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PREFACE
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI
(metric) units as follows:

Multiply By To_Obtain
Fahrenheit degrees 5/9 Celsius degrees or
Kelvins®
gallons (US liquid) 3.785412 litres
inches 25.4 millimetres
mils 0.0254 millimetres
pounds 453.6 grams

'To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use the fol-
%gying?gnggla: C = (5/9)(F - 32). To obtain Kelvin (K) readings, wse: K = (5/9) (F -
32y + 273.15,




HIGH-SOLIDS AND 100-PERCENT SOLIDS COATINGS:
A STATE-OF~THE-ART INVESTIGATION

PART I: INTRODUCTION

Background

1. The Corps of Engineers has used solution vinyl paints for corrosion
protection of hydraulic structures on inland waterways for many years. These
coatings have an excellent service life, however liquili paint contains a high
amount of solvents. Recently enacted volatile organic compound (VOC) air
pollution regulations put severe restrictions on solvents in paints.
Specifically, these regulations limit the total amount of organic solvents
that may be in liquid paint. Use of low solids paints, such as solution
vinyls. would violate these regulations; use of high-solids or 100-percent
solids ccatings would be in compliance with the regulations. Although these
requlations are currently only in effect in specific areas of several states,
similar requlations will eventually be enacted on a wider basis. To comply
with both the existing and anticipated regulations, it is necessary to
evaluate potential coatings to replace those currently used.

Obijective

2. The investigation had the following objectives:

a. Investigate generic high-solids and 100-percent solids coatings
under laboratory conditions that simulate the exposures the
coatings experience in use on hydraulic structures.

b. Identify coatings, based on their performance in the laboratory
tests, as candidates for field testing.
c. Obtain data to compare high-solids and 100-percent solids

coating systems with some widely used conventional coating sys-
tems, such as the VR-6 and V-766 vinyl solution coating systems
and the MIL-P-24441, type I, 2-package epoxy-polyamide coating
system.

d. Provide data that could be used to write performance speci-
fications for high-solids and 100-gercent solids coatings.

Approach

3. A literature search was conducted to identify generic high solids
and 100-percent solids coating systems that had demonstrated desirable proper-
ties in either laboratory or field evaluations. This survey was used to
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identify coatings that would be good candidates for use on hydraulic struc-
tures. A telephone survey and a review of manufacturers’ data sheets were
used to select the épecific commercially available coating systems to be
tested in the investigation. Two standard high-VOC coatings were included in
the investigation for comparison: MIL-P-24441, type I, formulas No. 150, 151,
and 152 epoxy-polyamide, and Bureau of Reclamation specification VR-6 vinyl
resin, Two low-VOC, waterborne vinyl coating systems were also included.
Testing was conducted on 24 coating systems.

4. The coating samples obtained from the manufacturers were applied to
solvent-cleaned and media-blasted steel panels. Methods of application were:
polyfoam applicators, bristle brushing, conventional spraying, airless spray-
ing, and plural component airless spraying. Both basic coating system proper-
ties (pot life, etec.) and applied coating system properties (immersion
resistance, etc.) were tested.




PART 1IX: PROCEDURE

Experiment Design

5. The design for laboratory testing of the coatings was as follows:

a. Duplicate panels of each coating system were placed in the
saltwater (SW) immersion, freshwater (FW) immersion, and QUV
accelerated weathering tests,

b. Single, unexposed panels of each coating were subjected to
- multiple pulls for the pulloff adhesion test.

c. Single, unexposed panels of each coating were subjected to the
mandrel bending (flexibility) test.

d. Four unexposed panels of each coating were set aside for
future testing.

Photographs of the laboratory equipment used in the investigation are in
Appendix A, Section 1.

Broducts Tested

6. Twenty-four coating systems representing the following generic or
application variations were tested:

a. Two elastomeric aromatic polyurethane coating systems differing
only in the application technique used for the primer,

b. Two elastomeric aromatic-aliphatic polyurethane coating systems
differing only in the application technique used for the primer.

&. A nonelastomeric polyurethane coating system.

d. Eleven variations of epoxy coating systems.

e. Two hybrid coating systems con3isting of an epoxy primer, an
aromatic polyurethane intermediate coat, and either an aromatic
or aliphatic polyurethane topcoat.

£. A coal-tar epoxy coating system (coal-tar epoxy is being con~

sidered a separate generic type of coating system because it has
only limited interchangeability with other generic types of
epoxy coating systems).

Two variations of waterborne vinyl coating systems.

h. A solventborne vinyl resin coating system.

i. Two variations of a polyester resin coating system.

Detailed information on the individual coating systems tested appears in
Tables 1 and 2.




(€ 30 T 3I93YY)

(PonuUT3UOD)

£2¢ 2t 99 (Ind-2) ospruesljug-LSxody {(2) Sunwma-j1os €l
- . (174 oot (Byd-2) Axody aug-(eo)d (1) Butaiay-jio8 (41
S61 91 £8 {3nd-2) spruslivg-Lxody (2) Surwrs,g-g10g It
S61 9-v LL (Bnd-2) Axodg pasnd Iumy dNneydivo(dL) (1) Jowa
viz - 2-5 SL (Byd-2) Lxodzy paind utwy dNneydi{eo[dLD {1) oodoy ot
{397em aopun
- 174 0ot pejidde Buiaq jo sjquded ‘Iyd-z) sutwel{of-Lxody (2) Bugundgg-jioy 6
{QIvWoLYyO Sz
IS 2 vy sUIRIUOD ‘Iyd-2) Funiqiyu] uoisosao) IpueL(of-Axod] (1) -1owia,y
(1) 180y
4$2¢ y 12 (Byd-2) Iprusiivg-Ixody DUl U]
11e Z 9 (3xd-2) p#iipoN ‘sutmeijog oneydieo[dLd-xody (1) 1eoadogy, 8
s2t S L (Ind-2) sprmeliog~Lxody (L) rowag
Lie v 19 (Byd-2) pIIPON ‘oumes[og snuydijo(oL)-Ixody (2) woxlog L
(d4nsodxs
1014319 10} wels pIacidumy ug 9LIID 0} G “ON
v €-2 29 w:)sds 1aa0 pejidde ‘Bxnd-2) susyirasniiod sneydiy (2) shtsetling ! 9
¢1s 9-§ cr {(Byd-2) aprueljog-Lxody (1) 1owtsy
{(Po24an) ounni(
uzy oL 28 Jtjewosy ‘Fyd-z) suvylainf[od 2i1WWoly d1Ida0}88[Y {1) juondoy [
- 0% 00t (Bnd-2) ausylaInk(Og DNEMWO.LY DIIDWONBIDUNY (1) Sunutid-jog b
A8L 91 o8 {(#yd-2) autue-ALxody (2) Buwutsd-jog I
(Buimoys Inq *pIIIA0D Jfts0.ad
Sv9 2 e jo sysad Yiim patidde ‘Byd-2) [0f]od IwueLd08] (1) tesnrisg
s8¢ o oL (3nd-z) ausylaini(od INeYdYVY-IlIuwoLy J1IIWOEUT (2) 1eosdoyg 2z
(Butmoys Inq ‘patanon Jgyoad
59 4 124 o syuad Yitm pagidde *Bxyd-2) [(oflod Meuridos( (1) -towpig
- ot oat (Byd-2) sumydInf[0d DNWWOLY JIIIWOIRY[F {1) 1e0ddoy, [
(1/8) (spw) ssauydIYyy (): ;=00 jo ssqunu "oN
JUDIUOD O0As wg-£3p j08iey, (x) spiios dunops 2d &y 2§I9uUeD, wnwsiu/siusuodwo) waskg

po3sa] swaisdAs sburieod ayqerrese ATrerdsIdumuo)

T °@1qel




(¢ 3o Z 39°9ys)

(panuT3U0))

1€€ - 03 (3nd-2) supmy cnewmody-ALxodg [oueydsig (1) sowtag
{1) 1800
- oy 001 (snoaqls ‘3xd-2) sulmy dSpemosy-£Lxody (ousydsig ajeipawinul
- 21 00t (Bnd-2) esujymy Stysmosy-Lxodyg [ouaydsig (1) 1802do}, 02
(Bnd-2) spioe 1a4yBiy y3tm
ove 9= S9 1E¥92-d~1IN UO PIswq WNSLe Bunwn om; Kimatadoad (1) soupsd
(Bnd-2) spiloe JayBiy Yim
ote G-¥ S9 19992-d~"TIN UO peseq mesis Fupjeco om) Liwatadord (1) 3voodoy, sl
(Byd-2)
0se £-2 09 epiweLiog-£xody ‘] ed&y ‘051 S{nwioq ‘19p¥Z-d-TIN (1) souag
(Ind-2) (1) 190D
oLe €-2 Q9 Ipimesliog-£xody ‘I odLy “IG1 SnWIOH ‘LILPKZ-d-TIN "neipawanul
(3yd-2)
oLE £-2 09 opjmeliod-£Lxodg ‘] ed4y ‘Zgl wnwiog ‘1yyZ-d-TIW {1) wondoy, 81
(3xd-2) souapasy
- 00t epxosed RIEN XZ dMsefiod eueiLis PeUIPON L1yBH (1) 4ouyad
. (so1133 od L) wA[I® ® sURIUOD T} jeY]
U} 1900 SEIpewINIUL 9] WEISLN 81|} WMOI UOKISINWIO)
Ul SJOJJIP 1900 eEpeminiug Siy) ‘FRd-Z) Jsuopisy (2) 180D
- 0z-81 001 eprosed YHM XZ l1meeLlod susifys pernpoN L1ySin Nepawsnug
(Fxd-2) sduspaey
- 8- 001 spixoded RAN A2 La9sefiod suvifis PIYIPON AyIy (1) 1woddoy Ll
(Byd-2) sauapaey
- v-€ oot opxosad NIN X2 limeellod suesfis POUIPON AIUSIH (1) sowpsd
{$x1d-2) Jeuspaiuy {2) 1800
- 22-81 00t apxosed XAN X2 l4Mseljod euakis PIFIPON L14UFH ANupauwsnu]
(Znd-2) Juapasuy
- 8-S 00t opixosed YAN X2 (IM8a4(0d udILIS PISIPON APy {1) eoodoy 91
(9) sye00
{eas ‘Jwod Lpoq Leu®
#1800 LApoq peds ‘souwiad
$49 ot " {*aaw) g'gl (AUgA UIOQ-IUIA[OS 9-MA e jo 3uSiSUod WIS st
S02 8 0s 1KulA peyipop onkiov prng-YBiH ‘outoq-iajey (1) Bupups-si08 1 4
(1/3) (spiw) ssuNdYY {): ;oD jo soqumnuy “oN
3d Ly d133uen, wnwiuiw/sigouodmo) [TET:F

JuNuod D0Ass

wiy-£ap 281w,

(X) SPilog Iwnjop;

(penur3uc)) 1 oTqel




(€ 30 € 39343)

19341 Jod swead = /8

JuUAUOD J0A

(1/3 g1 uuy) Ssap) [(ews ' a8y ‘J2amoy ‘op sSunwod dsayy
-sBuiwoo spijos 1uad1ed OOl 10} a|q13IBou Be POIOPIBUOD

Bugeq ¥} (punodwo) dtuuBad 9ne[oa) 00A ¢

- sgnOUsnuURw sBUNWOD Lq pojiddne wyeg 2
SUOHEPUIWWOIIL 8I24ND8jnuuw 83uleo) |

80I0N
(o11304d jo syuad aano0
Sb9 z ”"© s[im 2 ‘Ajemiou pajidds ‘Byd-2) |0/L[od RuUeLO08] (1} sowiay
s2¢ ot oL (3nd-z) sumpeinsiod sneydV-onvwnlY dlidwolse(y {2) 1eoodoy vz
(3yoad g0 syesd g2a0
$9 A ) e sy 2 ‘Ajemtiou patjdds ‘Iyd-z) (0L(04 MsueLd08] towgad
- ot oot {Fnd-z) sumiainijod dNeWosY drswol8R|Y (2) 1soodoy €2
$S02 9 0s [£un PIYIPON DLI0Y JUIOG-INBM (g) Bujwisd-jio8 22
8601 adim ulyy » Lawjatadoay (1) JuswiBsesoIg
1ee »-c 09 {Bnd-2) auluwy Shiswosy-Axodzy [ouaydstig (1) awwtay
(1) w0
- ov 00l (snouqyy ‘Bxd-z) suimy dtemosy-Axody (ouaydsiyg urpuwanu]
- 2t oot (3nd-z) sujmy dnemosy-Axodly [ousydsig (1) covdny 12
(11/3) (spiw) ssauydiy) {); 81802 jO Loqunu ‘ON
MDUOD DOA uipiy~ Cop jod ey, (%) spilos Aunjoyr; ad £y d11aua9,; o /s uosueduwn) wasLg

"

(popnTouod) 1 1Aty

10



(v

30 T 3I993Ys) (penur3juo)d)
SLbTu LLbo s Ck (R A I8iz 9yl L pPoop ‘jaaduodl N 072 feudy ssapagy a0 cano, gl oo wisy| o ti
et
S3214LY 0 Cauuy ‘yunay - ._.
o 4 | 18 e & 0cL 9 3 feads
12 SV YA} t d [:1-d} S 0zL-8 - )3a3u0)f N 0°t-0°2 Ssu] HLY G0 cauo) ‘gsnag g ¢ i e ul
s 1L 1:2°8-4 t ve T il 2334000 N §°2-0°2 | 4etly ssagapy oy utedy (] ¢ (dsa o v
1L t:f & cL Tl 1 Keads SSef 1iy 49 *an0)
vi (&9 | L2t -1 woely aae sty a0 canug 1
PR ST Lt d 14 v CL-21 :d| ~amosey ‘ojeaduodl N 072 §°I S sdy suog sty 1o cauen g} i 1 - -
[ t't 1 L-Cl 1L Atsdy SSop ity a0 fnoy g
Ut Y [JY] t-t d} 3 CL 21 :df --suosep 33200001 N 072571 fendy ssoputy o canuny o) o - { . L
« & 11 e b -1 e ply bLel 11y 0 Akl )
L1 1:¢-1 wsuoy p :} ey ‘o8) feidy ssoefaiy -}
coTll vl d [:1-d ( gul-b 4 sefd *9j930u0)] N 0°£-0°2 Senly suoepagy W ) [§ N { i [T A ] )
ol {:g-& ottt gt f weog ‘Ot) Leady suoj ity 1
ig'c ul-d i:1-d t g3i-b d -S4 *93940U0Df N 0°E-0°2 Avads usoaIy w o) ] | 1 ot Y
w804 Iusy]
wup “S3e(daqrg] NES L)
0uE- 047 L i'v L i‘c1 5 g-euou f ‘poop ‘#3a13u0)] N 0°9-0°F Setds ssotaty od - B | wis) vy v
0zZL on° s 'L L 501 :001-L € Juots.yr ot Sjauodl M 0°2-°0 Seuds ssepsty g NN sy, 8 C
e anly
DS SIY e SeefdlY O] L
[ 3 15t e cL-C 4 sAa[[¥A 2a0qQy ¥[im T
WUE-LbE (| =k d v o970 ¢ pupg ‘ejemduodl N 0°2 - Acaly ssapaty do cwe; - o l ue T
{pojeoy)
o&t.-m_ avady sSoldty O -
t-4 1:-1 SL-1°0 4] ddud *Iv=yS DAd SASf WA 2A0QE S|lw o
oy 2-ut"e v2-d :p-df ¢ $2-5°0 :df ‘POOM ‘U0 N 0°2 Avudy SSIfry Jo cauon g { i, [
) shola
LI [OA ) VaXep) [ e L EW 7))
s Vo esengy 4 3%4 4o Sio | AvN CUIN 2113014 Ly e,
“id by 4. e ¥ g ity | 4 Gle ) eIy Fuyyseig Lul
dod e}l BYSY Sugano -t} »1 0 jeod $II] | pIpHIENOIIY Uty s e | peadiny oy
129 " isde ] Suinty ‘UG Batg g vy By oL [ (R EUoN W ot e Upddy ger o gogy 30 ceps fepal buspsas

238 SWo31SAS butleo)
Z °iqel

11




{y 30 Z 399YS)

(penuijuoD)

ssuflegld *Jomyad
v L t:)-4 g p :ll dednad y3rm mute Aeady s8ap8ly JO cauwy g
B0-4L°0 v-d 1:1~d L g-b :d Ly *ajaaouodl N 0°2 Lelg ssofaty o caung) N { i ol 1 bl
J 4 t:1 4 9-v L feads Ssofsty 1 oy g
9-1 {:1-~1 9 b i sse|3] e uly ssopiy 10 wuny 1
86 0-96°0 9 < 1:1-d L 9 ¥ : 19qid ‘933I0U001 N 0°2 fewdy ssopary w cauny gl | [ 1 YY) gl
r*v..u.- )
osju few Avadg Luupaty O,
' Auads SSO{atY J0 "auvy o,
2UNSSIdd *SI[JoH ‘ysnay L
Auads SSI[JLY PoisSISLY
A1y 2 tnSSouag g3y yng
LE°0 Ycuod -1 ve-1 1 Lacay 10 ‘uoproy ‘ysniy {
FAd i B ¢ - -1 QUON-[ : sse[333qL4 Ae1ds SSo[dIy v cao) jog
00°L-00"1] ££°0-S2°0-d -z1~ Al 8070 dUoN -1 : ‘poopn *9333000D0f K D°E-S°C aunssaad ‘1opfey ‘ysoayg - | | < 1 pe Ul Lt
WJrosn o
ustu Sem scady ssolaty 2d)
LBady €Sofdly a0 Cauov, o)
VANBLIAG Aol ) ‘yoniy &L
Audds SSa[JSLe J0 auo) juy
LE'0 wor0-i - -1 p2-1 - ounssatd ‘Aof[vy ‘ysnyyg - |
L0 s2°0-1 - -1 <UON-} un.nnl.-oﬁ.: Leads sSsolaty JO *Caun) o g
00°L-00°1j tE°0-52°0 d -2t- 4] 8070 SUON-{ :d ‘pooy ‘23313u0)| Ms0°E-G°C 2unssesd ‘sotoyd ‘ysnay - df < t $OUg gl
QUOU.Z[ : A idg SSA[IIY 40 taae)y
duou-21 feadsg ssof 1ty 40 “ativy) L
B6Y 0 - - [} Mwou-p - AJuosewg N G°2-0°2 Avidg sso(dty 40 -auo)y - g} o I L ot of
ju2E9) *Ppoo Luadg SSO[IIY pOISISSY
093°1-6E°t L 8Yt £ ‘L ‘agog .oue._ocoﬁ. NO'E-0°1L 4y 40 LSal4LY "auo)y - i1 | (:ds) H Lt
LY 0-t6L"0 L oL | & < BYEP-8 L pooy ‘3319380u0)| N 0°b-0°2 Leldg ssafaty Jo cauoy g] T (ds) ct i
4e)qoum|
jUSEwo PUN )31
-u0d> 10) Jul}e0d
$5E°0-2sE°0 €L o-1 1:1-d € 2t-$°2 :1{ pue juaBe Furandyl N G°2-0°2 (paredy) Leuds o4 L) vds) 0c Zl
. IR
(osmion) (s4&ep) (sanoy) (uorssomsy)
($) isanoy) g 3d do Sle | “XBR-"ULW A13d (o) tu,
“34 °bs 4o Lo ¥ Bid Juty do Slo 10} I[qeIFns auryserq L4
Jod wjil o1 )8y Burano 2 3 5] st Juijeod S3IVDV} | pIPUIMOIIY ‘UL sjeod | 1Bk -oN
359D *¥s5He 104 Buixin “Ulne urywooay | -ang dI{jejemucy, “uty uotjedt{ddy jo poyjan Jo ron. 110l JwaysAs
(penurijuo)d) z o1qel

12




(v 30 € 393US) (penut3iu0))

coMa ) sis

LBureon Lo, bau Loy) 95023 sumnjod juoddoy sy} aspun Juadde smajysde Bujnvod Isayy ug SU0D JO aoqmnn (o) oy (Burmray jloy) (ds) ‘v
sjuouodwon jeanyd = g cJomLid oYy jo daejuns ayj o} I[jjoid Buyyise|q 0.: Ju siuad ayy jo sdoy sy woay ponseou Auruq ssamp1y)

S11 yiiM ‘asutem [BUOLIUSAUOD 3Y} ul pafidde aomyad ay) pey pZ pus gz ‘soN WIISAS  csyead paaaaos jsnf Y} 0} ayijoad |y} jo w100 S} ®oay
sum rowtad @Y} JU SSIUNUIYY NI} Y] JO JUIMMIINTCIH ‘yBnoaq) pamoys Y138 I[7joad Yy Inq ‘Uurad YIm paduans oftjosd Buryseq o) jo syuad ay)
11e peq z pue [ soN ma)sds -sfaund ay) dmrid 03 pasn poyjaw I} uy S8¥ ‘pZ puv gz pue 'Z pue [ ‘soN WOISLS ULIMIDQ BDURISJJTP (rdraurad oyg ‘L

syoued Buy|sa) oy} o) pat[dde 83800 jo JaguMu PIPUINMODIL SN[} (RY] JOMI) OdsM ADUCYSUT o uf  -sRuY RO
i) Jo S19In)oujNCIM oY) Aq pIpUINNDRI Ss0y) 2ir 330> (1) doy pue ‘(1) 2WIpaEInqul ‘(y) waErad Y] Jof SIL0S JO DqENU WmINIW Dy -7

M . : L'9'G S CSONI oL won ‘upg Buy)so)
eMae oy Cslean)oejnued sBUIIBOD Ay} Aq pIpulsmonsl 319m YOoTym sL4g 198183 oYy sae uaald sassounsiy) oyl cssauydryy wilg Sag 140 [
S0 j0p
I-4 14 cL-2:l SNLad A0YY S[IW 2 :
LU b BSE 1z d 1:p-d v p2-5°0:d pooy ‘2 })310uU0 NO0'2 - feudy ssagaiy 10 cauoy - | o 1 o tc
, \bsjeny)
. Y Auvady sseldiy 0d - L
1-d [:1-1 eL-1°0 L 34aH ‘1994sS S$HU34 dAoqy siim g -
26°c-25°C 12-d [:p-d b b2-S'0 :d| ‘poon ‘@38a0uU0, NO02 Ae1dg 8Sa1JYY 40 *AUOD - d.f 1 | Y £
juama) ‘pou
Syl ob°1 - L gyl-¢ 1 ‘wegog ‘Ija0U0l N 0°E-0°1 Luads ssojary 40 tanw) - g ¢ (ds ) 4 oo
: 8b-9 1 .
80U0d £S5 yil-1 8b-9 ‘1 Avady Gp ooty sselA - |
80901 EEpi1-1 ocL: b d Auadg gp voway ssafaly |
8°090d g:1-d Aep owesg Jouyad aadoad| feadg gp vonan swaqary gl g [ i
HC'E LO°L R < "0 4 Yits a3atouo) N S°2 o adiy oy ) Ul ous L v
UL UL [ 724 G ) 8vy il : Acady yp voay ssoepaly g ’
B0uvoui POCEE B | 8r 9 1 deijad tedoug Lealdy gp voray ssepaiy g
E2°t-H'cy BUOLO0J £:1-dar Z ozl-v d Yiim 3jaa0u0) N§'C Leads gp ooead ssopuy - gl o 1 L] ve Uy [V
s Ty
{oumpoaj {ssep) (san0y) (uorsaomay) )
$) \sanoy) U Byd do Sle | "Xen-"UlK a11Jo4g vala,
“id by 4. uls ¥ Bad owry | 4o SLB 10j 91qeyIns Burysuig Ldd
Caod ety ogjey Burano Sur) st Bufjvod sadej |papusmmodray g sgeo) | jeBaeg coN
IS0 T )Sd, per g BUIKIW ‘UlWg Burjeowady | -uns oyfjejomuoN, uty uorjedtddy jo potjyay Jo coN- ey, |woysss

(penuT3uo)) z °1qeg

13



- TR CETE

(v 30 v 399US) | (0
(@)
®)

. \ [T ._— PRERITY]
Pl s ST IR0 D[] O} Popil oded SA0RIG|A0I8 uSAYL AN IIBJRUNE O} W) (R e o SEW popp s EXYRNN __z..n.._. h...u.:

PApPpE 9 ¢ Saojulafeddr Y} Jo sjpunosm pue sadd) syl Jo 0 MOTIq ©) BUYPUIIXI pur 4, gy A9pun Sounjetadi.y dof afiprpreae o S qiiia | adoy
Peppy caf o) op1aeiod gy Jo spunome dodoad Gy o) se pa3Insund A pIROS 8N Jote M) Csadnjeadihegg o g iy o0 g e N TTYRRE

W @ ten £ dauapiey pixodsd Y3l po Jueaidsd ggr GTT1 Jo UOLIIPPR Yy £Q paund sae sRUTjeed wSay) 4 G2 Jo eanjetadig e e Gy i

Sogpgban seM Ja0ded STYY ol G} U e g pRINS Gt W) i b L Ol et B g g TN

s Juotias hutos NSO anf) By ) ..m.:_,.r.._ puC Juetodun., i ey st
v adujseg (419, 9y} uo Juipuadsp sunjjed ¢ pue jienb | UIBMIaQ) Buixiw 133j8 BurIRO) Jo Junour 31T B Qanpoad o) paudrsap | .

. f. Wioj yYoIgs
sjtun poinseswadd ar porrddns sy [erlsjew STyl £JUo UCTIVEICJUT [BIFUIF 10J UIALB =T pur ‘amnfoa jo pragsul uRres $§ 51 oy Suany,

sspusie el sejuag pse 3502 [enpiatpuy aagnbaa (s suoedIfdde [enpialpul ukelJrudin Jou wae C pe el QR e L e opd e Sane Y

Uor jemIofuT uj pajuasaid aue A3yl "sadejins sfelsse uo pIseq suoyjumixoddde L[siem ‘A}11S$a03U JO ‘wau pue SwWIISAS <japdwon oy wy wieyaed
s3s00 Isanyy  cuoljraedaad IoeJans Jo 4a1SN[IXND 318 Jnq ‘s53s0d uorjedridde sjemixoadde pue ‘yos Jo S)ef uepled gOL WO pasiny Lo ST e )
JO $}500 oy} opn(dul A3Yyf ‘sm3)ss SBUTIL0I M) Jo SIAIN}IBINMIER Y] WOL] PIUILIQO Alam U4ATT aue Yofgs Yoo wienbs Lal s)5. [ W Sa oy

S1a)RMISOI) U d3jeMiTES UL juasaad {[lumIol S0y} uUwi} JuJ)o .121em v.: U SN UG ] 0 Sy J U a0 o i ol
Aoy 40 o] I0J POMO[0) 9y }SNE SUOTIONLISUL pus IDTAPe ,Si3anjoejnuum L - *paT(dde 0as sey jeo. [UUT] 24} dejje poedlnhail somy, Butano
WAMTUTE ]} i CAlf ©4sS33) 10 J[ES IAIF3 L13)eM Ul 3014196 UOISIIMAT 10 318 Jo GL JO Injuiadua) juapque UL U sewl) BULIND wnmlngg .4y oy

Tpedinbeed N o ode st ol ot jeaedo el woyans
1o g Saomiad JUSAVIIIP ‘UABMOY  ClJuu s tet]) .10 )0 $30ujans uo _...um-. aq uwo uor )il swaul sTY) UV PoIsSa) swasAs sBUL o uaenag g "L

MR LU U N TR N RL N O I ER|
- _c.r.— Sul) Jaoys £13a e saulad ysem 3y} 19ao0 poifdde st asmyad o) pue a3e3uns oy uo podiM ST ol juold jo W g gsum Ancjeradoad ¢ og

I TR L B B LN TV R RTI L)
OldS-0dSs “a5eld sy ey - Ny

(pepniouod) z a1qel

14



Panel Preparation

7. All test sanples were prepared oh_panels cut from sheets of 24- to
38-mil cold-rolled steel, Rockwell "B" hardness of 55 to 65, flat polished to
15 to 25 microinches in roughness, ASTM A 109, A 366 specifications. Immexr-
sion panels were 3 by 6 in. with a 1/4~in. hole centered along one 3-in. edge,
1/4=in, from the edge., Panels used for QUV accelerated weathering tests were
2-5/8 by 6 in. and had no hole. All panels were aged for a minimum of 14 days
in a controlled temperature and humidity (73 +2° F and 50 2 percent) before
testing. .

8. All test panels media-blasted in-house were prepared by using a
Uni-Blaster, a totally enclosed blasting cabinet manufactured by Inland
Manufacturing Company. The blasting media was Humble Abrasive Flint, grade
No. 3, produced by Humble Sand, Inc. ‘All test panels were media-blasted on
both sides to the profiles approved or suggested by the manufacturers, The
panels of all but five of the coating systems were media-blasted and coated
in-house using conventional spray, bristle brushes, or polyfoam applicators.

‘Coating systems No. 5, 6, 14, 18, 19, and 22 were coated using airless

spraying equipment (not available in-house) in the manufacturers’ laboratories
or shops on panels supplied and blasted by the in-house laboratory staff.
Coating application was carxried out with a laboratory staff observer present.
System No. 4, which required a deeper profile than could readily be obtained
using the media blasting cabinet, was media-blasted with a commercial blasting
unit using a heavy, coarse grade of copper slag and applied with plural-
component spraying equipment. Both operations were done in a shop by a
representative of the coating manufacturer; the special equipment required for
these operations was not available in-house. Once again, laboratory staff
observers were present. Panels transported to another site for coating
application were stored in a carrying case/desiccator. If more than a few
hours travel time were involved, the panels were wrapped in anticorrosive
paper. Panels to be coated in-house were primed immediately after the madia
blasting process had been completed. Completed panels were marked on the
backs using a white VR-6 vinyl coating to denote the coating system numbers,
number of the panel within a given coating system number, and the side number
of the panel (either 1 or 2).

9. Efforts were made to achieve the "target" or recommended dry film
thicknesses of the coatings. Both wet and dry film thickness measurements
were used to monitor the thicknesses of the coatings. In no instance were
fewer than the recommended minimum number of coats applied, although addi-
tional coats were applied as necessary to assure that the minimum dry film
thickness for a given coating system would be achieved. Final total dry f£ilm
thickness was measured with a PosiTector 2000 using the average of five read-
ings takesn at approximately the same location on all panels. The reéding

15




locations formed the corners of a box with a dot at the center. 1If a reading
was in the immersion area of a panel, it was not permitted to be far below
a-2rage without the panel being rejected. The "testing sides" of the four
immersion panels for the immersion tests of an individual coating system were
chosen on the basis of proximity to both the target total dry film thickness
and to one another. If necessary, a "high" and a "low" panel were paired in
each test. The same criteria wers used to choose the "testing sides" of the
test panels for the QUV accelerated weathering test. The dry film thicknesses
of the "back sides" as well as the "testing sides" of the panels were
recorded. The remaining panels were put aside for use in testing adhesion and
flexibility, or for potential future testing. All panels selected for the
immersion and QUV accelerated weathering tests were edge-sealed and marked SW
or FW. The number of the duplicate panels, 1 or 2, was also marked. Initial
coler readings were taken on all of the panels selected for immersion or QUV
testing following the minimum aging period in the constant temperature and
humidity xoom.

Pot Life

10. Pot life for the 2-package coating systems was checked during the
application phases of panel preparation. The coating materials being applied
to the test panels were observed from the time of mixing to the approximate
time the materials became stringy and unusable. This time was checked against
the manufacturers’ data for pot life, adjusted for the temperature of applica-
tion,

Recoating Time

11. Recoating time was checkad as a part of the application phase of
panel preparation. Manufacturers’ suggested recocating intervals were closely
adhered to, and recoating properties and curing times were monitored. All
times were extrapolated to the times required at the temperatures of applica-
tion using the manufacturers’ data as a base. The panels were examined
visually for any signs of lifting, delamination, etc., at the time of recoat-
ing and again before any additional coats were applied.

Curing Time

12. Curing time was also checked as a part of the application phase of
panel preparation. The coatings were examined visually and manually. When
the coatings were examined manually, suitable solvents were used to clean off
contaminants before any further coating application was permitted.
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Immersion Testin

13. Both SW and FW immersion testing were based on ASTM D 870. Both
irmmersion tanks had internal dimensions of 36 by 18 by 9-1/2 in. Both had
magnetically operated "flapper" plates to circulate the heated water away from
the heating elements and to equalize the temperature of the water throughout
the tanks. Each tank was aerated with two aquarium-style air pumps and dif-
fusers. Both were operated at a temperature of 100 +2° F. Both the FW (de-
ionized) and SW tanks were emptied and cleaned after 1500 hours of operation
and after the last sets of panels had experienced 3000 hours of exposure.

14, The SW used in the test conformed to ASTM D 1141. Formula A for
substitute ocean water was used. To prevent disposal problems, heavy metals
were not added. The "sea-salt" in formula A was purchased and mixed with
deionized water according to the supplier’s instructions. The "sea-~salt"
solution was adjusted to pH 8.2 using a 0.1N solution of sodium hydroxide.
Delonized water with no additives was used in the FW immersion test.

15. Although ASTM D 870 describes the testing of scribed coatings on
ferrous substrates as being impractical because of contamination from csorro-
sion products, the panels were scribed with an "X" on the hottom half of the
“"test" side so the effects of immersion could be observed on the stressed
(scribed) "test" sides as well as on the unstressed (continuous £ilm) back
sides of the panels. After the tanks were filled to the reference mark, the
suspended test panels were immersed approximately three-quarters of their
length. Since normal evaporation lowered the level of the water between
fillings, there was a transition area on the panels that was sometimes wet and
sometimes dry.

16, The test panels were examined weekly. The test panels exposed to
SW were rinsed with deionized water before they were examined. All of the
test panels were examined visually for rust along the scribe, blistering, etc.
Records of the elapsed hours of immersion were carefully maintained. The
total elapsed time recorder on the QUV accelerated weathering tester was used
as a check. All elapsed times which were recorded are the elapsed times as of
the dates the panels were checked, not the precise times at which the events
{blistering, etc.) took place.

17. The basic immersion period was 3000 hours for both SW and FW. Test
panels that had not blistered by the end of the immersion period will be con-
tinved in the immersion tests until blistering occurs. At the end of the
3000-hour immersion period, the test panels were photographed; measured for
color; and if they had blisters (immersion failure), checked for adhesion
after a minimum of 14 days in the controlled temperature and humidity room.
Any panels that exhibited blistering on the scribed or “test" sides were
checked for blistering on the unscribed orx back sides also. Unblistered test
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panels were not checked for adhesion (a destructive test), but kept in the
controlled temperature and humidity room until they were reimmersed 1 week

later.

QUV Accelerated Weathering Testing

18, The tests were conducted in accordance with ASTM D 4587. QUV
accelerated weathering testing was conducted with a QUV unit manufactured by
O-Panel Company. UVB-313 ultraviolet lamps were used. A 4-hour condensation
and 8-hour ultraviolet exposure cycle was used. The unit was operated
continuously, except for lamp replacement and weekly examination periods.
Operating temperatures were 60 to 65° C for the ultraviolet cycles and 40 to
45° C for the condeasation cycles. Lamp rotation and replacement were con-
ducted at intexrvals between 400 and 450 hours. Duplicate test panels were
exposed for sach coating system. All test panels were scribed with an "X" on
the bottom half of the "test" side and were visually inspected for chalking or
other defects once a week. When the exposed panels of a coating system had
completed the 3000--hour accelerated weathering test, they were tested for
degree of chalking, photographed, and measured for color. All elapsed times
which were recorded were the elapsed times as of the dates the panels were
checked, not the precise times at which the events (first evidence of
chalking, etc.) took place.

Elcometer Adhesion Testing

19. ASTM D 4541 was conducted using an Elcometer adhesion tester with a
range of 0 to 1000 1lb/sq in. An annular bearing ring was used to keep the
resultant f£orce normal to the surface. 2 circular hole cutter (dolly cutter)
was used to score through to the substrate around the loading fixtures. The
dollies were adhered to the coating surfaces using the prescribed surface
preparation method and Ren-Weld RP106/H953 epoxy adhesive, which cures in 24
hours. The epoxy was applied with a volumetric dispenser. Pressure perpen-
dicular to the surface was applied to the dollies for a minimum of 24 hours
during the curing time of the epoxy. The adhesion tester was connected to a
dolly on a panel under test shortly after the 24-hour cure had been completed.
All panels were tested at approximately the same elapsed time after the dol-
lies were adhered to the coatings. The tests were carried out at ambient
laboratory temperatures. Control panels were given triplicate (three dollies)
testing. The immersion panels removed from testing were given duplicate
testing (two dollies each) on the back (unscribed) sides of the panels in the
immersion areas. Space limitations did not permit the three dollies to be
attached without interfering with the testing procedures. The QUV panels were
tested (two dollies each) on the frent (scribed side) of the panels above the
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scribed area. The degree of adhesive versus cohesive failure, as well as the
pulloff value, was noted.

20. To determine the influence of test panel thickness on these
results, a supplemental investigation was launched with the cooperation of the
manufacturer of System 4. The manufacturer’s laboratory supplied 1/8-in.-
thick (125 mils versus the 24 to 38 mils standard) steel panels that had been
blasted and coated with System 4. When the Elcometer pulloff adhesion test
was carried out on the 125-mil panels, consistent values of 1000+ 1lb/sqg in.
were obtained, versus an average of 403 lb/sq in. for the control panel of the
investigation. To further evaluate if the variation was due to the difference
in test panel thickness, the manufacturer’s laboratory prepared and coated
standard (24- to 38-mil) test panels supplied by the investigating laboratory.
Three "pulls" were made on each of two of these panels. With the exception of
one "outlier" at 1000+ lb/sq in., the values (in lb/sq in.) obtained were:
300, 300, 425, 400, and 300. These results show that test panel thickness is
a distinct and important variable in the test and must be stated as one of the
conditions under which the test was conducted.

Mandrel Bend Testing

21, ASTM D 1737 the mandrel bend test, was run on a spare coated
immersion-type panel for each coating system. A Gardner mandrel set was used
to run the tests. Each coating system was bent around a l-in. mandrel. The
nature of any failure that occurred was noted.

Color Measurement

22. ASTM D 2244 was used to compute color difference data in CIE 1976
CIELAB (L*, a*, b*) color space. The L*, a*, b* Color System was selected
because of its ability to simply and graphically describe the nature and
direction of color shifts between two yanels. It can also be used to describe
the magnitude of the total color shift between the panels. Briefly, the L¥,
a*, b* color mapping system consists of L* (lightness), +a (red), -a (green),
+b (yellow) and -b (blue). Consequently, an increase in L* indicates a
lightening of the color, an increase in the +a direction indicates a reddening
of the color, and an increase in the +b direction indicates a yellowing of the
color, etc. Totul color difference is measured by A E*ab, which is defined
as:

((A L¥)? + (A a*)? + (A bx)?)¥?

Illuminant C was used to take the color readings for the immersion tests, and
both Illuminant C and Illuminant D65 were used to take the color readings for
the QUV accelerated weathering tests. Graphs describing the system appear in

19




Appendix A, Section 2. Color measurements were made with a Minolta CR-200k
Chroma Meter. Readings on the immersion panels wexe taken before immersion
and after 3000 hours of immersion on the test sides of the panels within the
scribes and below the intersections of the scribes. After exposure, the test
areas were wiped with a tissue to remove loose contaminants. Readings on the
QUV panels were taken on the test sides of the panels on the upper half above
the scribes. They were taken before exposure and after 3000 hours of expo-

sure.

Chalking Test

23, Chalking was evaluated according to ASTM D 659. A black cloth was
used to test most of the coating systems. However, in a few instances, it was
necessary to use a white cloth because the chalky material was dark colored.
Pictorial Standards of Coatings Defects (Federation of Societies for Coatings
Technology, 1979) was used as the source of the visual chalking reference
standards.

Blistering Test

24, ASTM D 714 and the visual standards in Pictorial Standards of
Coatings Defects were used to evaluate blistering., Blistering on the extreme

edges of panels was discounted. Blisters were rated on both size and fre-
quency. If blistering occurred only in certain limited areas, this fact was
noted.
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PART III: RESULTS

Pot Life

25, All of the two-component (or two-package) coating systems were
within the manufacturers’ designated times for pot life when they were
adjusted for the temperatures of application. However, the optimum applica-
tion conditions for the various coatings were reached before the end of their
pot life peviods. This suggests that the¢ stated pot life for a two-component
coating, when adjusted for temperature at the time of application, should not
be pushed to its upper limit,

Recoating Time

26. Recoating problems were not experienced when the manufacturers’
recoating times were followed. Recoating problems were defined as loss of
intercoat adhesion, crazing, or wrinkling, that could be detected without
destructive testing. A possible recoating problem was experienced with
Coating System 22 in the immersion tests. Dense, small blisters appeared
early in the immersion tests. These blisters were examined visually and their
appearance indicated intercoat rather than substrate blistering; an intercoat
adhesion problem.

Curing Time

27. Curing times of all of the coating systems were within the manu-
facturers’ stated limits when adjusted for temperature. The systems were
checked visually and manually without marring any testing portions of the test
panels.

Immersion Testing

28, Blistering on the scribed or "testing" sides of the immersion test
panels was the criteria for their removal from the test following the basic
3000-hour immersion period. The backs of these test panels were coated with
the same materials as the scribed sides. Consequently, the panel backs were
checked for blistering at the time the immersion tests were terminated. On
the scribed sides of the test panels, seven coating systems and one duplicate
panel of an eighth coating system exhibited no blistering in either SW and FW
immersion during the basic 3000-hour immersion period. These systems will be
continued in both SW and FW immersion tests. The eighth coating system, No.
7, will be continued in the FW immersion test, only. Twelve systems survived
the basic 3000-hour immersion period in FW only. These coating systems will

21




be continued in the FW immersion test only. Ten of these systems had no blis-
tering on the backs of the SW immersion test panels at the time of removal.
One coating system had blistering on the back of only one panel in the SW
"immersion test; another coating system had blistering on the backs of both
panels in the SW immersion test and on the back of only one panel in the FW
immersion test.

29, Observations of the time to 100-percent rusting in the scribe lines
were made, but the significance is not definitively established. Certain
recorded times did follow a pattern, however. For example, the seven coating
systems that survived the basic 3000-hour immersion period in SW without
blistering lasted from 822 to 2659 hours before the 100-percent rusting level
was reached. The remaining coating systems lasted from 160 to 2327 hours.
The respective overall averages for the two groups of panels were 1687 and 779
hours. Another more definite pattern was the shorter number of hours required
for the panels immersed in FW to acquire 100-percent rust in the scribe lines.
Despite a few reversals, the pattern indicated more rapid rusting in FW,

30. Average dry film thickness was not a determinant of resistance to
blistering in either the SW or FW immersion tests. Among the seven coating
systems in which both test panels emerged from the basic 3000-hour immersion
period in SW without blistering, three systems had an average dry film
thicknesses of 50 mils plus, and one system had an average dry film thickness
of 13.5 mils. Three systems had average dry film thicknesses of 20.7, 26.7,
and 26.9 mils. Two of the thinnest panels in average dry film thickness (8.9
and 9.2 mils) successfully completed the basic 3000-hour immersion period in
FW without blistering.

1. Several generic types of coatings were represented in the group of
ccatings that survived the basic 3000-hour immersion period in SW without
blistering, and almost all generic types were represented in the large group
of coatings that survived the same immersion period in FW without blistering.
The SW immersion group included a 100-percent solids aromatic polyurethane, a
high-solids epoxy cycloaliphatic polyamine, a 100-percent solids cycloalipha-
tic amine cured epoxy, 100-percent solids highly modified styrene polyesters,
and a coating system composed of high and 100-percent solids bisphenol epoxy-
aromatic amines. The FW group included, in addition to the types already
mentioned, an aromatic elastomeric polyurethane, aliphatic polyurethanes
(mixtures or topcoats), epoxy-polyamides, a 100-percent solids coal-tar epoxy,
and a low-solids solvent-borne vinyl.

32. Color, before and after immersion, was measured at the botton of
the scribed portion of the panels. After immersion, the testing areas were
wiped with a tissue before the readings were taken. This was to remove all
loose soiling materials. Consequently, the color change data contain several
components. Among them are possible leaching, staining, and soil retention.
Staining and soil retention appear to be, by far, the major factors involved
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in the color changes. All readings were taken at the completion of the basic
3000-hour immersion periods. The A E*ab range was 2.21 to 35.13 for the SW
immersion test and 2.35 to 36.17 for the FW immersion test. The greater the
color difference, the higher the value of AE*ab. There seems to be no
particular trend for the total colnr difference readings. Some reversals were
noted between SW immersion and FW immersion results and close total colorx
difference readings were noted for both SW and FW immersion results. This is
interesting in light of the fact that the $W bath was full of contamination
large enough to be seen, whereas the FW bath appeared to be relatively
"slean." As the photographs in Appendix A reveal, however, there was more
widespread staining as a result of immersion in SW. Most panels became
darker, yellower, and greener as a result of both FW and SW immersion. Rust
staining from the scribe lines played a role in the color shifts.

~Y, Detailed results of the SW and FW immersion tests appear in Tables
3, 4, and 5. Photographs of the test panels appear in Appendix A, Section 3.°

QUV Accelerated Weathering Testing

34, QUV accelerated weathering testing was conducted to determine the
behavior above the waterline of the coating systems reported on in the section
on immersion testing. Chalking and color difference were checked to deterxmine
ultraviolet exposure and aesthetic behavior. Chalk ratings ranged from 4 to
10. A rating of 10 is no chalking, and a rating of 2 is very heavy chalking.
Colorimeter readings were taken before and after exposure using Illuminant C
for one set of readings and Illuminant D65 for a duplicate set of readings for
comparison. Illuminant C simulates an overcast day and Illuminant D65
simulates bright daylight. Illuminant D65 has the lower color temperature and
gives readings that are "cooler" than those of Illuminant C. The A E*ab values
for Illuminant C ranged from 2.65 to 29.34 and for Illuminant D65 from 2.08 to
27.00. Detailed chalking, color, and color difference data for the QUV
accelerated weathering test are recorded in Table 6. Photographs of the
exposed test panels appear in Appendix A, Section 4.

Elcometer Adhesion Testing

35. Values for the control panels in the Elcometer pulloff adhesion
test ranged from 95 lb/sq in. to 800 lb/sq in. The range of values for the SW
immersion test was 132 1lb/sq in. to 658 lb/sq in. and fcr the FW immersicn
test was 138 1lb/sq in. to 207 lb/sq in. For the QUV accelerated weathering

‘Photographs are presented in black and white. A limited number of color photographs are
available to researchers by writing to CECER-EMC, ATTN: Al Beitelman, P.O. Box 9005,
Champaign, IL 61826-9005, cr by calling (217) 373-7237.
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test was 138 lb/sq in. to 207 lb/sqg in. For the QUV accelerated weathering
test, the range of values was 65 lb/sq in. to 625 lb/sq in. Table 7 contains
both the numerical values of all of the pulloff adhesion tests and the
description of the ceneral planes of failure (glue line, substrate, etc.).

The term NVT (not valid test) appears fairly frequently in the table. In most
cases, the test was ruled invalid because of premature damage or failure as a
result of the cutting process around the dolly.

Mandrel Bend Testing

36. Mandrel bend testing data (using a l-in. mandrel) are presented in
Table 8, Results obtained from the mandrel bend test are descriptive, not
numeric, Photographs of the test panels after they were subjected to mandrel
bend testing appear in Appendix A, Section 5.
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PART IV: DISCUSSION

Coating Svstem Performance

37. Systems 1 and 23, and 2 and 24, are grouped together since the main
difference between these common systems is the technique of primer
application. The same primer was used with all four systems. Systems 1 and
23 are the same elastomeric 100-percent solids aromatic polyurethane product
from the same manufacturer. The same manufacturer also produced Systems 2 and
24, which are the same 70-percent * wne solids elastomeric aromatic-aliphatic
polyurethane product. All four coating systems are thick film (30 to 32
mils). The difference between Systems 1 and 2 and 23 and 24 is in the method
used to measure the dry film thickness of the primer, Systems 1 and 2 had the
primer dry f£film thickness measured from the valleys of the blasting profile,
although carxe was taken to coat the peaks. The profile was still showing
after priming. Systems 23 and 24 had the dry film thickness of the primer
measured in the conventional way, above the peaks.

38. When Systems 1 and 23 are compared, it can be seen that System 1
had higher values in the Elcometer pulloff adhesion test on the control and SW
immexrsion panels and approximately the same value on the QUV accelerated
weathering test. The contxol panel of System 1 was the only one in the
investigation that had one reading over 1000 lb/sq in. (considered as 1000
1b/sq in. for averaging). Also, the time required before initial blistering
in the SW test was a medium 1001 hours for System 1, versus a low 486 hours
for System 23. For the Elcometer pulloff adhesion test, the average values
(SW immersion) were 658 lb/sq in. and 243 lb/sq in., respectively. These
results indicate that the manufacturer’s recommended method of priming (i.e.,
with the blasting profile still visible after priming) has merit.

39. Systems 2 and 24, the 70-percent volume solids aromatic-aliphatic
polyurethane materials, did not show as great a difference in performance
between the two methods of priming. However, the customary method of f£ilm
thickness calculation (over the peaks of the profile) showed some advantages
in pulloff adhesion across the board, and the time to initial blistering in
the SW immersion test was longer. When they were removed from the SW immer-
sion test, all four systems were free of blisters on the backs of the panels.
The systems did not show any blistering in FW.

40. Al) four systems were in the light-to-medium chalking range in the
QUV accelerated weathering test, with chalk ratings of 6 to 8. As expected,
the aromatic-aliphatic polyurethane systems had smaller magnitudes of total
color difference (8.20 to 10.42 versus 15.00 to 29.34) after exposure in the
QUV. All four systems exhibited no cracking or loss of adhesion in the 1-in.
mandrel bend test. Either method of priming would appear to be satisfactory
with Systems 2 and 24. All four systems also have medium waiting period: (4
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days at 75° F) after the last coat has been applied before immersion. Dry
film thickness for the four systems is 32 mils. (All dry £ilm thicknesses
used in calculationus and tables are the manufacturers’ target thicknesses.)

41. System 3 is an 80-percent’ volume solids, self-priming, medium dry
film thickness (16 mils) epoxy-amine system. Although it blistered at 1001
hours in the SW immersion test (the backs of the panels were blister—free), it
was blister-free in the FW immersion test after 5745 hours of immexsion.
Although pulloff adhesion values were relatively low, adhesion of this system
has proved adequate in field situations, and there was negligible change in
the values after SW immersion and QUV exposure, Total color difference values
after immersion were the lowest for any system tested (2,21 SW, 2.35 FW).
However, total color difference after QUV exposure was substantial (22.42),
although the chalk rating (8) was light to moderate. Cracking and some loss
of adhesion were noted in the 1-in. mandrel bend test., The waiting period
before immersion at an ambient temperature of 75° F after the final coat has
been applied is only 3 days. Where appearance is important in nonimmersed
areas, a weathering topcoat, such as an aliphatic polyurethane, would be
necessary.

42, System 4 is a 100-percent solids, high dry film thickness
(50 mils), one-coat aromatic polyurethane system requiring heated, plural-
component spraying application equipment. Performance in both the SW and
FW immersion tests was good, with no blistering on the panels after 5574
hours. Pulloff adhesion values were relatively good for the control (403
lb/sq in.) and the QUV exposed (298 lb/sq in.) panels., Total color difference
was moderate and uniform at the 11.35 to 11.68 level after both immersion and
QUV testing. Chalking was surprisingly light with a rating of 9, the second
best rating of all the coating systems tested. No cracking or loss of
adhesion was reported for the l-in. mandrel bend test. The waiting period
before immersion at an ambient temperature of 75° F is only 3 days.

43. Systems 5 and 6 are 70-percent volume solids elastomeric aromatic
polyurethanes, aromatic diamine cured. Panels coated with System 6 were given
a topcoat of 80-percent volume solids aliphatic polyurethane. The same low
volume solids primer is used with both systems. Both systems feature high
film thicknesses, 35 to 36 mils for System 5, and 37 to 39 mils for System 6.
These coating systems had  the third and fourth longest periods before initial
blistering in SW immersion; 1494 hours (No. 5) and 1990 hours (No. 6). For FW
immersion, it took 2725 (No. 5) and 2559 (No. 6) hours before initial blister-
ing. No blistering was observed on the backs of the SW immersion panels when
they were removed from testing at 3135 hours. There were, however, some
blisters on the backs of System 5 panels and on the back of one panel of
System 6 after the same number of hours in FW immersion. Control pulloff
adhesion values were 300 lb/sq in. for both coating systems and remained at an
adequate level after immersion and QUV exposure. System 5 had a medinm cihalk
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rating of 6, but System 6 had the highest (best) chalk rating of all the
coating systems at a rating of 10. System 5 has one of the shortest times to
immersion after the final coat has been applied when the ambient temperature
is 75° F; 1 day. System 6 requires 4 days before immersion under the same
ambient conditions. Neither system exhibited loss of adhesion in the 1l-in,.
mandrel bend test, although System 6 had some cracking of the topcoat. System
5 exhibited no cracking. Total color difference after immersion and QUV
exposure was low to moderate for both systems with values of 2.65 to 13.38,

44. Systems 7 and 8 have 6l-percent volume solids epoxy-cycloaliphatic
polyamine tepcoats, with 7l-percent volume solids epoxy-polyamide primers.
System 8 has a low-solids anticorrosive (zinc chromate) primer added with the
epoxy-polvamide primer as an intermediate coat. These systems have low to
medium (9 mils) dry film thicknesses. System 8 was included in the investiga-
tion to test the theory that zinc chromate is deleterious to immersion
primers. Because zinc chromate may have the potential to damage the environ-
ment, System 8 should not be field tested. However, its good performance in
the immersion tests makes this system one well worth some development work to
replace the zinc chromate with an environmentally acceptable anticorrosive
pigment. withl equal performance. System 8 will be continued in both the SW and
FW immersion tests, since no blistering has been observed in either test after
4749 hours. It would seem that the type of zinc chromate used and the overall
formulation have a greater effect on immersion resistance than the presence of
zinc chromate, as such,

45, System 7, the one of greater immediate interest, also did rela-
tively well in the immersion tests. It had one of the longest average periods
in SW immersion before initial blistering (2639 hours). One panel completed
4283 hours in the SW immersion test before blistering (there was also some
blistering on the back), but the average was palled down by the sezond panel
which had initial blistering at 994 hours, although there was no blistering on
the back. The panels in the FW immersion test are blister-free after 4749
hours of immersion. Pulluff adhesion values after QUV exposure and SW immer-
sion were moderate, in the range of 102 to 198 lb/sq in., with the control
value being 197 1b/sq in. Chalk rating in the QUV accelerated weathering test
was 6, which is medium chalking. Total color difference was medium (9.41 to
11.93) aftes immersion and QUV exposure. There was no cracking or loss of
adhesion on the i-in. mandrel bend test. Time tu immersion following the app-
lication of the final coat when the ambient temperature is 75 °F is a medium 4
days. Its application properties are similar to those of a conventional epoxy
coating. 1In partial immersion conditions, a weathering topcoat, such as an
aliphatic polyurethane, would be desirable where appearance was important,

46. System 9 is a self-priming, 100-percent solids, epoxy-polyamine
with a medium~high dry film thickness of 20 mils. Although this coating
system was applied in the same conventional manner as the other coating
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systems, it can also be applied under water. Application requires special,
but not very unusual, equipment. The system completed 5574 hours in both the
SW and FW immersion tests without blistering. 1Its pulloff adhesion value on
the control panel was 363 lb/sq in% There was no cracking or loss of adhesion
on the l-in. mandrel bend test. Total color difference after immersion and
QUV exposure was relatively small (3.54 to 4.57). Chalking was light, with a
chalk rating of 8, System 9 can be placed in immersion service 1 day after
the final coat has been applied when the ambient temperature is 75° F. This
coating system is the only one in the investigation that allows repair of the
immersed coating without dewatering.

47. System 10 is a 75-percent volume solids cycloaliphatic amine cured
epoxy with a 77-percent volume solids primer of the same generic composition.
Total dry film thickness is a low-to-medium 9 to 13 mils., Of those coating
systems caat blistered during the initial 3000-hour immersion period in SW,
System 10 had the highest average time to initial blistering of 2863 hours,
Performance in the FW immersion test, in which it is being continued, was
satisfactory with no blistering at a total immersion time of 3242 hours,

There were no blisters on the backs of the panels in either the SW or FW
immexsion tests, Pulloff adhesion values were 93 1lb/sq in. for the control
although they increased to 164 lb/sq in. after SW immersion and 165 lb/sq in.
after QUV exposure. With a chalk rating of 4, it exhibited heavy chalking in
QUV exposure. Total color difference for the immersion and QUV exposure tests
was medium-to-high with values of 6.64 to 18.50. It exhibited cracking, but
no loss of adhesion, in the l-in. mandrel bend *est. The time required before
immersion after the last coat has been applied when the ambient temperature is
75° F is 5 days. Of all the coating systems tested, it was the one most
nearly like a conventional epoxy in handling and application properties. A
weathering topcoat, such as an aliphatic polyurethane, would be desirable
where appearance was important in partial immersion applications.

48. System 11 is a self-priming, B3-percent volume solids, epoxy-
polyamide with a medium dry £ilm thickness of 16 mils. Time to initial
blistering in the SW immersion test was 670 hours and, at removal, there were
blisters on the backs of the panels. It is unblistered in the FW immersion
test after 5077 hours. Pulloff adhesion values were 268 lb/sq in. for the
control panel versus 154 1lb/sq in. after SW immersion and 143 1lb/sq in. after
QUV exposure. Chalking after QUV exposure wa3 heavy, the chalk rating
being 4. Total color difference was medium with values of 10.75 to 13.44 for
the QUV exposure and immersion tests. It exhibited cracking, but no loss of
adhesion, in the 1-in. mandrel bend test. The time required before immersion
after the last coat has been applied when the ambient temperature is 75 °F is
medium-to-long (7 days). In partial immersion conditions, a weathering
topcoat such as an aliphatic polyurethane, would be desirable where appearance
was important.
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49, System 12 is a self-priming, 100-percent solids, coal-tar epoxy
that is applied in one coat to a medium-high, dry £ilm thickness of 20 mils.
Heated, plural-component spraying equipment is required for application. 1In
the SW immersion test, initial blistering occurred at 1169 hours, with blis-
tering also on the backs of the panels, There was no blistering in the FW
immersion test after 5403 hours of immersion. Pulloff adhesion values were
satisfactory at 308 1lb/sq in. for the control panel, 205 lb/sqg in. after SW
immersion, and 185 lb/sq in. after QUV exposure. Total color difference was
relatively low after the immersion tests (6.03 and 4.01), but relatively high
after QUV exposure (20.71), Chalking was medium after QUV exposure, a chalk
rating of 6. There was cracking, but no loss of adhesion, in the 1-in. man-
drel bend test., The time required before immersion when the ambient temper-
ature is 75° F is short (3 days). Direct sunlight tends to degrade coal-tar
and most other bituminous materials. The application of two coats of a com-
patible epoxy aluminum coating would be desirable to protect System 12 if
exposure to direct sunlight is likely to be encountered. Aluminum coatings
are preferable for application over coal-tar coating systems because coal-tar
systems tend to "bleed," and the "platey" structure of epoxy aluminum coatings
have proven in the field that they are an acceptable topcoat for coal-tar
epoxies.

50. System 13 is a self-priming, 66-percent volume solids epoxy-
polyamide with a low-to-medium dry film thickness of 12 mils, The time to
initial blistering in SW was 829 hours with no blistering on the backs of the
panels. It remains unblistered in FW after 4407 hours of immersion. Pulloff
adhesion was 97 lb/sq in. for the control, 145 lb/sq in. after SW immersion,
and 103 1b/sq in. after QUV exposure. Chalking after QUV exposure was
relatively heavy, with a chalk rating of 4. Total color difference for the
immersion and QUV tests was moderate-to~heavy with values from 10.14 to 27.35.
There was some cracking, but no loss of ~dhesion, in the 1-in. mandrel bend
test. When the ambient temperature is 75° F, the minimum time before immer-
sion following application of the final coat is only 2 days. Where appearance
is important in partial immersion, a compatible weathering topcoat, such as an
aliphatic polyurethane coating, would be desirable.

51. Systems 14 and 22 will be discussed together, since both are water-
borne acrylic modified vinyl coatings produced by the same manufacturer. At 8
and 6 mils dry film thickness, respectively, they were the thinnest coatings
investigated. Recoating problems have been evidenced by System 14 and, to a
lesser extent, by System 22, System 14 was originally planned as a two-coat
system, but problems with intercoat adhesion dictated a cutback to a one-coat
system. Both coating systems blistered early in both the SW and FW immersion
tests and blistered on the backs, as well as the scribed sides, of the panels.
In the pulloff adhesion test, System 14 recorded a value of 327 1b/sq in.
(control), and System 22 recorded a value of 200 lb/sq in. (control).
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Unidentified bacterial or microbial growth was observed on the QUV accelerated
weathering panels. Neither system evidenced any cracking or loss of adhesion
in the 1-in. mandrel test. Both coating systems require 7 days (medium-to-
long) before immersion after the final coat has been applied when the ambient
temperature is 75° F.

52. System 15 is a solventborne vinyl coating system (VR-6) with a low-
to-medium dry film thickness of 10 mils. It was in the SW immersion test 994
hours before initial blistering was recorded. Blisters were observed on the
back of one panel. No blisters have been observed on the FW immersion panels
after 4749 hours of immersion. Pulloff adhesion values for the control, SW
immersed, and QUV exposed panels were almost constant at 250 lb/sq in., 245
lb/sq in., and 248 lb/sq in., respectively. Total color difference for the
immersion and QUV tests was medium with values of 7.28 té 11,62, There was no
cracking or loss of adhesion in the 1-in. mandrel bend test. Chalking was
light, the chalk value being 8. A long period (10 days) is required before
immersion after the final coat has been applied when the ambient temperature
is 75° F.

53. Systems 16 and 17 are 100-percent solids highly modified styrene
polyesters. The systems differ in that the intermediate coat of System 17
contains a silica-type filler. Both systems are unblistered in both the SW
and FW immersion tests after 3906 hours. Dry film thicknesses of these
coating systems are relatively heavy at 26 to 34 mils. Pulloff adhesion
values were 313 lb/sq in. and 333 1lb/sq in., respectively, for the controls
and 123 1lb/sq in. and 163 1lb/sq in., respectively, after QUV exposure. Both
systems had a chalk rating of 6 (medium). Total color difference for the
immersion and QUV tests was medium-to-large with values ranging from 8.87 to
19.04. Both coating systems had cracking, but no loss of adhesion, in the 1-
in. mandrel bend test. The time required before immersion after the final
coat has been applied when the ambient temperature is 75° F is only 2 hours,
the shortest time required for any coating system in the investigation. 1In
partial immersion service, where appearance was important, a compatible
weathering topcoat recommended by the manufacturer would be desirable.

54. System 18 is MIL-P-24441, formulas No. 150, 151, and 152, type I,
epoxy~polyamide. This coating system is, like VR-6, well known and widely
used. It consists of a primer, intermediate coat, and topcoat, all of which
are 60-percent volume solids. Total dry film thickness for this coating
system is a relatively low 6 to 9 mils. Initial blistering in SW immersion
took place at 499 hours. There was no blistering on the backs of the panels.
No blistering has occurred after 3582 hours in the FW immersion test. Pulloff
adhesion values were: control, 163 lb/sq in.; after SW immersion, 153 1lb/sq
in.; and after QUV exposure, 119 lb/sq in. Chalking was medium with a chalk
rating of 6. Total color difference for the immersion and QUV tests was
medium-to~large with a range of 13.81 to 36.17. There was cracking, but no
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loss of adhesion, in the l-in. mandrel bend test. The time required before
immersion after the last coat has been applied when the ambient temperature is
75° F is a medium-to-long 7 days. In partial immersion, a compatible weather-
ing topcoat would be advisable if appearance is important.

55, System 19 is based on MIL-P-24441, type I. It is, however, a two-
coat system with 65-percent volume solids. Total dry film thickness is a low-
to-medium 8 to 10 mils. Initial blistering in SW immersion was recorded at
332 hours. There was no blistering on the backs of the panels. No blistering
has occurred after 3582 hours of FW immersion. Pulloff adhesion values were:
control, 233 lb/sq in.; aftexr SW immersion, 132 1lb/sq in.; and after QUV
exposure, 98 lb/sq in. Chalking was medium, with a chalk rating of 6. Total
color difference for the immersion and QUV tests was medium-to-large with
values ranging from 13.77 to 27.68. There was cracking, but no loss of
adhesion in the 1-in. mandrel bend test. The time required before immersion
after the last coat has been applied when the ambient temperature is 75 °F is
a medium-to-long 7 days. System 19 performs very similarly to MIL-P-24441,
type I, epoxy-polyamide, but this proprietary system has higher volume solids
and it is a two-coat system. It would be used in the same applications as
MIL-P-24441, type I, and would require a compatible weathering topcoat in
partial immersion, for iwmproved appearance.

56. Systems 20 and 21 are composed of 100-percent solids top and inter-
mediate coats, and a 60-percent volume solids primer. System 21 has an added
proprietary 4-percent volume solids pretreatment before priming. These
bisphenol epoxy-aromatic amine coatings form dry film thickness of 55 to 56
mils., Neither of the systems exhibited blistering after completing 3582 hours
of immersion in both the SW and FW immersion tests. Pulloff adhesion values
were 285 1lb/sq in. and 330 1lb/sq in., respectively, for the controls. After
the QUV exposure test, the values were 130 lb/sq in. and 213 lb/sq in.,
respectively. Both systems showed heavy chalking, with common chalk ratings
of 4. Total color difference after immersion for both coating systems was in
the low-to-medium range of 3.15 to 7.43. Total color difference after expo-
sure in the QUV was a medium-to-high 17.10 to 18.90 for both coating systems,
There was cracking and some loss of adhesion in the 1l-in. mandrel bend test.
Both systems require only 2 days before immersion after the final coat has
been applied when the ambient temperature is 75° F. A compatible weathering
topcoat would be desirable in partial immersior. conditions for appearance.

Data Interpretation Comments

57. As even a cursory examination of the Elcometer pulloff adhesion
data in Tables 5 and 7 suggests, this test has many variables. Although it is
theoretically possible that pulloff adhesion values could increase after
immersion or QUV exposure, the data and visual evidence indicate that vari-
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ability in the test itself had a greater effect. Cutting around the dollies
was a tedious and often difficult task. Damage to the coatings and/or glue
line was largely responsible for the number of invalid tests that appear in
Tables 5 énd 7. Incipient failure of the adhesion of the epoxy adhesive to
the topcoat of the coating system was also observed. The thickness of the
test panels had the greatest influence on the actual adhesion values (in
pounds per square inch) that were obtained. Thin (24 to 38 mils) test panels
produce lower Elcometer pulloff adhesion readings than thick (approximately
125 mils) test panels. Thin test panels are not as flat, making it more
difficult to achieve a uniform surface on which to adhere the dollies,

Perhaps even more important, thin test panels are subject to flexing during
the actual pulloff test. Consequently, to estimate the values that would
reasonably be achieved in a "real-life" situation on steel plate, the values
reported in this investigation would have to be subjected to unknown multipli-
ers, Determining these multipliers is beyond the scope of this investigation.

58. Total color difference, A E*ab,is the "distance" between two colors
in L*, a%, b* color space. (Graphic representations of L%, a*, b* color space
appear in Appendix A, Section 2.) 1Individual color shifts are described by A
L*, A a*, and A b*, For reference, a good commercial color match would have a
A E*ab of 0.5 to 1.5 units, Color shifts as a result of immersion or QUV
exposure have two components; one as a result of immersion and one as a result
of staining from corrosion products generated along the scribe lines or picked
up from the bath. After QUV exposure, there is a color shift caused by
exposure to ultraviolet light and an effect from chalking. (NOTE: When
viewing the photographs in Appendix A, rxemember that the colors of the test
panels may vary from the actual ones due to the photographic and color
printing processes used to produce this report.)

59. The l-in. mandrel bending test was included to provide relative
elasticities and resistance to extreme bending stress of the coating systems
tested. Obviously, if a hydraulic structure were to be subjected to the same
relative degree of distortion, it would be severely, perhaps critically, dam-
aged. As expected, polyurethanes and vinyls did better in this test than most
of the other types of coatings. From a practical point of view, all of the
coatings in the investigation showed acceptable performances in this test when
their performances are weighed against the actual degree of bending they would
likely encounter in actual use. However, where ability to resist flexing is a
definite factor in coating selection, these results would be pertinent.

Estimated Costs

60. Table 2 contains figures on the estimated cost per square foot in
dollars for the coating systems investigated. These figures were supplied by
the manufacturers of the coating systems and include materials and apptica-
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tion, but exclude surface preparation. Because each coating system is
different, an individual estimate is necessary for each application. The
figures presented are based on "average" conditions and should be used only

for general comparison.

The Investigation in Perspective

61, The test data indicate that a number of low-VOC coating systems
should perform satisfactorily under FW immersion conditions. Almost one-third
of the low-VOC coating systems tested should perform satisfactorily in SW
immersion, as well, If appearance is important, most of these high-solids and
100-pexcent solids coating systems will require compatible weathering top-
coats. This is one of the few drawbacks of this type of coating. However,
the majority of hydraulic structures are in locations where protection is more
important than appearance, so this should not prove to be a widespread or
serious problem. A major advantage of many of the high-solids and 100-percent
solids coating systems is that they require relatively short time periods
between application of the final coat of putting the coated structure back
into immersion service. This time period can be as short as 2 hours to a
relatively short 4 days for many of the coatings that performed well in the
investigation. There are positive economic implications in short downtime.
For example, less lost electric power generation time translates into more
power that can be sold. Short downtime also allows application at times which
are more convenient and less costly to the public or private owners involved.
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PART V: FIELD EVALUATION OF COATINGS

62. Following the laboratory evaluation, a number of the coatings
having superior performance were applied to hydraulic structures for field
evaluation.

63. System 3 was applied to radial gates on a Bureau of Reclamation
structure, This material has a relatively short pot life making application
by brush, roller, or single component airless equipment quite difficult,
Satisfactory applications have been achieved using these methods by mixing
only small amounts of the coating (2 gallons or less) at a time and working
steadily. Thinning is unnecessary if application is by brush or roller. 1If
thinning is required for spray, up to 5 percent Toluol may be used. Incorpo-
ration of the thinner should consist of adding half the volume of the thinner
to each component before combining the components. The most effective method
of application was found to be plural component airless equipmeat. No thin-
ning was required for proper application. The target dry f£ilm thickness of 16
mils could be achieved using 2 coats regardless of application method provided
the material had not been excessively thinned. After 1 year in service, the
gates were still receiving excellent protection, however, the coating had
chalked and looked somewhat "blotchy." There have since been other appli-
cations where appearance was considered of some importance. For these
applications, two additional coats of a compatible moisture-cure aliphatic
polyurethane coating were applied as weathering coats.

64. System 4 was applied to a tainter gate on the Mississippi River
Lock and Dam 17. Application was conducted through the manufacturer by a
licensed applicator. The product required an unusually large blast profile.
Abrasive blasting using #4 flint grit produced an unacceptable surface profile
of less than 4 mil. Therefore, the steel was reblasted using #7 flint grit.
This produced an acceptable profile. (The profile measurement was in excess of
the capabilities of testex tape and is thought to be in the 6 to 8 mil range.)
Application was conducted using Graco plural component airless equipment. The
components were pumped from the container, through heaters, and into the main
triple cylinder pump unit. (Three cylinders were necessary for 2:1 mix
ratio.) The components passed through a heated hose line and were firally
combined in a series of static mixers located between the body and the tip of
the airless spray gun. The gun was also supplied by a third hose containing
methylene chloride solvent to flush material from the mixers and tip whenever
the application was interrupted. Application was plagued by equipment
problems. Improper cleaning of a transfer pump may have allowed the isocynate
component to crystallize thus requiring replacement of the pump and hoses.
Unsatisfactory temperature controls caused improper mixing, resulting in a
considerable amount of lost time and material. These problems may also be
responsible for some of the early failures noticed with the coating. After
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the problems had been addressed, further application progressed rapidly.
Multiple coats can be used to attain any desired thickness; however, experi-
ence and good applicator techniques are necessary to attain a reasonably
uniform thickness. In the test areas where a 50 mil dry Zilm thickness was
desired, measured thicknesses ranged from 27 to 97 mils with the majority of
the readings in the 40 to 55 mil range. The material was set-to-touch in less
than an hour; however, it was still soft enough to be dented with the thumb
nail the following day. After one winter it was found that many of the rivet
heads on the downstream waterline area were showing bare steel. After the
second winter, these rivet heads were almost 50 percent bare. There were a
few scratches through the coating and there was a significant area of
intercoat delamination. This delamination probably was the direct result of
the application problems. There was no blistering or other form of coating
failure in areas of low abrasion.

65. System 7 was applied to the downstream face of a tainter gate on
the Mississippi River Lock and Dam 17. The system is composed of two coats of
quite typical two-component epoxies. The materials were applied using a
single component, Graco airless unit having a 619 tip. Thinning was not
necessary. The primer and the topcoat were applied on successive days.
Thickness of the primer ranged from 3.8 to 5.5 mils. Total thickness ranged
from 7.8 to 15 mils with most readings in the 9 to 12 mil range. After the
first winter, the coating appeared to be in near new condition having no signs
of defects or damage. After the second winter, however, it was evident that
significant failure was taking place. Rivet heads at the downstream waterline
were approximately 40 percent bare and the entire underwater area was showing
eigns of generalized rusting to the extent that the gray coating has taken on
a light brownigh appearance., Atmospheric areas were showing signs of mild
chalking but no other defects.

66. System 9 was initially selected for field application. However,
researchers learned that the manufacturer is no longer in business.

67. System 10 was applied to the downstream face of a tainter gate on
the Mississippi River Lock and Dam 17. The system is composed of two coats of
quite typical two-component epoxies. The materials were applied using a sin-
gle component, Graco airless unit having a 619 tip. Thinning was not neces-
sary. The primer and the topcoat were applied on successive days. Thickness
of the primer ranged from 6.0 to 9.0 mils. Total thickness ranged from 11.0
to 18.0 mils with most readings in the 14 to 15 mil range. After the first
winter, the coating appeared to be in near new condition having no signs of
defects or damage. After the second winter, however, it was evident that
failure was taking place. Rivet heads at the downstream waterline were
approximately 25 percent bare and the entire underwater area was showing
initial signs of generalized rusting. Atmospheric areas were showing signs of
chalking but no other defects.

60




68, System 11 was applied to radial gates on a Bureau of Reclamation
Structure. The system consists of multiple coats of a typical two-component
epoxy. The system was applied using a single component airless unit. No
thinning was necessary. Application properties were excellent. During one
portion of the application, the weather was quite cool so a manufacturer’s
recommended accelerator was added to the coating before application. The
coating was applied in 5 coats producing a minimum dry film thickness of 16
mils. In this application, each coat was a different color so the depth and
rate of wear experienced in service could be monitored. In another applica-
tion, the material was applied to a minimum of 16 mils dry film thickness in
two coats. And a two-component polyurethane topcoat was added to improve
weathering characteristics. The time of exposure of these systems has not
been long enough to determine performance characteristics,
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69.

PART VI: CONCLUSIONS

The most severe laboratory test was the SW immersion test. Seven

coating systems of varied generic types survived this test and the FW
immersion test without blistering. They outperformed the widely used System
15 (VR-6 vinyl resin coating system) and System 18 (MIL-P-24441, type I,
epoxy-folyamide coating system), both of which blistered in the SW immersion
test. None of the coating systems that blistered in the FW immersion test
successfully resisted blistering in the SW immersion test. The coating
systems that did not blister in either immersion test were:

70,

System 4 - A nonelastomeric polyurethane, self-priming, target dry
film thickness (TDFT) 50 mils.

System 8 - An epoxy-polyamide primer containing zinc chromate
pigment with an epoxy-polyamide intermediate coat and an epoxy-
cycloaliphatic polyamine, modified, topcoat, TDFT 9 mils.

System 9 - An epoxy-polyamine, self-priming (can be applied under
water), TDFT 9 to 13 mils,

Systems 16 and 17 - Highly modified styrene polyesters, 2 percent
MEK peroxide hardener, primer, intermediate coat, and topcoat, TDFT

26 to 34 mils.

Systems 20 and 21 - Bisphenol epoxy-aromatic amine; primer, inter-
mediate coat, and topcoat (System 21 received a proprietary
pretreatment before the primer was applied), TDFT 55 to 56 mils,

The commonly used VR-6 vinyl resin and the MIL-P-24441, type I,

epoxy—-polyamide coating systems performed satisfactorily (did not blister) in
the FW immersion test, as did the following 11 high-solids and 100-percent
solids coating systems of varying generic compositions:

Systems 1 and 23 - Elastomeric aromatic polyurethane, isocyanate
polyol primer, TDFT 32 mils.

Systems 2 and 241 - Elastomeric aromatic-aliphatic polyurethane,
isocyanate polyol primer, TDFT 32 mils,

System 3 - Epoxy-amine, self-priming, TDFT 16 mils,

System 7 - Epoxy-polyamide primer with an epoxy-cycloaliphatic
polyamine topcoat, TDFT 9 mils,

System 10 -~ Cycloaliphatic amine cured epoxy, primer and topcoat,
TDFT 10 to 13 mils,

System 11 - Epoxy-polyamide, self-priming, TDFT 16 mils,
System 12 - Coal-tar epoxy, self-priming, TDFT 20 mils.
System 13 - Epoxy-polyamide self-priming, TDFT 12 mils.

System 19 - Proprietary primer and topcoat system based on MIL-P-
24441, type I, but with higher volume solids, TDFT 8 to 13 mils.
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71. Film thickness was not a significant factor in determining coating
performance in the immersion tests or in the QUV accelerated weathering tests.
The generic type of coating system, not the film thickness, was the major
factor determining performance in the 1l-in. mandrel test. Six polyurethane
and three vinyl coating systems of varying thicknesses had no cracking ox loss
of adhesion; only one epoxy coating system exhibited these results. No clear
pattern of control adhesion values and their connection to film thickness
values emerged from the Elcometer pulloff adhesion tests. Film thickness
could, however, be of more significance in the field. If two coating systems
have the same yearly rate of chalking, erosion, etc., the thicker coating will
have a greater remaining thickness at any given time.

72, An appreciable number of the high-solids and 100-percent solids
coating systems tested are suitable candidates for further testing in the
field, based on the laboratory testing conducted during the investigation.
These coating systems are specifically identified in Part VII: RECOMMENDA-
TIONS. The coating systems recommended are ones that did' not blister in the
SW and/or the FW immersion tests. The overall laboratory testing data for
these systems indicate they will perform at least as well as the VR=6 vinyl
coating system (System No. 15) and the MIL-P-24441, type I, ccating systems
(System No. 18). 1If the same generic type of coating systems have equal, or
very nearly equal, performance properties, one coating system should be chosen
to represent the generic group.

73. This investigation has provided data on immersion resistance,
accelerated weathering resistance, flexibility, pot life, recoating and curing
times, methods of application, generic description, recommended £ilm thick-~
ness, VOC content, volume of solids, and sequence of coats (Tables 1 through
8). This data can be used to write performance specifications. Adhesion
values were also obtained and could be used subject to a caveat concerning the
effect of test panel thickness.

74. The data from the QUV accelerated weathering test indicate that
some of the coating systems weather reasonably well, from an appearance
standpoint, but an appreciable number of systems do not. Appearance is of
secondary importance to performance in most hydraulic .cructure applications.
However, where appearance above the waterline is important, practically all
manufacturers have available, or can recommend, compatible, good weathering
topcoats.

75. Many of the high-solids and 100-percent solids coating systems
tested require special application equipment (special in the sense that the
equipment differs in one or more features from “conventional" air and airless
spraying equipment). This equipment is available from major equipment
suppliers and is already being used by a number of industrial coating
contractors. Some of the manufacturers of the coatings tested have licensed
or approved applicators for their coating systems. However, all of the
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systems tested must be properly applied over correctly prepared surfaces if
they are to perform satisfactorily, or to reach their maximum potential. 1In
this respect, they do not differ from "conventional" coating systceas.

76. The higher costs associated with high-solids and 100-pexcent sglids
coating systems can be illusory. Higher material and/or application costs can
be offset by shorter downtimes and lower long-term coating costs, Cost
analysis of these coating systems should be based on a life-cycle basis, cost
per square foot per year of satisfactory service, not initial cost.

77. The data acquired in the investigation provide control points for
the performance recorded under the sets of conditions and film thicknesses in
force at the time of testing. These control points will prove useful for
future investigations of the effects of changing the film thickness, number of
coats, conditions of testing, etc., for any of the coating systems in the
investigation.

78. The field evaluation work has highlighted some important concerns
relating to both application and performance. Perhaps the most important
concern is the ease of application of some of the modern coatings. Whereas
coatings 3, 7, 10, and 11 were easily mixed and applied using common single
component airless spray equipment and indeed could have been applied by other
methods such as brushes and rollers, System 4 proved difficult to apply even
for a manufacturer’s licensed applicator. It appeared to require very precise
mixing ratios, temperature controls, and meticulous cleaning of equipment. It
is doubtful that a Corps of Engineers inspector could have recognized appli-
cation irregularities that might have resulted in coating failure. 1In fact,
the coating manufacturer must not have recognized the defect that lead to the
observed delamination problem. If a Corps of Engineers installation elects to
have a coating system of this nature applied, the contract should include
manufacturer liability requiicments to ensure sarisfactory application and
perxformance.
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PART VII: RECOMMENDATIONS

79. Based on laboratory testing, the following coating systems are
recommended for field testing under either SW or FW immersion conditions:

. System 4 - A nonelastomeric polyurethane, self-priming.

. System 16 or 17 - Highly modified styrene polyesters; 2 percent MEK
peroxide hardener; primer, intermediate coat, and topcoat. System
17 has an intermediate coat containing a silica-type filler
material; System 16 has an unfilled intermediate coat. System 17
had slightly higher control and QUV Elcometer pulloff adhesion
values.

. System 2. or 21 - Bisphenol epoxy-aromatic amine; primer, interme-
diatc coat, and topcoat. System 21 has a proprietary pretreatment
before priming. System 20 has no pretreatment. System 21 had
slightly higher control and QUV Elcometer pulloff adhesion values.

80. Based on the laboratory testing the following coating systems are
recommended for field testing under FW immersion conditions only:

. System 1 - An elastomeric aromatic polyurethane; isocyanate polyol
primer applied with peaks of blasting profile covered, but profile
still showing.

. System 2 or 24 - Elastomeric aromatic—-aliphatic polyurethanes; iso-
cyanate polyol primer. System 24 differs from System 2 in that
System 24 has the primer applied and its film thickness measured
conventionally instead of being applied like the primer in System
1.

. System 3 - An epoxy-amine, self priming.

. System 7 - Epoxy-polyamide primer with an epoxy-cycloaliphatic
polyamine topcoat.

. System 10 - Cycloaliphatic amine cured epoxy, primer and topcoat.
(Of the coating systems tested, System 10 was the most similar in
application properties to a conventional low-solids epoxy coating
system.)

. System 11 - An epoxy-polyamide, self-priming.

81. The results of the investigation suggest additional avenues of
exploration. For example, the combination of compatible elements of different
generic systems to upgrade such properties as immersion, abrasion, and weath-
ering resistance should be explored. Such systems already exist for bridges
and other structures, a notable example being the well known inorganic zinc/
epoxy/aliphatic polyurethane coating system. Coating manufacturers as well as
coating users need to be involved in this type of an investigation.

82. The lack of universally accepted and appropriate performance
specifications is a major difficulty experienced when specifying the use of
high-solids and 100-percent solids coatings. The data dacquired during this
investigation could be used, in part, to create such specifications. Specifi-
cations and standards writing organizations such as the Steel Structures
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Painting Council, ASTM, and the National Association of Corrosion Engineers
should be encouraged to develop and approve specifications for these types of
coating systems as a high priority activity, as should appropriate groups
within Government. Anotl.er major difficulty is the lack of quic..er accelerat-
ed test procedures for high-performance coatings, such as the coatings in this
investigation. Efforts to develop better and quicker accelexated test proce-
dures for high-performance coatings should be supported.
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APPENDIX A: PHOTOGRAPHS OF THE
LABORATORY EQUIPMENT AND TEST PANELS

Laboratory Equipment

L*a*b* Color Space Illustrations
Immersion Tests

QUV Accelerated Weathering Tests
Mandrel Bend Tests

A2
A8
All
A36
A49

Note: The photographs may not represent the exact colors of the test panels.

This is partially due to color shifts that take place during printing and
reproduction, and partially due to lighting, shooting angles, stc., that
maximized the visible effects of the tests.
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Section 1: Laboratory Equipment
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Section 2: L*,a*,b* Color Space Illustrations

Note: These illustrations appear in Precise Color Commupnication (figures 7
and 8) and Chroma Meta CR-200, Cr-231 (page 57) published by the Minolta
Corporation, Meter Division, 101 Williams Drive, Ramsey, New Jersey 07446.
The illustrations are used with the permission of the Minolta Company.
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Total color riifference AE "4 is also measured using the L*a*b* color coordinates and defined by the
equation below.

AE'w=v(AL*)2+(Aa’)2 +{Ab")?
L*a"h* color space and color difference AE .
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Section 3: Immersion Tests
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Section 4: QUV Accelerated Weathering Tests
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Section 5: Mandrel Bend Tests
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