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Abdract :

While nearly dl teging is done in one way or an-
other for research and development purposes, the main
reaon why people ted is to meat Pecifications required
by those who buy their materid. There are sverd an-
sversor decidons that mey be made during a teg or in
evaluating results. The three main factors of weathering
are light (solar radiation) , water (noigure) and temr
perature. But it ismot jug "how much” of each of these
factors that utimately cause degradation to meterids,
because dfferent wavdenghs of radiation, dfferent
phases o noigure, and actua tenperature cycling have
a ggnificant , if not greater , efect on meterid son expo-
sure. Thesefactors (and secondary dfects) work in syn-
ergy to cause degradation. Radiant energy can be broken
into direct and diffuse conponents, and different wave-
length bands have been categprized into the UV, Vis-
ble, and IR regons. Radiometric quartities, defini-
tions, and equations are presented. dimete plays a key
role in degradation processes. Different climetes will &-
fect meteridsin varying ways. The two benchmearks for
weathering sudies include subtropicd and desert cli-
metes.

"Why Do You Tegt 7

This pargphrased quegion was asked in a mar-
keting survey savera years agp to deternine why conr
panies sent gecimens to i ndependent teding laborato-
ries and/or purchased artificiad weathering equip-
ment. The results were mot surprisng. Nearly two -
thirds of those surveyed indicated that they tet snmr
ply " because we have to.” This means that , in order
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to =l ther materid , they were required by ther
buyer to prove the peformance of their materid to
outdoor oonditions. Mog of thisteding is done to ex-
acting comporate , indugtry , or government ecificar
tions. Without deta to support the pefformance of a
new formulation or process, the buyer snply would
rot agree to purchase ther meterid. This denonr
drates the inportance of tes sandards and gecificar
tions, and a9 underlines the inportance of under-
ganding how to properly conduct these teds.

Other regponses to this survey included the need
to conpare meterid sto the conpetitor , which may a-
low for sales and merketing canpaignsfor a conrpany.
While dnog dl teding isin ome way related to re-
sarch and development , about 10 % o the teding
done was grictly for these pumposes, while arother
10 % tedted to ensure that their materia would meet
the warranty daims, or other requirements.

Answers Expected From Weathering Tests

Undergandi ng westhering teg gpplications and
eva uation techniques, one dould be able to accu
rately rank meterias by performance. In other words,
"1s this new formulation/ process better than the old
one? intermsd durability , cog , etc. This ranking
technique is cormmonly performed conparing a new
formulation to a " known” or control neterid . These
are meteria s that have been tesed and characterized
in away that its performance iswdl known and docu-
mented. This can include gandard reference meterid s
developed by an indudry , such as polycartonete ref-
erence chipsor blue wool meterids, or maybe an old
formulation of a ecific meteria developed interndly
by an organization.

In research work , teging may dlow one to urr
derdand and identify the likely falure mechaniams
that occur as a reault of westhering. Underganding
these processes may lead materid scientigsto develop
new formulations and processes that inhibit these
mechaniams. While new formulations mey be the pri-
mary factor in teging, new surface preparation meth-
ods or cog saving proceses may A be eva uated
during aweathering tet. For al acceerated teging,
a primary concern is how well the tes conpares to
what happens in the actud end use environment of a
meterid . Thisisdften cdled a correlation factor.
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Thisfactor rdates very dosdy with predicting service
life, which is the ultimate gpd o any weahering
tes. Urfortunately , no " universl” oorrelation factor
exigs for dl materids, and nog experts agree that
oorrelation (or acceleration) factors can only be de
termined epiricaly.

The three main factors of weather that cause
degradation to meterids are lar radiation, water
(moigture) , and tenperature. However , it mug be
undergtood that is ot jus a metter of ” how much”
radiation, " how much” noigure, and ” how much”
tenperature is required to break down a meteria. In
fact , the quaity of the lignt (or light source) is an
extremdly inportant factor in the dedgn and eva ua
tion of westhering tegs. Weter contact mey be in s
erd forms or phases, and these different phases can
oontribute to different degradation processes. While
the terrperature of a materid can sgnificantly irflu-
ence the rate of degradation , temperature cycling can
caue mechanica dress, particulaly in conposte
sysdems, which may cause nore types o degradation
than jug the long durationsd high tenperatures. The
gnergdic dfects of tenperature with moigure and
radigtion meke the gudy and predictahility of weath-
ering teds exremdy difficult.

Solar Radiation

Terredrid daylight is commonly sparated into
three main wavdengh bands. Acoording to CIE
(Gommisdon Internationde |’ Eclairage) Publication
85, daylight romindly consgs o wavdengths of ra
diation between 295 and 3000 narometers (1 x 10™°
meters . Wavelengths between 295 and 385 nm are
oonsdered the ultraviolet (UV) portion of the slar
goectrum, making up between 4% - 7 % o the totd
energy. It iscommon practice to sparate the UV por-
tion of the gectruminto the UV - A (between 315 -
385 nm) , and the UV - B (between 280 - 315 nm) .
Omne abgorption in the dratogphere esentidly dimi-
nates dl radiant energy below 295 nm. Vighle radia
tion (the radiation the humen eye can detect) is be-
tween 385 and 780 nm, meking up goproximetdy
45 %o the olar gectrum. Nearly hdf of the radier
tionfrom the sun is contained in the near - irfrared
(N - IR) portion of the lar gpectrum beyond 780
nm.
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The cut - on wavdength of terredtrid sunlight and
the percentages o each wavdength band reported will
vary dightly dependng on laitude, dtitude, and a-
nogheric condtions. Al , the ddfined break between
the UV and vishle portions of the gectrum nay be
dfferent depending on the source of the irformetion.
me condgder the UV portion o the gpectrumto be be
tween 295 - 400 nm. While this may be conddered a
trivid point , it mug be undersood when cdcuding
radiant dosagesfor exposure , whether in outdbor or ar-
tificid conditions. The variance between the 295 - 385
range and 295 - 400 may be nore than 10 %, which
ooud be etremdy inportant when attenpting to pre-
dct snice life edimetionsfor a meterid .

Proton energy increases with decreasng wave-
lenghs of lar radiation. These shorter wave engths
may contain erough energy to break chemicad bonds
in the polymeric dructure of a paint or coaing. As
the chemicd dructures change, the appearance and
physca properties of a meterid will change, result-
ing in phydca or chemicad degradation. Thisexplains
why the higher energes contained in the UV portion
o the pectrum are the nmog inportant for discusion
o materid degradation. While photochemidry is a
oonplex subject , there are two inportant laws that
mug be remembered

1) A meterid may only be dfected by the wave-
lenghs of radiation it will absorb, and

2) Potochemica changes can only occur if the
radiant energy aborbed is great enough to break (or
dter) chemica bonds.

These concepts serve as the foundation for un-
dergtandi ng the photochemicd processes that occur as
a materid is being weathered , and nore inportartly ,
how to protect meteria s from these processes.

Direct And Diffusee Radiation

Direct radiation is radiant energy that reaches
the earth’ s suface without being scattered by any
conponent of the anogphere. For radiometry meser
surements, thisis ddined as radiant energy within a
6 fiedd of view o the sun itsdf. Diffuse radiant ener-
gy is radiation that has been scatered by the atno-
Phere, and therdfore reaches exposed surfaces at dll
andes (that are not defined as direct) above a 180°
plane. It can therefore be assumed that for an ex -
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posed horizonta surface , both direct and diffuse olar
radiation is received. Thisis ometimes referred to as
totd , or dobd , lar radiation. As we will discuss
later, it is common to expose Pecimens in naturd
oonditions with ome kind of tilt , tha will increase
Dlar radiation received , or better Smulate end - use
oonditions. Under these conditions, the suface of a
gecimen dill receves the direct and diff use radiation
as discused previoudy. In addition, there is per-
centatage of incident radiation that reflects doff the
earth’ s suface (ometimes referred to as a bedo radi-
ation) that do reaches the suface of a goecimen.
The anmount o radition reflected off the earth’ s sur-
face is dependent upon the ground covering. Bare
rocks, sand or gravel will reflect much nore radiant
energy than a grass- covered suface. Water or Sow
will reflect an even greater amount of radiant energy.
The ratio between direct and diffuse energy
reaching the earth’ s suface is grongy irfluenced by
atnmogpheric conditions. Water vepor (humidity) and
pollution will increase the amount of radiant energy
found in the diffuse component. A desert location
(such as centraArizona) has a much higher percent-
age o radiant energy in the direct conponent. This
occurs because there is much less humidity in the
desert than in a subtropical environment such as uth
Horida. By contrag , a ste with higher levelsdof pol-
|ution drameticaly drops the armount of direct radiant
energy. Thereisd a difference in direct conrponent
between tota lar radiaion (including al regions of
the solar ectrum) and the UV only. Sorter wave
lengths of radiation are nore likely to be scattered.
Therefore , the percentage of UV in the direct conpo-
nent will aways be less than totd lar radiation.
The discusson o direct and diffuse radiant en-
ergy isinportant when cond dering exposure angesin
a gecific dimete. Because of the high humidity in a
subtropica climete such as south Horida, about 50 %
o the UV radidion is dffuse on clear days. Many
days in Horida are mot clear, which will result in
even a gregter percentage o radiation in the diffuse
conrponent. As a reault , to maximize lar radiaion ,
ecimens in a subtropicd dimete such as uth
Horida gould be exposed a an ange dose to hori-
oontd , suchas5’. Gnversdy , a desart dimete such
as centra Arizona would have a greater percentage of



2001 6

180°
TUVR -

, W/ nf

. 295 nm- 3000 nm( )
295 nm- 385 nm( )

, W/ n?/ nm
( J/ nf)

K/ nf
M/ m?

1 1 0. 0418
AMI/ m? (295 nm - 3000 nm) 1

UV radiant energy in the direct conponent (as much
as 75%) . This would mean that the nog radiant
energy over the course of one caendar year would be
on pecimens that were near the latitude ande of the
exposure dte.

There are two types of radiometers commonly
ued to measure Dlar radiation. Those that measure
totd lar radiation (UV, Vidble, and IR) are
caled pyrarometers. They measure radiaion in a
180 fidd o view. The other type of radiometer
down isa TUVR, which gandsfor Tota UltraViolet
Radiometer. Because o the direct and diff use conpo-
nents, different exposure anges will receive varying
anounts of radiant energy. - Therefore , we conmonly
measure radiation a anges that corregpond to com-
non angesd exposure.

During our discusson o the measurement o radi-
art energy , it is necessary to ddfine some terms used in
measuring and cacuding radant energy dbsages re-
ceived by gpecimenson exposure The radiometers men-
tioned alove are used to measure indantaneous leved's
o raddion received , cdled irradance. Irradiance can
be ddined as the amount of radiant flux driking a de-
fined suface area, conmonly expressed in W/ nf. For
this parameter , it is necessary to indcae the gectrd
range in which the measurements were taken or for
which the vaues were cdcuaed, such as 295 - 3000
nm (totd solar) or 295- 385nm (totd UV).  weturn
our atertion to narrow wavdength intervds, then we
obtain the spectrd irradiance , measured in W/ nf/ nm.
For weathering teds, the concept of radiant expoaure,
which isthetime integrd of (gectrd) irradiance , may
be nore inportart , gated inJ/ nf. Mog radiant expo-
sure chsages are measured in dther I/ nf or MJ/ nf.
Arother unit o measurement , the landey, is ome
times used , however it can only be gpplied to totd -
lar radiation and rot artificid lignt urces. A langey
isequd to one gram - cdorie per square cerntimeter.
Ore langey is equd to 0. 04184 MI/ nf (295 -
3000nm) . By ddfinition, a "langey of UV” cbes rot
exid.

Temperature

The tenperature of meterids eqposed to Dlar ra
détion has a dgnificant irfluence on the dfect of the
radaion. The dedructive dfects of light are usudly
accderated a devated tenperatures as a reslt o the
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increased rate of secondary reections, with reaction
rates gpproximetely doubling with each 10 (C rise,
athough this may not be true of al meterids (or be
*en when measuring phydcd or gopearance
changes). At high tenperaures nolecules have
gregter nobility. Reactions may take place a higher
tenperatures thet occur a a very low rate or rot e dl
a lower terrperatures.

In the presence of sunlight the surface terrpera
ture of an object is usudly condderably higher than
the tenperature of the air. Slar abomptivity is cose
ly related to oolor , varying from about 20 % for white
meterid s to over 90 % for black meterids; thus samr
plesd different colorswill reach different on - expo-
aure tenperatures. Because the therma conductivity
and heat capacity of pladic subdrates are generdly
low, much higher terrperatures can be obtained on
the painted or coated surface than in the buk of the
meterid. Therdore, the surface tenperatures of the
exposed meterid sis dfected largaly by irfrared radia
tion abomtion which varies by meterid oolor, and
the ambient ar tenperature and its fluctuations dur-
ing exposure play a role in meterid degradation rates.

Diurna and ssasond tenrperature variations are
inherent to natural weathering conditions. Tenperar
ture cycdling can cause mechanica dress, particularly
in conpodte sydems condding of meterids with
widdy differing temperature codfficients of expandon.
Tenperature and its cycles are d cdosy linked
with water in dl of itsforms. Drops in tenperature
can cause water to condense on the meterid as dew,
a rise in tenperature causes evgporation , and sudden
rarfal can cause therma dress. Fndly , the combi-
nation of heat and absorbed lar radiation may cause
oondituentsin a polymer (such as a pladicizer) to
wldtilize out of the sygem. One exarple of this re-
lates to the exposure of ingrument pand sygems. The
vinyl skin covering an ingrument pand mugd contain
pladicizers that make the polymer pliable and bend-
able around the shape of the pand . Asa result of ex-
posure , this additive may exude out from the polymer
and be depodted on the cover dass of the exposure
box. In time, this wldtilization process causes the
vinyl skin to become brittle. BExtreme tenperature cy-
cing may reault in phydcad degradation such as
cracking.
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( ) Water (Moigure)

Moigure can become deposted or incorporated
in apant or coating on exposure in dfferent phases.
Moi gure can take the form of humidity , dew, rain,
sow, frog or hail , depending on the ambient tem-
perature. Moigure can have both phydcd and/or
chemicd dfectson nmeterids aswell.

Weater abomtion by synthetic meterids and
ooatings from humidity and direct wetness is a diffu-
don controlled process. This hydration of the surface
layers produces a wlume expangon that places me-

, chanical gress on the dry subsurface layers. A fol-
lowing drying out period dgnifies a desorption of wer
ter. Drying out of the surface layers will lead to a
wvolume contraction ; the hydrated inner layers res g
' ' this contraction, leading to suface dress cracking.
This oiillation between hydrated and dehydrated
dates may result in gressfractures. Because of diffu-
gon rates in organic materids, it may take weeks or
) nonths to reach rmoi sture equilibrium.

The freeze - thaw cycle is amother physca -
fect. Because weater exands when it freezes, abr-
rbed noidure in a meterid , epecidly in oated

- hardboard sysgems, causes expangon and gresses thet

cause peding, cracking, and flaking in the coating.

Rain, which periodicdly washes dirt and pollutants

from the suface, has an dfect uypon the long - term

; rate of deterioration that is determined by itsfrequen-
cy. When rain grikes an exposed surface , the evgpo-

rative processes ool the surface of a gecimen down

' ’ rapidy , which may cause further phydca degradetion
to a meterid . Fozen rain, or hal , may d® cause

physca degradation to coatings or paint because of

the grong kinetic energy asociated with its inmpact.

Moigure, as H* and OH™ , is inmportant in

; weathering from severd pointsof view. The chenmicd
dfects of nmoigure can be vienved in the chaking of

. ) titanium dioxide (TiO,) pigmented coatings and poly-

, H OH mers. The dructure of a polymer is changed photo-
chemcdly , either with or without chemica participa

tion o hydrogen or hydroxide ions, but the actua

physcd rdease of maerid on the suface is en

, hanced , if ot caused , by the cyclic action of chemi-
cdly aborbed moigure. Moidure may d act as a
pH adjuger , epecialy when conddering the dfects

' o acid rain, which may cause an etching o many

( paints and coatings.
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The inportant fact to undersand when cond der-
ing the roles that light , noigure, and tenperature
play on an exposed ecimen is that these factors
work together to degrade meterids. For exanple, if a
meteria is eqosed only to one of these factors, it is
very unlikely that the degradation incurred will look
anything like that of a meterid exposed to outdoor
oonditions, where dl three o thesefactorsplay a role
in the degradation processes.

One mug ot underegimete the secondary -
fects of weather or the atnogphere that may cause
degradation. Gases and pollutants in the atmogphere ,
epecidly intheformdf acid rain, may cause entirdy
new reactions to be initiated. In highly indugriaized
areas, where long range trangoort of arborne acidic
particlesis ot a consderation, acid rain is the pri-
mary dement driving the weathering process dfecting
awde range of meterids. Dirt and dug may have
mon - interactive efectson the westhering process it-
«f. Thes indude the screening of ultraviolet radiar
tion from the meteria s by ultraviolet - absorbing dirt |
arborne grease, etc. , and undesrable, sami - per-
manent ’ varnishes’ that may be photo - polymerized
on the suface of exposed meterids. Mold, mldew
and other microbiologcad and botanica agents may
play a dgnificant role in meteriad degradation , partic-
ularly in tropica and subtropicd dimetes, dthough
they may ot be generdly thought of as weathering
factors. Actsdf Nature may ot directly cause weath-
ering proceses to occur. However , Acts of Nature
suchas H Ni ?0,LaNi ?a, and wlcanian nay &-
fect climetic conditions, which in turn result in dif-
ferent degradetion rates.

Climate

In viening a dimetologica mep of theworld , it is
obvious that depending on latitude , weether patterns,
topogrgphicad and geogrephicd features, ec. that a
wide range of climetes exig. The World Meteorolog cal
Organization (WMO) has identified seven mgor di-
metes around the world. The two nog inrportant dli-
metes (or benchmarks) for weathering teds, are the
aubtropicd ervironment , such as south Horida, and
the desrt environment , such as rorthern Mexico and
the centrd Arimna. Other dimetes, such as polar,
tropica rainforegs, humd meo thermd , hunid nicro
thermd , and undifferentiated hignlands, are onetimes
used as weathering teg dtes for gecific gpplications.
In nog cases, the subtropica and desert environments
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are recognized around the world as the nog severe
climetes for meterids exposed outdoors in ther ex-
pected end - use goplication.

"Why Teg In These Benchmark Climates?

Bqosures in the noig , subtropicd climate of
uth Horida were fird conducted in the 1920s and
1930s as the paint indugry became nore and nore
ooncerned alout the westhering reigance o ther
products, meking this area an inportant hidorica
outdoor teging regon. The larges independent test
gtes are located in areas that are consdered an in-
land location, and therdore db mot see any adverse
oorrodve coadd dfects. In the desert environment of
central Arizona higher extreme tenperatures are seen,
which is known to cause high gresses to autonotive
interior meterid's than any other dimete of the world.
Independent teg dtesare d D located in areasoutsde
of mgor metropolitan areas to minimize indugria or
urban pollution.

Seand variability exigs in both subtropica
and desert environments. The armount of variation will
depend on the exposure ande and dimete , epecidly
the atmogheric conditions that cause different ratios
o direct and diffuse radiation. Because of the high
percentage of direct radiant energy in a desert envi-
ronment such as centra Arizona, there is a high ssar
nd variation for 5° exposures at that location. Ex-
posures conducted a 5° in ©outh Horida are rdatively
oongant in UV due to the scattering by water vepor.
BExposures conducted at the latitude anges (which are
26° in ©uth Aorida and 34° in centrd Arizona) result
in mnimzed ssaond varidions, because the sun is
closer to the perpendicular of these surfaces over the
ertire year. A 45> exposure isoptimd for centrd Ari-
2ona due to the high direct beam conrponent , and
overd| , uth Horida has less UV a 45 due to the
diffusng of radiant energy.

Tade 1 (see bow) showsthe average annud rar
dart energy receved @ common exposure anges in
Horida and Arizona. Although higher arourts o UV
radiant energy are received by exposuresin centrd Ari-
2na, one doud rot assume thet thisis a harsher di-
mete to exose meeids, because o the drandtic in-
crease in moigure received in outh Horida. This addi-
tiondf nmoidure has sown to be very dfective in the
degradation of paints and coatings and , in generd ,
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nore paints and ocoatings are teded to this environ-
ment than the desert of Arizona. However , the dry
cimate of centrd Arizona, in conjunction with the
drametic diurnd tenperature cycling, has proven to
be very dfective in the degradetion of interior auto-
notive meterid s and many other polymers. It is com-
non that many conpanies will tes their materids in
both the subtropicad and desert dimates (and others,
for that metter) because the dfects of these extremes
will reault in different typesdf degradation processes.

Weathering tes fields are required to nonitor
and dore al mgor climatologica data. The enclo-
sure used to house the ambient tenperature and rela
tive humidity devices is gecified by WMO. The err
closure mug have a double rodf ; in other words,
there is essentially two pieces of wood over the top of
the enclosure , with a amdl air ace between. This
isto inhibit any direct radiant energy from sriking
the roof of the enclosure. The enclosure mug d s be
naturally agirated to dlow wind to flow through the
housng. Al®, the enclosure mug be nounted a
Pecific height above the ground 2 the reflected -
lar radiation does ot dfect either the ambient tem-
perature or relative humidity. Wind gpeed and wind
direction snrs, rdative humidity sengors, rain
gauges, wet time snrs, and gecia radiometric
devices are all connected to a data acquiStion sysem
for continuous nonitoring of the mgjor weather par
rameters.

It iswidely accepted that black pand tempera
ture devices are used to control temperatures indde
artificial weathering ingruments. In order to sudy
me kind of correlation to tenperatures reached in
outdoor exposures, black pand (and white pand)
tenperatures are d comnonly measured. Because
o the high olar absomptance of the black paint,
these devices are used as a reference tenperature ,
that may be thought of as the highes tenperature
that gpecimens on exposure may reach. These panes
are usudly thin metal (gainless sed or anodized a
luminum) and are coated with a primer and a qudity
black paint. Sandards organizations are in the pro-
cess of writing a gecification to define the properties
o the paint , aswell as developing methods to noni-
tor and attach termperature - measuring devices to the
pand .
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26°)

280

4%

188 cm

4500 h

M/ nf

34°)

200

Table 1 Weathering Parameter Compar ison -

Average Totd UV Radat Bt

Desrt vs. Subtropical dimates

Desert Subtropica
1 dimae o dimae o
Parameter centra Suth

Arizona Horida

. 350 280
ergy (295- 385 nm) a stelat M/ 1P .
itude
Average annud % R. H. 30 % 74 %
. 107 4
Average rairfdl (25 om) (188 cm)
. 525 4500
Average annud wet time Hou's Hours
Average summer (May - Syt.) 3rC 3#C

maximum ambient terperature (102F) (93F)

Ande d Measure

Table 2 Average Annual Radiant Energy

Horida Arizona
(26> N Latitude)  (34° N Latitude)

310 360
5 uh M/ nf M/ nf
Ste lditude 280 350
(uth) M/ n? M/ nf
45 uth 290 MJ/ nf 330 M/ nt
9O Duth 180 MJ/ nf 200 M/ nt

Five - year averages between 1994 - 1998 measured a Atlas Westhering
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