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his ariicle presents tasuits from a stmple Design of Experingent
{DOE} in natural outduor weatheritg, Results show compara tive
effacts af ihfee weatherfng variably: malsture, avposare angle,
aned exposure luration. The experiment design tereals rank impor
tane of e stidy variables wnd Timks chorgcleristics of the eutdoer
rwealiering snvirominen with eppearance decradation af coiings
The DO date follnes gloss retention of four autemotive puing sps-
tens o 0 murths 1w subtropdcal Floride wud disert Arizona. The
areicle discusses some of the root causes wud co-wriailes wllich ey
explai gutomotive pemt appedaraitce diyradation.

THTROD_CTION AFID BACYGEOUSE

The Moisture Variabie

Researchers laow moisture plays a key role in wealh-
ering of many materials and oiten place moisiure in a
set of three primacy weathering varinbles with sunlight
and Lermnperature. Beseatchers use southern Tlodda as a
weathering reference environment because of its rela-
tive humidity, rain, condensation, and the importan
etfect meoisture plays in weathering. Besearchers also
malke greal ellirts to include moisture variable control
in artificial weathering tests for both simulation and ac-
celeration of natural culdnor weathering degradation.’
wolsture represents an imporlant focus for wealhering
studies, exposure standards, service lile prediction
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methodology, and weathering device design.™" Several
recent studies 2lso show the important effect of mois-
ture on material degradation mates and characeristics of
automodive coating systems ®7 Because of these histonc
and recent perspectives of moisture’s role in degrada-
ticen of automaotive coatings, a research goal was identi-
fied oy perform a simple weathering experiment de-
signed o help guantify the role of the moisiure
variable compared to other weathering variables on
aulo coating degeadation. One study objective included
using natral outdoor weathering rather than amifcial
of accelerated methods. Another study objeclive in-
chuded wacking long-term degradation {longer than
(ive years iatdoor weathering) in order to characterize
the naturally oocuming long-term appearance degrada-
tion pattern, rather than only the initation porlion of
the degradation function. In 1998, researchers planned
a simple DOFE 1 meet these olyjectives and began ex-
posure and measurement of commercially availalle au-
Lewmertive paint svstems. This simple study illustraces
the important and posvertul role moisture can have on
weathering degradation rates and underlines the care
and vonsideration researchers need to use W incorporate
the messiore variable into experitaents and tests aimesd
at predicting malerial emd-use outdoor performance.

The DDE Approach to Weathering Experiments

Traditicnal naivral outdoor weathering swdies ordi-
narily consist of simple exposures of material speci-
mens in outdoor environmenits for pericds of dme
while making inermittent measurements ol material
characteristics throughoul the exposures. Sometimes
(he measured characteristic {also known as “output
variable” or “dependent vaxdable”) is graphed on a y-
axs with some appropriale measurement of exposure
durstion on the x-axis to ferm a curve or degradation
funciion. These exposure thals are typically ohserva-
tonal in nature as researchens do not uy w influence
the naturally occuning environmental variables {also
known as "input variables” o1 “independent varialdes")
causing the degradation.

Sometimes researclers consinut actual experiments
uzing these outdoor exposure tials. An example may
be when a researcher considers Jdifferent additives or
amounts of a single additive in a system 1o promaote
nutdoor weathering durability. The researcher sets up
an cxperiment subjecting specimens with varying tpes
or amnoumts of additives to an ouldoor weathering ex-
posure wial. Degradation curves can then be analyzed
tor assess the best addilive or best amount. In this stvle
ol experiment, however, the reseaccher s contolling
the material variable. The additive type or amounl rep-
tesents the independent varialile controlled by the re-
searcher. The researcher usnally does ool control envi-
renmental variables as a pan of this type of wealhering
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experiment and, consequently, gathers no information
on how changing environmental factors affect the
degradation characlerisiics

More recenlly, weathering researchers have begun
considering eftects of environmental vanables on
degradation chavacteristics by perlorming experiments
o siandand specimens while varying environmenial
factors in arlificial weathering devices to determine
how different levels of an emvironmental faceor [the in-
deprendent vadable in this case) ailects a degradation
function. For example, an experiment may expose sLan-
dard speritnens io different relative humidity levels
while holding other variables constant {such as spectral
power distritrution, imadiance level, temperature, ele).
Tvpically, these experiments vary only one environmen-
tal factor ar 2 dme nnder atificially comtrolled condi-
Lirns. This approach is sometimes ks as an "OFAT®
{one-tactor-at-a-Litne) experiment,

The OBAL approach Loy niural outdoor weathering
research is exwemely difticult o perfomm comealy, Iris
realisiically impossible 1o only vary one envirenmental
factor ala Lime in o natural outdoor exposure.
Therefore, OTAT experiments typically utilize antificial
wealhering devices to only vary a single independent
weathering variable while holding other factors con-
stant. Nawral outdoor environments, however, never
generale single factor varation while other factors re-
main constani! The phrase *n-dimensional hypervol-
urmne” underscores the dynramic mulii-variable cutdoor
envircnmend's interaction with materials ® Likewise, for
this reason, single QFAT weathening experiments can be
comsidlered highly anificial and over-simplistic con-
steucts offering only meager information relating badclk
to material petlormance in the natural outdoor weathe-
eTing environment hypervolume. OFAT ¢xperiiments
sitngly do notl have the power to characterize weather-
ing processes occutring in the n-dimensional hypetvol-
ume of the natural weathering enviromment, DOE ap-
proaches, hrawever, do,

“Design of Laperiments [DOF] s the simultaneous study
of several process varfables. By combiining several variables
ire one sitdy tnstead of creating a separate siudy for each,
the amotent of testing requrred wil] be drastically veduced
and greater process uiderstanding will vesuft, This is {n di-
rect contrast o the typicel ene-factor-ai-g-time approach or
OFAT which fimits ihe understanding and wastes daia.
Addditionatly, QFAT studies carmiol be assured of detecting
the unigue effects of combinations of factors (o conditin e
be later defined a3 an interaciion}, ™

A weathering DOL, thetelore, is simply a traditional
DO which varies several weathering faciors {variables)
simultaneously 1o characterize the effects of individual
factors and their interactions on the study matexgal,
D{OEs include two wypes: racliomal factordal {some-
times called screening experiments) and foll factorial
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Fislire 1.~The 23 factorial design weathering experiment,
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DOLs, Researchers fypically use fraciional factorial ex-
periments to narrw a collection of many suspect vari-
ahles down 1o a few significant varables and identify
Lthe variahles that warrant further investigalion while
sereening out variables that do not. Onee identified in
sereening apiroaches, fll facterial DOLs then can be
peformed lor robust characterizalion of the main el
fecrs and interactions of the few key variables. For dais
study, thie screening experinents were presented in sep-
arate publications, 4

Diesign and implementation of DOEs using nanral
weeaihenng faclors may present considerable difficulties in
natural environments. The power and efficency of weath-
ering ML approaches, however, often oniwelgh these
difficulties and justity using weathering DOE approaches.

DESTGH OF EXPERIHENT

Researchers planned a simple nalural weathering
LOF to help understana the effects of molisiure an
glass degradation of antomolive coatings. The study
nbjectives included obiaining informaton which com-
pared the effects of moisture 1o Lo other weathering
faclors: expnsure location and exposuce angle. These
twee variables—mcisture, exposuce location, and expo-
sure angle—naturally fit inlo a 27 full factorial O
Figure 1 shows this weathening DOL modified Dom
Montgomery 1

Weathering DOE Trials

This TOL inchided eighi long-term weathering expo-
sures varying the three faclors {moisture, exposun: an-
gle, and location} simullaneously. The experiment de-
sign waried the thres factoms in an orthogonally
balanced manner, Contrasting tials varied each faclor
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to a low (-] and high [+] setting independently ol the
ather tactor settings. Al eight exjrosires hegan within
three days of November MY, 19943, and conlinued
throughowt the 96 months reported here within, Lvery
three months, the expumsed automollve coating speci-
meng were teasured and the measurements were plot-
led against exposure time in order to obin the degra-
dation curves [or each of tie eight exposures. L this
manier, the DOE characterized the long-term weathei-
ing degradation for each variable setting. All spevimens
were exposed in Lhe backed condition.

Exposure and Independent Varables

varyving independent envirommental factors in a nat-
ural ouldoor wealheling experiment mav seem para-
doxical, *Conuolling” a natural environmenl malkes il
nn-namral. bor example, it would be difficalt to per-
lorm a DAL that scwally coatralled the temperature of
exposed specimens vsing heating elementy while sill
malntaining the nalural cpclic emperanre patterns
[oumd in cutdoor exposures. Still, opporunities exist
to conmol some variables in ouldoor cxposure without
intraducing artificial or unnalural weathering condi-
tions. 1o this DOL, the desigpn achiewved control over
two [actors wilhout inLoducing ardficial and uonatu-
ral environmenty: the exposure angle and exposure lo-
cation factors. Phe third factor—moislure—required an
artilicial application of moisture spray,

The Moisture Variabie

s order to charaderize the effecl of moeisture in this
DO, four of the eight trials exposed specimens on
racks wilh water spray. Fssendally idenlcal to non-
spriy racls except for the moisture, the spray racks ap-
plied a light rain-like water spray on exposed speci -

Figure 2—Approsimate cumukslive time of welknass.
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mens. A spray nozele applied high puddty de-onized
wiler 10 wel specimens exposed on spray rucks, 4 single
spray eveal lasted 60 sec. Fight spray events ooourred at
the beginning of eadh hour (rom (45:00 hr uniil 1o
br during each day of the exposure. Liials shown in
Fivie 1 with the moislare spray variable sel high (1)
exposed] specimens on spray racks while uials with the
maoisture spray variable sel low [-) exposed specimens
on facks with no spray. In this way, the O characier-
ized the eflect of an amificially introduced moistuce
spray o the wemthering degradatiom of the aulo paimt
SWHLRLIS.,

ILis interesiing to consider some of the co-variakles
associated wilh the molsture spray factor inthis experi-
ment. The eight contolled one-minuie sprayvs represen?
omne source of the moisture in this experiment.
Howeever, anolther imporant source of moiswire co-
varies with the locaion facor and the angle factor.
Tigure 2 shows malwally ocowning approximate time of
welness for Arizong and Flodda @1 5° and 45° sxpo-
sure angles during an eady period of the exposures.
Bath location and angle appear w affect the naturally
oeeurring time of wetness. Almost every nighi, moisture
condensed from the sumounding air mass tamerses e
posed specimens under niillimeters of liguid water in
senllhern Florida,

The Exposure Angle Variable

In order 1o characterize the eftect of exposure angle
in this D{OE, four of the eight trials exposed specimens
on racks oriented 45° fromn the horizontal facing true
soutl while four 1rials exposed specimens on racks oxd-
ented at 5 from the horizongal, Trials shown in Digure
1 wilh the angle varialile set high (] exposed speci-
mens an fadks sel al 57 while trials with e angle vari-
able set lowe (-] exposed specimens on racks sel at 457
This represents an example of controlling a variable in
a natural weathering DOF witwonut introducing aa ati-
ficial eitect, 1n Uhis way, the DOF characenized the ef -
lect of changing the exposure angle (and all co-vari-
ables assodated with exposure angle) on the
degradation curves of the auto paint systeins.

IL1s inreresting to consider some of the co-varialles
associated with exposure angle. Badianl exposure
{someiimes referred to as dose) represents one co-vari-
able associated with exposure angle. Cosine etfects vary
solar mtensities and accomulaied radiadon with chang-
ing exposure angle. Figeres 3 and 4 show this effect of
the total solar radiant exposute and total uloaviclel ra-
diant exposure respectively during the experiment,

Fxpnsures at 457 in Arivona acoomulated total solar
raciant exposure (dose) slighthy faster than ad the 5°
exposure angle. The 347 lathiede of the Azons expo-
sure site 1s closer to the 457 exposure angle thah the 5°
exposune angle under the telatively clear Arizona shy
amd aceounts for e faster rate (see Fige 3),
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Figure 2 —#rizena and Florda total solar radiant cxposure.
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On the other hand, obwervations in southern Motida
show lintle difTerences in total solar radiant exposures
Pelween 53° and 43° exposure angles. The 26* Nordh
latitudle exposure locaton iz close 1o the median be-
twreent summer and winter solstice in southern Clorida.
Additionally, a much more diffuse sl dome in south-
em Florida {compared to Avizona) may help average
direct and diffuse toial solar radiant exposure, as
gl nn biguire 3.

Fxposures ul 3" in Arizona accumulated VR (abtmavi-
olet) radiant exposure (dose) laster than at the 45° ex-
posute angle in Arlzona. Specimens exposed al 37 see
more of the north sky dome than spedmeny exposed al
452 Diffuse UV energy reflects fTom aerosol paricles
in the north part of the sky dome hick to sperimens
exposed at 57 Lhis dilfuse light scattering ellect is
e promounced (o shorter wavelengths (UV) and ex-
phains why the eartly's shy appears Blue. Tor the same

Figure 4—Arizana and Flaida total ultraviolet mdiant exposure,
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Figure 5—Trial 1: Mo spray—45* —Arizona.

frgure 6—Trial 2: With spray—45® —Arzona.
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Figure 11—Trial 7: Mo spray—5=- -Aoida,
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resison, 57 UV radiant exposure in sowhern Flonda ac
cumitlales [aster than the 45° UV radiant exposure in
southem Florida [see Figire 4).

The Expasure Location Variable

In opder W charucierize the effect of exposure loca-
tion in this DOL, four of the eight trials exposed spedi-
mens in southern Clorida while the olher Goor trials ex-
posed specimens in desert Arizona, Trials shown in
Digirre 1 with the locaton varialdle set high {+) exposed
specimens gt Atlas Material Testing lechaology's Sonth
Florida outdoor sive Tovated at 33* 47 North latitode,
K0* 50" West longitude, while trials with the focation
variable set low (-] were cxposed at Aulas Material
Testing lechnology's central Atizona owutdoor site lo-
cated at 35° 517 North latilude, 112° 81° West longi-
tucles This represents another exampte of conrolling
variable in a nalural weathering DOE without introduc-
ing artificial effects. 1o thiz way, the DOF. characterized
the effect of changing the exposure localion {and all co-
variables associated with these locations) on the degra-
dation curves.

By changing exposure variables in this manner, the
DAL obained the Tollowing sets of weathering expo-
sure infonmation: four trials with water spray, four trials
wilhoul water spray, four uials exposed at 5% angle,
tour trials exposed b 457 angle, four wials exposed in
Flotida, and four trials exposed in Arvizona {for i watal
ol 24 1rials worth of data) by only acually pertorming
eight trials. 'This power and efficiency of urthogonally
balanced TIOF. trials represents one reason DO ap-
proaches are especially suitable for weathering experi-
ments. [t 1s important o remember, however, that
while researchers may control inpul variables for natu
ral weathering DOEs, the natural environment may
also affect study variables. Researchers must utilize con-
siderable experience and skill to understand e inler-
play between effects caused by man and effects cansed

www codlingstech. ong
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Fegure 12—Tral & With spray—5° —Flovida.
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by nature in the environment within which the experi-
ment is being petloeomed.

IATERTALS AND DEPEHDENT VARIABLES

Automotive Paint Systems

Within each exposure trial, the DO exposed Mour
“replicates” of commercially available autometive paint
specimens. Lach ol e four replicales had the same for-
mulation of acrylic melamine clear topeoat. Lach of (he
[owe replicales had o different color basecoat: red, vel-
Lo, greem, and blue. Lach of the replicales come from a
different manufacuring batch of specimens. By inun-
ducing some wvarialion imo the specimens via diffevent
color bascooats and manufacturing batches, the DOF
captured information about the effect of this varialion
on the dearcnal performange and compared the effects
of replicate variation (as experiment error) to the effects
of the study variables (moisture spray, angle, and loca-
Lion}. Additiooally, the THIE caprured infonmation on
the effects of the study variables across several different
colom of paint system rather than limit interpretadon
of resulis Lo only a single color The screening experi-
ment publication fully describes the dearcnats exposed
in this experiment. -

Fuure 13—Main effects contrasts,
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Appearance Measurements

Gloss represents an important characteristic of auto-
motive paint systems and the auto industry widely
studies gloss weathering degradation of automotive
coatings.!#1> Technicians performed 20° gloss measure-
ments on each replicate of each trial every three
months in accordance with ASTM D 523-89.16 Since
the results and analysis did not show any analytical ad-
vantage by using delta gloss or percent gloss loss, this
report presents actual measured gloss values. The same
type of clear coating on the different replicates showed
approximately the same initial values. Technicians
measured gloss at the two different exposure locations
using the same model gloss meters and identical meas-
urement procedures including frequent calibrations
during measurements.

RESULTS AND AMALYSIS

Figures 5 through 12 show the results of the eight tri-
als in this weathering DOE as the degradation curves,
through 96 months of exposure. Gloss measurements
were not performed on the specimens until 30 months
after the exposures started. Some of the curves show a
portion of the function indicative of rate dependent
degradation (slope) followed by a leveling off of the
curve once some level of degradation had been
achieved. Because of this characteristic of the degrada-
tion curves, analysis of the data at different points in
time can drastically affect the results. For example, ana-
lyzing data after all the trial specimens have completely
degraded will show no effects of the study variables.
For this reason, the DOE included analysis at two
points in the exposure period before the degraded con-
dition had been reached in all the trials. Having the
degradation curves to visually inspect, the 45- and 60-
month intervals were chosen for analysis.

DOE is primarily a logic tool. The logic includes
comparing or contrasting the set of trials with the spe-
cific factor of interest set low to the set of trials with the
same factor set high. Figure 13, adapted from
Montgomery,'? illustrates this logic for this weathering
DOE. The analysis calculates the effect of factor A
(spray) by determining an average of the four trials with
no spray (low, A-), determining an average of the four
trials with spray (high, A+), and finding the difference
between these two averages. The analysis uses the same
procedure to calculate the effect of factor B (angle), but,
contrasts different sets of trials to determine the effect of
angle. The analysis contrasts factor C (location) along a
third axis of the experimental volume. In this manner,
the analysis reveals information regarding the effects of
each variable, as well as interactions in a robust manner
from only eight trials in this experiment.

www.coatingstech.org

Technology Today

Figure 16—Main effects of spray, angle, location after 60 months.
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Figure 17—Interaction of spray and location after 60 months.
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The mechanics of DOE analysis are fairly standard-
ized and widely published. The Barrentine reference
fully documents the analytical procedures used in this
study.? The analysis tables in Figure 14 for 45 months
and Figure 15 for 60 months follow Barrentine’s ap-
proach very closely.

OBSERYATIONS
Observations at the 45-Month Interval

The analysis reveals several critical observations
shown in Figure 14. Spray (A) had, by far, the largest
effect on the gloss. Location (C) also showed a signifi-
cant effect. Angle (B) showed only a marginal effect.
Spray (A) interacted significantly with location (C).
Spray did not affect gloss degradation in southern
Florida as it did in Arizona. A similar interaction also
appeared between spray (A) and angle (B). The analy-
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sis also indicates the possibility of a thiee-way interac-
tion between spray [A), angle {B), and location ()
{however, the level of this elTecl appears very close Lo
the decision limits for significance). Addilionally, spray
{A) and location [B). as well as their interaction, sheow
a signilicant elfect om the varation observed in the
data.

Obserations at the 60-Month Interval

Several observations can be made trom the analysis
showen in Figune 15 Spray (A) had, by far, the largest ef-
lecl on the gloss. Location [ showed only a marginal
effect. The analysis-also indicated the possibility of an
interaction hetweéen spray and location, Additomally,
sprav (A and lavation (C], as well as their inleraction,
show a signiticant etfect on the variation abserved in
the data,

The results of the main effects analysis Tor 60
mnths ace graphed in Fiare 16, showing the effect of
the spray, angle, and location {aclors studied in this ex-
periment.

The results of the interaction effects for 6 mondhs
are graphed in Fieure |7, showing the inleraclion be-
tweenl the spray (A) and location [B) tactors i this ex-
peTiment,

CONC_USIONS A1G ShnlSZDeReZals

Natural weathexing DMOEs offer an efficient and ro-
Iust approach o chamdcterizmg vatuml weathering ma-
terial degradarion.

Application of only eight daytime moisture sprays of
one-minute duration showed significant and important
ellects on the degradation curves of the aulomuolive
paint systems exposed in both Arizona and Tlogdda,

Application of water sprays dramatically accelexated
sloss loss and the effect of these moistyre sprives Tar
outweizhed Lhe ellects due Lo Tocalion and exposure
angle,

The significamt differences in radiant exposure due 1o
difterent exposure angles did notl appear o catse signif-
icant ¢ffects in this experiment since exposure angle did
nol shew & significan elffect om the esults.

‘The significant ditferences in naturally ocoarting
time of wetness due 1o different caposure angles did
oot appear 1o cause signilicant effects in this expen-
ment since Lthe exposure angle did not appear 1o have a
signiticant effect on the results,

The moisture spray factor appeared (0 inleract with
thie exprosure localion Tactor in thiz experiment.

One-faclor-at-a-lme [CHEALY experiments may not
have characterized the interaction between the moiswure
spray factor and the expposure location factor,
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Applving moisture sprays in artificial weathering
methods may have dramatic etfects on the resulis andd
conclugions *Tocorrect” simulation of the muoisiure fac-
{or i arlilicial wealhering may impact resulis and con-
clusions from the tests, Simulating the interaction of
the moisture factor and location Factors observed in
this study may prove especially difficult o simulate un-
der highly arlilicial laboratory weathering test methods,
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