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1 Abstract  
 
This research unravels the formation mechanism of a hybrid conversion treatment including the well-

established Zr conversion coating with a silane-based organic additive and Cu-based inorganic additive. 

The deposition mechanism of this coating was investigated on the thermal oxide film of Advanced High 

Strength Stainless Steels (AHSSS). This coating has been characterized using advanced surface analytical 

techniques such as XPS, FEG-AES, GDOES, and ToF-SIMS. The results showed that the simultaneous 

presence of these two additives results in the formation of a donor-acceptor complex between amine 

groups and Cu ions. This can prevent the selective deposition of Zr oxide on Cu-containing zones and result 

in the formation of a more homogenous coating. The final coating contains Cu oxide together with a Cu-

aminosilance complex, Zr oxide deposited mainly around Cu oxide and the aminosilane layer on the outer 

surface.  
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2 Introduction  
 

Advanced high strength stainless steels (AHSSS) have been developed as a compromise for automotive 

applications to impart both lighter weight and satisfactory mechanical properties to the car body [1–3]. 

In addition, the optimal amount of Cr content in these alloys provides an excellent level of corrosion 

resistance [4,5]. 

During the application of this material in the automotive structure, a stack of coatings is applied on the 

surface in order to grant various aesthetic and protective properties to the surface [6,7]. In the course of 

the pretreatment step, as one of the layers, a thin conversion coating is deposited on the metallic 

substrate by a simple immersion process [8–10]. This coating aims to enhance the adhesion of the next 

organic layer and also to improve the corrosion resistance of the substrate [11–13]. Following the REACH 

regulation, the application of chromate and phosphate conversion coatings was restricted due to their 

health and environmental issues [14,15]. Therefore, numerous research has been conducted to find an 

environmentally friendly alternative that can provide the same anti-corrosion and adhesion properties.   

The investigation in this field showed that the rare-earth-based conversion treatments such as cerium, 

vanadate, and zirconium-based treatment could be a potential alternative with promising performance 

[16–18]. Among all these possibilities, Zr-based conversion treatment could become commercialized by 

exhibiting lower environmental impact and lower operational cost [19–21]. In this type of conversion 

treatment, the reaction is initiated by the dissolution of the substrate through an anodic reaction 

[19,22,23]. This reaction leads to hydrogen evolution and oxygen reduction reactions which alkalize the 

surface of the substrate [23,24]. It is also shown that the coating contains ZrO2 that is formed during the 

following reaction [10,20,21,25]:  

ZrF6 2− + 4H2O → ZrO2·H2O + 6HF + O2− 

The more in-depth investigations exhibit that the film formation preferentially occurs on and around 

intermetallic particles that act as cathodic sites after which then the coating laterally grows [26–28].  

Several studies focused on the optimization of coating deposition parameters such as immersion time, 

pH, and temperature to obtain the best anti-corrosion performance [24,29]. Moreover, the use of 

inorganic additives in the conversion solution could also help to achieve a better coating in terms of 

protection and adhesion [30–32]. For instance, Cu is extensively used to increase the deposition rate of 

the conversion coating [33–36]. Cu particles act as extra cathodic sites and promote the alkalization of the 

surface which favors the coating deposition [16,37,38]. However, the incorporation of the Cu compound 

in the solution results in the formation of a non-uniform Zr layer that does not cover the whole surface 

and this can deteriorate the anti-corrosion behavior of the system [15,31,39].   

On the other hand, organic-based conversion coatings such as organosilanes were also introduced as a 

green alternative to chromate and phosphate conversion coatings [40–42]. These multi-functional 

molecules can improve the adhesion of paint by having an affinity for both metallic substrate and polymer. 

They can also form a barrier layer that enhances the corrosion properties [43]. Akhtar et.al showed that 

10 min immersion of 304 stainless steel in a silane-based solution could improve the anti-corrosion 

properties of the substrate [44]. However, the fact that they can only interact with certain paints, as a 

single component pretreatment, made them less popular in this field [45,46].  
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Nevertheless, other studies showed the benefit of organic compounds as an additive for the conversion 

solution in order to achieve an improved base for the subsequent organic layer in terms of adhesion and 

barrier properties [15,47–49]. These studies led to the idea of a “hybrid-conversion coating” which takes 

advantage of the combination of both organic and inorganic additives to obtain the optimized properties 

[15,50,51]. Adhikari et. al studied the corrosion resistance of a steel substrate treated with a Zr-based 

conversion coating containing a small amount of Si and Cu [15]. They observed that the presence of Cu 

increased the coating growth rate and led to good long-term corrosion protection. However, they did not 

provide further information on the formation mechanism. In more recent research by Liu et. al, a new 

organic-inorganic Zr-based conversion coating containing both Cu and polyamidoamine was studied [50]. 

They took advantage of a multimodal approach to unravel the effect of these additives in the formation 

mechanism. They showed that the presence of the organic additive limits the typical role of Cu and by 

doing so provides better corrosion protection and adhesion performance. It was suggested that the 

organic additive controls the free Cu2+ via complexation and this results in more optimal properties. 

However, they could not show the exact chemical composition of this complex.  

In this study, the formation mechanism of a hybrid conversion coating based on the combination of 

hexafluorozirconic acid and aminosilane (Zr-AS) with the addition of Cu2+ ions on AHSSS will be 

investigated. The main goal here is to understand the role of the simultaneous presence of  Cu and 

aminosilane in the deposition mechanism of this Zr-based coating. In this regard, a multi-analytical 

approach was employed. The blank and treated samples were characterized using Scanning Electron 

Microscopy (SEM), Energy Dispersive X-ray spectroscopy (EDX), and Field Emission Gun Auger Electron 

Spectroscopy (FEG-AES). In addition, the surface and the in-depth (molecular) composition of the samples 

were examined by means of Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) and Glow-

Discharge Optical Emission Spectroscopy (GDOES) to obtain a comprehensive understanding of the 

conversion treatment through depth. High-Angle Annular Dark Field Scanning Transmission Electron 

Microscopy (HAADF-STEM) was also employed to observe composition of the cross section of the sample 

before and after treatment.  

 

3 Experimental and methods 

3.1 Materials and treatments  
 

In this study, Advanced High Strength Stainless Steel (AHSSS) from Aperam Stainless Steel was used as a 

substrate. The chemical composition of this substrate was measured by Wavelength Dispersive X-ray 

Fluorescence spectrometer (WDXRF) that is mentioned in our previous research [3]. This material contains 

11 wt.% Cr and less than 1 wt.% of Ni, Mn, Si, and Nb. Additionally, the martensitic structure was obtained 

after heat treatment of this material at 950° C for 5 min and then colling down in the air.  

Prior to the application of hybrid Zr-aminosilane conversion coating, the cleaning step was performed in 

a commercial alkaline solution (pH 10.5, 10 min, and 55° C) to remove the contamination and prepare the 

substrate for the conversion process. After the cleaning step, the substrate was immersed in the 

conversion coating solution based on H2ZrF6, Cu nitride, and aminosilane for 3 min at 35° C. In addition, 
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the fluoride content was kept at 35 ppm for all the sample preparations. Before any analysis of the 

samples, they were dried in an industrial oven at a temperature of 80°C for 15 min. 

 

3.2 Analysis methods 
 

The characterization of the treated sample by hybrid Zr-AS conversion coating was done using various 

surface analytical techniques. These techniques were chosen in a way to obtain the maximum information 

about the structure of the coating and its formation mechanism.  

In this regard, Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDX) were 

utilized in order to evaluate the morphology and elemental composition of the surface, respectively.  

Moreover, a measurement by glow discharge optical emission spectroscopy (GDOES) was performed to 

determine the precise variation of chemical composition in the depth of the conversion coating.  

The high resolution measurement by X-ray Photoelectron Spectroscopy (XPS) and the Time-of-Flight 

Secondary Ion Mass Spectroscopy (Tof-SIMS) were performed to determine the oxidation state of 

different elements and detailed chemical composition of the coating on the surface and at the depth with 

higher depth resolution. Additionally, The cross-section of the samples was characterized by High-Angle 

Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM).  

The experimental conditions of the abovementioned measurements were fully explained in our previously 

published papers [3,4].  

Furthermore, the combination of high lateral and depth resolution was achieved by using a Field Emission 

Gun Auger Electron Spectroscopy (FEG-AES) from JEOL (JAMP-9500F). The image was obtained using a 

secondary and a backscattered electron detector attached to the FE-AES system at a magnification of 

×20000 using a beam of 10 keV and 25 nA. The angle of incidence was 30◦ with respect to the sample 

surface. The data were processed using the JEOL Image and Spectra Investigator software. 

 

4 Results and discussion 

4.1 The morphology and the chemical composition after the application of hybrid Zr-

aminosilane (Zr-AS) conversion coating   
 

Fig. 1 shows the SEM images of the coating on the surface before and after conversion coating. Fig. 1a 

shows the initial state of the surface (blank sample) containing a fine oxide structure.  Fig. 1b shows the 

surface of the oxide film after treatment with Zr-based conversion coating combined with aminosilane 

(Zr-AS) with Cu. In this sample, the deposition of scattered particles all over the surface can be observed. 

To determine the chemical composition of these particles, EDX measurement (Fig. 1c) was performed on 

one of the particles (marked yellow) and a zone where there is no particle (marked red). The comparison 

of these two spectra indicates that these particles have a higher concentration of Cu compared to the rest 

of the surface.   
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Fig.  1: The SEM images of the surface before (a) and after the application of conversion treatment (b). 

c) The EDX spectra of marked zones on Fig. 1(b) 

EDX mapping was also carried out in order to extend the understanding from EDX point measurements  

to the whole surface.  Fig. 2(a,b) shows an area of the surface with the corresponding EDX map. Fig. 2b 

shows that these particles are scattered all over the surface and they mainly consist of Cu.  

  

Fig.  2: The SEM image of the treated sample (a) and the corresponding Cu EDX map (b) 

4.2 The depth profile after the application of hybrid Zr-aminosilane (Zr-AS) conversion 

coating   
The depth analysis of the blank and treated sample was performed using Glow-Discharge Optical Emission 

Spectroscopy (GDOES). These measurements were carried out to determine the precise variation of 
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different elements along the depth and particularly on the top surface. Fig. 3a shows the depth profile of 

Fe, Cr, Si, and O of the blank sample. The blank sample contains a thermal oxide layer on the top as was 

explained in the experimental part. We reach the substrate after almost 3s of sputtering, characterized 

by constant intensities of Fe and Cr. Consequently, the depth profile up to 3s of sputtering shows the 

variation of composition along the thermal oxide film. The outer layer of the oxide layer is covered mainly 

by Fe oxide (point number 1) until it reaches the Cr-enriched layer at 2s of sputtering (point number 2). 

This is followed by a Si-rich zone at 2.5s sputtering time (point number 3). The comprehensive 

characterization of the oxide layer has been published in our previous research [3]. Fig. 3(b,c) depicts the 

depth profile of the Zr-AS treated sample in the presence of Cu. The comparison of the O intensity on the 

top surface (until 0.5s of sputtering) in blank and treated samples clearly shows that the amount of O 

increased on the very top surface after treatment. This indicates that these treatments resulted in the 

formation of an oxide/hydroxide on the outer surface. The enlarged depth profile of the top surface of 

the treated sample in the presence of Cu has been shown in Fig. 3c. This graph shows the presence of two 

zones where each of the contributing elements in the coating reaches its highest intensity. The first zone 

on the outermost surface shows the presence of N and Si as an indication for the deposition of 

aminosilane. At the same zone, Cu can be also observed together with N and Si. In the second zone, Cu 

reaches its maximum intensity where Zr is also detected.  This zone is extended until almost 1 s of 

sputtering and expands until the enrichment of Cr. These results show that the deposition of Zr happens 

faster than aminosilane deposition since this element was detected in the lower layer. Also Cu is present 

throughout the conversion layer.  

 

 

4.3  Determination of the Cu role on the distribution of Zr-AS coating on the surface  
 

A point by point analysis of the surface was performed using Field Emission Gun Auger Electron 

Spectroscopy (FEG-AES), to determine the distribution of Zr-AS coating over the surface and particularly 

around Cu particles. Fig. 4a shows the measurement area for the spot and line measurements by FEG-

AES. This figure exhibits surface morphology similar to what has been observed in Fig. 1c in lower 

magnification. Fig. 4b presents the Auger spectra for the two representative spots on Fig. 4a which are 

highlighted in red and green.  The green spectrum that corresponds to the green-marked particle shows 

the presence of mainly Cu and Zr. The presence of Cu at these scattered particles was previously observed 

in Fig. 2b. However, Zr was not possible to be detected by EDX due to its lower surface sensitivity 

compared to FEG-AES. On the other hand, the red spectrum that corresponds to the red-marked particle 

indicates the presence of Cu and N and a lower Zr concentration. This deposition pattern has been 

observed all over the surface of different samples. This shows the competitive deposition of N and Zr on 

the Cu particles.  

In addition to the spot measurements, a line profile of the surface (red line in Fig. 4a) was recorded using 

FEG-AES as shown in Fig. 4c. The blue line profile indicates the Cu-containing spots along the line. 

Following the variation of the Zr line profile (in red) clearly shows the enhanced deposition of Zr on or 

around Cu particles. The line profile of N (in green) does not show a clear trend along the line similar to 

what has been observed in the spot measurement. This can be due to the low intensity of the N peak.  
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Fig.  3: The GDOES depth profiles of the blank sample (a), the conversion treated sample (b) and its magnified profile until 2 s of 
sputtering (c) 

 

Fig.  4: The SEM image of the treated sample (a), the differentiated FEG-AES spectra of two marked spots on (a) and the FEG-AES 
line profiles of Cu, Zr, and N (c) corresponding to the red line on (a). The black arrows on (a) and (c) show the correlated spots in 

the image and the line profile.  
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4.4 Determination of the Cu and N chemical state on the surface  
Determination of the chemical state of Cu is an important tool to understand the mechanism of 

conversion treatment on this substrate. As reported in the literature [31,33], the Cu2+ ions in the solution 

can be reduced and deposited on the surface as metallic Cu. It is also suggested that the deposited metallic 

Cu can be oxidized in contact with air or the solution [28,50]. Therefore, it is of importance to figure out 

the chemical state of Cu in this process to gain a better understanding of the governing mechanism. In 

this regard, X-ray Photoelectron Spectroscopy (XPS) has been used to determine the oxidation state of 

the Cu particles. Fig. 5(a-d) demonstrates the high resolution spectra of the Cu2p and Cu LMM peaks on 

the top surface and after a short period of sputtering, respectively.  Fig. 5a shows the Cu2p high resolution 

spectra on the surface. It indicates the presence of three components in the Cu2p1/2 peak at the binding 

energy of 932.1 (±0.1), 933.3 (±0.1), and 934.8 (±0.2) eV with full width at half-maximum (fwhm) of 1.6 

(±0.2) eV. The first component at 932.4 eV corresponds to Cu(0) or Cu(I) [52,53]. Fig. 5b shows the location 

of the Cu LMM peak of the surface at the kinetic energy of 912 eV. This can show that the first component 

at 932.4 eV can be assigned to Cu(I) which can be present in the form of Cu2O and CuOH  [54]. The 

assignment of the third component can also be done according to the binding energy and presence of the 

shake-up peak between 940 and 945 eV which shows the formation of Cu(II). This peak shows the 

presence of Cu(OH)2 on the top surface. The second peak located around 933 eV represents the 

coordination of Cu ions with a group of atoms that are less electronegative than 2 OH groups. Thus, the 

XPS peak would appear in the lower binding energy than 934 eV. The tendency of the coordination of Cu 

with N from the amine group has been mentioned in several reports [50,55–58]. In fact, the amine-

containing compound has been historically used in order to extract Cu ions from waste water [59–61].  It 

is reported that Cu(II) can coordinate well with the N in the amine group to form a donor-acceptor 

complex [55,61]. Therefore, the peak at the binding energy of 933.3 eV can be assigned to Cu-AS as a 

product of charge transfer between the N in the aminosilane molecule and Cu ions. However, this peak 

disappeared after short sputtering, indicative for the formation of a very thin layer.   
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Fig.  5: The high resolution spectra of Cu2p and Cu LMM peak on the top surface (a,b) and after a short sputtering (5s) by Ar+ ion 
(c,d) 

According to Fig. 5c, the Cu2p1/2 peak after a short sputtering (5s) by Ar+ ion shows only the presence of 

one component at 932.4 (±0.2) eV (fwhm=1.6 (±0.2) eV). By looking at the Cu LMM peak of the sample 

after sputtering (Fig. 5d), it can be stated that this peak is located at the kinetic energy of 913 eV which 

shows the same composition as the first peak in the sample before sputtering, namely Cu (I) [52,54]. Plus, 

there is no shake-up peak observed that can verify the absence of Cu(II). In addition, Fig. 1S in the 

supplementary data shows that the deposited Cu in this study has a fully oxidized structure and no metallic 

Cu was observed in the inner layer.  

In conclusion, it can be stated that the Cu(II) component is only present on the top surface and the Cu(I) 

component is present on the top surface and/or in the inner layer forming a core-shell structure.  

Fig. 6 presents the high resolution spectra of N1s on the top surface comprising of two components. The 

first component (N1) at a binding energy of 400.2 (±0.2) eV corresponds to reported values for Lewis 

acid−base interaction and is associated with the hydrogen interaction of the amine group with the surface 

hydroxyl group or the unbound N [62,63]. The second component (N2) at the binding energy of 402.2 

(±0.2) eV indicates a higher shift in the binding energy that can be attributed to a high electron density of 

protonated N in the form Cu-AS [55,64,65]. This component indicates that the N atoms donate their 

electron pair into a vacant orbital forming a donner-acceptor complex [66,67]. This confirms the previous 

statement about the possibility of Cu-AS formation.  
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Fig.  6: The high resolution spectra of N1s on the top surface 

4.5 The supplementary depth and surface characterization of the Zr-AS treated sample 

by ToF-SIMS  
 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) was exploited in order to investigate the 
detailed chemical structure of the sample at the surface and in depth. In this regard, a step-by-step 
sputtering and measurement characterization was carried out to unravel the depth composition and the 
mechanism of this process. Fig. 7 presents the signal intensity of 65Cu+, ZrO+, CH4N+, and SiO3H3

+ on the top 
surface and at 10 nm and 100 nm depth. These four fragments represent three key components of the 
coating; Cu, Zr, and aminosilane. A spectrum obtained on a sample treated in the absence of Cu is also 
shown in the overlay (in blue color) to accentuate the role of Cu.  
Cu+ is present throughout the depth and is found with the highest intensity at the depth of 10 nm. ZrO+ 
indicates that Zr from the solution has been deposited as Zr-oxide which was previously reported [17,20]. 
The comparison of ZrO deposition in the absence and presence of Cu shows that Cu has a significant 
influence on the deposition of ZrO. ZrO+ is most intense at 10 nm depth. The similar variation of intensities 
of ZrO+ and Cu+ throughout the depth shows that the deposition of ZrO has a direct relation with Cu 
deposition: more Cu leads to more ZrO deposited. 
 
CH4N+and SiO3H3

+ are representative for the deposition of aminosilane on the stainless steel [68]. It can 
be seen that these two fragments are most intense at the top surface. This result shows again that the 
deposition of Zr happens faster than aminosilane deposition.  
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Fig.  7: The comparison of the ToF-SIMS depth profile for different fragments at different depths 

It was previously observed in section 4.4 that Cu can be present in different chemical compositions. 

Therefore, ToF-SIMS analysis was used to identify the different chemical compositions of Cu. Fig. 8 shows 

the presence of different Cu-containing fragments on the surface and at 10 and 100 nm depth. Cu seems 

to be present in the form of Cu-oxide/hydroxide (Cu2O+, CuO2
-, and CuOH+), and also it can form some 

complexes with the substrate itself (CrCuO+ and CuFeO+). Additionally, CuNH3
+ was found in this sample.  

It can be seen that Cu2O+, CuOH+, and CuNH3
+ are mainly present in the top layer, and that there is no 

trace of them at 100 nm depth. On the other hand, CuO2
-, CrCuO+, and CuFeO+ are most intense at 100 

nm depth.  

The complexation of Cu with Fe-oxide and Cr-oxide from the substrate indicates that the Fe and Cr-oxides 

could be dissolved and interact with the Cu ions during the conversion process. It can be also stated that 

the formation of CuO2
-  fragment can show the interaction of Cu ions with the oxide. Nevertheless, the 

formation of Cu2O+and CuOH+ mainly on the top surface shows the interaction of the Cu ions with the 

oxygen or moisture in the solution. 

In addition, the observation of CuNH3
+ on the top surface indicates the interaction of Cu ions with the 

amine group of aminosilane as also seen the XPS measurements. 
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Fig.  8: The comparison of the ToF-SIMS depth profile for different Cu-containing fragments at different depths (The peak of 
54FeFeO2

+ was indicated to consider the overlap of this fragment with Cu2O+ ) 

Fig. 9a shows the signal intensity of 65Cu+ on the top surface and at different depths towards the substrate. 

It can be observed that up to a depht of 200 nm. Cu is no longer detected at a depth beyond 300 nm 

where the substrate is reached.    

HAADF-STEM imaging was performed to verify the presence of Cu in the depth of the oxide layer and also 

to determine the zones of the oxide layer that this fragment is located.  Fig. 8b displays the HAADF-STEM 

image of an area of the surface containing Cu particle together with the EDX maps of Si, Cu, and Cr. 

This observation also verifies that Cu is present in the deeper regions of the oxide layer. The EDX map of 

Cu shows that this element can be present both as a particle on the top surface and a partial layer in the 

deeper area of the oxide film. According to these EDX maps, the deposition of Cu in oxide film occurs 

within the Si nodules and under the Cr enriched layer. It was observed in the previous part that the Cu 

ions could be complexed with the substrate namely Fe-oxide and Cr-oxide and they have higher intensities 

in the deeper layer. That can be a reason for the observation of Cu in the deeper layer. It can be suggested 

that the presence of Cu containing components in the deppth is facilitated by F- ions that can dissolve the 

oxide film or they can peneterate through the oxide film via the porosity in the oxide layer [4].  
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Fig.  9: The ToF-SIMS depth profile of Cu+ at the different depths (a) and the HAADF-STEM image of an area of the oxide film and 
the corresponding Si, Cu, and Cr EDX maps (b) 

 

4.6 Formation mechanism of the coating  
 

As it was reported in the literature, Cu can have a great influence on the distribution of Zr oxide all over 

the surface and its oxidation state can give insight into the mechanism [15,31,50]. In these cases, like Al 

and Zn, the thin oxide layer (native oxide) is removed by F ions and that facilitates access to the metal 

substrate. The further dissolution/oxidation of the metal substrate provides the necessary electrons for 

the reduction of Cu and its deposition on the surface. The reactions below clarify the abovementioned 

statement where M is the metal: 

M → Mn+ + ne- 

Cu2+ + 2e- → Cu↓ 

In the case of the current substrate, the stainless steel is covered by a thick oxide layer and it was shown 

before that the full removal of this thermal oxide film is not possible. Instead, the oxide film will dissolve 

preferentially in the zones that are more soluble in the pickling process such as Fe containing oxide [3,4]. 

Therefore, there was no clear indication for the contribution of metal in the oxidation reaction. This is 

why it is necessary to determine the composition of Cu to see if this substrate follows the above reactions 

or not.  

 In this study, the results showed that Cu can have 3 different compositions on the surface and in-depth.  

1. Cu oxide/hydroxide: Cu2+ can be immediately reduced (Cu2+ + e- → Cu+) and be further oxidized in 

contact with air or solution and form Cu oxide/hydroxide.  
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2. Cu-AS: this component is in a low concentration present on the outer layer covering some of the 

Cu oxide /hydroxide particles from the reduction of Cu2+. The amine groups in the aminosilane 

molecule can be complexed with Cu through an acceptor-donor reaction.  

3. Cu-Fe/Cr: The Cu ions can be complexed with the dissolved Fe-oxide and Cr-oxide during pickling 

reaction and form Cu-Cr/Fe oxide on the surface and in depth.  

From the presence of these compounds, the anodic counter reaction can be the dissolution of the 

substrate where the less stable components can be dissolved into the solution [4,17,19]. This dissolution 

can happen during the below reaction:  

FeCr2O4 + 3F- → FeF3 + Cr2O4
2- + e-     

FeCr2O3 +2F- → FeF2+ 2e- + Cr2O3  

The formation of Fe-F compound and the enrichment of surface by Cr oxide during pickling step have been 

shown in our previous research [3].  

Fig. 10 illustrates the formation of the hybrid Zr-AS coating on our substrate containing a complex thermal 

oxide film, which chemical structure characterization has been carried out in our previous research [3,4].  

Deposition of Cu with different oxidation states leads to a variation of Zr oxide deposition all over the 

surface. In a conventional Zr-based conversion coating with the addition of Cu, the deposition of Cu oxide 

or metallic Cu results in the acceleration of Zr oxide deposition due to its higher cathodic activity. In 

addition, Cu2+ consumes the free electrons from anodic reaction which leads to the acceleration of 

substrate oxidation or dissolution. However, the formation of the Zr oxide happens mainly around Cu 

particles preventing the formation of a homogenous layer that can impart corrosion protection [15,31].   

According to Fig. 10, there are some Cu-oxide/hydroxide particles on the surface along with the presence 

of higher Zr oxide concentration, showing the promotion of coating deposition around these particles. On 

the other hand, some of these Cu oxide particles are covered by Cu-AS which does not have the same 

cathodic activity as Cu-oxide, thus no significant Zr oxide deposition could be observed around them. 

Eventually, Cu2+ could be complexed with the Fe and Cr oxide from the substrate that was observed in the 

deeper zones.  

Furthermore, a very thin layer containing Si and N covers the whole surface which represents the 

deposition of free aminosilane in the solution. This layer is reported to improve the adhesion of the next 

organic layer [51].  

These results suggest that the addition of an amine-containing organic additive to the Zr-Cu conversion 

coating can still accelerate the coating deposition but can hinder a part of Cu function through 

complexation with this component. This can prevent the selective deposition of Zr oxide only on Cu 

particles and presumably the formation of a heterogeneous layer. It can be speculated that this 

combination could greatly improve the adhesion of E-coat and organic coating together with its high 

corrosion protection.   
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Fig.  10: Schematic illustration of the composition of hybrid Zr-As conversion coating on AHSSS 

 

5 Conclusion 
 

This research aimed to understand the mechanism behind the simultaneous presence of aminosilane and 

Cu additives in Zr-based conversion treatment. This study was carried out on advanced high strength 

stainless steel for automotive applications. The results elucidated the below items: 

• The treatment of this substrate with the hybrid Zr-AS-Cu conversion coating leads to the 

formation of Cu-containing particles all over the surface.  

• The coating contains an aminosilane layer at the outer surface and Cu and Zr oxides in the lower 

layer.  

• The line profile by FEG-AES showed that the Zr oxide deposition mainly happens around the Cu 

particles.  

• The analysis of the oxidation state of Cu indicated that Cu is present in three different forms, 

namely Cu-oxide/hydroxide, Cu-As, and Cu-Fe/Cr oxide.  

• The presence of both aminosilane and Cu additives leads to the formation of a donor-acceptor 

complex between amine groups and Cu ions which has less cathodic activity compared to Cu-

oxide. 

• This interaction can lead to the formation of a more homogenous layer by avoiding the selective 

deposition of Zr oxide when only Cu is present.  
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