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by Weidian Shen, Eastern Michigan University™

his fio-part article [Pare f was publisieed on pages 52-G0 7n e Alarch 2006 i
of WL ComnnesTecnt brietl reviews fhe development of matfaoratelt charar terrae-
ton techitigues, and fivuses on single-probe lesls with panc Brruments which have

heew widely used recently Cruaiitative measurenents of micro mull fesistance (MM, dif-
forent responses of the coakings B the marring stress {Le, ehrsiic respovss pliszic deforma-
tot, ard alrasive wear), and critical fotces for rough trough, crecking. delnination, and

chinping are descriled, as are e complememary test fethods. Sl Festigation af

ditthiatge ot sariples wied dr el envitonments, conlined with laborarory mdf gL st
o Ml sotaplas, cowdd desertetne the fovce diswritoion curve T the Jab which i aerosd-
aatety equivatent o the Seld conditions, The nwaw s asgful for develommimd of o oodl-
s, aned 0 con prediet the et of differend damitge smuodas that are kel fo ocowr ar the
sfiwe of the antings i the feld, The weights, combined with the guantificacion of e
daiaier ferely of differme modes, o cafepiatione of @ quanritasive index (o charaure ize
ther maT/scnieft reststane of @ cotimg B o steilic ettedrosulent comprehensively To trerfeer
wderstiond e mer ool sesislioee behaeior of fesied piaterials, a deteiled siresssiran
sty is meweed, weilizing thiveelical iadpsts and dte elenent fodeling fo complemen (s
experimenial wrenremendy desoribed heve as o Gugrdled approach,

beasurements of mico mar re-
sistance, the different responses to
LT [AES HLrENS - -l':‘.]ﬂHl.iL' TENEIVE ¥y
plastic deformarion and abrasive
veear, and critical forces fur rough
trough, cracking, delamination, and
chipping—desciibed in Fan I of this
article (JCT ContiiesTrCH, March
20063 are commonly used in char-
acterization of mar/scratch resist-
AlceE t,'i'F ((‘.I.Elti'l'lf_.{ﬁ. HU".-"-'Q“."L-'I':‘.‘I'.- .*,L[’]t':['ﬁ'['lg
a characlerizalion echnique must
be based on the properties of the
Lested roaterials as well as their ap-
plication condilions. Some comple-
mentary test methods are descabed
in Part 1L

Crack Density Measurament

In the westing of thermaplaslic
olefin (1P}, which is being used
more olien as intenor and exterior
materal in antomelsles, 2R gy
was found thai Lhe mar/scratch ve-
aistance methods described previ-
ously ire Parl | might nol be appro-
priates 11O is & very fragile
easily damaged,-* and the surlace
is relatively rough with llucmations
of up o several bundred nanome-
ters. Due 1o the onghness ol die
surface [eeuivalent o the depth of
Mot marsy, it is hard 10 make o
neat mar and caloalale the micro

~Gutair Sirne and Rane-Trkz.ocy Labormtory, Coamings Ressacct Inesitute, Womsileel, MU LELET.
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material,

mar resistance of iL Due o its frag-
ile nature, the smiface cracks as soom
au the Lip sticks into the surface, be-
[ scraping. 1o characlerize its
marscratch resistance beliaviorn an
alternate method was proposed, o
which the ~ano-Indenter is used to
scrape the surtace of TPO under a
relatively low constant nonmal ol
el s couple ol malli newions. Aller
twe scraping. a Scanning 'robe
Microscope (SPM) s used to exam-
ing the scmalch and meassure Lhe
number of cracks per unit lengeh,
The density of the cracls is an indi-
catnn of the matertal’s toughness
against the fractrre, It also depends
om the penetration depth during the
scratching and the scraping speed.
Figre 10 is a2 25 pm by 25 pm imagy
of a seratch made uneder 3 ™ nor
mal [opce, shorwing the cracks dis-
tributed on both sides of the ditch.

More than one doren TTCY siam-
ples will variows cornmpnents, pre-
pared with ditferent processing pro-
cechares, wete exarmined. The
average density of cracks ol each
sample, obtained trom about a
dleren images examined, viriey
from aboul 8 cracks per 25 pum to
about 16 cracls per 23 pm.

Repeated Scraping Test

L'ox the matenials that may be
subjected W the repeated semaping
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Figure 10—Image of 4 scratch made under 3mi nor-
wal force, showing Lhe cracks distributed on both

sides of tha ditch.

aling the same trench o the appli-
carions, this est can provide a
propet measurement of their
marfseratch resistance behavior in
the applicationy; for example, the
glazing material used for automo-
Dile side windows, The hard dust
partcles trpped between the win
dove and the rubber seals may re-
(eatedly mar and seralch e sur-
face in the same french when the
window 1s rolled up and desvn,

Tn the vepeated scrapimg est, the
Mano Tindenter is used to scrape the:
sample surlace alonyg ihe same
irench with a relatively low and
crostand Toad for several selecled
tines. Atter the serapings, images of
the setatches ave taken using the
5P Lo conliguration study and
the depiths of the scralches are
measured. The test results of two
glazing materialy, abeled as A and
E, potential candidates for win-

tlonws, are presented here ag
exampley, Tnthe test, their
surfaces were seraped along

i the same trench under a
comstant load of 5 mbs re-

130 Pealecly Tor &, 10, 20, 40,
and &0 times al a scraping

1. spead of 20 wmfsec, The

measured dephs of the
mars after 5 and 10 scrap-
ings on e surface of A were
60 iy and S0 nm, resper-
tively: the measured depihs
ul the: mars after 5, 10, and
20 sceapings on the surface
of B were 100 nm, 125 nm,
and 135 nm, respectively,
belore the damages transited
10 the rough veugh. The depthy of
mars on the surdace of A were shal-
Loweer than theose at the suiface of
after the same numlbwer of serapings,
which might be an indication that
sample A is hacder than B at the top
layer. It was contirmed by the micro
tnderntation hardness test that A,
under a Llight normal foree of 1.5
mM or 3.0 mM, was harder than B
Iy alremar 35%,

‘Lhe images of the scratches
showed that the darmages of sample
A belonged to the catepory of “mar”
atter 3 o 1 sorapings, then became
“rovgh trough” alter 200 serapings,
amdl chipping ool place after A0 or
GO scraplugs. In coudrast, the dam-
ages of B stayed in the category of
“mar” heyond 26 scrapings.
Ilowrever, when the chipping oe-
curred atter A0 and 66 scrapings,
the damages on the surface of B
were more severe {Uhe chipped
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spoly deeper and wider) than those
ot the surface of A, The selecied
images for illusiration are shown

in Figure 11, The cesulis incicate
while B 15 soft, it is more ductile,

so it stayed in “mar” longer. On the
olher side, sample A [s Trard, but it
may be brillle and was vielneralile
under the increasiog load, and the
darmage transited to rougls trough
earlier The resilts are consistent
with the resulis of the mico mar re-
sistance and criticat lorce measure-
ments of A and B, Linder the light
loads, MM of sample A is better
than B, since 13 is soft and ductile,
andl the mars i the surface of B
were deeper and wider 1lowever, (he
critical force of transition from mar
to rough trough ol zample A was
lonwer than that of sample B, since A
is brittle, and s surface was easily
brevleen under the increasing load,

Examining the dimensions of the
chippings lurther suggests Lhat the
valnerable laver of sample A, where
the adhesionfcohesion wis weal
and it was easily chipped ofi, might
b i the depth of 600-300 nm,
while that of sample B might be in
the depih of 1.4-1.5 pm. When the
chipping took place on hoth sur-
faves, B suffered more severe dam-
ages than A,

Cross-Scratching Test

For the materials that may be
subjected 1o ctoss-scratching inoap-
Mications, the cross-soatching est
can provide a proper rwasurement
ot their marfseratch resistance be-

Hau-e 11—(a) After 20 scrapings, surface A {on the Left) had a rough trough, white surface B {on the tight) had a mar, {b) Aller 42 scrapings and
{c] afer 60 scrapings, both surfaces were chipped, bul Lthe chipped area on susface B {on the right), is bigger and decper than surface A fom the

i il

Left).

2

(a)
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Fiqure 12- Two groups For a toisl o 20 scratches; each of them was 1000 um long made uncer a noary in-
creasing Force fram 0 to 30 mh, in 2 pair af orthoganal direclions, ard made 4 matrix wish a spacing of 100

coatings/materials for a
specific applicalion.

pr. An 5T mare was used L indicate the oliservation af the chipping al Lhe inlersections. Investigating the applica-
T L T . T R 1T= B M w Lo enviTumments 1s the
- (L i_ - j.: l L i A mh i T_,L i necessacy [irsl siep. This
= .} 1I e I ¥ “-E'"""?' G g : "T* T R will be cartied ou by an
R Ta«f ——f— —\Ii-—-*-—\f" H a‘ft——u 2 ; ' ' __J, !; e intensive statistical survey
o A i _____ T + 1*_ A % " ____:__L_ S .%v“"j..?'"‘":é-“"*:( of .-Tifhe dalj{ﬂgﬁ om tl?e
. ! | . o I surfaces of the samples,
? !'*' *!'_T" 1 " * T' e T R E‘“T_"ll‘"__* which have been used in
3 ==nE g -iif------T--- x TL - ¥ 1!( 15 g T i i L 3 b the application enviton-
12 = : _l. s e o 1z _..___%..__.:. —1 %” | ment, plus the mar!
TR S S S S # ......... .. 5 SRS SRR Ly | mtch measulements o
B i e JEREE L | Do used sanples.
el I L P ; ! Firr this procedure, the
5 A Lt o e e previowsly mentioned
o oy i " L Iy coated glazing malerial
(a} (b} [or autommobile side win-

havicr in the applications. For ex-
ampie, in the glasding material wsed
fior amtomabile windshields, the
erverla)r area swept by twa robler
wipers blades may be cross-
seratched by the hard dust particles
wapped hetween the windshield
and the rublber blades,

Again, samples & and B are used
s examples to descrilie the cross-
scratching rest, The 1000 pm long
scratches were niude with the
MNano-Tndenter vider 4 linearly in-
creasing {orce from Ot 30 mN ata
scraping speed of M) wim)sec, Lwno
grivaps of a total of 20 scratches
wele muele in a pair of orthogonal
directions, which made 2 matrix
wilh a spacing of 100 rarm ay shown
it Figure 120 After the scratching, all
the interseclinn: were examined by
the 5Ph, and a mark "= was used
to indicate the observation of the
chipping at the intersections,

There were more chipped inter-
seclions on the sudace of A than
o1 the surlzce of B. The chipping
Degan 1o take place under the
lighter Tuads on sudace A than om
surface B [ lowever, as soom as the
chipping began to take place at the
interseclions of surtace B, the dam-
age was Inore severe Than that of
surface A Figure 13 shows Lwo
pairs of images. (e was taken al
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the intersection of (12 mM, 15
mi ], where Uhe chipping ook
place only on the surface of A; the
erher way talen at the intersection
of {27 mN, 24 1N}, where the
chippings occurred on boll sur-
laces, and the chipped spot on the
surface ol 13 was bigger and deeper,
The results gave further support 1o
the repeated scraping test, Thue to
the britdeness of the tnr Tayer of
samiple & and ductility of sample
13, 1the intersections on the sudace
ot A began w chip fiest Under the
increasing loads, chipping ook
place at the intewsemions of suwiface
B trer Lhe vulneralle laver of Eis
deeper, thus the chipped pieces an
the surfiace of B were thicler and
bigger than those ol &

Due to the variely ol coalings)
materials propertics and variety of
their application condilions, contin-
nous developinent of characterica
ticn methods to provide teliable
and dependabile characierieation for
the real applicitions is necessary.

INVESTIGATION OF APPLICATION
ENVIRONMENTS BY MAR/
SCRATCH MEASUREMENTS

Loy this section, we will Toolk at the
process of designing, engineering,
anl developing marfscratch resistant

dowws, which iy under de-

velopment by Kxalee

LLC, a jolnt venture of
E and Baver, is used here again as
an exinple,

Fxatec has a large collecion of
wsed windows from cars and tracks
driven in various [L5, states as well
as abroad, and e samples were cut
lrom dilferent parts of e windows.
An optical microscope. cquipped
with a CCD camera, and a Scanning
Probe Micmoscope were used Lo ex
amine the damaged surfaces of the
siimples,

The practical application envi-
ronment is very complicated, and
the damages can be caused by a va-
riety of culprits. For example, dam-
ages onthe side window surfaces
can be made by brash bristles in car
washing, sand and stone particles
o rosadds, salt pardcles in winter, as
well as the dust particles trapped
Dretween the window and the mbber
seals as mentioned above, Conse-
gquently, the confignrations of the
clages are mach e diversified,
Llowsewer, ws an gpproximation, all
uf the damages can be classified
inl Mwe: categories: mar rough
trongh, cracking delamination, and
rhipping, as describied above. Rased
ot the Inlensive statistic suevey, the:
weights of oocurrence of the five
distingmishable damages are, as an
Mustralion, 75%, 15%, 6%, 3%
and 1%, respeclively:

JCT CoatingsToch



Canving out o laboratory test
with the sano-Indenter and SPW
o the samples of the used win-
doms, as previously described, the
measured ceiticil forces for rough
ronaeh, for cracking, lor delamina-
Liron el ferr chipping were 20 m,
30 mM, 40 mMN, and 50 mM, respec-
tively, Thus, the disrabution of the
{erces encountered by the windows
in real lield conditions could be ap-
proximalely souivalent w a force
curve in the laboratory, as plotled in
tigtire 14, The area under the line
between H=0 to F=20 mN is 0.753,
ie., 73%; the area under the line
between T=20 m™ Loy F=30 mX is
015, ie, 13%0; and so forh. The fo-
tal area under the ine is 1, Le,
1(0%%, and the [occe distibutdon
funelion Pis nommalized. Here, an
assumption was made for simplicity
that the forces distribute uniformly
belwern T—0 to F=20 M, hetween
[=20 mM 10 F-30 mi, and so lorth,
Tf the damages are clagsified into
mare and more modes, by measur-
ing the weights of occurrence of
each mode and their correspanding
critival forces, a smooth force distri-
bution curve can be abrained even-
twally, such as shown in Pigure 15
The curve 1s very useful. it is heay-
ily weighted on the light side, it in-
dicates malerial in the applicatons
will mostly sutfer {rom light invad-
ing lorces, having only narrow and
slialloms miars al tes snface, Thos,
mamng will dominale amd it will
noi be necessary to enhance its re- |
sistance against the severe damages.
(in the other hand, il the force
curve is weighted on the heavy side,
it indicates thal the marerial will
miostly suffer from severe damages
(ie. cracking, delamination and
chipping) and it worild make no
SE1sE 10 COMCRITATE 0L TOpToYing
Its micro mar resistance,

For a new sample under develop.
menl, {';11'1'].-"ing out a Lest in the lab
using ihe [orce cumwe to measure
critical forces for different damage
mades can be used 10 predicl the
welghts of dilTerent divmage modes
that might occur on the surface of

wvwy, cootingstach. org

the sample in the feld. Suppose the
critival Torces of the new sample lor
rough wouegh, for cracking, for de-
Tamination, and for chipping are
measured to be B, FooF, ane F, Te-
spectively, The area under the curve
between 0 and T, is the occurrence
weight of mars, the area under the
murve between F)and F, is the oc-
currence weight of rough rough,
and so forth, as shown in f igure 16,
which avolds a ume-romsuming
(el test. The greater the crilical
forces, lighter will be the damages
the material will experience.

Using the acourrence welghts of
the dilferent damage modes at the
surface of a sample, plus the quan-
lifications of the damage levels of

Analytical Series

different modes, a comprehensive
marfscratch resistance index can be
catenlated, "™ which will be dis-
cussed Later,

QUANTIFICATION OF DAMAGES
BY MARS AND SCRATCHES

The damages or appearance
degradation of the clear topeoats,
thermaplastic olefin, coated glazing
materdals for windows, etc, by mas
anl scratches Is usually judged by
vehicle owners on visibility of the
damages. DilTerent marfscralch
damage modes have different visi-
bilities. Lin and his colleagues car-
ried out a survey by having several
tiveen people examing the scratches

Figure 13 —(a): TntersecLion of (12 mK, 15 mN) at surface A began to be chipped (b): Intersection
of (12 mN, 15 mN] af surface B showed no chipping. [c] and {d): Intersections ot (27 mM, 24
mM) at both surfaces were chipped, but the damage on surface B shown 40 (&) i mare cevere
{with the chipped arca bigger and deeper) than suiface A, shown in o).

20
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5050
afv.
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250

{b)
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Figure 14—Force distribution plot based on study of a sample.
which has been used in the field with the weights of the ocour-
rence of mar, rough trough, cracking, detamination, and chipping
befng 75%, 138, 6%, 3%, and 1%, respectively; and its critical
farees fo1 rpunh trough, cracking, delamination, and chipping he-
ing 20 mM, 30 m¥, 40 mb, and 50 mM, respectively, in the laba-

coats are applied
o automoblie
bodies, using an
optical reflection
measuremeit will

ratory test.

be adequate.

P A Blawee- Gard
Plus instrument
oip b made by BYK-
Gardner, as thowmn
0.08 - in Figure 17, was
used to evaluate
l the degrading visi-
0.08 1 .
bility of different
o b damage modes by
measuring the
o B haze level in-
crease, In the
000 i measurement, the
e 1 20 30 0 transparent spec-

made on a panel and found the
seratches with fracture were much
gasier to botice than the scratches
with pure plastic deformation,
Loubet's group did a similar study
and had the same condusion.®
Since the visibility is judged by eye,
which is an optical instrment, ef-
forts have been made by several
yToups 10 quantify the damages by
mars and scratches using optical
evaluations, such as quandfying the
light scattered from a deformed
polymer surface, characierizing the
scratch deformation using surface
optical reflectivity, ' characterizing
the scraich visibitity by image analy-
gis, % measunng scratch visibility us-
ing optical imaging,'” eic,
Quantification of damages de-
pends on the requirements of the
applications. For the present exain-
ple of coated glazing material for
auto windows, considering that an
object will be ¢learly sharp if viewed
through an undamaged window
and will be milky or cloudy if
viewed through a damaged window,
megsuring the haze level increase to
quantify the different damage
modes is adequate. Din the other
hand, when developing new top-
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B mb
men is illumi-
nated at noarmal
incidence, and the
transmitled lght

is measured phrto-electrically by an

integrating sphere Haze is caused
by wide-anple scattering. According

o ASTM 1D 1003, haze is the per-

centage of transmitted light that de-

viates from the incident beam by
more than 2.57 on average. When
the Lotal transmitlance is measured,
the sphere's normal outlet s closed,
and when haze is measured, the
normal outlet is opened. increase of
haze of a transparent sample re-
duces the contrast of an object
viewed through the transparent
sample and results in a milky or
cloudy appearance of the object.
The measured
haze levels of the
samples with
toars, rough
totghs, cracks,
delamination, and
chippings wete

£.04, 1.49, 3.52,

5.98, and 16.6%, [

respectively, as /

shown in Figure

18, As the damage \ /

maode passed from

mar to trough o l/

cracking to delam-

ination and to

PiF,

chipping the haze level increased
dramatically. This indicated that the
cracking, delamination, and chip-
ping made more severe damage visi-
ble to eye exarmination. We used
0.04, 1.49, 3.32, 6.98, and 18.6 as
quantitative damage levels of mar,
rough traugh, aacking, delamina-
tion, and chipping, respectively

As mentioned above, the quanti-
tative marfscratch resistance index
of a coating in a specific applica-
tinn can be obtained by multiply-
ing the weights of different damage
modes occurnng on the surdace of
the coating in the application Lo
the comesponding quantitakive
damage levels, then adding them
together!® For the present example,
the index of the materal of the
windows user in the application is
raloudated below, Yhe calculation is
based on the weights of accurrence
of mar, ough trough, cracking, de-
Jamination, and chipping being 73,
15, 6, 3, and 1%, respectively, and
their ¢uantitative damage levels are
(.04, 1.49, 3.32, 6.98, and 16.6, re-
spectively:

5
Q=EWE*D!= 075 = (04 #4015 » LAY + 006

w352+ 003 ¢ 699 + 001 164 = 08305

‘The smaller the index, the better
the material performs in mar/scaaich
resistance behavior. If the damages
are rlassified into more and more
modes, the index will be, evennrally,
caloulated theough integration,

Figure 15—Force distribution curee; if we clagsify the damages into
mote ang more modes, and measure their corresponding critical
Forces, ideally we will ahtain 2 smooth foree distibution oure.

F
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Q= } FEL e

5-r

where P(T')dF is the normalized
weight of the damage caused by a
force between ¥ and & + di, and D{T)
is a function of K representing the
quantitative damage level.

The guantitative index compre-
hensively evaluates mariscratch be-
havior of a coating in a specific ap-
plication, which ix verv usefu! in
developing new high mar/scratch
resistant coatings and avoiding
time-consuming feld tests,

FUNDAMENTAL
UNDERSTANDING OF MAR AND
SCRATCH RESISTANCE

A lot of effort has been made in
marfscratch resistance stdies to
cotrelate the Tesistance 1o coatings’
physical properties, such as hard-
ness, elastic modulus, shear vielding
strength, (ensile strength, wughness,
(rictonal coefficient, glass transition
temperature, etc., and correlate the
resistance to coatings’ chemical
compoments, such as crosslink ype,
crogslink density, pigments,
et 171972214545 There are no sim-
ple general commeonly accepted cor-
relations. One reason for the diffi-
cultiey is the muliiple modes/
mechantsms of maming/scratching.
Changing one physical property
may reduce the damage of one
mode, but increase the damage of
another mode. For example, in-
creasing the hardness of a coating
surface could eliminate the damage
under the light stresses, this im-
praving the micro mar resistance
significantdy, However, the bard
coatings are sometimes britile, As
soon as the force exerted by an in-
vader exceeds the crivcal force for
cracking, severe and highly visible
damage accurs. On the orher side,
reducing the vield strength makes
coatings soft and ductile, and they
sulfer more plastic deformation un-
der marring stress. However, cracking
sometimes does not show up even

wivw, cootingstech.org
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wihen the scratchies go Figure 16—Pradiction of the weighis of gifferent damages that will

very deep. ageur in the veal azplication for a sample, whase measurec critical
3 farces for raugh trough, cracking, delemination and chipsing are Fl.

As gtated, imMproving  Fz, £2 and F4, respectively, in the laboratony tosl,

the mar/scrauh resist-

anee of a coaring de- "\'Fli e

pends on its applica- oA

tion environments. H it | £ E N e

will mostty suffer from |/ G

light invading forces P \

and marring%flll Jomi- ‘f : | \WM Woae

nafe, it will not be nec- f ; \m i

easary to enhance jus Te- F F2 Fa Fe F

sistance agamst the

severe damages; if the i
coating will mostly suf-

fer from severe darnages (i.e. crack-
ing, delamination, and chipping}, it
is DL NeCEssary fo concentrite omn
improving its micre mar Tesistandce.

Use of nang instruiments io
mar/scratch characterizations which
employ the single-probe technigue
under well-comtiodled testing condi-
tions malees the measurements reli-
able and reproducible. The mico
mar resistance and critical forces
can be measured with gond accu-
racy. However, one has 1o notice the
test conditions, and be aware that
the damages in marring and
siratching essentially are siress-
strain problems. External force gen-
erates stress tint causes siraln, As
strain increases at a certain rate, the
deformation/damage experiences
elastic deformation, plastic defor-
mation. fracture, cracking, delami-
nation at the interfice—in se-
quence, 'The strain and its rate
determine the merphologies of

damages. | [owever, the stress and
steain are difficult to measure di-
rectly, The measurable MMR andl
critical forces are used for characier-
ization, which are usefud and rea-
sonable. However, the testing condi-
tions should be considered when
the test results are psed.

Wano instrumenty provide acou-
rate measurements i forces, dis-
placements, €tc. in micro and nano
scale, 1eir drawback in the
marfscrateh tesls is limited scraping
speed. which is much slower than
that iz real applications. Some
hememade devices have macde
progress in ewvercarning this imita-
tion, making the tests more realis-
tic.' &3 Nano Instrumens lests may
also be complemented by tradi-
tional field-simulation tests o give
the full specira of characterization
in some instances. Anotlier ap-
praach to improve te aneerstand-
ing of the mar/scratch resistance ts

Figure 17—A Haze-Bard Plus instument mage by BYK-Gardner used to measure
the haze level increase, thus evaluating the deqrading wisibilicy and guantify-

ing the different damage modes,

]

i mingtior

o
Sphera Enirahce
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Figure 18—Measured haze levels of the mars, mwuan troughs,
cracks, delaminations, and chippings were 0.04, 1,49, 3.52,

658, and 16.6%, raspeclively.

seribed, too. Emplow-
ment of the marf
scialch tests, com-
bined with the statis-

Increase af Haze (%)
T

tical survey of the
dutnages on samples
wsed in the field, can
determine a Talwora-
Ltory Force distrilu
thon curve that is
eguivalent tor the
inrce distribulion
curve encountered by
coatings in real ap-

T T
sr Trigh

theoretical analysis and finite cle-
ment modeling, which was sucress-
fuel foor the hardness and elastic
modulus sindies in the indentation
tests, but lacked m the scrawcding
tests due o its complicated nalare,
Several gromps have already tried
this,® combined with experimental
studiex, as an integrated approach
10 invesligale mar/scralch resistance.

SUMMARY

The nanc instruments can per-
[ereros the muarringefsoratclhing Lesty
under well-controlled conditions,
which are popular in marfserarch
vesistance characlerizagon Loday, As
an illustration, a Nano-Tndentey X0
of MT5, coimbined wilh 3 Scanning
Probe Mionoscope, 15 used W meas-
e micro mar resislance, the differ-
ent responses of coatings 1o maiting
siress (1.2, elastic recovery, plastic
defornalion, and abicasive wear,
quantitatively, and the critival forces
for rough wough, cracking, delami-
nation, and chipping, which give a
full specium of characterteation of
the mar scratch tesistance behavior
of coutings. Selening vexr methods
showld depend o the application
canditioms, Soune com plemeniary
test methods, such as crack density
measurement, repeated scratching
test, andd cross-scralohing test ave de-
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plication, which can
he used 1o predic
the weights of ditfer-
ent damage tnodes
that will occur al the
seirface of a new coating if it 13 used
in the Geld, Using the curve o find
the wetghiys of different daniages.
prhis the quantifivations of the dam-
age levels of ditferent modes, a
quantitative index can be obtained
lo comprahensively characterize the
mar/sratch resistanee hehavior of
roanngs ina specific application
£Ine has to be aware that all the
measurerent resulls are obtained
under carlain testing conditions,
The damages of maming; scratching
eszentially are a siress-strain prol-
lem. The strain and s rate ane de-
lermined by the applied stresses in
the (ests, as well ax hy the properlies
of the coatings themselves. They, in
turm, manilest the vanety of 1he mor-
phiologries of damages. Theozedcal
analysis and finite element modeling
can complement the experimental
stuclies o gain funber fundamenial
underslanding of the mar/scratch re-
sistance behavior of polymeric coat-
ings.
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