wear due to relative motion between component surfaces is one of the primary modes of

David L. Burris failure for many engineered systems. Unfortunately, it is difficult to accurately predict

. component life due to wear as reported wear rates generally exhibit large scatter. This

John C. ngert paper analyzes a reciprocating tribometer in an attempt to understand the instrument-
related sources of the scatter in measured wear rates. To accomplish this, an uncertainty

W. Gregﬂrv Sawver analysis is completed for wear-rate testing of a commercially available virgin polytet-
rafluoroethylene pin on 347 stainless steel counterface. It is found that, for the conditions

Department of Mechanical and Aerospace selected in this study, the variance in the experimental data can be traced primarily to the
Engineering, experimental apparatus and procedure. Namely, the principal uncertainty sources were

University of Florida, found to be associated with the sample mass measurement and volume determination.
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1 Introduction is composed of a table, ball screw, and stepper motor. Sliding

geeds up to 152 mm/s are possible. The force created by the

Engineered systems are subject to several modes of failu fruster and friction force generated by the contact is monitored
including plastic deformation, fracture, fatigue, excess deflections 9 y

and wear. Of these, wear is generally the least predictable usfﬁsmg a six-channel force transducer. This load cell, which is

- ; L . ) n%%unted under the thruster, monitors forces created irxthge
current design methodologies. This is partially due to |mperfe$l dz axes as well as the moments about these axes. The trans-
fé‘

knowledge of the appropriate wear rate for the selected mater . .
pair to be used in calculating component life. Wear rate is no cer output vqltages are recorded using a data acquisition system
00 Hz sampling rateand personal computer.

mally determined experimentally using a tribometer, which at-
tempts to mimic the contact conditions of the material pair and 2.2 Experimental Procedure. Twenty-one wear-rate mea-
system under study. Wear-rate values reported in the literature &irements for virgin polytetrafluoroethyle(®TFE) on 347 stain-
many material pairs and contact conditions often show wide varigss steel were completed using nominally identical contacting
tion, even for nominally identical tests. The source of this varizonditions. The pin-sample preparation included computer nu-
tion in measured wear rates is currently unknown. It may be dugerically controlled machining of commercially available PTFE
to actual variations in the wear rate of the material pair, or it mayd stock to a rectangular solid with dimensions of 6.35 mm
be due to intrinsic factors in the experimental apparatus and pr6.35 mmx 12.7 mm. All samples were taken from the same rod
cedure that lead to variations in the reported wear-rate value. ThlePTFE. Prior to testing, these samples were mounted in the
purpose of this paper is to outline a method for determining thample holder, machined flat to the contacting surface, and the
uncertainty of the measured wear rate for a given experimentatial mass of the sample/holder was recorded. Wear tests are
apparatus as a function of the uncertainty of the measured injléistructive by nature, and this preparation of a collection of nomi-
quantities and to compare the calculated measurement uncertaidlly identical samples from a single source was felt to provide
with the experimental variance obtained using the apparatus. Itfig most repeatable sample conditions. However, the variabilities
shown that the uncertainty analysis methodology reported herethis sample preparation method are inherently embedded in the
can also be used to determine the most significant contributorseigperiments. PTFE was chosen for this study because of its avail-
the overall measurement uncertainty. This information can then &sility, low friction coefficient, high wear rate, and low sensitivity
used to aid in redesign of the experimental apparatus and/or pg#-ts tribological behavior to the environment. Every effort was

cedure to reduce the measurement uncertainty. made to repeat nominally identical wear tests.
The 347 stainless steel counterface was prepared by wet-
2 Wear Rate Measurement Description sanding with 600 grit sandpaper, cleaning with soap and water,

] ] ) ) ) ) and wiping with acetone and methyl alcohol prior to each test. All
2.1 Reciprocating Pin-on-Disk Tribometer. The tribom- prepared counterface surfaces were examined using a scanning

eter shown schematically in Fig. 1 creates a reciprocating slidipghite-light interferometer to verify an average roughnBssbe-
contact between the two surfaces of interest. This tribometertieen 0.1um and 0.2um.

located inside a soft-walled clean room with conditioned air that Testing was carried out for a predetermined number of Cyc|es

has a relative humidity between 25 percent and 50 percent.jAing a prescribed force level and reciprocating path. The average
four-shaft pneumatic thruster, model 64a-4 produced Hyiding speed was 73 mm/s and the average contact pressure was
Ultramation, creates the loading conditions of the contact using &3 MPa. The final sample/holder mass was then recorded, and the
61.2 mm bore Bimba pneumatic cylinder. The cylinder is nomghange in mass determined. Finally, the wear rate was calculated

nally protected from transverse loads by four 12 mm diametgking the change in pin mass, initial pin dimensions and mass,
steel rods. An electropneumatic pressure regulator controls #agce level, and total sliding distance.

force produced by the thruster. The pneumatic pressure output is

controlled using a variable voltage input in combination with an . .

active control loop within the electropneumatic system. A lineat Wear Rate Uncertainty Analysis

positioning table is used to create the reciprocating motion be-wWe define the measurand, or the specific quantity subject to
tween the stationary pin and counterface. The positioning systengasuremertl], as

Contributed by the Tribology Division for publication in the ASMBURNAL OF K = Vi (1)
TRIBOLOGY. Manuscript received by the Tribology Division September 13, 2003; —
revised manuscript received March 18, 2004. Review conducted by: Q. \¥a&ng Fnd
soc. Ed). . . — .
1Specific commercial equipment is identified to fully describe the experimentyyN€reVy=Am/pg is the volume lost during the wear te, is

procedures. This identification does not imply endorsement by the authors. the average normal forc@egulated to the desired value during
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In order to evaluate the measurement uncertainty, we can apply
the law of propagation of uncertaintjo determine the combined
standard uncertainty., which represents the estimated standard
deviationo, of the wear-rate measurement result. The combined
standard uncertainty is a function of the standard uncertaifxy
of each input measurement and the associated sensitivity coeffi-
cientss, which are the partial derivatives of the functional rela-
tionship between the wear rate and input quantities with respect to
each input quantity, as defined in E@). These partials are evalu-
ated at nominal values of the input quantities. The expression for

Pneumatic
Cylinder

Thruster Force

z the square of the combined standard uncertainty in our wear-rate
result is provided in Eq(3),
2 2 2
- Sample o[ 0K ) , K" K"
us(K)y=| ——| us(Am)+| —| us(Ly)+| —] u“(Ly)
‘ ¢ (aAm L, Yo, 2
/ Positioning oK\ 2 oK\ oK\ 2
X Table + I) ui(Ly)+| —| UA(Fp)+ P u?(m;)
Fig. 1 Schematic of the reciprocating tribometer constructed 3 IFn !
for this study 9K 2
+ —) u*(s) 3
aS

testing, andd=2SNiis the total sliding distance. Alsdym is the Whe(e the s_tandard uncertainty in each _input variab_le can be de-
mass change in the sample due to wear m; /Vs is the sample termined using Type A or Type B uncertainty evaluations. In Type
density, wherem; is the initial mass of the sample ands A evaluations, the stan_dard uncertainty is set equal to t_he_ experi-
=L,L,L5 is the initial volume of the rectangular solid Samménental standard deviation of the measured vga[ues, statistical

(L, L,, andL; are the lengths of the sides of the samp®is methods are employ?dType B e\{aluatlons include all other_
the unidirectional sliding distance during each cycle, binig the Methods, such as using engineering judgment or data supplied
number of bidirectional cycles completed during the experimerftith @ particular measurement transducer.

Substitution gives the following expression for the wear [at8], In Eq. (4), the partial derivatives in E¢3) have been evalu-
ated. It should be noted that this equation does not contain the
AmLL,lg potential for correlatiorfor dependengebetween the separate in-
= (2)  put variabledi.e., zero covariance has been assumed in this analy-
2F,m;SN sis, as is often the case
When reporting the wear-rate result, as with any measured quan- Lilala \2 AmLoLa |2
tity, it is also necessary to provide a quantitative statement regarg(K )= ( &) u2(Am)+ ( #) u3(L,)
ing the quality of the reported value so that those who wish to use 2F,m;SN 2F,m;SN

the data can have an indication of its reliability. The quantity that

is used to characterize the “dispersion of values that could rea- AmL,L, 2 5 AmL,L, 2 )
sonably be attributed to the measurail] is called the measure- | ———| u(La)+| ———| ui(Lsy)
ment uncertainty. The procedure used to determine the uncertainty 2F,mSN 2F,m;SN

ommendations for carrying out uncertainty analyses are described

in the International Standards Organizatio@side to the Expres-

sion of Uncertainty in Measuremefit] and the National Institute

of Standards and TechnologyGuidelines for Evaluating and Ex- ( —AmlL,L,
+ S —

of a measurement is referred to as an uncertainty analysis. Rec- ( —AmL1L2L3> 2 . ( —AleLzLa) 2 o)
———| u ——| ui(m

n .
2F2m;SN 2F,m?SN

pressing the Uncertainty of NIST Measurement ReSUMS. e

The principles described in these documents are applied here. 2F,m;S°N
For our measurements of wear rate, the measurand is not gbge following sections, we detail our evaluations of the standard

ncertainties for the input quantitiesm, L., L,, Ls, F,, m;,

2
) u?(S) 4)

served directly, but is determined from measurements of the ingj

vidual input quantitiesAm, Ly, Ly, Ls, Fn, mi, andS. Even 434S These values are then substituted into B, with the

after all known systematic error sources, or those that arise fromygrtials evaluated at the nominal operating conditions for the test-
recognized effect, in these measurements have been evaluatedi@idarried out here, and the numerical value for the combined

corrected or compensated, there still remains residual uncertaigi¥nqard uncertainty is calculaté8ection 3.6.

in the r_eported reSI_JIt. An example _of a systematic error that could), many commercial, industrial, or regulatory applications, a
occur in wear testing is an error in the manufacturer's reportgflaasure of the uncertainty, which defines a measurement interval
value for the lead-screw pitch. If an encoder is used to recoygihin which the measurand is confidently believed to lie, is de-
lead-screw rotations and the number of rotations is used to detgfaq. |n this case, it is possible to report the expanded uncertainty
mine sliding distance, an error in the lead-screw pitch would iny “\yhich is the product of a coverage factor and the combined
troduce a bia_s into the computed sliding di§tance. If the manufagzngard uncertainty. For a coverage factor of 2, for example, an
turer’s value is known to be incorrect, the bias can be removed Ryarya| is defined that has a confidence level of approximately
measuring the lead-screw pitch directly to determine the valdg percent. For a coverage factor of 3, the confidence level is
used for sliding-distance calculations. However, this pitch mea:ggq percent. If the expanded uncertainty is used, it is necessary

surement and corresponding compensation will have some asgpreport both the coverage factor and combined standard uncer-
ciated uncertainty, which must be included in the measuremggny.

uncertainty analysis.
3.1 Am Standard Uncertainty. The mass change in the

2This document is available online at http:/www.cstl.nist.govidive3e/g36.0:3ample d_ue to wear during the test is d_eﬁned according t¢5xg.
PDFs/1994/TN1297.pdf. wherem; is the initial mass and; is the final mass of the sample.
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Fig. 2 Normal force versus time for PTFE on steel contact; histograms of the upper and lower normal forces
are shown to the right

These values were recorded using an Ohaus Adventurer digitaked, the MC3A-6-500 is capable of measuring forces in the
scale (model number AR3130 The scale has a resolution ofnominally orthogonak, y, andz axes, as well as moments about
0.001 g(1 mg and range of 310 g. The standard uncertainty ithese axegsee Fig. L This force transducer has a maximum load
Am is described using Ed6), capacity of 2200N along they axis (vertical direction and an
1100 N capacity in thex andz axes. Typical normal force data

Am=m;—m; (3)  from our wear tests are shown in Fig. 2. It is seen that the normal
dAm)? dAm\? force oscillates between maximum and minimum values with a
u?(Am) :(a_) u?(my)+ (— u?(mg)=u?(m)+u?(m;)  normal(or Gaussiandistribution about each.
m; omy ©) The normal force data oscillates at the same frequency as the

commanded reciprocating motion between the PTFE sample and
Becausem; andm; are nearly equal for the tests performed herpolished 347 stainless steel counterface. The cause of the normal
(typical mass changes are on the order of a few percénis force variation with motion direction has been studied and is be-
reasonable to assume that(m;)=u(m;) so that u?(Am) lieved to be due to compliance in the four linear bearings of the
=2u?(m;). The manufacturer’s data sheet provided with the ma#gruster unit, which allow the sample position to oscillate by sev-
scale lists a repeatability of 0.001 g, where repeatability is definégal tens of micrometers when the motion direction changes. De-
as the “closeness of the agreement between the results of suc&@ite this undesirable variation in normal force, the wear rate can
sive measurements of the same measurand carried out underb@galculated according to El), if the variation in the normal
same conditions of measuremefif]. Repeatability is, therefore, force is measured and accounted for in an appropriate manner.
fundamentally different from uncertainty and places an upp&ecause the recorded normal force is essentially bimodal, we have
bound on the achievable accuracy. A conservative value of figgosen to separate it into two bins, upper and lower, based on the
times the repeatability is used for the scale’s standard uncertairgifection of motion. The average force values for the upper and
or u(m;)=0.005g. The standard uncertainty ihm is then lower bins,F, andF,, respectively, are calculated using K@),
u(Am)=v2-0.005=0.007 g. Since we have chosen to use data
supplied by the manufacturer to definém;), this is an example
of a Type B uncertainty evaluation.

il
=]

n
S — 1
u= 21 Fui F|:—2 Fri (7)
uil=
3.2 L4, Ly, Ly Standard Uncertainty. The rectangular
wear block’s dimensions prior to testing were recorded usingvéheren, andn, are the number of samples in the upper and lower
Mitutoyo digital caliperimodel number SC)6The instrument has pins, respectively. The standard deviation in the mean veiyes
a measuring range of 150 mm and a resolution of 0.1 mm. T'%?ldﬁ are calculated according to E@) [5], wheres? (F,) and

manufacturer’s specification for the instrument uncertainty was (F,) are the squares of the standard deviatiéses, variances

again available so we have used this valligpe B evaluation . .
The supplied value was 0.2 mm, and we have assumed tHé%he recorded values from the upper and lower bins, respectively.

u(Ly)=u(Lz)=u(Ls).

_ 1 _

3.3 F, Standard Uncertainty. A multiaxis force transducer 2(F,) M1 21 (Fyi—Fu?
manufactured by Advanced Mechanical Technology, (AMTI) u3(F,)= w_t " ®)
was used to measure the normal force during the wear testing. As ny Ny
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Fig. 4 Results from testing used to determine the angular mis-

. ) . . alignment illustrated in Fig. 3
Fig. 3 Schematic of the cosine error in the normal force mea- 9 9

surements

sult from Eq.(10). Again, we proceed by calculating the first-
order Taylor series approximation to the measurement quantity as

1 o shown in Eq.(13),
) TE (Fli—F)? _ _
ZE _S(Fl)_nl 1|:l 2/ = aFn,r 2/ = aFn,r 2 N 2/ =
w(F)=——= n WA(Fp )= —=" |UP(F)+| — = |u’(6)=sed 6-u’(F,)
_ dF, a0
The average normal forde, is then calculated by L
—_ +seé gtarf 6-F2,-u?(6) (13)

= I
Fn:uT (9) Both the bias correction prescribed in Ed42) and the standard

. uncertainty shown in Eq13) require knowledge of the best esti-
From this relationship, the uncertainty i, is determined from mate ofé. The angular misalignment for our test setup was deter-
_ mined by measuring the horizontal force produced from the ap-
o= [ Fn| , — Fp) ,— 1 0= plication of a nominal normal force applied vertically. Any force
u(Fp)=| — |us(Fy +| — [u(F)=—[u*(Fy)+Uu"(F)]  that remained after the manufacturer-specified cross-talk had been
IFy 9F 4 removed was considered to be caused by misalignment. The mean
(10) angle of misalignment was calculated to be 2.45 deg from mul-
The uncertainties of the average values from the upper and lovigte repetitions under three different normal loads of 47.2, 92.6,
bins were determined to be 0.Mand 0.15N, respectively, using and 138.2N. The standard deviation of the measurement results,
Eq. (8) (Type A evaluatioin Substitution into Eq(10) gives a shown in Fig. 4, was 0.02 deg. We will assume the mean and
standard uncertainty of 0.M for the average normal force of standard deviation values obtained from this sample distribution
175.0N. provide the best estimates for the mean and standard deviation of
There is a second consideration in the normal force measutiee parent population. We can, therefore, substitute directly into
ment uncertainty analysis, however. We must also treat the pot&#. (12) to determine the mean normal force value to be reported
tial misalignment between the normal to the counterface surfaggd Eq.(13) to obtain the standard uncertainty in this reported
and the force transducer axes. This misalignment leads to the ¥alued. These results afg, ,=175.2 N andu(F,,)=0.2 N.
miliar cosine error and is shown schematically in Fig. 3. In this

3.4 m; Standard Uncertainty. The standard uncertainty in
case, the tru¢and unknowablevalue of the normal forcef , e A . X -
is related to the measured normal fof€g through the secant of tﬁ'g (')r(])'gal s%mple massl was def(ljnter(]j n Secttlt%r_] 3~1U|€l$_i)
the misalignment anglé as =0. g. The same value is used throughout this analysis.

3.5 S Standard Uncertainty. The positioning table, stepper
=F, secd (11) motor, and controller used to produce the reciprocating motion of
the contact was manufactured by Parker Automation. The linear
The result of this cosine misalignment is that the measured nornR@sitioning table(Model No. 406400XRM$ has a maximum
force is always less than the true normal fofce., a single-sided Stroke length of 400 mm. The ball screw that generates the table
distribution of values This introduces a bias into the recordednotion is driven by a RS33C stepper motor, which is actuated by
data that must be corrected. The reported value of the mean rdrZeta6108 controller. The commanded motion uncertainty re-
mal forceF , , is therefore calculated as shown in E&2), where ported in the manufacturer’s data sheet was 0.041 mm. To verify
Fo rus(1—c0s6), is the error introduced by the cosine misalign:[h's value, repeate(_j attempts for a commanded motion of 50.8 mm
ment. and we have substituted Wgﬁt using Eq.(11) were measured using an LVDT. All of the measurgd distances fell
’ rue within a range of+0.295 mm. If we assume a uniform, or rect-
L . En . angular, distribution of the recorded values, the standard uncer-
Fo =Fn+Fnue(l—cosf)=F,+ ——(1—cosf)=F,secd tainty is calculated as 0.295=0.17 mm[4]. We have conserva-
' ' cosd tively selected to use this result because it is greater than the value
12) reported by the manufacturer.
We must next calculate the standard uncertainty in this reportedSimilar to the normal force calculations in Sec. 3.3, we must
mean value; this will be the standard uncertainty substituted intonsider a potential misalignment between the counterface surface
the combined standard uncertainty calculation, rather than the a&d the sliding directior(see Fig. %. In this case, the sliding

n
F =—"
n,true COSG
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We can write the relationship betwe8randd e as shown in Eq. 2 3 4 5 6 7 8
(14), where « is the angle between the counterface and motio.. wear rate x 107 mm/Nm

direction. The square of the standard uncertaint® is shown in . . ) .
Eq. (15), Fig. 6 Histogram from a 10,000 point Monte Carlo simulation

using values taken from Table 1; the mean value was 5.05
X10™* mm3Nm with a standard deviation of 7.4

S= Cosa drabieSECH (14) %1075 mm3Nm

u3(S)=sela-u¥(dipe +seCatart @-d2, - u¥(a) (15)

In this case, we do not have a convenient method to measure
misalignment angler. Therefore, we will assume that, althoughg,
the most probable value af is zero, its expected value is a
small value of the same order as the uncertairfy) to which the
counterface surface can be made parallel to the sliding directi
Under these assumptions, we will let be described bya
~u(a). Additionally, because the actual sliding distance is a
ways greater than the commanded motion, the result is bias
The reported sliding distances, should, therefore, beS
=d@pd 1+U*(a)] [6]. If we assume a~u(a)=2deg
=35 mrad, dipe=50.8 mm, andu(d,d =0.17 mm, the result-
ing standard uncertainty in the sliding distance is 0.18 mm and t
reported value is 50.86 mm.

ontributors, Table 2 lists, in descending order, the ratio of the
dard uncertainty in each value to the mean value computed
m the Monte Carlo simulation; these mean values are also in-
cluded. To verify the combined standard uncertainty and Monte
Carlo simulation results, we completed 21 single-point wear-rate
fReasurements for PTFE on 347 stainless steel using nominally
identical contacting conditions as described in Section 2.2.
~ A histogram of the experimental results is shown in Fig. 7. For
21 experiments, the mean wear rate was found to be 5.04
X 10~* mm?/Nm and the standard deviation of the collected data
was 6.0<10 ° mn?/Nm. These results fall within the bounds
Eredicted by the combined standard uncertainty and Monte Carlo
ffnulation, which suggests that our analysis accounts for the pri-
mary uncertainty contributors in these wear-rate measurements.

3.6 Combined Standard Uncertainty. The combined stan- ] )
dard uncertainty for our wear rate is calculated using @y. 4 Discussion

Table 1 summarizes the nominal values, standard uncertaintiestne results of the uncertainty analysis show that the overall
and sensitivity coefficients for each input quantity. Substitution ancertainty in the reported wear rate is dominated by the uncer-
the values provided in Table 1 into E¢d) gives a combined t4inty in the measured mass change in the sample. This result is
standard uncertainty of 7:410”° mn?/Nm. As a comparison, a sopmewhat unexpected since the scale used for the measurements
Monte Carlo simulation was completed. In this simulation, eaghas a resolution of one milligram. Nonetheless, the uncertainty
of the input parameters was varied about its mean value using Higalysis shows that it likely accounts for approximately 91 per-
standard uncertainties prOVIded in Table 1. Normal dlStrlbUt|0Q§3nt of the observed variation in reported wear rate. U|t|mate|y,
were assumed for all input variables except the reported slidifigs is because the mass of material lost due to wear is relatively
distance, where a uniform distribution was applied. Example r@mall and the uncertainty of the scale is a large percentage of the
sults for a total of 510" data points and 2600 cycles of motionsample mass change. A Monte Carlo simulation using realistic
(i.e., N=2600) are shown in Fig. 6. The simulated mean anghriances for the input quantities confirms the experimentally ob-
standard deviation values are 50850 * mm’/Nm and 7.4 served scatter in results. Therefore, one can see that in order to
X 10~° mm®/Nm. To help identify the most relevant uncertaintyreduce the variance in the measurements, it is necessary to either

Table 1 Nominal values and standard uncertainties for PTFE on 347 stainless steel wear rate

measurements
Standard % Contribution
Input Nominal Value Uncertainty,u(x) Sensitivity,s (s?u?(x)/u?)
Am (g) 0.050 0.007 1.01065< 102 91
L, (mm) 30.8 0.2 1.64066<10°° 0.2
L, (mm) 6.4 0.2 7.89568<107° 4.5
Lz (mm) 6.4 0.2 7.89568<10°° 45
For (N) 175.2 0.2 —2.88427% 1078 0
m; (9) 2.694 0.005 —1.87574 1074 0
S (m) 50.86x 1072 0.18<10°% —9.9355% 1072 0
806 / Vol. 126, OCTOBER 2004 Transactions of the ASME
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Table 2 Ranking of uncertainty contributors from Monte Carlo data collected with 1, data collected with
simulation + new equipment T original equipment
Input Mean Value u(x)/Mean Value Br .
Am (g) 0.050 0.140
L, (mm) 6.4 0.031 20
L (mm) 6.4 0.031 PP 4
Ls (mm) 30.8 0.007 = Y=-1.64+5.37x104 X
S (m) 50.86x 10 3 0.004 £ e o R2=0.99996
_m; (9 2.694 0.002 =
Fnr (N) 175.2 0.001 3
v PR —
é or Y=-137 +5.13x10°4 X
s RZ=0.9998
perform much more accurate measurements of the mass chang r
wear away significantly more mass from the samples. Changes
almost any other part of the experimental apparatus/procedure \ 0 ! I |

likely have little effect on the scatter of the experimental result 0 10 20 30 40 50
Most materials undergo transient behaviors in wear during tl Frd x103
o . S nd x103 (N-m)
early stages of sliding, often termed “break-in” or “running-in.”
Thes_e early transient pe_rlods of wear are typically Chal’.E!CteI?IZE%. 8 Interrupted wear-rate measurement results are shown;
by higher rates of material removal that eventually transition intqg light gray open circles and associated error bars corre-
a steady and nearly linear region of lower wear rate. This linegbond to measurements completed using the original scale
region is often termed the steady-state wear rate and is widelyd calipers; black error bars and regression line represent
reported as the slope of a least-squares regression line throughddte gathered using the new scale and micrometer. The error
data on a plot of the volume lo$ versus the product of normal bars in the vertical and horizontal directions are plotted in each
load En, and sliding distance (End). case, but_ some cannot be observed at the plot scale. Using the
The previous analysis treated the uncertainty in calculating"§"’ eduipment, the caps on the error bars are longer than the
wear rate from a single-point measurement of material remo rs themselves.
and analytically propagated the individual uncertainty contribu-
tors. The analytical treatment of the uncertainty in the steady-state
wear rate computed from multiple interrupted measuremg@mets )
the slope of the least-squares regression line though multiple da¥grage of these calculated slopes is reported as the mean steady-
points is cumbersome. However, a Monte Carlo model can H#ate wear rate and the standard deviation is taken to be the asso-
developed that accounts for the measurement input uncertainfajed uncertainty. ) .
described in Sections 3.1-3.4 while carrying out many least- TO test the validity of this Monte Carlo approach, a single test
squares regressions. The mean slopear rat¢ and standard de- of PTFE on 347 stainless steel was completed under the same
viation in slope from the Monte Carlo model can then be used &§nditions as reported previously. Unlike the previous experi-
estimates of the mean wear rate and associated uncerf@inty ments, however, this test was interrupted every 480 cycles and
Therefore, we carried out a 1000 iteration simulation to detefeasurements of mass loss were made. The individual data points
mine the steady-state wear-rate uncertainty. This simulation, sirdl€ shown in Fig. 8 by the open circles. The error bars shown on
lar to the one described in Section 3.6, varied each of the inphis plot were calculated according the analytical approach dis-
parameters about the mean values using assumed distributions @#fged in Sections 3.1-3.4. The Monte Carlo simulation gave a
calculated 1000 different slopes on\a versusF,d plot. The Mean wear rate df =5.08< 10" * mm*Nm and an uncertainty of
u(K)=1.24x10"* mm’/Nm. This is in excellent agreement with
the previous data, although the Monte Carlo simulation gives a
larger uncertainty than the previous analysis because the uncer-
mean:5.04x 10 mm3/(Nm)  tainties in the starting points are also included in the fittirg, in
8 standard deviation:0.60 x 107 mm3/(Nm) & Single-point wear-rate test, it is implicitly assumed that the data
extrapolates perfectly through the origin
Prior to performing these interrupted experiments, a new scale
(Mettler Toledo AX 205 and a new micrometéBrown & Sharpe
Micromaster mm 2000with resolutions of 0.01 mg and 0.001
mm, respectively, were purchased. Standard uncertainties in mea-
surements completed with these two instruments represented over
90 percent of the final combined standard uncertainty in the pre-
vious analytic treatment. Again, we selected to conservatively as-
sume a standard uncertainty of five times the instrument resolu-
tion in both casesstandard uncertainty values were not provided
by the manufacturefsEven under these conservative conditions,
the new equipment still provided a greater-than-ten-times reduc-
tion in the combined standard uncertainty over the previous scale/
caliper combinationlbecause these instruments were purchased
after the 21 single-point measurements were completed, we were

count

O2 3 4 5 6 7 8 unable to verify the expected reduction in data scatfére filled
wear rate x 10°% mm3/(Nm) circles in Fig. 8 represent measurement results for the same
sample during the interrupted wear rate testing using the new
Fig. 7 Histogram from 21 experiments with PTFE on stainless equipment. As expected, these values fall within the uncertainty
steel; the mean value was K=5.04X10"* mm3/Nm with a stan-  bounds determined from the original equipment. Also, a weight
dard deviation of 6.0 X10~° mm3/Nm dependent bias in the original scale was observed. The Monte
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Carlo simulation for the measurements using the new scale agxhctly the same circumstances. In this case, a defensible uncer-
micrometer gives a wear rate Kf=5.37x 10”4 mm?/Nm and an tainty analysis offers the only reasonable means to compare the
associated uncertainty of K)=2.63< 10~ ¢ mm*/Nm. performance of two or more tribometers.
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