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INTRODUCTION

ealher patterns are never duplicated.! This deli-

a I-_'1':ICR’ may explain the lack of pragress in relat-

ng short-term performance with outdoor test
and i predicling accurately the service life of polymeric
materials. This invesligation s purt of a comprehensive
sludy to gemerate experimental data for validaling the total
effective dosage model” for predicting the service life of
orgamicenatings. The total effective dosage concepat, which
has been applied successfully in medical and bielogical
fields, 3 isbased on the principles of photochemistry. " The
usescftortal effeclive dosage, mstead of lolal solarinradiance
or total elapsed time as traditionally employed,” * takes into
accounl the fact that not all wltravielet (UV) radiabon is
absorbed and not all absorbed radiation photolvtically
degradesa malerial.

The cffective dosage is related to damage through the
spectral quanium vield. Thelatter is the photolyticdamage
incurred per unilof incidentradiational cach wavelenglh
orwithinarange of wavelengths.? Forthe photodegradation
of polvmericmaterials, quaniumyields depend nolonly on
the physical and chemical propertics of the material but
also om environmenlal factors, such as moisture and tem-
peralure.)” M ltis, therefore, cssential to designshort-term
tests to provideeffective dosages and quantum yields over
wide ranges of lemperature and humidity so as to covera
wide range of condilions to which a polymeric coating is
expected to be exposed in the field and o pormit the
deconvolution of the effects of these factors om the degrada-
Hon.

In a previouws publication, we deseribed in detail the
methodolozy used todetermine theabsorbed dosagein the
coatings, the apparent quantum vield over a wide range of
expowure conditions, and the factors crilical ko the secaracy
and reproduability of these quantities M TVayisible and
Fourler lransforminfrared (FTIR ) spevtroseopies wereused
toneasure the absoerbed dosage and quantum yicld, Both
the: abzorbed dosage and apparent quantum yield were
found bo be extremely sensitive to a number of varisbles,
including theinitial UV-visible absorptionof the coatings,
coating degradationproducts, dala processing of infrared
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Thfﬁ' effect of elative fuumidity (RH) from <<1%
fo 90% on the pholodegradation and quantum
efficiency for a partially-methylated melamine
acrylic coating exposed to UVIS0°C condition has
beent investiqated. The UV source s supplied by
tree 10000 W Xenon arc solar sinndators and the
relafive humidities are provided by specially de-
sioned humidity generatars, which control relative
hunidity in the 0 to Q0% vange to within < 3% of
the measured valnes, Radiation absorbed in the
conting and degradation of the films are measured
by UV-uvisifle and Fourier bransforminfrared spee-
troscopies, respectively. The degradation at a par-
tHoular RHATV conidition consists of four different
modes: reactions taken place during post ciring,
hydrolysis due fo waler in the fitvr ab a pavficnlar
RH, photodegradation, and motshizre-enhanced
photodegradation. Total degradation, leydrolysis,
and moisture-enfunced photodegradation increase
with increasing RH. At low relafive huwtidities,
photodegradation is an important degradation mode
but hydrolysis dominafes He degradation af hign
RHlevels, Motsture tn the film is found fo increase
the quantum efficiency of acrydic melawiine coaling
photodegradation.

and UV-vigible spectra, and the reproducibility of Uy-
visible and FITKE speclromoters,

I 'his paper presents the Tesulls of the effects of relative
humidity (RH}on{he degradation and quartum yield af a
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model partially-methylated melaming acevlic coating ex-
posed to U'V-visible radiation. This coating was sclecled
because sfitsextensiveuse inavtomotive dearcoat f baseceat
systerns. The influcnce of RH on the hydrolysis rate and 2
postulaled mechanism ofhydralysisin the absenceof light
are also prescinted. Althelgh a combination of five RH
levels ranging from =<1 to =90% under four different
termperatures and 12 ditferent UV spectzal conditions were
invesligated, only thetesulls of relative humidities at 50°C
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Figure? —fot A phaotograoh showing an expo-

L_ sure el ond (b cross sechion showing the J
quanz piate, the coated Cafs and he space
containing the exposure envinoniment,
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inhe presence and absence of LV light are reporled here.
Itshould be noted that, althouygh coated pancls exposed to
the culdoors may never experience the S0°C and 90% BH
af the same time, the high hwmidity was included in this
study to betler understand the magnitude of relative hu-
midity cllectom thedegradationof this coating, Theeftects
of UV wavelength and temperature on the quantinn vield
and photodeg radationwillbe addressed n future publics-
Homs.

Photodegradation of aceylic-melamine coatings in the
prresence and absence of UV stabilizers has been exten.
sively sludied s In the absence of moisture, phatein-
duced chainscissioninacrvlicmnelamine coatings is a free
radical-iniliated exidalion process, ® with the formation of
amines and various catbonyl detivatives as the diegrada-
Hon producks. ¥ Ketonic end grovps presentin the aceylic
resin have been identificd as the main chromophores re-
spumsible for initialing the photooxidation reactions of
these coatings, "4 A secondary pathway mvolved in the
formation of urethane groups has been suggesied for the
UV¥irradialion of melamine clearcoats, and Lhese urethane
groups arebelicred to contribute to the improved etching
riosislance of conventional aceylic-melamine coalings.

I'he photodegradation chemistry of acrylic melamine
coatings in the presence ol maistute is more complex. The
most intensive stidy on the subject was conducted by
Bauer and co-workers, ™= in which relalive humiditics
were varied by changing the dew poinl lemperature. Inthe
carly study, M theexposive temporalure was malntained at
60°C and dew point temperanares were controlled at30°,
25%, and —40“C. From the Table of Vapor Pressurc ol Wa-
tor, @ these afr lemperature / dew point temperaluve pairy
correspend Lo 82% KH, 16%, RH, and (1L06% REH, rexpec-
tively. In lhelaterstudy,® theair lemperalure was 40°Cand
the dew pointswere setar 25°C (42 8% REyand - 10°C{5.5%
KH}. Obviously, these levels do not cover the range of
relativehuumidity thatcanbe encountered during outdoor
expusite. In both sludies, the rate of hydrolysis in lhe
presence of LV light was found to be greater than the sum
of dark hvdrolvsis and photndegradation combined. The
accelerationwas atribuled tomelanine exciled-state chome
vy Cerlock etal 23 alsoreported acoclerated hydrolysis
undet UV conditions, and postulated that the formaide-
hyde reteased feom the photodegradation reaclions may be
ivolved in the enhancement. On the othey hand, English
and Spinelli®** suggested thal the greater degradation of
fully-aikylated acrylicmelatmine coalings exposed in Mi-
amd, L, comnpared with one exposed inPhoenix, AZ, isdue
lothe carboxylicacids Foroved during photooxidation of the.
coatiteg, Using well-controlled, dry sir { moisture-saturated
aivmixtiere relative humidity generators, Nguyen, Marlin,
and co-workers® have recently guantified the effects of
relative humnidities ranging from < <1 to =90% on the mois-
ture-enhanced photodegradationof pattially-methylated
melamine acrylic coatings. They found that the enhance-
ment of buth the acrylic-melamine crosslink scission and
the acrylic side chain cleavage increased with increasing
REL Further, the enhancement followed closely with
changes in the hydrolysis tale,

Because acrylic melamine coatings are known to be
suscoplible toetching daringou tdoor exposure, the degra-
dationcharacteristics of these malerials cxposed towaler,
high hugnidily, and acid-rain environmentsin the absence
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and presence of UY Hght have been
inwestigated. ™ For exumple, il has
been obscrved that during dark hy-
drolysis, which is much greater for
parlially-alkylated melamine than for
fully-alkylaledmelamine-based coat-

Characterization and Data Analyses
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linkawes are formed ® Further, the
rate of hydrolysis depends on e

type of acid curing agent, the lem-
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acids, the acrylic-melamine crosshinks
were found to hwdeoly e taster than
thevnreacted methoxy groups of the
molamine & I Towever, instrong inos-
ganic acid selulions, the mclamine
methoxy was observed tohydrolyye
fivst, followedbythehydeolysisof the
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crosslinks ™ Partially-alkylaled
melamine acrvlic costings underga
etching insulfuncacid envisonments

Figure 3—Fowchon disoloving the varaus glagss Tor msasuning J
codfing domage and abeored dosage In the presance of LW
relative humiaitly, ana fampsaratire,

Frstby permeationol the acidinko (he
filim, w&mh promotes hydrolysis of
the crosslinks toform melamine devivatives, followed by an
extractionof melamine derivativesby the acid. ™ Extensive
resultsofoutdoor exposures and accelerated tesls corntaiming
acid rain elements have indicated that the degradation of
acrylic melamine coalings is strongly influenced by TV,
RH, and air pollutants >

EXPERIMENTAL CONDITIONS AND
PROCEDURES”

Matericls and Sgecimen Preparation

A model acrylic melamine coaling was sclected for the
cuerent study because this type of polymerhas been used
in a varicty of applications.® The coaling films were pie-
pared fromamixbureolahydeoxy lerminated acrylicresin
and a partiallv-melhylated welamine resin, The acrylic
material contained 68% normal butylmelhacrylate, 30%
hydmoyr ethylacrylate, and 2% acrylic acid, Ithwas supplicd
axamixlireof A2 acrvlic polymerand 29.8%,2-heptanone
as a solvent. The melamine resin was Cymaol 3257 {(Cytec
Indostries), which is a michure containing 69.0% partially-
methylated melamine resin and 37'% isobutanol selvent,
The ratio of acrylicvesin to melamine resin was 70:30, All
percentages and proportions arc expressed as mass frac-
liom, It showld be noted that this muwsdel acrylic-melamine
coating conlained ne strong acid catalyst and no lighl-
stabilized additive(e.g, hindered amine and UV absorker).
Calcum fluoride (CaFs) plates with a diameter of IO0 tam
and a thicknoess of 2 mun were sclected us the substrate for
the exposure sludy due to theie transparency inthe 13 te
11.5 pm wavelengths and their resistance to tmotsture and
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heat ™ Therefore, itwas possible toinde pendently expose
clearcoatings applicd o Cak: subsirate to wide ranges of
temperature, humidity, and L'V radiation, while monitar-
ing the spectral absorption of the coaling by Uv-visible
spoctroscopy and coating degradalionby FYIR ransmis-
SO0 SPECtTORCOTIY,

Coatings were applicd to CaF- plates by spin casling,
Aorylicand melamine resins in solvents were mixed atthe
required ratio, degassed, flooded onto the substrates, and
spun at 2000 rpm for 3 sec, The coatings were then cured
at 130°C [or 20 min. All coated samples were woll cured,
and coaling thickness was uniform wilhin spproximately
27% {or the entine coated surtace, asshiwn by FTIR analy-
sis om differenl locations of the coated Cal'z plates afler
aning. Based on FT1R evidence, the cured coating malerial
vsed in Lhis study had a chemical structure dose to that
shown in Figaers 1,

Instrumentation and Exposurg Cells

Corplete details on the exposure cell, UV light source
(Le., solarsimulalory, mstromentation, and controlled sys-
terms aregiven in reference 14, Thissection briefly describes
some inslriments and experimental procedures that are
perlinentto thisstudy. The UV lighlsource consisted of twao
1000 W Xemon arc solar stooulators. Hach simwlator was
equipped wilha dichroicmirror toremove themajpontty of
the: infrared and visible radiation and a photofecdback
conleoller toregulale thelightintensity. s, thetempera-
lure of the area irradiated by these solar simulators was at
mst 2°Cabove aunbrient (24°C) temperature, The radiation
tfrom thesimualators covers the waveleng th range from 275
tey SO0 rum. The relabve humidities were provided by ous-
tom-desigmed unidity generators, 'Wh.i.cil wetefabricated
an the principle of proportionally mixing dry air and
minigture-saturaled air, Lach individual humidity genera-
toris capableofsupplying uptofour different levels of RH.
‘Therelative humidities conld beindependently cantrolled
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Figure 4—A photograph showing e autosom-
pling cocasson with the exposiire cel pldced
in i,

and maintained towithin approximately 3% of their presct
values for RH from Ot %1%, The temperalure withineach
humidity generstor was controlled within £1°C i the
rauygre from 307 to 60°C by the use of tempetature toged back
control devices, heating coils, and thermocouples.

The exposure cells wore designed to simultaneonsly
expase ditferent seclions of the same film o differentoem-
binativns of tomperature, K11, and LY radiation. Figire2a
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is a photograph of one exposure cell (together with the
interference filter holder and the celltholder), and Figure 2b
schematcally llustrates the cross-section of the ex posure
cebh, Bach cell consisted of a 12-window aluminum frame
and a 10w diamcter CaFa plate with an approximaicly
10 g thick acrylic melarnine film applied toit. Ten of the
windows contained interfercnee [ilers (each filter trans-
mitting a particular wavelength range of interest); one
window wascompletely envered with analuminiun plate
toprevent radtation from reaching the coating (designated
as no-UV or dark specmnen), and one, loca ted inthe conter
ofthe cell face, waslell open withoutany Aller, The coating
area withintheopenwindow is designaded asthe “full UV
specimenbecanseit received the unfiltered radiation of the
solarsimulator, Bachwindow enclosed a 19 mm diameler
hole through the aluminum plate with 4 bevel to supportan
interference filter. Care was taken Lo ensure that no radia-
Lion strayed onto the no-UV {covered) coating arca. All
winduws were constructed with koife edges to prevent
orazing angle reflections from the sides ot the windows.
The quartz plate was placed directly undermeath the alu-
minum frame and 9 mum above the coated CaFe plale to
pratect the fillers from the exposure envirauments. Bach
cxposure cell comtained aninlel and an outlet that allowed
[tesh airof the desited temyperature and RH to condinuously
enterthe samnple cxposure chamber and let the autgoing sir
vent Lo the outstde of the chamber, Bach exposure cellwas
cquipped with a thermocouple and a chilled-mirror hy-
grometet to monilor temperature and relative humddity,
Tewpeckvely.

Cheoractedzation of Exposure Enviranments

Specimens were exposed to dilferent combinations of
lemperature, KH and UV-visible radiation. Nominal REH
levels of ), 20, 40, 70 and 9%, at nominal temperatures of
3=, 40°, 30° and &0%C, and 12 diffcrent T conditions
consislingof no LV, fulf LV, " and 10differentwavclkmpth
regions were cmployed. Figure 3 presenls a schematic
diagram depicting various measoremenl stages of theen-
vironmen! (lemperature, RH, and UV light intensity and
speclral distribution) atfecling the samples. The RH ala
specified temperahureincach cell was tracked v afcedback-
control systom, which monitored both the lemperature and
RH wilhin ithe exposure cell three dimes per second.

A UV-vigible spectromeler connected fo a robolic con-
trofling system by aliberoptic cablewag used to record the
LIV -visible specteium for each specimen at each of the 12
windows. The rebotic-controlled fiber optic cable probe
had the capability of moving inthe X, Y, and Z dircclicons,
and the spectromeler was progranuned o make these
measurements al frequent time inlervals. The measure-
menks were made in the presence and absence of the
cxposiee cells. Spectra taken in the absence of the cells
recorded the LW lamp inlensity at that particular location.
Spectra in the prosence of the cells recorded the transmis-
sionof light passed through the quarts plate and e coated
CaF; plate. Transossion measirements were also taken
individually [or the quarlz, the coated Caby, and thebare
(unceated) Cal; plates. These rmessurcments allowed us to
follow changes inlampinl ensity and changes in transmit-
tance of the quarte and Cal': plates ducing the: cocposure.
From the amounl of ighttransmitted theough cach comypo-



nent of the exposure cell as a funclion of time, the light
mtengihy Inpinging upon, as well as absorbed by, the
coalings was determined. Both of these gquantitios are
required inpuls for estimating the absorbed dosage and
quanturm yield.

Measurernent of Coating Degradction

UV-Visiie S e Roscory: TV -visible spectra of thecoat-
inganditschanges duringexposureweremeasured by UV-
visible spectroscopy. Thisinformalionwas used lorcalou-
lating the total dosage absorbed i the coatings as a fune-
Hon of expisure. Ateach specified tim einterval, theooated
Cali-coniained exposure cell was removed [rom e e
sure cell and fitted imto a demnountable 130 mm diameter
ring of a PIKE* autasampling acoessory {Fiyured). Therng
wascompuler-conlrolled and canbe programmid loratake
and translateover the entire sampling area. Spring-loaded
| elrim ol ijas emsure thatthe specimens areprecisely located
and correctly registered. The autosampler was placed in
the UV spectrometer compariment and UV-visible speclra
were taken at 2 sec per scam using a customized computer
progrant, Thisautomaked sampling system a [opwed unat-
tended, efficient, and quick recording, of the UV Lransmmis-
sion of the coating at all 12 windows of an exposure cell.
Since the exposure cell was mounted prea wly om the
aulosampler, errorduc lovariationofsampling at ditferent
exposure times was essentially eliminated. The radiation
absorbed by the coating wasobtained aftersubtracting the
(ransmission of the uncoated CaF: plates from that o the
coaled CaFa plales,

Fowrmr TearsioemTreawr (FTTRY Serc s oy Crarmi-
age in the coating was followed by mansmission EIH
spectroscopy. [TIR techniques, both in the refleclion and
transmission modes, have been demonstrated as good
analytical tools for quantifying the degradation of dear
and pigmenled coalings. ¥ FTIR ransmission spectra
were taken using the same PIKL autosampler described
above placed in an FITR spectrometer equipped with a
liquid nitrogen-cooled mercury cadmium telluride (WICT
detector. All TTIR speclra were the average of 132 scans
recorded at aresolufionof 4 em? using dry airasihe purge
gay. e peak height method was used to represent AL
inlcnsity, whichis expressed mabsorbance, A. Fxcepttor
the <=1% RH bolh in the presence and absence of UY at
304C wehere the values of IR absorbance were the average of
Fomar specimens, the results for other relative humddities
wore from measurements of one specmen.’ I'hetefure, -
cerlainlies are provided only for the <<1% RH rosults.

in additivm to measurement of degradation, several
other FUIR analyses of the coatings were also conducted to
aid in the identification of IR bands in the coatings betore
and afterdegradation, Theseinclude in-situmoniloring of
the coating curing process and deuterium oxide (D=0
treatmentof coated specimens that had been exposedto UV
light with and without humidity. For the FITR in-situ
curing study, coatings approximately 1+ 0.1 pon thick were
caston 25 mmdiameter NaCl plates. Analuminum helder,
typically used for IR fransnmission meastréments, was
wrapped with anelectrical heating tapetoprovideas peci-
menheating enclosure. Theheating tape was comnacted to
avollage-controlled device for regudating, the iemperatare,
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A hin hermocouplewas placed between Lhe coaled speci-
menand the holder supyport Lo follow the lemperatureofthe
coatings during heating.

Dreulerium exide reatment of degraded specimenswas
performed on films casl on 3 mum thick, 25 mm diameter
CuFo subistrates, DiO treatment effectively replaces the 1T
atom of the (OH and NH groups with & 17 atom. This
substnton doecreases the FTIR mtonsi by of theOHand NH
bands and, lhus, [acilitales Lhe idenlification of the bands
associated with these groupsin the coatings. Coated films
af approxam ately 2 ym thick that had been exposed to the
“full UV, 20 BH /50°C condition for 600hr wercused. 1t
has been observed {hal, under this condition, the coating
degrades substantially and theTTIR intensity of all bands
change.'-; with EXPOsUTE tmne. Spr.-.-t'.irntrns TETE PU.HiHUI‘IEd
horizentally ona supportinascaled jar conlaining reagent
grade D:0in sucha way lhal noliquid D:Owas in conlact
with the specimens, The sealed jar containing the speci-
mens was placed ina 60°C oven, and FTR spectra of the
treated spocimens were takemn at specificd in tervals

Detemmination of Absored Dosage and
Apparent @uantum Yield

Quantum vield is oxpressed as the damage that pooars
per unit of incident radiation on a sample, Damage in
polymersor coalingscanbe measured [rom variousprod-
vets formed during the photodegradalion of polymers
using a number of analytical {echniques. In this study,
quantum yield iz estimated by:

4] '::"L} =T am {"'"f.-t}s'r L. (A}
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Table 1—Selected IR Band Assignments for a Cured, Parlally-Methylated Melamine Acrylic Codling Belore and After Exposure

To RHAUY Conditiong

! Bond Assignmenl Remark Relersnce
CH st {ocndic resln? Alzo reforned
CxH st (Imiss. meeliah [, reoist emircnrmont
CH gtr. caned M st A7
MH str, [ormed, moist cnd dry wittyedthcut LY
CH str. of OCH: e
C=sln of 7 [ormed, dry L
C=0 str., corbowylle oole formac. mclst ro-LY, dry oo meishiUyY
=250, of amicle [onmes, moistira LW dre oo mols Uy
MH bording of kH formne, mclst o=, dny o moistusy
- 4 gqaod, — CHE L4
CMH of —b-CHE-R-
-M-CHY M- (A7)
22 st of the O=0=00 grongs
-0 slr,
C Ot of QCH + ssdant o berd (B
setonl ool Berding )]
o Mhabvelztione & stetong, sanish sal-cdrsla snetoring: -l out-of- planes 2ua.; Qaedrent e S8 TN b i sHacked fotta M i,
whero

$ (A} = apparcnl quantem yield within the exposed
radiation wavelengths, in Am']" {A is IR absorbance and
m s filin thickness),

Dr (A1) =absozbed dosage within theradiation wave-
lengths generaled by the solar simulators at imet, in ],

D = damage, m TR absorbance (A units,

The procedure for measwring and caleulating the ab-
soebed dosage has been described i detail elsowhere ™
The absorbed dosage was obtained by inleprating the
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produclol thespectralirradiance, B, (A1), and thespectral
absorptionof thecoating, (1-10 4%U), overthewavelengths
ot radiation impinging on the specimen for the cxpesurc
durational a parlicular homidity and lemperature. Fe(7,t)
is theproduct of a setof lampirtadiance spectra and quarts
plate transmission spectra, and A is the U -visiple
absorbance of the specimen taken from lhe UV-visible
absorption specirum. Both of these quaniities were mea-
swred, as previously described.

An apparent quantum yield canbe estimated by laking
theinitial slope ol lhe curve relating absorbed dosage and
damage. For the acrvlic melamine coatings, sigmificant
hydralysis wasohserved eveninspecimensnot eposed to
the TV lamps. Thisdarlk hydrolysiseffectmust be removed
before the FTIR degradation data canbe used to estimate the
absorbed dosage. This was accomplished by subtracting
Lhe sprectra of the datk specimens from those of theitradi-
ated specimens al the same terperaturc and RH. Damage
is then expressed as the change of the IR absorbanee of a
funclional group with time, or, for photolytically sensitive
reactions, with absorbed desage, Le., the eneroy remaining
in the spedmen,

- Pamagewas measured using FTIR spectroscopy. This
lechnigue menitors the loss or Uhe fermation of chemical
functiomalities ay A frnclion of exposure fime or absorbed
photolyticdosage, Thus, the quantum vicld in thissludy is
an “cffeclive” or “apparent” quantum yield and is ex-
pressed as the change in FTIR inlensity perunit thickness
peramountofradiation absarbed in the coatings. Jeckeret
al #* have alsoemployed FTIR spectroscopy [oreslimal-
mg the quanium vields of a number of coatings ivtadiated
by mercury and flucrescent lamps, I FTIR intensity of the
degradation is expressed in absorbence units (A, thick-
ness in meters {m}, and radlation dosage absorbed by he
coating is expressed n Toales (13, the apparend gquantwm
vield is exproessed in A w7 ) ©

RESULTS AND DISCUSSION

Stability and Uniformity of UV-Visible Light Source

Spatial vnilformity and stability of the L'V-visible light
source asafunction of exposurelime have boen presenicd



inreference 14, [ genen -al, the radiantintensity i« spatially
and temporally nonuni F{er For example, the pean radi-
anl encray dilference belween Lhe two solar sirudators is
STOW /(B0 F m? and 950°W ! m?), Turther, the coetfi-
clients ot variation ot the radiant flux over the surface area
for cachod the twosimulators archigh { 16% and 22'%Y. The
light souece is observed loage with time, and the rate of the
aging is differentfor each wavelength. For example, after
1300hr of continmons operation, the radianl encrgy losses
{with respedt Lo inilial values) al 280, 326, and 450 nm arc
25,50, and 35%, respectively. Thereis nodetectablechange
in the transmittance of the CaF- and a small ltansmittance
lossin hequarlz plates during the colrse ol expesure. All
of these changes ave accomnted forin the caloulation of the
radiation absorbed in the samples.

Control of Relative Humidity and Tempercture

Bolh lemperalures and relatise humidities were well
vonirolled. The coeflicienls of variationof the five RH1evels
studied, e, L0027, 192, 207, F2.7 and WLEE are within
3.0% of the measured values, and the standard deviabon of
temperaiwre for the B0°C exposure s 0.5°C, The 0.0024% RH
i estirnated from the Table of Vapor Pressure of Water,
given P 50C exposure tomperaturcand the 7090 dew
Eui.nt (temperabure of e dricd air beforeentering the 510

eated mixing chamber). The RH measurement instru-
ment, L.e., the chilled mirror hyvgrometer, is not senstive
enoughtorecord his low RH, Hereatrer, e 0,.002'% RH s
designated as << 1% RH or dry. Relative humidilies pro-
duced by the method of mixing dry air and moisture-
saturated air are found stable dl]TH'ii._.‘ the course of expo-
sure, cvenal clevaled temperalwres, and essentially climi-
natetheintroductionof contaminants onsample surfaces,

UV-Visible Spectroscople Analysls

Sincethe absorbed dosage amd gquantum vield depend
stromgly o the UV-visible absorption characteristics of the
coalings, carchd UY-visible analysis of the coatings before
and during exposure is essential to provide credible dala
tor model verification. Figures Sa and 5b display the TV-
visiblospoctra of the mared acrvlicmelamine coating before
and aller exposure for 1536 he lo different RHievels in the
presenve and absence o UV light, respeciively, The thick-
ness of these samples was 10 £ 1.2 g The cured coating
absoabs strongly only atwavelengths below 265 nm, indi-
caling Lhat the UY-visible radiation produced by theselar
almulators used inthis study (from 27510 800 nm ) is mostly
tramsmitted thnmgh the film. Absorption atway ulengths
above 273nm is very small. Costa etal # have reported a
weak absorption near 300 nm in the melamine oooleceles,
and Bauer and Briggs have suggested that this absorp-
tiom probably contributed to the photoenhanced hydeoly-
s of "l(TH-'ll(‘-TI‘lE‘lﬂTt‘llht‘ coabings exposed tomuisturein the
proescrce o UY light,

In the absence of UY Hght, the preseno of meishere
causesasmall shifl lohigher [requency in the 265 to270nm
reglon and an increase in irdensity in the 270 Lo 304 nm
region. Both the shiftad absorptionincrease ave greater in
the prosenceof LY (compan Figure 3a with Figure 5b) The
reason for thesechanges isnot knowm. However, aswill be
presenled in the FTIR resulls, various carbonyl-conlaining
compounds were formed during the photodegradation of
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acrylic-melamine coaling in the presence and absence of
muisture. Additimmally, Tox et al. 2 have observed an ab-
sorphionincreasein theregion from 260 to N o in the TV-
vis spectra of poly (methy |l acrylateh irradialed in aie, and
attributedihis increase {o the lormation of formadehyde in
the polvmer chains. Gerlock et 4l have also r'flpurtﬁd a
substantial armount of formatdehyde generated during the
photodegradation of acrylic melamine coalings and that
three quarters of this formaldehyde remains i the films,

FIIR Analysis of Coaling kefare Exposure

The performance and durabilily of polymeric coatings
ate mainly delermined by the chemical strocture of the
cured film. Forac rylie- Tl'lE]..iTTI'ITIE‘UTﬂfTJ‘Ig‘- the cured shrac-
bure 1% P1'I'rT1'HT1|‘|.- combrolied by the: tunchionalitics of the
melamine resin® As indicaledin the cxperimenial section,
the melamine resin used in this study was a partially-
methylated matedal, whichisa cnmp]m mixtureof differ-
cnkcompoumds with varying degrees of substiubion* In
addilion to the methoxyme thvlfu.mlu:rmhlv (—CHADCH),
a parlially-melhylaled melamine restn also contains sub-
stantial amounts of imine (-NH)and methylol (-CTEROED
ETOA. There are many possible reactions that can take
'|:.|Iam during the ruring of a partiallv-alky lated melatine
resinwilh a hydrosoy-terminated acrvlic esterused in this
study. =% Tor example, inaddilion to the formation of the
melamine-acevlic crosslinks between the molamnine
methoxy and the acrylic hydroxy, the residual methvlol
grompsinhe melarming can scli-condense tof armmelamine-
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melamine linkages, Thus, the curcd coatings contain a
vartety of groups and linkages thatwill affect the degrada-
tiom of the coatings when exposed to the ouldoors.

FTIR speclranlihe coaling before andafter coring fordwo
different times are presented in Figure 6a, and fhe corre-
sponding difference spectra are shown Figure 6b. These
spoctra are obtained from an in-situ curing of a 1 ym film
applied toan NaCl plate heated 10 130°C. Themajorbands
of interest in a cared film are the absorplions peaking at
3520 o, due to the OH group of the actylic resin, near
3380cmm. -, duc to OH/ NH groups of the melamine resin,
and al 1085 conY, duc lo —C-0-C groups. Based on force
tield calculations and Raman and ITIR analyscs, Farkinet
al.* have recently assigned the band near 1555 cm ' ke
comtributicms from three difierent groups: thetriazine ving,
CNattached lothering, and CHz. The other hvoimportant
funclionalities frequently used fovcuring and degradation
analysesof melanuine-based materials arethe bands at 910
crn?, due to OO0 H: and semicitele streteh,# and at §15 o,
due trthe triazinesing out-ol-planc deformation ™

Lyitfercncespectracl Figure b reveal that, during ciring,
the intensity of a number of bands decreases, induding
those in (e 3600 to 2800 con ! region and near 1901, 1062,
1375, and 910 emc, The intensity decrease of the 1701 am?
band (assigned to carboxylicacids C=0, together with the
formalion of theband at 1748 cm ! {assigned to oster C=0)
suggests lhal some esteritication hasoccurred during cor-
mg. Several new bands sppear after curing, including
those at 1748, 1480, 1350, and 1127 am . The band at 1330
cm ! hasbeen assigned 1o the methy lems bridge, —-MN-CH;
N—¥ which is formed by the self-comdensation of the N—
CHCE L groups of the melamine chains.

The band at 1480 cm-? is assigned to the CNH bonds
associated with the acyelic or eyclic—-N—-CHz—N-bridges.
This assignment is supported by FI'TR spectral data ob-
lained affer further heating the 130°C-cured sample at
180°C for an additional 15 min. The spectra of the heated
samnples shove Lthal Lthe intensities of the 1480 and 1350 con-!

72 Journal of Coatings Technology

bands ncrease with the heat trestment. This increase
corresponds wilh a decreasc in intensity of the bands at
3375, 2523, 185, and %10 cml, Turther, based on NWKR
ovidence, Samaraweera and Jones™ have shown that the
singly-subslituted  NH- {CH:OCH:} groups in the
melamine chains seli-condense readily lo form an acyclic
N-CIT:N- bridge and the doublg-subsliluled -N-
(CH:OCHa): groups are converted to a oyclic -NCHzN-
bridge afterhealing al 104°C. Since the 2825, 1083, and 410
o™ bands are assoctated with the ~CHOCH: group, the
heabngexperiment resultssuggest thatthe 14680 cm-tband
isassociated witl the CNH bonds in the NCH2N=linkage.
"Thig assigiunent is also consislen! with our observation
that the ntensity of thiz band decreases eapidly with
exposurce inhumid environments, Both acyclicand eydic
-NCH:N-bridges arc unslable in the presence of water,

Additiomal F1TR snalyses of acrylic and melamine res-
inshelore mixing, melamine model compounds, and litera-
ture suppuord the assignmenls of perlinent bands ghven in
Table 1. 'This table also includes the major bands formed
during exposure in different enviromments.

Effects of Relative Humidity on Degradation in the
Absence of UV

Figere 7a presents typical FTIR specira belore and after
exposurs fora spectied tme st S0°Cunder two different RH
levelsinthe absenccof UV light (no UY ). Thesamplesused
for exposures are fully cured, as evidenced by the FITR
intensitios of the bands at 910 et and 2625 cme-L {associ-
aled with the OUHa group ) which remain comstunt after the
20mincuring at 130°C. Itis obvious from Cigure 7a that the
before-exposure, cured film (Figure 7alower spectruim st
contains a substantial amount of unreacted OH groups of
the acrylic resin (3520 om ' band), and NH ¢ OTT (3380 conc™)
and OCH; groups (2825 cmn-tand 910 an-' jof the melaming
tesin.'| he presence ofthese groups in the cured films affects
both the photodegradation and hydrolvsis of acrylic
melamine coatings.

Because the coating films used in this study werc rela-
lively thicle (=10 mm}, FUIR intensities of several strong,
absorplionbands aresubstantial. However, except for the
high extinction coefficient (xy C=0band al 1730 cm (k=
(1.36), our analyses of films having different thicknesses
from 0.1 to 10 gm applied to both i and CaF; substeales
show lillle deviation from the Beer's absorption law (re-
gression coefficients = 0.96), Thus, the use of thick films
doesnotaffectour ability to quantitatively monilor degra-
dation. Instead, it allows us ke detect and follow sublle
changesin Lhe low-[R absorbed groups and theappesrance
of new species produocd during exposure,

Spectrarecorded atdifferentrelative hummiditiesbefore
and after exposwue tine for a certain Hone, such as those
shownin Figure 7a, may provide some information about
lhe effects of RH on coating degradation. Howcever, the
effects are better accentuated by the difference speciza
where the loss or gain of cortain bands or the appearance
of new bandy can be readily discorned. Such FTR difter-
chee spectra for samples exposed for 1278 he al four ditfer-
cni RELlevels in the absence of UV light are illustraled n
Figure7b. Thesespectra were obtained by directly suldract-
ing, the spectrum of the wnexpused specimen from the
specirum of the exposed specimen after adjusting for any



base line shift. The autosampler allows the spectra 1o be
recorded al approximalely the same locatiun on cach speci-
nten. This operation minimizes errors dus ko sampling at
differcntexposie tones.

T the difference spectra of Figure 7b, {he intensity of
numerous bandsinseveral regions, including 3050 t 2730
oot and from 1600 to 900 am, decreases while the
intensily in the 3100 to 3400 cm ' and 1710 to 1580 e !
regions incroases. Several mew bands and shoulders also
appear, including those near 34}, 3330, 3230, 170%, 1670,
and 1630 em-. The assignments of these bands are given
in Vubile 1. Our onalyses of amide model compounds and
deuteriumexchangesof amide model compoundsand TV-
degraded samples suggesthat the band near 1670.am is
duetothe C=0ofanamide and that the band around 1630
cm 'isduelo the NETdeformationof aprimary amineand /
ot a primary amide. 1320 treatment stbstantially reduces
the 1630am 'hand intensity bul has littleeffecton the 1670
cm ° band. These assipnments are consistenl with those
given in the lilerature for primary and sccondary amines
and amides and are supported by the facl that aliphatic
secondary amines have noNHbending sbove 1470 crn!

lbis interesting to note that the coatimg undergues some
changeseven inthe absence of LIV and dry cundition{<<1%
RIT/ no UV ), usevidenoed by the decreases in theintensity
ofthe bands between 3000 w1d 2800 am and 1600 =nd 500
e regions, These changes are probably caused by hy-
drolysisreactions during posl curmg, The water molecules
required for this hydrolysis may have beensupplied by
number of water-producing reactions taking place during,
curing or posl curmg, including the selt-amdensation
reactions 1

Tt s evident from Digure 7h that, except {or the: 1340 cm *
Tand, the intensity of all the bands formed or depleled
increases wilh ineTeasing RH. That ts, an increase in RKH
resullsin an increase or adecrease of funchonal groups in
thecoatings. Itshowdd benoted herethat, as mathematically
expressed in the multilayer adsorption equation, he
amount uf waler sorbed in a material, henoe the moisture
contenl, is proportional to the relative vapor pressure of
water, L., relativehumidity (not to the partial water vapor
pressure assometimes erromecusly stated inthe litevaturc).
Thercfore, although the moisture conients of the coatings al
different K11 levels were nol measured in this sludy, the
amounis of water in the films were expected Lo begrealer at
higher relalive bumiditics.

Baver™ has vsed the reappearance of the acrylic resin
OH hand to follow the hydrolysis rale in the dark for a
number of model acylic melamine coalings exposed to
water and nomcondensing humidity. burther, he used the
band at 913 ¢m ' to measure the chain saission, and indi-
cated. that chain scission of this coaling can be followed
using lhe C-0-Cbands at 915, 1015, or 1100 em™, Using
an FTIR correlation chart, we have demonstrated that e
trends of the bands at 1013, 1085 {11} oo ' band in
reference 29), and 1495 cm 7 are highly correlated s thal
tracking ene of these bands s sufficient to follow degrada-
tinnof apartially-methy lated melamine coating.~*For that
reason, the 14083 cme! band 15 selected to measure the C-0)
bond loss of the coating during exposure in the absence and
presence of UV light. However, it should be emphasized
thal he 1085 cm-' band is due to the C-Obonds of both the
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acrylic-melamine crosslinks and the residual -1 T.0-C-
CHs prowps of the melamine chains. Acid-catalyzed hy-
drolysis of this ether lype is very complex, depending
strongly o the level of substitution at the N atom of the
melamine chains, which chanee with the degree of conver-
sion,® and un the ype and acidily of the solution.™* No
atternpd is madeto separate the contribution of each cther
typein the coatingused in thisstudy. Thus, a change inthe
magnitude of the 1085 et band intensity isassumed tobe
duetoachange inthe C-Oconcentration ofboth the acrylic-
melamine crosslinks and the melamine methoxy group.
The formation of primary amines ad amides is followed
by the bands at 1630 and 1670 cm 1, respeclively.

Figures Ba and 8b show FTIR inlensity changes with
expesure ime al different RH Jevels for the cther bondloss
and primary amine formation, Tespectively, of samples
exposed to 30°C in the absence of UV light. For materialloss,
itis more mformative toexpress FIIR inlensity decreasc as
the percentage of the mtensity before exposure, as shown
in Figure8a. Coefficients of varialion forthe <<1% RH data,
which wereaveraged of lour spedimens, werebelow 74%. No
unwertainties are provided for the results atother relative
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humidities becavse only one specimen was used, as indi-
caled in the exporimental section, Inhis Geure, the 1oial
intensity increase or decrcase at a particular humidity is
duetothesimofhydrolysis reactions taking placeduring
post curing (ie, changes occureing at RH <<1%/ no UY}
and hydrolysisnesulting friom reactions ol waterinthe fllm
alaparticular RH. Both therates and extends of the primary
amine formation and (he cther loss initially increase with
increasing RILT Towever, except for the << 1% KT Twhere the
degradation rate s nearly corstant with ime, hydrelysis
rates at other RH levels decrease at long exposure times,
Bauer® alvo obsorved areduchon i the hydrolysis rate of
partially-alkylated melamineacrylic coatings atlong expo-
sure Hoes, and atlribuled the decrease to the differcnt
reaclivilies of different melhoxy groups in the melamine
resin. Thatis, the mosl reactive methoxy grotups hydrolyze
firstand less reactive groups are consumed later, leading
totheslowing downol he reactionrate at long cr exposures.
This explanation, howcever, Is inconsisienl with resubts
from Berge et al. for hwdrolysis of partially- and fully-
methylated melamines in alkaline and acid sclulions 3%
Fheir results at various PH values do not show any ovi-
dence of 8 slow down wifh reaction Hme. Tstead, the
conversion of the patHatly-methyvlated matorial increases
lincarly with Hme. For the fullv-methylated melamine, the
hydrolysis rale in acid solulions even inareases with reac-
tion time. Fully-methylated neelamines undergeo fittle hy-
drolysis in alkalime solutions
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Tt light of constant rate evidence provided by Borge et
al, =™ webelieve thal bolth the high rate at the early stage
and ihe low rate at the late stage observed in Fiyure § may
be explaincd by the heterogeneous nalure of acrylie-
malamine enatings, The cured film ofthiscoatinghas atwo-
phasemicrastructure consisling of inlerstitial regions dis-
persed inamatrix ¥ Theinterstitial regions are believed io
compose mostly low crosslinked, low molecular mass,
polar materials, and the malrix contains mainly highly-
crosstinked notwork units, The losr meleoular mass, low
crosslinked regions are formed in coatings and polymers
during film formation because, as thehigh molecular mass
segments polymerize and terminale to frm o network,
some unreacled and partially-polymerized materials are
unabletymerge into thehomegenemos structues and are loft
al the puriphery of the network unils.™ Theseregionsinan
organic coating have been ternted “D Ly pe” 36 or “hydeo-
philic” regions™ because they behave like a hydrophilic
i brane; that is, they lake up amore substantial amount
of walcr (43 te 7A% mass fraction} and have an ionic
diffusion coelficient soveral orders of magnilude greater
than therestofihe film.* Corrosion of organic-coal od steel
has been observed direcily beneath the 3-type regions.™
Such helerogencous structure in polymers and coatings
s been observed and widely reported 26

Duringexposiore in humid environments, waterenters
the acrvlic-melamine films predominanily at the hydro-
philicsiles, probably through both diffusion and gsmotic-
driven transport (duc lo the prosence ot h ;,fdmﬁhilic mate-
rials). Hydrolysis likely occurs [irsl al these hydrophilic
localions, As degradation proceeds, the hydrolysis ex-
pands into the surrounding regions, perhaps trough an
acid antocatalytic process where the increased acidity is
provided by the hydrolysis products.™ Since hydrophilic
regions arehelicved tocomtain mostly low moleoularmass
material, hydrolysis processes at these locations whete
water is more abundant than the surrounding nelwork
should be fast. 'huas, the initial high degradabion rate is
attributed lo the preferential hydrolvsis inthehydrophilic
regions of the {ilms, Correspondingly, the lower rate at
laterexpusuretioes is atiribuled Lo adepletion of by drolyz-
able groups, fow hydrolysis activity in the surrounding,
nonhvdrophilic regions, and a loss of material resulting
from the hydrolysis (as evidenoed by the CTToss shownin
Figure7hy.

Thiscxplanativn of heterogeneous degradabion is sup-
ported by alomic .EL‘rTE(-'TniL‘.TU.‘-;L:UP_‘_u' (ATM) analysis, which
showed localized degradation on the surface ol these
samplesduringexposuee Lo 70%RH/ MPCenvitonment,®
The local degraded ureas deepened and enlarged {pitting )
withexposure time. Itz also consistent with similar pitting
phenomenanabserved by AFMinour laberatory for poly-
ewter hydrolysis in alkaline environoments™ and for poly-
urcthane coatings exposed todifferenl UV RH conditions.
In summary, we believe that hydrolvsis of an acrylic-
melamine coaling initiates predominantly at the low ma-
lecular mass, hydrophilic regions of the filim, And, al-
though hydrolysis occurs in the hydrophilic regions
throughout the film thickoess, pils only form and enlacge
[rom the hy drophilic arean near or on the surlace.

Avevelerated, inemn ogencousdegradation hasalsobeen
observed for acid-catal yzod hydrolysis of ather polymeric
systems. Forexample, using AFWin-silu measurement in



solution, Leadley et al** have shown pit formation on the
surfacc of poly{orthoesler) films during water itmmerslon.
Oince formed, these pits broadened and deepened relatively
quickly. Similavly, Gopferich and Langer™ have observed
pure formationand decpening in polyanhydrides exposed
in peutral solutions. Using plI-sensitive dyein combina-
tion with Auorescence scanning confoos] ﬂﬂﬂ'tﬂhﬂﬂj{?’, they
were abletomeastire pH asa functionof pore depth. They
abserved agradual decrease of pH fromavatueof 7.4 inthe
expused solution o575 al the depth af approximately 200
pern [romm the pore surface, Recenttappingmode AR study
by Gu ¢t al.®% hax also shown that the lase-catalyzed
Lurdrobysis of polyesters isalso antheterogeneous process,
willupits forming at certuinsites followed by rapid enlarge-
ment and deepening al these sites.

Based onFTIR spectral resu Its glwenin Fignre 7. theloss
of the eiler bands (1083 em! bandy and the formation of
primaryamines (1630cm ' handjofaparliall y-methylaled
melamine acrylic coating exposed o maoislure in b al-
semce of UV light prabably oconr by he tollowinyg path-
WAV

6T
Tr- WoCHAURCTT: + Ha € T TN CH0RD + CILOH (1)

n
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Tr- M-CHzO R+ 1Tald £2 - -TIN-CHe-0H + ROTT 02
LH-0-4CH REES ¢
- N, +HLy g3 TN - CTROH §3)
™.
AR CH:-R
LHAOR CHH
1r--M HIO QN +ROH (4
"
CH-R TH LK

where Tris thetriazine ring and Ris the acr ¢lic resin chain;
the compotndsin (he left-hand side of Reactions 1 tod ace
the possible materials present in the cured film, as pre-
sented In FMignee 1.

TLislikely thatthe producls of ReartionsFand dundecgo
{urther hydrolysis 1o form lwo methylol groups per
melamine chain™:

CIT0H
Ted | Huly @ Te-N
TR0 R

/C[—l;{JH
+ TOH 3]

CILOH

Reaction 5 hasbeen found tobe faster fhan Reaclion 4,
presuwmably the addilion ot a protonlo theether oxygenis
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Table 2—Rates {dAfdi) of Tokal Degrodotion, Hydralysls, and Meisture-Enhonced Photodegrodalion for Thies Functional Groups
in a Parlally-Methylated Melamine Acndle Cooting Exposed o “Full UY™ ot 50°C for Three Relotive Humldies

1% RH [ 1%.2% FH : PO.8% RH
FuncHonal Sroup T=i{F) T H MEF T H ME?
Aralce C=C fommalion, 1600 cme? 0015 £ G2 C.0aY 0. 0022 0,052 C.a0 0.8z
Ettier Bord Loss. 1088 cm-» 02 = 0003 0030 0006 ~.01% -0.078 ) -[.037
Acrlle, Fetar Cleorvags 1170 crr v D007 _ 0007 -0.a07 0.004 ~.005 -0z 0.0z -0.023

0O Mesgpalive: welusgine combe 2 lzes of matadal o B wenees oltestae = symbslars oragterdod userbse-y,

easier whenone methylol groupispresentthan when both
arcalkoxylated, Reachons 1 lo5are belioved tobe the main
hydrolysis routes that account for theloss of theether band
at TS5 con™ to form melaminemethylols and also to reform
the starting acrylic rosin. These reactions proceed by pro-
tortation of the ether oxygen alom.

The methylols formed in Reactions 1 and 2, being pri-
mary alechols, oxidize readily (deformylate) to form pri-
mary amines and aldchydes according to Reaction 657

Tro FIN- -CTLANT (from Bx 1 and 21— Te- -NHACHAD  (6)
fast Trirary andre 1630w’
In this caye, themethvlolgroup isactivated by the addition
of a proton to e N-alom in (he side group to which the
methylolis attached. Siooe formaldehyde molecules formesd
in the exposure chambor wore either removed or readily
oxidized by form pcids,™ Roaction £ iv imeversible, The
disubsliluled amino methylols formed in Reachions 310 3
donot undergn decomposition to form formaldehyde ™
T'hemeth ylols formed in Reactons 1 throu ghS caladso
self-condense [o form melamine-melamine hnkages fol-
lowing Reaction 7

Tlpe-NCHAMH (= Tre-N- CH: i.1 T — Hal —CHAD 7k

ITowever, we balieve that Roaction 6is the main pathsvay
intheabsemce of UV lighl, asevidenced by the substantial
increasein the FTIR inlensity of the primary ammine band at
1630 -t (Figures 7hand 81 The temperature of 50°Cused
in this study should accelerate Reacton 6. Beaction 7 is a
minar reactiomunder our cxporimental congditions, ag seen
by the: smallincrease n inlensity of the band at 1340 am™
shown in Figrre b, Volatile products produced by Reac-
tons 13, 6, and 7 are believed tobe responsible forthe CH
loss, which can be seen in the 2500 to 3000 em Tregion (CH
siretch) of Figrre 7h.

A number of pathways for the hydrolysis of acrylic
melamine coatings, several of which produce amines, ave
beenpresented in referenee 29, However, the formation ol
primary amines has not been diseussed. The proposed
hydralysis pathusays to form the 1705 cn bend {earboxy-
lic acids) are described elscwhere 5t

Effects of Relative Humidity on Degradation in the
Presence of UV Light

FTIR difference spedtra of samples exposed to different
EHlevels at S0°Cin the presenccof “ [l UV are displayed
in Figures. The thickness of thesc samples is similar to that
for Fiyure 7, ie, 10 pm + 1.2 po. In the absence of UV
radialion, the onating shnn'r-;tm]}f small changesunder dry

-
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comdition (<< 1'% BH) (Viygre 8). Howcever, it undergoes
substanlial degradationduring cxposure o “ fall L™ light
atthesame RHand temperature. Intensity increasesin lhe
ATA0 to 3650 o T resion and fnmabion of the bands at
1760, TeFtand 1630 cm T ave observed, The 1630 and 1670
car-bandshave alrcadybeenassipned to lhe NH bending
of primary amines and amides and C=0) stretching of
amnides, respectively. The cirmpnind responsible for the
C=0Tand al 1760 cm ', which is quilc sensitive to KH
change, is not known, Lemaire and Siampiringue!” have
attributed the bands accarring in the 1730 to 1850 cm?
rempienduring photodegradation of acrylicmelaminema-
terials as due {0 anhydrides. Anhydrides have also been
observed asoneof the photodegradationproducts ol acrylic
polymers.™® However, the 176 cm " hand in Fiyure 9 does
nol appear to be of ananhvdridebecause an acid anhydride
C=0usually has(wo peaks near 1760 and 1820 con~!. Bauer
and Brigps! have suggested o bund at 1770 om~! in the
spectra of photodegraded acrvlic-melamine coatings as
duclo peradd f perester formation.

The intensilies ol nueerous bands associaled with Hee
melaming-acrylic structure decrease with dry UV expo-
sure, including those at 1495, 1085, and 1380 cmL Tiur-
ther, the intensities of the bands associated with the acrylic
resin portion, e.g., at 1730 con, due to ester C=0), and at
1170 em?, due toester C-0, which ave omly slightly affecled
b Heee 20 1% R H -1 W condibiom, also decrease substan-
tally during =<1% RH/UV exposure. The formation of
amines and various carbonyl-containing compounds { Fiy-
ureyinsamples exposed to<<] % RTT “full UV condition
is comsiskent with the phﬂtudvgradatir_m Ta th way pro-
posed by Lemaive!” for acry licmelamine coatings. Loss of
the ester -0 bonds of the acrylic resin partion 1% in
agreement with previous ghservations that phﬂtodeg}'a-
dation of polyacrylates™ and poly(methyl methacrylale ¥
at ambient temperatore (25°Ch primarily results in the
cleavage of the esler side chains.

A comparison of the spectral characteristics given
Fignres 7 and 9 reveals substantial differences inboalh the
magnitude and pathway of the degradation between the
absence and presence of UY, Differences in the extent of
degradalion can be seen in he intensity losses of the CT1
band af 2960 crn? and the C—-Oband at 1085 cm-L bolh of
which show a mnre severe degradation in the presence of
LV lhan in its absence. AFM images from thesame enating
alsoshowed broader, deoper, and a grealermumber ot pits
formed insamples esposed (o TV thanin those nel exposed
to UV Changes in the degradation pathway are evi-
denced [rom the line shapes of the FITR bands in the 3604
to 100 con? and 1700 b 1600 m! regions. For example,



the 1670 cm band, which appears only as ashouldevoear
the 1630 cm ! band under. no LV (Figure Fb), becomes
pronounced with UV, The relalive intensity of the 1670
cm ' band with respect tothe 1630 cm-tband with exposure
time alsoincreases matlodly under UV Turlher, the inten-
sitiesof the acrylicresinbands, e.g., at 1730 e and a b 1170
e ', also increase substantially in lhe presence of UV as
compared to exposiure in the dark at the same RIT.

The effects of BH on the degradation of a parlialfy-
methylated melamine coating exposed to 30°Cin the pres-
ence of the “full UV light” arc displayed in Figrre 10, This
fimure depicts FTIR intensity changes of the bauds al 1085
e fether bond loss), 1670 o™ {amide C=0 formation),
and 1170 cm ' {acrylic side chain cdeavage) as a unction of
exposure time, As in the absence of UV light, material loss
{Figures 10a and 10¢) is expressed as peramtage of IR
intensity decrease withrespecttotheinitialinlensity. Again,
values for the << 1% RTTave averaged from four spocimens
and values at olher RH levels are from one speoimen, The
coelficiomts of variationdor the <<1% RH dalaarcbelow 5%,
As an indication of the reproducibility of the results, one
standard devialion crror bars are drawn for experimental
dala points for << 1% BH results of Figure 10. Figuve 10
shiows several main vesudls: (1) both the rate and extent of
degradation are much greater inhumid envitonments than
Indry enviromment, (2} the extent and carly Tate of degra-
dation in the presence of LIV radiation increase with in-
creasing RH, and {3) degradalionunder adry condition in
the presence of LY light increascs nearly neatly with
exposurctime, bul lhe rates afboththe amide C=0 forma-
tionand clher loss ot relative humidities greater then 14.2%
arehighat [trstand thenlevel off with exposure {ime. This
rate changebehavierwith exposure {ime forthe etherloss
ia similar to that in the absence of OV (see Fignre 8).

Cigure 10 also reveals that, as with Lhe bands associated
with the melamine slructare, the tate of acrylicside chain
cleavage (band 1170 cov, Figure 10c) at shorl exposure
times increases with increasing RH. However, inslead of
leveding off atlater cxposuTe times, as observed toc the cther
bondloss of the melaminc-acryBostructure and melamine
chuins, the aarvhic resin side chain cleaves al a nearly
comstamt rate with time. The leveling off of the chemical
groups associated with the actylic-melamime structures or
melamine chains {e.g., T at 115 cov?) has been ex-
plained asa revult of coatings heterogeneity, However, the
reason for the constant degradalion rate for the Uy -ex-
poscd acrylic resin portivn is not knowi, One possible
axplanation is that the photodegradation of the acrylic
polvmer may follow anautocatalytic process; Lhakis, once
radicals have been formed in the acrylic chains, they com-
linue ke propagale or ransfer to other chains unlil the
degradationis complele, Dircet evidence for this postida-
tion is ol available. However, it has been shown that
photolvtic cleavage of the ssterside chain of polyacrylates
and puly{methyl methacrylate) has a high quantum offi-
ciency and thatthe pholodegradatinn rate of these materi-
als remains constant wilh dme 55

[Data vn pholodegradation of polvacrvlate and poly-
methacrylate polymers (e componenls of the acrylic
resinused in this study)inthe prosence of relative lnomidity
or watet is notavailable. However, theeffect of moisture on
photodegradalion ef polyoarbonale has been reporled.
The presence of waler affects neither the reactionTatesnar

Relating Lakoratery and Outdoar Exposure of Coalings

themechanisms but does decrease lhe activation energy of
the photoFries rearrangement{which resultsin C-0Obend
scissionyof thispolymer, The achivabon energy lowering by
waterof polycarbonate isbelieved to be due to the greater
stabilization of the ransition stale compared with the
parent excited state, Such oxtra stabilizalion ocours be-
cause a weakening of the C-Obonds allows the oxygen of
the C~O- proup b fuorm a stronger hvdrogen bond with
water.

Relctive Conhibutlons of Photodegradation,
Hydrolysls, and Moistlure-Enhanced
Photodegradation

Total FITR indensity changes at any RH/UY combina-
tiom as shown in Figare 10 are the tesult of contributions
from four different degradationmades: {1 ) reactivms occur-
ring during exposure in dry condilton [<<1'% RIT) in the
absenceof UV light, (2}hydrolysisinthe dark dueto water
in the film at a particular relative bumidily, (3)
photodegradation {photo-induced deygradation in the al-
sence of moisture), and {4) moisture-emhanced
photodegradation. Theexperiments were designed toiso-
late thevelative contribution Lo the tital degradalion from
sachdegradation mode.

kximples toillustrate the procedureused [orseparating
the total degradation into four separate modes arc pre-
senled in Fipwres 11aand 17b forthe depletion snd forma-
tion, respeckively, of chemical groups in e film. These
figrures porlray the total FTIR ntensity (T) changes with
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expustiretime for Lhe 1085and 1670 cm bunds of samples
exposed to <<1% RH and $0.8% RIT in the presences and
absence of UV 'Thecurve for the <19 RH/ no-UV condi-
Lion represents hiydrol vsis reactions due to post-ruring in
the absence of light: this post-cure degradation is desig-
naled as PC, The mire forth e90.5% KA no-UV comdition,
designated as 11, consists of PO and hydrolysisinthe dark
at %) 8% REL The hydrolysis in the dask at90L8% RH is then
the difference betwern Dese two curves, Similarly, datafor
the <<1% BH/*fll UV condition comyprised of PC and
phutodegradation () and the difference between thal set
afdalaand thesetfur << 1% RH f no-UV yiclds e results
forP at =<6 RTlin “[ull UV * Finally, the contributions
due to mpisture-cnhanced photodearadation (MEP) al
8% RH under “full L'V" s the difference between the
total degradation {1’ and the surn of PC, P, and H at9i.8%,
RH. Similaranalysisis applicd toobtaindata forother UV
RIT conditions.

Figures12a,12h, and 12¢ show theinfluence of RH on the
extent of cach of the four degradation modes for the clher
bond loss, amide C=0 [ormation, and acrylic esier side
chain dleavage, respectively, These rosulls are obtained
aller 14-days exposure, which is sclecled to minimize
complicatioms due to possible changes iu the degradation
modes atlimgerexpusure fimes, Inthese figres, the contri-
bulions tothe total deg radationat << 1% RH/ “full L' V" arc
['Cand P, while he contributions at other RT 1/ 7 Al UV
cordiliong consist of PC; T, 1, and MEVF. As scen in this
figure, excepl for the smiall dillerences belween valugs
obtained [or 19.27% RET and 41.7% RH for ether loss and
amideformation, themagnitudes of T, H, und MEP increase
with increasing RIT.

Thecffectof RHon thedegradation rates of sther loss and
ammide formation for' T and Fare displayed inFigrere 13 and
summarized in 't alle 2 for three relative hwmidities. figure
15 also provides the eate values for the P and PC maodes
{arrowed data pointsnear0% R H ). The rateisexpressed ax
a change in FTIR intensity wilth exposure time (dA /dt,
where A is IR absorbancs and £ in d for days}. Tho rate
values of Hand Tare teken direct!y from the initial slopes
ofthecurves givenin Figieres S and 10, respectively, Becauss
the PC degradation rate is small, the vate of T glven at the
=<1% R condition inthetable s convidered as duesolcly
foP. Consequently, Lhe MEP rate atcach relative humidity
15 obtained by subtracting (he sum of F1 and P from the T
value far that REL The rates of MET forthree RH levels are
incladed in Table 2. The resulls for all three functional
groups preseitledin Fignre 13 show that thetotal deorada-
flom rate is greater lhan that of PC, H, and P combined.
Furlher, except for the dark hydrolysis of fhe acevlic side
chain, the rates of T, Y, and MEP [o all three functional
groups inthe presence of BV inercase with ineressing RH.
Itis also interesting to nole from Fignre 13¢ lhat, despile o

darkhydrolysis taking place in the acrylic polymer chains,
maoisture plays a vital rele in the total degradation of the
acrylicresinstructure of a partially-methy lated melamine
acTvlic coating exipoged trhuwmid / UV envitonment, These
resubts sugeest that products from the hydrelysis of acrylic-
melamine and melamine struciures orf and plasticization
of moisture cordribute lo the moisture-cnhanced
pholodegradalion of the acrylic polymer chains.

The resudts of Digure 13 or Table 2 allow one to conve-
miently estimate relati ve degradubion rates asa function of
RH for diffcrent degradation modes. For example, the
relative T/T vate for lhe amide formation at 19.2% RH is
04037 /0,015 and al HWLE% RH is 0.092 /0.015. This means
thatihe total rale of the amide formalion ab19.2 % RI Tis only
24times greater than the photodegradalion ratealonchut
s more than six times greater at 90.8'% REL 'These resules
indicale thatmoisturein the film accelerates the oxidation
and that the magnitude of the oxidation incresses with
increasing RIT. Similarly, the rate of ether loss due to
hydrolysisisonly approximately two-thirds of that of the
photodeyradation at 19.2% RH, bul ismore than five imes
greater thanthatof 17 al 90.8% RH. This behavior poinls o
theimportance ofhydrolysisinthe tofal degradation of this
coaling whenitis exposed to water orbigh relative hamidi-
tics. Itisclear [rom Figure 12 that the relabive contributions
of both the rvate and magnitude of P and T to the total
degradativn depend strongly on [he level of RH in the
ERPOSLrE environment,

Effects of Relative Humidity on
Apparant uantum Yield

Fignres14a, 14b, and ldedisplay etherloss, amide C=0
formation, and esler side chain cleavy ge, respectively, asa
functionoftotal absorbed dosage forspecimens cxposed at
differentrelative humidities in“ full %" 21 50°C. The takal
absurbed dosage, Le., the actual amount of radiaton ab-
sorbed in the coating, Is caleulated follow ing thescheme of
Figire 3 and cquatiom 20 As in the case of damage / Hme
relatiom (Figure 10), the damage/ dosage plolindicates thal
hamid /LY comditions cause greater degradation in the
coatings thun did the dry UV condilion. However, the
damage/dusage curves show less disceriable effect bo-
tween the RH levels from 19.2% and 90.8% Lhan the dam-
age/ timc plots.

The appatent quantum vield is delermined from the
initial portion of the slope of the damage / dosage curve to
avoid complicalions from multiple degradation modes
and from shielding of the coating material by degradalion
productsabsorbing radiation. We havefilted the damage !
dosage relatiomship using a lourth-order polynomial func-
ton Lo provide the quanium vicld, We have, for conve-

Taoble I—Apparent Qusntum Yieids {Arn-1.1-1) os a Funclon of Relalive Hurnlglity for Several Funetional Gmoups of a
Partlally-Mothylaled Acrylic Melamine Cooting Exposed ho “Full Uy ot SOFC

Relailive Hurmidy

FuncionolErous - 19.2% 72.7T% P0.8%
Arrices CoO toralion, 1670 eme ... (9.4 = 2.0 % 135 CA7xi07  48%0¢ CobZ2x10
Fiher bond Loss, 1085 ol AT 8 10 A w 107 KAl 4.1 % 10
Acrlle ssler c'eovage, 1770 ot e DBy 0 A7 w105 S0 e 4% i0t
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mignce, arbilrarily estimated the quanium yield from the
slope of the curveextending from zerc absorbed dosageto
207708 1. Apparert quantum yields for the amide C=()
formation, clher band loss, and ester side chain deavage of
a parlially-methylated melamine aceylic coating at differ-
ent relative humiditics are given in Table 3. The apparent
quantum yields in humid environmenls are greater than
thalin drvenviromment, and there appearsaslightingrease
of quantum yield wilh an increase in relative humidity,

Since the unit used to express the apparent quantum
vield in this study is ditferent from thut traditionally used
(i.e, number of molecules underge change/namber of
guanta absorbed), the values obtained here should not be
used locomparewith thequantum yield resu ltspeporled in
theliterature for polvimers. Work isinprogress lo measure
the melar absor ptien coefficicnts of (e TR bands of interest.
Thie results will be used o convert IR absunbanceunitsinlo
chemical functionality concerrtrations.

Nevertheless, quantum clliciencies of chain scission in
polymersin the solid slate are generally wery low, varying
tromn 10 Hor poly{elhyleneterephthalaley rradiated with a
280 nm 1o 360 nm light source Lo 107 for pobsimethyl
methaecrylate)irtadialed al 253.7 nm. " Both the tempera-
ture and the state {e.g., solid, hiquid) of polymers have a
strong cfiecl on the quanhrm vicld. Forexample, the quan-
tum yield of polycarbonale irradiated in solulion was
found 40 Himes greater than that in solid stale 7 Dan and
Guillet' also reported that quantum yvield of the chain
scissionin glassy polymoers increases rapidly to the value
obtained for the same polymerinsolution as the lempera-
ture isincreased Lo above the glass bransilion temperature.
The only available data on the cilect of moishare on the
quanfumefficiency of polymersis from the work of Gupla
etal Mwhoreported a change of quantum vicld from 0.003
+ 0002 2t 0% T to (1007 £ 0003 at 100%, RTT for polycar-
bonates exposed to 300 to HHnm wavelength tadiation at
265,

Thissludy covered awiderange o RE from << 1% 0o H)%
at 30°C. Therefore, the results on the effects of relative
humidity on the pholedegradation and quanlum vields
can be applicd Lo atmospheric weathoring of partially-
methvlaled melamine acrylic coatings if the outdoor envi-
romuments are carefully characlericed, For hydrolysis inthe
dark, to correlate the data obtained from (s sludy with
outdpor expostiee, both the temperalure and REL of the
atmosphere immediately above Lhe surface of the outdoor
sample st be continuously recorded. n this case, the
timeutthesampleinihe dark can beased asthe parameter
for the correlalion Inthe presence of UV light, the comrela-
tonbetweenoutdoorand indeor is only possibleif the tota)
dosageabsorbed in the ouldoor sampleismeasured. In Lhis
case, the absorbed dosage mustbe used as the denominator
becruse wealher elements constanity change during the
thneol the day and season of the year, making timeauscless
parameter for relating outdoor and indoor data,

CONCLUSIONS

The effects of relative humidity from <<1% 10 90% on the
photodegradution and quantun vield fora parlially-me-
thylated melamine acrylic coating exposed Lo “ Ul UV at
RII*C are reporled. The following conclusions ate made:

Relating Labaratory and Outdesr Exposure of Coatings

(1Tn humid cnvironments wilh or without LY radia-
tion, the depradation of partially-methylated melamine
anyliccoalings nceurs rapidly in theearly slage but levels
ol al loryg, Ex]ilrmﬁllrﬁ times, This degradation behavior is
explained by the inherently heterogeneous icrostrzcture
of the coating; degradation at the cady stage occurs sty
in the “hydrophilic” regions of the film.

{2¥] hetotal degradationin the presence of LV is caused
by fuur different modes: reactions during post-curing, liy-
drolysis at 3 particular RH, photodegradalion, and mois-
turesnhanced pholodegradation. Experitnents were de-
signed so that the effect of RTTom cach mode was isolated.

(%) Themagmitudeand carly eate of the lolal degradation,
hydrolysls, and moisture-enhanced photodegradation
increase with increasing RH.

{#)The contribution of each mede Lo the total desrada-
ton varics with RTT Atlow KH levels, photodes radation
isanimportantmodehowever, atlvigh relative humiditics,
the: hydrolysis mode accounts for the majority of the tatal
degradalion.

{StMuistorein the film enhanees the apparent quantum
efficiency of photodegradation of acrvlic melamine coat-
ings.

(6)Based en spectrscopic evidence, the degradation of
a partially-methylated acrylic coating exposed lo moist
environmentsin theabsence of UV lightis believed tooceur
by first hvdrolyzing the coating crosslinks and melamine
mcthoxymethyl groups to formmethylol compounds, fol-
lowed by the decomnpesilion of the primary methylols to
produce primary amines and formaldchyde.
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