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ZINC LOADINGS, CATHODIC PROTECTION,
AND PosST-CATHODIC PROTECTIVE MECHANISMS
IN ORGANIC ZINC-RICH METAL PRIMERS

by Clive H. Hare, Coating System Design, Inc.; and Matthew Steele and Steven P Collins, Z.R8.C. Worldwide

he initial mechanism by
which zinc-rich primers pro-
tect steel and deteriorated zinc-galvanized
surfaces is ascribed to cathodic protection. An electrical-
Iy continuous and, therefore, conductive zine film is in

Several mechanisms may underlie this
second phase protection. These include
inhihiticn of the cathode reaction by basic zinc corrosion
products (Schuster! and Ross and Wolstenholme?), a lo-
cally elevated pH (Lindguist et al.*), and inhibition of

HESEAHKRCH

contact with a contigu- |
ous steel or degraded

galvanized substrate. Un-

der corrosive conditions

{i.e., in the presence of a |
continuous  electrolyte),
the zinc film acts as the
anode of an induced cor-
raosion cell, and the steel
becomes the cathode. As
long as the conductivity
of the cell is preserved

t (film thickness of ZRC film)
Resistivity p is then measured from the chmmeter
reading R using the formulation below.

p = Rtd/d = Rt
where d is the length of one side of the square and
1 Is the fllm thickness In centimeters.

and sufficient zinc re-
mains 1o act as an anode.

oxvgen reduction at the
cathode and absorption

Ohmmeter -
of oxygen by the =zinc
| (Romagnoli and Vet-
ered}. More generally

and in spite of the find-
ings of Lindquist, who
used electrochemical po-
tential time and polar-
| ization techniques, cor-
rosion control during the
post-cathodic phase has
been ascribed to en-
hanced barrier proper

Conductive
Substrate

the steel will be protect
ed galvanically.

The cathodic protec-
tion phase of zinc-rich protection is finite. After the zinc
has corroded for some period (which appears 1o vary
with primer type and composition), electrical conductiv-
ity diminishes enough for the current flow from the steel
to the zinc to cease. The progressive loss of current flow
is accompanied by a gradual build-up of zinc corrosion
product on the surface of the zinc film, which polarizes
the zinc.

In spite of the loss of galvanic activity, the zinc primer
atill protects the covered steel. However, if the film is
damaged after the corresion product has formed across
the anode’s surface, the protection of the exposed steel is
much maore limited. Protection of the covered steel by the
primer during this "second phase” protection is unlikely
to be galvanic in origin because of the insulative effect of
the polarizing corrosion product and the lack of current
flow,

Fig, 1: Apparatus for measuning elactrical resistivity of zinc-rich coaling film
(Figure and phofos courtesy of Hhe authors)

ties of the coatings.3%7
Zinc loading is critical
in the initial galvanic
phase of protection, and, to a lesser extent, in the sec-
ondary phase. In organic zinc-rich films. loading is en-
tirely dependent upon the pigment volume concentra-
tion/eritical pigment volume concentration (PVC/CPVC)
ratio of the film, which is conventicnally placed at, or
near, unity. Several authors®? have discussed the impor-
tance of the spatial orientation of zinc within the film to
cathodic protection with organic zinc-rich films. Zinc
packing geometries have been shown to significantly af-
fect the PVC/CPVC ratio and the zinc loadings necessary
for cathodic protection. Zinc loadings have been attained
by controlling the weight of zinc in the dry film. Levels of
zinc between 87% and 94% (depending on system and
formulation) have been described as the minimum load-
ing criteria for viable zinc-rich protection. Some zinc
loading variations are possible. As the CPVC is manipu-
lated downward by the use of small amounts of more
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Tahle 1:

Epoxy/Polvamide Zinc-Rich Primer

24274A | 242748 | 24274C | 24274D | 24274F | 24274F | 242746 [ 24274H | 242741
Low molecular wt. DGEBA 187.10 | 187.10 | 187.10 | 187.10 187.10 | 187.10 | 187.10 | 187.10| 187.10
| Wetting agent 5.90 5.90 5,90 5,90 5.90 5.90 5.90 5.90 5.0
Fumed sllica 10.00 10.00 | 10.00 10.00 10.00 10.00 10.00 | 10.00| 10.00
Urea formaldehyde resin 24.60 24.60 24.60 24.60 24 60 24.60 2460 | 2460 | 2460
Solvent {parachlorobenzotrifiuoride) | 148.00 | 13590 | 12370 | 11160 89.50 B7.40 75.20 | 63.10| 51.00
Aromatic 100 177.00 | 161.50 | 146.00 | 13050 | 115.00 99.40 84.00 | 6850 53.00
Sub total 55260 | 525.00 | 49730 | 469.70 | 44210 | 41440 | 2386.80 | 359.20| 331.60
Polyamide resin 123.40 | 12340 | 12340 | 12340 | 123.40 | 12340 | 12340 | 123.40| 12340
Fumed silica 2.00 2.00 2.00 2.00 2.00 2.00 200 200 200
| n-Butanol | 98.00 50.00 | 8200 74.00 66.00 58.00 | 50.00 | 42.00| 34.00
Aromatic 100 18.00 17.50 17.00 16.50 16.00 15.50 1500 | 1450 | 14.00
Sub total 24140 | 23290 | 22440 | 21590 | 20740 | 19890 | 19040 | 18190 17240
Pigmentary anode (zinc dust) 5400.00 | 4804.00 | 4209.00 |3813.00 @ 3017.00 | 2152.00 | 1826.00 | 1230.00 | 635.00
Total 6194.00 | 5561.90 |4930.70 |4298.60 | 3666.50 | 2765.30 | 2403.20 | 1771.10 | 140,00
Volume solids £9.70 6970 | 69.70 | 68.70 f9.70 69.70 69.70 | 6970 | 69,70
% zin by wi. of dry film 94,10 9050 | 8710 | 8350 80.00 76,20 7240 | 6860 6510
PVC/CPVC ratio 1,12 1.03 0,94 [ (.86 0.77 (.67 0.58 050 042
Table 2:
Moisture-Curing Urethane Zinc-Rich Primer
22361A | 22361B | 22361C | 22361D | 22361E | 22361F | 22361G | 22361H | 22361
Moisture-curing urethane 24300 | 243.00 | 24300 | 243.00 | 243.00 | 24300 | 24300 | 243.00 | 243.00
Thixotrope 30.00 30,00 | 30.00 30.00 30.00 30.00 3000 | 3000 3000
| Super HiFlash naptha 1 100.00 84.75 79.50 69.25 59.00 48.75 3850 | 28.25| 18.00
Moistura scavenger (pTSMI) 15.90 15,890 15.90 15.40 15.90 15.90 15.90 1590 1590
Pigmentary anode 4100.00 | 3548.12 | 3196.25 |2744.37 | 229250 | 1840.62 | 1388.75 | 936.87 | 485.00
Fumed silica 20.00 2000 | 2000 20.00 20.00 20.00 2000 | 2000 2000
Muisture scavenger (additive OF) 2000 | 2000 | 2000 | 2000 | 2000 20.00 | 2000| 20.00] 20.00
Solvent {parachlorobenzotrifiuoride) | 100,00 59.90 79.75 6962 5950 49.37 3925 | 2942| 19.00
Catalyst 1.70 1.70 1.70 1.70 1.70 1.70 1.70 1.70 1.70
Total 4630.60 | 4158.37 | 3688.10 | 3213.84 | 2741.60 | 2269.34 | 1797.10 | 1324.84 | 852.60
| Volume solids 67.80 6780 | B7.80 67.80 67.80 | 67.80 6780 | B7.80| 6780
| % zinc by wit. of dry film | 94.10 90.50 | B7.10 B3.50 80.00 7640 7240 | BB90 | 65.00
PVC/CPVC ratio 1.16 [ 1.08 1.00 0,92 0.84 076 | 068 060| 053

comparatively oil-absorbent ancillary pigments (e.g., in-
hibitors, extenders, thixotropes, and even colored prime
pigments), the resultant reductions possible in PVC allow
for reduced zine loadings.

Also, lower levels of zinc have been used in rertain
zine dust/zinc oxide formulations designed 10 maximize
the adhesion of oleoresinous-based coatings to galva-
nized steel. These films provide no cathodic protection,

and their use on old, disrupted, or corroding galvanizing
offers only weak barrier protection. These types of coat-
ings are not discussed here.

This article reports on a study that sought to establish
the PVC/CPVC ratio or zinc content necessary (o secure
the required conductivity and, therefore, cathodic protec-
tion in three alternative zinc-rich [zinc only) systems.
Loading was correlated with resistance to sall spray and
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Table 3:
High-Solids, Highly Monodispersed Epoxy Ester-Based Zinc-Rich Primer

) 22T64A | 227648 | 22764C | 22764D | 22764E | 22764F @ 22764G | 22764H | 227641
High solids (80%) epoxy ester resin | 222.20 | 22220 | 22200 | 22220 | 22220 | 22220 | 22220 | 22220 222.20
Thixotrope 17.00 17.00 17.00 17.00 17.00 17.00 17.00 17.00 | 17.00
Mix fo homogenegity _
Fiagmentary anode (zinc dust) 335000 | 2980.30 | 2610.70 | 224110 | 1871.50 | 1501.80 | 1132.20 | 762,60 | 393.00
Aromatic 100 164.00 151.25 | 138.50 12575 | 113.00 100.25 87.50 475 6200
Moisture scavenging pigment 12.00 12.00 12.00 12.00 12.00 12.00 1200 1200 1200
Anti-oxidant (butyraldoxime) 300 | 300  3.00 .00 300 | 300 300 300 300
Drier mix 1800 | 1780 | 1762 | 1743 | 18.00 | 1800 | 1799 | 17.99| 18.00
Mineral spirits 95.00 83.12 71.25 69.37 47.50 35.62 23.75 11.87 0.00
Total 3881.20 | 3486.67 | 309227 | 260785 | 2304.20 | 1909.87 | 151564 | 112141 | 727.20
Mon. vol. by volume 64.00 64.00 | 63.90 63.90 £3.50 63.90 63.80 63.80 | 63.80
% zine in dry film 9410 90.50 8710 83.50 80.00 76820 72.40 68.30 | 65.00
PVC/CPVE ratio 1.09 101 | e 0.83 0.74 0.66 0.57 0.48 0.39

humidity, electrical resistivity, and film adhesion/cohe-
sion,

PROCEDURES
Formulations
Three PVC/CPVC ladder experiments were performed on
a stoichiometrically balanced epoxy/polyamide, a mois-
ture-curing toluene diisocyanate-based polyurethane,
and a high-solids, highly monodispersed epoxy ester. All
primers were stripped of ancillary pigmentation, except
for small amounts of a pigmentary thixotrope. This pre-
cluded many of the effects of high oil absorption exten-
ders on the CPVC, as well as the effects of spacers that
would interfere with establishing tangential contact be-
tween the particles of zinc pigment.

Two master primers based on each resin were pre-
pared, one at excessive zinc loading and one at a very
low loading. In each case, the PVC/CPVC levels approx-
imated a zinc loading of about 94% zinc on the dry film
weight for the higher loaded system and about 65 % zinc
for the lower loaded system. In the epoxy/polvamide, the
zinc was mixed into the high- and low-loaded systems
immediately before application and just after the epoxy
and polyamide components were combined. In the mois-
ture-curing polyurethane and the epoxy ester, the zinc
was dispersed into the formulations as they were com
pounded. The polyurethanes were formulated at 67%
volume solids; the epoxies at 70%; and the epoxy esters

at 64%. In each of the three systems, the two master
paints (high and low PVC) were mixed in appropriate
amounits to produce a series of nine paints with the lev
els of zinc shown in Tables 1, 2, and 3.

Panel Preparation and Evaluation Technigques

The paints were applied to ground steel test panels in
triplicate. Each paint was also applied in duplicate to
glass plates for electrical resistivity testing. Film thick-
nesses on steel were measured with an electronic film
thickness gauge and were averaged over six points on
each panel. The numbers were averaged to give a single
value for each panel. Film thicknesses on glass were mea-
sured with a thickness gauge near the actual test location
(but after electrical measurements were taken].

One set of panels of each series of paints was exposed
1o 5% salt spray. This set was selected from panels that
were closely grouped in film thicknesses. Environments
such as that of ASTM B117 {Standard Procedure for Op
erating Salt Spray [Fog| Apparatus), 5% salt spray, are
more aggressive than actual field conditions compared 1o
cyelic test conditions such as those found in ASTM D5594
(Standard Practice for Cyclic Salt Fog/UV Exposure of
Painted Metal). B117 conditions are also less representa-
tive of actual field conditions compared to those found in
D5894. 1t is, however, the very aggressive nature of the
salt spray environment that is valuable in this study

Only such an aggressive environment will accelerate
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Table 4:
5% Salt Spray Response of Zinc-Rich Primers
Panel Bare Bare Exposure
PVC/ |%Zinc by Wt.!  Zinc General Panel | Scribe | Blister | Blister| General | Scribe |Overall | Duration

Primer | CPVC | on Dry Film | Corrosion 'Steel Corrosion| Corrosion Degree| Size |Corrosion| Corrosion | Rating = {Hours)
Epoxy/Polyamide-Based
242744 | 112 9410 Heavy 10.00 | 10.00 | 10.00 | 10.00 8.50 10.00 8.75 1,220
2427468 | 103 80.50 Heawy 10.00 10.00 1000 | 10.00 B8.00 10.00 9.67 1,200
242740 | 0.4 8710 | Mod.-heavy 10.00 9.50 1.00 | 1.00 | 400 8.00 558 | 1,200
242740 | 0.86 83.50 Light 10.00 9.00 200 | 300 4.00 .00 567 1,200
24274E | 0.77 80.00 Light 10.00 9.00 3.00 | 500 4.0 E.00 617 1,200
24274F | 087 76.20 Light 10.00 9.00 B.00 | 500 | 4.00 400 BET | 1,200
24274G | 0.58 7240 Light 10.00 7.00 10.00 | 10,00 [ 7.00 400 8.00 1,200
24274H | 0.50 668,60 Very light 10.00 8.00 10.00 | 10,00 | 10.00 5.00 8.83 1,200

| 242741 | 042 | 65.10 Nang 10,00 7.00 10,00 | 10.00 | 10.00 7.00 9.00 | 1.200 _
Maisture-Curing Polyurethane-Based

| 22361A 1.16 | 94,10 Moderate 10.00 10.00 .00 | 5.00 9.00 10.00 B.83 670
223618 | 1.08 90.50 Moderata 10.00 10.00 3.00 | 500 1.00 10.00 6.50 G670
22361C | 1.00 &7.10 Light-mod. 9.50 6.00 3.00 | 7.00 1.00 3.50 5.33 670
223610 | 0.92 83.50 Light-mod. 10.00 .00 3.00 | 600 1.00 6,00 5.67 670
22361E | 0.84 80.00 Light 10.00 6.00 5.00 | 500 1.00 6.00 2.50 670
22361F | 0.76 76.20 Light 9.50 £.00 6.00 | 6.00 1.00 7.00 6.08 670
22361G | 0.68 72.40 Light §.00 6.00 400 | 500 | 200 7.00 5.50 670
22361H | 080 68.80 Light 4.00 5.50 400 | 2,00 4.00 4,00 3.92 670
223611 | 053 55.00 Light 9.00 5.00 6.00 | 7.00 4.00 l 6.50 | 6.25 670
Epoxy Ester-Based
227648 | 1.09 94.10 Heavy | 1000 10.00 6.00 | 200 8.00 10.00 8.83 670
227648 | 1.07 90.50 Mod -heavy 10.00 7.00 6.00 | &.00 8.00 7.00 7.67 670
22764C | 0.92 av.10 Moderate 10,00 8.00 8.00 | 8.00 5.00 8.50 a.08 670
227640 | 0.83 83.50 Light 10,00 8.00 5.00 | B.00 7.00 7.00 TA7 670
227B4E | 074 80.00 Light 9.00 8.00 5.00 | B.00 8.00 7.00 7.50 670
22764F | (.66 76.20 \ery light 9.00 7.00 6.00 | B.00 8.00 6.00 7.33 670
22764G | 057 72,40 None 9.00 8.00 9.00 | 7.00 9.00 7.50 8.25 670
22764H | 048 68.30 Naong 8.50 7.00 6.00 | 800 7.00 8.00 7.58 670
22764 0,39 65.00 Mana 10.00 6.00 10.00 | 10.00 9.50 8.00 g.92 670

the conversion of zinc metal to its corrosion salt and
shorten, therefore, the duration of the necessary expo-
sure. Before salt spray exposure, a very thin scribe was
cut into the film down the centerline of each panel with
a sharp razor blade.

A second set of panels (also grouped closely in film
thicknesses) was exposed to continuous condensing hu
midity at 50 C {122 F). These films were not scribed.

Before exposure, both sets of panels were hacked and
edged with adhesive vinyl tape. In the case of the epox-

ies, the salt spray panels were exposed for 1,220 hours; in
the case of the other two series, exposure durations were
670 hours. Humidity exposure lasted for 1,104 hours (312
hours for the epoxy/polyamide coatings).

Al the end of the exposure, the panels were evaluated
for zine corrosion (gualitatively] and for steel corrosion
across the general panel and along the immediate scribe
area using the rating scales of ASTM D610 (Standard Test
Method for Evaluating Degree of Rusting on Fainted Steel
Surfaces) and D1654 (Standard Test Method for Evalua-
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Table 5:

Continuous Humidity Response of Zinc-Rich Primers

of coating film removal.) After re
moval of this film, the underfilm met-
al was evaluated for corrosion on

— bath the general exposed field of the
PVC/ |%Zinchy W) Zinc | General Panel | Blister Blister| Bare | Overall Mﬁ;’m panel and on the bared metal around
Primer | GPVC | on Dry Film | Corrosion |Steel Corrosion | Degree | Size | Corrosion | Rating {hours) | the cut scribe.
_Eﬂnlrﬁﬂlra_rr;ige-ﬂasgdm-I — TR S - . Dhata from all six evaluation points
v | 1 | w40 | ke | 1000 | 5w | 200 | s0s |7 | sy | i the salt spray evaluations (coated
2ae740 | 0.94 B710 | Moderate 10.00 800 | 600 | 1000 | B50 | 312 and bare panel, general and scribe
249740 | 086 E150 Light 10,00 300 | 600 | 1000 | 725 12 corrosion, as well as blistering degree
24274E | 077 BO.0D0 Hong 10.00 400 | 600 | wmwor | TS0 | 312 and blister size} were then averaged
242T4F 067 76,20 Nane 10.00 4.00 G0 16.00 .50 1z (4] Ei"."f:' one n1.r|_1]-l-,|'|| ra“ng EUJ' the per-
24274G | 0.58 7240 Mane 10.00 400 | 700 | o0 | 77 | a1z . ;
247744 | 050 68,60 Mone 10.00 300 | 600 | 1000 | 75 | a1z fmmf'mlm S — Table 4).
paz7al | 042 85.10 |  Mone 10.00 300 | 600 | 1ooa | 725 | am Humidity panel ratings were aver-
Maisture-Curing Polyurethane-Based - ] aged using four data points only:
22361 | 118 9410 | Moderate 10.00 1000 | 1000 800 | 950 | 1104 rusted steel, bare steel, blistering de-
223618 | 1.0 90,50 Mod.-hewy 10.00 1000 | 1000 9.00 a75 1,104 gree, and blister size (Table 5.
FREIC | 100 arao Light 1000 .80 | 100 3.00 ave | 1 To assess adhesion, pull-oif tests
223610 | 082 83.50 None 10.00 200 | 100 | 200 | 375 | 1404 I
22361 | 0.84 80.00 None 10.00 200 | 100 | 100 | 350 | 1104 | WeTe performed on the remaining
22361F | 0.76 76.20 None 1000 200 | 200 [ 100 | 375 | 1404 | coated areas of each of the panels
223676 | D68 7240 Nane 10,00 100 | 200 | 1400 | 350 | 1104 that had been exposed to salt spray
27361H | 06D 8 50 Mo 10.00 200 | 200 | 1400 | EF5 | 1,04 (ASTM D4341, Standard Test Method
_2?35‘ IEI ':'H:.53 ! .00 Mong 1000 | 100 | 200 | 100 | 350 | 1104 | for Pull-off Strength of Coatings Us
poxy Ester-Base . e A -
207644 | 109 | 8410 | Teaw 5 EENIECRE REL” ing IFcrrtab]e_Aﬂtmsm.n Testers). Ex-
227648 | 1.01 9050 | LightMod, | 10,00 900 | 900 | eo0 | 900 | 11 | cessively blistered films were not
22764C | 0.92 87.10 Nong 10.00 z00 | 500 | 100 | 450 | 1104 tested for adhesion. Adhesion tests
207640 | 0.83 83.50 fona 10.00 100 | 400 | 10D | 400 | 1.1m4 were also prepared on the third set of
2ITE4E | 074 &0.00 Nona 10,00 .00 300 1.080 ars 1.104 the p‘]nelsl which were '|_||'||:'l-:.'_|_-_|._j|g|:_l-d
i | L6 e Nape M 100 200 [ 100 350 | 19 | oared steel. In this way, it was pos-
227646 | 057 r2.40 None 10,00 100 | 200 | 100 | 350 | 1104 3 ; :
22764N | 048 68.30 None 10.00 100 | 300 | 100 | 375 | 1104 | Sible ta compare the relative adhesive
22164 | 039 | gm0 Novie 1000 | 100 | 400 | 100 | 400 | 1104 | Strengths of each film before and af-

ter exposure.
Before affixing the dolly to the coat-

tion of Painted or Coated Specimens Subjected to Corro
sive Environments). The blistering of the film was also
evaluated using the numerical rating scale noted in Fed-
eral Standard Test Method TT-P-141a, Method 6461 (Blis-
tering of Paints, Degree of). This scale gives numerical
values to blistering degree as well as blister size. [The
10-0 rating measures increasing blistering degree as well
as Increasing blister size.) Being numerical, these ratings
are more adaptable to computer averaging of data than
are the descriptive blistering resistance scales used in
ASTM D714, Standard Test Method for Evaluating Degree
of Blistering of Paints.

Alter evaluation, the steel panels were stripped of coat-
ing on the lewer half of each panel using a neutral pH-
based methylene chloride/methanol paint remover and a
razor blade. {Careful note was taken of the relative ease

ed panel, both the under-surface of the dolly and the up
per face of the coated panel were lightly scuffed with a
2l-grit emery cloth. Scuffing roughened the surface to im-
prove adhesion and removed contamination from the sur-
face of the exposed film after coating. Abraded surfaces
were afterwards washed with VM&P naphtha. Data from
the pull-off adhesion tests, along with qualitative evalua-
tions of the response of the various films to paint re-
maver, may be reviewed in Table 6.

Using the unexposed films applied on glass and a com-
mercial ohmmeter, the electrical resistivity over 1.5 sq in
(10 sq em) of film was measured by means of a pair of
1.5-inch (3.75-centimeter] razor edges (placed 1.5 in
[3.75 cm] apart}, which cut into each film through to the
glass. Resistance measurements were taken of the dry
films and of the same films wetted with fresh distilled wa-
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ter and alternatively with salt water. For the wet electrical
resistance tests, water was poured onto a saturated paper
towel in contact with the film and allowed to maintain
contact for five minutes. At the end of this time, the tow-
el was removed and all standing water on the film was
wiped away with a dry, absorbent cloth. The razor edpes
were then cut through the film to the glass

Tt.-:ch nolosy

low PVC range, the films were much darker in color and
glossier than they were at high PVC (a phenomenon proh-
ably associated with the elimination of voids).

Continuous Humidity Data
Data patterns in continuous humidity mirrored the pat-
terns in salt spray {(Table 5). All of the

substrate, and the resistance values were
immediately taken. Salt water and fresh
water tests were performed on different
panels. Resistivity {p) was calculated from
the resistance, R, and film thickness data,
t,in cm by p = Ritd/d = Rt and expressed
as ohms/cm, where d is the length of ope
side of the 1.5-inch (3.75-centimeter)
square (Fig. 1).

DATA
Five Percent Salt Spray Data
The most immediate observation from all

highest PVC primers showed moderate to
heavy zinc corrosion product on the sur-
face of the film but only minimal corrosion
of the steel beneath the films, The extent
of the white discoloration of these films
lessened as PVCs [zinc loadings) were re-
duced. Little whitening was apparent at
PVC/CPVC ratios below unity (more con-
siderably below unity in the
epoxy/polyamides). Where blistering was
apparent, the panels all assumed a typical
gray color. The relationship among
PVC/CPVC ratio, blistering tendency, and

of these data was the heavy build-up of
zinc corrosion product on the high zine
loaded films compared o primers with
zinc loadings of 83% and below. Also evi-
dent was the uniform excellence of the un-
corroded scribe of the salt spray panels
bearing 94% zinc. In some series [the
epoxy, polyamides and, to a lesser extent,
the polyurethanes), scribe corrosion was
also minimized at slightly lower zinc loadings. Only the
epoxies retained good scribe corrosion resistance at a
PVC/CPVC ratio slightly below unity. In this latter case
(24274C), the film blistered very badly. In all cases, the
elimination of scribe corrosion was found to coincide
with a PVC/CPVC ratio slightly over unity (but not as low
as unity), In most cases, blistering and bare panel corro-
shon were also minimized as loadings achieved that same
very high PVC/CPVC ratio.

Patterns of film response al lower PVC/CPVC ratios
were also similar in all three series and show that as this
ratio dropped below unity, overall performance dropped
off rapidly. Performance was generally depressed
throughout the mid-range of the ladder between ratios of
about (LG and 0.9,

At the lowest end of each ladder (PVC/CPVC ratios be-
low 0.6), there was a definite re-establishment of overall
performance, although not of corrosion resistance at the
scribe. This upgrade was based on lmproved general pan-
el corrosion resistance and blistering resistance. In this

Fig. &: Panal of 242724 half- in
stripped with paint remover after
1,220 howrs in 5% salt spray

the formation of zinc corrosion product
was apparent. Also noted was the relation-
ship between the PVC/CPVC ratio and the
amount of underfilm corrogion, especially
the urethane and epoxy ester series,
where severe underfilm corrosion was not-
ed as PVC/CPVC ratios dropped below
unity, Films of all three series exhibited se-
vere blistering in the mid- and low-range
PVCs. In this environment, little improvement in blister-
ing resistance or underfilm corrosion was noted at the
lowest zinc loadings. The onset of blistering appeared to
coincide with decreased zinc corrosion on the exposed
film and, in the case of the polyurethane epoxy esters, in-
creased underfilm corrosion. The lack of underfilm corro-
ston on the epoxy polvamide series at PVC/CPVC ratios
below unity may be solely a reflection of the short expo
sure of this series compared to the other two series.

Film Removal with Paint Remover

Films exposed to salt spray and continuous humidity
showed marked variations in the relative resistance to paint
removers and stripping. This was especially true for the
epoxy/ polyamide primers in salt spray and the urethane
and epoxy ester primers in continuous humidity {(Table a),
Removal of most of the lower loaded films of all three se-
ries was very easy. Some of the mechanically stronger films
(24272H and 242781, bound with epoxy/polvamide) were
lifted spontaneously during removal of backing tape before
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Tahle G:

Pull-0ii Adhesion Response and Response of Zinc-Rich Primers to Paint Remover

Adhesive/Conesive Loss
Adhesive/Cohesive Loss of Film Exposed
of Unexposed Film (psi) 1o Salt Spray (psi)
B0 a0
(Cohesive within Fim) (Adhesive 3 substrate)
90 80
{Cohesive within fitm) {Adhesive at substrate)
110
(Cohesive within film)
300

(Mixed filure/all glemenis)

420
{Mixed failuredall elements)

Maisture-Curing Polyurethane-Based

% Zine Response 1o Paint Remover
PVC/ |by W1 on | Response to Paint Remover | after Confinuous Humidity
Primer_| CPVC | Dry Film | afler Sait Spray Exposure Exposure
Epoxy/Polyamide-Based
242744 ] 112 | 9410 | Impermeable: required Requ rzd application
repeated applications and of paint remover
mechanical chippng )
282748 | 1.0% | 9040 | Impermeable: raquired repeated | Required application
applications and mechanical of paint remaser
) chipping, Easr than 242744 |
427G [ D94 | B0 | Impermeable: required repeated | Requined application
applications of paend remowar
242740 | D.86 | B350 | Ooly single apphcation of paint | Could be removed
| ) TRIMICVET NEBcessary by seraping orky
24274 | D77 | EBD.OD | Ondy single apphication of paint | Could be remaved
TRMICVES NBZES5AN by seraping Hiky
242747 | D67 | 7620 | Rapid lfing Could be remawed
by scraping onky
242746 | 0.58 | 7240 | Rapid Bfting Could be remaoved
by SCraping onty
242744 | 0.50 | &880 | Rapid iilting Could be remaved
g i by scraping onky
242741 | 042 | 8510 | Spontaneous de-adhesion Could be removed
paint remower not applied by scraping only

Impermeatle: required rapeated

=250 a0
(Cohesive within giue) {Aiitesive at substrate)
=360 a0
[Gohesive within ghua) {Aghasive at subhstrate]
=1 40
[Coheshve within glue) (Adhesive at substrate)
»>180 40
{Cohesive wihin ghue) {Adhasive at substrate)
] G0

(Cohesive in film, near substrate)

{Cobasive within film]

130

| {Cahesive within film)

330
[Cahesive in film and glue)

30

| (Cohesive in film and plue)

LA
| (Cohesive in film and glsa)

| 440

(Maxed fadureall elarmants)

| 500

(Med faduresall elarments)

Epoxy Esier-Based

440
(Mexed fadureall elernents)

130

223614 [ 116 | 2410 | Two applications of
| ramonver required application of paint remaover
223618 | 1.08 | 9050 | Rapid Mting Impermeahle: required rapaated
i application of paint remaover
P2A61C | 1.00 | 8710 | Rapid Hting Impermeable: required rapaated
application of pamt remaover
223610 | D92 8350 | Fapsd hitting Required ane apphcation
| G T | : of paint remover
22361E | 084 | 80.00 | Rapid Eting Required one appécation
of paint remeover
22361F | 076 | 76.20 | Rapid Eing Required one apphcation
| of paint remover
22361G | 068 | 7240 | Rapd Eting Scraped off without application
| I of paint remover
22361H| 060 | 6890 | Rapd lifting Scraped off without application
) 1 of paint ramover
223611 | 053 | 65.00 | Rapad litting

Scraped ol without application
| of paint remover

491
(Mixed fadurasall elarments)

| Impermeable: raquired repaated

Impermeable: required repeated

[Adhesive &t iron cormosien product)

Impermeable: required repeated

&0 |70

(Cohesive within film) [Adhesive at substrate)
i B0
| [Coheshve within filrm) | (Adhesive at substrate)
100 %0 '

(Cohester within film) [Adhesive at substrata)
120 : o0

{Gohash within zinc near subsitate)| (Cohesive n 7inc near subslrate)

150

{Cohesive within inc near subsirate)|

| 180

{Coheshe within #inc near substrale)

| Scraped off wahout application

160

{Coheskee within zing near substraie)

Seraped off without application

160

20

{Cohesive within zinc near subsirate)) (Cohesive in zing near substrate)

Scraped off without application

2RTEAA | 1.09 8410 | Two applications of remover
| required application of paint remaover
22764E [ 1. 90.50 I Two applications of remover
{ required | application of paint remaver
22TRAC | 0.82 8710 i Rapsd lifting
applicaton of pan remaver
227640 | 0.83 83,50 | Rapif liting Aaquired one appkcation
of paint remover
2ZTRAE | 074 | 8000 | Rapid fifting Required one applcation
| | of pait rernover
POTEAF | 066 76,20 | Rapid litting Hequired one appFcation
of pairt rermover
227640G | 0.57 72.40 Rapid lifting
of paint ramover
22T6dH | 0.48 68.30 Rapid lifting
of paint remover
227641 | 0.39 | 6500 | Rapid [ifting
of paint remover

Mo panel available (lost)

180
| (Mixed failure/2ll elements)

*Adhesion pul test taken on escposed fiim because of heawy bistering acrss paned afier exposure
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any paint remover was applied.

In both test environments, removal
became progressively more difficult
with increasing PVC/CPVC ratio. Re-
moval was especially difficult in the
case of the high-loaded primers. Al-
though 24274C in salt spray had blis
tered badly after exposure, the film
displayed areas that were still adherent
and quite difficult to remove with the
paint remover. Panel 242748, requiring
several applications of the paint re-

Fig. 3: Fhotomicrograph of unexposed film of
237644, Note the crowding of the zing dust
particles within the resinous matris

-
Teen nology

substrate. Presumably, this changing
site of failure reflects cohesive strength
(relative to a constant or decreasing
adhesive strength] that increases as
the film is reinforced with zine corro
sion product.

Electrical Resistivity Data

Resistivity values of the dry films of all
three systems are very high, and they
decrease significantly when the wet
film is measured (especially when the

Mover, was even more resistant to lift-
ing. Panel 24274A was absolutely re-
sistant to the remover, In spite of
multiple applications, the primer film
on 242744 finally had to be chipped
and scraped from the surface with a
razor blade. The result of this seraping
is clearly evident in Fig. 2 (bottom of
panel],

The A paints of the other two series
were also more difficult to strip than
were their lower loaded offsets, al-
though films could be stripped from
the steel with a razor blade after a sec-
ond application of paint remover.

Similarly, in continuous humidity, films of 242724 and
B, 2230614 and B, and 227644 and B were all very diffi
cult to remove with a paint remover, Other films of
primers having PVC/ CPVC ratios below unity [most of
which had blistered) were far more readily removed.

Pull-0fi Adhesion Tests

When the pull-oif adheslon of salt spray-exposed and
non-exposed films were examined ([Table &), it was
shown that there was no actual increase in adhesion of
the film after exposure. Films of very low PVC/CPVC ra-
tio showed significant reductions in adhesion after expo
sure. This is typical of a barrier coating with insufficient
impermeability. Films of high PVC/CPVC ratic showed
less reduction in adhesive strength with exposure, al-
though there was no actual improvement with exposure,
The levels of adhesion of these high PVC/CPVC systems
were invariably lower (both before and after exposure)
than had been the adhesion of the low PVC/CPVC films
before exposure, The plane of failure seems to shift on ex-
posure from a cohesive failure in the body of the primer
to an adhesive failure at the interface of the film and the

Fig. 4: Photarmicrograph of unexposed film of
227641 Nifa the presence of isolaled s
particies in glectrically insifative resinous matrx,

film is wetl with salt water). In all cas
es, brine-wet films are conductive only
when PVC/CPVC ratios are at least
0.94 and above, Fresh water-wet films
are conductive only when formulated
at PVC/CPVC ratios above 1,03, Dry
films may remain (depending on the
binder) wvirtually non-conductive even
at PVC/CPVC ratios of 1:1.12. {The air
in the interstitial areas of the dry film
is a poorer electrical conductor than is
pure water when the film is wet.)

After exposure and conversion of the
zine film to one in which the zinc is at
least partially bound with zinc corrosion product, it is to
be expected that the electrically insulative laver of zinc
corrosion product will decrease the electrical conductivi-
ty of even highly pigmented films. This type of measure
ment was not, however, made.

DiScussIioN
Most of these performance data are not surprising. con-
sidering the need for zinc particle to zinc particle contact
with each other and with the steel substrate, if steel pro-
tection is to be afforded galvanically by anodic (zine) dis-
solution. This condition is well illustrated in the scanning
electron photomicrograph of the cross-section of the film
at high PVC [Fig. 3), and may be compared to the cross-
sectional pholomicrograph of the low PVC film (Fig. 4},
which shows the greater encapsulation of the zinc pig-
ment spheres. The increasing zinc corrosion apparent at
high PVC/CPVC ratios and its correlation with reduced
[or eliminated) scribe corrosion is expected and is the
sole consequence of cathodic protection. The decreased
overall performance in the mid-range PVC/ CPVC areas
is similarly explained, for at ratios much below unity, ca-
thodic protection must be precluded because of increased
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Table 7:
Resistivily of Zinc-Rich Primers on Glass
Electrical Resistivity (ohm cm)
Dry Film — .
Thickness Fresh

Primer Mils Dry Film | Water-Wel 5% Brine-Wet
242748 | 45 =a 1,800,000 56,250
242748 35 0 446,250 78,750
242740 3.5 = o -
242740 3.2 - - o
24274E a5 = H6 i
24274F 34 a5 & o
242746 | az i e s
24274H 32 o oo ' =
| 242741 35 o0 - -
223614 35  |3500,000 | 262500 24.5
223618 a5 2843750 | 65625 1,050,000
223610 35 8,750,000 T0,0H10 7.000,000
223610 35 o= = oa
22361E 34 o oo o
22361F 34 o oo ]
223616 32 = ca o
22361H | 3.3 = e s
223611 33 o = =
22764A 35 263,750 350,000 1,050
227648 35 2,843,750 55,625 52,000
227640 3.2 e 1,120,000 | 32,000,000
2E7E40 3.2 o wa 80,000,000
22764E 3.2 oo =0 o
22764F 34 - aa
2276406 3.3 oo oo P
22764H 31 o ] o
227641 35 oo = o

binder insulation. Barrier protection probably accounts
for the slow upturn in performance (especially general
panel corrosion resistance) at the lower PVC/CPVC end
of the epoxy/polyamide series [ < 0.5 PVC/ CPVC ratio or
approximately =70% zinc). These harrier effects are
probably not substantial enough in the mid-range PVCs,
so that above 0.5 PVC/ CPVC ratio and below 1.0
PYC/CPVC ratio, the film is less protective in terms of
bath cathodic and barrier protection. No such upturn in
performance was noted with the urethane and epoxy es-
ter continuous humidity panels at low PVC. This may be
related to the greater permeability of these coatings.

The surprisingly high “adhesion” of the salt-sprayed
242744 primer (1.12 PVC/CPVC ratio) as well as the
24474B and high-loaded primers of the other two series
needs ta be interpreted. Presumably at so high a zine load-
ing, the film would be quite open and readily permeated
by salt water. Under such conditions, it is likely that the in-
terior of the film as well as its surface would be open and,
therefore, more liable to zinc corrosion and to interstitial
packing with zinc corrosion preduct than films with lower
PVC/CPVC ratios. In this case, the zinc corrosion product
may act in a manner similar to that which occurs in inor-
ganic zinc-rich systems, so that the binding by the organic
polymer may be buttressed by the binding power of the
zinc corrogion product. While this would explain the co-
hesive integrity of the film above the CPVC, it does not
necessarily explain the tenacious adhesion.

Lack of response io paint remover does not, however,
necessarily equate with enhanced adhesion. If the film be
comes impermeable to the paint remover solvents, it will
not swell, Therefore, the film's adhesion to steel will not be
subjected to the same shearing stresses that oppose adhe-
sion and that are caused by expansion of the film by sol-
vent imbibition and film swelling. Thus, the improved ad-
hesion is, in fact, caused by a reduction in the stress
opposing the adhesive force, rather than any actual in-
crease in the adhesive force itself,

The adhesion data are also reasonably predictable and
give further credence to the conclusion that the apparent
increase in adhesion of the high PVC/CPVC films after ex
posure is an illusion. 1t is, in fact, more likely to be a result
of diminished stress on the adhesive bond and is caused by
the reduced swelling of the {ilm by the paint remover. n
turn, this is caused by increased inorganic bonding and re-
inforcement of the organic film with corrosion product.
The corroding pigment supplies the film with additional
pigmentary crosslinking centers. Presumably, this rein-
forcement occurs in spite of the presence of the monomaol-
ecular sheath of hinder that should not be depleted until
the film is formulated ar a PVC so high that it becomes to-
tally devoid of interstitial binder.

Our understanding of the observed phenomena is further
buttressed by the electrical resistivity data on glass (Table
7). From these data it would appear that cathodic protec-
tion is significantly hindered in filmg of PVC/CPVC ratio
below 0.94, or where zinc content of the dry film is below
87 %. Dependable cathodic protection is only fully realized
at PVC/CPVC levels well above unity (94% zinc on the dry
film}, These findings are mirrored in the visual extent of
zine corrosion on the painted panels after exposure.
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CONCLUSION

In conclusion, the data bears out the concept that in or-
ganic zinc-rich primers formulated at high PVC/CPVC ra-
tios (well above 1:1), excessive film porosity deprives the
interstitial areas of binder, replacing this volume with air.
Under corrosive conditions, these voids allow the ingress
of electrolyte into the film, so that zinc corrosion may
maore freely occur. This, in turn, {ills the inter-pigmentary
interstices with zinc corrosion product {much the same
as it occurs with the still more porous inerganic zincs).
The corrosion product adds to the cohesive strength of
the film by forming inorganic cross-linking centers across
the interstitial voids. These centers reinforce film strength
with an inorganic matrix that is more resistant to swelling
by solvents than the original binder and, therefare, is less
susceplible (o the paint remover action.

The higher the PVC/CPVC ratio, the more the organic
film acts like an inorganic film in the post-galvanic pro-
tection mode, and the more {ilm properties depart from
those of a classical organic zinc-rich. The prerequisite for
such a condition is that the film {after application) is ex-
posed to a corrosive environment. Such over-pigmented
films, when not exposed (and, therefore, not inorganical-
ly reinforced), will probably remain mechanically weak
and much more vulnerable o both chemical (solvent) at-
tack and physical stress than a composition formulated at
a low PVC/CPVC ratio.

This concept of film condition after exposure is some-
thing of a departure from the traditional view of organic
zinc above a PVC/CPVC of unity. The traditional view
considers it to be weak and ignores the strengthening ef-
fects of the zine corrosion product. While the foregoing
work does not definitively prove that after the establish-
ment of the post-galvanic phase, the film is any more of
a barrier to water, oxygen, or corrosive ions than before,
the increased resistance to paint remover attack would
strongly imply such increased impermeahility.

5till broader interpretation of these findings would lead
to postulations that the formulation of organic zinc-rich
primers bearing minimal organic binder would produce
viable coatings if introduced into a corrosive environ-
ment before undergoing other forms of stress. The delib-
erate post-treatment of these films in a manner similar to
the post-curing of sodium silicate-based inorganic zinc
primmers may produce a more substantial second phase
protection in the primer solely from the inorganic corro-
ston product created during post-curing.

The data reveals no evidence of cathodic protection be-
low a PVC/CPVC ratio of about 1:1. This is equivalent to

I cechnology

a zinc weight loading (dependent on system and other as-
pects of the pigmentation) between 87 and 90%. It must
be assumed that any value derived from coatings pig-
mented with lower loadings of zinc comes from mecha-
nisms other than cathodic protection. Optimized perfor-
mance and the film strengthening effects noted above do
not accur until loadings are nearer 1,1:1 or 4% on the
dry film.

While zinc coatings formulated with zinc loadings less
than unity mayv technically serve as primers on steel {or
spent or abraded galvanizing), little true protection can be
afforded to these substrates by such films at abraded or
{on galvanizing) re-abraded areas. Below a PVC/CPVC ra-
tio of aboul 0.5 or 0.6, these same films begin to act as
rather poor barrier primers. In a PVC/CPVC range be-
tween about 0.5 or 0.6 and about 0.95, the films are of lit-
tle use as either zinc-rich primers or barrier primers.
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