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r his ug-pert article brisfly smvieaes the development of mer/scratch characterization
techiigues, and focuses ox single-probe tasts with nume instruments which Rave been
tddely wed recenly Cuantitative mapsitvesments of micro mar resistance (MR},

different responses of the codtings to the marring stress [1.e, elastic response, plasilc defir-
mation, and abrasive wear), and critieal forces for rough oough, craching. deleminution,
and chipgrng are described, ay ore some complementary ese methods. Statietiond iAvesiiga-
tirm of damage on samples used tn real environments, combined with laboratory merscratch
tests ot these samples, ciubd detertiine the foroe disribution curee in the b which is ap
proginaely equatalent to the fleld comditions. The curne is wsaful for develupment of new
costetngs, and it can peedics the weights of different damage modes thiel are Tikely [0 coour Jt
the surface of the couings in the fleld, The weights, corbinted with the guanrtification of the
damage levels of differens modes, allonr calcalation of @ guaneiaiine index fo charaterize
the marfscrateh resistance of @ caating in @ specific enpironnend comprehensively. Ui betier
understand the marfseratch resistance behavior of tested maleriods, o desailed mress-stiain
skudy i neaded, wtiticing theoretica! onalpsts and fintte elommon modeling to cotrplentent the
experimental wgdivrements deseribed here s an intagrated epprach,

INTRODUCTION |

sarfseratch resistance is an mpor-
tan and highly desired property fo
coatings i many applications, such as
polymede dear iopeoats applied on au-
tomahile bodies, which cuslomers ex-
pect to have a long-lasting glossy look
while prowiding oilecion, and painls
on thernoplastic olefin [TPO) that is
being used mome {requently as ftterior
and exterior materials 1o replace metals.
Consequerly, (echnigues for character-
izing marfscratch resislance have been
prurzued for years in order to eglablish
reliable laboratory tesy methods thal
can predicl (e performances of coat-
ings apainst marringfuratching in teis
real-world applications and direct their
further unprovement.

tdars and scratches are made by -
ternal siresses along the sutfaces of coat-

inys with a tangential conponent as
well as 3 nonnal component. Conven-
tonal hardness measured by well-estah-
lished indenatdon tests is nal 3 proper
characterizalion of marscratch resist-
ance. Instead, it 15 fust A Measurement
of a mawrials ability against a narmal
compressive stress. Same polymeric
coaliigs are very hard, but they may
have a poar marfseeslch resistance
due to their brittleness and/or ladk of
tonrghness,

Usually, mars/ marting refers o the
ligly. surface damages enconntered in
the field; 1hey are wsually shallow and
namow, while scrarches/scralchiog refers
ter medium to severs damages. 'Lhe ma-
jurity of the damage (0 lapeuals applied
an automubile bodies belong in the
mar categony. The depth of most mars
ranges from a couple of dozen nanome-
ters 1o several hundred nanometers,
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while the width ralges trom a conple ol
bundred nanometers up o 2-3% mi-
crometers. A single mar may nod be
readity noticeatde. | [owever, the exis-
tenie af a group of such macs dees visi-
lily degrade the appearance of coatings.
Seratches are more visible, and they
may cause fraclure and cracking, v even
delamination and <lipping.

Liaily mnarscratch measurement tests
tange from very basic ones, such as the
peodl text, which ranks the coatings as
B, 1 H, 21, ele, to instremental omes,
such as the 1aher test, Crockmeter tesl,
ete. 1T Taber test, desoribed in ASTHM D
1044, employs abasives of hand alu-
rina particles embedded in a paiv of
rubber wheels weighted apainst a spin-
ning st panel (see Figere 1], Although

suech as in window fests for the auto in-
dustry, il wasz thought (o b wo harsh
for many applicatons of pobymeric
roalins, eg, cear (opeoats. The
Crockmeler test was commonly ac-
cepled by the aule industry o test clear
topraais, Allay Materials Testing manu-
[actures the devices for this tesy, To the

~ it is still used in many applications,

figure 1—Taber test,
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Figure 2—Comparison of the surface of @ coat that has undergone the Crockmeter test with the surface of the same coat that contains real mars

and sciatches incutred in the application field.
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Croclmeter lesl, a clear mpoal is ap-
[Hied oer a black Dasecoat on a rigid
panel and cured. The pranel iz imomersed
i dry Bon Ami cleaning poswvder and is
sernred) o a test bed. To perform the
test, A rest probe covered with a fresh
preew (elt pad s minwved back and ol
ower a poltion of the panegl n 10 dou-
Lle: strokes soeihe panel is marred o the
area alwaded by the prabe, The panel
then is cleaned in a streamn ol cold tap
waler wud gently drie] with a soft paper
tonwed. The phoss 1s measured wsing a
Bk 20~ packer 2losys meter by showly
moving the meter acmass Ge panel,
ineasiwing ghnss ol both the nmnamed
aned marred zections. Tlie resalt of the
resistande against soatching and mar-
ring is reported A& percent of gloss -
tained. |lowewver, the sinlace of a coar
hal leax undergene the Crocdanster test
is different om the surface of the same
coat that comtabied teal mars gl
scratches incurred in (he applicaticn
field, as showwry in Fieure 2. The guite
differemn configuraliones indicate thal
the surface in the Croclomeler test weas
stubjecled to differen) stresses and sof-
tered different damage than iy actually
encauielered 0 the Geld,

Since the car wash is (hought to he 7
major g of rears and scratches, a
variely of laboratory devices and tech-
niques have bwwn developed o siowulace
A car wash, auch as the Test For wiash
Resistance and Saib Resisiance, de
seribed in ART6A Tr 2486 (USAT, and
Amiter Laboratory ©ar Wasl, ceated by
a DFD waonkgroup and appraved by the
LN standardization conunittes
{Cermang). These tests were usually fol-
Tevered T weaght 1oss weasurement or

www contingstech.arg
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Haipht
S0y nm

Real srratches

dlecrease in gloss wedsrement, giving
anoverall evaluation of e wested coat-
ings. 1T resial s might o might ool be
coslstent with the eeal applications.
‘Lhe esseulial shomcorming is thut these
Lests could na distingmish varinns narc-
ringscratching merhanisons, thus they
can not be siodisd n detail o give clear
direetions on hesw (o lmprove the per-
formanee ol the tested codlings,

In the mid-203, single-probe tesling
terhinigues were deweloped, The tests
are carmied ol wnder well controlled
ronditions, thus making it possible 1o
study dillferenl maming/soraching

mechanisms under dilferent test condi-
tions, and o coerelate rarscratch re-
sigtance of the tested coatings with their
phresteal aned chiemical properties. In the
egls, some used the atomic fokce mico-
soofe, ™ awl others a variety of home-
eade deviees."™™ Commercial nano-in-
demery and nano-scralchers, such as
Hano-Indenler XE by b5 Svatems
Carporatdon and Naoosicr Scratch
Yester by T3M Instrumenty, were devel-
oped arcuand (he late 19908, and be-
came wcreasanghy popular for mard
scratch measu rernents. * 2" These nano
inglrienents are casy o use, offer flexi-
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Figure 3—ia) An {mage of 10 mars, made un-
der the 10 different canstant loads from & mM
to 14 mM, tespectively, angd their tross-sec-
tion profiles, The MME = then caleolated as
MME = FN/A L (b MMR ws. the applied
normal fouces of twa glaging systems.
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Figura 4—Two differant mar configuratians: (a) plastic deformation deminates, and {B) abrasive

waat {mass lossh deminates.

hle test conditions, and have greatly en-
hanced e capability of carryving oul
MLATRCTARCTY MELsITEments.,

A5 an illustration, a ano-Indenter
T equipped with a 30° condcal-shaped
diamnnd tip with a radivs of 1 g oat
itz apex was used in the measurements
desenilasd. The Tndender can prerform
both indentation and saatch teats with
a normial foeee up e 500w and a
penettation depth up to 2 mm. In the
mar/scratech tests, e denter cun
scrape e ested surfaces wnder @ con-
stant, inoeasing, o incremental load. A
Sounning Probe sicroseopes [SP,
Manoscope Lla, made by Digial
Insteummeis, Weven ketrolopgy Graup,
was used to examine the dmnaged sur-
faces wiwl analyee e marmiogscralcl-
ing mechanisms

MAR RESISTANCE
MEASUREMENT

dar resistance aot enly depends on
the properties ol the coalings, bul algo
depends an the test conditions. Since
this i¥ a complicated issue A cesist-
ance cannol he characterized with o sin-
gle quantity. Lisually a sedes of normal
Leazaals 15 paed o the goraping o nesasog
the mar resistance of a tested coating.

Before the test, the sarnpley are
washed, i possille, inan nlrasonic bath
with a mild solrent fTee detergent, nnsed
i a st ol cool G waten, gently
dried with aoft tissue, and then bloswn
drp wiih higl-pressure nitogen gas Lo
reove a1y dust and prease on the sur
face.

Inn pertorming the test the diamend
i first makes o pre-sean under a lght
lovad of ubont 10 pb- ot less 1o measn e
the sarface profile alony w lne o be
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tested. The surlaee profileis stoed and
used 1o auiomatically correct sulwe-
quent data. Dhuring e scraiching proce-
dure, lateral oodion, apphied load, meal-
time practation depth, and e
fiictiomal focoe encanniered by the tip
ane recorded, Following the scrulching,
the op will make o pust-aean to meas-
wre e residual depth of the saatch,
s of applied load, ral-lime pene-
tration deptln residual depth, and fric
tiral fowree wersus the Lateral movemen|
af the tip can by ploled.

I tlwe prasend test, the Indenter
sceraped the surface of 4 coated polyar
bonate glazing system, o cmdidate for
antomnhile windows, woder 140 pre-ge-
lected constanl Taads fram 5 mM. &
i, e fo B4 ks, betore the man ran-
sited 1o the rough baugh, which sl he
diseussed Taren for a distance ol 150 pw
at a speed of 20 winfsec, 1 produced
group ol 10 pacallel macs, with a prede-
lerrined spacing of abowl 10 um on
the surface. Aller the marring, the sam.
ple was washed again, but withoul the
detergent. to remave any hroken mate-

vial, then the mamed surtice was examu-
ined wiih the 5P, Fipre 3a shones the
image of 10 mars ar the siface and
their cross-seclion profiles. The plol of
the prafiles is made T he sollware in
the 5184, based on the average values ol
over aboul F00 selecied data poiols
alomg the mar. 1t allawes ws o measure
the dimensions of the mars with greal
acvaracy, 1hus caleulating the micra mar
resistance [bsdR) quantitatively. which
i defined as w mocmal foece applied
during the marving divided Ty the oross-
section area of the trongh as shown be-
Lunw,*

MME = Fyy Ay,

Lizing sMIL we can clearly compare
Uaer prpar vesistange al dillerenl coatings.
WhdK varies with the applied load, 1.6,
penetration depth, so a group of values
alwained nader the.different Toads is
needed to present it Figure Sbis a plol
ol MR wersus the applicd normal
fawves of two systeims. System A is the
systernn vsed 1n Fignre Sa. MME l sys-
w13 wees mech letter than that of -
et A under the light normal forces,
bl i decreased mare rapidly wilh the
increazsing nonmal force than system A
ST ol westenn B owas aboul The same
as system A under greater nermal forces.

Lor most of our tested crosslinkss
palymeric clear iapcaats, MYR, a5 well
as the micro-indentation hardness, is
Largir b Ul weny Lo lawer, andd decreases
aa the load increases md the tp begins
to penelrale il e surface, This roay
algpest the existenes of o hand cmast at
the top laver of these crosslinked poly-
e coalings, whers the crosslinde den-
sity may be higher due to the weather-
iy, ellect,

Fiqure 5—Afler 512 vertical marings from left to righl, only Lhe lefL shoulder ef (e first mar
and the ditch and rfight shoulder o° the last mar remained ot the surface, The Lpper and lower
hariesntal ditches in the image were made Iy Lhe tuming of the 512 mardngs,
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Analyzing the high-resalulion in-
ages of the mas, the dilferent responses
ol the coatings to the mariing stess
rauld be wlewilied, thus smidging a
difterent marming mecianisns was pos-
sible! Figre 4 showes vwve dillerent con-
figurations of mars, Plastic deformation
dminates in [a) two big shoulders si
o oLl sies of the ditch, indicating
the matetial was Jisplaced from 1he
alitety wo build these o shoualders dur-
ing the manriny, Abrasive wear (i,
mass [osa), dominates in [b): there are
i sl lders and the malesial dug out
from the dilch was broben from the sor-
Gaiw and was washed away in the subse
quent cleaning, Since mars are ligh
darmages, the ahrasive wear disoassed
hiere deoes nol necessatily mean Nraclure
and cracking Tl it resolts in mass loss
[ sure.

Plaglic delormation s rewersilile, if
the material an the shoulders can Twe
placed lack in the diteh. Aw Luleresting
teat weas carvied e at the sarface of 4
plastic dominan matedal, in which
S12 ool mmars weere made Monsn Lthe
left side 1o the ripht side of an area of
F0 ponn by 7O pmn. Cwaring he marring,
the Tefr shoolder ol U second mar
[iMeed up the ditch of the Disy i aned
the ditch af e second mar was made
o1 the top of the right shoulder of the
first roan, and se forth, The “healing”
followeed the “damagine” When the
marriny finished, only the Tef shoulder
of the first mar and, e ditch and the
right sheonalder of the Taal o were left
at the sirface, The remaiming area was
almwost complerely resiored, as shown
in e iogge ol Figure 30 and its prodile
im 5h.

Mot tested coatings showed o i
nare of the mespunses, as shown in Cigrere
4. The total cross-sectinn area ol the to
shoulders is less than the cross-section
area of the ditch, Tnohis case, the area
ol T bweo shionlders reflecs the plastic
detormation, amd (he difference  comn-
sidering the compressihility of 1he
teated coatings is no omuee tan 3% —
Letyweren Uie wogal area of twn shonlders
and the area of the ditch reflleces the
abirasive wear. Le, mass loss Nigere 7 s
an illusiratiomn of T 1o caleulate MME
and showes thvee different respanses of
catings o rarring stress, based on the
dimensions of the mar The Taogest -
werled Lridnsle represents the cross-see-
ticn ared of the par of the Lp that pen-
elnated e surtace dndog the maring,
which was caleulaed ased on the real-
G pepetration depth during e -

www coatingstech.org
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Figure &—Mixture of the responses, plastic delormation, and abrasive wear (mass loss). The
cross-secHon aven of the two shoulders is less than Lhe cross-sectien ama of the ditch,

GO gl

oing and the shape of 1he L, The diller
erce betwesn it and the aoss-secrinn
area nf W residual ditch reflects the
immediate elastic vecoseery Tos Qe
viscowlastic recovery, i any, during the
tinie batwecn the soapiyy and the
iapig afrerwards. 'Lhe calonlatiom of
plastic delfarimalion aud abrasive wear
was a8 desrribed abane

lin (e btAT caloulation, the cross-
section area aF e ditely was wsed st
{o dlivice the applied force. Latern il was
replaved Ty 1he cross-secion area of the
teongty, 4 which iz the cross-secion aoea
of the ditch plus the area between twn
shoulders, if any: hased oo the Nollow-
tng comsiderution: Suppose two Tears
possess the same siee ditch, bul cue has
pea sliaulders and the other Tas none,
Lrie o the Larper (oposraphic fluctua-
liew ol the surface, the damage of the
first sample will e mare visible 1o
ke the MM E mare comsisien with
the visal judpnent and other optical
evaluations, the crnss-seclion aea of
the rrowgly was used to replace the
cross-aection area of the dilch in the
valoulaiion of kMMl

I shuuld e ponted out thar the
mac reristanees ahiaingd above are oot
tiiversal, The measurernent was carriced
out under specilic ws) candilions,
Allhegl 10 ditterent nemmal farces
were used. The resulhis of MME and the
thre: res roses .o maning stress—i.e.,
elastic recovery, plastic defrarmaliom,
and alwasive wear—depend not only
o Lhe nonnat Ioad, bur alsa an the
shape and sharpiess ol the 0p, scrap-
ing speed, and ather condilions,
Mrigeoe and Lis group did intensine
stndy on dependenee af the suclace
damage modes on contact mechanics
wariables [ie, load, included angle of
the spherical and comical tip, seratch

Section Analysis

o M
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Q_—a/\ S

g

- PE [ 0.0
i

spead, e1e.) Now several selected poly-
meric matetiais, and inlwdoced 3 map
tor Musteate the relationship ™ O ler
gronps made the sane effors —Loube
sludied the effect of strain rale o Lhe
seratching wesls™ and Koupicea exam-
ined the influences of scralch speed,
contacl peometty, and Toad an delor-
mation resprnse,”

Alarge portion of (thw ested coatings
shrred sel“healing to different exienns
This is atoibuted 10 viscowlastic Teco-
ery. Viscoelasic recovery is JilTeel
from elastic reccsery, [0 results in pactial

Fiqure T—Lllustraticn of huw to caloulate the
MMF. and threc differens responzes of coat-
ings tu maning soess.

Pre e,

Aja: Cross-ssofion area, of the denlation
Ay ¢ Gross-ssclion ac ol -k dich

By Dlossesontion arsd o the i shoadrinrs
Mg GrEa-aecton ans: nfhe bough

Kicri Mar Resistanca: FrfBgen
Eaclic Rocvnny [ S0y - 5
Fiaztiz D='onmsilor: Bopstfyn g
Abramive Wsar (R =ty 008
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Fiqure 5—Five distinguishable damage modes: mar, vough trough, crack, delamingtion, and
£hipping.

o ramplete recowery of 9 maned sur-
tace wilhin a e lrame ranging fromn
several minntes o several s, while
the elastic recovery gooure Immediately af-
ter re areaeviing Lip maeaes ot e soiace.
"Ihe viscoel aatic recovery in the marysaatch
tesls has Deen clwerves] and studied by
quite a fewr gronps” ' M and nmainly
correlates w Uw glags Cransilion lenypers-
Lare, T, of the polymer coating, - 1 1

CRITICAL FORCES
MEASUREMENTS

wdars are the light damages made by
soaping under relalively low ponnul
leeoes. The are nswally faity neat, can-
sisting of a ditch with a smooth hottom
and o, I ary, well-shaped slionlders
om hoth sides of the ditch. Thus, the mi
CTO ITAAT Iesislance Is a reasonalle char-
arterizatiom for a coating’s ability to re-
sist mechanical stresses. Scraplilg a
corating's surface with an increasing nor-
mal force, the bomom of the ditch, as
well ay the ridpes of the pan shoulders,
becomes rough. The neat mar becomes
A roagde trough, MME s 0o lomger an
approprate chatacterization since the
crss-geclion area ol e rowgh, used in
the calowlaticn of MMR, hegins 1o
change eroalically alony the ooyl
trough. As the normal foree increases
Firther, ceackiug may show up in the
surtace of the coating. Lnder the com-
Lnuosly inereasing nonnal toree, de-

58 harch 2008

lamination way rale place if the pene-
praticn depth of the tip waches the in-
terface and the sliess generated by the
seraping i exceeds the adhesion
strength. Increasing the faree further
muay exuld in the delaminated top Liser
Freing chipped off. piece-by-picce, from
the surtace, Figure & shores the e Lvpl-
cal dislinguishable damuge mondes,
obsened in U marringscratching
Lersks, ST bdosr srratching darmayss on
the surfaces of coatings wsed in the feld
can be approsionately dassified ot
Ihese five modes. Depending an fhe
propertes of the coatings, as well as test-
ingfaplication conditions, e
Toatings iy O Ay not show
abl Dwe mades.

Ie chatacierier a coaling's
ability to resisl mediom to se-
vere damages, Neasuremmely
of critical furces are widely
used, In 1he present sy, the
critical toree lor rougl Taugh
{aL which a neat mar tramsits
@ rough trongh), as well as
the critical Toree for oruding,
ivr dalamination, and {or
chippiny, il any, are meased,
using (e Mano-Indenter 1o
scTape the surlace of sample
ungler an increasing normal
lnad. As the damape mode
Lransils Lo (he newt, more s -
vere minde, the real-tinne pene-
mation deptl, a5 well as the
depth of the residual dich, Te-

Scratch Depth (nm}

o

10008 -
aooo

BT

<000

=000

comes roagher, and the Ficional foce
encotniered Tocinawes e, which
provides the evidence of the transition
points, The marfsceac I focther esam-
inmd by a Seanning Probe Microscope o
confirm the transitions and determine
e copresponding eritical Tonees, Lsally
several marsfsaratehes are made under a
selected ucreasing loree, The average
values al the measied eritical foroes are
used in the results.

Figume 9, Auben fom e 24TS Nano-
Indemer website, shows (he darmage of
a surface by scratching. with an inceeus-
iny normal lead, e damape hansi-
tined from a mild mode ta a severe
mode atter the tip had mowved o dis-
Gy o 220 weocand the real-lime
penetration depth reached abowt 3000
num. Bt Wae starlivg force and the
ending larce of the linearly increasing
Inad in the test. the aideal toroe al te
tracsitian poind could Te calenlaled.

I e deweloprment of a glazing nia
terial, the critical torce measuremenls
wile [ade an an ingrganic-organic,
hbrid hard coating containing &, O, IL
andt G produred by plasma enhanced
chemieal wapar deposition (PRCYD) on
a stlomane/acvlic/pobaarbonale com-
pesile, This is a potential candidate o
replace glass windows in the autoinoe-
bile idustey duos Oz i rnuch Tighter
weight and extremely high impact re-
sistanee. The sneasured values of the
critival farres in six sets of scratches
were well within a deviation ol 2% or
s, which, in wien, werified dhe walidice
of the measwements. O courss, the
heterogeneities of e coatings and in-
hrnmngenenus interfaces in some sam

Figure 9—Raal-time ponctration depth in a scoratching
ws, |ateral scraping distance.
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ples will canse lange deviatons ol meas-
ured criticel foees.

Diepending on the properties of the
coatings/ materials and the westingfappli-
cation conadilions, Qe coatingsf maleri-
aly eay ar may not shosw all the tive
damage modes. Classitying e mar-
ring; seralchiog damages into five cate-
powies is not universal. Lin and his col
leagues classitied U danmages in
aulomative clear coatings T two cate-
pories—plastic low and fracture—ard
mieasured oo crilival foroe al the transi-
{ivn point A-52 Courrer and Kamenetzky
used critical load I at which the fis|
crack aceues, and evitical load 1L, at
whirh the first severe cracking awed de-
lamination ocourn W charaoerixe The
seralcly resistance of coatings.*

Aoain, onge has oo be aware that the
emeasured values of the citical Torees
depend on the testing ronditions, 1e,
the shape and sharpoess of e tip,
scrapiny speed, 1ale of the nonmal load
increase, ete. sung and her colleagoes
investgated the dependence of oritical
{isree an the 1esf canditions.* They
found that if b is the critcal fonee for
cracking ineasured when the Indenter is
aperated in the ncreasing foroe weds
during the seratching, vhen using the
sarme canstant fowme At I-'m'm smape the
rrrating may mot cause duy cuacking, and
the values ol measured critiral forces
Ay nerese with the nereasing scrape
g speeil.

Esserally, il is the airical soain, not
Uhe critical force, and the sirain tale thal
determmine the wansiiinn point from one
Jamape made 1o aother, However. it is
hard to measuee Qe sirain and its rate
dirertly al this point. Critcal fore
measienents under selecled eondi-
tioms provide useful charactedzation of
il marfseratch tesistance of coalings.

OTHER MEASUREMENT
METHODS

Measuremmenly of micro mar resist-
ance, the different responses to mMaming
siress—elastic reeavery, plastic deforma-
tion and alwasive wear, and aitical
{orees for rough mowgly, ceacking, de-
lamination, sl chipping—descrilwd
Lere i Part 1, are commouly used in
characerization of war/seratch tesist
antce o coarings. Hoswever, selecling a
charanerizaton techoigue moust he
based an the properties of the tested
marerials as well as win application
cordidans, In Par 11 of this article {to

W, coatingstech.ong

he published in [CT Coszacdbioe, Aprl
2003 ) waanme complementary s meth-
ads will be described. [l
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