Characterization of corrosion resistance
of chromium-free conversion coatings
for aeronautical application
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Coating systems protect metal substrates from environmental corrosion attack. However, although having good
performances, the presence of specific metal ions in their composition represents a potential source of environmental
contamination. The necessity to conciliate corrosion protection with environmental impact is, thereby, primary.

This work was designed to study the performance of low environmental impact conversion coatings
(surface pre-treatment and high-solids epoxy primer), such as those free from hexavalent chromium (Cr Vi), layered
on different substrates of aluminium alloy [Al 7075 (T6) unclad and Al 2024 (T3) unclad] widely used in aerospace
applications. Substrate surfaces were first treated by environmentally friendly Cr-free products. Successively,
on pre-treated substrates, high-solids, chromate-free epoxy primer was applied. The capability to protect substrates
from corrosion phenomena was evaluated following exposure of 4 groups of samples to in situ marine atmosphere
at the Genoa Experimental Marine Station (G.E.M.S.) of CN.R.-1.5.MAR., located in the port of Genoa, for 8, 16, and
24 months and in accordance with UNI EN ISO 8565.1997 Standard. Accelerated degradation of conversion coating
was also studied by electrochemical impedance spectroscopy. To characterize the coating systems, the interface metal
substrate/conversion coating, sections from different samples were submitted to microscope techniques.

The experimental results reported in this paper give useful information regarding the protective power against substrate
corrosion of some Cr-free conversion coatings that have as compared to traditional Cr VI containing products, a lower
impact on workers” health and on the environment.
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INTRODUCTION

The high strength Al alloy 7075 and Al alloy 2024 have been
usually utilized in aerospace applications [1]. These alloys are
subject to a high degradation in chloride ion environments and it
is necessary to improve their corrosion resistance and adhesion
properties. For this reason, the development of various surface
modification processes have been studied [2].

Among them, conversion coatings play a key role because they
protect metallic substrates against environmental corrosion
attack and favour the adhesion of further top coat applications
[3-10]. However, although having good performances, the
presence of specific metal ions in their composition such as
hexavalent chromium (Cr VI) represents a potential source of
environmental contamination and a risk factor for workers'
health [11-14]. The necessity to conciliate corrosion protection
with environmental impact is, thereby, primary [15-24], and the
development of a chromate-free conversion coating with equal
or better performances becomes of great importance [25,26]. To
this aim, trivalent chrome processes, rare earth based conversion
coatings, permanganate and Zr/Ti based treatments have been
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studied but their long term corrosion resistance has been
often found to be inadequate in aggressive chloride containing
environments [27-29].

The main objective of this work was to study the performance
of two low environmental impact conversion coatings (surface
treatment and primer) free from Cr VI, layered on Al alloy 7075
and Al alloy 2024.

The protection of these Al alloys against corrosion phenomena was
studied by exposing 4 groups of samples to marine atmosphere
at the Genoa Experimental Marine Station (G.E.M.S.) of C.N.R.-
.S.MAR., located in the port of Genoa, for 8, 16, and 24 months
and in accordance with UNI EN 1SO 8565:1997 Standard. The
G.E.M.S. of C.N.R.-.S.MAR. is frequently used for the conduction
of corrosion tests on materials and for the assessment of
anticorrosive and antifouling power of different types of coating.
To these aims, samples can be directly immersed in sea water
(from a floating dock) or exposed to marine atmosphere (by
appropriate structures) [http://www.ismar.cnr.it].

The effective capability of low environmental impact conversion

coatings to protect substrates from corrosion was evaluated
at the end of each time of exposure to marine atmosphere.
At the same time, the possible presence of aesthetic damages
was evaluated. To this aim samples were analyzed by picture
collection by digital camera, optical and electron microscope, and
electrochemical tests.

Our results give useful information in choosing reduced
environmental impact products having, at the same time, high
quality and protection levels.

MATERIALS AND METHODS

Materials

Substrates and Cr-free conversion coatings

Two aluminium alloys were utilized as substrates: Al alloy 7075
(T6) unclad and Al alloy 2024 (T3) unclad. Substrate surfaces
were pre-treated in two ways, and the same epoxy primer was
successively applied. Samples were then divided in 4 groups as
specified in Table 1.

Tab. 1 - Conversion coatings under investigation and their grouping (*)

Group Substrate Surface pre-treatment and primer Thickness (pm)
1 Al alloy 7075 (T6) undlad Water basﬁ%ﬁ‘i@iﬂggg’&;ﬂgﬁ and Crree 34+3
2 Mooy 7075 (16 uncad  SO-9elprefeatment ih Cefee coroson nibitor 3743
3 Al alloy 2024 (T3) undlad e e oron oter and Crfree 3842
4 Al alloy 2024 (T3) unclad Sol-gel pre-treatment with Cr-free corrosion inhibitor 3043

and Cr-free high-solids epoxy primer

(*) = due to confidentiality requirements, it is not possible to provide additional information.

Samples were 7,5 cm x 7,5 cm. Before exposure to marine
atmosphere, artificial defects were created on some samples
to amplify conversion coatings damage. In accordance with the
International Standard Guidelines, defects were represented by
two diagonal scratches deep enough to reach the aluminium
substrate, 5 cm long and orthogonal one each other. Samples
were analyzed with or without defects (scratched and unscratched
samples).

Methods

Photographic documentation

Qualitative and preliminary evaluation of the decay or integrity
of conversion coatings after exposure to marine atmosphere
was given by a detailed, although macroscopic, photographic
documentation of the morphology of specimens by using a high
performance digital camera (Canon EOS 500D with a Canon lens
50 mm f 1.7) recording pictures at 12.2 MP resolution in RAW
format.

Thickness measurement

Conversion coating thickness was evaluated as applicable
according to Eddy Current method (Namicon DuoCheck ST1)
by the suitable probe for not-magnetic substrates. Assessments
were performed on five different points for each sample, before
exposure to marine atmosphere.

The values are reported in Table 1 as the mean + S.D. for each
group of samples.

Microscope analysis

Following 0, 8, 16, and 24 months of exposure to marine
atmosphere, samples were submitted to two steps in-depth
analyses performed by using Optical Stereo Microscope (Wild
M3B) with 3D micrograph acquisition system and by Scanning
Electron Microscope (Leo 1450VP) with EDX microprobe (Oxford
Inca 300) respectively. SEM was set up at 20 kV acceleration
voltage.

Electrochemical impedance spectroscopy measurement
Following 0, 8, 16, and 24 months of exposure to marine
atmosphere, unscratched samples were analysed after exposure
to 5% NaCl aqueous solution (corrosive solution), at room
temperature, for 2, 24, 48 (only for samples exposed to marine
atmosphere), 72, and 168 hours (7 days). Electrochemical
impedance spectroscopy (EIS) measurements were carried out
by using an electrochemical device (Metrohm Autolab PGSTAT
30) interfaced with a pc having a suitable software (Metrohm
FRA). All EIS measurements were performed by perturbing the
equilibrium potential of the specimen with 10 mV ac with the
frequency decreasing from 10 KHz to 10 mHz. The impedance
values were plotted in Nyquist diagrams. From Bode diagrams,
values of Z modulus (|Z|, expressed in Q cm?) were also calculated.
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These values represent a first indication of the protective power
of the coating system.

RESULTS AND DISCUSSION
OM and SEM analyses following exposure to marine atmosphere

All samples belonging to the four eco-friendly groups of protective
systems were submitted to OM and SEM analyses. However, for
conciseness reasons, only one representative picture collected by
OM and SEM from one sample is shown.

Fig. 1 - Stereomicrographies of group 1 and 3 conversion coating appearance after 24 months of exposure to marine atmosphere.

Figure 1 shows two scratched samples representing groups 1
and 3 characterized by the same surface pre-treatment and
primer but differing for the substrate. Following 24 months of
exposure to marine atmosphere, both samples show similar high
blistering and cracking degradation of the conversion coating.

100pm

SEM measurements on samples from group 1 could reveal the
presence of possible corrosion damages responsible for cracking
and the subsequent detachment of the conversion coating found
to occur following 24 months of exposure to marine atmosphere.

858 BEIl x1K 20KV

Spectrum|Instats. O Mg Al P S Ca Ti Cu Zn Ba Total
1 Yes 61.83 1.17 27.65 0.93 2.12 6.29 100.00
2 Yes 41.99 0.78 10.98 1.70 0.88 7.69 30.15 5.84 100.00
3 Yes 1.57 259 8841 1.65 5.78 100.00

Fig. 2 - SEM analysis of group 1 conversion coating after 24 months of exposure to marine atmosphere.
Morphology (upper panel) and chemical analysis (lower table). Values are reported in weight %.

As shown in Figure 2, SEM analysis identifies the presence of
fissures in the interface metal substrate/conversion coating as
compared to not exposed samples (Figure 3, area n. 4). Chemical
analysis shows the presence of very high amount of oxygen
(Figure 2, area n. 1) due to the formation of corrosion products

of the substrate, leading to a detach between conversion coating
and substrate. Similar data were also obtained from group 3.
For shorter times of exposure to marine atmosphere (8 and
16 months), blistering and cracking of conversion coatings for
samples from group 1 and 3 were very poorly detectable.
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EOpm 1 4_A x1K BEl 20KV

Spectrum |In stats. O Mg Al P Ca Ti Fe Cu Zn Ba Total
1 Yes 11.86 49.29 20.61 1824 100.00
2 Yes 57.38 12.62 30.00 100.00
3 Yes 3.06 89.68 1.13 6.12 100.00
4 Yes  42.25 10.75 1.98 8.50 0.69 29.12 6.72 100.00

Fig. 3 - SEM analysis of group 1 conversion coating before exposure to marine atmosphere.
Morphology (upper panel) and chemical analysis (lower table). Values are reported in weight %.

Fig. 4 - Stereomicrographies of group 2 and 4 conversion coating appearance after 24 months of exposure to marine atmosphere.

Figure 4 shows two scratched samples belonging to groups 2 and
4 characterized by the same surface pre-treatment and primer
but differing for the substrate. Following 24 months of exposure
to marine atmosphere, in contrast to what observed on samples
from groups 1 and 3, both samples representing groups 2 and 4
do not show significant blistering or cracking degradation of the
conversion coating.

SEM measurements on samples from group 2 reveal that, following
24 months of exposure and in contrast to what observed to occur
on samples from groups 1 and 3, no fissures are detectable and
that the conversion coating is still homogeneously distributed.
This is further confirmed by the picture shown in Figure 5.
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50um

' 152B x3K BEl 20KV lab

Spectrum | Instats. O Al Si
1 Yes 4454 17.09 1957
2 Yes 4387 1.20

11.07 1.78 0.82 833 32.93

P S Ca Ti Zn Zr Total
1.25 17.55 100.00
100.00

Fig. 5 - SEM analysis of group 2 conversion coating after 24 months of exposure to marine atmosphere.
Morphology (upper panel) and chemical analysis (lower table). Values are reported in weight %.

In addition, the integrity of the entire conversion coating, that

could be modified by the formation of substrate corrosion

products, appears to be unaffected (Figure 6).

30um

' 6.A XK BEI

Spectrum | Instats. O Al Si P Ti Fe Cu Zn Zr Ba Total
1 Yes 56.87 1232 30.81 100.00
2 Yes 4553 1574 19.72 0.56 1.56 16.89 100.00
3 Yes 4419 17.49 19.78 1.55 17.00 100.00
4 Yes  43.64 15.13 0.81 40.42 100.00
5 Yes 62.51 853 1141 289 685 1.04 67, 100.00
6 Yes 40.76 1.40 6.83 1949 20.45 11.07 100.00
7 Yes 3994 1178 8.43 0383 30.90 8.12 100.00

Fig. 6 - SEM analysis of group 2 conversion coating before exposure to marine atmosphere.
Morphology (upper panel) and chemical analysis (lower table). Values are reported in weight %.

Chemical analysis reveals the presence of oxygen in relatively
high amounts (Figure 5, area n. 1). However, if compared to those
measured on samples from groups 1 and 3, these levels are not
suggesting the presence and, thereby, the formation of substrate
corrosion products. This hypothesis is further confirmed by SEM
analysis performed on unexposed samples in which oxygen is found
to be present in almost the same amounts (Figure 6, areas n. 2 and
n. 3). The presence of oxygen could be attributed, in this case, to
the aqueous nature (sol-gel) of the surface pre-treatment performed.

EIS analyses after exposure to marine atmosphere

EIS measurements were carried out on all the unscratched samples
belonging to the four eco-friendly groups herein considered.
However, for conciseness reasons and because similar results
were obtained from groups 3 and 4 respectively, only Nyquist
diagrams of the impedance measurements performed on groups
1 and 2 are reported below.
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Fig. 7 - Nyquist diagram of group 1 after different immersion times in 5% NaCl solution.

As shown in Figure 7, EIS measurements on samples of group 1
unexposed to marine atmosphere show a stable trend. However,
after for 7 days of immersion time in the corrosive solution, a
reduction in the semicircle diameter is detectable starting from 8
months of exposure to marine environment, thereby suggesting
a reduction in protective power of the conversion coating. For

longer times of exposure to marine atmosphere (16 and 24
months), semicircle diameters do not show trends related to the
times of immersion in the corrosive solution. Nyquist diagrams
plotted from samples of group 2 do not show trends significantly
linked to the times of immersion in the corrosive solution (Figure

8).

Exposure time = 0 months

Exposure time = 8 months

Group 2 - sample 161

Group 2 - sample 148

2R o 2t AZEm e By s -ie+07 0 12407  2e407  3e+07 42407 Sedld7 6207 Fadd7  Besd7
35a-08 L L 1 1 L |- Bies0g 2.54+08 TEPRTITE ATV RPN RS Ar A | [ | 2.5=+08
= GZsamoe 161-2 = F o2 148-24h
3202 ] m  GZsampe 161-24 | BexR A 5:::; 148-48h o
= Glsamoe 161-7d 3 2e+08 J + G2- sample 148-72h o Fase
25008 ] o F 2se-02 4 Gi-sample 146-7d -
E 1.52+08 ] 5 [ 1.5=408
2008 ] F 2a-01 i ]
i : | 3 ;s
E a
s 15=-02 ] ok [ 15=-02 ‘, 1=+05 [ 1=+08
— F = =
b . E = a
B e L] F ez Lo [ Y
1 - 5 F S=+07 ] 1 * [ SeH7
. ® E " . . . -
Se-07 ] ey " [ s=-a7 a 2, o
o ; P Eo
o] Fao
E -5e407 ] -Se407
R T T T L T PR 1407 0 1e407 22407 3407 4ei07 Seil7 6es7 Tei07  Gel?
-2e+07 a 2=+07 a7 Ge+07 ge+07 le+0s 2 = d = =
Z(ohm) Z'(ohm)
Exposure time = 16 months Exposure time = 24 months
Group 2 - sample 149 Group 2 - Sample 150
12407 ] 1e407 22407 3e4l7  4=407 52407 6407 TedO7 52406 [ 52406 12407 L5=+07  2e407  25e407  3=+07
=08 Il 1 1 1 1 1 1 3a+08 Sat07 L 1 1 1 1 1 1 1 Se407
+ Glszmple149-2h - »  E-s=rpi=130-Zh - r
2.5=+08 & Glsample 148245 [ 2.5=+08 m  @-samplei50-24h F
4 GZs=mple 14598 e—-e » G-zample150-48h R
evos 1 GEs=mple 148720 TE s 1 G-s=mplei30-72h . £
5 . +
G2 sample 14974 a 32407 ] @-s2mple150-7¢ E s
@ E
F 152408 ] . = F 152408 £
E E 2e+07 ] - [ 22407
T o1ews ] " ¢ [ 1e+08 vt - E
N
« F -
* P 1e+07 ] - [ tet07
52407 ] ’ [ g [ 5=+07 - . o L
o . sBoamh by
i . .
gl & i = o
o] F & Fo B s E
52407 . : . . : : : -Se+07 - 107 = ; : ; , | 12407
12407 ] 12407 Ze#7  3=+l7 4=407  S5=d7 6et07 7= H7 Se+06 ] 52408 12407 L5=+07  2e407  25e407  3=¢07
Z'(ohm) Z(ohm)

Fig. 8 - Nyquist diagram of group 2 after different immersion times in 5% NaCl solution.
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Different semicircle diameters for samples after 2 hours of
immersion in the corrosive solution suggests that the time of
exposure to the corrosive action of the solution was not sufficient
to reach the equilibrium of the electrochemical system.

To give a first indication of the degradation of the conversion

coatings, from Bode diagrams values of Z modulus (|Z|, expressed
in Q cm?) were also calculated. From the curve corresponding
to log || vs. log ®, we have obtained the maximum asymptotic
value of |Z| for lower frequencies and have considered it to be
indicative of the conversion coating protective power [30].

Tab. 2 - |Z| values following different marine atmosphere exposure times at different immersion periods in 5% NaCl solution.

Marine atmosphere exposure time = 0 months

Marine atmosphere exposure time = 8 months

N S W N R R W W W

1 e 3,80 10 7,5910°%% 3,2410°% 1 3,0210°% 2,7510°® 2,57 103 1,91 10  -oeoeee
2 33910 1,1510°% oo 3721008 2 e 57510°% 2,34 105 2,29 10 2,09 10+
33,8010 33910 32410 28310" 3

4 56210 4,6810%%  -oweoee 1,5510°% 4 e 1,38 10 1,2910°7 5,6210°% 2,14 10*

Marine atmosphere exposure time = 16 months

Marine atmosphere exposure time = 24 months

B Jah s Foh

2,4510*% 7,08 107 1,51 10*% 2,34 10** 7,08 10*%

Group

Group

B Jah s Foh

5,01 10+% 3,80 10%% 4,07 10*% 3,16 10*% 4,17 10+%

1
2 2,7510%% 2,29 10" 2,14 10*% 2,04 10*% 1,95 10+%
3 2,2910%% 1,82 10*% 1,62 10 1,62 10*% 4,27 10+

1
2501107 3,47 1077 1,12 10*°7 8,91 10*%® 8,71 10*%
3 6,6110% 50110 1,45 10%% 1,70 10*% 4,17 10+

4 1,1710%% 9,33 10+ 8,51 10 7,94 10*" 5,13 10+

4 4,68 10%% 1,48 10*% 9,12 10% 7,76 10*% 3,09 10*%

The indicated times (2h, 24h, 48h, 72h, and 7d) refer to the immersion periods in 5% NaCl solution.

As shown in Table 2, |Z| values from samples of group 1
confirm the reduction of protective power for exposure times to
marine atmosphere longer than 8 months. On the contrary, the
protective power of conversion coatings for the groups 3 and 4
is reduced following times of exposure to marine atmosphere
longer than 16 months. |Z| values obtained from group 2 show
a high protective power that remains unchanged increasing the
time of exposure to marine atmosphere.

EIS measurements show, in particular, that the group 2 has a
noticeable protective power, sometimes comparable with that
shown by samples whose conversion coatings are classified
as non-environmentally friendly and that we have analysed in
a larger study using the same experimental conditions. In this
study, |Z| values obtained from Cr-containing conversion coatings
reached values very next to 10*° that remained quite stable
even increasing the time of exposure to marine atmosphere
[31]. Considering the other samples (groups 1, 3, and 4), the
resistance of the conversion coatings to degradation phenomena
is reduced with the increase of marine atmosphere exposure
time, starting from 8 months for group 1 and from 16 months
from groups 3 and 4.

The results shown in this paper, further confirm the high potential
of water based adhesion promoter with high-solids chromate free
primer for the replacement of the chromate-based conversion
coatings with environmental friendly processes, such as sol-gel
methods, rare earth based treatments, etc. as reported in recent
works [32-34].

CONCLUSIONS

Two different conversion coatings applied on two aluminum
alloy substrates usually utilized in aerospace applications, were
studied in this work. The presence of damages and the protective
power of different conversion coatings were evaluated at the end
of each time of exposure to marine atmosphere.

Data acquired reveal that, if the same pre-treatment and primer
are used, the aluminum alloy substrate has no influence on
conversion coatings degradation, and that samples coated
with sol-gel surface pre-treatment containing Cr-free corrosion
inhibitor and Cr-free high-solids epoxy primer (groups 2 and
4) show a lower degradation, after 24 months of atmosphere
exposure time, in comparison with the other two groups having
a different conversion coating (groups 1 and 3).

This paper gives useful information in choosing reduced
environmental impact products having, at the same time, high
quality and protection levels. Chromium free conversion coatings
could therefore replace chromate-based surface treatments,
although there is still much research to be done to develop and
improve a final hi-tech commercial product.
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