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bstract

Weldable primers are thin zinc-rich organic coatings that are weldable due to the electrical conductivity provided by the zinc dust. They are
sed in the automotive industry to provide corrosion protection in regions of difficult access. The zinc particles are highly susceptible to corrosion
ttack and, due to the small thickness, the protection conferred by these systems is limited.

In this work, corrosion inhibitors, two inorganic (cerium and lanthanum nitrates) and two of organic nature (benzotriazole and 2-
ercaptobenzothiazole), were tested in order to reduce the reactivity of zinc dust. The samples used were of three kinds: a commercial weldable

rimer, pure zinc metal sheet and zinc dust. The corrosion testing was done in 0.05 M NaCl using the scanning vibrating electrode technique
SVET) that showed to meet well the purposes of the work. According to the results, all tested inhibitors can be used to reduce the corrosion of

inc and to increase the service life of weldable primers. The organic inhibitors were the best in retarding the degradation of the weldable primer
uring immersion in 0.05 M NaCl. Conversely, the corrosion inhibition of zinc dust was successful only with the inorganic inhibitors, principally
erium nitrate.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Paints incorporating zinc dust have been used for decades
o protect steel structures in marine and industrial environ-

ents [1,2]. The anticorrosive ability comes essentially from
he cathodic protection provided by the zinc dust. Another type
f paint rich in zinc was introduced in the middle of the 1990s
ith the purpose of making organic coatings weldable [3]. These
ew systems, named weldable primers consisted on zinc rich
poxy-based coil coatings applied on chromate pre-treated elec-
rogalvanised steel (EG). The function of the zinc dust was to

ake the primer weldable by providing the electrical conduc-
ivity between the welding electrode and the metal substrate.
he welding capability of organic coatings is of great impor-

ance for the automotive industry [4,5]. The amount of zinc

ust added is usually not sufficient to provide cathodic pro-
ection. The anticorrosion protection comes from the barrier
ffect given by the primer. The protection can be improved by

∗ Corresponding author.
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ncreasing the thickness of the primer, but zinc alloying with
he copper of the welding electrodes reduces the life of these
lectrodes, which determines low coating thicknesses, typically
.5–4.5 �m. Inhibiting additives may also be incorporated to
nhance the corrosion resistance.

By the end of the 1990s, a second generation of weldable
rimers was developed with the objective of doubling the corro-
ion resistance and improve the weldability of these systems. In
he new primers, the zinc dust was mixed with iron phosphide,
e2P, which possess high melting point and is inert regarding

he copper of the welding electrodes. As a result, higher coating
hickness could be achieved leading to higher corrosion resis-
ance. The welding properties were also better. Table 1 compares
he first and second generation primers and shows that the main
urposes of the “second generation” were met: both corrosion
esistance and weldability were improved. However, formabil-
ty, tool wear and tool pollution became worst. Hence, the need
o improve the current systems still remains. One way to do it

s to modify the “first generation” primers in order to improve
he corrosion resistance and the weldability, but preserving the
ood qualities. The work reported here explores this idea by
odifying chemically the zinc dust. The surface modification

mailto:acbastos@ua.pt
dx.doi.org/10.1016/j.porgcoat.2008.01.013
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Table 1
General characteristics of weldable primers of first and second generation

First generation Second generation

Thickness (�m)a 2.5–4.5 4–8
Adhesiona Good Fair–good
Anti-corrosionb Three times better than the substrate (EG) Six times better than the substrate (EG)
Formabilitya No scratches Scratches
Tool weara No wear Large
W b

w
t
o
t
t

n
t
g
[
a
d
B
(
f
f
[

m
i
e
v
w
d
i
t

e
p
c
A
d
t
b
i

2

2

(

P
n
a
2
w

2

E
(
m
a
m
2
t
v
i
t
m
(
f

s

eldability ∼800 Spot welds

a From Ref. [4].
b Based on Ref. [5].

ith corrosion inhibitors may partially or completely passivate
he zinc dust particles reducing their reactivity and the corrosion
f weldable primers. It may also provide a reservoir of inhibitors
o be activated later when water crosses the paint film towards
he metal substrate.

Four inhibitors, two inorganic (cerium and lanthanum
itrates) and two organic (benzotriazole and 2-mercaptobenzo-
hiazole) were tested. These inhibitors have been studied in our
roup for inhibition of some metals, namely aluminium alloys
6–8]. The corrosion inhibition of zinc and zinc alloys by cerium
nd lanthanum salts has been reported [9–12] and a few papers
escribed studies on zinc inhibition by benzotriazole (named
TA hereafter) [13,14]. Like BTA, 2-mercaptobenzothiazole

in the following MBT) is a copper corrosion inhibitor that
orms hydrophobic complexes with many other metals and there-
ore can be experimented as corrosion inhibitor for such metals
15,16].

In this work, a commercial weldable primer was used as
odel coating and its degradation was investigated in different

nhibitive solutions. Pure zinc electrodes were studied since this
lement is the main constituent of the zinc dust and of the gal-
anized substrate to where the primer is applied. The inhibitors
ere also tested with zinc dust in different pre-treatment con-
itions, which is the main goal of this work: the selection of
nhibitive pre-treatments for zinc dust in order to reduce both
he reactivity of zinc and the corrosion of weldable primers.

The corrosion testing was done with the scanning vibrating
lectrode technique (SVET) that showed to suit well the pur-
oses of the work. It measures potential differences in solution
reated by ionic fluxes originated by the corrosion process [17].

prior calibration permits to convert the measured potential
ifferences into current densities [18]. The technique possesses
he great advantage of resolving the anodic and cathodic distri-
utions on the surface of a metal, which is of remarkable value
n corrosion research.

. Experimental

.1. Materials and reagents

Three different materials were subjected to corrosion testing:
(i) A galvanized steel coil-coated with a weldable primer for
the automotive industry was used as model coating system.
It consisted on a 1 mm thick DC04 steel sheet [19] with
∼1100 Spot welds

an electroplated zinc layer of 5.5 �m of nominal thickness
and top-coated with a commercial weldable primer, 3.5 �m
thick. Scanning electron microscopy pictures of the cross
section and top view of the system are presented in Fig. 1(a)
and (b), respectively.

(ii) Zinc foil (99.95% pure, Goodfellow, UK) was used to pre-
pare the metal electrodes.

iii) Commercial zinc dust was sieved to collect particles bigger
than 50 �m – Fig. 1(c) – to meet the spatial resolution of
SVET.

The corrosive test solution was prepared with NaCl (p.a.,
ronalab, Portugal) and the inhibitors tested were cerium (III)
itrate hexahydrate (99%, Aldrich), lanthanum (III) nitrate hex-
hydrate (>99%, Fluka), 1H-benzotriazole (99%, Aldrich) and
-mercaptobenzothiazole (97%, Aldrich). The solvents used
ere either distilled water or absolute ethanol.

.2. SVET measurements

The SVET equipment was manufactured by Applicable
lectronics Inc. (USA) and controlled by the ASET program

Sciencewares, USA). The microprobes were prepared from
icroelectrodes provided by Microprobe Inc. (USA) and had
spherical platinum black deposit of 10–20 �m on the tip. The
easurements were made with the electrode tip vibrating at

00 �m above the surface (100 �m above the zinc particles for
he zinc dust), with a frequency of 122 Hz, and the amplitude of
ibration was the same as the tip diameter. The acquisition time
n each point was 0.3 s + 0.2 s of waiting time between points
o minimize the perturbation induced by the translation of the

icroelectrode. Maps with 30 × 30 (∼750 s) or 50 × 50 points
∼1700 s) were obtained. SVET values are, in general, positive
or anodic currents and negative for cathodic currents.

Different electrochemical cells were used for each type of
ample studied:

(i) Pieces of weldable primer with 1 cm × 1 cm were glued
to an epoxy cylinder (sample holder) with a height of
1 cm and a radius of 1.5 cm. A mixture of beeswax and
colophony covered the sample and delimited a working

area of ∼3 mm × 4 mm—Fig. 1(d).

(ii) Zinc electrodes were cut from the original foil and embed-
ded in an epoxy cylinder. The surface was polished by SiC
paper of grades 220, 400, 600, 800 and 1200, washed in
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ig. 1. Scanning electron micrographs of (a) cross section and (b) top view of th
f the cell used for testing the weldable primer.

distilled water and dried with absorbent paper, followed by
warm air flow. Immersion occurred immediately after.

iii) Sieved zinc dust particles were placed on the surface of a
Petri dish (25 mL, Normax, Portugal) leaving many isolated
particles and several agglomerates with particles electri-
cally connected.

In cells (i) and (ii) scotch tape was applied around the epoxy
ylinder to form the solution reservoir.

.3. Testing sequence

(i) Weldable primer samples were exposed to 0.05 M NaCl
and to 0.05 M NaCl + 0.5 g L−1 of each inhibitor to check
for their inhibitive action when present in solution.

(ii) Pure zinc electrodes were submitted to a pre-treatment
stage of 2 h with 0.5 g L−1 of each inhibitor in distilled
water and then, in a second stage, they were immersed
in 0.05 M NaCl. This permitted to check for the forma-
tion of an inhibitive film, during the initial stage, and
its ability to retard the metal corrosion, in the second
stage.
iii) Zinc dust was pre-treated by immersion in Petri dishes
using the four inhibitors at four different concentrations
(10−4 M, 10−3 M, 10−2 M, 10−1 M), two solvents (distilled
water and absolute ethanol) and three times of treatment

z
f
i
t

able primer; (c) zinc dust particles sieved for SVET measurements; (d) scheme

(1 min, 1 h, 24 h). After the selected time, the pre-treatment
solution was replaced by 0.05 M NaCl. Fresh portions of
the NaCl solution were renewed 10 times successively to
insure no inhibitor remained in solution. Corrosion of zinc
dust was monitored during several days. Due to the low
solubility of MBT in water, the aqueous solutions of this
compound contained 5% of ethanol and were filtered to
remove undissolved reagent.

. Results

.1. Study with weldable primers

The weldable primer corroded rather quickly when immersed
n 0.05 M NaCl. Corrosion activity was detected by SVET after
ust a few minutes of immersion and in 2 h it was already pos-
ible to observe dark spots on the surface. These dark spots
orresponded to paint delamination. Anodic activity appeared
n some localized points of the dark spots with the surround-
ng area being cathodic. The activity detected by SVET came
ainly from the corrosion of the electrogalvanised layer under

he blisters. Given the particles’ small size, the corrosion of the

inc dust was not detected by SVET at 200 �m from the sur-
ace. Fig. 2(a) shows a picture of the sample after 3 days of
mmersion, with blisters and corrosion products precipitated on
he surface. The map acquired at the same time showed intense
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ig. 2. SVET maps and corresponding pictures of the weldable primer after 1 w
days of immersion.

nodic and cathodic peaks located in the delaminated part of the
ample.

The addition of inhibitors to the corrosive solution reduced
arkedly the degradation of the weldable primer. Fig. 2(b)–(e)

how maps obtained after one week of immersion in the
nhibitive solutions. The inorganic inhibitors decreased the

egradation but delamination still took place, with small activity
ocalized in some points. The organic inhibitors provided better
rotection as shown by maps with no activity and video images
ith no signs of degradation on the surface.

t
B
T
s

f immersion in the different solutions. Map and picture (a) were acquired after

.2. Study with pure zinc electrodes

Fig. 3 shows SVET current maps and pictures of pure
inc acquired after 1 day of immersion in 0.05 M NaCl.
ig. 3(a) is for zinc without pre-treatment and Fig. 3(b)–(e)
orrespond to pre-treated zinc. The results point to a bet-

er zinc corrosion inhibition by Ce3+ and La3+ compared to
TA and MBT, which presented poor inhibitive properties.
his conclusion is valid for the treatment conditions used and
hould not be generalised, as the inhibition treatment is usu-
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Fig. 3. SVET maps and corresponding pictures of pre-treated pure zinc after 24 h of immersion in 0.05 M NaCl; (a): the control sample, without pre-treatment.
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lly dependent on the concentration and time of treatment
11,16,20,21].

The possible influence of the nitrate anion was investigated
y exposing pure zinc electrodes and the weldable primer to
.05 M NaCl + 4.5 mM of NO3

− (the approximate concentra-
ion of NO3

− in 0.5 g L−1 of cerium and lanthanum nitrates).
ure zinc corroded actively, in the same manner as in 0.05 M
aCl. The corrosion of the weldable primer was marginally

ower compared to 0.05 M NaCl but noticeably higher compared
o solutions with Ce3+ and La3+. These results point to no sig-
ificant inhibition coming from the nitrate ions in the conditions
ested.

.3. Study with zinc dust particles

The corrosion of zinc dust in 0.05 M NaCl after pre-treatment
as followed by visual inspection and SVET for several days.
or each pre-treatment condition many individual particles and
gglomerates existed in the Petri dish. Fig. 4 gives examples
f the three main situations encountered: (a) no inhibition (zinc
ust without pre-treatment after 19 h in 0.05 M NaCl), (b) par-

ial inhibition (zinc dust pre-treated for 24 h with cerium nitrate
0−2 M in distilled water followed by 24 h of immersion in
.05 M NaCl) and (c) complete inhibition (zinc dust pre-treated
or 24 h with cerium nitrate 10−1 M in distilled water followed

G
i
v
t

ig. 4. (a) Zinc dust after 19 h of immersion in NaCl 0.05 M; (b) zinc dust pre-treate
.05 M NaCl; (c) zinc dust pre-treated for 24 h in Ce3+ 10−1 M in distilled water follo
ic Coatings 63 (2008) 282–290 287

y 48 h of immersion in 0.05 M NaCl). The differences are
lear, from maps with anodic and cathodic activity and many
orrosion products around the particles in (a) to absence of cor-
osion in both map and picture in (c). Isolated particles withstood
orrosion better than agglomerates. In several solutions tested,
gglomerates were all corroding but many isolated particles
emained unattacked for days. Single particles under corrosion
howed activity divided in two regions, one anodic and the
ther cathodic. It was not observed more than one anodic and
ne cathodic region in those particles. The two regions were
eparated by a wall of precipitated corrosion products, proba-
ly zinc hydroxide, which divided the particle in two parts of
pproximately the same area. This is depicted in Fig. 5(a) for an
solated particle after 2 h 30 min of immersion in 0.05 M NaCl.

ith time the precipitated corrosion products completely cov-
red the particle. Fig. 5(b) shows a particle pre-treated for 24 h
n cerium nitrate 10−2 M in distilled water followed by immer-
ion in 0.05 M NaCl. No corrosion was detected after 8 days of
orrosion testing.

The main objective of this work was the selection of pre-
reatment conditions for the inhibition of zinc dust corrosion.

iven the number of conditions under test, and the number of

solated particles and agglomerates for each case, it would be
irtually impossible to use SVET for all cases. Instead, a quali-
ative approach based on visual inspection permitted to rank the

d for 24 h in Ce3+ 10−2 M in distilled water followed by 24 h of immersion in
wed by 48 h of immersion in 0.05 M NaCl.
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Fig. 5. (a) Single zinc particle after 2 h 30 min in 0.05 M NaCl; (b) single zinc particle immersed 24 h in Ce3+ 10−2 M followed by 8 days in 0.05 M NaCl.

Table 2
Condition of zinc dust pre-treated with Ce3+ after 24 h of immersion in 0.05 M
NaCl

Solvent Time 10−4 (M) 10−3(M) 10−2 (M) 10−1 (M)

H2O
1 min 0 0 0 0
1 h 4 4 4 4–5
24 h 3 4 5 4

Ethanol
1 min 0 1 2–3 4

c
w
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E

Table 4
Condition of zinc dust pre-treated with BTA after 24 h of immersion in 0.05 M
NaCl

Solvent Time 10−4 (M) 10−3 (M) 10−2 (M) 10−1 (M)

H2O
1 min 1 2 2 0
1 h 0 1 1 1
24 h 0 1 0 0

Ethanol
1 min 0 0 1 2

e

1 h 2 2 2–3 3
24 h 2–3 2–3 3 3–4

onditions under test. SVET was then used to confirm the results
here good corrosion resistance was observed. This seemed to

e an acceptable approach as the key idea was to select the best
onditions for inhibition.

Tables 2–5 summarize the results obtained for all conditions
fter 24 h of immersion in 0.05 M NaCl using the following

able 3
ondition of zinc dust pre-treated with La3+ after 24 h of immersion in 0.05 M
aCl

olvent Time 10−4 (M) 10−3 (M) 10−2 (M) 10−1 (M)

2O
1 min 1 1–2 2 3
1 h 1 2 3 4
24 h 2 2–3 3 3

thanol
1 min 1 1 3–4 4
1 h 2 2 3 3
24 h 3 2–3 3 3–4

0
1
2

T
C
N

S

H

E

1 h 0 0 0 0
24 h 0 1 0 0

mpirical scale:
: Corrosion similar to the uninhibited medium;
: A few isolated particles with no corrosion;
: Corrosion products in agglomerates less abundant that in 1;
isolated particles without corrosion more abundant than in 1;

able 5
ondition of zinc dust pre-treated with MBT after 24 h of immersion in 0.05 M
aCl

olvent Time 10−4 (M) 10−3 (M) 10−2 (M) 10−1 (M)

2O
1 min 0 0 0 0
1 h 0 0 0 0
24 h 0 0 0 0

thanol
1 min 0 0 0 0
1 h 1 1 1 1
24 h 1–2 1–2 1–2 1–2
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: About 50% particles with no signs of corrosion and 50%
particles attacked;
: All single particles and the majority of agglomerates with
no attack;
: No signs of corrosion.

Despite the simple method of evaluation, it was possible
o rank adequately the pre-treatments. The best results were
btained with cerium nitrate solutions 10−2 M and 10−1 M in
istilled water, for times from 1 h to 24 h. No satisfactory action
as achieved with the organic inhibitors in any of the combina-

ions (inhibitor-concentration-solvent-time) tested.

. Discussion

In weldable primers, the oxidation of the zinc particles may
ose problems of cosmetic corrosion. The passivation of the
inc dust can help solving the problem. Additionally, in some
ircumstances, the zinc dust in traditional zinc rich primers may
e too active and can be consumed rather quickly. In these cases
t may be possible to partially passivate the surface of zinc dust
articles in order to reduce their reactivity but maintaining the
lectrical connectivity and the galvanic protection ability. The
ossibility to passivate the zinc particles’ surface, partially or
ompletely, was checked by treating the zinc dust in inhibitive
olutions for a given time.

The experimental results presented in Section 3.1. indicate
hat the four inhibitors can be used to reduce the corrosion of
eldable primers and extend their service life, specially the
rganic ones, and BTA in particular. It has been demonstrated
hat zinc can be prevented from corrosion in 0.05 M NaCl when
hese inhibitors are present [22]. However, results in Sections
.2 and 3.3 show that when the inhibitors are present solely dur-
ng an initial pre-treatment time, only the inorganic ones confer
orrosion protection. This is probably related to the different
nhibition mechanisms of the inorganic and organic inhibitors
nder study. Based on existing literature, Ce3+ and La3+

recipitate as oxides or hydroxides in cathodic places forming
highly insoluble layer that reduces the cathodic activity

9–12,23,24]. The rate of the hydroxide layer formation usually
s relatively high. The inhibition of zinc by BTA and MBT is
elieved to follow the same mechanism as for copper, iron, and
luminium alloys: adsorption on the metal surface followed by
he development of a film of complexes of the organic molecules
nd the metal ions in the surface [6,13,15,16,20,25,26]. This
rocess can be relatively slow and take many hours, as observed,
or example, for the 2024 aluminium alloy [6]. Moreover, the
rganic monolayer may be desorbed from the metal surface
hen the solution with inhibitor is substituted by the inhibitor-

ree solution. In the case of inorganic inhibitors the formed
xide/hydroxide layer is extremely insoluble and therefore very
table.

Good protection of zinc dust was achieved by treating the par-

icles in cerium nitrate solutions 10−2 M and 10−1 M in distilled
ater and for times from 1 h to 24 h. This means that the use
f modified zinc dust in weldable primers can be a solution to
mprove its anticorrosive performance. The work will continue
ic Coatings 63 (2008) 282–290 289

ith the incorporation of modified zinc dust in new formulations
nd test them for corrosion resistance.

This strategy does not work in the case of organic inhibitors.
n alternative is the direct incorporation in the formulation as

dditives. Although simple, this way brings the risk of incompat-
bilities with the binder or other components, together with the
hange of characteristics of the paint such as rheology and adhe-
ion, among others. Moreover, being soluble, these inhibitors
ould increase the paint water uptake and its susceptibility to
listering. To prevent these risks, the inhibitors can be encap-
ulated in micro- or nano-containers and be released only when
orrosion takes place. A “smart” release of the inhibitors from
he containers may be triggered by environment changes pro-
oked by the onset of corrosion: pH, metal cation concentration
nd ionic strength [27].

. Conclusions

The possibility of modifying chemically the surface of zinc
ust particles in order to reduce their reactivity in weldable
rimers was investigated using two inorganic inhibitors (cerium
itrate and lanthanum nitrate) and two organic inhibitors (ben-
otriazole and 2-mercaptobenzothiazole). SVET was the main
echnique used to assess the corrosion performance and showed
o suit well the purposes of the work.

All four inhibitors tested can decrease the degradation of
eldable primers, but the highest performance was obtained
ith the organic ones. The best way to incorporate the inhibitors

nto the paint formulation still needs further investigation. One
pproach, tested in this work, is the treatment of the zinc dust
ith inhibitors prior to incorporation. Promising results were

ound with cerium nitrate solutions in distilled water. The work
ill continue with the incorporation of modified zinc dust in
ew formulations.
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