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INTRGDUCTION
Thc production of powder coalings has undergome

a substantial incrcase in recent vears worldwide,

with Europe being the leader for their usage.! The
use of pow ders provides nnigue advanlages such as the
nen-emission of sulvents, significant energy savings, ex-
cellent adhesion to many substrates, and the production
of a good fnish. Althﬂugh the coatings are generally
fairly smooth, the classical “orange peel” appearance is
still prEaent n 'many cases. Also, additiomal defoects may
be present®® such as pinholes, 1mpm1m-a. cte. Bt is also
unclear if the surface topography of powder coatings
correlates with their mechanical properties.

The vecent development of nano-techniques has al-
lowed a more accurate analysis of the intrinsic mechani-
cal properties of the surfaces of such codtings. Ameong
the various types of investigalion, scratching techmigues
have proved cspecially useful in evaluating the poten-
tial of a parlicular coating to avoid the development of
relatively [ine, visually apparent scraiches that spoil the
coating’s appearance, which is usually termed “mar re-
sistance” Morcover, the scratching kechniques, along
with more conventional indentabion procedures {often
performed with the same cquipment), provide useful
information about deformation in the coabings (o,
whether elastic, plastic or viscoelastic), as well as their
roughness and mechanical constants (e, their hard-
ness and elastic modules). )

As early ay 1952, Schallamach?® used scratching tech-
niques ke evaluale the mechanisms of friction and abra-
siun of elastomeric materials, albell on a macroscopic
scale, Even now, this work is a valuable reference on the
response of soft and highly elastic surfaces to scratching.
More recently, the scratch hardness of glassv, Lhermo-
plastic pcl}'mr_*rs under a rumber of conlaci conditions
was sludied by Briscoe ot plF The same groupr used the
compliance method and a calibration technique to ac-
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B oth nanv-scraiching and nano-indentation
technigues have been used fo conluate the me-
chanical properties of the surface of acrylic coat-
ings, with and without added pigment, The cont-
ings toere formed fram thermosetting, acrylic povv-
ders. Bolh types of coatings—clear and pig-
mented—do not exhibit any significant differ-
ences in their havdness with an incregse in baking
time from 7 to 15 min. According o the scratch-
g profiles, the deformation induced at the sur-
face is virtually elastic. Introducing the pigment
causes a slicht increase in the clastic modulus but
no significant waviation in hardness. fn all coat-
ings, the computed hardness and the elastic modu-
fus values are higher neay the surfoace (perhaps as
a result of Hip veometry effects), but these readily
reach plateau values that are consistent with other
work available in the liferafure. A long-range
surface profiler, which provided two-dimensional
and thyree-dimensional topographical maps of the
cogiing surfaces, reveals undulations in the sur-
fice with a wavelength on the order of 2-4 mm,
Moreover, the topography of the pigmented coat-
ing is stenificantly smovther than that of the
clear coating fin which shallow pits {(about 100
L in digmeter) ave randomly distributed at the
sutface. The nano-mechanical properties within
these pits are similar to the bulk of the coating.
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counl for (he tip geometry in a study of several glassy
thermoplastic surfaces.® Scrateh hardness measurements
were alsa vsed to invest gate the effects of plasticization
by solvenls upon the mechanical properties of glassy
polymer surfaces.”

For many decades, indentation techniques have been
used lo delermine (he hardness of coatin g#- Recent wark
has shown that the conical st¥luses, sometimes used for
both indentation and seTatching, may provide a useful
means ot differentiating botwoen different types of de-
formation processes{le., elastic, plastic, and elastic-plas-
tic)? induced in the systems. Although values for the
hardrnzss of the: coating, as well as astimales of the sdhe-
sion ta the subsirate, may be obtained, the conical stylus
method shows limitations in asscssing the appearance
of very discrete scratchies on the coating, AFM may suc-
cossfully be used for such a purpose. In one of the first
studies of ils kind, Courter!! applicd the stylus method
to clear, crosslinked acrylic cealings. Values for the
Younyg's modulus as a fnction of depth of penctration
were abtaimed. T he work also presented seralching maps
aver relalively large distances (3 mm) and low penetra-
tion depths {ca. 20 wm). The same aulhor alse provided
an interesting correlation between the coating mechani-
cal properties and the corresponding “mar resistance. 12
Related investigations of the mar bohavior of polymer
surfaces using micro- and nano-wear testing have also
been reported 7% There lay besn very liltle ¢lse pub-
lished, however, on the use of nano-mechaiical toch-
niques fo characlerize the surfaces of arganic coalings,
and the effects of included pigment have been largely
unexplorved.

I the present study, nano-imstruments were used for
sludying both dlear and pigmented crosslinked, acrylic
coatings. Until now, there has been no systematic study
that has aimed to determine the effects of pigment, if
any, on the mechanical propertics of such coaling sur-
laces. Moreover, this work aims to detormine if varia-

Table 2—Fomuiations of fhe Cloar and Figmented Powdars

Hons in surface tupography lead fo systcmatic variations
in nano-mechanica) Properlics,

The current study additionally prowides information
about the proportion of elastic, viscous, and {rachir:
deformation during the hana-scratching of the coatings.
It is well known that for ow applied forces, upon re-
moval of the load, there will be o apparent permancnt
damage or deformation ta the coatmg. 1 the normal
force 15 inereased or a sharper’indenter is used in the
process, then the coating will yield or fracture according
lo ils inlrinsic mechanical characteristics. Tf the extent of
the contact deformalion exceeds Lhe viclding potential,
the material undergoes some permaneni deformation
{c.g., a “valley” with “hills” alomy the sides is produced)
of fractures are gencrated (in the casc of severe environ.
mentz}. In this work, the scratches showed casenbially a
complete geometric recivery of the crosslinked acryhic
surlaces under investigation, indicative of an elastic {nol
plastic) behavior, which is characleristic of clastomeric
coatings.

EXPERIMENTAL
Materials

Work reported here used an experimental sofid epoxy
fimctional acrylic terpolymer {referred to as CMAL) sup-
plied by Avecia Lid. The GGMA1 kerpolymer was synthe-
sized from methyl methacrylate, butyl methacrylate, and
glyeddyl methacrylate. The physical propertics of the
CMAT rosin are given i Table 1,

The GMAI resin was the binder in both a standard
deareoat formidation (Formulalion A) and a standard
high gluss white formulation using titaninm dioxide
pigment Tl 2160, From Kronos, (Formulation B} In
both formulations, a mul Gfune Honal carboxylic acid hard-
ener based upon hexane diisocyanate, Crelan YP 1.5
2125, from Bayer, [with un acid value of 465 mg KOH/ g
and a functionality of 2.3} functioned as the crogslinker
and was used in a GMALcrosslinkor wight ratin of
2.84:1. The formulations contained benzoin as an anti-
pimhole agent. Table 2 gives full details of the formulations.

Formulations were cxtruded at 200 rpm and 7l torque
via a Gay's twin screw extruder with a barrel tempera-
ture profile of 50/110°C. The milled and classified {70
um mesh] exbudate was apphed ombo 1.9 mm phos-
phated bonderite stecl using a PG spray gun (Gema,
Volslalic Induslry Powder Sysbems, Swit-
zerland},
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Formulokicn B
Plgrmented Cooling (with)

1 hes average particle sice and shape
con b soom in Figures 1 and 2, which
——  show represcnlalive scanning clectron mi-

557 croscope (SCM) images of Lhe clear and
9.4 pigmented powder coatings, respectivefy.
25 {Experimental details about the SEM
D:g analysis are provided In the next section.)
19 Bolh types of powder have a tather broad

patticle size distribution with pariicles
beirg irregular in shape wnd highly fac-
eted. There are no major differences in
dppearance botweon the two formuala-
Heoms.
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Flgure T—3EM microgromh of Formulafon A
(Hearcootl powder; in their asreceivad state,
Awide disfmbution insize s apporent. The shope
ofthe particles sireguicrwith shom edoes. The
boar indleotas S0

The subsirates with the deposited powder were intro-
duced ntn a preheated oven at 150°C for the various
baking Umes of 7, 11, and 15 min. (Node that 15 min is the
standard, recommended baking time for Formulations
A and B.) After curing, the coaling thicknesses were in
the range of 120-180 pm for the clearcoats and 50-70 [Thig]
for the pigmented samples, Spraying conditions of the
powders were the same for both types of sample. The
difference in final thickness values is attributed to differ-
myg charge transfer efficiencies of the bwvo formulations.

Themat Analysis

Medulated temiperature differential scanning calorim-
etry (MIDSC) was used b determive the extent of
crogslinking that occurs in the acrylic powders below
the baking temperature. MIDSC is a relatively new calo-
timetric tedmiquel®S that relies on the basic principles
of conventional DSC but with the major difference being
that it uses a heating vamp containing a sinusoidal per-
turbution. In recenl years, it has been used succossfully
for the [nweskigation of structural thase transitions, i
thermal characterization of muliicomponent systems,™
separalion of thermal processes with different kinetics
ar mechanisms, ™" and more aceurale measurcment of
heat capacity @ This additional information may o~
vide further insight Into the struchure and behavior of
materials. In lhe case of powder coatings, conventional
DSC is routinely used for measuring the characteristics
of the thermal transitions. 22 Very litle wark has been
published on MTDSC performed un thermosetting sys-
tems™ in gencral and with even less on thermosetting
powders. MIDSC analysis s superior tn conventional
135 in the case of thexmosctting acrylic powders, be-
canse it can de-convolute the peaks corresponding to the
glass transilion of the polymer, the melting of the cross-
linker, and the crosslinking of the pulymer, thereby al-
lowing a more accurate determination of these temipora-

Thermosetting Acrylic Powder Coatings

Figure 2—SEM riierogromh o Formulotion 8 (TiC,-
Digrmetifed? powdsrs in thel as-recehed sfofs.
On average, there are no noticeatile differ
ences in fhe size and shape of the parficles in
companisan fo fhe clearcoaf shown in Bgurs 7.
The bor indicates 50 pm.

tures. Typically, the crosslinker “melt” endotherm and
acrylic “cure” exotherm ocolr simultareously and wonld
ot be casily interpretable with a standard DSC experi-
ment. With MTDSC, however, the melt and cure stages
arce readily resolved in the reversing and non-reversing
signals. The pigmenlcd and non-pigmented powders
were both analyzed using a 2920 TA Instruments
{Leatherhead, UK) calorimeter with a heating Tate of
170 v,

Chemorheological Analysis

The fiow propertics of the powders (both Formula-
tions & and B) were recovded on a Rheometrics RS
dynamic rheometer. The mstrument was operated at
10% sirain using a parallel plate geometry with a 2 mm
gap ond a frequency of W0 rad.s ' Strain sweep measure-
ments showed no evidence for non-linearity under these
conditions, The temperature r: rate was 10°C,/min
for all experiments.

Topographical Analysls

The surface topography of the coatings’ surfaces was
obtained with a three-dimensional contact profilometer
(Dektak V200-Se), Axvcas as large as 1 om » 1 om werc
analyzed. Additional information was gained from scan-
ning clectren micrnscopy with an Titachi $3200N in-
strument, typically with an accelerating voltage of 20
kv The samples were coated with a thin layer of gold
prior to analysis,

Scratching Experiments

The same nstrument was used for performing botl
the scratching and the indentation experiments (Nano-
mdenter [1, supplied by Nano-Instruments, Oak Ridge,
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|| Foure —ADSC gata for Rommulafion A pow-
dars oblgined with a heating rote of *Cimin,
The cunses areidentifiad with o Romon numero
a5 follows: Lis rnoduloted heat flow (see laft axisk
i s tovbal heat flow {igif cxis I is reversing heatf
flaw (right ods); ond IV s nor-reversing heot faw
fefi s,

TN, T'SA). The instrument uses a compliance indenta-
Hon syslem, capable of operating at loads in the micro-
gram range and with a theoretical depth resolution on
the sub-nanometer scale, It provides data on the Young's
modulus and the hardness of the coatings, Unlike com-
ventional hardness testers, the instument does not re-
quire an aptical measurcment of the area of the indenta-
tion in order i calculate the hardness. ‘The position of
the indenter relative to the surface of the specimen ix
constanily monilored and hence, from a knowledge of
the genmetry of the tip, the area of the indentation is
then calculated.

The Nano-Indenter 11 is essentially a load-controlled
svstem, where the applied Toad is continuensly moni-
tored. I'he indentor lip is in the shape of a three-sided
diamond pyramid, machined so that the sides make an
angle of 85.3% wilh the normal to the base, The indenta-
tions appear as equilateral trisngics, and the length of a
side of an indentation is approximately 7.4 fimes its
depth. The depth of an indenlation, 2, s cqual to 0,113
times the diameler of the citcle that circumscribes the
mdenlation made on a surface. Attached to the top of the
indenter vod, there is a coil held in a magnetic field.
Thus, passage of a current thrc:ﬁh the coil can be used
toapply a foree to Ihe indenler. The “zero point™ contact
fur the present system was chosen where the machine
stiffness becomes equal to 1.5 Hmes its typical value,
More details about the apparatus components are pre-
sented clsewhere, 528

Seralches were made on the coating surface vp to a
depth of ca. 1.5 um. This penetration depth, being less
than one-tenlh of the thickness of the coating, avolids the
so-called “substrate effects.” Sinwe the theorelical depth
resolution of the instrument is * (b4 nm, Lhe indenter
has the advantage of providing information about the
very near surface of a spocimen.

Lach complete scratch procedure had five steps as
follows. First, the surface is pro-seratched ab a vory low
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|| Figure 4—W05C Jota for Formuiation 8 (pig-
manted powders) obfained with o healing
rate of F0Amiln. The cunves ars ideniified with
o Rormon numergl as fallows: | 5 meauwialed
heat fiow (sae faff axis) 1 fofol heot fow (righf
awisy; 108 ronversing haat Row gkt cods); o 1Y
{5 non-raversing haat fow (aft axis),

constant applied load of 20 pN over 300 jmn with a
congtemt velocity of 10 nm /sec, This first step provides a
referonce for the calenlation of the scratch penetration
depth. Then the stylus rehurns for a distance of 100 um
with the same velocity, Next, the sceatch is performed
deep in the coating with the same vel ocity of 10nm /sec,
After releasing the load, the stylus retuens to the initiai
point. In the final step, the surface is profiled again as in
the first step, in order o check for plastic deformation.

In addition, the nano-indenter can record the fiic-
tional dray force during scratching, which allows the
calculation of the cocfficient of frictiom between the sty-
1us and sample surfaces. Two scratches of different depths
wite performed for each formulation.
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Hardness and Young's Modulus Measurements

The hardness and Young's modulus were measured
by perlorming an indentation experitiunt to a depth of
ca, 700 nm deep into the surface. Each complete hard-
ness test was performed via the following procedure.
First, the stvlus is lowezed al a velocity of 10 nm/scc
until the stitfness of the spring becomes 100 N/m, which
is equal to 1.2 times [he spring support sliflness of 84 N/
m. At this point, the contact is considered to be: eached.
The load is increased al a rate of 3 phfsec over a dis-
tance of 700 nm and hen held for & sec. {The velocity of
indontation was 5 ren/sec) The load is then decreased
al the initial rate to 80% of the final displacement, al
which point the load is held for 60 sec. Finally, lhe load is
veleased at 300 pN /sec.

Six indentations were performed on cach sample sur-
face, and these measurements were averaged. There is a
slight varialion in the ranyge of indentation for the clear
and pigmented coatings since the experiment is con-
trolted by an vpper Hmil of the permitted force on the
cantilever. Any observable defects on the sirface of the
clear coatings were avoided and not included when find-
ing the averages.

The contnuous stiffness method was used for the
evalualion of the Young's modulus and hardness. This
melhod continuously measures the stiffness of contact
between the indenler tip and the sample. During the
loading procedure, an oscillatory mechanical force of
known magnitude is applicd 1o the mechanical contact
junction between the indenter and the sample. An indi-
catiom of the stiffness of eontact between the tip and the
sample is given by simultancously measuring the phase
shifl between the force and Lhe amplitnde of the result-
ing oscillatory displacement between the lip and the
sample. The Poisson’s ratio (L) was taken as (.25 in the
data analysis, which is a standard value®” used for glassy
polymer surfaces. In any case, the calculated values of
nano-hardness and clastic modulus scale inversely with
{1 - u2}, and thus the ealcvlated values are not particu-
larly sensitive to the value of jused.

RESULTS AND DISCUSSION

Thermal Analysts

MTDSC curves for the non-pigmented and pigmented
acrylic powder (Formulations A and 13) arc presented in
Figures 3 and 4, respectively. The reversing heat flow
curves (which are given by the cyclic heat flow within
the sample) show a glass lransition for the non-pig-
mented acrylic at ca. 49°C. There is an increase in the
value by only 1°C when the powder conlains the pig-
ment. These values of the glass transition temperature
for the formulations arc slightly higher than that ob-
lained for the neak GMAT resin (42°C as shown in Table
1). In both Figwret 3 and 4, a melting peak of the
crosslinking agent centered around 100°C may be iden-
tified. Also, the non-reversing heal low curve (which is
given by the subtraction from the total heat flow of the
cyelic heat flow within the sample) shows a peak for e

Thermosetting Acrylic Powder Coatings

crosslinking {ie., curing) process at around 120°C. These
resulls reveal that the introduction of the pigment does
not significantly influence the thermal constants of the
acrylic and therefore the baking conditions.

Chamo-Rheolegy

From the determination of the visoosity / temperalure
profile of a thermosel powder coating it Is possible to
vharacterize both the flow and qure processes = Figite 5
shows fhe result for clearcoat Formulation A, with analo-
Eous results being also dbtained for pigmenled Foron-
Tation 13, The measured minimum viscosity is 2.7 Fa s
The ensel lemperature for tapid cure appears at about
150°C resulting in a limiling crosslink density as given
by G (ie., the storage mod wlus at full cure, as defined by
the: platcau in the viscosity /tomperature cuvve) of 10
Pa, Based on the M T125C and these rheslogy measure-
ments, it was determined that 150°C is adequale to use

Figure s—Topagraphicol map of O ool su-
foce of the clearcadt suface (Fommutation Al
over an areg of 10 mm x 10 mem, Small dirples
ore seen distibuted ocross the sufacs in addi-
tiarn o surfoce undulaticns,

Be = L ow o oa oBor o

| Criaun e TTL LY SR

|| Figure 7—Topographical map of o fyploa sui-
fce of the pigmented ocnlic codfing (Fomu-
fotion B over ant areq of 0 mm x 10mm.
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as the reference cure temperature. Fealing both formu-
lations to this temperature apparenlly produced hard,
rlossy coatings for cure times of seven minules or maore.

Codting Topography

Visual inspection of the coatings roveals a marked
unevenness in the surface [nish thal detracts from ils
appearance. The nom-pigmented coatings also contain
small defects, barely visible to the unaided cve, that are
suggestive of the presence of “pinholes,” Figures hand 7
show bwa typical topographies of clear and pigmenled
coatings, respeclively. In both, there are variations in
coatings thickness exlending laterally over several mm.
That i=, undulations are apparent at the surface with a
wavelength on the order of ca. 2-4 mun. The peak-to-
valley height of the undulations are up to 20 wm. In the:
case of the clearcoating (Fignre #), dimples with an aver-
age diameler of about 100 wm are Tandomly distributed
over the surface. A closer examination with SEM at &
glaucing angle has tevealed that the dimples are very
shallow, wilh no morphological differences in compari-
son to the rest of the film, Il was also lound by SEM Dhat
the dimples have oval shapes. These shallow dimples
arir presumed to be the defecls visible to he eye and
wlich were mistalkenly considered to be pinholes. There
15 no evidence from the lopography shown in Figure 7
{pigimented coaling) thal the pigment particles are present
at lhe surface. Addilfonally, the morphology observed
with SEM of this sucface does not reveal sny scparate
pigmenl phase al the surface but shows omnly binder.

The relationship between the formation of the “hills”
and “valleys” {i.c., Lhe “orange peel” configuration) and
the inefficient floay following the application of the pow-
der is often described in the fiterature 2% [| has been
suggested that large agglomerates of powder particles
vesulting from the spray process lead, during baking, to
undulations of the surface, as vbscrved here. The length
seale of the surface undulations {2-4 mm) are af least an
order of magnitude grester than the parlicle powder
size {20-100 pm}, which s consistent with the concepl of
particle agglomcrates as Lheir source.

Other workers have observed “micro-pinheling” in
powder coatings, and they atiributed it to vapor trapped

within Lhe puwder particles? 'I'he micro-dimples found
at the surface of the clearcoats are relatively shallow and
tharefure, although having a visual appesarance of pin-
holes, are clearly not this fype of defect. The fact that no
morphological differences can be seen also suggests that
these “defects” belong to the class of “orange peel” fea-
LLees.

The fact that these dimples are not present in the case
of pigmemted coatings mighl suggest a mors uniform
deposition of the powder on the substrate in the pres-
ence of pigment. Theorics of sutface flattening > pre-
dict that surface undulations in thicker coatings should
level to a plane at a faster rate than thicker coatings. As
the clearcoat is about twice as thick as the pigmented
coating, itis surprising, therefore, that the thicker clear-
coaling is less flat. Theory™ also predicls that small un-
dulations—such as Lhe micto-dimples—will flatten faster
than larger waves at the surface. The origin of the dimples
iz therefore unlikely to be the poor levelling of pre-
cxisting surface defects in the powder layer. Inslead,
lateral flow of the polymer melt during processing is
being impeded or prevenled. Une explanation could be
localized variations T viscosity or surface tension.

Nano-Scratching

Figures 8 and 9 show the responses to the various
scratching eycies performed on the clear and pigmented
acrylic coatings, respectively, bolh with baking times of
11 min. The pre-scralch protiles show Lhat the surfaces
are relatively smooth, Over distances of 15 pm, here is
an average devialion of + 40 nm from the central line,
and the deviation is 2150 run over lateral distances of 500
1.

"I he actual scralches show a slight systematic differ-
ence in curvature between the clear and pigmented coals.
The slightly mote abrupt shape of the curve in the case
of the pigmented coats sugzests a somewhat harder
coating. It should be noted that scratching is 4 continy-
ous method of analysis and, henee, gives information
about the coating as a continuum. Comparison of the
results shown here with other measurements reveals
that no significant differences between the samples with
other baking times (7 and 15 min} for the same coating,
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Nodulue EPa)

A A 500 | CUNE R B

Displacement {na}

Flgure T0—Eiostic rrodoius of the clear Q) and ||
bipmonted (e} oorelic powdar cogtings as o
funetlon depth info tha surfoce.

type are detected, That is, baking linwe dves not affecl the
mechamical properties sy reflected in the scralch profiles.

The post-seratch complete surkace profiles are wery
sirmilar to the imdtial profiles, thus indicating a nearly
perfect elastic recovery after scratching for this level of
deformalion. Also, the roughness of the surfaces is found
ko romain within the utial, pre-seratch limits for adl
samples investigated, (Note that a perfectly elastic de-
formiation would nat leave a vistble mar on the surface )
One would expect elasiic behavior H the acrylic was
fully-crosslinked ad its surface so as to create an elastic
network. By comparison, non-crosslinked acrylic sur-
faces® studied with nano-indentation show plastic de-
formaltion.

For the pigmented coatings, in the region of very low
applied |oads, the coefficicnt of friction was found to be
ca. 133, A slightly higher value of ca. 0.4 was found for
the linear region of the clearcoals.

Nano-Hardness

Figuwres 10 and 11 show the variation of the elastic
modlulus and hardness, rcspectivel v, as a function of
indentation depth for both the clear and pigmented coat-
mgs after 11 min of baking time. These data are the
resudt of averaging over six measurements. Boll curves
show a very steep decrease in the compuled values at
the beginning of indentalion, which is altributed to the
imperfectinng in the tip geometry” Recent publications®
cmphasize that defects in the indenter tip mighl be of a
size that iy sighificant in comparisom to the depth of
indentation, and they might, therefore, cause significomi
errors in the harduess evaluation. To minimize such
effocts, special care was taken inusing the same indenla-
tion geometry for all indentations. The tip geometry was
calibrated against a fused silica subsivate, as is describoed
eluewhere ? Without due care, inaccuracies can amise in
the tp calibration for penetration depths beluow 100 nm.

After the inilial drop near the surtace, constant values
for the two mechanical constants are oblained. That is,
there is no observed dependence of hardness or clastic
modulls on depthinto the coating, The average value of
elaslic modulus for the dearcoal {3 Gla) i slightly lower

14
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DHzplacement ()
|| Flgure | I—Hordness of the cladr (7 and plg-

menfed (#) dondlc powder coatings as o funo-
Hion of indentalion degth.

than for the pigmented coating {4 GPa). Both coalings
approach an average nano-hardness vatue (plastic flow)
of ca. (L1 GPa. Mo significan! differences in modulus or
in hardness were found In samples having other baking
times. For the tange of times studied here, an ncreasing
baking period (from 7 to 15 min) does nol increase the
coating surface hardness or sliffress. The implication of
this finding is that the extent of crosslinking changes
insignificantly after the first seven minukes of Taking.

The valucs obtained here for the claslic modulus are
very similar to those obtained elscwhere!! from nano-
indentation analysis of crosslinked acrylic coatings.
Briscoe et al f have repurted a decrease in hardness and
elastic modulus with increasing depth in glassy
pulyimethyl methacrylate) (PMMA) surfaces. In their
data analysis, they specifically considered Hie effects of
lip geometry, but they cannot rule out the effects of
unestablished imperfections in the calibration procedure,
At penelration depths greater than about 1NN nm, the
clastic modulus of the PMMA approached 4 CFa, which
is the valuc obtained here for a crosslinked acrvlic. The
hardness of PMMA was reported ko approach about 0.25
(FPa at depths beyond 1000 nm, which is likewise simi-
Lar to values obtained here.

Courter'! has reported previously that the modulus
of crogslinked aorylics decreases wilh depth. Av allempt
was ade to correlate the modulus depth dependence
with a higher crosslink densily at the surface. It is not
clear if this work was also subject to the error induced by
the cffects of the tip geometry. Research using alomic
force microscopy'” has likewise concluded that the moduo-
lus of nom-pigmented polvester and polyurethane coat-
ings showed a depth dependence. Our finding of a uni-
form modulus with increasing depth differs from these
uther reports.

Scratching and nano-indentation analyses measure
propertics of materials” surfaces that are not expected to
be the same as m the bulk, Nevertheless, for comparison
to the data presciled earlier, it {s relevant to nole that
KMEK double rub tests were perdormed on bolh the
clearcoat and the pigmented coating, Forbatl, here was
no visual cffect after 100 MEEK dowble rubs. Macroscopic
hardness tesls were also performed, The Kondg hardness
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value obtained for the clearcoat formulation is 140 sec,
whercas the pigmented coating has a value of 155 sec.
I lyas, there is an marease in the bulk hardness as a rosult
of pigment addition, whoreas there is no difference ob-
served in the nanohardness values,

As shown previously in Figurs 6, lhe clearcoalings
surfaces displayed “micro-dimples,” Experiments were
performed with the aim of determining if these vania-
tivms intopography could be correlated with mechanical
properies. [ndentation within the micro- dlmpkb of the
clearcoatings showed no significant differences in either
the hardness or the clastic modulus of these regions i
comparison to the smooth regions of the same samples.
Thus, in summary, we sce uniform mechanical charac-
teristics at the satnple surface —both laterally and with
depth—and these characteristics are independent of the
stoving time and only slighlly sensitive to the presence
of pigment,

CONCLUSIONS

Recently developed and improved technigues m ther-
mal analysis, surface profiling, nano-scratching, and in-
dentation were used o determine the properties of
crosslinked acrylic powder coatings. 1Jala regarding the
effects of pigment addition on the curing, the visual
appearance, and the near-surface mechanical propertics
were obtained, Several spoedific comclusions may be
drawn.

Although the standard, as-recommended baling timie
for these acrylic formudations is 15 min, the nano-me-
chanical properties obtained after a baking tme of
seven minutes do not change significantly with addi-
tonal baking times at the same temperature, The pres-
ence of the pigment increases the modualus of the coating
sutface slightly from 3 GFa to 4 GPa. Although the
scratching experiments suggested. that the pigmented
coating has a slightly higher hardness than does the
clearcoat, indentation experiments find na sigmificant
difference bul an average value of 1.1 Cla inboth. All of
the coatings, regardless of their baking tine or the pres-
ence of lhe pigment, showed exlensive clastic recovery
after the scratching and no significant exlents of plastic
deformation,

A decrease in elastic modulus was seen nicar the coat-
ing surface thal Is attributed ko lhe effects of the stylus
tip geometry, After this initial drop, the modulus re-
mains comslant. Thus, the data indicate that curing is
complete al the surface, so that a fully elastic nelwork is
[ormed with a modulis that does not change signiti-
cantly with penetration from the surface.

A smoother coating surface s achicved upon the ad-
ditien of pigment to the acrylic. The nen-pigment acrylic
coating displays shallow “micro-dimgples™ (ca. 100 pm
diamaeter) at its surface. The appearance of the film sur-
face within these dimples docs not ditfer from the rost of
the coating, Moreover, the hardness and elastic modulus
of the coating within these dimpled regions is identical,
within experimental error, Lo the properties outside these
regions. Thus, there s no evidence for mon-uniformity o
the amount of crosslinking laterally in the coating that
can be correlated wilh the dimple formation.
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