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The mico-scale abrasion test has become very popular in recent years for the measurement of the abrasive wear of coatin
aterials. A EU-funded project has just been completed that had the aim of developing the test method, and revising the existing

or the test into a full standard.
Key aspects of the project were concerned with the accuracy of measurements, the repeatability and reproducibility of the t

hrough 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 p
easurements gave important information on the shape of the crater produced during the test, but optical measurements were
dequate in most cases. The reproducibility of the optical measurements was found to be about 2% when the results of different
ere compared.
Fourteen organisations participated in the interlaboratory exercise. This found reasonable reproducibility and repeatability for th
ent method. The paper concludes by describing the procedure that was recommended at the end of the project, and is likely to

n CEN, ASTM and ISO standards.
2005 Elsevier B.V. All rights reserved.
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. Background

The use of coatings and surface engineered components
s now growing strongly. This is being driven by the need
or high value added products with enhanced durability, effi-
iency and lower environmental impact. These coatings and

∗ Corresponding author. Tel.: +44 20 8943 6374; fax: +44 20 8943 2989.
E-mail address:Mark.Gee@npl.co.uk (M.G. Gee).

surface engineered components are used in all secto
engineering including, for example, aerospace engines
components, prosthetic implants, paint films on cars, i
nal combustion engines and textile machinery.

The micro-scale abrasion test is a promising techn
that has the potential to assess the wear resistance of c
and surface engineered components[1,2]. The test originate
from the technique of using rotating balls to produce ta
sections for surface analysis[3]. The background literatu

043-1648/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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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 publication[2],
and so is not discussed further here.

The test method can be used to evaluate all types of coat-
ing including polymeric films, thin hard ceramic coatings,
metallic coatings and thick thermally sprayed coatings.

In the technique, a ball often of bearing steel, is pressed
against the test sample in the presence of an abrasive slurry
(Fig. 1a). This produces a circular depression in the sam-
ple that can be measured (Fig. 1b) to determine the wear
rate of the coating, and under some conditions the substrate
material.

There are two variants of the test. In the non-perforating
test, wear is confined to the coating alone and a wear rate
is calculated by simple geometrical considerations. In the
perforating test, a sequence of craters is made of different
durations that penetrate the coating producing two boundaries
marking the overall crater diameter and the portion of the
crater in the substrate. Analysis of the size of these features
yields wear rates for both the substrate and coating.

The test technique has now been investigated in a 3-year
project, funded in part by the EU that had 10 partners from
across Europe. The parameters that affect the test results
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ig. 2. Optical micrographs showing (a) scuffing at edge of small crater on
c) optical micrograph of pair of craters made on tool steel sample, (d) profi
eparation between the two craters comparing (c and d).
DLC coating, (b) difference in contrast for inner and outer crater boundaries,
lometric images showing real shape of same craters as in (c). Note the apparent
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have been thoroughly examined, the accuracy of measure-
ment methods assessed, and the reproducibility of the test
has now been evaluated by performing an interlaboratory ex-
ercise.

2. Measurement issues

The main purpose of this paper is to present the modified
test procedure developed in the EU project, and the results
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
to the final report of the project[4].

One of the main conclusions was that the measurement
of the overall crater diameter could be difficult with the nor-
mal SiC abrasive used in micro-scale abrasion tests. This is
due to phenomena such as scuffing or rounding at the edge
of the outer crater. InFig. 2a, the indistinct edge of a small
crater made on a DLC coating can be seen; inFig. 2b the
contrast at the outer edge of a crater on a TiN coating is less
than for the inner crater, and comparison ofFig. 2c and d
shows that in this case, the optical measurements over esti-
mate the size of the craters in tool steel. Other profilometric
measurements confirm rounding of the outer crater diam-
eter, but also confirm that the craters conform well to the
s ent
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was decided that for routine measurements optical techniques
of the inner crater diameter would normally be used when
combined with the independent measurement of the coating
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
different project partners. The results shown inFig. 3, ex-
pressed as the ratio of the individual partners measurements
to the measurements at Cambridge University, show that the
uncertainty in measurement is about 2%.

3. Interlaboratory exercise

3.1. Materials

The test samples were ASP23 powder metallurgy steel
6 mm thick× 32 mm in diameter coated with TiN. The
substrates were polished before coating. A comprehen-
sive characterisation of the coated samples was carried out
[8].

Two abrasives were used. The alumina abrasive, which has
a nominal particle size of 1�m was for the non-perforating
tests, and the SiC abrasive, which has a nominal particle
size of 4�m was for the perforating tests. Bearing steel balls
25.4 mm in diameter were also supplied.

3

in-
t ere a
s erent
t d, and
t strate
a ten-
t sted
b
t some
a par-
t

ina
a lled
t The
d of the
c

s aste
t rried
o ple
a

ilt”
e
F
I ally
d the
fi

hape of the ball[5]. For this reason, a new measurem
nd analysis procedure has been introduced in the EU

6], where the thickness of the coating is measured i
endently using the cap grinding technique[7] using a fine
iamond abrasive to ensure that scuffing and rounding d
ccur.

Although profilometric measurement provides consi
ble useful information about the size and shape of crate

ig. 3. Reproducibility of measurements of craters prepared by fine dia
nd SiC abrasive on TiN coated tool steel sample. Seven organisatio

icipated, in some cases using different microscopes denoted by dif
umbers in figure.
.2. Testing

Two different types of testing were required in the
erlaboratory exercise. These are perforating tests, wh
equence of craters is produced on the sample of diff
est durations, the size of the resultant craters measure
he results analysed to yield wear rates for the steel sub
nd the TiN coating. In these tests, the TiN coating is in

ionally perforated following the basic method first sugge
y Rutherford and Hutchings[9], since updated[6]. These

ests were carried out using the SiC abrasive, although
dditional non-perforating testing was carried out by two

icipants using alumina abrasive.
The other type of test was carried out using the alum

brasive. Here, the test conditions were carefully contro
o ensure that perforation of the coating did not occur.
iameter of the crater was measured and the wear rate
oating alone calculated.

The procedure given inAppendix Aalso required a few
ubsidiary experiments to be carried out with diamond p
o measure the thickness of the coating. They can be ca
ut with either the fixed ball type of test system, for exam
s shown inFig. 4a, or the free ball test system (Fig. 4b).

Both commercially manufactured and “home-bu
quipment was used in the interlaboratory exercise (Table 1).
ourteen organisations participated as listed inAppendix B.

t should be noted that the order of participants specific
oes not correlate with the list of laboratories given in
gures.



30 M.G. Gee et al. / Wear 259 (2005) 27–35

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

3.3. Results

3.3.1. Perforating tests
Thirteen laboratories returned results for the perforating

tests using SiC abrasive. The results are shown inFig. 5.
(Note that some of the results inFigs. 5 and 6use theSN

parameter, whereS is the relative sliding distance andN is
the normal applied load, and according to the Archard law,
the wear volume should be proportional to this parameter for
many materials.)Fig. 5a shows the agreement for different
laboratories in terms of total volume of the craters,Fig. 5b in
terms of the inner carter diameter andFig. 5c in terms of the

F
c

ig. 5. Interlaboratory exercise results for perorating tests with SiC abrasive
rater dimensions for SiC and diamond abrasive and (d) wear rates.
(a) total crater volume, (b) substrate crater volume, (c) thicknesscalculated from
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Table 1
Test systems used by participants

Machine Participant

Plint TE66 (fixed ball) NPL, CU, Nottingham University,
LSGS, Sheffield Hallam University,
VITO, TNO, Tohuku University,
Southampton University

CSEM instruments
calowear (free ball)

Ion Bond

Other free ball IST, NPL
Other fixed ball Coimbra, Teer Coating Limited
Gencoa free ball HEF

thickness calculated from the crater measurements. There is
some scatter in the results, but it should be noted that every
laboratory had a different sample so that some of the scatter in
results may be due to variation in sample thickness from one
sample to another. The graph of calculated thickness shows
that the thickness calculated from the outer crater diameter is
always much larger than that found for the diamond abrasive.
This is likely to be due to the observed difficulty in measuring
the true diameter of craters made with the relatively large
SiC abrasive due to rounding of the edge of the crater and
scuffing around the periphery of the crater.Fig. 5c is also

F
w

suggestive of a systematic variation in the thickness of the
samples from laboratory to laboratory, but this may equally
be due to systematic variations in measurement method from
one laboratory to another.

Fig. 5d gives a comparison between the wear rates calcu-
lated by the analysis procedure given inAppendix C. It can
be seen that there is some variation in wear rate for the dif-
ferent laboratories, and that with this abrasion, the wear rate
for the steel substrate is the same as the wear rate for the TiN
coating. It should also be noted that the fixed ball and free
ball results for laboratory 1 are very similar.

3.3.2. Non-perforating tests
Fig. 6gives the results of the non-perforating tests. There

seems to be a systematic reduction in wear rate with increas-
ing SN, particularly for the two laboratories that carried out
tests at low values ofSN, where the crater size is small. At
higher values ofSN, this systematic variation is obscured
by the variation in measurement form one laboratory to
another.

3.3.3. Comparison of results from perforating and
non-perforating tests

Two laboratories carried out tests with 10% alumina abra-
sive using both the perforating and the non-perforating test
p coat-
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ig. 6. Variation of coating wear rate in non-perforated alumina tests (a)
ith SN and (b) comparison of mean and spreads for different laboratories.
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rocedures. Good agreement was found between the
ng wear rate,Kc results for the non-perforating and per
ating tests. However, a considerable difference was f
etween the different laboratories for the substrate
ate,Ks.

. Analysis of reproducibility and repeatability

The reproducibility and repeatability of the results w
nalysed following the procedure laid down in ISO 5725
[10]. The results of this analysis are given inTable 2.
For the non-perforating tests for the coating wear rateKc

he repeatability (within labs) standard deviation, sr is 2
nd the reproducibility (between labs) standard deviation

s 26%. Again in the perforating tests, for the substrate w
ate,Ks, sr is 7% and sR is 11%. For the non-perfora
est, coating wear rate,Kc, sr is 8% and sR is 17%. For t
easurement of crater diameter, sr is 2% and sR is 3%
These values of reproducibility and repeatability are c

idered to be acceptable for a wear test and are compa
o other wear tests. Thus, the ASTM G99 pin-on-disc slid
ear test quotes a standard deviation of wear scar dia
f 0.27 for a value of 2.11, or 12.8%[11] compared with

he reproducibility calculated here forb of 2.9%, and th
STM G133 reciprocating test ASTM G133 quotes a s
ard deviation of wear volume for silicon nitride of 0.1
n a mean value of 0.543 mm3, or 34.8% compared with th
eproducibility calculated here, for example forKc in the per-
orating tests of 26%[12] (Table 3).
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Table 2
Comparison of perforating and non-perforating tests

Laboratory Non-perforating,Kc (10−14 m3 N−1 m−1) Perforating,Kc (10−14 m3 N−1 m−1) Perforating,Ks (10−14 m3 N−1 m−1)

A 5.5 5 17.80
B 6.5 5.7 288.50

Table 3
Results of analysis of reproducibility and repeatability to ISI 5725 (figures in brackets are percentage of means)

Perforating tests Non-perforating tests

Kc, 10−13 m3 N−1 m−1, N = 13 Ks, 10−13 m3 N−1 m−1, N = 13 Kc, 10−13 m3 N−1 m−1, N = 12 b, mm, N = 4

Mean 8.00 8.34 5.35 0.561
sr 1.94 (24) 0.57 (7) 0.41 (8) 0.011 (2)
sR 2.09 (26) 0.92 (11) 0.94 (17) 0.016 (3)

N gives number of participants in category.

Fig. 7. Examples of micro-scale abrasion test craters on (a) hard chrome plating using SiC abrasive, (b) WC/Co thermally sprayed coating, (c) anodised
aluminium and (d) WC/Ni laser cladding.
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5. Applicability to different surface engineered
surfaces

To assess the applicability of the test technique to different
surface engineering processes, a wide range of surfaces with
different coatings and surface modifications were tested. The
full set of results is given in a separate report with only an
indication given here[13].

It was found that a wide range of treatments could be as-
sessed by the micro-scale abrasion technique. This included
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 anodising.
Fig. 7 shows that for all four materials shown reasonably
well shaped craters are formed that could be easily mea-
sured to obtain a good estimate of wear rate. The reason
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 TiN (Fig. 1b) is be-
cause these samples are somewhat rougher than the required
for the best micro-scale abrasion testing. These results give
confidence that although the interlaboratory exercise was car-
ried out specifically on TiN coatings, similar reproducibil-
ity and repeatability could be expected for other similar
coatings.
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Table A.1
Mass of abrasive required for 100 cm3 of water

Abrasive Size (�m) Density (g cm−3) Concentration
(vol.%)

Mass (g)

SiC 4 3.2 20 80.0
Al2O3 1 4.0 10 44.4

A.2. Preparation of samples

Check the sample condition, scar position and direction of
ball motion relative to the surface being tested. The samples
should be washed to remove all traces of grease. A separate
clean steel sample is required for ball surface preparation
(running-in procedure). Any steel with hardness between 200
and 900 HV should be suitable.

A.3. Preparation of abrasive slurry

Leave deionized water in an open container in laboratory
for at least 1 h (for CO2 absorption).

Add deionized water to the appropriate weighed quantity
of abrasive powder (Table 1lists the mass of abrasive for each
100 cm3 of water).

Mix thoroughly to produce a uniform suspension of par-
ticles with a concentration of 20 vol.% for the SiC slurry and
10 vol.% for the alumina slurry (Table A.1).

A.4. Preparation of the ball surface
(run-in procedure)

The ball should be washed to remove all traces of grease. A
steel sample (for the run-in procedure) should be mounted in
t ve the
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. Conclusions

An interlaboratory exercise was carried out to validate
est procedure that has been used to form the revision to
071-6, micro-scale abrasion of coatings. The procedur
een revised through the EU project CRATER that finis
ecently. A new ASTM standard is being drafted that is ba
n this procedure.

The interlaboratory exercise had 14 participants. It
ound that the micro-scale abrasion technique has reaso
eproducibility and repeatability for TiN coatings that co
ared well with other wear tests.

The technique has been shown to be applicable to the
ation of the wear performance of a wide range of diffe
urface engineering processes.

ppendix A. Procedure for micro-scale abrasion
esting

.1. Scope

This procedure describes the method for performing w
ests on coated samples by a perforation test, produc
eries of craters at increasing time intervals/number o
ations, or by performing a non-perforation test on co
amples.
he apparatus. The motor speed should be adjusted to gi
orrect value for the rotational speed of the ball (in the ra
.1± 0.01 m s−1 of sliding speed), and the normal load
etween the ball and sample adjusted to give the correct
f 0.2± 0.2.

The method of feeding slurry to the contact point can
etween instruments. It may be via a pump or applied m
ally by the operator. Care must be taken to ensure tha
lurry remains well mixed. The feed rate shall be suffic
hat the contact between the ball and sample is always
etted by the slurry. The slurry shall be used once only
ot re-circulated.

Load the sample and ball together having ensured th
ample and ball are pre-wetted by the slurry, and then
he motor and timer or counter. Typically 5 min running tim
r between 300 and 400 revolutions should be used fo
unning-in procedure.

Change the orientation of the ball and repeat from s
.6.6 until more than 5 run-in tracks are produced rando
n the ball. The ball is now conditioned for further use. T

cally such a ball can be used for at least 10 samples
ests).
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Table A.2
Test conditions for perforating tests (found to be appropriate for TiN on steel;
other test conditions may be appropriate for other coatings)

Load (N) 0.2± 0.02
Speed (m s−1) 0.1± 0.01
Ball material As supplied
Ball diameter (mm) 25.4
Ball finish Conditioned using run-in procedure
Abrasive material SiC as supplied
Fluid carrier Water
Feed rate Keep wet
Abrasive concentration (vol.%) 20
Test duration (approximate

number of ball revolutions)
400, 600, 900, 1200, 1500, 2000

A.5. Test method for perforating tests

Mount the test sample in the apparatus so that the centre
of the crater that will be formed will be at least 3.5 mm away
from any previous crater. Confirm that the motor speed is
the correct value to give the required rotational speed of the
ball. And confirm that the correct normal load is achieved.
Use 20% SiC slurry prepared as described earlier. The slurry
feed shall be adjusted so that the contact between the ball and
sample is always well wetted by the slurry. The slurry shall
not be re-circulated (Table A.2).

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
interval or number of revolutions is completed, switch off the
motor, stop the slurry feed and remove the ball or load.

Clean the ball and the test sample using a fine jet of water
and dry the sample with tissue. Repeat at a new position of the
sample with different time interval or number of revolutions
until the series of tests for the same condition is completed.
For the standard condition, six tests with different durations
should be performed. The test durations given inTable 2are
recommended. For each test, use a new orientation of ball
relative to the sample. Normally two complete series of six
tests should be carried out.
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Table A.3
Test conditions for non-perforating tests found to be appropriate for TiN on
steel, other conditions may be appropriate for other materials

Load (N) 0.2± 0.02
Speed (m s−1) 0.1± 0.01
Ball material As supplied
Ball diameter (mm) 25.4
Ball finish Conditioned using run-in procedure
Abrasive material Al2O3 as supplied
Fluid carrier Water
Feed rate Keep wet
Abrasive concentration (vol.%) 10
Test duration (approximate num-

ber of revolutions)
500, but perforation must not occur

should be about 0.7 mm. The inner and outer crater diame-
ters,a andb, respectively, measured from these craters (see
Fig. A.1) are used to calculate a coating thickness at each
position. The three values of coating thickness are used to
calculate an average coating thickness for the sample. The
formula for the coating thickness,t is:

t = R(α − β).

whereR is the radius of the ball and

α =
(

1 − a2

4R2

)1/2

and β =
(

1 − b2

4R2

)1/2

.

A.8. Measuring method

The dimensions of the wear craters in two directions (par-
allel, // and perpendicular,⊥ to the direction of ball motion)
of both the innera and outerb crater diameters are mea-
sured (seeFig. A.1). For the non-perforation tests, measure
the crater diametersb in the two directions parallel, // and
perpendicular,⊥.

A.9. Data report and analysis

Report details of the test system that was used in the ex-
p used
.6. Test method for non-perforating tests

The test method is the same as for perforating tests
he test duration is adjusted to ensure that perforation o
oating does not occur. Some trial and error may be req
o achieve this, but preliminary tests have shown that the
uration given inTable A.3is appropriate for TiN coating
n steel

.7. Measurement of coating thickness

To measure the thickness of the coating, a fine met
raphic diamond paste or spray (1�m abrasive size or les
hould be used to create craters at three positions well s
ver the surface of the sample. The outer crater diam
eriment. Note any specific test conditions that were

Fig. A.1. Measurement on wear scar.
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such as the sample inclination, shaft diameter and groove
dimensions in a free ball machine. Report the results of the
thickness measurements calculating the coating thickness us-
ing the formula given earlier.

For the perforating tests report sample number, scar po-
sition, test conditions (type of micro-abrasion test (fixed or
free), ball diameter, abrasive material, fluid carrier, abrasive
concentration, rotation speed, normal load and number of rev-
olutions) and measured diametersa//, b//, a⊥ andb⊥ for each
crater. Use the analysis procedure inAppendix Cto calculate
wear rate results.

For the non-perforating tests report all test results the wear
rate can be calculated from

Kc = 1

SN

πa4

64R

Appendix B. List of participants

(1) Fraunhofer Institut f̈ur Schicht- und Oberfl̈achente-
chnik, Germany

(2) HEF R&D, France
(3) IonBond Ltd., UK
(4) Laboratoire de Science et Genie des Surfaces (LSGS),

Ecole des Mines, Nancy, France

(
(
(
(
(

A

oat-
i
t ed
f ns are
s

V

V

Plot a graph ofSN/Vc againstVs/Vc for all the craters (Sis
the total distance of relative movement andN is the normal
applied load. The data points should lie close to a straight
line. Any outlying points may be disregarded or repeat ex-
periments performed before subsequent data analysis. Apply
linear regression (least squares method) to determine the line
of best fit to the data points. Obtain the coating wear coeffi-
cient,κc from the intercept and calculate the substrate wear
rate coefficient,κs from the slope, as indicated by the equa-
tion:

SN

Vc
= 1

κs

Vs

Vc
+ 1

κc
.
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