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ABSTRACT 

Zinc/aluminum flake coating systems used for the automotive industry must have a thin film with high corrosion protection 
performance to meet the demanding requirements.  Numerous steps are required to achieve a high level of corrosion resistance, 
and therefore, it is essential to reduce manufacturing costs and increase productivity.  A new zinc/aluminum flake coating system 
has recently been developed.  The coating creates a robust and versatile thin film with uniform covering power, and it can 
achieve high corrosion protection while not requiring the conventional full course of dip/spin process steps.  This report, using 
some application examples, describes how the corrosion protection capability of this system is supported by a sacrificial 
corrosion protection mechanism. 
 
Keywords: Zinc/aluminum flake coatings; corrosion protection. 
 
Introduction 
 
In wide use like zinc and zinc alloy plating, zinc/aluminum flake coatings are often selected for the surface treatment of steel 
parts in the automotive and construction industries.  Among the parts manufactured in those industries, the surface treatment for 
small parts or fasteners requires a thin film because of the requirements of dimensional accuracy.  In particular, as parts 
processed with zinc/aluminum flake coatings quite often need to satisfy stringent requirements for corrosion resistance, the key 
is to design a thin film in such a way that good corrosion resistance can be sustained with the thin film.  Therefore, it is essential 
for us to understand better the corrosion resistance mechanism of the coating film. 
 
There have been many studies on the corrosion resistance mechanism of zinc alloy plating systems requiring high corrosion 
protection.  It has been widely accepted as a given that it is important to form a corrosion product or basic zinc chloride which 
works as an insulator, instead of conductive zinc oxide, in an environment where chlorine ions are present.  On the other hand, 
there have not been many studies on the corrosion protection mechanism of the zinc/aluminum flake coating film. 
 
Zinc sacrificial corrosion protection is the main corrosion resistance mechanism of the zinc/aluminum flake coating film.  
Therefore, in order to achieve high corrosion resistance, we can easily imagine that the corrosion product developed from the 
film plays an important role, just as with zinc alloy plating. 
 
In this study, we examined how the coating film develops a corrosion product in a corrosive environment containing chlorine ions, 
and looked into the correlation with corrosion resistance. 
 
Experimental  
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Preparation of test samples 
 
We used two types of basecoats with different coating components in each of the test samples, designated B-1 and B-2.  B-1 is 
our original basecoat system, which can provide high corrosion protection when it is used with our topcoat system applied on top.  
B-2 is a new basecoat system developed to improve the corrosion resistance of B-1.  In addition to B-1 and B-2, we used a 
combination of B-1 and the topcoat (B-1+T).  Zinc nickel plating (Zn-Ni) was also included as a comparative material.  Test 
coupons made of cold rolled steel (JIS-G3141) were first coated with each coating system using a bar coater.  The basecoat was 
cured at 260 to 300°C, while the topcoat was dried at 100°C when it was applied over B-1. The processed test coupons were 
then cooled down to room temperature and left sitting for more than 8 hr before they were used for the test.  The zinc-nickel 
plating we used for comparison was not passivated.  Table 1 shows a summary of each test film. 
 

Table 1 - Summary of zinc/aluminum flake coating systems. 

Sample 
Basecoat (2C2B) Topcoat 

Main Components Thickness Main Components Thickness 
B-1 Zn, Al, Si 8-10 m No topcoat ---- 

B-1+T Zn, Al, Si 8-10 m Si, O 1-10 m 
B-2 Zn, Al, Si 8-10 m No topcoat ---- 

Zn-Ni Zn, Ni (17%) 8-10 m No topcoat ---- 
 

Corrosion protection evaluation 
 
For an accelerated corrosion test, we performed a cyclic corrosion test (CCT) with one cycle composed of a salt spray (5% NaCl, 
50°C) for 17 hr; dry (70°C for 3 hr; salt spray (5% NaCl, 50°C) for 2 hr; and natural dry (25°C) for 2 hr.  Some of the test 
coupons were put into a salt spray test (SST)(5% NaCl, 35°C) and a salt water immersion test (5% NaCl, 25°C, exposed to the 
atmosphere). 
 
The corrosion protection performance was evaluated at the number of cycles or the number of hours when red rust was seen to 
occur on the test coupon. 
 
Corrosion product evaluation 
 
X-ray diffractometry (XRD) was used to identify corrosion products.  The details of the XRD are: 

• Equipment: 
∙ Horizontal Type X-Ray Diffractometer PW3050 manufactured by Phillips 

• Measurement conditions: 
∙ Copper anticathode 
∙ X-Ray tube voltage: 40kV 
∙ X-Ray tube current: 30mA 
∙ Scan axis: 20θ 
∙ 2θ: 10°- 90° 
∙ Scan step: 0.02° 
∙ Step time: 0.5 sec/step 

 
Surface condition evaluation     
 
We used a SEM-EDS to analyze the film surfaces and corrosion products before and after the corrosion resistance evaluation.  
The details of the SEM-EDS are: 

• Tester:    JSM-6480A (JEOL Technics Ltd.) 
• Accelerating Voltage:  15kV          
• Magnification:   x2000 
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Time-dependent changes in natural potentials 
 
Natural potentials were measured in a 5% NaCl solution (exposed to a 25°C atmosphere) as a method to evaluate the films 
electrochemically.  A silver / silver chloride electrode in saturated potassium chloride was used as a reference electrode.  The 
measurements were taken over 10 days. 
 
Results and discussion 
 
Corrosion resistance evaluation results 
 
Corrosion resistance evaluation results of the test coupons from the SST and CCT respectively, are shown in Figs. 1 and 2.  
When we look at the zinc/aluminum flake coating films only, B-1 (original basecoat only) failed first both in SST and CCT, 
followed by B-1+T.  B-2 (new basecoat without topcoat) performed the best.  As expected, B-1 with the topcoat had a better 
corrosion resistance performance than that of B-1 only.   In addition, B-2, the improved version of B-1, was able to achieve a high 
corrosion resistance without the topcoat. 
 
Corrosion product formation process 
 
Figure 3 shows the XRD results for each test coupon after a 24-hr salt water immersion test.  All the films displayed a peak 
around 2θ = 11° after the 24-hr salt water immersion.  These peaks indicate the presence of basic zinc chloride.  We confirmed 
that the B-1 and B-2 films and the Zn-Ni plating film had already developed basic zinc chloride during the initial period.  When B-
1 and B-2 were compared, the peak showing zinc (2θ = 43°) was more reduced in B-2.  On the other hand, the B-1+T film barely 
indicated a peak of basic zinc chloride, and as well the XRD pattern hardly changed before and after the immersion.  We assume 
that this is because the topcoat-controlled time-dependent fluctuations by blocking off corrosive elements.  No film was verified to 
have a conductive zinc oxide peak (2θ = 61°, 73°).  
 
Figure 4 shows the XRD intensity change in each test coupon at times up to 720 hr of salt water immersion.  The first graph 
indicates XRD intensity changes of basic chloride zinc and basic zinc carbonate, while the second graph shows the zinc XRD 
intensity change in each film.  Both B-1 and B-1+T showed that the intensity of basic zinc chloride increased as time progressed, 
while B-2 showed a rapid increase in basic zinc chloride during the initial period (24 to 72 hr).  The Zn-Ni plating film formed 
basic zinc chloride during the initial period, but it changed to basic zinc carbonate after 72 hr of the immersion test.  The zinc 
intensity of the zinc/aluminum flake coating films decreased in proportion to the intensity of basic zinc chloride.  On the other 
hand, the intensity change of the corrosion product did not necessarily match the zinc intensity reduction in the Zn-Ni plating film. 
 

 
Figure 1 - SST results. 
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Figure 2 - CCT results. 

 
Figure 3 - XRD pattern of each film before and after the 24-hr NaCl immersion test:  

Black dotted line: Status before salt water immersion test. 
Red solid line: Status after 24-hr immersion test. 
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Figure 4 - XRD intensity changes of corrosion product and zinc in conjunction with the progression of the NaCl immersion test. 

 
Figure 5 shows the XRD intensity change of each test coupon up to CCT 40 cycles and SST 2000 hr.  We confirmed that the 
trends were very similar to those in the salt water immersion test.  Although there were no changes in the corrosion products as 
a result of changes in the corrosive environment, we verified that the basic zinc chloride gradually decreased in the B-1 and B-
1+T films as time progressed.  The generation of basic zinc chloride in B-1+T was more gradual than in B-1.  We believe this is 
because the topcoat blocked off corrosive elements, deterring time-dependent changes.  As a result, the corrosion resistance 
performance improved while zinc corrosion was delayed.  On the other hand, the B-2 film which demonstrated the best corrosion 
resistance developed basic zinc chloride during the initial stage, in contrast to the B-1+T film.  We surmise that the B-2 film was 
able to achieve stable corrosion resistance as the film was covered by the corrosion product. 
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Figure 5 - XRD intensity changes of corrosion product and zinc in conjunction with the progression of CCT and SST. 

 
Surface appearance of the corrosion product 
 
Figure 6 shows the surface appearance of each film after 240 hr in SST.  According to the results in Fig. 5, basic zinc chloride 
was identified in all the films.  However, the surface appearance of each film varied.  We saw granular basic zinc chloride in the 
B-1 film, and the granule rate decreased in B1+T and further declined in B-2.  When the findings of Figs. 1, 2 and 5 are 
examined, we can point out that the basic zinc chloride comprised of finer crystals was more stable than that comprised of larger 
ones in the corrosive environment, demonstrating greater corrosion resistance. 
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Figure 6 - Surface appearance of each film after 240-hr SST. 

  
Time-dependent changes in natural potentials 
 
Figure 7 displays the time-dependent change in each film immersed in a 5% NaCl solution.  B-1, B-1+T and B-2 have a similar 
potential behavior, but B-2 shows the potential increasing slightly faster than the other two films.  Based on this finding combined 
with the XRD results, we can point out that the potential of the B-2 film increased more quickly because it formed basic zinc 
chloride during the initial period.  One fact commonly found in all of the zinc/aluminum flake coating films is that the potentials 
were around the same level as zinc dissolved during the initial period, that they then shifted to the noble direction after a 72-hr 
immersion, and that they became stable around -0.6 V.  We assume that this is because the potentials became stable and 
protective of the surfaces, as a result of the formation of basic zinc chloride. 
 
On the other hand, the natural potential of the Zn-Ni plating film gradually shifted to the noble side as time progressed, and 
became stable around -0.6 V.  For a natural potential trend comparison, also shown in Fig. 7, we added zinc plating (without 
passivation) data.  The potential of the zinc plating film was kept low while zinc was dissolving, but once the film dissolved, the 
potential suddenly increased.  We believe that the aluminum in the Zn/Al flake coating films was controlling excessive zinc 
dissolution.  We could not identify a clear correlation between the measured natural potentials and the corrosion resistance, but 
we did verify that the natural potential of a film needs to be stable around the natural potential of Fe (-0.4 to -0.5 V) to achieve 
high corrosion resistance. 

 
Figure 7 - Time-dependent change in the natural potential of each film. 
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Summary 
 
After we examined the relationship between the corrosion products generated on Zn/Al flake coating films during the corrosion 
acceleration tests and the corrosion resistance of each film, we confirmed the following: 
 

1. Zn/Al flake coating films can achieve high corrosion resistance by forming and maintaining basic zinc chloride as a 
corrosion product in a corrosive environment with chlorine ions. 

 
2. A film covered with basic zinc chloride during the initial stage can achieve superior corrosion resistance. 
 
3. The basic zinc chloride that develops on the film affects the corrosion resistance of the film, and basic zinc chloride, 

comprised of fine crystals rather than coarse granules, shows stronger corrosion protection. 
 
4. According to the time-dependent changes in the natural potentials we observed, it is important for a film to control 

excessive zinc dissolution and to keep its potential near that of iron to obtain high corrosion resistance. 
 
Based on the study we conducted at this time, we were able to confirm that the formation of basic zinc chloride in a corrosive 
environment has a strong relationship with high corrosion resistance performance of Zn/Al flake coating films, just as is the case 
with zinc alloy plating films. 
 
One anti-corrosion approach to achieve excellent corrosion resistance is the use of a topcoat which blocks off corrosive 
elements, delaying zinc corrosion.  Another is to develop basic zinc chloride during the initial stage and use the corrosion product 
to block off corrosive elements, which we verified with the B-2 film presented here. 
 
In the near future, we would like to investigate further what type of corrosion products are developed as influenced by film 
environments and structures that generate basic zinc chloride. 
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