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and moistiere, 8 o process knotwn as weatihering. Undersianding the factors
govern the weathering performance of commerrtal potymeric materials has
practical imporianes, as does the ability o relate laboratory performiance of a
bymeric system to its performance i the field AL present, the full potendal of

s materials is inhibited by the absence of a methodolegy for accurately predict-
heir seTvice fife during exposure i thelr end-wse envivonmernis, A reliabilisp-

o nethodolegy wilizing totaf effeciive dosage av an exposure metric has been
proposed as an ahivrnarive to the conventional methedology for carmying ot Tabo-
tory and outdeor weathering stdfes. The wse of [his proposed methodidogy trvefves
wot ety @ shift in paradigm b afse 5 the way that taboratory and outdoor weath-
ering experimients are carried out. The concepts of reciprocity and additiving, which
were frst itrocluced by the phologvaphic csnmumin did then siudied D the med-
ical and biclogical counmmumities, are also proposed as models for synthetic pelymeric
syslers,

INTRODUCTION

Symihetic and ratural polymeric materials play an increasingly important
role in today's society, and the versatifity of these materials has been demon-
strated through the Breadth of their applications in almost every sector ol

‘the economy. The full potential of these materials is inhibited by the ab-

seace of a methodology for accurately predicting their service Iife during ex-
posure in their end-use environments. 'This deficiency has been noted by in-
dusley and emphasized in a number of recent National Research Council
{NBLC) reponts,

Fraspilead al. he 7711 Bignnal Westem Coakivgs Seoieties Symposiem, Nowember -8, 2005, Las Vegas, NV,
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Over the last
several decades,
Bolh induwsiry
and consumers
have identified
senvice 1ife pre-
diction ol poly-
meric materiaks
as a high pricrity
remesrch reeend.
Lhis high priority
ts justified piven
the high goo-
nomic rigk ol in-
troducing a
poorly perform-
ing procluct iolo
the markel place.
The number of
class action suifs
initiateed by product failures has escalated sharply since
the 19a0s41 thus making it riskier for manofacturers to
provide service lile estitnates and warranty coverage,
annd/or introduce new producks Dot Lhe marker.

Terlymnens materials used in an cutdonr emvironnenl
are sulyected 1o wide varety of envivommental faceors,
incuding solar wlavicdet {UWV) radiation, wemperinre,
aneh maoisture, Tle physical and chemical degradaton re-
sulling Mo enidoor expesre s koown in the materdals
corununity as wedthering, Undemtanding the Taciors tha
gonvern the weathering perfonmance of comumescial poly-
meric maleridls has great practical impontance, as docs
the ability 1o link laboratosy perforiance ol a polvmeric
system 1o Iis performance in the field. When this linkage
v e accunlely made, then the stage will be set for im-
plementing a quanddiative, scienlileally based senvice Tile
predicion methodology.

ACCELERATED LABORATORY VS, OUTDOOR
WEATHERING EXPERIMENTS

Tor commerclally wiable materials, weathering is
usially a slow and lengthy process, often taking five
vears of longer before aflure ocours, These long testing
periods cartied out in real time are costy Lo the manu-
Facturer and are also s major barrier to inmovation and
the timely introdoction of new prodocts into the mar-
leet, A meed exists for exposure strategies that can accel-
erale wesalhering, gpeneraie relinble performance data,
dermnanstrate a linkage belween Talwcatory and feld ex-
[easure data, and permit valid cxtrapolations or predic-
Llions of service lile Mom wecelerted lewels 1o in-service
exposure conditions.

I recent years, the materials industey has made
tremendous surides in termes of Taharatory equipment
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(or accelerated wealhering and analyiical lechmignes for
characterizing tie physical-and chemical properties ol
polymenic systems, Interms of service life prediction
capaliifilies, hiowever, the current sination is not
greatly changed (oo the previous century. Al present, o
commonly used materials weathering strategy consisis
of assigning specimens randomly between accelerated
labaraiory and ouldoor exgrosune experiments. The ac-
celerated laboratory tesiing condilinng are adjusied 10
“sirmulate” as closely as possible the conditions en-
caunlered in the paricelar emitdoor exposuce, and the
lwno sets of specimens are exposed [or some predeter
mined amount of time, Within each study; the speci-
mens are then ranked by perfonmance {however that
ity e elelined). The rankings of the twer sets of samples
are then correlated tirough a nonpacimetnid sLalisie
such as the Spearman Rank: Correlation Coellicienl—il
the rorrelation coefficient &s high, it is conchuded vhat
Lthere iz a high correlation of laly conditions fo feld, and
vice versa.”

A review of field exposure results by hartin revealed
the issies thisl plague this strateyy.® Tublished correla-
Lion coeflicients linking lield and laborwony exposurs
results have not demonstrated a stong linkage Delween
field and laboratory. Tt was observed that the repeata-
biligy and reproducibaility of field exprosare resalts is
cenerally low. even in those studies thal were carefully
designed and executed, Trends in the weather are
highly vartable, and Gactor sueh as spectral U vadia-
tion, temperature, relative humidicg, precipitation, and
atmogpheric aerosols vary widely over relatively shout
periods ol tdme 1L was also dilTicalt no obtain gquantita-
tive data from sample ranking information, ws there
Wals M0 COTIMON exposire tetric that could be used o
normalize the dala. Tooa sinilar fashion, the lacl of 1e-
pratability and reproducibility in laboratory exposures
has alser heen dooamented.”

A NEW PARADIGM IN WEATHERING STUDIES

Tn general, industries that manutacure and utilize
polviers rely on dala Moo Deld exposures more than
those obtained via accelerated laboratoty esting. in the
conventional methodology, ontdoor weathering is Lhe
de [acwo standard of performance, as can be deduced
from the vuse of words such as "primary,” “real time, "
“Qecisive test,” ele. 0 describing outdoor weathering
studies of polvmeric materials.® Although the outdoor
weathering environment is not reproducibile and ixs dil-
feal ter simualate, the linkage between field and labora-
toTy experiments Can sill be made via an appropriate
cuwnulative damage model if field and laboralors daia
van be made comparalile. One such methodology is
based.on reliability theory, and has Been successhilly
used in the electronics and acrospace industries.” 1o
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Figure 1—MIST & I inteqsating sphere, shown with U Light source and
enviromnental cnamhbars.

this methodology, laboratory experiments ace viewed as
the standard of performance, and are not designed 1o
simulite the ouldoors but are designed to cover the en-
tire range of expeced exposire condilions. [Towever,
tiedd and laboralony experiments ave considersd on an
eiual hasis. Oudoor weathering vadables cannot be
conunlled, but they can be measuced and characterized
in the same way 1hal these variables are measured and
characlerized in the laboratory®

Llan critical wearhering Gaclors be converted oo
some common meltic which s the same for Bodh/all
data sources? For ultvavioler radiation, the proposed
wielric for both outdoors and laboralory use is ab-
sothed dosage, or beller vet, toral effective dosaye. A cu-
rmlalive damage model based on told eective dosage
is capable of maldng prediclions, as opposed to just es-
tablishing correlations. A& more detailed discussion of
tolal elleclive dosage s given in the following section.

CONCEPT OF TOTAL EFFECTIVE DOSAGE
AND DAMAGE

The concept of total effective dosage, which hay Ieen
applied successfully in the medical and biological
fields, is hased on the principles of pholochemistry,
Linlike time, wotal effective dosage is an absolute melric
that can be used (o compare specimens exposadd ina
variely of dilferent environments. The use of total effe
tive dosage, instead of wral solar irradiance, inddent
dosige, or elapsed e as waditdonally used, takes inta
account the tact that nor all uliraviolel radiation is al
somhed, and nel all absocbed radiation participates in
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phaolalytic processes,® The tolal elleciive dosage, I, (1),
is related to changes In material propenies, ov darge,
as follows:

i
s

;Jm.u}:j | E(nbi1-10 g ndid (1)

oow
iz

where T (&, ] is the speciral irradiance, A(%, [) is the
spectral almorhance of the sample, and L) is e
specttal quantum yield of the malerial, which is the
"weighting factor” for (he photolytic effeciiveness ol a
given wavelengih in produdng a chemical change. Lot
a pedvineric material, the quanturm vield is primarily a
funcion of its physical and chemical stocmare, as well
as environmental (aclors such as moisture and lemper-
atare. The methodology developed al NIST for measar-
ing 1V Irradiance atd calewladng absorbed dosage has
been previemsly described.”

Damage in polymeric materials can be measared us-
ing a myriad of analytical insirwmentalion and tech-
niques; the specific choice of damage metnic is deler
mined by the periormance needs of the paniculac
podvmneric systen in cuestion. Thus, one of the kevs fo
niilicing a reliahility-lised methodology for the weath-
ering of polyineric materials is carefully monitering the
relatiomship between desage and damaye, n both out-
dooes and laboratory weathering cxperiments—if ot
are measured in exactly the same way, then data [rom
both envitonments can be dreated as equally valuable
and walid for determining Lhe service life of o paly -
mieric systenn. Similar metrics for specimen moisture
conlent and specitnen tempetallre, as opposed 1o air
Lemperamre and air relative humidity, are also heing
considered 1n this evolying methodology.

THE RECIPROCITY QUESTION

[t is weell known that photochemical processes such
as photedegradation can be accelerated by increasing
t(he radiant fhox to which the materdal 15 exposed.
Llowreyer, {or polymeric systems, (uestions exisl as 1o
whether high imadiance exposure sesudts can be cor-
recUly extrapolaied e in-service exposure levels. Based
on their experiments on photographic roaterials,
Funsen and Roscoe concluded that all photochemii
reaction kinelics depend only on the total absorbed
energy and are independent of the lwo lactors that de-
lermine total enengy: the intensity or imadianee, 1, and
the exposure firne, " lor a given photoresponse, the
law of reciprocity states Ut

It = constant (2}
A Tew vears later, Srbwareschild, an astionomer, pro-

posed a wmodificadon of the reciprocity baw that (G his
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low intensity, stellar dava. - This model latey became
known as Schwarsschild's lase and is given by

ft ¥ = constant 3}

where pis the Schwaraschild coetfident, herealier re-
ferred 1o ay the p-coetticent. Note that when p = 1, the
Schwareschild law and the reciprowity law are identical;
hence, the Schwarachild's law is a generalization of the
rediprogty Taw. A number of graphical fechnigues have
bern proposed 1o detenmine whether 3 material obeys
the reciprocity law, Srhwarachild law, or neither, 11

Reciprocity experimenits have been canied oot on a
small number of polymeric systems, with limiled data
reporied in the literature, Much of the pablished data
his been compiled inan extensive review Ty Marlin et
al.’® Tor most of the polyimeric systenny studied, the
Schwirvschild law appears 1o adequately model their
TespoLse o reciprocily, widh e p-cosfficient generally
lalling between 0.5 and 1.0

THE ADDITIVITY QUESTION

Polymers hive been abserved to exhilil wavelengrh,
or speviral, sensitivity effecty and previous research has
documented that not all suurces of polychromatic LY
radiatiom produce the same type of degradalion [or a
given polymer system, Both the Tilure mechanisms
amed kinetics involved in phowdegradation wmay be al-
[ected by sperific wavelengths in incident radialion.
Thus, UV weathering results may vary widely depend-
tig on the type of radiition source that the malerial is
exposed to, Many arlificlal light sources nsed in laboga-
oy wealheting equipment not only difler in spectral
characteristics from st solar UV, but alse JdifTer
amongst themselves.

This wavelengilh sensitivity s Deen studied in poly-
ey by a number of researchers, using broadband UY
light sources witls eitber cut-on filters ' specioo-
graphs, ' or monechromators! > 1 hreak the inciden
riclialbon down into narrow wavelength bands. Flows of
changes in malerial properties versus wavelenglh can be
generated, allowing the most aclive wavelengths in the
sowrce spactrrn tey T identified. Lhese ploty can be
used o caleulate what ave known as “action spectra” or
*activalion specra,”

A comprehensive nnderstanding of the spectral sen-
sitivity of a polyvioeric system has many practical Impli-
cations in product develogrment, including tie selec-
Lo of pigments, light absorbers, and other additives.
Iowrewer, wavelengil sensitivity data is speciilo o a
giver LY light source, and ihe experiments must be re
peated for each rcdiation sowcce of interest. A higher
goal is the capability to model the response of a poly-
meric systemn o any lightl sowice, based on the response
to a specific source This can be accomplished through

wwws coatingstecharg
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vet another concept odginating in the photographic
commuhily, the comcetH ol addfrieity,

The van Kreveld addition law was one of the earliest
atlemprs at modeling e sensitivity of a malerial {in
this rase, a photographic emulsion) o any type of light
source, provided that speciral sensitvite data for one
typre ol light source is available.* This law states thal
Ihe spectral sensitivity of a material exposed o a miz-
e of wavelengths, 5. 35 as follows:

J's(mfra. Jif.
[ (4]
J'.wm.rr;_

wliete 5(R] is the spectral sensitivity of a rmaterial at
wavelength &, and A7} s the energy disuibution of
the radiation source: as a function of wavelength. 1n
olher words, any elfect that can be produced independ-
ently by several specific wavelengihs can be produced
by a combination of these wavelengths applied simul
taneously, Thiv maodel has been validated by the photo-
graphic® and the medicalibiologival communities, =
Neviations (rom this moded are wpically due to pho-
lurecovery™ or wavelength interacion effecrs {synergis-
tic or antagenistic).”™

The polential impact of both the addilivity and reci-
prowily baws on the polymeric materials commumity is
tremendous, The validaton of these two models, sepa-
rately and combined. conld potentially lead to the abil-
ity o model and accurately predict the propetties of a
polymenc systern [ollowing exposure o any arbivary
source of radiation. Studies to achieve Lhils objective are
currently underway at NS L

NIST INTEGRATING SPHERE-BASED
WEATHERING DEVICE

Cme of the biggest obstacles in validaling both the
laws ol reciprodty and addilivity is the absence of lalw.-
raloly wreathering devices thar consistently genensle re-
producible and repeatable data. Cormmon sowces of
systemnatic eiTors associnted with existing UV weather-
ing devices include unnataral expesure conditions (eg.,
excessively high spedmen lemperalures, non-terrestrial
L% wavelengtls), nuen-unitonn sparial irradiance over
Lhe suface of a specimen, and unwanted temporal
changes in exposure condilions. %% Precise control
arul monitoring of lemperature and relative hamicdily
in weathering devices can also eliminate adidonal sys-
tematic efrors in UV weaihering expetinents,

Since the refiability Based methodology views Tabo-
ratory experiments as the standarnd of performance, all
of these erroxs must be eliminaled or mitigated. Te mit-
igale systemalic errors and w prepare for the siudies of

February 2006 23




Hgure 2—Location and ofientation of CPC and specinen halder,
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reciprocily and addivity, several novel LY wealhering
devices have been develoqed at SIST.*7 One such de-
vice, hased on integeating sphere techmology, has been
designed, fabiricated, and implemenced for studying
the accelerated weathering of polymers.” " This de-
vice, knowm as the NISUSPIERE, has the capability of
irradiating mulnple test specimens with uniform, high-
intensity UV radiation while simultancously subjecling
them o a wide range of precisely and independently
contredled lemperatore and relative humidity environ-
ments {SPIIERLY 15 an acconym that stands for
Simulated Phinodegradation via High Energy Radiant
Lxposure).

The K154 SPLIERE i based on a 2 m diameter ince-
eraling sphere equipped with a high intensity WY light
soures and enmvironmental chambers, g5 shown in
Figirre 1. The exlerior shell of the sphere is aluminum,
and the interior suface is lined with poly(tetratino-
roethylene] [MTFE). The sphere currenily containg 32
13.2 mn {44 in) diameter pons, and a 61 cm {24 in)
diameter top port to accoummodate the TV light
SOLLCE

The famp syslem that serves as the source of UY ra-
diation is a microwave-powered six-lamp system with
an oulpul that is Ach in the gegion between 29 nm
amd A0 nm. The tdal omtput tlux of the six lamps op-
eraling ar W0% power is approximately 8400 W in the
specual range integrated betwean 290 min and $H¥ nm.
Collimation and conveyance of the highly uniform ra-
diation emitied from the sphers pomt 1o the specimen
vhambers is accomplished with minimal Toss of unilor-
mily andd intensity wsing compound pacabolic concen-
trators (L] that ave more elficient than conventional
image-forming oplics in concenuadng and collecling
light,

Specimicn holders ate secured 1o the wids end of
each CPC, and can be designed to hold a single speci-

24 February 2004

men of multple specimens. Bouh nentral densivy filters
anel Lannelpass filers ave vsed to modily the LY inten-
sity and specleal LV incident upon the specimens, e
spectively. Figure 2 shows the location and relative ori-
entation of the integrating sphiere, (he spedmen holder
and the CPC

A comprehensive understanding of UV elfects on
materials requires tial specimens he immadiated over a
range of exposure condidons. Lhis has lheen accom-
plishied by equipping each port with an environmenial
chamber in which wemperature, relative humidity, and
LIVovisible imadiance can be precisely and independ-
ently conlrilled. With 32 ports and the cymability of ex-
posing 17 or more specimens in cach por, a maldplic-
ity of environmental condilions can be evaluated
simmultanennshy, Ternperature, relative humidity, and TV
irradiance lor each environmental chamber are inde
pendently monitered and contrelled via microcon-
trivllers om g PO network,

Acddilional capabilities include the application of
mechanical siresses  either ovelic or static—uo the spec
imens while they are undergoing UV exposure, This
may e achieved by integrating a mechanical test frame,
grips for secuning specimnens, and 2 servohydrauiic or
screw-driven loading device (hhier unigue exposure en-
vitomments can also be created, including 1emperamne
wvcling [including Mreesefthaw), humidity cycling, and
acid rain,

Ome of the first experiments Lo be carried out an the
SPERLE wis o ascertain the relationship belween the
IV irradiance and the phoiaresponse of a polvmeric
system, and o subsequently determing whether the rec-
iprocity law s valid for this particular material ¥ In ihiy

Figure 3—Changes in the FTIR absorbance of the band al 1085 cm™! as
a functian al UV dusaye at different UV irradiance lewels, Each LY -
radiance level 75 jdanlilied by the correspending neutral densily Miller
nserd. Evrnr bars [+ one skandard deviation) shown for tha 100% LY
specimens are iopresantative for all specinens,

[
-0 ===
-0 =%
03 e gt | F
q - a
< 8-l
' —H=F0
-0.23
==100%
D
03
QOEHID  BDE-DE  145:0 152-06  2I5-8 ZR=-§
Dasage

JCT CoatingsTech



Table 1-—Ccoefficients Calculated from
Log Irradiance vs. Log Time Plots

p-CocHicient & One

FTIR Band [cm'} Standard Deviafion

TOBR o LK & 0018
LB e isii it e e 122+ 0,10
eI conconommocaonnnomomoctaamrromsheremaesscacrome L AU £3 el
PRED e e .97 £ 0,70

initial experiment, a non-pigmenied, non-LTV stabilized
meodel acrvlic-melamine coarting was exposed (o six dif-
ferent UV radialinn inlensities ranging from 36 W/ m”
to 322 Wim®, in the speciral region between 290 mm
and 400 n. Neutral density filters wiih transmittance
values of 10%, 20%, 40%, a0%, E0%, and 100% were
used 10 conmol the WY rradiance incident on the speci-
mens. Exposure was camied oul al ambienl Lemperature
and celative humidity.

Changes in coaling chemical structure during Uy ex-
pusure werr analvzed wilh Leansiission Tourier trans-
form inlrared {FTTR} spectroscopy and VY visible spec-
troscopy. Changes in the FTIR bands of inmerest were
highlighted by subtracting the specrnnm of the unes-
posert specimen from the spectrum of the Uv-exposed
specimen Laken al time [ Changes i band absorbance
were measured on the resulling difference spectmm,
andl are hereafter referred to as damiage. The FIIR hand
at WIB5 cm~! was used o follow chain scission, and the
band at 1670 cm ' was used 1o follow photo-
oxidation. Changes in coating mass Toss due o deygra-
dation were followed In monitoring the inlensity
changes in the C-11 strelching lend at 2960 an ' and
the acrylic ester C=0 stretching band 4 1730 em-L,
Additional deeils on the photodegradation of diis par
ticular polymer svstem can be fownd in reference 31,

Ax an example, Fignre 3 shows changes in the snh-
tracled intensity of the infrared band at 1083 ¢! as a
function of absorbed dosage and 1TV imadiance level,
where each imadiance level is identified by the come-
sponding neutral demsity filter, It is observed thal the
individual curves for each irradinnce level superimpose
anto a single curve, The superposition of data from all
frradiance levels in the damage-dosage plots is indica
tive that any point on (e masler cunee represents an
equivalent level of damage for all speciinens, inde-
pendent of the LY irrudianee that individual specimens
were exposed to, Thus, it can be inferred that the
dosage needed (o cause a given level of damiage is not a
fiunction of the incident inlenyity, Similar data and
[Hods were ohtained for the oter FUIR Bands of inter-
est. Addilinnal conlirmanon of reciprocie is provided
b camying out analyses acconding ke the methods of
Kron'* and Arens and Eggert,™ in which the p-coeffi-
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clents tor each of the FUIR bands aof inferest were deter-
mined to be approaimately 1 {see lable 1.

A seoond redprocity eXpermeNnt on A nan-pig-
mediled, non-UY sabilized crosslinked epoxy was car-
ried out tollowing the completicn ul the acvlic-
melamine reciprogny study, Additional Taciors in this
study included jemperature (235G, 35°C, 4537,

35" C), relative humidity {02, 75%), and specual L.
Randpass filters and neutral density (ihers were used to
control the wavelength ranges and UV ircadiance Tevels,
respectively.

The FIE bands at 1513 cm=! angd 2925 an ! were
usid to follow mass loss, bands at 1838 cmc? and 1728
e~ were wsed to follow photo-oxidation, aodd the
band at 1230 ot was used to follow chain scission.
Fiewre 1 shows chianges in the subtraced intensity ot
the infrared band ar 1728 amc! for aming-cured epoxy
specimens exposed under a bandpass filler with cenler
wavelenpth 326 nm and neutral densiny Hhers, The su-
perposition of all intensity levels oo the same master
cutve when plotted as a funcion of dosage s ance
again indicative thal reciprocity is obeved. Similar re-
sults were obtained for ather FULR bands associated
wilh photodegradation, and reciprocily was seen to he
obeved at elevaled femperature and under specteal LV
conditions,

In addition to studies of reciprocite and additivity,
the X151 SPHERE 15 also being used 1o weather spe-
mens that have countenprs in outdool exposure exper
iments, As discussed eardier, wimperalure, relative -
midity, and 11V imadiance are measured in the same
way in both the laboratory and the outdoor environ-
ment, In both envirenments, absocbed dosage is the
normalizing metric, Eventually, these siudies will play a
dominant role in establishing a mathematical linkage
between accelerated laboratory and omitdoor weathering
vonditions.

Figure 4—Changes in absorbance for the FTIR band al 1728 cm™? for
amfa-cured epoEy specimens exposed at 35%C0% RH under a band-
pass Fiter {center wavelenglh 326 nm} and neotral densily Filkers,
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SUMMARY

The aleility (o preddicl the service lives of polymenc
materials used in outdaoor eoviranmenis is of gredl in
terest o procducers, as well as to end-users, ot polymeric
maleridls. A reliability-hased methodology utilizing to-
3] elleciive dosage as an exposure mettic has been pro-
posed as an alternatve o the conventonat methodol-
oy for carmving out laboratory and cutdoor weathering
sludies. The ase of ihis proposed new methodology in-
volves not only a shili in paradiegm bud also in the way
that laboratory and outdoor weathering experiments
are cirried oul Insinnments such as the XIST SPHERE
that are able 1o produce a high inlensity, highly uni-
form UV flux arc necessary to implement this metlwod-
ology. I addition, the comeepts of reciprodty and addi-
tivity, which were Jitst inteodueed by the phonographic
community and then studied by the medical and bio-
logical commumities, are proposed as models for syn-
thetic polymeric sysiems.

The ability Lo weather pelymeric malerials a1 high
TV imadiance levels in a laboratory device and conli-
dently reike the linkage to outiloor exposure results
also has wemendous implications in LIV weathering
studies. Using the high iiradiance LY source in the
NIST SPHERF, experiments have bren caried out to
validare the reciprocity Taw Jor a nom-pigmented, nom-
Y stabilized aaylicmelamine coating exposed o dil-
Ferent Trrevaadd bl imrachiance levels at ambient tempera-
tare and humidicy, as well as an amine-oured eposy
exposed 1o spectral UV irradiance levels at elevated
ternperature, Reciprocity was observed to be obeved in
Eoth studies. Stadies o validale the Ty of additivity
and 1o establish linkages between acceleraled laboratony
aned cldiroer environments are abso underway at NIST.
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