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a  b  s  t  r  a  c  t

The  aim  of  this  study  was  to develop  environmentally  friendly,  nano-structured  inorganic  coatings  suit-
able for  the  protection  of  metal  substrates.  The  formulation  variables  included  (i) two  binders  based
on  lithium  silicate  of  7.5/1.0  silica/alkali  molar  ratio  (one  of  them  a  commercial  colloidal  solution,  and
the  other  a  laboratory-prepared  nanosolution),  (ii)  eight  pigment  compositions  based  on two  spherical
microzinc  alone  (D 50/50  4  and  8 �m)  and  mixed  with  spherical  nanozinc  in  three  microzinc/nanozinc
(w/w)  ratios  (90/10,  80/20  and  70/30)  and finally  (iii)  six  values  of  pigment  volume  concentration,  PVC
(from  47.5  to  70.0%).  The  electrode  potentials  were  measured  in  sodium  chloride  solution  at  25 ◦C  and
pH  7.0  during  70  days  to establish  the  evolution  of  cathodic  protection;  in addition,  panels  were  exposed
in  salt  spray  (fog)  chamber  to determine  the  degree  of  rusting  and  in  100%  relative  humidity  to  evaluate
lectrode potential
egree of rusting
egree of blistering

the  blistering  resistance.
It  was concluded  that  the  variables  alkaline  silicate  type,  pigment  composition  and  PVC  values  exhibited

an  important  influence  on the  anticorrosive  efficiency;  very  good  performance  was  achieved  with  the
nano-structured  inorganic  binder  (7.5/1.0  SiO2/Li2O molar  ratio)  and  the  fine  spherical  microzinc  (D  50/50
4  �m)  modified  with  nanozinc  (similar  efficiency  for  80/20  and  70/30  microzinc/nanozinc,  w/w,  ratios),
in  a wide  range  of  PVC values  (from  52.5  to 65.0%  and  from  47.5  to  60.0%,  respectively).
. Introduction

The zinc-rich coatings and those modified with extenders and/or
etal corrosion inhibitors display higher efficiency than other coat-

ngs [1–7]. A problem that presents these primers is the extremely
eactive characteristic of metallic zinc; consequently, the manufac-
urers formulate these coatings in two packages, which imply that
he zinc must be incorporated to the vehicle in previous form to
heir application.

Considering the concept of sacrificial anode (cathodic protec-
ion), coatings that consist of high purity zinc dust, dispersed in
rganic and inorganic vehicles have been designed; in these mate-
ials, when applied in film form, there is a close contact of the
articles among themselves and with the base or metallic substrate
o be protected.

With respect to spherical zinc, the transport of current between
wo adjacent particles is in tangential form and consequently the

ontact is limited. With the purpose of assuring denser pack-
ng and a minimum encapsulation of particles, pigment volume
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concentration (PVC) must be in the order of the critical pigment
volume concentration (CPVC).

The high pigment density (7.10 g cm−3 at 20 ◦C) produces the
sedimentation in the package, including the cases of coatings cor-
rectly formulated, generating heterogeneities in the film since in
the zones of greater relation PVC/CPVC it produces films of poor
mechanical properties and of high porosity; in addition, in the
neighbouring areas, with low concentration of metallic zinc, the
electrical contact is insufficient and consequently the metallic sub-
strate is not suitably protected.

The problems previously mentioned lead to the study other
shapes of zinc particles since the physical and chemical proper-
ties as well as the behaviour against the corrosion of these primers
are remarkably affected by the size and the shape of particles and
the pigment volume concentration; thus for example, it is possible
to mention the laminar zinc which was intensely studied by the
authors in other works [8–11].

Zinc-rich primers (micro spherical zinc with or without nanoz-
inc) and those modified with extenders and/or corrosion inhibiting
pigments (laminar zinc with or without nanozinc) can be for-
mulated with binders of organic and inorganic nature. Thus,

CPVC values vary strongly with the type of film-forming material
selected.

The most common organic binders are epoxy/polyamine-amide,
vinyl resins, chlorinated rubbers, unsaturated polymers, etc. On the

dx.doi.org/10.1016/j.porgcoat.2011.10.013
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
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inorganic silicates and zinc cations. Accordingly, prior to the primer
application, the metallic zinc was dispersed for 180 s at 1400 rpm
in high-speed disperser.

The identification of coatings is shown in Table 1.

Table 1
Sample identification.

Film-forming material
A. Commercial colloidal solution, 7.5/1.0
silica/alkali molar ratio
B. Laboratory-prepared nanosolution, 7.5/1.0
silica/alkali molar ratio

Spherical microzinc
I. Spherical microzinc (fine), D 50/50 4 �m
II. Spherical microzinc (regular), D 50/50 8 �m
G. Canosa et al. / Progress in O

ther hand, inorganic binders are based on silicates; they can be
lassified according to if curing takes place by chemical reaction
r thermal treatment (inorganic silicates) or self-curing (inorganic
nd organic silicates) [12].

Inorganic binders cured with chemical reagents or by heat treat-
ent are generally based on sodium silicate, potassium silicate or

ithium silicate in aqueous solutions or colloidal dispersions (about
8/30%, w/w; pH near to 10); in some opportunities, mixed silicates
re also used.

For this type of curing, the molar ratio of silicon dioxide/alkali
xide is low (i.e. SiO2/Na2O from 2.8/1.0 to 3.2/1.0, w/w). Drying
nvolves the loss of water vapour and takes between 1 and 2 h at
oom temperature; they cannot be used at temperatures inferior to
◦C and even in high humidity conditions (at 180 ◦C they cure in
pproximately 30 min); these features limit their use. On the other
and, the curing requires the application by spraying on dry film
f phosphoric acid or organic phosphate solution with the addition
f wetting agents or by heat treatment after drying; the velocity of
he process varies directly with the increasing of temperature. The
eat treatment to cause the insolubility is limited to small parts.

With respect to the alkyl silicates, they are usually partially
ydrolysed ethyl silicates; they dry quickly by evaporation of the
olvent mixture (alcohols, aromatic hydrocarbons and glycols). The
uring takes place by reaction with the water vapour of the air and
ike those of the inorganic type by internal reactions of silicification.
he curing develops even at very low temperatures (i.e. 7 days at
15 ◦C; 3 days at 0 ◦C; 1 day at 20 ◦C and 30 h between 15 and 18 ◦C).
he hydrolysis reaction involves the elimination of the alcohol gen-
rated by chemical reaction with the air moisture; they do not cure
t temperatures superior to 100 ◦C.

The self-curing inorganic binders do not require the use of spe-
ial treatments after application. They are based on silicates of
reater molar ratio silica/alkali than earlier; so for example, the
olar values 5.0/1.0 for SiO2/Na2O and SiO2/K2O and 7.5/1.0 for

iO2/Li2O are suitable. These coatings dry by loss of water vapour.
hey cure by the action of carbon dioxide from the air and complex
nternal chemical reactions that lead to a reticulated silicification;
he rate of curing increases with temperature (i.e. they require one
eek at 5 ◦C, one day at 30 ◦C or 30 min  at 180 ◦C).

The formation of an inorganic polymer by silicification was par-
icularly studied by the authors using soluble silicates and zinc
ation to provide water insolubility (diverse soluble salts of the
entioned cation were added to the solution of soluble silicates);

n those tests, a rapid formation of a gel at the interface followed by
he spread of the reaction within the aqueous phase was  observed.
inally, a coagulated mass was separated, observing in addition that
he precipitates were predominantly amorphous; in zinc-based
oatings; the oxidized pigment provides the ions to generate the
nsolubility of the film [13].

Unpublished previous experiments carried out for the authors
howed that larger ions and those with higher valence are held
ore strongly in the network; the relative size and charge of the

ons influence the solubility of inorganic polymers generated by
ilicification.

The first stage of curing of these silicates would involve the
ormation of the silicic acid of high molecular weight; the second
eaction would include the formation of metallic silicate polymers
rom silicic acid and the zinc cation.

The final structure of metallic silicate polymers, after finishing
he drying and curing, is similar when they conform either from
lkaline silicate or ethyl silicate.

The aim of this manuscript was to develop a system consisting

f an inorganic matrix (alkaline silicate) and a nanometer compo-
ent (silica) evenly distributed in that matrix with the objective
f formulating, manufacturing and evaluating the performance of
nticorrosive coatings based on spherical microzinc alone or mixed
 Coatings 73 (2012) 178– 185 179

in several ratios with nanozinc to improve the electrical contact and
consequently the anticorrosive capacity.

2. Materials and methods

2.1. Components and pigment volume concentration

Film-forming material. Aqueous solutions of lithium silicate of
7.5/1.0 silica/alkali molar ratio were used. Previous experiences
with these solutions on glass as substrate allowed infer that as sil-
icon dioxide content in the composition increases the film curing
velocity also increases while the water dissolution rate decreases.

For this study, a commercial colloidal lithium silicate (3.5/1.0
silica/alkali molar ratio) was selected (Bersil); this compound is
defined as soluble silicate [14].

With the aim of increasing the ratio silica/alkali, a 30% (w/w)
colloidal alkaline solution of nanosilica was  used (sodium oxide
content, 0.32%; pH, 9.2; density, 1.25 g cm−3 at 25 ◦C) [15–19].

The quoted nanosystem was  prepared with 7.5/1.0 SiO2/Li2O
molar ratio; the adding of nanosilica solution in alkaline silicate col-
loidal solution of 3.5/1.0 silica/alkali molar ratio was slowly carried
out without affecting the system stability. A commercial colloidal
aqueous solution of 7.5/1.0 SiO2/Li2O molar ratio was used as ref-
erence.

Pigmentation. In this study two  samples of commercial zinc dust
were used; the D 50/50 average particle diameters were 4 �m (fine)
and 8 �m (regular). Furthermore, in some coatings both pigments
of spherical microzinc were partially replaced by nanozinc [20]. In
this research, 90/10, 80/20 and 70/30 microzinc/nanozinc (w/w)
ratios were used.

Pigment volume concentration.  PVC values ranged from 47.5 to
70.0%; the variation of two PVC values between consecutive sam-
ples was 2.5% in all cases. Preliminary laboratory tests (salt spray
chamber), with values of PVC from 10 to 70% for all formulations,
helped to define the range of PVC more convenient to study in each
case. With this objective, the considered PVC values were studied
starting from 57.5 to 70.0% for all formulations with both spherical
microzinc particles as unique pigment and from 55.0 to 67.5%, from
52.5 to 65.0% and from 47.5 to 60.0% for those coatings respectively
with 90/10, 80/20 and 70/30 microzinc/nanozinc (w/w) ratios.

2.2. Manufacture of coatings

As mentioned, type of compositions is provided in two  packages
with the purpose of avoiding the reaction of metallic zinc with any
vestige of moisture in some of the components, which would lead to
the formation of gaseous hydrogen. In addition, the system could
form a gel because of the reaction between silicic acids from of
Pigment composition

1. Spherical microzinc, 100%
2. 90/10 spherical microzinc/nanozinc (w/w) ratio
3.  80/20 spherical microzinc/nanozinc (w/w) ratio
4.  70/30 spherical microzinc/nanozinc (w/w) ratio
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of total zinc and 94.1 and 94.2% of metal zinc, which means 5.0
and 5.1% of zinc oxide; in addition, metal zinc particles displays
respectively 2282 and 1162 cm2 g−1 values of specific area (BET).
80 G. Canosa et al. / Progress in O

.3. Panels preparation

SAE 1010 steel panels were previously degreased with solvent
n vapour phase; then they were sandblasted to ASa 2½ grade [21]
btaining 25 �m maximum roughness Rm.  The application was
ade by air-spray in a single layer reaching a dry film thickness

etween 75 and 80 �m.  In all cases, and to ensure the film curing
efore beginning the tests, the specimens were kept in controlled

aboratory conditions (25 ± 2 ◦C and 65 ± 5% relative humidity) for
even days.

The study was statistically treated according to the following
actorial design: 2 (binder type) × 2 (average diameter of spherical

icrozinc particles) × 4 (composition of the metallic pigment) × 6
PVC value), which make a total of 96 combinations manufactured
n duplicate. In turn, the panels were prepared in duplicate.

.4. Laboratory tests

After curing, panels of 150 mm × 80 mm × 2 mm were immersed
n 0.1 M sodium chloride solution during 70 days at 25 ◦C and pH
.0. Visual and microscopic observations were realized throughout
he test. In addition, the electrode potential was determined as a
unction of exposure time; two clear acrylic cylindrical tubes were
xed on each plate (results were averaged). The tube size was 10 cm

ong and 5 cm diameter, with the lower edge flattened; the geomet-
ic area of the cell was 20 cm2. A saturated calomel electrode (SCE)
as selected as reference electrode. The potential was  measured
ith a digital electrometer of high input impedance.

Similar panels were tested in salt spray (fog) chamber for 1500 h
22] and in 100% relative humidity for 1000 h [23]. After finishing
he tests, the panels were evaluated to establish the degree of rusting
24] in salt spray (fog) chamber and the degree of blistering [25] in
00% relative humidity.

. Results and discussion

.1. Material characterization

Lithium silicate.  The commercial colloidal lithium silicate
elected (3.5/1.0 silica/alkali molar ratio in solution at 25%, w/w)
issolves in water to form a viscous solution with a high degree
f stability. It has 25.2◦ Be density, 12.5 cP viscosity at 0.01 s−1 and
1.0 pH.

Nanosilica.  Density � of the nanosilica used in this experience
s 2.31 g cm−3 at 25 ◦C. The morphology and the associated particle
ize was evaluated by SEM (Scanning Electron Microscopy, Philips
EM 505, with analytical capacity through the microprobe system
DAX DX PRIME 10 for analysis qualitative/quantitative) while the
pecific area by the BET method (Brunauer, Emmett and Teller,
icrometrics apparatus ASAP 2020); in both cases, before carry-

ng out the measurements, the samples were heated at 300 ◦C for
 h to produce the thermal desorption of organic substances that
ould be adsorbed during manufacture and that would block the
ctive centres of silica surface reducing the amount of N2 adsorbed
uring the estimation of BET isotherm. In the case of the observa-
ions made by SEM, the test samples were coated with Au–Pd after
ubjecting to heat treatment, Fig. 1.

The aggregates of individual particles showed an effective diam-
ter of 1237 nm (SEM); the specific area was 104 m2 g−1 (BET). The
atio 6/ –d�  indicates accurately the specific area of the particles,
uggesting that individual particles had an average diameter –d  of

pproximately 25 nm.

Film-forming materials. Glass properties (density, refractive
ndex and interfacial tension) were studied. With regard to density,

 slight decrease was noticed with addition of silica: 2.297 g cm−3
Fig. 1. SEM micrograph of nanosilica particles.

value for the 3.5/1.0 SiO2/Li2O molar ratio and respectively 2.238
and 2.251 g cm−3 values for binders A (7.5/1.0 ratio, commer-
cial colloidal solution) and B (7.5/1.0 ratio, laboratory-prepared
nanosolution). On the other hand, the refractive index (portable
digital refractometer, Reichert AR200) for such systems was
reduced from 1.482 (3.5/1.0 ratio) to 1.462 and 1.473 respec-
tively for those before-mentioned commercial and nano-structured
binders; it is worth mentioning that these values are in the range
having the organic polymeric materials and extenders commonly
used in the formulation of coatings.

Regarding the superficial tension (Du Noüy tensiometer, Bei-
jing Jinshengxin Testing Machine Co., Ltd., model JZHY-180) of A
and B silicified binders at 25 ◦C, they respectively showed values
of 191 and 205 dina cm−1. The last allowed concluding that the
nano-structured binder has a lower superficial affinity by metallic
zinc particles and consequently lower wettability, penetration and
spreading during the pigment incorporation prior to application.

Pigmentation. The main features of the commercial zinc dust
of 4 �m (fine) and 8 �m (regular) are respectively 98.1 and 98.3%
Fig. 2. SEM micrograph of nanozinc particles.
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The nanozinc selected is a grey powder, Fig. 2; it has a spherical
hape with an average diameter of 35 nm (SEM), which gives it a
igh specific area (BET, 42 m2 g−1); its purity is very high (about
9.8%, w/w).

.2. Immersion in 0.1 M sodium chloride solution

Before beginning the test, coating films were characterized by
pplying X-ray (Shimadzu MXF-2400, Jenck S.A.). These studies
howed an interatomic distance between Si and O approximately
f 1.62 Å and in addition that the oxygen is linked to two silicon
toms or to one of silicon and another one of the metal. The poly-
er  structure has a random arrangement with zinc cations placed

nto holes in the network.
Visual and microscopic observations allowed to conclude, par-

icularly in those panels with scribe, that primers based on binder B
howed greater amount of white products from corrosion of metal-
ic zinc than in those panels protected with primers made from
inder A. To explain this performance, it is necessary to consider
he higher interfacial tension that displays the binder B (inferior
etting, that is lower adhesion, penetration and spreading during
etal zinc incorporation previous to application), which generates
ore porous films and therefore higher cathodic protective activity.
On the other hand, primers that included zinc fine particles

4 �m)  also showed a galvanic activity more important than those
ade with zinc regular particles (8 �m).  A similar conclusion was

eached with the primers based on microzinc/nanozinc as pigment
ith respect to those based on spherical microzinc only. In turn,
hen the amount of nanozinc was increasing in the pigmentation

lower microzinc/nanozinc ratio) was also observed a rise of the gal-
anic activity of metallic zinc; this action was similar at different
epths of the paint film (about the same amount of white salt from
he oxidation of zinc particles), which demonstrates good electrical
ontact between the micro and nano particles and the base metal,
ig. 3.

The above-mentioned results also suggest that formulations
ith the highest nanozinc in the pigmentation could form an anode

oo active, which implies an unnecessarily high corrosion.

.3. Corrosion potential

Immediately after starting the immersion of all coated panels
n the electrolyte, the potential was inferior to −1.10 V, a value
ocated in the range of protection of the electrode. It is worth men-
ioning that cathodic protection was considered finished when the
orrosion potential of coated panel increased to more positive val-
es (anodic ones) than −0.60 V (referring to SCE) since a severe
orrosion was observed (about 3% of the rusted area).

The electrode potential measurements as a function of immer-
ion time indicates that both types of binders had a significant
nfluence on the electrode potential: in general, more negative val-
es were obtained with nano-structured film-forming materials,
hich means that the primers based on binder B showed better

athodic protection than those manufactured with binder A.
On the other hand, slight differences in electrode potential could

lso be attributed to the average diameter of zinc particles; it was
bserved greater galvanic activity in samples prepared with 4 �m
han 8 �m (values more negative of electrode potentials for the
ormer than for the latter).

The experimental values indicate a significant shift towards
ore positive values of potential in those primers with decreasing
mounts of nanozinc in their composition (70/30, 80/20 and 90/10
icrozinc/nanozinc, w/w, ratio, in that order); considering the per-

ormance, the worst primers were only formulated with microzinc
s pigment.
Fig. 3. Coating formulated with 70/30 spherical microzinc/nanozinc (w/w) ratio and
binder B. Cross-section view SEM micrographs at several distance from the steel/zinc
coating interface: (a) about 5–6 �m; (b) about 25–27 �m and (c) about 65–67 �m.

Fig. 4 displays the electrode potential vs. immersion time in
sodium chloride solution of coatings formulated with the same
value of PVC (57.5%) and based on binder B (7.5/1.0 nanosil-
ica/lithium oxide molar ratio as film-forming material) and fine
microzinc (D 50/50 4 �m).  It allows concluding that for a constant
value of PVC the performance of coatings increase as the percentage
level of nanozinc in pigmentation also increases.

Fig. 5 includes also primers based on binder B and fine microzinc;
this figure displays just the most efficient primers selected taking
into account the lowest value of PVC corresponding to each pig-
ment composition: B.I.1 (65.0%), B.I.2 (62.5%), B.I.3 (57.5%) and B.1.4
(55.0%) since in these primers the zinc is the component of major
cost in the formulation. In summary, Fig. 5 shows that in spite of
diminishing the PVC, coatings with increasing percentage levels of
nanozinc in pigmentation also show an increasing efficiency.

Fig. 6 shows the behaviour of coatings formulated with low PVC

(47.5%), also through of variation of the electrode potential during
immersion time in sodium chloride solution. The analysis of the
curves indicates an enhanced performance of the binder B in rela-
tion to binder A, which arises by comparing the curves B.I.4 vs. A.I.4
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Fig. 4. Electrode potential vs. immersion time in 0.1 M 

nd B.II.4 vs. A.II.4. In addition, it shows an improved efficiency of
icrozinc of 4 �m in relation to that of 8 �m,  which emerges by

nalysing the curves A.I.4 vs. A.II.4 and B.I.4 vs. B.II.4.
In summary, there is a total correlation between conclusions of

isual and microscopic observations and results of the electrode
otentials obtained during immersion in 0.1 M sodium chloride
olution; therefore, the basis of the quantitative results of elec-
rode potentials are the same that those spelled out in the visual
nd microscopic observations.

.4. Degree of rusting

The results of panels tested during 1500 h in salt spray (fog)
hamber (35 ± 1 ◦C; pH 6.5–7.2; continuous spray of 5 ± 1%, w/w,

aCl solution) are shown in Tables 2 and 3, which include only the
verage values of the tests performed. The failure at scribe (Proce-
ure A) was evaluated according to the advance from the cutting
rea; the value 10 defines a failure of 0 mm  while zero corresponds

Fig. 5. Electrode potential vs. immersion time in 0.1 M sodium chloride s
 chloride solution: influence of pigment composition.

to 16 mm or more. Over the unscribed area (Procedure B), the failure
was measured taking into account the percentage of area corroded
by the environment; the scale ranges from 10 (no failure) to 0 (over
75% of the rusted area).

The results indicate that performance improved as nanoz-
inc content increased (minor microzinc/nanozinc ratio). Those
obtained by Procedures A and B displays that the primers based
mainly on both spherical microzinc and formulated with reduced
values of PVC showed a sharp decline in corrosion performance
while those that included nanozinc, despite having been manufac-
tured with a significantly lower level of pigmentation, maintained
their efficiency. The reduction of PVC (minor total zinc level)
involves the decreasing of coating costs.

These results would be based on the reduced electrical con-

tact between particles of both types of microzinc and the metal
substrate, beyond the corrosion products could not only increase
the electrical resistance of the film but also could decrease the
amount of available zinc. The incorporation of nanozinc seems to

olution: simultaneous influence of PVC and pigment composition.
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Fig. 6. Electrode potential vs. immersion time in 0.1 M sodium chloride solution: influence of type of binder and size of microzinc.

Table  2
Degree of rusting in salt spray (fog) chamber: failure at scribe.

Primer Pigment volume concentration, %

47.5 50.0 52.5 55.0 57.5 60.0 62.5 65.0 67.5 70.0

A.I.1 *  * * * 4 4 6 6–7 6 6
A.I.2 *  * * 5 5–6 6–7 7–8 7 6–7 *

A.I.3 * * 7 7–8 8 7–8 7 6–7 *  *

A.I.4 7 8 8 8 7–8 8 * * *  *

A.II.1 *  * * * 4 4 5 6–7 6–7 7
A.II.2 *  * * 5 5 6 7 7 6–7 *

A.II.3 *  * 5–6 5–6 6–7 7 7–8 7 *  *

A.II.4 6 6 7 7–8 7–8 7–8 * * *  *

B.I.1 *  * * * 5 5–6 6–7 7 7 7
B.I.2 * * * 5–6 6–7 7 8 7 7 *

B.I.3 *  * 7–8 8 8–9 8 8–9 7–8 *  *

B.I.4 8–9 8–9 8–9 9 9 9 * * *  *

B.II.1 *  * * * 3–4 5–6 7 6–7 6–7 6
B.II.2 *  * * 5–6 6–7 8 6–7 6–7 6–7 *

B.II.3 * * 6 7 8–9 8 8 8 *  *

B.II.4 7 7–8 8 9 8–9 8 * * *  *

* PVC not considered.

Table 3
Degree of rusting in salt spray (fog) chamber: failure over the unscribed area.

Primer Pigment volume concentration, %

47.5 50.0 52.5 55.0 57.5 60.0 62.5 65.0 67.5 70.0

A.I.1 * * * * 4–5 5–6 6 7 7–8 7
A.I.2 * * * 6 6–7 7 7–8 7–8 8 *

A.I.3 * * 7–8 7–8 8–9 8–9 8–9 8–9 *  *

A.I.4 8 8–9 9 9 8–9 8–9 * * *  *

A.II.1 * * * * 4–5 5–6 6 6–7 7 7–8
A.II.2 * * * 5–6 6–7 6–7 7–8 7–8 7–8 *

A.II.3 * * 7 7–8 8 8 7–8 7–8 *  *

A.II.4 7 7–8 8 8 8–9 8–9 * * *  *

B.I.1 * * * * 5–6 6 6 7–8 7–8 7–8
B.I.2 * * * 6–7 7–8 7–8 8 8 8 *

B.I.3 * * 8 8 8–9 8–9 8–9 8–9 *  *

B.I.4 9 9 9 9–10 9–10 9–10 * * *  *

B.II.1 * * * * 5–6 6 6–7 7 7–8 8
B.II.2 * * * 6 6–7 7 7–8 8 8 *

B.II.3 * * 7 7–8 8–9 8–9 8–9 8–9 *  *

B.II.4 7–8 8 8–9 9 9 9 * * *  *

* PVC not considered.
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Table 4
Degree of blistering in 100% relative humidity.

Primer Pigment volume concentration, %

47.5 50.0 52.5 55.0 57.5 60.0 62.5 65.0 67.5 70.0

A.I.1 *  * * * 9-F 9-F 10 10 10 10
A.I.2 *  * * 8-F 9-F 10 10 10 10 *

A.I.3 * * 8-MD 9-F 10 10 10 10 *  *

A.I.4 6-MD 8-MD 9-F 10 10 10 * * *  *

A.II.1 * * * * 9-F 9-F 10 10 10 10
A.II.2 *  * * 9-F 9-F 10 10 10 10 *

A.II.3 *  * 8-F 9-M 10 10 10 10 *  *

A.II.4 8-MD 9-M 9-F 10 10 10 * * *  *

B.I.1 * * * * 8-F 9-F 9-F 10 10 10
B.I.2 * * * 8-M 8-F 10 10 10 10 *

B.I.3 * * 8-MD 9-M 9-F 10 10 10 *  *

B.I.4 4-MD 8-F 9-F 10 10 10 * * *  *

B.II.1 *  * * * 8-F 9-F 10 10 10 10
B.II.2 *  * * 8-F 9-F 9-F 10 10 10 *

B.II.3 *  * 8-F 8-F 9-F 10 10 10 *  *

B.II.4 8-M 8-M 9-F 10 10 10 * * *  *

* PVC not considered.

Table 5
Average values of the simultaneous statistical treatment of all variables.

Nature of effect Effect type Degree of rusting Degree of blistering Simultaneous analysis

Scribed area Unscribed area Average

Binder type
A 6.5 7.3 6.9 9.0 8.0
B  7.2 7.8 7.5 8.8 8.2

Microzinc
I  7.0 7.8 7.4 8.8 8.2
II  6.6 7.4 7.0 9.0 8.0

Pigment composition*

1 5.7 6.4 6.0 9.3 7.6
2 6.4  7.2 6.8 9.2 8.0
3  7.4 8.0 7.7 8.8 8.2

h
o
t
s

3

a
d
r
f

n
w
i

3
b

i
l
t
p
c

a
s
p

4 7.8  8.6 

* PVC not considered.

ave favoured the conductivity, according to the abundant amount
f zinc corrosion products visual and microscopically observed, to
he results of the electrode potentials and to those obtained in the
alt spray (fog) chamber.

.5. Degree of blistering

The results of the panels exposed during 1000 h in 100% rel-
tive humidity are included in Table 4; the size of the blisters is
escribed in an arbitrary numerical scale of 0–10, where 10 rep-
esents absence while the frequency is qualitatively defined as
ollows: D (Dense), MD  (Medium Dense), M (Medium) and F (Few).

The compositions that included only microzinc showed virtually
o blistering. On the other hand, the results of blistering resistance
orsened, particularly for the low PVC values, with the increasing

ncorporation of nanozinc in pigmentation.

.6. Simultaneous analysis of degree of rusting and degree of
listering

To study the variables considered (main effects), a statistical
nterpretation was carried out. First, the variance was  calcu-
ated and later the Fisher F test was done. The results indicated
hat binder type, pigmentation composition and PVC values dis-
layed an important influence on the performance of the sacrificial
oatings.
Depending on the conclusions reached, it was considered desir-
ble for the statistical analysis to take into account all values of PVC
tudied to allow a certain margin of safety in the performance due to
ossible heterogeneities in primer composition attributable to poor
8.2 8.2 8.2

incorporation of metallic zinc and/or sedimentation in container
before applying.

With the purpose of establishing the efficiency of each protec-
tive coating from an anticorrosive point of view, the average value
of degree of rusting was calculated for scribed and unscribed areas,
and then the value obtained was  averaged with the average value
of degree of blistering. With respect to this last aspect, initially the
mean value corresponding to the size and the frequency was  cal-
culated; to quantify the frequency the following numerical values
were assigned: no blister, 10.0; F (Few), 7.5; M (Medium), 5.0; MD
(Medium Dense), 2.5 and D (Dense), 0.0.

Concerning the precision of experimental tests, in standard
deviation terms, it was  as maximum 0.2 for degree of rusting, 0.6
for degree of blistering, and 0.4 for simultaneous degree of rusting
and degree of blistering.

Table 5 confirms the superior performance of nano-structured
binder B in relation to commercial colloidal binder A, the major
efficiency of fine microzinc (4 �m)  compared to regular one (8 �m)
and the increasing performance of primers as the level of nanozinc
increased.

On this last variable of formulation, it is worth mentioning that
80/20 and 70/10 microzinc/nanozinc (w/w)  ratios showed the same
protective capacity. It occurs due to the enhanced anticorrosive
ability (7.7 and 8.2, respectively) and the decreased resistance to
blister formation (8.8 and 8.2, respectively) as the amount of nanoz-
inc in primer pigmentation increased; nevertheless, according to

this simultaneous statistical interpretation of all effects, the 80/20
(w/w)  ratio should be selected for economic reasons since coat-
ings of similar performance may  be formulated with lower PVC
values.
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. Conclusions

.1 To explain the better efficiency of laboratory-prepared nanoso-
lution, 7.5/1.0 SiO2/Li2O molar ratio as comparing with
commercial colloidal solution, 7.5/1.0 SiO2/Li2O molar ratio it
is necessary to consider that the first ones are based on binders
with higher superficial tension. The last one implies inferior
wetting, which means lower adhesion, penetration and spread-
ing during metal zinc incorporation previous to application;
consequently, they wet with more difficult the zinc particles
while the second ones do it in a better way (more reduced
interfacial tension).

The above-mentioned characteristic explains the great
porosity of zinc-rich nano lithium silicate films and so their
higher cathodic protective activity as comparing with zinc-rich
conventional lithium silicate films.

.2 Results indicate that with respect to the pigment composition
in primers, higher performance was achieved with spherical
microzinc (fine), D 50/50 4 �m than spherical microzinc (reg-
ular), D 50/50 8 �m;  in relation to the influence of nanozinc,
this was successfully used to partially substitute the microz-
inc in zinc-rich coatings. When the amount of nanozinc was
increasing in the film (from 90/10 to 70/30 spherical microz-
inc/nanozinc, w/w) was observed a rise of the galvanic activity
of metallic zinc. The above quoted may  be based on fact that
the decrease of particle size increases significantly the surface
area per unit mass; since all surfaces have a free energy, the
relationship between the last one and the mass in small parti-
cles is so high that generates a strong attraction between them.
Therefore, the small particles in a poor dispersion, as done in
zinc primers, form dense aggregates with a large number of ulti-
mate particles associated; the last one leads to porous between
aggregates and therefore to high galvanic activity. In addition,
both the elevated electrical contact between the small par-
ticles in aggregates and the aggregates themselves may  lead
to films with protective current of high intensity (materials
always have a property interexchange current density, which
obviously leads to a major current intensity as the surface area
increases); the surface distribution of current would be also
improved. The before-mentioned would support the visual and
microscopic observations that showed a localized attack in the
formulations based on spherical zinc of large diameter.

On the other hand, the cited high galvanic activity in primers
of reduced film permeability would allow to conclude that
the osmotic phenomenon would have been enough to pro-
mote blistering (blisters filled with liquid) for being formulated
away from the critical PVC (the osmotic pressure exceeded
the film adhesion). Therefore, the compositions formulated
with PVC values relatively close to CPVC showed virtually no
blistering.

.3 Referring to PVC values (zinc content in dry film), previous

results of laboratory tests demonstrated that a higher amount
of microzinc leads to a longer useful life of primers. Neverthe-
less, it is important to mention that considering the physical
characteristic of the primer film required for each particular

[

[
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case must make the choice of zinc content. When pigment vol-
ume  concentration exceeds largely the CPVC, film properties
such as adhesion, flexibility, abrasion resistance, etc. are dras-
tically reduced while when the percentual level is slight under
the critical value the efficiency is also considerably diminished.

In the case of primers, which have got incorporated nanozinc
as partial replacement of spherical microzinc, results allow con-
cluding that it is possible to reduce appreciably the PVC without
affecting significantly the efficiency in service. Although there
are porous between aggregates, both the elevated electrical
contact between the small particles in aggregates and the
aggregates themselves would base the global results leading
to the reduction of the PVC values.
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