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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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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. 
























