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Abstract
Zr-based conversion coatings have received a lot of attention in recent years because of their green benefits, which offer 
nontoxic properties in comparison to conventional chromate and phosphate coatings. This study aims to investigate the effects 
of deposition parameters on the properties of Zr-based conversion coatings. The surface morphology, chemical composition, 
pitting corrosion resistance and corrosion performance of such coatings are studied using scanning electron microscopy 
(SEM), energy-dispersive X-ray spectroscopy (EDX), potentiodynamic polarization and salt spray techniques, respectively. 
Optical microscope and adherence test method are used to show the pits formed after potentiodynamic polarization and the 
adhesion of an organic coating to the samples. The SEM micrographs and EDX results revealed that increasing pH value, 
 H2ZrF6 concentration, deposition temperature and immersion time result in the formation of Zr-based conversion coating 
with unfavorable agglomerated areas, microcracks and non-uniformity of coating. The different experiments showed that 
superior pitting corrosion resistance coating could come from a bath with 100 mg/l hexafluorozirconic acid  (H2ZrF6), at 
the pH value of 4, the temperature of 25 °C and the immersion time of 3 min. Moreover, the adhesion of organic coating to 
coated Al 1200 is higher than uncoated Al 1200.

Keywords Al 1200 · Zr-based conversion coatings · Deposition parameters · Pitting corrosion

1 Introduction

Aluminum and its alloys have excellent corrosion resistance 
in marine, urban and industrial environments [1]. The 1xxx 
series, commercial aluminum alloys with 99% purity, pos-
sess excellent corrosion resistance compared to other alu-
minum alloys. The 1xxx series aluminum alloys due to their 
excellent corrosion resistance, high thermal conductivity, 

and low density are used in various applications such as 
packaging industry, chemical equipment, kitchen utensils, 
tank car and truck bodies [2]. Among 1xxx series aluminum 
alloys, aluminum 1200 alloys have been widely used in the 
biomedical implants, automotive and electrical industries 
[2, 3]. These alloys are more susceptible to local corrosion 
due to the presence of a relatively high percentage of alloy-
ing elements (iron, silicon) in their crystal structure. The 
existence of these elements in their crystal structure leads to 
the formation of  Al6Fe,  Al3Fe and  Al12Fe3Si2 intermetallic 
particles that are preferential sites for pitting corrosion in 
these aluminum alloys [3]. One of the practical techniques 
to enhance the corrosion resistance of 1xxx series aluminum 
alloys is the deposition of conversion coatings on the surface 
of such alloys [4].

The surface properties of these alloys can be further 
improved through the application of various types of coat-
ings, such as anodizing, painting, or conversion coatings. 
Anodizing is a commonly used surface treatment for alu-
minum alloys, which involves the formation of a protective 
oxide layer through an electrochemical process. Aghili et al. 
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investigated the effect of various factors on the anodization 
process of 1xxx series aluminum alloys, such as the type of 
electrolyte, the anodizing voltage and surface preparation 
[5]. Painting is another common method used to protect the 
surface of alloys that can provide both decorative and protec-
tive functions [6]. Conversion coatings are also commonly 
used to improve the corrosion resistance and adhesion of 
subsequent coatings to enhance anti-corrosion behavior, 
mechanical properties, and biocompatibility [7].

The conversion coating is applied on the surface of metals 
and alloys by chemical or electrochemical reaction between 
the metal and the solution [8–10]. Such coatings are used to 
improve corrosion resistance and facilitate adhesion between 
the painting and the substrate [8, 11]. Phosphate and chro-
mate conversion coatings are the most common and familiar 
in different industries [12]. The adhesion between painting 
and the surface of ferrous alloys in the automotive industry 
is generally improved by phosphate conversion coating [8, 
9]. The phosphating process is not a cost-effective method 
because it requires consuming a large amount of energy 
and removing sludge from the phosphating bath [8, 13]. On 
the other hand, the chromate conversion coatings that are 
typically applied on light metals play a crucial role in the 
pretreatment of aerospace products [8, 9]. The presence of 
 Cr+6 in Cr-based pretreatment baths results in toxicity, so 
the production of chromate conversion coatings has been 
banned in different industries [13]. It has been several dec-
ades since considerable research has been conducted on the 
application of environmentally friendly and novel conver-
sion coatings with the possibility of being applied at low 
temperature with high corrosion resistance and low cost to 
replace toxic and conventional conversion coatings [7, 8]. 
Other studies have focused on the development of environ-
mentally friendly conversion coatings, such as those based 
on nanotechnology to reduce the use of hazardous chemicals 
[15]. Moreover, utilizing different kinds of ceramics nano-
materials coating, such as  Al2O3,  ZrO2, and  TiO2 play a role 
in the improvement the mechanical and chemical properties 
of these coatings [16].

Previous research studies have focused on the introduc-
tion of new conversion coatings based on cerium [11–13, 
19], lanthanum [21], vanadium [22], titanium [23, 24], mag-
nesium [25] and zirconium [15, 16]. Among these coatings, 
the zirconium (Zr) conversion coating can be a reliable alter-
native to conventional conversion coatings, and has offered 
cost-effective coatings compared to the phosphate-based and 
chromate-based pretreatments [28].

Zirconia conversion coatings have been shown to pro-
vide superior corrosion protection compared to traditional 
conversion coatings [29]. Zirconia conversion coatings have 
been investigated as a promising alternative to traditional 
conversion coatings for aluminum alloys. In particular, zir-
conia conversion coatings have shown excellent corrosion 

resistance and adhesion properties on aluminum 1200, 
which is a widely used aluminum alloy in various industries. 
One such application is in the automotive industry, where 
zirconia conversion coatings have been shown to provide 
superior corrosion protection compared to traditional con-
version coatings. In addition, zirconia coatings have been 
investigated for their potential use as a surface treatment 
for biomedical implants due to their biocompatibility and 
the ability to improve the osseointegration of implants [30]. 
Furthermore, zirconia conversion coatings have been studied 
for their potential use in the aerospace industry to protect 
aluminum alloys from corrosion in harsh environments [29].

The proposed reactions that result in the deposition of 
Zr-based conversion coatings are:

where, aggressive  H+ and  F− ions dissolve the aluminum 
oxide thin film on aluminum to prepare the substrate for 
the initial step of deposition of a conversion coating. On 
the other hand, the reduction of  O2 and the evolution of  H2 
take place in the cathodic areas of the substrate so that the 
amount of  OH− increases. This phenomenon (increasing pH) 
leads to the hydrolysis of  ZrF6 2− which pave the way for the 
deposition of  ZrO2.2H2O films [31].

Among the recent studies conducted on the deposition 
of Zr-based conversion coatings, Hamdy et al. have inves-
tigated the effect of zirconate concentration on the uniform 
corrosion behavior of Zr-based conversion coatings that 
were applied on magnesium AZ31D alloy. They have dem-
onstrated that using 20 g/l zirconate solution exhibited the 
best corrosion resistance due to the minimization of active 
sites and rejection of  Cl− ions on the surface [32]. H. Eivaz 
Mohammadloo et al. have shown that the processing param-
eters of Zr-based conversion coatings such as immersion 
time, solution pH and temperature can influence electro-
chemical and morphological properties of Zr-based con-
version coatings deposited on cold-rolled steel substrates 
[33]. The uniform corrosion behavior of Zr-based conver-
sion coatings applied on mild carbon steel (st 37) at various 
pH values and hexafluorozirconic concentrations has been 
investigated by H.R. Asemani et al. They revealed that more 
uniform coatings with the highest corrosion resistance could 
be applied by the bath containing 0.01 M hexafluorozirconic 
 (H2ZrF6) concentration with pH = 4.5 [34]. Among the dif-
ferent processing parameters used to deposit conversion 

(1)Al2O3 + 6H+ + 6F− = 2AlF3(aq) + 3H2O

(2)O2 + 2H2O + 4e− = 4OH−

(3)2H+ + 2e− = H2

(4)ZrF2−
6

+ 4OH− = ZrO2.2H2O + 6F
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coatings, zirconate concentration and pH value could be 
mentioned as the parameters that are more effective for the 
deposition of such coatings by this method [24–26]. Control-
ling the concentration of zirconate exerts a direct effect on 
the amount of Zr within the deposited coatings influencing 
the corrosion resistance of coatings. In fact, the formation 
of Zr-rich film at the surface of substrate can act as a barrier 
to oxygen diffusion to the metal surface which results in 
improving the corrosion performance of such coatings [25]. 
Using higher pH values also affects the rate of conversion 
coating deposition process [33].

Although some researchers have investigated the depo-
sition of Zr-based conversion coatings and their uniform 
corrosion behaviors, there are not enough research studies 
on the influence of deposition parameters on the local cor-
rosion of such coatings. The main aim of this research is to 
study the pitting corrosion of Zr conversion coatings depos-
ited on 1200 aluminum substrates because such alloys are 
more exposed to local corrosion specially pitting corrosion. 
Moreover, chemical composition, morphology, anti-corro-
sion performance and adherence of Zr-based conversion 
coatings that were deposited on the surface of Aluminum 
1200 alloy samples under various experimental conditions.
commercially pure aluminum alloys are more exposed to 
pitting corrosion, the present study aims to investigate the 
effects of deposition parameters on the

2  Material and Methods

Al 1200 rods (d = 0.9 cm) were abraded to 3000 grit with 
SiC polishing paper and cleaned with acetone to remove 
scratches and contaminants on samples. Then, alkaline and 
acid etching were carried out in NaOH (5%w/w at 50 °C) 
solution and nitric acid (50%v/v at 25 °C), respectively, to 
clean samples from oxide layers. In the final step, the sam-
ples were immediately immersed in the bath containing 

50%wt Hexafluorozirconic  (H2ZrF6) acid solution. To 
investigate the effects of processing parameters on the 
chemical composition, morphology, roughness value and 
pitting corrosion resistance and anticorrosion behavior of 
zirconium conversion coatings, the bath pH values,  H2ZrF6 
concentrations, deposition temperatures, and immersion 
times used in this work are shown in Table 1.

A scanning electron microscopy instrument (TESCAN- 
Model Vega 3) equipped with an energy-dispersive X-ray 
spectrum (Model RONTEC, QUANTAX Software) was 
used to investigate morphologies and micro area composi-
tions of coatings. The SEM analyses for all samples were 
performed by the SEM magnification and SEM voltage of 
2000 × and 20 kV for all samples, respectively. Average 
surface roughness  (Ra) values were measured using the 
Mitutoyo Surftest 201 device with a distance that a stylus 
moves at 0.9 cm (dimeter of samples). The potentiody-
namic polarization test was carried out by µ AUTOLAB 
(Type III) in 3.5 wt.% NaCl solution to investigate the pit-
ting corrosion of deposited coatings using a conventional 
three-electrode cell equipped with the specimen, Ag/AgCl 
and Pt as a working electrode, reference electrode and 
counter electrode, respectively. In all polarization tests, the 
specimens were polarized from − 1200 to − 300 mV with 
respect to open circuit potential  (VOCP) with a potential 
scan rate of 1 mV/s [35, 36]. The organic coating applied 
on samples by doctor blade coating machine and the anti-
corrosion performance of such coatings were investigated 
by the salt spray test based on ASTM B117 standard (at 
30 °C and exposed to NaCl 5 wt.% salt solution spray). All 
samples were coated with Alkyd organic painting and they 
were placed in a salt spray cabin SF/MP1000 for 500 h. 
ImageJ software was used to estimate the percentage of 
corroded area by salt spray experiment. The adherence 
test method was performed by Elcometer 107 device to 
investigate the adherence of the organic coating based on 
ASTM D3359-02 standard.

Table 1  The operating parameters employed and their related sample coding for the design of experiments

Deposition parameters Value Sample code Variable directions and design roots

Concentration of H2ZrF6 (mg/l) 50,100,200 4/100/25/1 4/50/25/3 4/100/15/3 t

pH   

T

C  

         Root 1

         Root 2
         Root 3

         Root 4

pH 3,4,5 3/100/25/3 4/100/25/3 5/100/25/3

Temperature (°C) 15,25,35 4/100/35/3 4/200/25/3 4/100/25/5

Immersion time (min) 1,3,5 Reference code: pH/C/T/t
Root: Sequence of experiment to find optimal sample
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3  Results and Discussion

3.1  Microstructural Analysis

Figure 1 illustrates the top-view SEM micrograph and 
EDX analysis results of the Al 1200 substrate after the 
polishing process. Some white particles on the micrograph 
indicate the slight dissolution of the substrate. Regarding 
the results of EDX, these particles are composed of iron 
and silicon elements which can act as cathodic active sites 
and pitting corrosion initiation [37].

The SEM micrographs and EDX results attributed to 
the coatings prepared at various pH values are provided 
in Fig. 2. As seen, the surface of the film synthesized at 
pH = 3 (3/100/25/3) did not change compared to that of the 
substrate (untreated sample); moreover, the EDX analy-
sis shows the presence of 0.31% zirconium in the coating 
applied under this experimental condition.

Based on the Pourbaix diagram attributed to aluminum, 
zirconium, fluorine, and zirconium-fluorine (shown in 
Fig. 3), zirconium and aluminum are placed in the cor-
rosion zone at pH = 3 as well as the possibility of hydro-
fluoric acid (HF) formation increases which prevents the 
formation of a uniform zirconium coating [38]. By rais-
ing the pH value to 5 (sample 5/100/25/3), the amount of 
zirconium in the coating increases to 9.47 wt.% and the 
formation of the coatings becomes thermodynamically 
favorable (Fig. 3). In terms of kinetic aspect, the coating 
deposited at pH = 5 experienced a higher deposition rate 
as a result of increasing the reaction rate given in Eq. (4). 

Thus, the high deposition rate leads to the formation of 
more porous and non-uniform zirconium coatings on the 
substrate. This observation is consistent with previous 
research studies performed on the effect of pH value on 
the formation of Zr-based conversion coatings [33, 39].

Figure 4 shows the effect of  H2ZrF6 concentration on 
SEM micrographs and EDX results of coatings. As seen, 
using the bath containing the higher  H2ZrF6 concentration 
resulted in the formation of coatings with higher percent-
age of Zr. Moreover, the agglomerated particles and cracks 
were observed in the SEM micrograph of the coating applied 
in the bath containing the highest  H2ZrF6 concentration 
(200 mg/l) due to the increase in the rate of deposition and 
the number of destructive fluoride ions under such experi-
mental conditions. Some previous studies have demonstrated 
that the increase in the concentration of destructive fluoride 
ions causes the formation of cracks in Zr-based conversion 
coatings [32]. Similar behavior has been reported in the case 
of these coatings applied on the steel substrate at various 
concentrations of  H2ZrF6 [13, 33].

The SEM micrographs and EDX results attributed to the 
coatings deposited at different bath temperatures are pro-
vided in Fig. 5. As seen, the rise of the bath temperature 
from 15 to 35° C led to an increase in the weight percentage 
of Zr in the coatings from 0.87 wt.% to 8.59 wt.%. Moreo-
ver, non-uniform patches with local dissolution areas of the 
coating (black areas) were observed on the surface of the 
coating applied at the temperature of 35° C (4/100/35/3). In 
terms of thermodynamic aspect, as temperature increases 
(up to 423 K), the area of zirconium oxide formation in the 
Pourbaix diagram decreases [40].

Fig. 1  a SEM image and b EDS analysis from the surface of the Al bare substrate
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Fig. 2  SEM images and EDS analysis from the surface of conversion coatings applied at various pH values of a 3, b 4 and c 5 in the bath con-
taining 100 mg/l of  H2ZrF6 at T = 25 °C and t = 3 min
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The effect of temperature on the rate of reactions that take 
place in the bath can be described by the following Eq. (5):

in which, L is the penetration length of the ions in the bath, 
t is the immersion time, and D is the diffusion coefficient of 
ions in the bath which has a direct relation with temperature. 
Thus, using higher bath temperatures leads to enhancing the 
diffusion coefficient of ions that increases the reaction rate in 
the bath [41]. In the case of the coating deposited at 35 °C, 
the rate of reactions (From Eq. (1) to Eq. (4)) increases, how-
ever, the condition of coating dissolution is more thermo-
dynamically favorable. This observation is consistent with 
the results that have been reported for Zr-based conversion 
coatings applied using various temperatures on cold-rolled 
and hot-dip galvanized steel substrates [13, 33].

Figure  6 illustrates the SEM micrographs and the 
EDX results of the coatings applied at various immersion 
times. As can be seen, the percentage of Zr in the coatings 
increased to 9.49 wt.% using the longest immersion time 
(5 min). According to SEM images, the uniform coatings 
with a suitable distribution on the surface were deposited by 
immersing at 3 min. When the deposition of coatings per-
forms for up to 3 min, the coatings microstructure changes to 
a massive and porous structure; moreover, cracks and local 
dissolution areas (black areas) could be seen on the micro-
graph of coatings applied under this experimental condition. 
Based on Eq. (5), the immersion time also can affect the 
ion diffusion length. The coating deposited at the lowest 
immersion time (1 min), not only experiences the small ion 

(5)L = (Dt)1∕2

diffusion but also the largest amount of time is spent dis-
solving the surface oxide layers (according to Eq. (5)). As 
a result, the substrate cannot be covered with a uniform and 
suitable coating at this deposition condition [39]. However, 
there are some cracks observed on the surface of the coat-
ing applied by the immersion time of 5 min (4/100/25/5) 
due to the creation of internal stresses in the structure of the 
coating [28].

3.2  Roughness Test

Figure  7 compares the surface roughness value of the 
untreated sample and the deposited Zr-based coatings. As 
seen, the Zr-based coatings exhibited higher surface rough-
ness values than the untreated sample. In addition, increas-
ing  H2ZrF6 concentration in the bath, immersion time, bath 
pH and temperature led to the formation of coatings with 
higher roughness values. The increase in the roughness value 
of conversion coatings deposited in more bath concentrated 
and higher bath pH conditions is attributed to the formation 
of micro-agglomerates (Figs. 2 and 4), while the formation 
of dissolved area and microcracks on the surface of con-
version coatings deposited at higher bath temperature and 
longer duration (Figs. 5 and 6) resulted in the formation of 
such coatings with higher roughness values.

3.3  Potentiodynamic Polarization Test

The potentiodynamic polarization curves for the untreated 
sample and Zr-based coatings are shown in Fig. 8. Elec-
trochemical data including  Ecorr (corrosion potential),  Epit 

Fig. 3  The Pourbaix diagram 
of zirconium in water at 298 K 
[40]
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Fig. 4  SEM micrographs and EDS analysis from the surface of conversion coating applied in the bath containing different concentrations of 
 H2ZrF6: a 50 mg/l, b 100 mg/l and c 200 mg/l, at pH = 4, T = 25 °C and t = 3 min
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Fig. 5  SEM images and EDS analysis from the surface of conversion coating formed in the bath containing 100 mg/l of  H2ZrF6, at t = 3 min, 
pH = 4 and different bath temperatures: a 15 °C, b 25 °C and c 35 °C
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Fig. 6  SEM images and EDS analysis from the surface of the conversion coatings applied in the bath containing 100 mg/l of  H2ZrF6, at pH = 4, 
T = 25 °C and different immersion times: a 1 min, b 3 min and c 5 min
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(pitting or breakdown potential),  Epit -Ecorr (pitting corro-
sion resistance) and C.R. (corrosion rate) were extracted 
using NOVA software and reported in Table 2. As seen, the 
untreated sample showed the lowest pitting corrosion resist-
ance (smaller difference between  Epit and  Ecorr) compared 
to the deposited Zr-based conversion coatings. This result 
would be related to eliminating the effect of cathodic areas 
(intermetallic areas) on the aluminum substrate [33] and 
minimizing half-cathodic reactions during corrosion, which 
can enhance uniform corrosion resistance by the deposition 
of such coatings [42].

In addition, the pitting corrosion resistance of the coat-
ings deposited at pH = 4 is higher than those formed at the 
pH values of 3 and 5 as the coatings deposited at such pH 
values are not uniform and have more porosities which 
provide nucleation sites for pitting corrosion [43]. The pit-
ting corrosion resistance of Zr-based conversion coatings 
is improved by increasing the concentration of  H2ZrF6 in 
the bath to 100 mg/l because of the formation of a uniform 
coating under this experimental condition. However, the 

coating deposited in a bath containing 200 mg/l of  H2ZrF6 
exhibits lower resistance against pitting corrosion than the 
untreated sample. This result could be related to the forma-
tion of cracks and agglomerated particles on the surface of 
the coating deposited in the bath containing 200 mg/l of 
 H2ZrF6 (4/200/25/3) [44]. Zr-based coatings deposited at 
15 °C (4/100/15/3) and 25 °C (4/100/25/3) showed higher 
pitting resistance than coatings synthesized at the higher 
bath temperature (35 °C) due to the deposition of uniform 
ones without having porosity at lower bath temperatures 
[43]. It is crystal clear that the Zr coatings deposited at 3 min 
had better pitting corrosion resistance compared to those 
prepared at other immersion periods. As mentioned for other 
influential parameters, in this case, uniform distribution of 
the coating over the intermetallic areas can increase the 
resistance against pitting corrosion. There is no significant 
difference in the pitting corrosion resistance of the uncoated 
sample and the coating deposited at 1 min because most 
of the immersion time is spent on the dissolution of the 
oxide layers on the surface. Thus, the suitable coating is not 

Fig. 7  Surface roughness values of the bare sample and Zr conversion coatings were applied by different a pH values, b  H2ZrF6 concentrations, 
c bath temperatures and d immersion times
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Fig. 8  Potentiodynamic polarization plots of the bare Al and conversion coatings were applied by different a pH values, b  H2ZrF6 concentra-
tions, c bath temperatures and d immersion times

Table 2  Electrochemical 
parameters extracted from 
potentiodynamic polarization 
plots attributed to the bare 
Al and conversion coatings 
were applied by different 
(a) pH values, (b) H2ZrF6 
concentrations, (c) bath 
temperatures and (d) immersion 
times

Sample Ecorr (V) Epit (V) Rpit (V) C.R (mm/year)

Untreated − 0.910 − 0.767 0.143 0.145
(a) pH 3/100/25/3 − 0.916 − 0.750 0.166 0.084

4/100/25/3 − 0.968 − 0.744 0.224 0.063
5/100/25/3 − 0.931 − 0.727 0.204 0.082

(b) Zr concentration 4/50/25/3 − 0.970 − 0.758 0.212 0.068
4/100/25/3 − 0.968 − 0.744 0.224 0.063
4/200/25/3 − 0.898 − 0.762 0.136 0.114

(C) Temperature 4/100/15/3 − 0.965 − 0.748 0.219 0.088
4/100/25/3 − 0.968 − 0.744 0.224 0.063
4/100/35/3 − 0.912 − 0.753 0.159 0.147

(d) Time 4/100/25/1 t = 1 min − 0.744 0.168 0.091
4/100/25/3 t = 3 min − 0.744 0.224 0.063
4/100/25/5 t = 5 min − 0.754 0.121 0.150
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formed in areas that are exposed to corrosion. On the other 
hand, the pitting corrosion resistance of Zr-based conver-
sion coatings deposited at longer immersion times (5 min) is 
lower than that of the untreated sample due to the formation 

of agglomerated particles, small cracks and local dissolution 
areas on the surface of the coatings [44].

Figure 9 shows Optical Microscopy (OM) images from 
the surface of the samples after performing potentiodynamic 
polarization analysis. As seen, large pits can be observed 

Fig. 9  Optical Microscopy (OM) images from the surface of the samples after potentiodynamic polarization analysis

Fig. 10  Images from the surface of organic coating samples with and without Zr conversion coating pretreatment after different exposure times 
of salt spray tests
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in untreated sample while the number of pits decreases for 
the samples coated by Zr conversion coating. Moreover, the 
number and size of pits decreased for the samples that have 

higher pitting corrosion resistance so that limited number 
of small pits were observed for sample 4/100/25/3 which 
possesses excellent pitting corrosion resistance.

Fig. 11  The adherence test results attributed to the organic coating applied on untreated and treated samples
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3.4  Salt Spray Test

Figure 10 illustrates the images captured from the organic 
coating applied on samples after 200 and 500 h and the 
estimated percentage of area corroded by the salt spray 
experiment. As seen, a smaller percentage of corroded area 
was seen on the surface of coated samples (with a range of 
4.76–10.23%) compared to the uncoated sample (15.57%). 
This result would be attributed to the better adhesion of the 
organic coatings to the conversion ones. The deposition 
of conversion coatings on metals can lead to physical and 
chemical changes on their surfaces so that cathodic reactions 
cannot easily occur in the cathodic areas. As a result, the 
Zr-coated surfaces show better resistance against cathodic 
reactions during the movement of corrosive elements to the 
interface of substrate and coating [34]. Moreover, the sample 
4/100/25/3 showed better resistance in salt spray analysis 
because the coating obtained using this experimental condi-
tion was free of any agglomerated areas, micro-cracks and 
possessed highest pitting corrosion resistance. This observa-
tion is consistent with previously reported research studies 
[34].

3.5  Adhesion Test

The adherence test pictures and the percent of detachment 
area (that was estimated based on ASTM D-3359–02) for all 
samples are shown in Fig. 11. As seen, the test area of the 
untreated sample coated with organic coating demonstrates 
the highest detachment (5–15%) of the organic coating while 
the samples that were treated with zirconium conversion 
coating exhibit no detachment. This result would be related 
to the combination of Zr with unpaired dienes (that exist in 
alkyd painting) which leads to the formation of an organic 
complex and previous research studies have shown that 
this organic complex can increase the adherence of organic 
paintings coated on different substrates [34, 45, 46].

4  Conclusion

In this study, Zr-based conversion coatings were applied on 
aluminum 1200 under various deposition conditions where:

• Increasing the pH value, immersion times,  H2ZrF6 con-
centrations, and deposition temperatures increased the 
amount of Zr in the coatings. However, these experi-
mental conditions resulted in the formation of coatings 
with larger agglomerated areas, more micro-cracks, and 
higher roughness values.

• Samples 4/100/25/5 and 4/100/25/3 had the lowest and 
highest pitting corrosion resistance, respectively.

• Sample 4/100/25/3 with the corroded area of 4.76% 
showed the best anti-corrosion performance in salt 
spray experiment.

• Th adhesion of organic coating to all Zr coated sub-
strates was higher than the untreated sample.
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