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Executive Summary 
 

As part of Task 3 on the Low-Cost Magnesium Sheet (LCMS) project administered by USAMP, 

PPG has focused on the following three subtasks: 

 Subtask 3.3.4: Understanding alloys and interactions. Test currently available coil-applied and 

secondary finished part applied corrosion protection coatings. 

 Subtask 3.3.5: Formula Development. Formulate prototype products for pretreatment and 

corrosion coatings. 

 Subtask 3.3.6: Optimization and Integration. Optimize and integrate the formulas for pre-

treatment such as lubricants and corrosion coating with the other components of the project to 

enable demonstration parts to be made and tested. 

The motivation for this work was to develop metal pretreatment solutions for different magnesium alloys. 

The task of developing a metal pretreatment was approached holistically by considering the entire process 

from cleaning and surface preparation, to pretreatment formulation, to sealers and other post-rinses for 

maximum corrosion protection. PPG’s expertise in metal treatment was applied to the cleaning and 

pretreatment of Eform Plus (EFP) alloy in four different approaches.  

1. Evaluation of cleaner compatibility with magnesium alloys: 

In an effort to develop corrosion protection coatings for magnesium, an evaluation and analysis of PPG 

metal cleaners was first completed with ZEK-100 to understand alloy performance and interactions. This 

was done by evaluating cleaning effectiveness on panels, as well as pH and concentration of dissolved 

magnesium in the bath. The cleaning assessment showed that Cleaner 1, an alkaline cleaner, was much 

more effective at cleaning the panel and removing the lubricant than the other cleaners were. A 

comparison of the amount of magnesium dissolved in each cleaner bath to the pH of the bath showed that 

concentration of dissolved magnesium in the bath is not directly related to the bath pH. This information 

was used to select the most advantageous cleaner for magnesium alloy pretreatment process.  

2. Benchmarking and development of pretreatments on magnesium alloys: 

The focus of this work was to complete evaluations of existing and developed PPG metal pretreatments 

with the different magnesium alloys. This was done by testing the corrosion and adhesion performance of 

different pretreatment processes. Several different pretreatment solutions showed corrosion protection of 

ZEK-100 and EFP, especially with the Pretreatment 2 and Cleaner 2 pretreatment prototypes. For both 

alloys, Cleaner 2.4 was a top performing pretreatment, showing promise as a stand-alone pretreatment. 

These results were used to determine the top performing pretreatment processes that would be used for 

the integration with other Task 3 coatings. 

3. Pretreatment integration with other Task 3 coatings and Task 4 joining processes: 

A key component of this work was to analyze and optimize the PPG metal pretreatments for integration 

with other components of project. This was done by evaluating corrosion and adhesion performance of 

the pretreatment processes following the Task 3 coil coatings and/or lubricants as well as the Task 4 

joining processes used to form EFP demonstration mini-doors. Compatibility was shown first with 

Cleaner 1, which is capable of consistent removal of Quaker lubricant. Both two-step and three-step 

Cleaner 2.4 pretreatment processes were effective in protecting coil coated and lubricated EFP from 

corrosion, and in some cases, also improving the adhesion performance. These results were vital for 

selecting the pretreatment conditions for Task 4 collaboration on the EFP mini-door. The corrosion results 

of the mini-doors show corrosion protection with PPG processes with one of the coil coatings and both 

lubricants. Integration with the other Task 3 coatings and Task 4 materials demonstrates broad 

compatibility of the PPG metal pretreatments, one of the major goals of this project. 
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4. Optimization of pretreatments on magnesium alloys in multi-metal systems: 

The last area of focus was the optimization of PPG metal pretreatments for Eform Plus (EFP) in multi-

metal systems. This was done by evaluating corrosion and adhesion performance of the pretreatment 

processes on non-joined and joined panels of EFP, cold-rolled steel (CRS), aluminum alloy 6111 

(AA6111), and hot-dip galvanized steel (HDG). Initial results showed corrosion protection for multi-

metal systems can be achieve when using pretreatment processes that involve an additional cleaner and 

pretreatment. Further studies aimed at compacting the pretreatment process found that Cleaner 2.21 and 

Cleaner 2.32 provide sufficient corrosion protection for both EFP and CRS, comparable to the top 

performing pretreatment processes for each substrate. These promising results suggests that magnesium 

alloys protected with PPG metal pretreatments can be used in more multi-metal applications, without fear 

of its reactive nature. 
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Description of Key Accomplishments/Results Relative to Objectives 

Table 1. Comparison of PPG accomplishments and variance to project goals and objectives 

Statement of Objectives Accomplishments & Metrics Variance 

3.4 

Understanding 

Alloys and 

Interactions 

 Evaluated cleaning efficacy of PPG metal cleaners 

on ZEK-100 to understand alloy performance and 

interactions and found a cleaner effective at 

removing lubricants from panels. 

 No variance 

3.5 
Formula 

Development 

 Evaluated corrosion and adhesion performance of 

existing and developed PPG metal pretreatments 

with ZEK-100 and EFP. Two pretreatment 

prototypes showed corrosion protection of ZEK-

100 and EFP.  

 No variance 

3.6 
Optimization and 

Integration 

 Evaluated performance of the top pretreatment 

processes following the Task 3 coil coatings and/or 

lubricants as well as the Task 4 joining processes 

used to form EFP mini-doors. PPG pretreatment 

processes effectively removed lubricant, offered 

corrosion protection and improved adhesion 

performance.  

 Evaluated performance of the pretreatment 

processes for multi-metal systems and found multi-

step and compact pretreatments that provide 

sufficient corrosion protection for both EFP and 

CRS. 

 Integration of top 

performing 

pretreatments 

with Xtalic coil 

coating, leads to 

inconsistent 

corrosion results. 

 

In recent years, there has been a growing interest in using magnesium alloys in different businesses 

due to advantages such as its low density, high strength-to-weight ratio, good machinability, and low cost, 

but a major drawback to expanded usage is its highly reactive nature. The motivation for this work was to 

develop metal pretreatment solutions for different magnesium alloys to address this challenge. The task of 

developing a metal pretreatment was approached holistically by considering the entire process from 

cleaning and surface preparation, to pretreatment formulation, to sealers and other post-rinses for 

maximum corrosion protection. A typical pretreatment line sequence is shown in Figure 1, below. In the 

sections below it is described how PPG’s expertise in metal treatment is applied to the cleaning and 

pretreatment of EFP. 

 

 
Figure 1. A typical automotive pretreatment sequence, prior to electrocoat. 
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I. Evaluation of cleaner compatibility with magnesium alloys 

This section is focused on the evaluation and analysis of PPG metal cleaners with the different 

magnesium alloys to understand alloy performance and interactions. This was done by evaluating 

cleaning effectiveness, pH, and concentration of dissolved magnesium.  

Cleaner Evaluation on ZEK-100: 

 The goal of this work was to examine cleaners effectiveness in removing Ferrocote, a common 

stamping lubricant, and determine the relationship between cleaner pH, dissolved magnesium, and 

panel surface morphology. This was done by evaluating cleaners with different pH values (listed 

below) at different immersion times. This information will be used to select the most advantageous 

cleaner or combination of cleaners for magnesium ZEK-100 pretreatment.  

o Cleaner 4, pH 5.16 (C4) 

o Cleaner 2, pH 2.54 (C2) 

o Cleaner 4.1, pH 1.83 (C4.1) 

o Cleaner 1, pH 12.11 (C1) 

 The cleaning performance of four different cleaners was evaluated to determine water break 

performance. The cleaning assessment is described in Figure 2 and the cleaning performance of each 

cleaner is summarized in Figure 3. Cleaner 1 at 120 s immersion time was much more effective at 

cleaning the panel and removing the Ferrocote lubricant than the other cleaners. 

 Figure 4 shows a comparison of the amount of magnesium dissolved in each cleaner bath (y axis) to 

the pH of the bath (x axis). The concentration of dissolved magnesium in the bath is largely 

uncorrelated with the bath pH. 

 

 
Figure 2. Digital images to provide a visual guide of water break assessment. Water break analysis is a good way to 

assess how well the cleaner performs. The images provide a visual guide of cleaner performance: (A) the better 

wetting ability shows that surface is clean, while (B) the water droplet beading shows that the surface is not clean. 
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Figure 3. Cleaner evaluation of four different cleaners at 30, 60, 120 s immersion times. The pass/fail rating was 

based on the cleaning water break assessment in described in Figure 2. Cleaner 1 (C1) at 120 s was much more 

effective at cleaning the panel and the Ferrocote lubricant than the other cleaners. 

 

 
Figure 4. Comparison of magnesium dissolved in each cleaner bath to the pH of the bath. The concentration of 

dissolved magnesium in the bath is not directly related to the bath pH. This graph shows that Cleaner 1 (C1), the top 

cleaning cleaner with a high pH, results in very little (if any) dissolved magnesium. 
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II. Benchmarking and development of pretreatments on magnesium alloys 

This section is focused on the evaluation and development of PPG metal pretreatments with the different 

magnesium alloys to understand alloy performance and corrosion protection coatings. This was done by 

evaluating corrosion and adhesion performance of the pretreatment processes.  

Initial Pretreatment Evaluation on ZEK-100 and EFP: 

 The goal of this work was to evaluate potential pretreatments for corrosion protection properties. This 

was done by evaluating the following pretreatment processes.  

o Cleaner 1 only (C1) 

o Cleaner 1  Pretreatment 1 (PT1) 

o Cleaner 1  Pretreatment 2 (PT2) 

o Cleaner 1  Pretreatment 3 (PT3) 

o Cleaner 1  Pretreatment 4 (PT4) 

o Cleaner 1  Pretreatment 5 (PT5) 

 ZEK-100 panels were exposed to GMW 14872 cyclic corrosion testing for 9 days. Pretreatment 3 and 

5 performed better than the other pretreatment processes. Figure 5 summarizes the corrosion results 

below. 

 

 
Figure 5. Corrosion performance of ZEK-100 after 9 days of cyclic corrosion testing. Pretreatment 3 (PT3) and 

Pretreatment 5 (PT5) performed better than the other pretreatment processes. 

 

 To further evaluate potential pretreatments, a second cleaner step was added following Cleaner 1 (C1) 

and before the pretreatment listed below.  

o Cleaner 1  Cleaner 2 (C2) 

o Cleaner 1  Cleaner 2 (C2)  Pretreatment 1 (PT1) 

o Cleaner 1  Cleaner 2 (C2)  Pretreatment 2 (PT2) 

o Cleaner 1  Cleaner 2 (C2)  Pretreatment 3 (PT3) 

o Cleaner 1  Cleaner 2 (C2)  Pretreatment 4 (PT4) 

o Cleaner 1  Cleaner 2 (C2)  Pretreatment 5 (PT5) 

 ZEK-100 panels were exposed to GMW 14872 cyclic corrosion testing for 15 days. The addition of 

Cleaner 2 after Cleaner 1 improved corrosion performance. Pretreatment 4 following Cleaner 2 

performed better than the other pretreatment processes. The corrosion results are summarized below 

in Figure 6. 
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Figure 6. Corrosion performance of ZEK-100 after 15 days of cyclic corrosion testing. The addition of Cleaner 2 

(C2) after Cleaner 1 (C1) improved corrosion performance. C2  Pretreatment 4 (PT4) performed better than the 

other pretreatment processes. 

 

 A kinetic study was performed on Eform Plus to understand the effect of immersion time in Cleaner 2 

on corrosion performance. The goal of this study was to understand if the standard two-minute 

immersion time is optimal, or if shorter times are possible to compact the process.  

 In Figure 7, it is shown that while some additional corrosion protection is provided after 2-3 minutes 

of immersion, most of the corrosion protection is imparted after 1 min immersion in Cleaner 2. These 

results suggest that the coating process could be shortened with minimal losses in performance, if 

desired. 

 XPS depth profiling was also performed to determine the relative forming rate of the two protective 

layers that form due to Cleaner 2. Figure 8 shows the decrease in magnesium and oxygen over time, 

which indicates formation of a conversion layer. 

 

 
Figure 7. Plot of scribe creep after 3 weeks filiform corrosion test on Eform Plus. Panels were cleaned with Cleaner 

1 (C1), immersed in Cleaner 2 (C2) for the specified duration, then rinsed and dried before electrocoating.  
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Figure 8. XPS depth profiles of Eform Plus panels immersed in Cleaner 1 (C1), then in Cleaner 2 (C2) for various 

lengths of time. The concentration of each element is shown changing in both time (along the x-axis) as well as 

sample depth (light pink  dark pink). The decrease in oxygen content is clearly observed over time, which we 

attribute to the conversion of Mg(OH)2.  

 

Further Pretreatment Evaluation and Development on ZEK-100 and EFP: 

 The goal of this work was to evaluate the pretreatment that were developed for corrosion protection 

properties. The following pretreatment processes were evaluated on ZEK-100.  

o Cleaner 1 only (C1) 

o Cleaner 1  Pretreatment 2.13 (PT2.13) 

o Cleaner 1  Pretreatment 2 (PT2) 

o Cleaner 1  Pretreatment 2.12 (PT2.12) 

o Cleaner 1  Pretreatment 2.1 (PT2.1) 

o Cleaner 1  Pretreatment 25.3 (PT25.3) 

o Cleaner 1  Pretreatment 25 (PT25) 

o Cleaner 1  Pretreatment 25.2 (PT25.2) 

o Cleaner 1  Pretreatment 25.1 (PT25.1) 

 ZEK-100 panels were exposed to GMW 14872 cyclic corrosion testing for 20 days. Pretreatment 2, 

2.12, and 25 performed better than the other pretreatment processes. Figure 9 summarizes the 

corrosion results below. 

 Cross-hatch adhesion performance of ZEK-100 was also evaluated and shown in Figure 10. In the 

case of the dry cross-hatch test, all pretreatment processes led to improvement in adhesion 

performance in comparison to Cleaner 1 only. The wet cross-hatch performance on ZEK-100 showed 

a similar improvement in adhesion performance, with the exception of Pretreatment 25.3 and 25.1, 

which resulted in complete delamination. Pretreatment 2.12 performed better than the other 

pretreatment processes and passed both wet and dry adhesion testing. 
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Figure 9. Corrosion performance of ZEK-100 after 20 days of cyclic corrosion testing. Pretreatment 2 (PT2) 

performed better than the other pretreatment processes.  

 

 
Figure 10. Cross-hatch adhesion performance of ZEK-100 rated from a scale of 1-10, where a rating of 8 and above 

is passing. Pretreatment 2.12 (PT2.12) showed the best performance and is recommended to pass dry and wet 

adhesion testing. 

 

 Additionally, other promising pretreatment formulations were studied in two separate experiments.  

 First, the corrosion performance of ZEK-100 with novel pretreatment solutions (listed below) was 

evaluated. 

o Cleaner 1 only (C1) 

o Cleaner 1  Pretreatment 7.4 (PT7.4) 

o Cleaner 1  Pretreatment 8 (PT8) 

o Cleaner 1  Pretreatment 7.5 (PT7.5) 

o Cleaner 1  Pretreatment 7.8 (PT7.8) 

o Cleaner 1  Pretreatment 10.9 (PT10.9) 

o Cleaner 1  Pretreatment 7.9 (PT7.9) 

 ZEK-100 panels were exposed to GMW 14872 cyclic corrosion testing for 13 days. Pretreatment 8 

performed better than the other pretreatment processes, but not as well as previously examined 

pretreatment processes. The corrosion results are summarized below in Figure 11. 
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Figure 11. Corrosion performance of ZEK-100 after 13 days of cyclic corrosion testing. Pretreatment 8 (PT8) 

performed better than the other pretreatment processes evaluated.  

 

 Another experiment focused on novel pretreatments was done to evaluate optimized formulations of 

Cleaner 2. Cleaner 2 show promise as a pretreatment process that offers corrosion protection on both 

magnesium alloys. The following pretreatment processes were evaluated on EFP and ZEK-100 as a 

stand-alone pretreatment and as a step prior to Pretreatment 1 (PT1). 

o Cleaner 1 only (C1) 

o Cleaner 1  Cleaner 2 (C2) 

o Cleaner 1  Cleaner 2A (C2A) 

o Cleaner 1  Cleaner 2B (C2B) 

o Cleaner 1  Cleaner 2.1A (C2.1A) 

o Cleaner 1  Cleaner 2.1 (C2.1) 

o Cleaner 1  Cleaner 2.18 (C2.18) 

o Cleaner 1  Cleaner 2.4 (C2.4) 

 The corrosion performance of EFP and ZEK-100 after 3 weeks in G-85 A2 corrosion testing for 3 

weeks is shown in Figure 12. For both alloys, Cleaner 2.18 and 2.4 with and without Pretreatment 1 

performed better than the other pretreatment processes, showing that both cleaners can offer corrosion 

protection as a stand-alone pretreatment.  

 

    
Figure 12. Corrosion performance of EFP (A) and ZEK-100 (B) after 3 weeks of corrosion testing. For both alloys, 

Cleaner 2.18 (C2.18) and Cleaner (C2.4) with and without Pretreatment 1 (PT1) performed better than the other 

pretreatment processes.  
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III. Pretreatment integration with other Task 3 coatings and Task 4 joining processes 

This section is focused on the integration of PPG metal pretreatments with the other components of 

project. This was done by evaluating corrosion and adhesion performance of the pretreatment processes 

following other Task 3 coatings and following the Task 4 joining processes to form EFP mini-doors.  

Cleaner Compatibility with Quaker Coatings: 

 ZEK-100 panels coated with a forming lubricant were received from Quaker. Three cleaners were 

tested for lubricant removal efficacy at three immersion times (30, 60, and 120 s). It is shown in 

Figure 13 that Cleaner 1 consistently removed the Quaker lubricant to pass the water break 

assessment, where the drop wets the surface instead of beading (shown in an earlier section in Figure 

2.) 

 

 
Figure 13. Cleaner removal of Quaker lubricant was evaluated with three different cleaners at 30, 60, 120 s 

immersion times. The pass/fail rating was based on the cleaning water break assessment in described in Figure 2. 

Cleaner 1 (C1) at 120 s was much more effective at removing the Quaker lubricant than the other cleaners. 

 

Task 3 Compatibility with Fuchs Panels: 

 The goal of this work was to evaluate the compatibility of the top performing PPG cleaning and 

pretreatment processes on EFP panels with either Henkel or Xtalic coil coating and Fuchs lubricant, 

as well as an as-received EFP. The following cleaning and pretreatment processes were evaluated: 

o Cleaner 1 (C1)  Cleaner 2.4 (C2.4) 

o Cleaner 1 (C1)  Cleaner 2.4 (C2.4)  Pretreatment 8 (PT8) 

 Panels were exposed to G-85 A2 filiform corrosion for three weeks. There was a loss in performance 

with the Xtalic/Fuchs EFP panels due to surface blistering. The Henkel/Fuchs and the as-received 

EFP panels performed similarly to one another. Both cleaning and pretreatment processes performed 

well for the Henkel/Fuchs and as-received EFP samples; in order to reduce the number of treatment 

steps, Cleaner 1  Cleaner 2.4 is recommended as the ideal process in these circumstances. Figure 14 

visually summarizes the corrosion results below. 

 Cross-hatch testing was completed and the results are shown in Figure 15 below. The dry cross-hatch 

testing showed a potential benefit to the use of a coil pretreatment and lubricant versus the bare EFP 

in the case of using Cleaner 1  Cleaner 2.4  Pretreatment 8. There may be a slight advantage in 

wet cross-hatch testing to have the Henkel/Fuchs combination with Cleaner 1  Cleaner 2.4. These 

results show that the use of the coil pretreatment and the Fuchs lubricant was statistically equal to or 

better than the bare EFP. 
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Figure 14. Eform Plus panels treated with Henkel coil pretreatment or Xtalic zinc plating and then coated with Fuchs 

lubricant compared to Eform Plus panels as received from Posco. Panels were pretreated with either a two or three 

step process; Cleaner 1 (C1)  Cleaner 2.4 (C2.4)  (opt.) Pretreatment 8 (PT8) and then e-coated with a standard 

automotive e-coat and subjected to G-85 A2 filiform corrosion testing for three weeks. The panels treated with Xtalic’s 

zinc plating process showed heavy surface blistering whereas the panels treated with Henkel’s coil pretreatment and 

the panels directly from Posco performed well. The two-step cleaning and pretreatment process appears to provide 

sufficient protection and would be more desirable than a three-step process.  

 

 
Figure 15. Eform Plus panels treated with Henkel coil pretreatment or Xtalic zinc plating and then coated with Fuchs 

lubricant compared to Eform Plus panels as received from Posco. There was a potential slight increase in performance 

with Henkel and Fuchs combined with Cleaner 2.4 (C2.4) only for wet cross-hatch testing. There were no other 

significant differences in wet cross-hatch performance. 
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Task 3 Compatibility with Quaker Panels: 

 The goal of this work was to evaluate the compatibility of the top performing PPG cleaning and 

pretreatment processes on EFP panels with either Henkel or Xtalic coil coating and Quaker lubricant, 

as well as an as-received EFP. The following cleaning and pretreatment processes were evaluated: 

o Cleaner 1 (C1)  Cleaner 2.4 (C2.4) 

o Cleaner 1 (C1)  Cleaner 2.4 (C2.4)  Pretreatment 8 (PT8) 

 Panels were exposed to G-85 A2 filiform corrosion for six weeks. There was a loss in performance with 

the Xtalic/Quaker EFP panels and were removed from corrosion testing after 3 weeks due to surface 

blistering as seen previously with Xtalic/Fuchs EFP panels. The Henkel/Quaker and the as-received 

EFP panels performed similarly to one another. Both cleaning and pretreatment processes performed 

well for the Henkel/Quaker and the as-received EFP panels. As noted in the above sub-section, the two-

step cleaning and pretreatment process appears to provide sufficient protection and would be more 

desirable than a three-step process. Figure 16 visually summarizes the corrosion results below. 

 Cross-hatch testing was completed and the results are shown in Figure 17 below. The wet cross-hatch 

testing showed a potential benefit to the use of a coil pretreatment and lubricant versus the bare EFP in 

the case of using Cleaner 1  Cleaner 2.4  Pretreatment 8. There was no difference in the wet and 

dry cross-hatch testing between the Quaker (Henkel/Quaker and Xtalic/Quaker) EFP and the as-

received EFP control with Cleaner 1  Cleaner 2.4.  

 

 
Figure 16. Eform Plus panels treated with Henkel coil pretreatment or Xtalic zinc plating and then coated with Quaker 

lubricant compared to Eform Plus panels as received from Posco. Panels were pretreated with either a two or three 

step process; Cleaner 1 (C1)  Cleaner 2.4 (C2.4)  (opt.) Pretreatment 8 (PT8) and then e-coated with a standard 

automotive e-coat and subjected to G-85 A2 filiform corrosion testing for three or six weeks. The panels treated with 

Xtalic showed heavy surface blistering and were removed after three weeks of testing. The panels treated with Henkel 

and the bare panels performed well and were removed after six weeks of testing. For Henkel coil treated samples and 

the as-received EFP, the two-step cleaning and pretreatment process provides sufficient protection and would be more 

desirable than a three-step process.  
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Figure 17. Eform Plus panels treated with Henkel coil pretreatment or Xtalic zinc plating and then coated with Quaker 

lubricant compared to Eform Plus panels as received from Posco. All samples performed better in dry cross-hatch 

testing than wet testing, which is typical. The addition of a coil pretreatment and a lubricant increased the wet cross-

hatch performance versus the bare EFP with Cleaner 2.4 (C2.4) and Pretreatment 8 (PT8). There was no difference in 

the wet and dry cross-hatch adhesion when using a coil pretreatment and a lubricant versus bare EFP with C2.4 only. 

 

Task 3 Compatibility with Xtalic/Quaker Panels: 

 The evaluation of the top performing PPG processes with Xtalic coil pretreatment led to a loss in 

performance with the Xtalic treated samples due to surface blistering. As a result, additional 

evaluation of the following PPG cleaning and pretreatment processes on Xtalic/Quaker EFP panels 

was completed: 

o Cleaner 1 (C1)  Cleaner 2.4 (C2.4) 

o Cleaner 1 (C1)  Cleaner 2.4 (C2.4)  Pretreatment 1 (PT1) 

 The Xtalic/Quaker EFP panels have gone through six weeks of G-85 A2 filiform corrosion testing. 

Figure 18 visually summarizes the final corrosion results below. The Xtalic/Quaker EFP panels do 

not experience the same amount of surface blistering previously seen. In the case of Xtalic treated 

panels, Cleaner 1  Cleaner 2.4  Pretreatment 1 is recommended as it provided better corrosion 

performance and less surface blistering. 

 

 
Figure 18. Eform Plus panels treated with Xtalic zinc plating and then coated with Quaker lubricant. Panels were 

pretreated with either a two or three step process; Cleaner 1 (C1)  Cleaner 2.4 (C2.4)  (opt.) Pretreatment 1 

(PT1) and then e-coated with a standard automotive e-coat and subjected to G-85 A2 filiform corrosion testing for 

six weeks. The Xtalic/Quaker EFP panels do not exhibit the same amount of surface blistering as previously seen. 
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EFP Mini-Door Evaluation: 

 Several experiments to test cleaning and pretreatment processes have been completed on panels that 

have been treated with combinations of either Xtalic or Henkel coil treatments and either Fuchs or 

Quaker lubricants.  

 Table 2 lists the different top performing PPG cleaning and pretreatment processes that were 

evaluated on Xtalic/Fuchs, Xtalic/Quaker, Henkel/Fuchs, Henkel/Quaker EFP panels that have been 

welded, cut, and bent to form mini-doors. 

 

Table 2. PPG cleaning and pretreatment processes evaluated for EFP mini-door compatibility 

Condition Coil Coating Lubricant Cleaning step PPG Treatment System 

1 Henkel Quaker 

Cleaner 1  

(C1) 

Cleaner 2.4 (C2.4) 

2 Henkel Quaker Cleaner 2.4 (C2.4)  Pretreatment 8 (PT8) 

3 Xtalic Quaker Cleaner 2.4 (C2.4) 

4 Xtalic Quaker Cleaner 2.4 (C2.4)  Pretreatment 1 (PT1) 

5 Henkel Fuchs Cleaner 2.4 (C2.4) 

6 Henkel Fuchs Cleaner 2.4 (C2.4)  Pretreatment 8 (PT8) 

7 Xtalic Fuchs Cleaner 2.4 (C2.4) 

8 Xtalic Fuchs Cleaner 2.4 (C2.4)  Pretreatment 1 (PT1) 

 The Xtalic EFP mini-doors have gone through four weeks of G-85 A2 filiform corrosion testing, 

while the Henkel EFP mini-doors have gone through ten weeks of G-85 A2 corrosion testing. There 

was a loss in performance with the Xtalic coil coated EFP panels, which were removed from 

corrosion testing after four weeks due to surface blistering and perforations through the metal. The 

Henkel’s coil pretreatment performed well in up to ten weeks of corrosion testing and did not have 

perforations through the metal. Figure 19 visually summarizes the corrosion results below.  
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Figure 19. Eform Plus panels treated with Xtalic zinc plating (A) or Henkel coil pretreatment (B) and then coated 

with Quaker or Fuchs lubricant. Panels were pretreated with either a two or three step process; Cleaner 1 (C1)  

Cleaner 2.4 (C2.4)  (opt.) Pretreatment 8 or Pretreatment 1 (PT8 or PT1) and then e-coated with a standard 

automotive e-coat and subjected to G-85 A2 filiform corrosion testing. The Xtalic treated panels went through four 

weeks of corrosion testing, while the Henkel treated panels went through ten weeks of testing. The panels treated 

with Xtalic’s zinc plating process showed surface blistering and panel perforations whereas the panels treated with 

Henkel’s coil pretreatment performed well.  
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IV. Optimization of pretreatments on magnesium alloys in multi-metal systems 

This section is focused on the optimization of PPG metal pretreatments for Eform Plus (EFP) in multi-

metal systems. This was done by evaluating corrosion and adhesion performance of the pretreatment 

processes on non-joined and joined panels of EFP, cold-rolled steel (CRS), aluminum alloy 6111 

(AA6111), and hot-dip galvanized steel (HDG). 

Multi-Metal Compatibility of Non-Joined Metal Panels: 

 In order to evaluate the compatibility of PPG cleaning and pretreatment processes with a multi-metal 

system, the corrosion performance of the processes listed below were evaluated on non-joined EFP, 

CRS, AA6111, and HDG samples.  

o Cleaner 1  Pretreatment 1 (PT1) 

o Cleaner 1  Cleaner 2 (C2) 

o Cleaner 1  Cleaner 2.4 (C2.4) 

o Cleaner 1  Cleaner 2 (C2)  Pretreatment 1 (PT1) 

o Cleaner 1  Cleaner 2.4 (C2.4)  Pretreatment 1 (PT1) 

o Cleaner 1  Pretreatment 9 (PT9) 

o Cleaner 1  Pretreatment 24 (PT24)  Pretreatment 1 (PT1) 

o Cleaner 1  Cleaner 2.4 (C2.4)  Pretreatment 24 (PT24) 

 The corrosion results are summarized in the graph below in Figure 20. The AA6111 panels performed 

the best, while CRS was the worst performing of the metals. Out of the pretreatment systems tested, 

Cleaner 2 or Cleaner 2.4 followed by Pretreatment 1 showed the best performance. Pretreatment 24 

followed by Pretreatment 1 was also promising, although variability in the EFP samples was 

observed. 

 The adhesion performance of the non-joined samples with the different pretreatment processes was 

also evaluated. The results for wet cross-hatch are below in Figure 21. Out of the pretreatment 

systems tested, Pretreatment 24 followed by Pretreatment 1 showed the best performance.  

 

 
Figure 20.  Corrosion performance of EFP, CRS, AA6111, and HDG after three weeks ASTM G-85 A2 corrosion 

testing. Cleaner 2 (C2) or Cleaner 2.4 (C2.4)  Pretreatment 1 (PT1) and C2.4  Pretreatment 24 (PT24) showed 

promise. CRS showed the most corrosion of all substrates.  
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Figure 21. Wet cross-hatch adhesion performance of EFP, CRS, AA6111, and HDG with the different pretreatment 

processes. C2.4 showed good performance on CRS, HDG, and AA6111, while Cleaner 2.4 (C2.4)  Pretreatment 1 

(PT1) showed good performance for EFP, CRS, and HDG. Pretreatment 24 (PT24)  PT1 showed the best 

performance and is recommended to pass wet adhesion testing for all substrates.   

 

Multi-Metal Couples Joined using Rivets + Adhesive Prior to Cleaning: 

 The goal of this work is to determine the level of galvanic corrosion in multi-metal couples of EFP, 

CRS, HDG, and/or AA6111. The top performing cleaning and pretreatment processes (listed below) 

were evaluated to select systems that protect all metals. In this work, couples that were joined with 

adhesive and rivets prior to cleaning and pretreatment were evaluated. 

o Cleaner 1  Pretreatment 1 (PT1) 

o Cleaner 1  Cleaner 2 (C2) 

o Cleaner 1  Cleaner 2.4 (2.4) 

o Cleaner 1  Cleaner 2 (C2)  Pretreatment 1 (PT1) 

o Cleaner 1  Cleaner 2.4 (C2.4)  Pretreatment 1 (PT1) 

 In Figure 22, the visual evaluation of the multi-metal couples following cyclic corrosion testing are 

shown, with the three-week corrosion results for the CRS containing couples and the six-week 

corrosion results of the remaining adhesive and rivet couples. The pretreatment system for couples 

containing CRS requires Pretreatment 1, while EFP requires treatment with a Cleaner 2 or Cleaner 2.4 

type bath to achieve corrosion protection.  
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Figure 22. EFP/other substrate couples bonded using rivets and adhesive after GMW 14872 cyclic corrosion testing. 

Images of CRS/EFP were taken after three weeks of corrosion testing, while the images of the other couples were 

taken after six weeks of corrosion testing. In these couples, the substrate that will corrode more is on the bottom for 

easier visualization. Based on the corrosion results, it appears that the pretreatment process of Cleaner 2 (C2) or 

Cleaner 2.4 (C2.4) followed by Pretreatment 1 (PT1) is the most promising solution for mixed substrates thus far. 

 

Optimization of Pretreatment Formulations: 

 Currently, the top performing processes for multi-metal systems involve an additional cleaner and 

pretreatment. This work aims to compact the pretreating process by eliminating the need for a second 

cleaner and developing one pretreatment that performs well with EFP and other metals. Five PPG 

cleaning and pretreatment processes (listed below) were evaluated with EFP and CRS at 120 s, 180 s, 

and 240 s immersion times. 

o Cleaner 1  Cleaner 2.4 (C2.4) 

o Cleaner 1  Cleaner 2.21 (C2.21) 

o Cleaner 1  Cleaner 2.32 (C2.32) 

o Cleaner 1  Cleaner 2.33 (C2.33) 

o Cleaner 1  Pretreatment 1 (PT1) 

 The corrosion performance of the above processes on EFP was evaluated following six weeks of G-

85 A2 filiform corrosion testing. EFP performed better with Cleaner 2.4 and Cleaner 2.21 than with 

the other processes, and had the worst performance with Pretreatment 1. There was little to no change 

in performance when EFP was pretreated at different immersion times, except with Cleaner 2.33 and 

Pretreatment 1, which exhibited worsening performance with increasing immersion time. Figure 23 

summarizes the corrosion results and Figure 24 shows the scribe creep measurements of EFP. 

 The corrosion performance of the five cleaning and pretreating processes was also evaluated on CRS 

following 30 cycles of GMW 14872 cyclic corrosion testing, a typical corrosion test for CRS. CRS 

panels pretreated with Cleaner 2.21, Cleaner 2.32, and Pretreatment 1 performed better than with the 

other processes. There was a change in performance when the CRS was pretreated at different 

immersion times, with the exception of Cleaner 2.33 and Pretreatment 1, where there was no change 

in performance. The performance Cleaner 2.4 on CRS slightly improved with longer immersion 

times. Better performance was observed with Cleaner 2.21 at 180 s in comparison to the other 

immersion times. The performance of Cleaner 2.32 on CRS got worse with 240 s of exposure. Figure 

25 summarizes the corrosion results and Figure 26 shows the scribe creep measurements of CRS. 

 Based off the corrosion results below, for better performance on EFP and CRS, Cleaner 2.21 for 180 s 

or Cleaner 2.32 for 120 s compact processes are recommended. 
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Figure 23. Eform Plus (EFP) panels were cleaned and pretreated with a PPG two-step process: Cleaner 1 (C1)  

Cleaner 2.4 (C2.4), Cleaner 2.21 (C2.21), Cleaner 2.32 (C2.32), Cleaner 2.33 (C2.33), or Pretreatment 1 (PT1) and 

then e-coated with a standard automotive e-coat and subjected to G-85 A2 filiform corrosion testing for six weeks. 

Overall, EFP panels pretreated with C2.4 and C2.21 performed better than panels treated with the other processes. 

Additionally, evaluation at different immersion times showed two scenarios: either there was little to no change in 

performance or performance worsened with increasing immersion time. 

 

 
Figure 24. Corrosion performance of Eform Plus (EFP) after six weeks of corrosion testing. EFP panels pretreated 

with Cleaner 2.4 (C2.4) and Cleaner 2.21 (C2.21) performed better than panels treated with the other processes, and 

there was little to no change in performance when the EFP was pretreated at different immersion times, except in the 

case of Cleaner 2.33 (C2.33), Pretreatment 1 (PT1), and slightly with Cleaner 2.32 (C2.32) performance worsened 

with increasing immersion time.  
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Figure 25. CRS panels were cleaned and pretreated with a PPG two-step process Cleaner 1 (C1)  Cleaner 2.4 

(C2.4), Cleaner 2.21 (C2.21), Cleaner 2.32 (C2.32), Cleaner 2.33 (C2.33), or Pretreatment 1 (PT1) and then e-coated 

with a standard automotive e-coat and subjected to GMW 14872 cyclic corrosion testing for 30 days. CRS panels 

pretreated with C2.21, C2.32, and PT1 performed better than panels treated with the other processes. Additionally, 

evaluation at different immersion times showed both a change and no change in corrosion performance. 

 

 
Figure 26. Corrosion performance of CRS after 30 days of cyclic corrosion testing. CRS panels pretreated with 

Cleaner 2.21 (C2.21), Cleaner 2.32 (C2.32), and Pretreatment 1 (PT1) performed better than panels treated with the 

other processes. There was a change in performance when the CRS was pretreated at different immersion times, 

with the exception of Cleaner 2.33 (C2.33) and PT1, where there was no change in performance. The performance 

of CRS with C2.4 improved with longer immersion times. In the case of C2.21, better performance was observed at 

180 s of exposure in comparison to the other immersion times. The performance of CRS with C2.32 got worse with 

240 s of exposure. 
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Conclusions 

Through this work, PPG’s expertise in metal treatment has been leveraged to develop new, high 

performing pretreatment solutions for different magnesium alloys. First, the evaluation and analysis of 

PPG metal cleaners with the different magnesium alloys was completed to understand alloy performance 

and interactions. This was done by evaluating cleaning effectiveness, pH, and concentration of dissolved 

magnesium. The cleaning assessment showed that Cleaner 1, an alkaline cleaner, was the most effective 

at cleaning ZEK-100 and removing the lubricant. Another study was performed to understand the effect 

of cleaner pH on substrate dissolution, which is related to the surface morphology. A comparison of the 

amount of magnesium dissolved in each cleaner bath to the pH of the bath showed that concentration of 

dissolved magnesium in the bath is not directly related to the bath pH. This information was used to select 

the most advantageous cleaner for magnesium alloy, as Cleaner 1 was used as the first step in the 

pretreatment process throughout this project.  

Following cleaner evaluation, work was done on the evaluation of existing and newly developed 

PPG metal pretreatments with the different magnesium alloys. This was done by testing the corrosion and 

adhesion performance of different pretreatment processes. Several different pretreatment solutions 

showed corrosion protection of ZEK-100 and EFP, especially with the Pretreatment 2 and Cleaner 2 

pretreatment prototypes. For both alloys, variations of an optimized Cleaner 2, proved to be top 

performing pretreatments, showing promise as a stand-alone pretreatment solutions. Cleaner 2.4 was used 

as a top performing pretreatment processes for the integration with other components of the project. These 

results highlighted PPG’s success in formulating prototype products for pretreatment and corrosion 

coatings. 

Pretreatment integration with other Task 3 coatings and Task 4 joining processes was one of the 

major goals of this project. This was done by evaluating corrosion and adhesion performance of the 

pretreatment processes following Task 3 coil coatings and/or lubricants and following the Task 4 joining 

processes to form EFP mini-doors. Compatibility was shown first with Cleaner 1 and its consistent 

removal of Quaker lubricant to pass the cleaning assessment. Results showed that Cleaner 2.4 was 

effective in protecting coil coated and lubricated EFP from corrosion, and in some cases, also improving 

the adhesion performance, when used as either a stand-alone pretreatment and as a step before an 

additional pretreatment. These results were important for the selection of pretreatment conditions for Task 

4 collaboration on the EFP mini-door. The corrosion results of the mini-doors show corrosion protection 

with PPG processes with one of the coil coatings and both lubricants. One remaining challenge of this 

work is to address the inconsistent corrosion results when cleaning and pretreating Xtalic coil coated 

samples with the top performing pretreatments. Overall, integration with the other Task 3 coatings and 

Task 4 led to optimized pretreatment solutions that show excellent compatibility. 

The last area of focus was the optimization of PPG metal pretreatments for Eform Plus (EFP) in 

multi-metal systems. The corrosion and adhesion performance of the pretreatment processes was 

evaluated on non-joined and joined panels of EFP, cold-rolled steel (CRS), aluminum alloy 6111 

(AA6111), and hot-dip galvanized (HDG). Initially, promising multi-step pretreatment processes showed 

corrosion protection on joined and non-joined multi-metal systems. Follow up studies aimed at 

compacting the pretreatment process found that Cleaner 2.21 and Cleaner 2.32 provide sufficient 

corrosion protection for both EFP and CRS, comparable to the top performing pretreatment processes for 

each substrate. These results suggests that magnesium alloys protected with PPG metal pretreatment 

processes can be used in more multi-metal applications. 

In summary, PPG has formulated and optimized several novel cleaning and pretreatment solutions 

for both ZEK-100 and EFP and completed integration with other components of the project. Significant 

progress has also been made in finding compact pretreatment processes for multi-metal systems. The 

contributions of this work addressed the reactive nature of magnesium alloy and enabled its use in more 

multi-metal applications. 
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Appendix A 

DataHUB Datasets: 

o Cleaner evaluation of ZEK-100 series 

1. 17-RH-009 - cleaner matrix 1.xlsm 

2. 17-RH-016 - cleaner matrix 2.xlsm 

3. 17-RH-019 - cleaner matrix 3.xlsm 

4. 17-RH-021 - cleaner matrix 4.xlsm  

5. 17-RH-039 - cleaner matrix 5.xlsm 

o Pretreatment evaluation of ZEK-100 series 

1. 17-RH-015 - matrix 1.xlsm 

2. 17-RH-020 - matrix 2.xlsm 

3. 17-RH-032 - matrix 3.xlsm 

4. 17-RH-033 - matrix 4.xlsm 

5. 17-RH-034 - matrix 5.xlsm 

o Pretreatment formulation of EFP and ZEK-100 series 

1. 17-RH-035 - matrix 6.xlsm  

2. 17-KMA-011 - matrix 7.xlsm  

3. 17-KMA-010 - matrix 8.xlsm  

4. 18-KK-001 - matrix 9.xlsm  

5. 18-KK-002 - matrix 10.xlsm  

6. 18-KK-003 - matrix 11.xlsm  

7. 18-KK-004 - matrix 12.xlsm  

8. 18-KMA-001 - matrix 13.xlsm  

9. 18-KMA-015 - matrix 14.xlsm  

10. 18-RH-003 - matrix 15.xlsm  

11. 18-RH-004 - matrix 16.xlsm  

12. 18-RH-007 - matrix 17.xlsm  

13. 18-RH-017 - matrix 18.xlsm  

14. 18-RH-019 - matrix 19.xlsm  

15. 18-RH-023 - matrix 20.xlsm  

16. 18-RH-024 - matrix 21.xlsm  

17. 17-RH-024 - matrix 29.xlsm  

18. 17-RH-023 - matrix 30.xlsm  

19. 17-RH-017 - matrix 31.xlsm  

20. 18-KMA-002 - matrix 32.xlsm  

21. 18-KMA-004 - matrix 33.xlsm 

22. 18-KMA-005 - matrix 34.xlsm  

23. 18-KMA-007 - matrix 35.xlsm 

24. 18-KMA-016 - matrix 36.xlsm 

o Pretreatment of EFP and ZEK-100 Task 3 integration 

1. 19-RH-006 - matrix 38.xlsm 

2. 19-SF-072 - matrix 39.xlsm 

3. 20-LV-006 - matrix 42.xlsm 

4. 20-LV-011 - matrix 45.xlsm 

o Pretreatment optimization of EFP and ZEK-100 series 

1. 19-KMA-002 - matrix 22.xlsm  

2. 19-KMA-014 - matrix 23.xlsm  

3. 19-KMA-017 - matrix 24.xlsm  
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4. 19-RH-002 - matrix 25.xlsm  

5. 19-RH-004 - matrix 26.xlsm  

6. 19-SF-020 - matrix 27.xlsm  

7. 19-SF-080 - matrix 28.xlsm  

8. 19-RH-005 - matrix 37.xlsm  

9. 19-RH-008 - matrix 40.xlsm  

10. 19-RH-009 - matrix 41.xlsm  

11. 20-LV-007 - matrix 43.xlsm  

12. 20-LV-009 - matrix 44.xlsm 
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Appendix B 

PPG IP Filings Under USAMP Award: 

1. PCT/US2020/045656 Control of Etching by Cleaner Composition and Organic Pretreatment for 

Magnesium Substrate – application filed (MOI included in patent application: T-115306) 

2. PCT/US2020/045629 ChemDeox 395 as a Pretreatment-enhancing Cleaner on Magnesium Alloy 

– application filed (MOIs included in patent application: T-115816, T-118158, T-118162) 

3. Peroxide-free Cerium Pretreatment of Magnesium Substrates for Longer Bath life – application in 

preparation (MOI T-117692) 

4. Cerium Pretreatment with Oxidizer Coupling on E-Form Plus Magnesium – application in 

preparation (MOI T-122068) 

5. Corrosion Protection of Mg Alloys via Orthophosphonic Derivative Based Pretreatment – 

application in preparation (MOI T-119012) 

 
PPG sent recession letters for 2 inventions: 

1. T-117830: Corrosion and Adhesion Improvement of ZB 1.5 on Mg substrate with a pre-

electrocoat bake 

2. T-122794: Unique treated magnesium substrate using chemdeox 395 and nupal 435 

 
PPG has not yet filed patent applications for the remaining 3 inventions in the listed below: 

1. T-120644: One-step multimetal pretreatment for Mg and steel 

2. T-118530: Improvement of Mg Substrate Corrosion Performance with an Si-containing Organic 

Pretreatment 

3. T-115308: Fluoride-Containing Cleaner as a Protective Pretreatment Enhancer on Magnesium 

Alloy 

4. T-124614: Compact pretreatment for both Cold-Rolled Steel and Magnesium 
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Appendix C 

PPG Process Description pH 

Cleaner 1 (C1) degreaser 8.5 to 12.5 

Cleaner 2 (C2) fluorometallic acid 1 to 4 

Cleaner 2A (C2A) fluorometallic acid 1 to 4 

Cleaner 2B (C2B) fluoride source - 

Cleaner 2.1 (C2.1) fluorometallic acid 1 to 4 

Cleaner 2.1A (C2.1A) fluorometallic acid 1 to 4 

Cleaner 2.18 (C2.18) fluorometallic acid 1 to 4 

Cleaner 2.4 (C2.4) fluorometallic acid 1 to 4 

Cleaner 2.21 (C2.21) patent application in progress - 

Cleaner 2.32 (C2.32) patent application in progress - 

Cleaner 2.33 (C2.33) patent application in progress - 

Cleaner 3 (C3) acidic cleaner 1 to 4 

Cleaner 4 (C4) acidic cleaner 2.5 to 5.5 

Cleaner 4.1 (C4.1) acidic cleaner 1 to 3 

Cleaner 5 (C5) organic acid  

Pretreatment 1 (PT1) fluorometallic acid 3 to 4.5 

Pretreatment 2 (PT2) organophosphate 2.5 to 5.5 

Pretreatment 2.1 (PT 2.1) organophosphate 2.5 to 5.5 

Pretreatment 2.12 (PT 2.12) organophosphate 2.5 to 5.5 

Pretreatment 2.13 (PT 2.13) organophosphate 2.5 to 5.5 

Pretreatment 3 (PT3) fluorometallic acid 3 to 4.5 

Pretreatment 4 (PT4) fluorometallic acid 3 to 4.5 

Pretreatment 5 (PT5) fluorometallic acid 3 to 4.5 

Pretreatment 6 (PT6) fluorometallic acid 3 to 4.5 

Pretreatment 7 (PT7) patent application in progress - 

Pretreatment 8 (PT8) patent application in progress - 

Pretreatment 7.4 (PT7.4) patent application in progress - 

Pretreatment 7.5 (PT7.5) patent application in progress - 

Pretreatment 7.8 (PT7.8) patent application in progress - 

Pretreatment 10.9 (PT10.9) patent application in progress - 

Pretreatment 7.9 (PT7.9) patent application in progress - 

Pretreatment 9 (PT9) Group IVB/organic  

Pretreatment 24 (PT24) commercial pretreatment  

Pretreatment 25 (PT25) organophosphate 2.5 to 5.5 

Pretreatment 25.1 (PT25.1) organophosphate 2.5 to 5.5 

Pretreatment 25.2 (PT25.2) organophosphate 2.5 to 5.5 

Pretreatment 25.3 (PT25.3) organophosphate 2.5 to 5.5 

 


