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1 Introduction 

This report describes the results obtained in Task 5 ofthe project involving the development of a 
sealing treatment for hexavalent chromium-free conversion coatings on zinco Sealing treatments 
are used to increase the corrosion resistance ofthe chromate-free passivates. The corrosion 
resistance of existing chromate-free alternatives, without a seal, is still not comparabie to that of 
chromate. In task 3 this was shown for trivalent chromium conversion coatings on zinc plated 
steel. The development and optimisation of sealing treatment was therefore the aim of this task. 

Based on previous projects of TNO a silicate-based sealing treatment developed for molybdate 
passivated zinc was taken as the starting point. The molybdate passivate was a potential 
alternative to chromate passivates, but required a seal to improve its corrosion performance. 
Improvements ofthe silicate seal using silane and siloxane compounds were investigated (Chapter 
3). During this investigation a potential stabilising effect ofthe siIicate seal on the zinc patina was 
inferred. This was further investigated using the artificial patina forrning solution developed in 
Task 2 and is discussed in chapter 4. 

The development of sealing treatment was taken further by Dennis Lensveld at the TU Eindhoven 
as described in chapter 5. It was tried to characterize the composition and structure ofthe silicate 
seal in more detail and optimise its performance. 
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2 Experimental details 

Carbon steel panels were pickled in a 30% hydrochloric acid solution to remove a protective zinc 
coating applied by the manufacturer. The cleaned panels were zinc plated to a thickness of 10 - 15 
/lm using a commercial cyanide zinc bath ((Enthonebrite™ CNZ850) at 2 A dm-2

• Panels were 
passivated directly after plating and a short activation in 0.25% nitric acid. Four types of 
passivation processes were used in these investigations. Achromate treatment as used in task 3 of 
the project and a molybdate based alternative. Thirdly two types of commercial trivalent based 
alternatives, the blue passivate Pennapass Immunox 3K (chapter 4) and the yellow passivate 
Pennapass TM 7012 in (chapter 5). After passivation all conversion coatings were dried at 60 -
70°C for 30 minutes. Both passivated panels were subsequently sealed in a dilute waterglas, i.e. 
sodium silicate, solution at 70°C for 5 minutes. After sealing the seal coating was cured at 70°C 
for 1 hour. This sealing treatment is referred to as the standard silicate seal in this report 

The corrosion protection of the sealed and unsealed conversion coatings was tested using a neutral 
salt spray test according to DIN50021 and polarisation resistance measurements. During neutral 
salt spray testing panels were regularly visually checked for the presence ofwhite and red 
corrosion products. The time to 5% surf ace coverage was taken as the evaluation criterion for the 
salt spray tested panels. Polarisation resistance measurements were done in 3.5% sodium chloride 
and sodium carbonate / hydrogen peroxide solution using a three electrode set-up and a EG&G 
PAR potentiostat. The polarisation resistance is the slope of the polarisation curve near the 
corrosion potential. Through the Stem-Geary relation the polarisation resistance is inversely 
proportional to the corrosion rate. 

4 



3 Molybdate conversion coatings 

As a starting point a silicate-based sealing treatment developed by TNO for a 
molybdate passivate on zinc plated steel was used. The increase in corrosion 
protection obtained by the silicate seal was studied and improvements ofthe sealing 
treatment were investigated. 

3.1 Results and discussion 

In this investigation cyanide based bath was used for zinc plating, because it yields reproducible 
and fairly pure zinc coatings. Since in industrial practice the use of cyanide zinc baths has 
diminished two other industrially applied zinc substrate were molybdate passivated and silicate 
sealed. The corrosion resistance of these samples is compared to cyanide zinc in Table 1. Taking 
into account the error in the polarisation resistance measurements no influence of the substrate can 
be discemed. Therefore results are expected to be representative for the industrial zinc plating 
processes. 

Table 1: Comparison of corrosion resistance of different types of zinc plated molybdate 
passivated and silicate sealed panels. 

Substrate type Time to 5% white corrosion products Polarisation resistance / n m2 
--~-------------~~~~~~~.~~~=-------

Cyanide zinc 220 0.2 ± 0.1 
Acid zinc 220 0.3 ± 0.2 
Alkaline zinc-l % iron 200 0.4 ± 0.2 

A comparison between the molybdate and the chromate conversion coating is presented in Table 
2. The chromate passivate shows a much higher resistance in the neutral salt spray test and 
polarisation resistance than the molybdate coating. After a few hours slat spray already extensive 
white corrosion can be seen on molybdate passivated zinc (Figure 1 (a».The silicate seal strongly 
improves the corrosion protection ofthe molybdate passivate. Figure l(b) shows that even after 
120 hours only minor white corrosion is visible in the salt spray test. The silicate seal increase the 
polarisation resistance in 3.5% NaCI with a factor of20. A silicate seal directly on zinc also gives 
a much higher polarisation resistance, but performs relatively poor in the salt spray. The silicate 
sealed molybdate coating has a much better salt spray resistance indicating that the mol yb date 
coating contributes to the corrosion protection despite its lack of protection in unsealed condition. 
In contrast to molybdate the silicate sealed chromate passivate performs worse than the unsealed 
chromate in the neutral salt spray test. After 240 hours a few large spots ofwhite corrosion 
products occur. It seems that the silicate seal prevents the self-repair ofthe chromate coating 
resulting in local break down of the corrosion protection. 

!able 2: Comparison of corrosion resistance of molybdate and chromate passivated panels. 
Passivate Time to 5% white corrosion products Polarisation resistance / n m2 
------
Molybdate 4 0.20 ± 0.05 
Molybdate + silicate 180 2 ± 2 
Silicate 50 6 ± 6 
Chromate »240 13 ± 5 
Chromate + silicate 240 9 ± 4 

In Figure 1(b) and particularly in Figure 2(a) it can be seen that locally thin white are as have 
formed on the silicate sealed molybdate passivate. In contrast to the voluminous white corrosion 
products these areas are not visible on a wet panel only on a dried panel. These white film areas 
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are known to form on zinc alloys, like zinc-nickel. The white film forms after a few hours salt 
spray, but only grow to voluminous white corrosion after many hours of salt spray. Hence, the 
white film remains more or less stabIe for a long period in the slat spray test. However, taking 
chrornate as the reference material in practice any farm of corrosion even a stabIe white film is 
unacceptable. Therefore several modifications were made to the sealing process to prevent the 
white film formation. 

Using a predip in a magnesium sulphate solution before silicate sealing it was tried to form a 
magnesium silicate layer below the silicate seai. Magnesium silicate is one ofthe chernically most 
stabIe silicates. In Table 3 it can be seen that only a predip in 1 M magnesium sulphate gives a 
slightly improved salt spray resistance, but white film formation still occurs. The polarisation 
resistance is a factor 10 higher (TabIe 5), but is only representative for initial corrosion rate under 
complete immersion. The salt spray test measure the long term corrosion behaviour in a humid 
atmosphere, i.e. thin layer corrosion. A second optian tested was the addition of natural clay 
particles to the silicate seal solution. Clay particles (bentonite) consist of aluminium silicate that 
could improve the formation of a fine and closed silicate network. In Table 3 it can be seen that 
the added clay particles do not improve the corrosion resistance. 

TabIe 3: Percentage white corrosion products on sealed molybdate passivated zinc panels in a 
neutral salt spray test for various modifications ofthe silicate seal. 
Type of seal Time in neutral slat spray / hour 

47 72 95 190 211 325 494 
Standard silicate <1 <I <1 <I <5 
MgS04 addition to molybdate solution <1 <5 <5 <5 <5 <5 
0.015 M MgS04 predip 1 <5 <5 <5 <5 5 
1 M MgS04 predip 0 <1 <1 <1 <I 1 5 
Micro sized clay particles addition 0 <1 <1 <1 5 20 
Nano sized clay particles addition <1 10 50 

Thirdly it was tried to create a hydrophobic seal surf ace by silane and siloxane additions to the 
silicate solution. Just as the silicate solution these campounds form a silicate network, but with 
carbon chains they also yield a hydrophobic surface. In the neutral salt spray test the 
hydrophobicity ofthe seal surf ace disappears after just a few hours in the salt spray test. In Table 
4 it can be seen that only a post dip in fluorsiloxane improves the salt spray resistance of the 
silicate se al. Figure 2(b) shows only a very thin white film after 367 hours of salt spray testing. De 
polarisation resistance after a fluorsiloxane post dip is a factor 200 higher than without the post 
dip as indicated in Tab!e 5. This is even a factor 100 higher than the yellow chromate passivated 
zinco It can be concluded that a fluorsiloxane post dip strongly enhance the corrosion resistance of 
silicate sealed mo!ybdate passivated zinco A fluorsiloxane seal directly on the molybdate passivate 
also gives a very high polarisation resistance, but in the neutral salt spray test 80% ofthe panels' 
surface is covered with white corrosion products after only 73 hours of neutral salt spray testing. 
The fluorsiloxane seems to slow down the initial corrosion only. 

Table 4: Percentage white corrosion produets on sealed molybdate passivated zinc panels in a 
neutra! salt spray test for various modifications of the silicate seal. 
Type of se al Time in neutra! salt spray / hour 

4 73 120 234 303 463 
Standard silicate 0 <1 <1 1-5 5-10 
Siliclad™ post dip 0 30 50 60 80 
1 % DMDES 1 addition 0 I 1 5 10 
DMDES post dip 0 <5 5 10 10 
Fluorsiloxane 0 80 100 100 
Fluorsiloxane post dip 0 <1 1 1 1 
I DMDES = Dimethyldiethoxysilane ---
2 Siliclad TM = commercial solution of an octadecylsilane compound 
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Table 5: Polarisation resistance of sealed molybdate passivated zinc panels in 3.5% NaCI for 
various modified sealing treatments 

Type ofseal 
No 
Micro sized clay particles addition 
1 M MgS04 predip 
Nano sized clay particles addition 
Standard silicate 
Fluorsiloxane 
Fluorsiloxane post dip 

Polarisation resistance / n m2 

0.2 
0.4 

1.3 
2 
20 
600 

(a) (b) 
Figure 1: Molybdate passivate panels unsealed (a) and standard silicate sealed (b) af ter 120 hour 
neutral salt spray testing 

(a) (b) 
Figure 2: Standard silicate sealed panel with white film after 262 hour (a) and standard silicate 
with fluorsiloxane post dip sealed panel after 367 hour (b) neutral slat spray testing. 

In order to investigate the reproducibility of these results new panels were prepared under the 
same experimental conditions. The results for both test runs are presented in Table 6. In the table 
it can be seen that the general trends are reproduced with exception of the high corrosion 
resistance ofthe combination seal. The opposite behaviour in salt spray test and polarisation 
resistance measurements obtained when using the fluorsiloxane seal seems related to the drying 
temperature ofthis seal, i.e. 150°C compared to 70°C for silicate. A double silicate seal, wh ere the 
second seal was dried at 150°C shows similar behaviour. The polarisation resistance increases, but 
the salt spray resistance is decreased (Tabie 3). A combination of an improved silicon oxide 
network formation and crack formation at higher temperatures is probably responsible for this 
behaviour. 
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Table 6: Reproducibility of corrosion resistance of differently sealed zinc plated molybdate 
passivated panels. 
Treatment Time to 5% white corrosion products Polarisation resistance / n m2 

Molybdate + silicate 220 250 0.2±1 2±2 
Molybdate + fluorsiloxane 10 40 Unsuitable data 20 ± 20 
Molybdate+silicate+fluorsilox 97 >460 5±9 600 ± 300 
aan 
Molybdate+silicate+silicate 120 6±2 
150C 

3.2 Conclusions 

Salt spray test and polarisation measurements show that a silicate seal strongly increases the 
corrosion protection of a molybdate based convers ion coating on zinco A thin white film is forrned 
on the silicate seal in a salt spray test, but this film remains stabie for many hours. A fluorsiloxane 
post-dip can slow down the white film formation and increase the corrosion resistance even 
further. The fluorsiloxane creates a hydrophobic surface that strong1y retards initial corrosion. A 
much lower initia1 corrosion than chrornate passivated zinc was even found, but reproducibility 
was poor. 
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4 Patina stabilisation 

Electron microscope and EDX analysis of the white film formed on silicate sealed molybdate 
passivated zinc showed the white film consists ofhexagonal plate like crystals containing zinc 
oxygen and chloride. Most likely the white film is a zinc hydroxy chloride just as the voluminous 
white corrosion products formed on zinc in a neutral salt spray test. Although the white film 
forms quickly in the salt spray test (af ter several hours) it turns into voluminous white corrosion 
products only af ter 200 - 300 hours. The silicate seal retards after a rapid initial formation the 
further growth of white corrosion products. Zinc hydroxy chloride is part of the atmospheric 
patina on zinc in marine environments (Task 2). Apart as seal for passivates of zinc the silicate 
seal might therefore be suitable to stabilise the natural patina on zinco 

The potential stabilising effect was investigated using the artificial patina forming solution 
developed by Siva Bölun in task 2. Based on literature data he developed solutions to obtain a 
homogeneous and den se artificial patina on zinco It is not the aim of this research to develop an 
altemative corrosion test method, but in comparison to corrosion tests in high chloride 
environments like the neutral salt spray test, the accelerated reactions occurring in this solution 
will be closer to atmospheric corrosion reactions. Panels were exposed in the NaHC03 / H20 2 

artificial patina forming solution (pH 8.1) for 1 hour. The variation in open-circuit potentialof the 
panels during exposure was recorded. Siva Bölun showed that the artificial patina takes about half 
an hour to form in this solution. After 1 hour polarisation resistance measurements were done in 
the same solution. For all treatments duplicate samples were measured. 

4.1 Results and discussion 

In Figure 3 the change in open-circuit potential for zinc and the various passivated zinc panels in 
the artificial patina forming solution is shown. Siva Bölun found an increase in potentialof 450 
mV in 30 minutes followed by a stabie potential for several hours for unpassivated zinco This 
behaviour would be expected for the formation of a passivating, corrosion retarding patina. A 
different behaviour is observed in the experiment reported here. For the same sample material and 
solution a potential decrease of250 mV in the first 30 minutes before a slow increase is found. 
Some ambiguity about the exact composition of the patina forming solution and the stability of the 
solution was noticed later on in the project in Task 2. Despite this ambiguity a grey/white patina is 
observed on the zinc surface. Microscopical study shows the presence of a dark precipitate on 
large parts ofthe zinc surface (Figure 4(a». Although not dense and homogeneous, a patina has 
formed and the results all ow conclusions to be drawn on the effect of passivation treatments on 
zinc corrosion protection and patina formation. 

9 



-0.80 

> -0.85 -
(J 
en -0.90 

<C en 
<C 

-0.95 111 
> 
iU 
:;:::; -1.00 c 
Q) -0 c... -1.05 

-1.10 

0 600 1200 1800 2400 3000 3600 

time I 5 

-Zinc 
-Chromate 
-Cr(llI) 

. Molybdate 
Silicate 

Figure 3: Potential variation ofvariously treated zinc-plated steel panels in a NaHC03 / H20 2 

artificial patina fonning solution at pH 8.1. 

Comparing the potential variation ofvarious passivated zinc panels it can be seen that all but the 
chromated panel start at a potential around -0.83 V vs. Ag/AgCl. The fact that these passivates 
start at the same potential as untreated zinc indicates that initially the same reactions are occurring. 
Also during further exposure the potential changes with time on chromium(III) and particularly 
silicate treated zinc are similar to that for untreated zinco An increase or stabilisation of the 
potential follows an initial decrease in potential. Most likely zinc exposed through defects, e.g. 
pores and cracks, in the passive coatings is reacting. Indeed localised patches of dark patina on 
unaffected zones of silicate, chromium(II1) and molybdate passivate coating are observed (Figure 
4,5 and 6). 

The starting potential for chromated zinc is 150 m V lower. This suggests cathodic protection by 
the chromate coating as found by Xiaolong Zhang in low chloride environment. In figure 4( d) no 
attack or patina on the chromate coating can be seen. At a larger magnification (Figure 5(a)) it can 
be seen that even defects in the chromate coating are not always covered by the patina, although 
on some are as a patina is seen. During extended exposure the potentialof chromated zinc rises 
sharply before stabilising at a potential now more positive than zinco The exact nature ofthis 
change from lower to a higher potential than zinc is not yet understood. Particularly since, the 
strong decrease of the zinc potential with time is contrary to the desired increase due to protective 
patina formation. It could be that this is the result of a cathodic inhibition by the patina depositing 
on zinco The localised nature of the black areas surrounding circular areas free of patina would 
agree with a preferred deposition of patina on cathodic areas on zinco However, this will have to 
be further investigated. 

Considering the final more or less stabilised potential it can be seen that the passivates show a 
150-250 mV higher potential compared to bare zinco This implies an anodic protection ofthe zinc 
by the passivates that indicates a stabilisation of the formed patina. In sodium chloride the 
corrosion potential is hardly changed by the presence of a passivate or silicate se al. In table 1 the 
polarisation resistances measured directly af ter the 1 hour exposure in the NaHC03 / H20 2 

solution are compared to those measured in a sodium chloride solution. It can be se en that the 
various passivate coatings perform similar in both solutions. Untreated zinc corrodes slightly 
slower in the NaHC03 / H20 2 solution either due to patina formation or the lower aggressiveness 
of the solution. The higher polarisation resistance compared to zinc confirms an enhanced 
corrosion protection by chromate, chromium(III) and silicate. The polarisation resistance and the 
potential increase in the order zinc, chromium(III), silicate as expected for an increased anodic 
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protection. Chromate gives the highest polarisation resistance and thus corrosion protection, but a 
similar potential as chromium(III). Although anodic inhibition compared to zinc is the dominating 
effect this can only be explained if chromate also offers a stronger cathodic inhibition compared to 
chromium(III) and silicate. 

Table 7: Polarisation resistance of differently passivated zinc plated steel panels in artificial patina 
fonning solution and sodium chloride solution. 

Treatment Polarisation resistance / n m2 

untreated 
chromate 
Chromium(III) 
Molybdate 
Silicate 

NaHC03 / H20 2 3.5% NaCl 
0.4 0.1 
14 13 
1.5 0.6 
0.3 0.1 
7 6 

The behaviour ofmolybdate is different showing a similar polarisation resistance, but 200 mV 
higher potential compared to unpassivated zinco This can only be explained by a simultaneous 
anodic protection and cathodic activation by the molybdate passivate. The latter effect will have to 
be investigated further, but cathodic activation by a passivate is clearly detrimental to its corrosion 
protection. The different behaviour of molybdate can also be seen in Figure 5(b). The coating not 
only offers little corrosion protection, but also dissolves around the junctions of cracks. Also in the 
salt spray test dissolution ofmolybdate around crackjunctions was found. The crackjunctions are 
very likely locations of pores in the molybdate were bare zinc is exposed. 

(b) 

(c) (d) 
Figure 4: Optical microscope images ofvariously treated zinc surfaces after 1 hour in artificial 
patina forming solution; (a) untreated, (b) chromium(II1), (c) chromate, (d) molybdate. 
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(a) (b) 
Figure 5: Optical microscope images of three treated zinc surfaces after 1 hour in artificial patina 
forming solution; (a) chromate, (b) molybdate 

In figure 6 the potential variations and in Figure 7 microscope pictures of silicate post treated 
passivates are shown. Roughly the shape of the potential variations for the silicate sealed 
molybdate and chromium(lII) is intermediate between that for the unsealed passivates and that for 
silicate directly on zinco Also the microscope pictures show an intermediate behaviour, i.e. smaller 
patches of patina, similar to those on silicate sealed zinc, compared to unsealed chromium(III) and 
molybdate. Silicate sealed chromate behaves differently in the sense that the start potential is more 
positive. Like untreated zinc and the other passivates the start potential is in the range from -0.8 to 
-0.85 V. The cathodic protection observed for unsealed chromate seems to be lost for the silicate 
sealed chromate. Immobilisation of leachable chromate by the silicate is a possible cause for this 
difference. This would also imply that the cathodic protection offered by the chromate is related to 
the migration of chromate ions to cathodic areas. Unfortunately the polarisation resistance 
measurements on the sealed passivates are too irreproducible to support or contradiet this 
eonclusion. 
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Figure 6: Potential variation of silieate sealed differently passivated zine-plated steel panels in a 
NaHC03 / H20 2 artifieial patina forming solution at pH 8.1. 
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4.2 Conclusions 
Potential and polarisation resistance measurements and microscope study of several passivates on 
electroplated zinc exposed to an artificial patina forming solution showed that silicate, chromate 
and er(lI!) give anodic harrier protection with patina formation on zinc exposed at defects in the 
passive layers. Additionally chromate gives a cathodic protection that seems to he related to the 
presence ofmovahle chromate ions. Molyhdate offers no corrosion protection possibly due to 
activation ofthe cathodic reaction and dissolution ofthe molyhdate coating at junctions of cracks. 
The anodic protection offered by the silicate seal also indicates a patina stahilisation, hut further 
research is required. 

(h) 

(c) (d) 
Figure 7: Optical microscope images passivated and silicate treated zinc surf aces after 1 hour in 
artificial patina forming solution; (a) no passivate, (b) chromate, (c) molyhdate, (d) chromium(III) 
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5 Trivalent based conversion coatings 

In this part ofthe research the silicate treatment as a seal for trivalent chrome passivate for zinc 
was studied in more detail. The trivalent chrome passivate were investigated by Xiaolong Zhang 
at TU Delft in Task 3 of this project. It was shown The Cr (lIl) coating does not possess the self
healing properties of the traditional chromate layer and as aresuit an additional top-seal is 
required to ensure protection ofthe Cr (lIl) coating comparable to Cr(VI) based coatings. The aim 
of this research was the development of such a protective seal for the Cr (lIl) coating based on 
silica chemistry. Dedicated methods for the application of silicate-, siloxane- and/or silane-based 
top-seals will be pursued. The resulting systems was characterised thoroughly by such diverse 
techniques as, e.g., confocallight microscopy, infrared spectroscopy, scanning electron 
microscopy. 

5.1 Characterisation techniques used 

With krypton and nitrogen physisorption measurements attempts were made to determine the 
surface area and possibly the presence and size (distribution) ofpores on a coated and cut sample, 
but unfortunately the surface area was too low to measure any adsorption. Hence, this technique is 
not likely to be of any use in the remainder of the research. Infrared spectroscopy was and wiU be 
applied to study the materials as weil. Very recently the first results have been obtained. The 
obtained spectra for the system Cr (lIl) / Zn / Fe are qualitatively in agreement with the results 
published by Xiaolong Zhang: the shape of the spectra is to a large extent the same and the peaks 
are only slightly shifted. 

For the Si02 / Cr (lIl) / Zn / Fe material additional peaks are observed (as is to be expected), some 
of which can be directly assigned to Si02 • Nevertheless, attempts to elucidate the origin of some 
(minor) peaks wiU be made as weU, as these peaks can provide vital information on the interaction 
between the Cr (III) layer and Si02, Maybe a mixed chromium silicate compound can be 
observed. The influence ofthe reaction conditions on the formation and nature ofthe Cr (lIl) -
Si02 interlayer wil! also be studied. 

With confocal and normallight microscopy the surface of the coated and uncoated sample panels 
was studied. Unfortunately, the surf ace of the steel substrate was found to be rather rough, as can 
be seen in Figure 8. Moreover, this roughness was "copied" onto the consecutive adhering layers 
that were applied onto the substrate. The extent of surface roughness was approximately the same 
for all consecutive layers. From these figures it is clear that for a proper evaluation of the surf ace 
roughness ofthe applied coatings the effect ofthe substrate has to be minimised. Therefore the 
metal substrates are polished with sandpaper of increasingly fine grain size. Such a treatment, 
although elaborate, has beneficial effects on the surface roughness of the substrates. The effect of 
polishing on the roughness ofthe consecutive coating layers will also be addressed shortly. It 
should be mentioned that the roughness of the substrate surf ace also hampered the application of 
normal light microscopy, as the main features of the surf ace were more or less obscured by the 
topography of the underlying steel support. 
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Figure 8: Surf ace roughness ofthe used steel substrate. 

5.2 Experiments 

5.2.1 steel pre-treatment and application of the zinc and Cr (111) layers 

The carbon steel panels were cut into convenient pieces, measuring 5 x 5 cm, and were polished 
on one side, in order to facilitate characterisation. The panels were zinc plated and passivated 
using the Pennapass™ 7012 treatment as described above .. 

5.2.2 application of silica top-seals from waterglass solutions 

In the following experiment descriptions a 'steel panel refers to a panel which has been polished, 
zinc electroplated and Cr (lIl) passivated, as described above. 

Experiment 1: 
As a reference material a panel was dip-coated with a 'common' waterglass solution of 
concentration 0.91 mole ofSiOz r' (= 54.7 g Si02 r'). This solution was prepared by diluting a 
concentrated waterglass solution (Merck, extra pure) with demineralised water. The steel panel 
was immersed into the gently stirred diluted waterglass solution, which had been heated to 70°C. 
The dip-coat time was 5 minutes. After dip-coating the panel was not rinsed with dernineralised 
water, but placed immediately into an oven, where it was dried at 70°C for approximately one 
hour. 

Experiment 2: 
To check whether repeated dip-coating with (a) waterglass solution(s) would yield an improved 
silica coating a steel panel was dip-coated twice with the waterglass solution of Experiment 1. 
First, a steel panel was subjected to the same treatrnent as described in Experiment 1, after which 
it was allowed to cool down to room temperature. Subsequently the panel was dip-coated again for 
5 rninutes in the same waterglass solution. During the dip-coat process the waterglass solution, 
heated to 70°C, was stirred gently with a magnetic stirrer. After the dip-coat procedure the panel 
was placed in an oven (70°C) for approximately I hour, without prior rinsing with dernineralised 
water. 
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Experiment 3: 
During the last lOP-meeting it was suggested that pre-heating the steel panel before immersing it 
into the waterglass dip-coat solution could enhance the quality of the resulting silica coating. 
Therefore a steel panel was heated to 70 °C in an oven, after which it was immediately dip-coated 
into the waterglass solution of Experiment 1, which had also been heated to a temperature of 70 
°C. The panel was dip-coated for 5 minutes, during which the waterglass solution was gently 
stirred. FinaIly, the panel was dried in an oven (70°C) for approxirnately 1 hour, without prior 
rinsing with demineralised water. 

Experiment 4: 
According to Van Ooij et al. [I] the addition ofBa2

+ or Ca2
+ cations to the waterglass dip-coat 

solution should increase the performance of the silica coating, with respect to the topic of 
corrosion prevention. Therefore a waterglass solution containing Bi+ cations was prepared. To 
the standard waterglass solution of Experiment 1 an amount of barium acetate (Riedel-de-Haën, 
fur Analyse) was added, to obtain a Ba2

+ concentration of 0.2 mole r l
. Prior to the addition of 

barium acetate the waterglass solution was heated to 70 °C. Upon addition ofbarium acetate a 
suspension was formed instantaneously. Nevertheless, this suspension was used to dip-coat a steel 
panel for 5 minutes at 70 oe. During the dip-coat procedure the barium-containing waterglass 
suspension was stirred gently. After dip-coating the panel was not rinsed with demineralised 
water, but placed immediately in an oven (T = 70 °C) for approximately 1 hour. 

5.2.3 characterisation 

To assess the morphology of the coatings, as weIl as the thickness of the various layers the panels 
were subjected to structural characterisation with scanning electron microscopy (SEM). To this 
end a smal I piece was cut out of each of the panels and glued onto a sample holder with double
sided carbon (i.e. conductive) tape. To establish layer thicknesses smaIl pieces were carefully 
sawed off the panels with a smaIl circular saw. Subsequently the pieces of sample material were 
embedded in a conductive polymer matrix. The exposed cross-sec ti ons were polished until they 
were completely smooth (i.e. up to 0.25 )lm).SEM measurements were performed with a Jeol 
JSM-840A scanning microscope, equipped with a tungsten filament as the electron source. The 
acceleration voltage ofthe electrons was 20 kV, whereas the probe current was 3*10-9 A. Electron 
micrographs as weIl as elemental composition maps were obtained with Noran system six 
software and (energy-dispersive) equipment (Thenno Electron Corporation). 

5.3 Results and discussion 

Experiment 1 

Figures 9 and 10 show scanning electron micrographs of the coated steel panel of Experiment 1. It 
is seen that the morphology ofthe silica coating exhibits the weil known "dried up clay structure", 
which has been reported earlier for this kind of materials by the coIleagues from Delft. These and 
other micrographs show that the layer has quite weU adhered to the surface, as hardly any bare 
steel surf ace can be observed. 

The results of elemental analyses of this sample are given in Figure 11. Figure 11-1 shows the area 
that was studied during the analyses, whereas Figures 11-2 - 11-5 show the distribution of Fe, Zn, 
Cr and Si, respectively. It is seen that the coating is thick enough to block most of the iron signal, 
as can be seen in Figure 11-2. Moreover, even though the analyses are not quantitative there is 
only a small amount of Cr visible in Figure 11-4, which is consistent with the relatively thin 

[1) W.J. van Ooij, A. Sabata and T-H. Yoon, Proceedings - Electrochemical 

Society (1989),89-13 (Proc. Symp. Adv. Corros. Prot. Org. Coat.), 109-120. 
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Cr(III) layers found by depth profiling by the people from Delft. Finally, it should be noted that 
the results of the elemental analyses point to a very homogeneous distribution of Zn, ICr(III)" and 
Si02 over the surf ace ofthe steel panel. However, analyses ofthe cross-section ofthis sample 
revealed that this conclusion is not as straightforward as might seem. An example of a cross
section ofthe panel of Experiment 1 can be seen in Figure 12. It should be noted that similar 
micrographs were obtained for the other materials (not shown here). It is se en that large pores / 
holes are present in the zinc layer that had been deposited electrochemically on the steel surface. 
An even more severe example ofthis behaviour can be seen in Figure 13. The origin of these 
pores is not yet clear. 

Figure 9: SEM image of the surface of the steel panel obtained after applying Zn, ICr(III)" and 
Si02, following the preparation procedure of Experiment 1 (i.e. 1 * dip-coating in waterglass). The 
white lines are the cracks which are present in the Si02 coating. 

Figure 11-1: Close-up SEM micrograph of the surface of a steel panel onto which Zn (via 
electrodeposition), Cr (III) and Si02 (both via dip-coating) have been applied. 
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11-3: Zn distribution 

11-4: Cr distribution 11-5: Si distribution 

Figure 12: Cross-section ofthe panel of Experiment 1. It is seen that numerous voids are present 
in the zinc layer. 

Figure 13: Very large pores in the zinc layer ofthe sample of Experiment 1. 

With the cross-section ofthe sample elemental analyses were performed as weIl. An example of 
such an experiment is shown in Figure 14-1 - 14-5. The different layers could very weU be 
established with this technique, except the "Cr (III) layer", which apparently was too thin to be 
detected accurately. It is striking that the Si02 layer could only be visualised with the elemental 
analyses, but not with the "normal" secondary and backscattered electrons. Nonnally, the Si02 
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layer is not conductive for electrons and as a result charge builds op on the Si02 surface. Hence 
this layer normally lights up brightly in SEM. Maybe charging was prevented in this case, because 
the Si02 layer was in good contact with a thin sheet of aluminium metal. Nevertheless, the 
thickness ofthe Si02 1ayer could be determined from the elemental map shown in Figure 14-5: 
approximately 3 - 4 !lm. 

Experiment 2 

When the surface of the panel prepared via the procedure of Experiment 2 was studied with SEM 
hardlyany "dried up clay structure" could be detected at modemte magnifications, as can be seen 
in the example of Figure 15. However, upon further zooming at the surf ace the structure could be 
visualised; see Figure 16 and 17. Nevertheless, the extent ofoccurrence ofthe "dried up clay 
structure" is significantly lower after dipping twice with waterglass solution. There seem to be 
some impurities at the surface ofthis sample, although the origin of these impurities is not known. 
A possible explanation, however, is that these impurities have been introduced on the surface 
during sawing of the steel panel. Furthermore, some holes / pores appear to penetrate the surface. 
Further analysis ofthe cross-section ofthe panel will be carried out to deterrnine whether the 
presence of these pores is (again) caused by a discontinuity ofthe zinc layer, similar to the sample 
of Experiment 1. 

reJ:,rei:;erLtl.rlg the area used for elemental mapping. 

14-3: Zn distribution 

14-4: Cr distribution 14-5: Si distribution 
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Although the layers appear to adhere weIl to the substrate this behaviour has not yet been studied 
thoroughly. Analyses ofthe cross-section ofthis sample will probably yield more information 
conceming this topic. In addition the thickness of the silica layer after coating twice with the 
standard waterglass solution wiIl be determined. 

Figure 15: SEM micrograph ofthe surf ace ofthe steel panel obtained during Experiment 2. Some 
impurities as weIl as pores are visible. 

Figure 16: Close-up ofthe panel of Experiment 2. Here the characteristic "dried up clay structure" 
is well visible. 

Experiment 3 

Ouring the last IOP-meeting it was suggested that pre-heating the steel panel just prior to dip
coating with waterglass solution might improve the quality of the silica coating. Therefore the 
steel panel was pre-heated to 70 oe before dip-coating with the "normal" waterglass solution. The 
resulting material appeared to be very smooth, as observed with SEM. The coating had a kind of 
glassy appearance, although pores, representing the "dried up c1ay structure", were also present. 
However, another interesting, yet disappointing feature of this sample is the fact that parts of the 
coating had to some extent peeled offfrom the underlying substrate, indicating (suggesting?) that 
the adherence of the coating to the underlying substrate is worse compared to the samples coated 
at room temperature. A characteristic SEM micrograph of this sample, displaying both the 
"glassy" nature of the coating and some coating parts that have peeled off is presented in Figure 
10. Unfortunately, lt should be noted that the majority of this sample resembles the micrograph 
shown in Figure 10, i.e. a significant part ofthe underlying substrate is not completely covered by 
the silica coating as a result of the peeling off process. 
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Figure 17: SEM micrograph ofthe silica coating obtained after dip-coating a pre-heated steel 
panel (70°C) with the "nonnal" waterglass solution. The parts ofthe coating that adhere to the 
substrate look rather "glassy". However, it is also c1ear that parts ofthe coating are being peeled 
off from the substrate. 

Despite these results the silica coating appears to be denser than the coating of the sample of 
Experiment 1. Further (cross-section) analyses have to reveal whether this assumption is correct or 
not. From an application point of view the (possibly) dense coating layer might offer better 
corrosion protection than the other coatings studied thus far, provided that a continuous layer of 
the coating can be applied, without the defects shown in Figure 17. Therefore efforts have to be 
aimed first at the improvement ofthis coating, followed by corrosion resistance experiments. 

Experiment 4 

Finally, a silica coating prepared from a barium-containing waterglass suspension was studied 
with SEM. A remarkable feature ofthis coating was the absence ofthe so..çalled "dried up clay 
structure", as can be se en in Figure 18. It was documented previously [1] that the addition of 
barium (or calcium) ions to the coating precursor solution (suspension?) enhanced the corrosion 
protection properties of the resulting silicate coatings on a substrate. Apparently, the improved 
corrosion protection originates from the absence of pores penetrating the coating. Moreover, upon 
zooming in the surface ofthe sample was found to be extremely flat, as can be seen in Figure 19. 

Surprisingly, with elemental analysis the presence ofbarium in the coating could not be detected. 
This finding might indicate that barium ions are not built into the silica layer (e.g. as aresult ofthe 
formation of a waterglass suspension), but probably the detection limit for barium with 
wavelength dispersive analysis ofx-rays is too high. An option to check the presence ofbarium 
ions is XPS. Finally, the performance of this sample in corrosion experiments will probably be 
interesting, as the absence of a large amount of cracks in the silica layer indicates that the 
durability of this coating is probably high. 

Figure 18: SEM micrograph ofthe surface ofthe sample prepared in the presence of barium ions. 
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Figure 19: Close-up SEM micrograph ofthe surf ace ofthe sample prepared in the presence of 
barium ions. 1t is seen that the surf ace is very smooth and contains hardly any defects. 

5.4 miscellaneous 

Physisorption measurements to determine the porosity of the prepared samples were unsuccessful: 
the surface area was too low to be measured with krypton physisorption. Moreover, a lot of effort 
has been placed in the investigation ofthe materials with confocallight microscopy, but 
unfortunately only unsatisfactory results have been obtained so faro Layer thicknesses ofthe 
various layers could not be determined, probably because the outer layers were transparent to the 
light beam. Attempts to circumvent this problem by sputtering very thin gold layers on the sample 
materials were not successful either. Therefore, no further attempts to determine layer thicknesses 
have been made with this technique. 

Another approach to prepare the samples was by varying the viscosity ofthe waterglass dip-coat 
solutions. The viscosity ofthe waterglass solutions was increased by lowering the pH ofthe 
solutions. Unfortunately, a too little decrease did not result in an increase ofviscosity, whereas a 
too large decrease resulted in the precipitation of silica gel, thus making dip-coating impossible. 
Therefore, the approach of 190wering the pH to increase viscosity was abandoned. 
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