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1. SUMMMARV

A wide varﬁ@tv of ?@w sa]vent cantawnﬁn@ C@@tzng Systemg for steel bridges
~ were evaluated by various laboratory test methods -and the results were -
compared with the results of dupiicate systems exposed at Sea Isle City, New
Jersey.  The amount of volatile organic compounds (VOCs) in each of the
- coating systems selected: for this study was less than 340 g/L. A combined
freeze, ultraviolet-condensation, and salt p?us pollutant fog/dry (Prohesion)
~ test was found to generate a much more promising performance trend when
@ompar@d to the outdoor exposure than did salt-fog test and Prohesion test
-aY@ne Meﬁh@d cgrre!atmans were studaed by a s&&tws%&caﬁ ama@ysms

" Low-VOC $@Event based Z?ﬁ@ -rich @@?yurethan@/pﬁlyurethan@/polyurethane ceatang

systems showed superior performance. The epoxy mastic system and the epoxy -

urethane mastic system developed serious undercuttings at the scribe. The
~waterborne: acrylic and waterborne acrylic epoxy systems did not protect steel
effect ave]J and they blistered wapﬂdﬁy at the scribe. 'Waterborne vinyl

- blistered badly on the panel surface in all the Taborigowy tests, but .
.p@rfarmed faavﬁy weiﬁ af%@r ?8 m@ntha @f @utd@@w exp@ ure P

2. _@NTR@DUCTIOM_'

Th@ U. S @nvzm©nm@n%ai PWQte@%i@ﬂ Ag@ncy is ﬂand@tnmg a st ict 1imit on the

~ amount of volatile organic compounds (VOCS} allowed™in ar@hwt@cturai and

_3and@stvﬂa? maintenance ccatings. -The rule development for the VOC contents is
 currently at the final stage and ihe soon-to-be announced rule will enforce a
:,Egvge “edW@tEOﬂ ﬂﬁ V@f cgntemﬁs “ﬁ S*@pg in Lhe yeaws 1996 2@@@9 and 2004..

“IA veliable ace celerated laboratory test method for predicting field | gerf@rmance

-and durabzﬁﬁty of the low-VOC coating systems for bridge coatings is.
imperative in order to ensure cost-effectiveness of newly formulated cuatin@s
- and to meet a-short deadline. Salt-fog testing, as delineated in ASTM
‘(Amew can.Society for Testing and Materials) method Bllyg does not accurately
predict the field performance of many of the new.generic Tow-VYOC systems. An
inclusion of a dry cycle in.the conventional wet salt-fog test (made by
Timmins, Shgrw@@d Lyon and Guest, and Jackson) had avoided unrealistic
. faﬁiuras When & dry cycie, p@?lutamtsg and ultraviolet (UV)/condensation
- (Quvy expgsure were incorporated into the salt-fog cycle, "A EVEN BETTER® -
correlation with field exposure was obtained by Simpson et al.®’ Chong and
Peart added a freeze'cycle to a salt-fog exposure and this cyclic test, in
conjuction with a UV/condensation test, has resulted in performance rankings
similar to that obtained by an outdoor weathering of 15 coating systems for
- steel bridges.® ‘Freezing is an important part of the weather cycle in cold

78



civmat@sa the v&ﬁum@ eVpamsmon 0$ water absorbed by a coating at fmeQZ?ng
temperatur@s results in significant me@hanlca} stresses. being placed on. the
coating systems. It is of interest {o determine the effect of the additionm of
a freezing cycle to the combined wet/dry/QUV regimen on its ability to predict
field performance. To resolve this question, a combined cycle of freeze, QUV,
‘and salt plus pollutant fog/dry (Prohesion test) was employed to evaluate a
number of high-solids and water-based coating systems for steel bridges. The
results were compared with those obtained by salt-fog and Prohesion exposures

alone. The 15- and 28-month outdoor exposure‘results of these coating systemsv '

at a marine environment site were used for de%ermlnmﬂg which of the
“accelerated laboratory methods was most reliable for predicting coating
performance for steel bridges. A statistical technique was . empl®yed to
- compare the test methods.

The caatmng'perfov&aﬁce data deve?@ped in thé study will be used to provide a
guideline for the 3@1@@%1@n of durable ﬂ@w V0C coatings L@r pretecting steel
~br1dges ‘ , ‘

3. EXPERIMENTAL PROCEDURES

3.1. @oatin@ Svstems

The 13 coatﬁng systems test@d are des&rabed in tab@e 1. The coating systems
evaluated in this study were water-based systems of acrylic, acrylic epoxy,
inorganic zinc potassium silicate, vinyl, and zinc-rich epoxy, and solvent-
based systems of calcium su?fonate/a]kyd high-solids epoxy, zinc-rich
polyurethanes, epoxy mastics, epoxy urethane mastic, and Tow-VOC epoxy. A1l
of the tested coating systems contain VOC amounts of less than 340 g/L.
A1l coatings were applied on SSPC SP-5 (b?ast white) steel paneig A 5.1-cm
"(2-in) diagonal scribe was made on the face of the test Daneﬁs to @tudy
b@ister and rust creepage from the scribe. '

3 2. iabﬁraicrv and OQutdgor Tests

'Three ‘accelerated ?ab@rat@fy @xp@guros were used to’ exaluat@ t%@ @and daﬁ@
coating systems. These tests are as f@?%@ws ,

a. Salt-Fog
~ American SOCTQty F@r Testﬂng and Materaais (AS!M Bll?)g

b. Prohesion — 1-h (h@ur} wet/1-h- dry @ycﬁe '
- HWet cycle: Harrison mixture of 0.35 percent ammonium sulfate and
R 0.05 percent sodium chioride. The collected
' condensate has a pH of 5. D
Dry cycle: forced-air purglng (6.8 ﬁn/h)

c. Cyclic- Fveeze/QUV/Prohesw@n = 70-h' freeze/ZIS -h @UV/Zlﬁ -h
: Prohesion cycle.
Freeze temperature: -23 °C (-10 °F)
Quv: UV/Condensat1@m test
Test cycle: 4-h UV/4-h candensahﬂmn cyfig
UV Tamp: UVA-340 o
UV temperature: 60 °C
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Condensation temperature: 40 °C
Pr@hegu@n° same as test abgve :

One set of panels was alse exp@sed outdoors at. Sea Isle Cmtj, New Jersey, a
marine exposure site. A1l the test panels were placed at a 45 degr@e angle on
‘wooden racks, facing directly 'south. Each panel was sprayed three times daily
with sea. water (pH = 7.7, sp801§1c gravxty at 15.6 °C = 1. @21) :

The exposure @f most of the saﬁt -fog test pane]% was termaﬂ@ted after 6 4 mm -
- {0.25 in) of creepage at the scribe occurred {a general standard criterion for
a pass or fail classification). A few panels were éxposed for a longer time
due to their peculiar failure modes to obtain additional information. The
Prohesion tests and the cyclic’ fveeze/QUV/P?@h831©ﬂ tests were conducted for a
full period of 3,000 hours for all the coating systems; this long exposure
time was essentﬁai because both of these tests inciuded a dry cycle that
resulted in a reduced failure rate when compared to the salt-fog results. The
additional sets of data points obtained for the later two tests were highly
beneficial- in comparing test methods using a linear regression analysis.
A1l the tests were carried out in duplicate to ensure statistical reliability
and the resuﬂﬁs presented are an averag@ of the data from-the two paneﬁsg

‘3 3} cvaTuatzen Methods

_The accelerated test paneis were exammned every. 50@ h@urs t@ recgrd their

- failure modes and to study the rate of deterioration. Evaluation criteria’
were blistering, rusting, and. creepages at scribe.  Degree of blistering was

evaluated by ASTH method D714. Surface failures (unscribed area) and

- creepages at scribe were rated in accordance with ASTM method D1654. To

- improve accuracy, a grid of: 6.4-mm (1/4-in), instead of 12.7-mm (1/2-in),

. squares was used for measuring surface failure. . Creepagmg ‘were measured wn
mr?imm&ters to the accuracy. of 0.5 mm.

4. RESULTS AND gzscussi@m

4,1@ F&i?ﬁFe>R@§Udts ': 1 L , ,:‘ 1 ;,:

“Two types @f coating faalures were wnvestlgat@d @n thﬂs study? p%ane surfaca
»faaiure and scrwbe fam?ure '

The plane faiﬂur@s are a&mmarazed in Tab?e 2. Sevewal C@ating syst@mg
exhibited plane failures. - The calcium sulfonate/alkyd system developed
‘topcoat delamination in all cases. . The waterborne vinyl system blistered

u.'."'severely in all laboratory tests,- but did not show. any plane failure after the, 
" 28 month outdoor exposure. The water-based inorganic zinc potassium

sv?aaaﬁe/a@vyﬂﬂc/a@ryﬂac system blistered badﬁy after 500 hours.of the salt-.
fog test; however the zinc primer remained in good C@ﬂdit?@ﬂ? Two epoxy. -

- mastic systems developed extensive underfilm corrosion in the sait-fog test, a‘ o

~ condition that was not du@??cated in cher test regimens or in the 28 m@ﬁih
: ‘mar@@e exposure.

AIE of the coating 5ystems deveﬁ@ped creepage O, rutback at the sgrzbes @x09p+ ,

the calcium sulfonate/alkyd system and several coating systems containing zinc

primers. The cr@epag@s produced by various @@aﬁing gystems fr@m d@ff@rewt
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@xp@sure metnods are plotted in fagure 1. S@me n@tabﬁe changes at the S&rxae
are described here. The waterborne acrylic, solvent-based zinc-rich

, p@?yurethane/waterbowne poiyurethane/waterb&wne polyurethane, epoxy urethane
~mastic, and water-based zinc-rich epoxy/acrylic/acrylic exhibited extensive

. ¢treepage at scrlb@ in the salt-fog test. The Prohesion test pr@dﬂ@@d severe

- . scribe failure after 1,000 hours for the waterborne acrylic epoxy and the
- solvent-based Tow-VOC @p@xy/acryﬁac modifiet epexy systems. 'Overall, the

cyclic freeze/QUV/Prohesion exposure appears to give the @?osest perfwrmamte :
correlation to the outdoor exposure in terms of degrce of creepage. - In
general, the resemblance to the outdoor exposure is in the decreasing order’ “of
cyclic ff@@Z@/QUV/PW@h@Sﬂ@n > Prohesion > salt-fog:. The line plot of the

" salt-fog results (figure 1) showed an extremely different pattern as @@mpared
“to the cyclic. freeze/QUV/Pr@h951on and the @utdanr exp@suve vesu?ts

4. 2 C@mnarason of Derfowmance watnnqs

A ratang @ystem for an @verali p@r%@rmance Was estab?%sbed f@r the candﬂdate
coating systems; it is based on summing the ratings for surface failure '
{unscribed area) and scribe creepage (ASTM D1654), resulting in "20" as the
best possibie overall rating (In each of the individual rating systems, *10"
indicates perfect performance and "0" indicates total failure). Using this
method, the rating results for all the laboratory tests and the 15-month as
‘well as the 28-month outdoor exposures are presented 1in table 3. .A rating F@r
unscribed area covers both blistering and rusting on the plane and is a very
Togical method to use because ?1tt1e rusting was f@und on mast of these S
coating syst@ms : . . : .

- An attempt was made to calculate the @@rr@?@tv@ns of perf@wmance rat1ngs for-
all thirteen @@at?mg‘ﬁwst@ms between the cutdoor exposure and the Prohesion -
test or the cyclic freeze/QUVY/Prohesicn exposure. The best fit by. Teast
squares method produced the correlation coefficients shown in table 4. The
correlation coefficients of 0.55 and 0.62 clearly suggest that the cyclic

;freeze/QUV/Pr@heS@@n test. exposure corresponds more. closely to the outdoor

- exposure than does the other accelerated test regimen. Other correlation were
calculated for all the coating systems except ‘the waterborne vinyl system

which exhibited severe blistering in all three laboratory tests but showed no

- _surface failure after the 28 months outdoor exposure. The @XC!wSi@n of the -

waterborne. v1ny system {Code No.. 12) in the linear regression analysis =~
 significantly improves the correlations between the laboratory test results
“and the outdoor exposure results. The recalculated correlation coeffﬂ@ﬁents9»
0.81 .and 0.80, obtained for the. relationship- between the cyclic :
-fr@gze/QUV/Pr@hesaon test and the 15- -and 28-month outdoor exposures far*her
confirm this testregimen produced failure results closer to the natural . '
marine exposure results than did the Prohesion test alone. It is not
surprising that the performance of the three-coats waterborne vinyl system
with a minimal solvent content (VOC = z/Z/é@ g/L) showed a large discrepancy.
“between - 1aboratory tests and- ‘natural marine exposure. -This waterborne coating
material with high hyrophilic character easily absorbs water and does not -
allow suffﬁc1ent time for water to diffuse out under the @xp@r1mentai S
conditions established in the accelerated testers as compared to the
‘presumably less humid and ﬁ@nger dwyxng cyc?es in the natura? envnv@nment

The correlation. between the salt- f@g test. and the @u*d@@r exp@sur@ cmm?d not -
- be @btaﬁmed for. aﬁ? thirteen cgatmng systems due to some ear?y terminations. of
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the salt-fog test. However, a correlation was attempted between the 2,000
hours of salt-fog test results and the 28 month outdoor exposure. resuits for
'‘the eight coating systems (code nos. 2, 4, 5-9,-and 11) which had complete
data points; the correlation caeffac1ent was f@und to be 0.20. This extremely
Tow value strongly suggests that using the saﬁt -fog test result t@ predﬁct
field performance is ﬁnappvoprnate :

4.3 Statlstwcaﬁ Aﬁaivs1s

 Additional statlstacai ana?ysas was carrwed @ut to study the varaata@n of
results among the three laboratory test methods employed in this work. The
creepages’ at the scribe were used for the. ana%y31s because they are more
accurate than the percentage of surface failures in terms of measurements.
Eight coating systems (code.nos. 2, 4-9, and 11) yielded a complete set of
scribe creepage results from 500 to 2, @@0 hours for all three test methods
These data were evaluated by an ana?ysxs of variance as shown in table 5.¢
The ana?yszs was conducted as a 2-way factorial design in which one of the
factors is method of testing (3 methods) and the other factor is type of

- coating (8 types) with 8 measurements for each @f the 24 COWb?ﬁatEOnS

The statistical results. of show Tow pr@babi?@ties (0. @9 and 0. 06) of @btannlng
the reported F-ratio values in table 5: this indicates reveals that all three
tests and coatings have.statistically sxgn?fmcant ‘difference at the 10- percent
level. In other words, different Taboratory exposure methods generated )
different amounts of creepage at:'the scribe as did -different coating systems.
In fact, the actual difference is much bigger than that presented here because
the extremeiy severe: creepages developed ‘for the watefborne acrylic (code no.
3) and the wdter-based zinc-rich epoxy/acrylic/acrylic (code no. .13) and. the

. creepage of the waterborne. vany? system were not ancluded in the anaEySis due
to thear earlier termination in the salt- fog test

To dustxnguush the degree of fa@iure by each test meihod the mean creepage at
the scribes at exposed times of-0, .500, 1,000, 1,500, and 2,000 hours is
_plotted in Figure 2. The extent of creepage for the salt- f@g test and the
Prohesion test are similar up to 1,500 hours; above 1, 500 hours, the salt-fog
~test caused larger creepage than did the Prohesion test -The cyclic.
‘freeze/QUV/Prohesion test produced the least amount of SCF%b@ creepage ‘among

a1l three test methods. The differences in ‘methods and” coat@ng systems can

also be seen in the pl@t of avevages fcv scrabe creepage usang three methads
(fngure 3). : - _ _ o o

5. SUMMARY ANI @@NCLUSIONS

o The cyclac freeze/@UV/PrGhesxon acce?erated test evaiuated ﬁn this study
~generated a failure trend closest to the 28-month outdoor exposure results
~ when- cumpared to the’ Sait -fog test and the Prohesion test

~ o The statmstmaai analysis showed Earg@ diffevences between the coatwng |
- systems and between the testing ‘methods.

° 'Am@ng the ‘13 coating systems, - the smlvent based zinc-rich
~ polyurethane/polyurethane/polyurethane, (VOC =336 g/L) performed the best.
In general, the performance of three zinc—rich polyurethane systems are -
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- fawr!y si mu?ar except that the %Wwest VOC @oatyng »ystem with the

waterborne topcoat (VOC = 24 g/i) exhibited severe t@pcoat b@ﬂ@terﬁng at
the. scrﬁbe without the und@rcut : o

The zinc- wmch primers wnth water»baSed,t@p@oatsvdﬁd-not~umdercut or rust at
the scribe, but exhibited topcoat blisters at the panel surface. These

systems include the water-based inorgamic zinc/acrylic/acrylic, the water-

- based zinc-rich epoxy/acrylic/acrylic, and the solvent-based zinc-rich

p@iyure%hane/watevborn@ polyurethane/watehborne polyurethane. - .In

‘conclusion, the majority of the water-based top@@aus tested showed Q
~ tendency to blister regardless of whether the zinc-rich primer is solvent
or water-based. The results verified that the. zinc-rich primers protected .

steel fr@m rusting and undercutting even th@ugh t@pé@at blistering
@CCJFW@@ ’ ' o _ o

‘The waterb@rn@ vwnyﬁ systems blwsteved badly on panel surfaces in a?i

three laboratory tests, but did n@t shgw such a@@ﬁures after the 28- month

outd@@r exposure.

The epoxy mastic Systcms undercut sever ?y at th@ ‘scribe after all
three laboratory tests.- The solvent-based hlgh -solid eD@XyAsystem was
fairly corrosion resastant but -was prgne to UV attack. The :
solvent-based low-VOC epoxy/acrylic modi ified epoxy system performed the
worst and developed  severe under@mtt1ng

Both the waterb@wn@ ac&y7zc system. and th@ wat@mb@rne aCry ic epuxy system

did. not perform well and exhibited severe scrﬂbe creg@age

The ca?gﬁ@m su@f@nawe/aﬂKyd system dad not deve op undewcu%mﬁng; but

@xperiencﬁd extensive t@p@@at d@samﬂn8t1@n
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Tabié 1. Qnating»systems"

) D@SCW?DtT@n |

Code No.

1

=~ G G I

w oo

'S@?vent based Caﬁamum Suﬂfonate/A?kyd,;.

- Solvent- based High-solids Ep@xy

- 2 coats

Waterborne Acrylic, 3 coats -

Waterborne A@ryiza Epoxy9 3 coats

~ Solvent-based Zinc-rich Polyurethane/

P@Tyurethane/Polyurethane
Solvent-based Zinc-vich P@Tyuf@ih@me/

-P@lyu?ethane/P@?yurethane

Selvent-based Zinc-rich-Pelyurethane/

- Waterborne P@Eyurethane/Materborne

Polyurethane - .

Solvent-based Epoxy Mastic/Polyurethane

Solvent- based Epexy Urethane Mastic/
Pciyurethane

f'Wat@r based En@rgamwc LENC Potassium - Qw?@Cate/ vl
- 'Water-based Acrywmc/water based Acrylic

Solvent-based Low-VOC Epox f/A@fyimc M@dzf{ed gp@xy

Waterborne Vinyl, 3 coats

’Wétévébased Zinc-rich Ep@xy/AcryTic/Acryﬁic_

V@C Ly

'276/288

180

132/109/109

134/133/133

336/336/336

/ZQQ/ZQ@

| 3@@/2%/2@ |

84/288
327/288°

0/237/261
308/282

2/2/68

36/230/230

as@_um,-mmw-ﬂmn-mm--pmmbmmmmma_eauaam__mmmwmen-D@_amm_amma@mg-am-_ma-,aa-_m=--,

120 Q/L

1 1b/ga)
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Table 2. Res@its of b]éne faﬁﬂ@r@sa

5'Code-N®e Sa?t Foq . Prohesion ”FQP1i 15-m Outdoor  28-m Outdoﬁr

1 Mt - D ™ T
500 h S
2 - - -
3 = - - - -
| 1,000 h
4 - | - - - -
5 - - - - .
6 - - . - - -
7 8VF® . 8VF, P OVF P . 8VF
2,500 h - .
8 . 8H - - - p
9 9D - - P P
2,000 h
10 2F&6M - 1VF 1VF 1VF&6F
500
1 - - - p
2,500 h |
12 C6M . 8MD 4M - -
500 h -
13 60 - - - -
1500 h

! Cycﬁa@ f?eeze/QUV/Prohesman test _

3 - Topcoat delamination - R
Method ASTM D714, uvaiuaiﬂng Degree @f Blistering of Paints.
A few Pits o : L

86



Table 3. Comparison of ratings in various exposures. -

Code No,  Salt-Fog Prohesion FOP - 15 Months 28 Months
v 3,000 h ~ 3,000 h _ 3,000 h  OQutdeoor - Qutdoor
1 10 10 10 10 10
-2 14 14 15 19 15
3 12¢ 15 14 14 14
4 10 13 13 15 13
‘5 16 15 19 20 20
-6 lg 15 17 20 20
7 9 15 17 19 19
8 1% 14 15 15 14
9 6 14 16 15 13
10 16! 15 17 16 13
11 133 12 13 12 11
12 19" 7 11 20 17
13 9 12 15 18 16
> 500 h
3 1,000 h
. 2,500 h
c 2,000 h
1,500 h

Table 4. Correlation CQ@ffi@ﬁeﬂts‘f@rvp@rfarman@e ratings. -

Prohesion  Cyciic Freeze/QUV/Prohesion

a. For 13 C@éﬁingvsystems-

15 Month outdoor exposure . 0.14 : 0.55
28 Month outdoor exposure 0.27 .~ SR 0.62
b. For 12 c@at§ng'5yst@ms1 _ / | ‘A
.15 Month outdoor exposure ~  0.64 0.8l
28 Month outdoor exposure: - 0.65 . .. o080

D D D R D D D D ED CD €D TP 6D T Y 0D G 6D 6D 6P 6T 0D aR 6D 0h G G 0N 00 (b 63 €5 € O CP.0h € 5 B0 @ 6 0D 5D 6D 6D LD @ 0 D Dm0 65 Gl GP 05 65 aR @b M) M 9D D O @ o o @

“Excluding the waterb@rn@Avjﬁy?jsyst@m.,4.~‘



Table 5. Analysis of variance: salt- fog, Prohesion, and Cycﬁic
freeze/@UV/Prahes1@n exposures for scribe creepage..

}Comganent ~ Sum of Sguare daf " Mean Square .- F- rat@@ - P vaﬂue
Test . 223.757 > 111.878 - 2.323 0.00
Coating -~ 666.972 7 95,282 . 1.978  0.06.
‘Residual  ° -1633.019 182 48.170 S |
Total — 2523.748 191

R bl i e R kel el ol kit

df = Degree of freedom.
F-ratio = Fisher F-ratio. ‘ '
P-value . Pr@babiimty of obtaining a reported F-ratio va]@e

R

- & salit-Fog
& 3,000 h Prohesion o
| & 3,000 h Freeze/OUV/Prohesion

-1 28 m Outdoor Exposure .

3 ,%a-;@%@sm

‘. c@@@mg@mm@ i

%1gu‘@ 1. @ompgrmspm of @r@@ﬂage gar sa?t -fog exposure, I @r@h@31ow exp@cureﬁ
cyc?ac fweeze/QUV/Proheswon exposure; amd 28~ month outdoer marine exposure.
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— Prohesion

~ Freeze/QUV/Prohesion
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Figure 2. Mean creepage of exposure time of 500, 1,000, 1,500, and 2,000 h for
) : From the "Fourth World Congress on Coating Systems for Brldge and Steel Structures: Brldglng cyg"ﬂ ic .
the Environment”, Feb. 1-3, 1995. Reprinted with permission of the author.

S Freeze/QUV/Prohésion | -

- 25
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*  Mean Creepage,
: mm 104

/ Freeze/QUV/Prohesn@n
" Prohesion

‘ L ” Salt-Fog
Coaﬁﬁng Code Nae- _ » 9 o

RIE

F'ﬁgur}es: Plot of mean creepage of elght caat*ang systems vs. exposure t‘ame for
- ~ salt-fog test, Prohesion test, and cyclic freeze/QUV/Prohesion test.
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From the "Fourth World Congress on Coating Systems for Bridge and Steel Structures: Bridging the Environment", Feb. 1-3, 1995. Reprinted with permission of the author.




