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Abstract

The mico-scale abrasion test has become very popular in recent years for the measurement of the abrasive wear of coatings and othel
materials. A EU-funded project has just been completed that had the aim of developing the test method, and revising the existing CEN ENV
for the test into a full standard.

Key aspects of the project were concerned with the accuracy of measurements, the repeatability and reproducibility of the test method
through an interlaboratory exercise, and the industrial applicability of the measurement method to different types of coatings.

The main measurement methods that can be applied are optical measurements and profilometry. Here, it was found that profilometry
measurements gave important information on the shape of the crater produced during the test, but optical measurements were found to be
adequate in most cases. The reproducibility of the optical measurements was found to be about 2% when the results of different laboratories
were compared.

Fourteen organisations participated in the interlaboratory exercise. This found reasonable reproducibility and repeatability for the measure-
ment method. The paper concludes by describing the procedure that was recommended at the end of the project, and is likely to be adopted
in CEN, ASTM and I1SO standards.
© 2005 Elsevier B.V. All rights reserved.
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1. Background surface engineered components are used in all sectors of
engineering including, for example, aerospace engines and
The use of coatings and surface engineered componentsomponents, prosthetic implants, paint films on cars, inter-
is now growing strongly. This is being driven by the need nal combustion engines and textile machinery.
for high value added products with enhanced durability, effi-  The micro-scale abrasion test is a promising technique
ciency and lower environmental impact. These coatings andthat has the potential to assess the wear resistance of coated
and surface engineered componghi2]. The test originated

* Corresponding author. Tel.: +44 20 8943 6374; fax: +44 20 8943 2089, 10M the technique of using rotating balls to produce taper
E-mail addressMark.Gee@npl.co.uk (M.G. Gee). sections for surface analyqi8]. The background literature
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Fig. 1. Micro-scale abrasion testing: (a) schematic and (b) crater produced on TiN coating.

to the test method is reviewed in an earlier publica{@jy There are two variants of the test. In the non-perforating
and so is not discussed further here. test, wear is confined to the coating alone and a wear rate

The test method can be used to evaluate all types of coat-is calculated by simple geometrical considerations. In the
ing including polymeric films, thin hard ceramic coatings, perforating test, a sequence of craters is made of different
metallic coatings and thick thermally sprayed coatings. durations that penetrate the coating producing two boundaries

In the technique, a ball often of bearing steel, is pressed marking the overall crater diameter and the portion of the
against the test sample in the presence of an abrasive slurrcrater in the substrate. Analysis of the size of these features
(Fig. 1a). This produces a circular depression in the sam- yields wear rates for both the substrate and coating.

ple that can be measurefig. 1b) to determine the wear The test technique has now been investigated in a 3-year
rate of the coating, and under some conditions the substrateproject, funded in part by the EU that had 10 partners from
material. across Europe. The parameters that affect the test results

(©)

Fig. 2. Optical micrographs showing (a) scuffing at edge of small crater on DLC coating, (b) difference in contrast for inner and outer cratershoundarie

(c) optical micrograph of pair of craters made on tool steel sample, (d) profilometric images showing real shape of same craters as in (c). Naetthe appar
separation between the two craters comparing (c and d).
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have been thoroughly examined, the accuracy of measure-was decided that for routine measurements optical techniques

ment methods assessed, and the reproducibility of the tesibof the inner crater diameter would normally be used when

has now been evaluated by performing an interlaboratory ex-combined with the independent measurement of the coating

ercise. thickness mentioned above. To examine the reproducibility
of optical measurements samples of TiN coated tool steel
was prepared by Cambridge University and sent out to the

2. Measurement issues different project partners. The results showrFig. 3, ex-
pressed as the ratio of the individual partners measurements

The main purpose of this paper is to present the modified to the measurements at Cambridge University, show that the

test procedure developed in the EU project, and the resultsuncertainty in measurement is about 2%.

of the interlaboratory exercise. For this reason, only a few of

the main results from the other parts of the EU project will be

described here. For further information, the reader is referred 3. Interlaboratory exercise

to the final report of the proje¢4].

One of the main conclusions was that the measurement3.1. Materials

of the overall crater diameter could be difficult with the nor-

mal SiC abrasive used in micro-scale abrasion tests. Thisis The test samples were ASP23 powder metallurgy steel

due to phenomena such as scuffing or rounding at the edged mm thickx 32mm in diameter coated with TiN. The

of the outer crater. IiFig. 2a, the indistinct edge of a small  substrates were polished before coating. A comprehen-

crater made on a DLC coating can be seerfim 2b the sive characterisation of the coated samples was carried out

contrast at the outer edge of a crater on a TiN coating is less[8].

than for the inner crater, and comparisonFig. 2c and d Two abrasives were used. The alumina abrasive, which has

shows that in this case, the optical measurements over esti-a nominal particle size of Lm was for the non-perforating

mate the size of the craters in tool steel. Other profilometric tests, and the SiC abrasive, which has a nominal particle

measurements confirm rounding of the outer crater diam- size of 4um was for the perforating tests. Bearing steel balls

eter, but also confirm that the craters conform well to the 25.4 mm in diameter were also supplied.

shape of the ball5]. For this reason, a new measurement

and analysis procedure has been introduced in the EU study3.2. Testing

[6], where the thickness of the coating is measured inde-

pendently using the cap grinding technidig using a fine Two different types of testing were required in the in-
diamond abrasive to ensure that scuffing and rounding do notterlaboratory exercise. These are perforating tests, where a
occur. sequence of craters is produced on the sample of different

Although profilometric measurement provides consider- test durations, the size of the resultant craters measured, and

able useful information about the size and shape of craters, itthe results analysed to yield wear rates for the steel substrate
and the TiN coating. In these tests, the TiN coating is inten-
tionally perforated following the basic method first suggested

1.20 by Rutherford and Hutching®], since updated6]. These
Diamond Abrasive tests were carried out using the SiC abrasive, although some
Small Crater = Inner o Outer additional non-perforating testing was carried out by two par-
Large Crater e Inner o Outer ticipants using alumina abrasive.

SiC Abrasive The other type of test was carried out using the alumina

1.104 Small Crater Inner Outer . -

Large Crater v Inner = Outer abrasive. Here, the test conditions were carefully controlled

to ensure that perforation of the coating did not occur. The

s diameter of the crater was measured and the wear rate of the
1 coating alone calculated.

The procedure given iAppendix Aalso required a few
subsidiary experiments to be carried out with diamond paste
0.95 to measure the thickness of the coating. They can be carried

out with either the fixed ball type of test system, for example
GV S as shown irFig. 4a, or the free ball test systerfi. 4b).

VI NIz VIS Tol Ned P Lo 18T 5 B2 [ 1B BEr Both commercially manufactured and “home-built”

Organisation equipment was used in the interlaboratory exercisble 1.
g3 Reproduciityof measuremensofcratrsprepared by damond F o oy 9ar Sallons participated as istodmend B
and SiC abrasive on TiN coated tool steel sample. Seven organisations par- : ) - - .
ticipated, in some cases using different microscopes denoted by different d0€S not correlate with the list of laboratories given in the
numbers in figure. figures.
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3.3. Results

3.3.1. Perforating tests
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Fig. 4. Main different types of ball cratering systems (a) fixed ball and (b) free ball.

parameter, wher8is the relative sliding distance amdlis
the normal applied load, and according to the Archard law,
the wear volume should be proportional to this parameter for

Thirteen laboratories returned results for the perforating many materials.Jig. 5a shows the agreement for different

tests using SiC abrasive. The results are showRign 5.
(Note that some of the results Figs. 5 and @use theSN

laboratories in terms of total volume of the cratétig,. 5 in
terms of the inner carter diameter afig). 5c in terms of the
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Fig. 5. Interlaboratory exercise results for perorating tests with SiC abrasive (a) total crater volume, (b) substrate crater volume, (cyahicketessfrom
crater dimensions for SiC and diamond abrasive and (d) wear rates.
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Table 1 suggestive of a systematic variation in the thickness of the
Test systems used by participants samples from laboratory to laboratory, but this may equally
Machine Participant be due to systematic variations in measurement method from
Plint TE66 (fixed ball) NPL, CU, Nottingham University, ~ One laboratory to another.

LSGS, Sheffield Hallam University, Fig. &d gives a comparison between the wear rates calcu-

VITO, TNO, Tohuku University,

lated by the analysis procedure giverAppendix C It can
Southampton University y Y P 9 hp

be seen that there is some variation in wear rate for the dif-

CSEM instruments lon Bond . . . .

calowear (free ball) ferent laboratories, and that with this abrasion, the wear rate
Other free ball IST, NPL for the steel substrate is the same as the wear rate for the TiN
Other fixed ball Coimbra, Teer Coating Limited coating. It should also be noted that the fixed ball and free
Gencoa free ball HEF

ball results for laboratory 1 are very similar.

thickness calculated from the crater measurements. There i3.3.2. Non-perforating tests

some scatter in the results, but it should be noted that every Fig. 6gives the results of the non-perforating tests. There
laboratory had a different sample so that some of the scatterinseems to be a systematic reduction in wear rate with increas-
results may be due to variation in sample thickness from oneing SN particularly for the two laboratories that carried out
sample to another. The graph of calculated thickness showstests at low values dBN where the crater size is small. At
that the thickness calculated from the outer crater diameter ishigher values ofSN this systematic variation is obscured
always much larger than that found for the diamond abrasive. by the variation in measurement form one laboratory to
This is likely to be due to the observed difficulty in measuring another.

the true diameter of craters made with the relatively large

SiC abrasive due to rounding of the edge of the crater and3_3.3_ Comparison of results from perforating and

scuffing around the periphery of the cratéig. 5c is also non-perforating tests

Two laboratories carried out tests with 10% alumina abra-
sive using both the perforating and the non-perforating test
procedures. Good agreement was found between the coat-
ligbe ing wear rateK. results for the non-perforating and perfo-

. rating tests. However, a considerable difference was found
¢ between the different laboratories for the substrate wear
7 rate,Ks.
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4. Analysis of reproducibility and repeatability
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The reproducibility and repeatability of the results were
analysed following the procedure laid down in ISO 5725 Part
s 2 _ 2 _ = & = 2 [10]. The results of this analysis are givenTiable 2
(a) SN, Nm For the non-perforating tests for the coating wear rsge,

the repeatability (within labs) standard deviation, sr is 24%
and the reproducibility (between labs) standard deviation, sR
is 26%. Again in the perforating tests, for the substrate wear
rate,Ks, sris 7% and sR is 11%. For the non-perforating
test, coating wear raté, sris 8% and sR is 17%. For the
l measurement of crater diameter, sris 2% and sR is 3%.
t
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These values of reproducibility and repeatability are con-
. sidered to be acceptable for a wear test and are comparable

i 1 ] to other wear tests. Thus, the ASTM G99 pin-on-disc sliding

{ } wear test quotes a standard deviation of wear scar diameter
of 0.27 fora value of 2.11, or 12.8%11] compared with
the reproducibility calculated here fdr of 2.9%, and the
ASTM G133 reciprocating test ASTM G133 quotes a stan-
dard deviation of wear volume for silicon nitride of 0.189
on a mean value of 0.543 niyor 34.8% compared with the
Fig. 6. Variation of coating wear rate in non-perforated alumina tests (a) reprquC|b|I|ty calculated here, for example yin the per-
with SN and (b) comparison of mean and spreads for different laboratories. forating tests of 26%12] (Table 3.

Wear Rate, m°N"'m’”

14|

o
>
Y
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(b) Laboratory
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Table 2
Comparison of perforating and non-perforating tests
Laboratory Non-perforatindc (10~ 14m3N-1m=1) PerforatingKc (10-24m3N-1m™1) PerforatingKs (10~ m3 N-1m~1)
A 55 5 1780
B 6.5 57 28850
Table 3
Results of analysis of reproducibility and repeatability to 1SI 5725 (figures in brackets are percentage of means)
Perforating tests Non-perforating tests
Ke, 10 m3N-tm~1,N=13 Ks, 10083 m3N-1m1, N=13 Ke, 108 m3N-Im~1, N=12 b, mm,N=4
Mean 800 834 535 0561
sr 194 (24) 057 (7) Q41 (8) Q011 (2)
sR 209 (26) 092 (11) 094 (17) 0016 (3)

N gives number of participants in category.

040368 - We/Co. -
7500 rotations

Fig. 7. Examples of micro-scale abrasion test craters on (a) hard chrome plating using SiC abrasive, (b) WC/Co thermally sprayed coatingd(c) anodise
aluminium and (d) WC/Ni laser cladding.
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5. Applicability to different surface engineered Table A.1
surfaces Mass of abrasive required for 100 &mf water

Abrasive  Sizegm) Density (gcm3)  Concentration Mass (g)
(vol.%)

To assess the applicability of the test technique to different
surface engineering processes, a wide range of surfaces wittsiC 4 32 20 800
different coatings and surface modifications were tested. TheAl20s 1 40 10 444
full set of results is given in a separate report with only an
indication given hergl3].

It was found that a wide range of treatments coglq be as'dA.Z. Preparation of samples
sessed by the micro-scale abrasion technique. This include
several other hard wear resistant coatings including CrN
and DLC, thick coatings such as thermally sprayed WC/Co
and hard chrome, and surface treatments such as anodisin

Check the sample condition, scar position and direction of
ball motion relative to the surface being tested. The samples
. . %hould be washed to remove all traces of grease. A separate
Fig. 7 shows that for all four materials shown reasonably clean steel sample is required for ball surface preparation

well dsr;apegt graters arde fo;met;i th?t could tt)e eTathy rnea'(running—in procedure). Any steel with hardness between 200
sured to obtain a good estimate of wear rate. The reason, . 650 Hv should be suitable.

that the outline of the thermally sprayed WC/Co and the an-

odised aluminium craters is not as regular as the craters for ] ]

the chrome plating, the laser cladding and TR 1b) isbe-  A-3. Preparation of abrasive slurry

cause these samples are somewhat rougher than the required o ) o

for the best micro-scale abrasion testing. These results give L-€ave deionized water in an open container in laboratory

confidence that although the interlaboratory exercise was car-0r at least 1 h (for C@absorption). . .
ried out specifically on TiN coatings, similar reproducibil- Add deionized water to the appropriate weighed quantity

ity and repeatability could be expected for other similar of abrasive powdefTable 1lists the mass of abrasive for each
coatings. 100 cn? of water).
Mix thoroughly to produce a uniform suspension of par-
ticles with a concentration of 20 vol.% for the SiC slurry and
10vol.% for the alumina slurryTable A.J).

6. Conclusions
A.4. Preparation of the ball surface
An interlaboratory exercise was carried out to validate the (run-in procedure)
test procedure that has been used to form the revision to ENV
1071-6, micro-scale abrasion of coatings. The procedure has The ball should be washed to remove all traces of grease. A
been revised through the EU project CRATER that finished steel sample (for the run-in procedure) should be mounted in
recently. A new ASTM standard is being drafted that is based the apparatus. The motor speed should be adjusted to give the
on this procedure. correct value for the rotational speed of the ball (in the range
The interlaboratory exercise had 14 participants. It was 0.14+0.01ms? of sliding speed), and the normal loading
found that the micro-scale abrasion technique has reasonabl®etween the ball and sample adjusted to give the correct value
reproducibility and repeatability for TiN coatings that com- of 0.2+ 0.2.
pared well with other wear tests. The method of feeding slurry to the contact point can vary
The technique has been shown to be applicable to the eval-hetween instruments. It may be via a pump or applied man-
uation of the wear performance of a wide range of different ually by the operator. Care must be taken to ensure that the
surface engineering processes. slurry remains well mixed. The feed rate shall be sufficient
that the contact between the ball and sample is always well
wetted by the slurry. The slurry shall be used once only and
not re-circulated.

Appendix A. Procedure for micro-scale abrasion Load the sample and ball together having ensured that the

testing sample and ball are pre-wetted by the slurry, and then start
the motor and timer or counter. Typically 5 min running time,

A.1. Scope or between 300 and 400 revolutions should be used for the

running-in procedure.

This procedure describes the method for performing wear  Change the orientation of the ball and repeat from stage
tests on coated samples by a perforation test, producing a4.6.6 until more than 5 run-in tracks are produced randomly
series of craters at increasing time intervals/number of ro- on the ball. The ball is now conditioned for further use. Typ-
tations, or by performing a non-perforation test on coated jcally such a ball can be used for at least 10 samples (>60
samples. tests).
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Table A.2 Table A.3

Test conditions for perforating tests (found to be appropriate for TiN on steel; Test conditions for non-perforating tests found to be appropriate for TiN on

other test conditions may be appropriate for other coatings) steel, other conditions may be appropriate for other materials

Load (N) 0.2+0.02 Load (N) 0.2+0.02

Speed (msh) 0.14+0.01 Speed (ms?) 0.14+0.01

Ball material As supplied Ball material As supplied

Ball diameter (mm) 25.4 Ball diameter (mm) 25.4

Ball finish Conditioned using run-in procedure  Ball finish Conditioned using run-in procedure

Abrasive material SiC as supplied Abrasive material AJOs as supplied

Fluid carrier Water Fluid carrier Water

Feed rate Keep wet Feed rate Keep wet

Abrasive concentration (vol.%) 20 Abrasive concentration (vol.%) 10

Test duration (approximate 400, 600, 900, 1200, 1500, 2000 Testduration (approximate num- 500, but perforation must not occur
number of ball revolutions) ber of revolutions)

should be about 0.7 mm. The inner and outer crater diame-
ters,a andb, respectively, measured from these craters (see

Mount the test lein th ¢ that th ¢ Fig. A.1) are used to calculate a coating thickness at each

fth oun i E’;hef s_ﬁ\rkr:pfe in de a_\lgljgarattljs 3?3 g € cen reposition. The three values of coating thickness are used to

orthe crater that will be formed Wil b€ at least .o MM away 40 1ate an average coating thickness for the sample. The
from any previous crater. Confirm that the motor speed is

. . ) formula for the coating thicknessis:

the correct value to give the required rotational speed of the
ball. And confirm that the correct normal load is achieved. ¢ = R(x — B).
Use 20% SiC slurry prepared as described earlier. The slurr _ .
feed shall be adjus)t/eF()j S(F; that the contact between the ball agldvhereR is the radius of the ball and
sample is always well wetted by the slurry. The slurry shall a2\ Y? p2 \ 2
not be re-circulatedTable A.9. o= (1 - W) and = (1 - W)

After loading the sample and ball together having ensured
that the sample and ball are pre-wetted by the slurry the mo-
tor and timer or counter shall be started. When the set time A.8. Measuring method
interval or number of revolutions is completed, switch off the
motor, stop the slurry feed and remove the ball or load. The dimensions of the wear craters in two directions (par-

Clean the ball and the test sample using a fine jet of water allel, // and perpendiculad, to the direction of ball motion)
and dry the sample with tissue. Repeat at a new position of theof both the innera and outerb crater diameters are mea-
sample with different time interval or number of revolutions sured (sedig. A.1). For the non-perforation tests, measure
until the series of tests for the same condition is completed. the crater diametens in the two directions parallel, // and
For the standard condition, six tests with different durations perpendicular,L.
should be performed. The test durations givemable 2are
recommended. For each test, use a new orientation of ballA.9. Data report and analysis
relative to the sample. Normally two complete series of six
tests should be carried out. Report details of the test system that was used in the ex-

periment. Note any specific test conditions that were used

A.5. Test method for perforating tests

A.6. Test method for non-perforating tests

The test method is the same as for perforating tests, but
the test duration is adjusted to ensure that perforation of the T
coating does not occur. Some trial and error may be required

to achieve this, but preliminary tests have shown that the test  gjiding direction b, ay
duration given inTable A.3is appropriate for TiN coatings
on steel l
A.7. Measurement of coating thickness N

b, >

To measure the thickness of the coating, a fine metallo-
graphic diamond paste or sprayfin abrasive size or less) — q —»
should be used to create craters at three positions well spaced
over the surface of the sample. The outer crater diameter Fig. A.1. Measurement on wear scar.
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such as the sample inclination, shaft diameter and groove Plot a graph oENV,; against/s/V, for all the craters$is
dimensions in a free ball machine. Report the results of the the total distance of relative movement adds the normal
thickness measurements calculating the coating thickness usapplied load. The data points should lie close to a straight
ing the formula given earlier. line. Any outlying points may be disregarded or repeat ex-

For the perforating tests report sample number, scar po-periments performed before subsequent data analysis. Apply
sition, test conditions (type of micro-abrasion test (fixed or linear regression (least squares method) to determine the line
free), ball diameter, abrasive material, fluid carrier, abrasive of best fit to the data points. Obtain the coating wear coeffi-
concentration, rotation speed, normal load and number of rev-cient, ¢ from the intercept and calculate the substrate wear
olutions) and measured diameteyshby, a; andb; for each rate coefficientis from the slope, as indicated by the equa-
crater. Use the analysis proceduréjmpendix Cto calculate tion:

wear rate results.
. SN 1 Vs 1
For the non-perforating tests report all test results the wear — = PRI
rate can be calculated from c fsVe ke
1 ma®
C= S Aan
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