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INTRODUCTION

Thcrmosct acrvlic-mefamine resins are widely used
for aulomebile exlerior coatings. These materials
are formed by reacting an acrylic polval with an
alk}'latﬂd melamine. However, the cthor orosslinks it
acrylic-melamine coalings are known lo be suscoptible
to hydrolysis when exposed to moist enyironmenls,
Lnder outdoor and artificial add rain environments,
acryliccmelamine coatings underge ctching, which 1%
primarily a resull of acid hydrelysis of the crosslinks. 2
A particular attribute of etehing 15 the localized loss of
matorial, Tesulbng in pitting of the coabing surface. In
lhe presence of ullraviolel (UY) lieht, the hydraly=is
process becomes more complex. Tor example, the hy-
drolysis in Miami, FL, hax been observed ta be faster
than that in Phocnix, A%F Mumerous studies usig con-
irolled environmenls also showed tal, in the prosence
of UV light, the hydealysis rate is greater than the sum
of dark hyvdrolysis and photolysis combined ™ The en-
hanced degradation, swhich follows closely with the hy-
drolysis rate and relative humidity (BH) lewels, mot om-
ly oecars at the acrylic-melamine crosslink and in lhe
molamine chainy but also on the acrylic resin struc-
lure.'? Enhanced degradation in LV humidity condi-
tions has been variously attribuded Lo melamine cxcited-
state chemistry,” oxidized products of formaldehyde,”
catalysis by carhuxylic acids produced by the phnmoxi—
dalion,® and chromopheric activity of formaldehyde
molecules released from the hydrolysis reaclions.'™

The most comprehensive study ot the hydrolysis of
both fulty and partially alkylated melamine coatings in
the absence of UV light was conducted by Bauer!® 1le
showed that the rate of hydrolysis depends on the bype
and comcentration of acid curing agents, hydrolysis
temperatare, and type of melaminge resin. Uhuring biy-
drolysis, ihe cther crosslinks arc brokenm and the
melamine-melamine linkages are formed, and coatings
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Ac:‘ylic--mehzm.fnu canef-
frigs are knoten Lo be suscep-
tihle to lydrolysis when ex-
posed to water or il
environments, The mode
and specific pathways for
fnydratytic degradation of
acnglic-melonine coatings ox-
posed (o weler vapor i the ab-
sence of ultraviolet fight are presented. Samples of
a partislly methylated melamine-acrylic corting
applied to Caf, substrates were subjected to five
different velative humidity leoels ratigiing from qp-
proxinsetely O fo 90% at 50°C. Coating degradn-
tion wons measured with Bansmrssion Fowrer trans-

form infrared spectroscopy (FTIR) aud frpping nde

whormic force microscopy (AFMI. b huniid enefron-
ments, partially methylated melamine-aerylic coat-
ings underge lydrolysis veadily, causing consider-
able materigl loss and fivmation of mainly privary
ansises and carboxylic acids, e rate of hydrolysis
incresses with fncreasing RLL Hydrolytic degra-
dation of acrylic-melamine coafings 15 an irhoto-
geneous process i wlticle pits fovm, decpen, and
enlavge with exposure, Such localized degradation
mode suggests that hydrolysis of this material is it
autocatalytic progression witere acidic degradation
products fovmed i the pits catalyze aml decelerate
the hydrolysts reactions.
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Figure 1 —Posiulafed chemicol structure of |
the pariofy methyvoted rmalming-aonic
coating usedd i s sfuady,

based on parlially alkylated melamines hydrolyze
much faster than do fully alkylaled coatings. im mild
acid conditions, the crosslinks of melhylated mclamie-
based coalings hydrolyze faster than thi nnreacted
methoxy groups of Hhe melamine.® However, in sliong
acid sofutions, the melamine methoxy has been reporl-
ed to hydrolyze first, {ollowed by hydrolysis of the
crosstivks.® Hydrolysis rate dependence of melamine
alkoxy ether on the chemical structure and pH is clear-
Iy revealed from solulion studies by Berge and cowork-
e, 415 I mild adid solution, methvlated trimethylol
melamine (a partially alkylaled melamine) hydrolyzos
approximately 45 tmes faster than hexamethylol
melamine (a fully alkylated melamine] while, o strong
acids, the labtor hydrolyzes almost 30 times fasler than
the formet,

Despite such extensive research on the elching and
hydrolysis of acrylic-melamine coatings, little informa-
biom exisis on the mode for (he hydrolylic degradation
of these materials, Further, although general hydrolysis
schemos for aceylicmelamine coalings are available,”
speciiic hydrolysis pathways for these makerials are ot
knowi This study presents the mode and pathways
that form carboxylic acids and primary amines tor Lhe:
degradation of coalings based ona partially methylated
melamine and a hydroxy-terminated acrylie resin ex-
posed 1o water vapor in the absence of U¥ light. (v
made, it is meant whethet the degradation is uniform
aeross the surface or is concentrated at specilic locations
so as to result in pilling.) Specific hydrolysis pathways
ave presented based on Fourier transform  infrarved
(FITR) speclral evidence, and the degradation mode is
proposed based on atomic force micrascopy (AT
nanoscale images ol the coating microstructLe and itz
surface morphological changes during hydvolysis. In
additlon, a water vapor sorpiion experiment was car-
ried out Lo provide information on the water comeenlra-
Hon in e [m and the natwee of interactions between
water and acrylicmelamine coatings at diflerent EH
levels. Informalion on the mode and moechanism of the
hydrolvlic degradation is essential for understanding
the controlling factors responsible [or coating, failures
Auring service and for helping to develop more durable
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coatings. This research is part of a larger efforl at the
National Institate of Slandards and Technology 1o ce-
velop melrojogics for relating outdowr exposure per-
formance wilh accelerated {esbing results and Lo devel-
op mproved melhodologies {or predicling the scrvice
lives of polymeric coalingy.

EXPERIMENTAL CONDITIONS AND
PROCEDURES®

Materials

‘ateriaks and sample preparalions procedurcs were
memtioned proviouwsly! Briefly, samples were prepared
[rom a mixitee of @ hydeoxy-terminated acrylic pesin
and a partially methylated melamine resin, Thir acrylic
material comtmined 68'% normal bulylmethaceylate, 30%
Tydrony-clhylacrylate, and 2% aceylic acid {all arc ox-
pressed in mass fractiong, and the melarmine resin was
Cymel 325 (Cytec Industies), The rabio of acryhic resin
by mielamine resin was 70300 Tt should be ncled that,
ofher than e 2% organic acryliv acid, no strong acid
calalyst was added o this model coating forrnulation.
Calcium Fluoride {CaFs} plates wilh a diwmeter of 100
mm and a thickness of 2 mm were used as the subsirate
[or the exposure study due 1o ther transparency i e
0,13 10 115 pm optical region and their resistance 10
moisture and heat's Coatmgs were applied to Cak;
plates by 9pin casting, Aaylic and melamine resins in
respective solvents were mixed ab the required rativ, de-
gassed, fooded onlo the substrales, and spun at 2000
rpm for 30 sec. Coaled samples were then cured at
130°C for 20 min. All samples were fully cured, as ovi-
denced by the lack of further reactioms after preloged
heating at the same temperature. The cured tilin had a
thickness of 10 pm 1 1.2 pm (the number after the + sign
indicates one standard deviabon) and a plass transilion
temporature (T of 45°C L 27C {by differentlal scanming,
calorimetry). Figire 1 shows the postulated chemical
structure of fhe cured acrylicmelamine films used
(his stady,

Instrurnentation and Exposure Conditions

Complete details on the exposure cell, imstrumenta-
tiom, and controlled systoms are given in reference 17
Thix section bricfly describes the instruments snd ox-
Fcrimemtal procedutes periinent ko this study; that is,
wdrolysis at different relative humiditios in the absunce
ot TV light.

I he exposure colls were dosigned to simultaneously
expoge different sections of the same filon to different
condilions of RTL UV, and temperalure {1 Nominal
125 [ levels of << 1, 20, 440, 70, and 90% and at a tempcra-
Lume of 5U9C were employed for this study. Figire 2a dis-
plays a photograph of three cxposure cells along w ith
the lubing system [or carying air at the desired RH and
temperature, and Figne 2b schemalically shows the
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cross-sectiom of the exposure cell. Hach cell consisted of
a 12-window aluminuim frame, a quarlz plate, and a
100-pun diameter Cal, plate with a il of the coating
applied toit. One win ow wias completely covered with
an aluminum plate to proevent radiation from impinging
upon the coaling (designaled as no-UV or coverad), one
exposed to full UV spectrum, and 10Fcomtained interfer-
ence filters transmitting different spectral ranges and in-
tersitios of LY light, Care was laken {o ensure thal no
radialion slraved onto the no-UV {wovered) coating
ared. The space between the quartz plate and the coat-
urd-Cak, plate forms the sample exposure chamber. Each
expesure cell conlained an inlet and an outlet that al-
lewwed fresh aiv of the desited U end BH to contimaoas-
Iy emten the sample exposure chamber and lel the oulgo-
ing air vend lo the oulside of the chamber. Tach exposiee
cell was equipped with a thermocouple @nd a chilled-
mirror hygrometer ko moniter T and RH, respectively, 1t
should be noted here Lhal, during the early stage ol ox-
postice, essentially no photodegradation was observed
in the specimens beneath the filters. The rosults of those
specimens were ingluded in the analysis of hydrolysis
rales. For thal reason, the description of specimens un-
der the intedference filters iz included m this section.

Twio temperature-humidily generalors, based on the
principle of dry/moisture-saturated air mixture, sup-
plied the desired relative humiditivs ! Fach tempera-
tuve-humidity generator was capable of providing air at
one temperalure and up to fowr different RH lewvels, The
RH and T in each cell were controlled by a feedback sys-
tern, which tracked R and | three bmes por second.
RH and T in cach exposurce celi could be independently
conlrolled and mairdained to within L05%C and L 3%,
respactively, of the preset values,

water Sonption Measurament

Free standing film specimoens from the same coating
formulation having a dimension of approximalely
015 = 3 = & mm were employed for water sorption
measurernert at different relative humidities. bree flms
were prepared by drawdewn on poly{clthylene tereph-
thalate) sheets allached to an alumiruum substrale.
Spacers were used to control the filmm thickness. The
filts were cured at 13050 for 20 min, similar to that
used for the hyduofysis study, The sorption was por-
formed in a Hidden [SAsorp Meisture Sorption
Analyzer, which is equipped with a micrubalance hav-
ing a resolutiom of 1 x 10 Tg. The instrument can aco-
rately control the envirommental chamber Lo within +
T of the presel values of RE from 1} o 90% and £
0.05°C of T from 37 to F°C, respectively. The sorption
isotherm was generated using the isothermal mapper
made. In this mode, the instrument is programmaed ko
record the waler uplake al the higher specified RH afler
reaching the equilibrium uptake of the lower specilied
RH. T the isotherm mode, only one specmen s re-
guired tor the whole RH range. Boefore staring tha ad-
soTption process, specimens were dried al 60°C in the:
anafvzer using the drving mode wntil 1w further de-
creage [h the sample mass was vhserved. Unless other-
wise stated, the results were the average of the three
HPECTTTIETI.
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Atomic Force Microscopy (AFM}

Fapping mode ATM was used to provide information
om nanoscale surface microstructure and morphology of
the coaling before and during cxposures, In ATM, a
shaep lip located ai lhe end of a cantilever beam s
scanned across the sample suface. For tapping mode
AFM, the cantilever is oscillated at a frequency near ils
resonance, lypically, a few hundred kH., 50 that the tip
makes contact with the sample unly for a short duration
in each oscillation cyele. As the Hp approaches the sam-
ple. the dp-sample nleractions change the amplitude,
gesonance frequency, and phase angle of the oscillating
camtilever. Monitoring changes in the amplilude and
phase angle would provide the lopographic (or height)
tmage and phase Image, respectively. Phase angle shift
iy sersitive t changes in sample pripertics, Therelore,
phase imaging often provides sipnificanily mwre cor-
trasl than loEographic image and has been shown to be
a useful technigque for studying surface heterogeneily
with namoscale lateral resolubon 1F

AFM measwremenls were performed using a
Drimensien 3100 Scanming Frobe Microscope ([Hgital
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Instruments) under ambient conditions {24°C and 45%
RH} AFM images taken during exposLEc were blained
from the same specimens used for 1 TR analysis. A spe-
cial holder was fabricated so that the 100 mun dismeter
coated sample coldd he seanred repealedly in the same
orientalion. AFM images were taken approximately at
the same sample arca for every measuring ime by us-
ing a reference mark and controlling, the x-y stage, More
details on this procedurc are deseribed clsewhere
Bath topographic and phase images were taken using a
tapping force ol between 50 and F0% of the froe ampli-
tude. Sificon tips having a drive frequency of approxi-
mately 300 kHz and a radius of approximately 5 nm
wore emnployed.

Fourier Transform Infrared Spectroscopy Analysls

Coaling hydrolyvsis was [ollowed by FTIR spec-
troscopy in the ransmission mode using an autosart-
pling accessory, Al cach specified lime, coaled CaF,
plales wore remaoved from the exposure cell and filte
into a demountable 150 mm diamecter ving of the auto-
sampling device. The ring was computer-vontrolled and
could o motated and Lranslated to cover the emtire sam-
pling arca, Spring-loaded Delrin clips ensured that Lhe
speciens were precisely Tovated and cocrectly regis-
lered. This automaled sampling syslem allowed unat-
tended, cffident, and speedy vecording of the FTIR
transmission spectta of the coating at all 12 windows
hefore or at each exposure time. A photograph of the au-
losampler Toaded with specimens is given in selerence
11. Since the exposute cell was mounted procisely In the
autosampler, error due to varialion of sampling at clif-
forent exposurc times was essentially eliminated. The
specimen-eontained autosampler was placed inan F1 [
speclrometer compartmenl cquipped with a liguid pi-
trogen-cooled mercury cadmium telluride (ML) detec-
tor. Spectra were recorded at a resolubion of 4 et us-
ing dry air as the purge gas. All spectra were the
average of 132 seans. The peak height was vsed to rep-
resent IR inbonsity, which is expressed in absorhbance, 4.
Except for the << 1% RH exposure condition where fous
specimens were employed, omly OTE SPOCimETL Was msed
al other BH levels,

EXPERIMENTAL RESULTS

stabliity of Exposure Reiative Humidity and
Temperahure

Relative humidilies produced by the moethod of mixing
dry air and moisture:saturated air were stable during

the coutse of expusure, cven al clevated temperatures,
The maximum cocffivient of vatiation, i.e., (standard de-
viation/ mean) » 100, of the five RTI levels studied was
3% during the six months of exposure. The cocfficient of
variation for the 50°C {femperatire was < 1%. The RITal
0.002"% (designated as <= 1% o0 very dry) was eslimat-
ed from the Table of Vapor Pressure of Water, yven the
50°C exposure lemperature and the 70°C dew poind.
The RH semsor, e, the chilled-mivror hygromeler, was
nort sensilive enough to record this low REL

Water Sorption Characteristics

Figure 3 displays the equilibrium water uplake as a
funclion of Telative humidity (sorplion isotherm} at
a0°C for the model acrylicmelamine coaling used in
this study. In [his figure, the moisture contends % equi-
Yibriwm mass of water uptake with respect to the dry
mass of the coating) al 50, 60, 80, and 95% RH weve ob-
tained from only one specimen. However, the data
point for each of the other five RH levels was the aver-
age of three specimens, [gure 3 includes the one slan-
dard devialion error bars at the multiple sample data
points, which show that variation between the samnples
is small. Fquilibrium moisture contenls and water solu-
bilities of the coating al the five refative humidities used
in this hydrolysis study are presented in Tahle 1.
Solubitity is expressed ax moles of water (fe., equilibri-
um mass of water uptake divided by the molecular
mass of water) per 100 g dry coating film, The water va-
por adsorplion in these acrylic-melamine coatings i al-
most linear between 7ero annd 50% RH but increases
more rapidly thereafler, reaching a value of about 1.8%
at 90.8% RH.

The sorption isotherm shawn in Figure 3 provides es-
senlial information not onty on the hydrolysis kinelics
(a funclion of water concentration) but also for under-
standing how water sorplion characteristics 1 an
acrylic-melamine coating vaties with RH change. The
isotherm in Figure 3 is of the Type I in the BET
(Brunauer, Eomett, and Teller) classification® hxecepl
for the magnitude, the shape of this cutve is similar
those of cellulose acetates,” acevlic polymers,® and
polyamides? ut 50°C. For this type of sorption (upward
curvature), the heat of adsorption of the water vapor on
an adsorbale is similar to or less than the heal of con-
densation of the water vapor® Ter the aorylic-melamine
malerial, this mmeans that the interaction bebween waler
molecules Femselves s energetically similar or greater
thar thal between water vapor and the acrylic-
melamine material. Based on the shape of the curve m
Figwre 3, it is suggested that multiplayer adsorplion
(“clustering”y of water has occurred in this acrylic-

Table 1—Woighure Content ang Waoter Sclubility ol Diferent Relotive Hurnidltles of tha Acrylic-Melarming Cooling Used In this Study
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melamine coating, However, the deviation fromm lincari-
v (Le., from the Tlenry's law behavior) of the curve in
Figaeee 3, althouggh substantial, is not radical. Such 1ype
of curves, Lo, small positive deviation from the Heory's
law, generally indicales thal the number of water layers

adsorbed in the polymer film does nat exceed the dimer
lerres] 2255

Atomile Force MiCroscopy

Figure 4 displays 500 nm = 500 nun topographic and
phase ATM images of an approximnately S0-pm Lhick
coatimig before exposure. This sample was prepared by
spin casling of the coaling, in solulion on a silicon sub-
strate. The cast film was cured using the same schedule
used for FITR analysis samples, ie; 13090 for 20 min,
The images of Figure 4a were talsen from the surface ex-
posed to the alr {exterior), and these of Figure 41 were
sbtained from the surface that wes in contact with the
silicon substrate (interior) during flm formation. 'The
inferior sweface sample was prepared by [irsi Initating
a cut using a vazor blade, followed by peeling using
tweczers. |Fshould be noted that AFM trnages tuken at
high magnification show that the stlicon surface is es-
sentially featureless, with no evidence of a surface pat-
term. For both Fiyuees 4a and 4h, the topographic images
are on the left and the phase images are on the right. | he
bright and dark areas in the topographic images corre-
spond the surface peaks and valleys, vespectively.
Fxcopt for the surface topographic pattern, the heiglt
images reveal litlle informalion aboul the microstrue-
ture of the interior or exterior surface. However, there
ame twiy characteristic features in the p|1aﬁe images thal
need Fo be discussed because they provide essential da-
ia for lhe analvsis of the degradation mode.

One feature is that the acrylic-melamine coating has
2 two-phase microstrocture {Figure 4b), comsisting of &
matrix thal appears bright and inlerstitial regions dis-
persed ﬂ'tmuﬁ;lmut the matrix that appear dark. The 500
nm regions that were imaged were very flat, with topo-
graphic changes of Jess than & rm for both the interios
and exterior surfaces, Further, there is no divect correla-
tion between the topographic variations with dark or
bright areas of the phase images. On the other hand, the
phasc angle difference betwoeen the bright and dark re-
gions in lhe phase image of Figure 4b Is substantial {507).
These vesults indicate that the property differences be-
bween the matrix and the interstitial regions of the coat-
ing are significant. High resolution AFM irnages of the
pilted regions {ie., microstruclure beneath the outer
stface layver) of this coating after exposure to UV /hu-
mid environments also showed a two-phase microstruc-
fure, ¥ resembling that shown in Cigore 4b. Further, our
exiensive AFM data of crosslinked amine-aured epoxies
also reveal that, while the exterior siueface of the cpoxy
samples appears featureless (similar te that obeserved
for acrylic medaming), the two-phase microstrocture of
the inlerior surface is similar Lo that obscrved for the
ceyogenically {ractured surfaces (bulk}) and the Tv-de-
graded regions of these materials. These results suggest
that the mittostructure of the interior surface (the sur-
face that was in comtact with the silicom substrate during
(ilm formalion) more lraly represents the microstrue-
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geric-malaming codiing (one stondard de-
vighion sror bors care 2iven for fhe fve fIH lewv-
els Lsed in fhis shudhe,

ture of the bulk than thal of ihe air surface. This is be-
cause the outermuost layer of the tater surface is covered
with a thin layer of a homaogencous low surface froe en-
ergy layer, as explained laler.

Phase differences between regions of a surface
recorded by an AFM have been generally attributed ko
differences in the mechanical and/or chemical proper-
ties of those regions.'® Softer, more compliant phases
tend to be dark while harder, less viscoelastic phuses
lend Lo be bripght 2 Fallowing fese assignments. it is
believed that the acrylic-melamine coaling used in this
study ix a heterogenenus naterial consisting of softer re-
gioms {dark) dispersed in 2 harder mabrix {bright). A
similar heleropencous microstructure has been ol
served by ATM for crosslinked amine-cured epoxies, ™
and cromslinked polyester™ The microstructure hetera-
cenciby of coatings has a great implication on their
degradalion mode and mechanisin during service.

Another feature of Figues 4 is the higher contrast and
more well-defined microstructure of the iInterior surface
as compared to that of the exterior surface. This differ-
ence is also indicated by a difference in the phase shift,
which is omly HF for the air side but 50° for the substrale
side. Such morphological ditferences between the inte-
rior and exterior surfaces have also boen obscrved in
other polymer svstems.™ " Il should be noled Lhal, be-
cause AFM operates in the near field (Le., very close to
the surface), 1t detects omly the top laver of rigidly
bound aloms and. thus, docs vet provide an image of
the layer benealh the oulermost surface. Chemical
analvsis by X-vay photoelectron spectroscopy (XI'S) of
these aorylic-melamine samples shows that the exterior
surface contains B56,7'H U and S.00% N, as compared to
64.8% Cand 12.1% N for the interior surlace, From thess
results, ie, the low phase shifi and less-defined mi-
crostructure {by AFM), a lower concentratiom of the po-
lar N-comtaining growups, and 2 higher comcentration of
lhe low clectronegativity {related divect]ly to polarity) C
element, il is suggesled thal the swlace exposed to the
air of this acrylic-melamine film is probably covered
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with a wery thin laver of a more homogencous, lower
surface-free enetgy material {ay compared to the inteei-
or). This interpretation is consislent with extensive ex-
perimental data obtained by various surface analyhical
techriques showing thal the air surface of a mullicon-
porent. polymoet system is gencrally enviched with s
lower surface-free-energy component to mninimize poly-
mer-ait interlacial enevgy

The presence of a lower surface-free energy layer on
the exterior surface should have an elfecl on the degra-
dation behavior of polymer coatings. This = berutse,
while the bulk eoating underneath degrades, the mone
incet, hydeophobic thin layer on the exterior surface
may not undergo change until much lader. This is the
case for the hydrolysis of the acrylic-melamine coating
used in this study. While the hydenlysis is subytantial af-
ter relalively short cxposure time (sce the FTIR resulls),
AFM results do nol reveal any cvidence of surtace
degradation, cven at nanoscale resolution, until e
(han 600 hr cxposure (sec Siewre 53 The difference in the
degradation charackeristics between the exlerior swlace
{as revealed by AFM} and the bulk (as measured by
FTIR-transmission} observed in this sludy may explain
Lhe lack of a correlafion between surface gloss loss and
bulk. chemical degradalion reported previously for
aceylic-melamine coatings® Similarly, lhe delay in the
hydrolysis of polv{schacic anhydride) (PSA) and

4% Journal of Coatings Technalagy

poly{MAactic acid) (PLA) blends used to conirol drug
deliveries has been verified by XPS and AFM as duc te
(he surface enrichment of the oore hydrelvlically resist-
ant PLA i the blends,® Work in our lsburatory also
clearly showed that a layer of entiched poly{vinylidenc
fluoride) (PVI3F) is present on the surface of PVDE facrylic
polymer blends and that this laver is responsible for the
excellenl UV resistance of PVDI-based coatings. 5

Figure 3 presenls AFM topographic images ol speci-
mens exposed lo F0% RIT at 50°C for 1264 hr in the ab-
sence of UV lght. Tits with lateral dimensions from 10
nanomelers to several micrometers formed on the sur-
(ace of this coatine, However, pits were detected only
after 600 hr of cxposure.

FTIR Analysis of Coating Hydrolysls at Different
Relative Humidities

Partially alkylaled melamine mosins are generally
composed of different compotnds with different de-
erees of substitutions, [n addition to the methoxymethyl
functionality (-CHLOCEL), 2 parlially methylated
melamine resin also contains substantial amounts of
amino (N} and methylol geowps (—<CH,OH) Many
possible reactions can lake place during, the curing of a
partially allkylatled melamine resin with the hydroxy-
termitaled acrylic ester used in this study® Therefore,
a cured film of parfially alkylated melamine-aceylic
coatings contrins a vaciety of groups and linkages that
may affect the hvdeolysis of the coatings when they ame
eposed Lo weathering conditions.

FTIR spectra tecorded betore and alicr exposure to
theee RH levels al S0PC for 1538 hr are displayed in
Fiyure fa, Because the films were relatively thicl (~10
g}, FTIR intensities of several strong absorption bands
are substanbial. However, except for the high extinction
erefficient (k1 C=C band at 1730 an ' (x = (0.36), o
analyses al other absorption bands of films having
thiclresses from (L1 to 10 wn showed lillle deviation
from the Beer's absorplion law. Thus, the use of rela-
tively thick films does not affecl owr ability to moenitor
degradation quantitatively, bul rather it allows us Lo de-
tect and follow subtle changes in the low IR absorption
groups and the appearance of new species produced
during exposure,

The major bands of inferesl in 4 cured, unaged coat-
ing, prepaved by reacting a hydroxy-terminated acrylic
resin and a partially methylated melamine resin are the
absorptions peaking near 3320 cm ', due to the OH
group of the acrylic Tevin, near 3380 am™, due to OH/
NH groups of the melamine resin,® and at 1085 cn—,
due to =+ groups. The band near 1335 cm™ has
been asvigned to the comtribulions of three different
groups: ltlazine ring, CN aitached to the ring, and
CH,.* Another band [requently used [or curing and
degradatiom analyses of nielenmine-based coatings is the
band at 910 cm ', due to OUH, and semidnole stretch,
‘The band al 14940 eoal, whose inlensity decreases sub-
stamlially during exposune Lo humid comditions with or
wilhout light, has been assighed to the CNH group of
the INEI-CH, NH-linkages."

TUnder the curing condition used tn this stady {130°C
[or 20 mim}, Lthe samples were Fully cured, as ovidenced



by the facl that the FTIR intensity of lhe bands at 910
cn~ and 2425 cm T (associated with the melamine
O H,) did nol decreare turther after prodonged heating,
at 13070 1t is obwivus fromn Figree fa (lowest curve) Hhal
the beforc-exposure, cwred film slill contained a sub-
stembal amount of wneeacted OH groups of the acrylic
resin (3520 oy ! band) and —KIT/OH (3380 cm! band)
and OCH, graups (2825 e ' and 910 con bandsy of the
mmelamine resin. | hese groups undergo futther reactioms
during exposure 1o homid envisonments,

Spectra recorded at a given exposure time for dilfer-
ent KH levels fegr., Figure fa) may provide some infor-
mation about the influence of moiskare on the degra-
dalion. Tlowever, the offects are more clearly scen in a
ditference spectrutn where the inlensity loss or gain of
certain bands or the appearance of now bands cam be
readily observed. Such dilference FTIR spectra [or
samples expased for 1536 hr at five different RH levels
are prosented in Cigrre fb. 'These spectra wore abtained
by directly sublracting the spectrum of the onexposcd
specimen from the spectrum of the exposed specimenn.
Becawse lhe spectra were collecled at almosl the same
location of the samples by the autosampler, error due
to sampling al different cxposure perlods was mini-
mal. In Migwe ob, the intensity of numerous bands in
the regions from 3050 1o 2730 cmt and from 1600 to
40t cm ' decreases, while the intensity in the regions
{rom 31N to 3400 cm™ and from 1710 o 1580 cm ' in-
credsos, Several now bands and shonlders also Appear,
including those near 1705 and 1630 om™, which are as-
sipned to the C=0 stretching of acids and NI bending
of primary amines, rcspectw{'lv The acid formatiom
van also be seen in the OH stetching of carboxylic
acids, which extends from 2550 to 3600 em~. (n the
other hand, the 1630 cm' band assignment is consis-
bt with those given in the lilerature for primary
amings. ™ It should e noted that the difference FI'R
speclra of the same coating exposed to condensing hu-
mildity at 50°C for &0 davs (not shown) alse showed
similar band formation and depletiom to {those dis-
}:ll’ivc'd in Fiyure hb thut 15, Lhe formation of prmﬂTV
amines at 1630 cm * and carboxybic acids at 1703 cm’
and the loss of ether linkages {1803

Reloting Loboratory and Chitdoor Bxprsure of Coatings: v

Il ix evidend Drom Figure 6b that exposure to humid
chavironments in the absence of UV lisht can ]_‘.uroduu a
substanlial change in various functional groups in an
acrylic-melamine coating. The intensitics of the bands at
1085, 1630, and 296 em=™ (CH strelching) have been
chimzen to follow C—03 bond Toss, primary amine fonma-
tiem, and CET loss, respectively, during cxposure to dif-
terent relative hurnidities. 1L should e noted that the
1085 el band is due 1o the C-0-C bind of both the
acrylic-melamine crosslinks, - N-C—-0-K 5, and the unre-
acted —N-C-() CH, groups in the mclamine chains,
Acid-catalvzed hydrolysis of this type of cther s very
complex,)* and no altempt was made to separate fie
amiribulion of cach ether type in the coating used in
this study. Thus, a change indhe 1085 cm ! band intensi-
tv is assumed to be a sum of C-0-C concentration of
both the acrylicmelanine crosslink and that of the
melamine methoxy group.

Pignres 7a-7o display FUIR intensity changes wilh ex-
posure time at different RITlevels {or the U0 hoss, NH.
lormatiom, and CTT loss, respectively, of spocimens ox-
posed o 30°C in the abserce of TV light. Tn this ligure,
the total intensity increase or decresse al a particular
hianidity is due to the sum of postwuring resctions
(ch’mg\as accurring at KH << 1%) and hydrolysis result-
ing from lhe reactions with waler in the (ilm at thal par-
ticular RH. Fignre 7 results show that the extent of all
three degradalion processes (e, NH. formalion, -0
lerss, and CTT loss) increases with increasing ©H.

Figre & depicts the hvdrolysis rates, along with their
o standmrd deviaton ector bars, as a funclion of RH
tor the three degradation processes. The vates, which ane
expressed as change in FIHIR absorbance with exposure
time (A L), were taken trom the data wilhin a five-
day exposine, The results al <= 1'% RH in Figure § were
thi: average of four specimens, as indicated in the
Ixperimendal section. On the other hand, the rate re-
sulls for each of the relative himidities from 192 to
9l B'% were the average of 11 specimens, which includ-
ed the covered (no-UV} specimen and 10 specimens un-
der the interference filters, The resulls of specimens un-

e band) Move complete assign-
menls, including the bands (ormed
during degradation, are presented
clsewﬁesm,'”

Hven under vory dry oxposure
condilions {== 1% BTN, this mwdel
coating vnderwent changes, as evi-
denced by lhe decteases in the inten-
sity of the bands in the regions De-
tween 30 and 2800 om ' and
belween 600 and 900 cm ' 'L hewse
changes were probably caused by
the hydrolysis reactions during ex-
posurc Lo this condilion. The water
molecules reguired for this hydroly-
sis were probably supplicd by sever-

al water-producing reaclions taking
place during this post-curing, in- L1
chiding Lhe self-condensation resc-
tions,

Figtre S—106 pern x 100 g 20 vo) cnd 30 () topogracihic AFM im-
cpes of the oohle-melaming coaiing W axposed fo A% BH of
B for 1264 I
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der the interferenco filters were Included for fhe analy-
sis because only hydrolysis (i.c., no pholodegradation)
was observed to occur on these specimens during the
first five days of cxposure, which was the period used
for determining the hydrolysis tates, The larger crror
bars for the C1T band arc duc to the small change in the
IR intensity of this degradation process. The specimen
exposed to the full UV condilion underwent a subslan-
tial pholodegradatinn al all RH levels, cven at early ex-
postire lime, I and, hus, was not used for the analysis.

Except for the low RH levels (<< 1% and 19.2%),
where the rate is nearly constanl with time, the hydeol-
yuis ralcs at other RE levels are rapid at the early expo-
sure stage and then slow down at the long exposure
times. Bauer™ also ubserved a decrcase in the hydeoly-
sis rate of partially alliylated melamine-acrylic coatings
at long cxposure tites, and attributed the decreage to
the different reactivities of different methoxy groups in
lhe melamine resin, The most reactive methoxy groups
hydrolyze first and he less veactive groups are oon-
sumed laler, leading to the slowing down of the reaction
rate at kmger exposures. Figures 7 and & show that both
the rates and exlenls of the three degradation processes
increase with increasing RH. Howewver, the rates of MNTT,
formation are greatest and those of (11 consumption ave
lowoest, among the three processes. The rale difference
between the primary apnine furmaiion and the ether loss

Dokl
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Figure &—(a) FIR specta of specimens be-
fore ond affer expostra Ta three ralitive hu-
richiftas of 052 in the absance of lght and
¢ difference FIIR spachn for several iRA lev-
a5 of 000 for TA36 hr,
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is probably due to more than one reaction laking place
for lhe laller process, in which the crosslinked ether
aroans were bolh consumed and generated at the same
lime during hydrolysis (see Mecharmism section}.

DEGRADATION MODE

It has been generally belicved that the degradation of
polymeric coalings is @ homogeneons process in which
the loss of material is uniform across the surlace of the
sample, However, the AFM images shown in Frgure 5
and other AFM results in refetence 19 indicate thal the
degradation of an acrylic-melamine coating, exposed Lo
s humid crvirenment in the absence of UV light is local-
jzed and inhomogeneous, Hydrolysls initiated at isolated
locations followed by pilting at these initally degraded
areas. The pits then deepened and enlarged with expo-
sure ime, with essentially little increase in the number
of pits. The same localized degradation mode is ab-
cerved on the same coating that was exposed to humid-
ity in the presence of UV Yight, except that the pits are
doeper and their radii are larger.® The same pitting phe-
nomenon has also been ebserved for acid-catalyzed hy-
deolysis of poly{orfhoester) and poly(anhydrides)*="
amdd basc-catalyzed hydrolysis of poljrcs.terr.f? Similar to
our resudt [or acrylic-melamine coatings, AFM resulls of
these studies showed that pits ate formed at certain
sites; pits then enlarge and deepen from these sites. And
fimally, pit formation at the nanemeler W micrometer
sizes detecled by AFM al the catly hydrolysis stages for
this material is similar to the natoral etching {pitting) re-
porled fur acrylic-melamine coalings exposed. to acid
rain environments or acid rain-rich owutdoor loca-
liomy. L2

Localiced degradation scem in the AFM images
shown in Figure & supports our beliet that hydrolytic
degradation of an acryfic-melamine coating iniliates at
the hydrophilic {as defined in the following discussion]
arcas of the [, Uhe hydrolysis then expands from
these areas following an autocalalybic process, This pos-
tulation is comsistenl with the facl that both the watev
uptake and the diffusion rate of waler in a highly
crosslinked malerial ov region are Tow and that hydrol-
vsis reactions of organic compounds in a netlral envi-
romment are very slow, This conjeclure is similar Lo Hhat
proposed by Nguyen ¢t al.#* for the formatiom of con-
ductive pathways in polymer coatings on steel during
exposute to electrolytes. Such conductive pathways,
whidh are also belicved to develop n the hydrophilic,
water-suscoptible regions of the coatings, are responsi-
ble for the direct tremspost of ions from the envitoniment
to lhe metal surface, leading 1o accelerated corrosion of
metals protected by an intact organic coatimg,.

The irhomogeneous degradation mode may be ex-
plained by the heterogencous microstructure: of this ma-
terial as shown n Figure 4 and of a variely of organic
coatings, which have been well docomented. Karyakina
and Kurmak® have reviewed and discussed in detsil
heterogeneity of polymers and coalings and have con-
cluded thal polymet coalings generally consist of micro-
gels connecied via a spatial network, Bascorn™® has pro-
posed thal heterogeneily in polymers is furmed



because, as the high mokecular mass segments polymer-
ime and terminale bo formn a nebwork, some unreacted
and parlially polymerized malerials are unable lo
Merge intn the homegeneans strecture and are left ai
the periphory of the nebwork units. Barly microsoopic
sludics of epoxy, phenolic, and phihalale resins 1o-
vealed that the inicroatructure of these materials s nol
homgenoeous bat i comprised of high-density nodules
scparaled by narrow interstilial regtons of lower molec-
ular mass material. ¥ ' Tor thermoset epoxy, the intersli-
tial Tesions behave like a ]1qu1d material ¥ and the vol-

ume tractions of the two regions can be cstimaked by
modeling.™ Such {wo—plmse siructures for a variely of
amnine-cured epoxies and a polvester are clearly ev ident
fromn recont ligh lateral resolution AFM, phase imaging
sludicg, 2% T]'ll._ firsl direcl chemical evidence of inho-
mogeneity In a thermoset film was provided by a recent
et gation n'-;mg a hq,,h—r{-"-.nlutmn near infraved mul-

llspr_'Llnl imaging lechnique.”™ This sludy showed that
the reaction rates within an epoxy sample arve very inho-
mogeneous and the difference in the degres of ure at
different locations can e as hish as 37%.

The most intensive study of film heterogeneity and
e it affects the protective performance of organic
coatings was performed by Mayne and his coworkers=
Using microhardness and DHC resistance measuremenls,
they have identified a “conducting polymer phase,”
which they termoed 12 type, ina varicty of coating flms.
The I lype regions arc soller, swell more, and have a
lower crosslinking density than the rest of the film,
ClorTosiom of organic- -coated steel has been observed di-
recky boneath the [ bpe Iegions, Mills and Mayne pos-
tulaled thal the D lype regions are formed by parlially
pelymerized or “dead” muolecules, which are present in
the Tesin bedore casting. Duringg curing, Fese masleoules
congregate, and due 1o their low [unclionality, do not
crosslink 1o the same extent as the rest of the film.™ The
water sOrpiom and transpont chatacteristios of the D ar-
cas have been tound to be similar to those of a hydre-
philic, on-exchanged membrane™; thal s, they lake
up a large amolnt of water (43-75%) and have a high
iom iffusion coefficient. The existence of the i resist-
ance, [ type regions in phenolic, polywethane, and
alkyd coalings h’15 been conlitmed by array cleclrode
teah:uque A water extraction study also showed that
cured films of alloyd and eposy ester lose about 4-5% of
their initial mass,™ clearly mdicating that Hwese coatings
catlain low molecular mass, waler-soluble malerials,

All these referenced studies point to a conclusion that
mst, it ot all, thermaoset coatings are inhomaogenesus
materials consisting of low molecular mass, low
crosslink, and soft regions (designated as hydrophilic
regions) dispersed inoa highly cusslinked  network
structura. Lurmgg expostnr to agEressive omvironments,
pores o1 pits are belicved Lo intliale and develop in the
hydrophilic regions of the {ilms, Direct evidence lo sup-
pm‘t the view that pit forrmation starts at the hydrophilic
PEgINY in from o recent study of hydrolyzable/nimby-
duclyralble pulvmvr blends expaosed o lwdmlvnc -
ronmenls™ AFM images of Lhis study LlE’!Ll‘l‘j.' showed
that pits inftiate and develop at the locstions cecupled
by the hydrolyzable polymer | he postulation that poly-
meric coatings amsist of hydrophilic regions dispoersed
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in a crosslinked rickweork and Ul h}fdrol}'lic deprada-
tion mosily occurs in the hydrophilic regions is also ex-
]:uEnrnF_'frli:.iﬂ'.r demomstrated by scanning electron mi-
croscopy [SEM), small angle neutron scattering (SANS),
and lransmission cleciron microscopy (TEM) stud-
1es. > Tor example, SEM results obtained during water
sorption @ number of cosslinked polymers clearly
shenwed that water docs not ditfuse unitormly in these
malcrials, but in regions along the boundarics of the
network undls. ™ Simdlarly, SANS and TEM results clear-
ly revealed that the hy dmph]]m varbuxylic acid oome-
pounds in mrhux;]dt&d sty reTe- butadicne latex films
mosthy concentrabe at the particle-particle inlerface and
thal waler Lransper{ in these lalex {ilms is mainly along,
the hydrophilic interface, and not through the
crosslinked particles

For acrvlic-oclamine coatings, such an heleroge-
neous slruclure is schematically illusirated in Figurs 9,
which shows hydrophilic thydrolysissusceptible) re-
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glons dispersed in a highly crosslinked netwuock. The
hydrophilic regions in this coating are belicved to con-
sist of hygroscopic compounds, induding melamine
melhivlols and acrylic acid, and hydrolysig-susceplibic
mmernls. such as Iow molecular mass melamine
methoxy and low molecular miass, parlially crosslinked
molecules. Snoe the low malecolar mass,  low
crosslinleed molecules in the hydrophilic regions con-
tain a variety of polar groups, such as OH and NI, it Is
t—*xpﬂ‘t;—-d that thewe gTips exist i these I'{_"E.,HH'I‘-, a5
highly hydrogen bonded molecoles. Tn Fignre 3, the hy-
drogscn b::rnds ame represenicd by the detted lines con-
necting the electronegative O and N aloms with the
hydrogen atoms. Curing exposure to humid environ-
memts, wwaker erters the porylic-melamine films predom-
inanlly al the hydrophilic siles, probably through bolh
concentration- gradmni diffusion and ocsmotic-driven
transport. The latter Priess iy due i the prosemoe uf
hygroscopic materials. Hydrolysis then takes place in
the hydrophilic reglons, forming the initial pit siles.
The proposed chemically heterogeneous structure of
acrylicmelaming coatings shown in Figme B s consiy-
lent with the concepl advocaled I:w Bascom® and
Mayne"™ that the low molecalar mass, low donsity,
pﬂrlmﬂ} crosslinked malcrials that are respunsible for
the loss of protection of organic coalings during expo-
sure o cloctrolytes are located at the periphery of the
crosslinked units, Cn the other hand, the postulation
that !'l}fdm]}-'.l-;‘i&-; in e likely to take place in the fow
molecalar mass, partially cosstinked, hydrophilic re-
gions, and nod in the highly crosslinked network, s
strongly supported by Berge et al.'™ hedrolysis studies
of allsoeoy melarmine Lurnpnundf-. i sohitions. Thev -
ported that, i mild acid conditions, the ether giouy of
a monosubstitnted amine (NH CH (R}, which is simi-
lar to the partiafly crosslinked dhains in an acTylic-
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melamine coating, hydrolyze rapidly. TTowever, the elher
groups of a disubstituted amine (ROH,C N CHLOR),
which is similar lo the fully crosslinked striectioe of an
acryic-melamine coating, ‘underag fittle hydrolvsis in
mild add conditions.

As indicated earlier, the exterior surface of this coal-
injp is probably covered with a thin Taver of a lowor sar-
face-free cncrgy material o minimize the polymer-air
interfacial energy. The fact that AT images reveal pit
[ormalion and development sujggrests that the exlerior
surface of this coaling probably underwent a reartange-
ment during pRposuTE to humid envivonmend, schemat-
ically displayed in Figive 10, The phepomenon of & -
drophobic surface entichment, which subscquently
l_,l.nd_'EngE‘S r’ld.]_cﬂ_l ‘11_]1’:1"]1:{‘. ™LETT ﬂ'l"lgl'!'l'l'lt'!'l'lt 'L-\"h{'ﬂ'l Chc‘lﬂ%
ng the comtact medium feom air 1o waler is commonly
observed for many polymers, including poly weethanes
and polvamines™"; a bricf revicw on the subject is giv-
en in reference 35. T he apparent driving torce [or Hhe
surface pearrangemenl is the formation of a water-hy-
diophilic interface. Aceording to Fignre 10, a tin low
surface-lree cnergy laver initially covers the outer sur-
face of the scrvlic-melamine coating, [ilm. When this
coaling i= c-;n;pusr_‘d to & hurmid [/ water environiment, Lthe
thin hydrophobic layer on lop of the hydrophilic re-
gions becomes unstable and raptures (dewetting )™ The
dewetting conlinucs wilh exposure, gradually exposing
the: hydrophilic regions of the film to the water vapor
environmenl, Fits initially form at these r.-x'puaed h-
drophilic regions, as Musiraled in Fi feere 100 1t 15 noted
thal, except for a diffetence n the compuosition and dis-
tribution of the hyvdrophilic malerial, the scheme shown
in figure 10 4% similar to that proposed by Tezuka cl al. ™
for the rearrangement of the poly at}fmm‘—crm iched layer
om the surface of polystyrene {P8)-polvivinyl alcohol)
(IVA) block copolymens when these materials ave ox-
posed to water.

Il is casy to comprehend why hydrolysis geaclions
initiate af the hydrolysis-susceplible regions of the film,
Howoeven this could net explain why the degradation
expands [rom (hese inifally hydr Uh rod locations, as
observed in this and other studies > inslead of form-
ing new sites, We believe that the deepening and broad-
ening of the pits s a resull of an add autocatalyzed hy-
drolytic process tuking place at the fnitiated pil sites,
where the increased acidity is provided by the *wdrolv
sis products. Substantialion for the pil decpening of
acrylic moelamine being an autocatalytic process coines
from lwo sowrces. First, the band ar 1705 om™?, due to
C=03 of carboxylic acids, in the spectrum shown n
Fiqure bb Indicates that acids were gemerated during the
hydrolysis of this coaling (see the Mechanism seckion
for the reachions). Second, the increased acidity in pores
and pits formed during, hvdrolysis of other polymers
has been measured. ™ Using a pH-sensitive dye in com-
binalion with fluerescence scanming confocal mi-
croscopy, this sludy oblained a pH. of 3.7 at a depth of
approsdmately 200 um in the pils [ormed on the surface
of polyvanhydrides, as compared toa pll of 7.5 for the
exposced solulion,

I is likely thal the acidily wilhin the piis of acrvlic-
melamine coatings is high, as evidenced by the high in-



lensity of the 175 cm! band for RH levels from 192 to
91L.8% {Figure fh). W believe thal the higl acidity pem-
eraled Iy the hydrolysis reaclions in the degraded arcas
accelerates the rale of hydealysis in the pils, and that
thix harsh environment attacks the nearby polymer
chains. This autocatalytic aclivity explains the decpens
ing and enlargement of the existing pity, rather than for-
tnation of new pils, with exposure lime. Autocatalytic
hydrolysis has also been athibuled as the main reason
for the pit deepening and enlargement in other palymer
susterns

(her conlributors to the pil deepening and broadoen-
ing, indude the penetralion of acids generated during
h_in;‘lt‘{ﬂ}-'.‘-;is into the polyner matrix, For examyple, the
rate of poly(orlhoester) erosion was reported to depend
strongly on the types of acids® In hydrophilic acids,
such as TICT, Hhe 11}'dr01_?5i5 reactions were observed to
oecur omly on the sample surface. Bul the hvdrolysis
Tate in lhe presence of hydiophobic acids, such as pos-
chloric acid, mereased many fold, and the allacks were
both om the surface and benenth the surface. Another
comitribuling [actor may be the rale of water transpont to
the reaction sites. Hydrolysis is 4 bimolecular reaclion
incwhich water and Lhe labile functional groups are in-
volved. Therelore, the reaction rale is determined by the
concenlealion of both reaclands, e, the more wator
there is present in the reaction »ones the hicher is the
eeaction rake. Since the pitting arcas contain mostly po-
lar materials, e.g., short chain slariing compounds and
hydrolysis products, they likely attract a hish amounl of
water e these arcas and, thus, increase the deprada-
tiom rates. Finally, in crder for pils (heles) to form in the
sample, as shown m Figire 5, the hydrolysis products
musl decorpose to form gases o diffuse away [rom the
pit sites. The overall degradation
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privide a more delinilive urld&r:-,tanding o1 the muoede
of hydralylic and other types of coatings degradabion.

MECHANISM

TTIR spectral rosulis given in Figwie 6l show that the
hydrolysis of a partially methylated melamine acrylic
coaling, result in, amomg others, loss of the cther bonds
(C-O at 1685 om™ band) and furmation of primary
armimes (NH, al 1630 o band) and carboxyhic acids
(=0 al 1705 cm! band). The pathways responsible for
the depletion of the C-O loss probably occur by the fol-
lowing reachons' 1%
Th Ie-NLSCTL-0-CH, - H,QO 5 Te—TIN-CH, OH + CLLOLL
il
Z) Tr--NI-CH, 03 B+ HO = TN CH ~OH + ROIT
(I
where I is the (riasine ring, R is the acrylic resin chain,
and the compounds in the left hand side of reactions 1
(o 2 {structures and L) are the polymer chains present
to the cured film, as shown in Fimwe 1,

Reachons 1 and 2 procesd by prolonation of the o8her
oxyaen atom o form melamine metlhivlols. Ysubsliluted
amine chains {secondary ether), such as slrictures T1
and IV,

CH~-CLL
Tr--I '\\
CHA-R

ClL-0-R
(WD) and “IF--N (V)
CIL-C-R

which are alunedant i the film, as shown in Forare 1, al-
s0 undergo hydrelysis to form two methylol groups per

rate at the pils is, therefors, con-

trolled by a rumber of complex
[aclors, mcluding the pH in the
pits, the types and molecular
masses of l‘t}rdnﬂyzahiu Tole-
cules, polymer microslructure, N
rafe of water fransporl into the
pits, and the rale al which degra-
dativm products are removed
from Lhe pits.

Intormation on lhe degrada-
tiom mode and the nature of the
remions where hydrolysis reac-
lions oceur should help Lo design
owee hydrolytically stable coat-
ings. The mode of depradation
proposed in this study, which is
Pased mainly on the experimental
evidence of nanoscale coating mi-
cristructure, cxlensive literatom
of corrosion of polymer-coaled

T

H;

/

steel, and knowledge of polymer
degradation chemistry, is prelimi-
nary. Tlopefully, fulure research

I
Hydrophilic Region

\--ligh]yucm sslinked Network

on chemical idenlification and
characterizalion at nenoscale of
lhe helerogeneous domains and

coahing.

] Agure P—A schemalls prosantation showing the fydroohic reglons |
and crossinked netwonk 1o o parfially methyiorted melamine-oonic

degraded regions of coalings will
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-H-H--"-.
-~ “Thin layet af
Hyttrophilic’” Liyetrophwibic ke al

Togloms

P

Couling mats

|

b
RHatee] SUIEACE nearrangemiml

] *

Pit tormatiom

|_ Figure T0—Schemalic presentation for ihe re-
arrongement of the thin low-suriaoe fres en-
ey igver on the exterlor surface of o par
Hally methviated melaming-oendlc coafing
exposed to wdtfer vopaon

melamine chain. 5 However, because of the hydeogen on
the N atom, moenosubstituled amine chains (primary
cther) of melamines (ie., structures | and O hydrolyze
30 to 44 times faster han disubstituted arming chains= '8
Since the hydrolysis rales of mumosubstituted amino
chaing are much greater than those of disubstiluted
amino chains, it is reasonable to conclude thal the rapid
loss of the (-0 bonds at 1083 cm™ bands at the early ex-
posure slage shown in Figures f and 7 was due mainly
tor the reactions 1 and 2.

The apprarance of (he primary amine band at 1630
o' probably fllows the pathways shown n reaction
3, where the melamine methylols generated in reaclions
1 and 2, being primary alcohols, deformylate readily 1o
form primary amines and aldehydes':

3) Te--HN-CH,~CH [fromn Rx Lamd 23 »
fast
Te--MI, + CHO
{Primary aming, 1630 )

In this case, the methylol geoup is activaled by the addi-
tion of a prolon to the N-atom in the side groop lo
which the methylol is attached. Since formaldchyde
formed In the exposiee chamber was eilher removed or
readily oxidized to form acids {see reactions 4 and 5), re-
actiom 3 is irreversible. The disubstituted amino methy-
lols [that is, the hydrolysis producls of structures [T and
V) do not undergo deformylation o form primary
amines.”® Therefore, the inlensity increase attribulable
to the primary amines formed during exposure hui-
mid cnvitmments (o, Flvure 7) was essentially dueto
the deformyiation of monosubstituted aminag melamine
methylols that were generaled from reactioms 1 and 2.
The formation of volatile methanol in reaction 1 and the
csrape of some [ormaldehyde molecules produced in
reaction 3 probably account for mosl the CH losses at
2860 em~t during El}-'d.rnl}fsis of acrylic-melamine coat-
ings observed in Flgure 7o,

The methyluls formed In reactions 1 and 2 can also
self-condense fo form melamine-melamine linkages,'
Henwever, we believe thal reaction 3 was the main path-
way in the absence of UV radiatiom for this model coat-
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ing,. This is clearly demonstrated by the substantial in-
crease of the primary amine band at 1630 cm™ {Figures
6b and 7k and very small increase m intensily of the
band al 1330 el (Figure 6b) duc to melamine-
moelamine linkage 2 the 30°C temperature used in this
sudy should accelerate this reaclion, 1.e., reaclion 3.

' he tormation of carboxylic acids, s obscrved by the
band at 1705 cm™, probably ocour by the followinyg re-
actions™:

4) 2CHO . O, — 2HCOO] [formic add, 1703 cm .

The initial oxidation product is & peroxycarboxylic acid
(L ICO—O0H], which reacts readily with another formal-
dehyde to vield bwo molecules of formic acid. In the pres-
ence of water, acids may be formed by the pathway™:

IO 50 CHOL, — HOOO
H.3 [CY] East

Reactiom 5, which is fast, may be favored inside the pils
because of the hygroscopic characteristios of he com-
pounds in these locations, which adsorb much more
water than lhe material oulside the pits. Another source
ol acid formation is hydrolysis of the ester groups thal
were formed by the reactiom between the acrylic acid
and the hydroxy-terminated acrylic resin taking place
during curing, The ester formation is clearly seen by
I'TIR spectroscopy.’

A number of pathways for the hydrolysis of acrylic-
melamine coatings, several of which produce amines hias
been presented previousty ! Tlowever, the formation of
primary amines and acids has not been discussed.

SUMMARY AND CONCLUSIONS

Acrylic-melamine resins are widely used for automobile
exterior coatings. Howoever, these materials are known
o be suscoptible to hydrelysis. Despite extensive re-
scarch om etching and hydrolysis, there is hittle Informa-
tion on the mode of dégradation [or the hydrolysis of
these malcrials exposed to water vapor in he absence of
UV light, This stady presented the mode and specific
pathways for the bydrolytic degradation of a partiaily
methylated melamine-acrylic coaling cxposed to ditfor-
ent relalive humidities in the absence of UV tight, The
coating was prepared by reacting a partially methylated
mclarmine vesin and a hydvoxy-terminated aceylic Tesin.
Samples of cured film on a CaT, subsirate were subject-
ed 1o five different RH levels ranging [rom approxi-
mately << 1% to 901.8% at 50°C fur more than 60 days us-
ing speally designed exprsute oclls, Conting degradabion
as a function of expasure time was measured using
transimission Fourier {ransform infrared spectroscopy
and tapping mode atomic force microscopy. The follow-
ing comclusions are made:

{a) In lhe presence of ohoisture and without UV
light, partially methylated melamine-acrylic coatings
hydrolyze quite rapidly, resulling in considerable mate-
vial loss and formalion of various [unctiomal groups in
the film.

(b) The rate of hydrolysis, which increases with in-
creaning RH, is Tapid at the carly stage and slows down
at long exposure time.



(c) Hydrolysis of the crosslinks and melamine
methoxy groups from monosubstituted amino chains
are primarily responsible for the degradation of partial-
ly methylated melamine-acrylic coatings exposed to
moist environments in the absence of light.
Disubstituted amino chains (i.e., fully alkylated
melamine chains) hydrolyze very slowly and contribute
little to the hydrolytic degradation.

(d) The primary products formed during hydrolysis
in the absence of UV light are primary amines and
formic acid. Primary amines are formed by the de-
formylation of monosubstituted amino methylols pro-
duced by the hydrolysis, and formic acids are generated
by oxidizing formaldehydes generated by the methylol
deformylation.

(e) Hydrolytic degradation is an inhomogeneous
process where pits, which form locally, deepen and en-
large with exposure time. Such localized degradation is
a result of an autocatalytic process in which acidic hy-
drolysis products accumulated in the pits catalyze and
accelerate the hydrolysis reactions.

Information on the specific mechanism and mode for
the hydrolytic degradation of acrylic-melamine coat-
ings is essential for understanding the controlling fac-
tors responsible for the failures and for developing ac-
curate methodologies to predict the service life of these
coatings. Further, a clear understanding of the nature of
the regions where hydrolysis occurs and of the ensuing
degradation process as offered in this study should help
to design more hydrolytically resistant coatings.
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