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1 Abstract 
 

In this research, a novel governing mechanism has been proposed for the formation of conversion coating 

on the thermal oxide film of Advanced High Strength Stainless Steels (AHSSS). These new lightweight and 

engineered materials are being designed to impart emission reduction and solid performance. This coating 

has been characterized using advanced surface analysis such as HAADF-STEM, GDOES, and ToF-SIMS. The 

results showed that the conversion components can be found not only on the surface but also at the 

oxide/metal interface. This deposition in the depth happens preferentially in the Si-poor regions and with 

the migration of the conversion components into depth. It was indicated that fluoride ions play an 

important role to create the pathways through the oxide film so that the conversion components can 

penetrate through depth. These pathways were formed by the dissolution of the Fe in the Fe-Cr solid 

solution structure so that these components can penetrate through the oxide film and substitute Fe ions 

in the spinel structure. This novel mechanism brings a new insight into the field of conversion coating 

when a thick oxide film is present on the top surface.  

 

Keywords: Conversion treatment, HAADF-STEM, ToF-SIMS, Advanced High Strength Stainless Steels, 

preferential deposition 
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2 Introduction  
As a global concern in the automotive industry, new lightweight materials are being developed to reduce 

the total weight of the car body and therefore to lower CO2 emissions. However, the application of lighter 

material in the car body can result in the deterioration of safety as the mechanical strength has a direct 

relation with the weight of the car. In this regard, Advanced High Strength Stainless Steels (AHSSS) have 

been developed for body-in-white applications as ultra-high strength stainless [1–4]. The optimal 

composition and structure in these alloys provide ideal corrosion resistance together with excellent 

mechanical properties [5,6].  

The automotive car body is covered by a multilayer coating system during the painting process [7–11]. 

Each layer of this coating system provides a certain characteristic in the appearance and/or durability of 

the final product [12]. During the pretreatment step, the surface will undergo a set of chemical reactions 

called conversion treatment which aims to improve the corrosion resistance of substrate and more 

importantly to enhance the adhesion of the next organic layer [7,13–17]. One of the industrially most 

evolved conversion treatments for the automotive car body is phosphate conversion coating [18–24]. This 

coating was first employed to increase the corrosion resistance of iron substrate, by Coslett in 1911 

[25,26]. As stated in the literature, the phosphate conversion treatment includes a sequence of complex 

reactions [13,18,27–29]. It includes the dissolution of the oxide film (if there is any), the pickling of the 

metal surface, the nucleation of the coating crystal, and finally the growth of the coating. One of the most 

important steps during this process is the pickling step in which the surface will be treated in an acidic 

solution, in the presence of fluoride species [30–33]. When a multi-metal surface is immersed in the 

pickling solution, a small difference in the electrochemical potential on the surface leads to the formation 

of the micro-anodic and micro-cathodic areas [34,35]. As a result, the oxidation reaction at the micro-

anodic area provokes the metal dissolution and releases metal ions into the solution. Additionally, the 

reduction reaction at the micro-cathodic area produces hydrogen gas and the local depletion of acid 

adjacent to the surface induces the pH gradient at the interface [33,35,36]. This local pH change is the key 

to the precipitation of metal phosphate due to its insolubility in the higher pH near the surface.  

Together with the other improvements in the main process of phosphating, the addition of a prior 

treatment in a colloidal solution was suggested [37,38]. This water-based colloidal solution was 

introduced to increase the rate of phosphate crystal deposition by producing some random depositions 

of the colloidal particles [14]. Several papers reported that by introducing the activation step, the 

phosphating process can be divided into two stages: first, the initiation step where the colloidal particles 

form the nuclei for crystal growth, and second, the growth of phosphate crystal on the initiated particle 

in the activation step [26,28,35,39].  

There is a large number of publications about the formation mechanism and properties of phosphate 

conversion coating on a conventionally used substrate such as Fe, Al, and Zn [38,40–42]. However, the 

understanding of phosphate conversion coating behavior on the newly developed substrates for industrial 

application is still limited. In a recent study conducted by C. Jiang et al. [43], the formation and initiation 

mechanism of phosphate conversion coating on 35CrMnSi alloy steels as a multi-metal alloy was 

investigated. The results illustrated that the phosphate coating has a double-layer structure including an 

amorphous inner layer and a crystalline phosphate layer on top of the surface. They also described the 

process of phosphate coating formation by subsequent steps as surface dissolution, deposition of the 
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amorphous layer, the formation of crystalline phosphate layer, and gradual propagation of the coating 

until reaching equilibrium.   

Despite the fact that the application of conventional grade stainless steel (such as S.S. 304 or S.S. 316) in 

the automotive car body can have several advantages, they don’t perform effectively during the 

pretreatment step [44,45]. It was mentioned earlier that the dissolution of the surface in the pickling step 

is a crucial starting point for the formation of conversion coating [4,31,46]. Therefore, the presence of a 

protective Cr oxide film on the surface of these substrates prevents the dissolution of the metal surface 

during the pickling step and initiation of the conversion process. Hence, there are limited attempts to 

deposit and characterize phosphate conversion coating in conventional conditions on the various types of 

stainless steel. A. Valanezhad et al. [45] utilized a hydrothermal treatment to deposit zinc phosphate 

coating on the surface of 316L-type stainless steel. They prepared a coating layer on the surface at 200°C 

which showed a favorable adhesion to the substrate. In another research, X. Zhang et al. [47] introduced 

a new method to deposit phosphate conversion coating on stainless steel 304. They added Fe ions into 

the conversion solution to initiate the coating formation. Their results indicated that the substrate was 

covered with the phosphate coating with strong adhesion to the surface and better corrosion resistance. 

These authors have also investigated the effect of temperature and pH on the formation and corrosion 

resistance of a hopeite coating on stainless steel 304 [48]. It was shown that the obtained coating at 75°C 

and pH 2.75 has the optimum corrosion resistance together with high adhesion. The microstructure and 

composition of this coating were also studied but no mechanism was suggested for the coating formation. 

In another aspect, the preferential deposition of the coating on the multiphase surfaces was discussed in 

only a few studies since these substrates cannot be fully covered during phosphating. In a research 

published by P. Schneider et al. [31], the formation of a fluoride-assisted phosphate coating with Ti 

phosphate activation was revealed on the surface of an Al-Si coated steel. It was shown that the process 

of activation and phosphating on the surface of this multiphase surface happens preferentially in the Al-

rich or Si-rich area. The Al-rich area showed a higher concentration of phosphate as the activator. 

Whereas, the Si-rich area demonstrated a higher concentration of phosphate after phosphating. They 

explained this preferential phosphating by the role of different fluoride components in the phosphating 

process. The preferential deposition of activation particles and phosphate crystals on the surface of a 

multiphase alloy (ZnAlMg) was elucidated by P. Tanguy et al. [49]. The results clarified that the deposition 

of Ti phosphate particles happens slower on the highly alloyed phase than on the pure Zn. Additionally, 

the process of the phosphating has been shown to have different kinetics on the various microstructure 

of the surface.  

In these studies, some additional steps or conditions have been introduced in the phosphate conversion 

process that are unconventional compared to the industrial one. However, it is of significance to identify 

the behavior of the material of interest in the relevant industrial conditions. Particularly, this is crucial for 

this substrate since it has an application in the automotive industry.  

In this regard, first the ability of this material to dissolve in the industrial pickling process was investigated 

[4]. It was indicated that for this stainless steel the thermal oxide film mainly consists of a Fe-Cr oxide solid 

solution with Fe3-xCrxO4 spinel structure instead of an intact Cr oxide layer. It was then demonstrated that 

the surface of the substrate can be activated and dissolved in the relevant industrial pickling solution 

containing fluoride. Therefore, the deposition of phosphate coating on the surface of this advance high 

strength  stainless steel could be expected. On the other hand, it was mentioned there that this oxide 
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dissolution happens in a preferential way and only less stable complexes in the fluoride solution will be 

dissolved. Therefore, it could be speculated that the deposition of conversion coating might happen 

preferentially on this substrate.  

According to the application of this material in the automotive car body, it is crucial to examine its 

behavior in one of the main industrial steps, i.e., pre-treatment. In this study, the formation of an 

industrially applied phosphate conversion coating on the surface of the thermal oxide film on this material 

will be examined. In this research, the samples were treated on an industrial pilot scale to be fully relevant 

for the application and resemble the real industrial condition as much as possible. By means of Scanning 

Electron Microscopy (SEM), Energy Dispersive X-ray spectroscopy (EDX), and Time-of-Flight Secondary 

Ions Mass Spectrometry (ToF-SIMS), the surface of the treated substrate was characterized. In addition, 

several depth-profiling methods such as Glow-Discharge Optical Emission Spectroscopy (GDOES) and 

sputtering ToF-SIMS were employed to obtain a comprehensive understanding of the conversion 

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

(HAADF-STEM) was also utilized to observe the cross section of the sample before and after treatment.  

 

3 Experimental  
3.1 Materials and treatments  
 

The phosphate treatment was applied on AHSSS stainless steel sheets with the dimensions of 

190*110*1.5 mm from Aperam stainless steel. The chemical composition of the substrate was as follows: 

Cr≤11 wt.%, Mn≤0.5 wt.%, Ni≤0.4 wt.%, Si≤0.4 wt.%, N≤0.01 wt.%, C≤0.06 wt.%, Nb≤0.1 wt.%, and Fe: 

balance. The samples were heat treated at 950° C for 5 min at room atmosphere and then were cooled at 

room temperature in order to obtain the thermal oxide film and martensitic structure. The treatment 

process included three steps: cleaning, activation, and phosphating. The cleaning step was performed to 

remove the residual oils and dust using a commercial alkaline solution used in automotive industry at pH 

10.5. The cleaning step was followed by rinsing with DI water. The activation step was carried out at room 

temperature in Zn-phosphate based activation solution. An industrial tri-cationic phosphating solution was 

prepared with the fluoride content of 200 ppm and then the samples were dipped in that solution for 3 

min at 50° C. Finally, the panels were dried in an industrial oven at the temperature of 80°C.  The 

specimens with the dimensions of 10*10*1.5 mm were cut from the treated panels for further studies.  

3.2 Analysis methods 
 

The surface morphology of the samples before and after treatment was observed using scanning electron 

microscopy (SEM) using a JEOL JSM-IT300 system with an acceleration voltage of 15 kV and a working 

distance of 10 mm. The elemental composition of the samples was collected by the coupled Energy 

Dispersive X-ray spectroscope (EDX) with the beam energy of 20 kV. The distribution maps of the Si and P 

were recorded with 50 μs dwell time and 40 frames. 
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The cross sections of the samples were prepared by Focused Ion Beam (FIB) manufactured by OCAS. 

Before milling, a layer of Pt was deposited on the surface to protect the structure of the sample during 

milling.  

The cross-section of the samples before and after pretreatment was characterized by High-Angle Annular 

Dark-Field scanning Transmission Electron Microscopy (HAADF-STEM) from Fei Titan Themis 300 

operating at 300 kV and beam current of 0.2 nA. The convergence half-angle of the probe was 20.5 mrad 

and the detection half-angles of HAADF-STEM was set to be between 52 and 200 mrad. Energy-dispersive 

X-ray spectroscopy (EDX) maps were acquired using a Super-X detector whereas the analysis was carried 

out using the Bruker ESPRIT software.  

The in-depth composition profiles were recorded by glow discharge optical emission spectroscopy 

(GDOES) using a GD Profiler 2  from HORIBA with a standard 4 mm diameter copper anode. An Ar gas 

plasma with the pressure of 650 Pa and an applied power of 30 W were employed as source conditions 

for the analysis.  

ToF-SIMS measurements were performed with a TOF.SIMS 5 system from ION-TOF GmbH (Münster, 

Germany), using a 30 keV Bi3+ primary ion beam operated in the high-current bunched mode for high mass 

resolution (approximately 8000 at 29 u (29Si+)). The lateral resolution achieved in the high-current bunched 

mode is 3 μm. The pulsed ion beam target current was approximately 0.70 pA.  Depth profiles were 

obtained in dual beam configuration, where a 20 keV Ar1200
+ cluster ion beam was used as a sputter beam, 

and Bi3+ was used to analyze the crater bottom. The sputter raster was 300 μm × 300 μm. A smaller 

analysis raster of 100 μm × 100 μm was chosen in the center of the crater.  

The depth of the analysis by ToF-SIMS was estimated with the coupled Atomic Force Microscopy (AFM). 

These measurements were performed using the VLS-80 system from Nanoscan AG (Zürich, Switzerland). 

The VLS-80 combines high-vacuum SPM with high-precision sample navigation and is implemented in the 

TOF.SIMS 5 system. An AFM surface profile (long-distance line scan) was obtained across the sputter 

crater before and after sputtering, which allowed to measure the correct shape and depth of the crater. A 

diamond coated NANOSENSORS DT-CONTR AFM probe was used in contact mode. The DT-CONTR 

macroscopic tip radius of curvature is situated between 100 and 200 nm, the tip height between 10−15 

μm. A 30 nm thick Al coating on the detector side of the cantilever enhances the reflectivity of the laser 

beam by a factor of about 2.5.  

The evaluation of porosity of the thermal oxide film was carried out by using Kr physisorption analysis at 

77 K. Adsorption isotherms are measured by calculating the difference between a quantity of gas injected 

and the quantity that remains in the vapor phase after equilibration. 

4 Results and discussion 
4.1 Effect of phosphate conversion coating (PCC) on the surface microstructure and chemical 

composition 
 

In a first instance, the surface morphology and microstructure of substrate after PCC formation was 

studied. Fig. 1 shows the SEM images of the sample surface before and after phosphating treatment with 

high and low magnification. The comparison of the surface before and after phosphate treatment in Fig. 
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1(a,b) shows an etched sample after treatment. Higher magnification images (Fig. 1(c,d)) indicate  local 

attack of the oxide surface (see red arrow). This etching can be the result of the pickling step by fluoride 

ions which intends to release some metal ions from the surface [4]. EDX analysis was performed together 

with SEM imaging to identify the elemental composition of the treated sample with a depth resolution of 

around 1 µm. Fig. 2(a,b) presents the measurement points and the corresponding EDX spectra with the 

atomic percent of each contributing element. The elemental composition of points 1 and 2 both show the 

contributions of Fe, Cr, C, O, and Si in these zones. However, the comparison between the contribution of 

P, Zn, and Si in points 1 and 2 indicates the presence of more P and Zn and also less Si in point 1. In contrast, 

the elemental composition of point 2 shows the presence of more Si, while no P and Zn were detected at 

this point. 

EDX mapping for Si and P was performed to observe their distribution on the surface. Fig. 3(a-c) displays 

the EDX map of Si and P throughout the secondary electron image in Fig. 3a. As shown in Fig. 3b, Si has a 

ring-like distribution. On the other hand, the distribution of P in Fig. 3c shows its presence in the Si-poor 

area. The EDX mapping was repeated for a smaller area of the surface (red square) to obtain the 

distribution of P and Si with a higher lateral resolution as demonstrated in Fig. 3(d,e). Again, one can 

observe Si forming a ring-like network while P is present in the Si-poor zones.  

 

Fig. 1: The SEM images of the surface before (a,c) and after (b,d) PCC with different magnification. The red arrow shows the 
etching by PCC 
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Fig. 2: The SEM image of the surface after PCC (a) and the corresponding EDX spectra (b) with 5-10% RSD 

 

 

 

Fig. 3: The SEM image of the surface after PCC (a), the corresponding EDX maps of Si and P (b,c) and the EDX maps of Si and P in 
the red square (d,e) 

 

4.2 Cross-sectional observation by HAADF-STEM 
 

High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-STEM) on a cross 

sectioned sample was performed to clarify the distribution of the different elements in the depth. Fig. 4a 

shows the cross-sectional HAADF-STEM image of the blank sample containing the thermal oxide film along 

the 4 µm length of the sample. Fig. 4(b-e) shows the corresponding EDX distribution maps of Fe, Cr, Si, 
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and O along with the oxide film in Fig. 4a. The distribution of Fe in this area shows that this element is 

mainly present on the top layer of the oxide film. On the other hand, Cr shows a dual distribution. Firstly, 

Cr is present in the top layer of the oxide film together with the Fe showing the formation of Fe-Cr mixed 

layer. Secondly, an enrichment of Cr can be detected below this Fe-Cr layer. In addition, the EDX map of 

Si displays that this element is distributed mainly along with the metal/oxide interface and below the Cr-

enriched layer. According to oxygen EDX distribution, O has a uniform distribution in the oxide film except 

for the Si-rich zones that containing less oxygen. In other words, the present Si structure in the oxide film 

are less oxidized. 

 

Fig. 4: The HAADF-STEM images of the cross section of the blank sample (a) and the corresponding EDX maps of Fe, Cr, Si and O 
(b-e) 

Fig. 5a shows an enlargement image from the right part of the oxide film (shown in Fig. 4) and Fig. 5b,c 

demonstrate the overlay EDX maps of Cr-Si-Mn and Fe-Si-Mn. As shown in both overlay maps, the Si 

nodules can be distinctively observed at the interface and adhered to the surface. The Cr-Si-Mn overlay 

map shows that Mn is present on the top surface. Additionally, the Fe-Si-Mn overlay map indicates that 
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Mn and Fe form a mixture on the top layer. It can be also seen that the rest of the interface is covered by 

a Fe-Cr solid solution layer.  

 

Fig. 5: The HAADF-STEM image of an enlarged area of the oxide film (red rectangle in Fig. 4a) on the blank sample (a), the 
overlay EDX map of Cr-Si-Mn (b) and Fe-Si-Mn (c) 

 

The cross-sectional imaging was also performed for the phosphate-treated sample. Fig. 6 displays the 

HAADF-STEM image of the cross-section of phosphated sample (Fig. 6a) and the corresponding EDX map 

of Fe, Cr, Si, O, P, and Zn (Fig. 6(b-g)). The EDX maps of Fe and Cr show the same distribution for these 

elements for this treated sample as the blank sample. Fe can be detected on the top layer of the surface 

and Cr is present both on the top surface together with Fe and near the interface as an enriched-layer. 

The distribution maps of P and Zn show that both elements appear as a thin layer in the oxide/substrate 

interface, below the Cr enriched-layer. In the Si map, one can observe that Si is distinctively present only 

on the right side of the distribution map. The rest of the area does not show a concentrated signal for Si 

and only some scattered presence in the oxide film. Therefore, the imaging was repeated for this area 

with higher magnification to have a more detailed observation. Fig. 7a shows the enlarged HAADF-STEM 

image of the right of the oxide film shown in Fig. 6a. Fig. 7(b-e) presents the corresponding EDX maps of 

Cr, P, and Si and also the overlay maps of Si and P. According to these maps, the presence of Cr, Si, and P 

in the interface of the coating and the substrate is obvious. Cr is detected as a continuous layer on top of 

the Si and P which is getting enriched near the interface. P can be detected both on the top surface and 

in the interface. P is also present both on the top surface and in the depth as a thin layer. It can be 

observed that Si nodules are present below the Cr-enriched layer and on top of the P layer. The overlay 

map of Si and P clearly shows that the P thin layer formed below the Cr-enriched layer and the Si nodules.  
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Fig. 6: The HAADF-STEM images of the cross section of the PCC-treated sample (a) and the corresponding EDX maps of Fe, Cr, Si, 
O, P, and Zn (b-g) 
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Fig. 7: The enlarged HAADF-STEM image of the oxide film (red rectangle in Fig. 6a) after phosphating (a), the corresponding EDX 
spectra of Cr, P, and Si (b-d), and the overlay map of P and Si (e)  

 

 

4.3 Depth analysis of the phosphate-treated sample by GDOES  
 

The depth profiles of the blank and the phosphate-treated sample were examined using Glow-Discharge 

Optical Emission Spectroscopy (GDOES). This measurement was carried out to know the precise change 

of the composition through depth. Fig. 8 displays the depth profile of Fe, O, Cr, Mn, Si, and C for the blank 

sample. The blank sample is here considered as the advance high strength stainless steel is covered by a 

thermal oxide film during the heat treatment process. The variation of the intensities in the first 0.5 s of 

sputtering shows that the top surface is covered by a layer of carbon contamination. The first 

contamination peak is attributed to the contamination that was deposited on the surface during transfer 

and handling and the second one formed during the heat treatment process.  By removing this 

contamination, we reach the Mn-enriched zone on top of the thermal oxide film. Mn is only present on 

the top layer of the oxide film and it disappears after 1 s of sputtering. The profile of Cr shows a slowly 

increasing intensity when moving from the top surface to the depth. Eventually, it reaches its maximum 

value after approximately 2 s of sputtering showing the Cr-enriched layer. Again, by moving toward the 

interface the Cr intensity decreases to reach its value in the substrate and stays constant. Si starts to 

appear after approximately 2 s of sputtering and it reaches its maximum value after 2.4 s. By comparing 

the sputtering time for Cr and Si to reach their maximum values and also the fact that the sputtering rate 

of Cr oxide is almost half of the Si oxide [50], it can be deduced that Si is present below the Cr enriched-

layer as was shown in Fig. 4. The intensity of O constantly decreases when sputtering towards the 

substrate. This shows that there is a lower concentration of O in the lower layer of the oxide film. Finally, 

the intensities of Fe, Cr, and other elements reach a stable value after 4 s of sputtering, indicating the 

substrate is reached. Therefore, the oxide layer can be considered as a layered structure with the 

subsequent appearance of C, Fe, Mn, Cr, and Si from the top of the substrate to the metal-oxide interface.  
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The GDOES depth profiling was also performed on the phosphate-treated sample. Fig. 9 indicates the 

intensity variation of Fe, Cr, O, Mn, Si, and P with sputtering time. The depth profiles of Fe, O, Cr, Mn, and 

Si show the same behavior like the one in the blank sample. In addition, P is also present in the depth 

profile of the phosphated sample. The variation of P with sputtering time shows two peaks. P is observed 

on the top surface until 0.4 s of sputtering. Further in depth, the P signal starts to increase again after 1.7 

s of sputtering and it reaches its maximum value after 2.9 s of sputtering. This indicates that P is deposited 

both on the top surface and in depth during phosphating.  

As a summary, the phosphate-treated sample shows to have 4 different zones from the surface to the 

interface as indicated in the Fig. 9. Zone 1 shows the thin top layer that contains P. Zone 2 exhibits the 

middle part of the oxide film containing Mn, Cr, and Fe. This zone ends where the Cr reaches its highest 

intensity and a Cr-enriched layer is formed. Zone 3 shows the area in which the P signal starts to increase 

again, occurring in the presence of Si. Finally, zone 4 shows the substrate. 

 

 

 

 

Fig. 8: GDOES depth profile of the blank sample containing the thermal oxide film 
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Fig. 9: GDOES depth profile of the phosphated sample 

 

4.4 The depth and surface characterization of the phosphate-treated sample by ToF-SIMS  
 

ToF-SIMS measurements were utilized as a more surface-sensitive technique with a depth resolution of 

around 1-5 nm, in order to obtain the chemical composition of the top surface layer together with the 

different depths and to understand the occurring reactions. 

Fig. 10(a,b) shows the positive (0-100 m/z) and negative (0-200 m/z) mass spectra of the phosphate 

treated sample. In the positive mass spectrum, Zn+, PO+, CaPO2
+, and CaF+ fragments as the phosphate-

originated fragments are present on the top surface. The presence of Ca together with phosphate-

originated fragments arises from the fact that the used water contained some Ca-containing residue. On 

other hand, the presence of PO2
-, PO3

-, CrPO4
-, CrPO4H-, CrPO5H-, and F- can be observed in the negative 

mass spectrum.  
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Fig. 10: ToF-SIMS positive ion mass spectrum (a), negative ion mass spectra (b) 

 

A step-by-step sputtering and measurement method by ToF-SIMS was exploited to understand the 

chemical composition of the different layers in different depths before and after phosphating. In this 

regard, the surface of the phosphate treated sample was sputtered until a certain depth and ToF-SIMS 

analysis was carried out in each step. The depth of the mapping area was measurement by an AFM, 

coupled with the ToF-SIMS instrument. The average depth from the surface for depths 1,2,3 and 4 are 

100, 200, 250, and 300 nm, respectively. Fig. 11 displays the positive mass spectra of the phosphated 

sample’s surface and also of different depths. It can be noticed that the surface after the first step of 

sputtering (depth 1) showed some removal of external complexes such as PO+, CaF+, CaOH+, CaPO2
+, and 

Zn+ that originated from the phosphating solution. Instead, the intensity of substrate/oxide-originated 

species such as Fe+, Cr+, Mn+, and CrO+ increased in the depth 1. This means that in the first stage of 

sputtering, the possible formed species by phosphating have been removed and we reached the thermal 

oxide film. At depth 2, the peak of Ca2O+ and Ca+ fragments, as solution-originated species started to 

appear again. In addition, the Fe2
+ and CrFe+ fragments also appeared as a sign of reaching the substrate 

in the same depth. However, this can be due to the roughness on the surface and the difference in the 

thickness of the thermal oxide film at different zones.  In depths 3 and 4, the presence of Ca2O+ and Ca+ 

species can still be observed and the intensity for the substrate-originating species is increasing.  

Fig. 12a,b show the negative ion mass spectra of the phosphate treated sample at different depths of 

measurements in two different ranges of mass/charge. Similarly, the phosphate-containing fragments 

such as PO2
-, CrPO4

- and CrPO4H- were almost removed after the first step of sputtering as shown in the 

depth 1. Moreover, it can be seen that the intensity of oxide-containing fragments such as CrO4Fe-, Cr2O4
- 

and Fe2O3
- increased in this depth. In the negative mass spectrum of depth 2, the phosphate-originated 
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fragments such as PO2
- and CrPO4

- regrew again. Together with this growth, the intensity of CrO4Fe- and 

Fe2O3
- decreased meaning that we are passing the main part of the thermal oxide film containing a solid 

solution of Mn, Cr, and Fe. Another important change in depth 2 is the presence of Si-containing fragments 

such as FeO4Si- and CrO4Si-. The fact that the phosphate-containing species such as PO2
- and CrPO4

- are 

increasing in concentration in the depth 2 implies that some further reactions are happening in this depth 

and this occurs at the same time with the occurrence of  Si-containing nodules. In depths 3 and 4, the 

presence of phosphating-originated species like PO2
- and CrPO4

- is still noticeable but their concentration 

is decreasing.  

 

 

Fig. 11: ToF-SIMS positive ion mass spectra at the different depths  
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Fig. 12: ToF-SIMS negative ion mass spectra at the different depths between a) 0 to 100 m/z and b)100 to 200 m/z 

 

4.5 In-depth chemical mapping of the phosphate-treated sample by ToF-SIMS  
 

Surface mapping of the phosphated sample using ToF-SIMS at different analysis depths was carried out 

to interpret the phosphating reactions. The two important species in this process that are shown to have 

a significant role in phosphating are P and Si-containing complexes, which can be the key to perceiving 

the mechanism of phosphating. Fig. 13 exhibits the ToF-SIMS distribution maps of PO2
- and SiO2

-  
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fragments, as the representatives of the P and Si containing fragments, in an area of 100µm×100µm at 

different depths of measurements. According to the image of PO2
- on the surface, the full coverage of the 

surface by this species is clear. Conversely, the presence of SiO2
- species is almost negligible. At depth 1, 

the intensity of phosphate-containing species decreases compared to the surface which was also shown 

in Fig. 12. However, this decrease does not occur homogeneously and some spots covered with phosphate 

can still be observed. Plus, there is no visible change in the intensity of SiO2
- at depth 1 compared to the 

surface. At depth 2, the presence of both phosphate and Si-containing species suddenly enhances in a 

non-homogeneous way. Their presence at the depth 3 and 4 can be still observed but it gradually 

disappears by moving toward depth.  

To gain more insights, the imaging was repeated for PO2
- and SiO2

- at depth 2 for an area of 200µm×200µm, 

as shown in Fig. 14. From these images, it can be distinguished that the deposition of phosphating species 

mainly happens in the Si-poor spots. 

 

Fig. 13: ToF-SIMS distribution image of PO2
-  (a) and SiO2

- (b) at the different depths  

 

 

Fig. 14: ToF-SIMS distribution image of PO2
- and SiO2

-  at the depth analysis of 200 nm and the overlay image 
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The distribution of fluoride both on the surface and in the depth was observed to trace back the 

phosphating mechanism. Fig. 15 shows the images of F- distribution at different depths. The surface is 

almost completely covered by F-. Similar to the change of intensity for the other phosphate-originated 

species, the presence of F- at depth 1 decreases.  However, F- is present at some spots at depth 1. By 

comparing the chemical mappings at depths 1 and 2, the spread of this species around those spots can be 

seen at depth 2. In addition, the comparison between the distribution images of F- and PO2
- (in Fig. 13) 

shows the same distribution map for fluoride and phosphate components.  

 

Fig. 15: ToF-SIMS distribution image of F- at the different depths  

 

As was seen in Fig. 12, the formation of CrPO4
- on the surface of the phosphate-treated sample suggests 

the occurrence of a chemical reaction between the oxide film and phosphating solution. Therefore, the 

distribution of CrPO4
-  on the phosphate treated sample at different depths was observed as shown in Fig. 

16. It can be seen that this fragment is randomly present on the surface and it almost disappears at depth 

1. The intensity for this fragment increases again at depth 2 and again gradually decreases at depth 3 and 

4. By looking at the distribution of this species at depth 2, it can be deduced that it has the same pattern 

as PO2
- fragment shown in Fig. 13a. 

 

Fig. 16: ToF-SIMS distribution image of CrPO4
- at the different depths 

 



19 
 

5 Discussion  
 

The structure and composition of the phosphate-treated sample have now been revealed precisely 

employing various surface and depth analytical methods. It has been demonstrated that the phosphating-

originated complexes can be formed both on the surface and in the depth. The formation of phosphate 

complexes on the surface follows the regular conversion reactions while the penetration of these 

complexes through depth can present a distinct phenomenon. It was shown that the deposition of 

phosphating complexes in the depth happens in the oxide/substrate interface and below the Cr-enriched 

layer. The presence of these phosphating components in the interface happens selectively and 

preferentially with respect to Si nodules. In other words, phosphating components are deposited under 

the Cr-enriched layer and in the Si-poor regions. Additionally, the chemical analysis by ToF-SIMS indicates 

the occurrence of a chemical reaction between the thermal oxide film and the phosphating solution. 

Fig. 17(a-c) indicates the schematic illustration of the initial state of the thermal oxide film, the oxide film 

after pickling in the fluoride solution, and the sample after phosphate conversion treatment, respectively. 

Fig. 17a represents the schematic illustration of the complex thermal oxide film on top of the AHSSS. This 

oxide layer has a multi-layer structure consisting of a mixture of Mn, Fe, and Cr on the top surface in which 

Mn and Fe are respectively placed in the outer layer of the surface. Below this mixed oxide layer and at 

the interface, the enriched layer of Cr can be observed. Additionally, the presence of Si nodules below this 

Cr-enriched layer and attached to the substrate can be randomly detected. Fig. 17b schematically exhibits 

the impact of the pickling by fluoride ions on the thermal oxide film. Based on the distribution images of 

fluoride fragments in the different depths, fluoride ions can dissolve the top surface of the oxide film 

covered by a mixed oxide layer in which Fe oxide has more presence in the upper layer of the oxide film. 

Fluoride ions in the conversion solution dissolve the less stable component in the oxide film. Therefore, 

Fe-O bonds are broken and dissolved as the less stable components of the oxide film during immersion in 

the fluoride-containing conversion solution [4]. The fluoride ions can diffuse through the oxide film by 

selective dissolution of the oxide film. This happens on the more soluble parts of the oxide film, i.e., Fe 

oxide while the rest of the oxide film can be barely impacted. This leads to the formation of a penetration 

pathway through the thermal oxide film in addition to some etching on the top surface. Logically, this 

dissolution and penetration process should be stopped when the fluoride ions encounter the Cr-enriched 

layer since it has a protective role. This happens when this layer is composed of only Cr oxide. However, 

as reported in [4], the enrichment of Cr in the metal/oxide interface is composed of  Cr2O3/ Fe2-xCrxO3 

chemical structure. Hence, the Fe-O bonds in this chemical structure can also be broken by fluoride ions 

and Fe will be dissolved to let the fluoride ions pass further. After passing the Cr-enriched layer, fluoride 

ions reach the source of Fe in the substrate, and this results in the significant dissolution of the substrate 

in the depth. Besides, this penetration and dissolution expands to the underneath of the Si nodules and 

consequently dissolves that area as well.  

By having this process in mind, it is important to see the effect of fluoride pickling on the phosphating 

mechanism. Fig. 17c shows the surface of the thermal oxide film on the AHSSS after phosphate conversion 

treatment. The chemical composition of the treated sample varies with depth from the surface to the 

interface. Thus, the depth of the sample was divided into several zones to clarify the behavior of 

phosphate conversion solution in each zone. From the top of the surface, zone 1 shows the top layer of 

the sample that mainly contains P, Zn, and F. Zone 2 shows the middle area of the oxide film that 
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represents the main part of the oxide containing Fe oxide together with Mn and Cr. Zone 3 indicates the 

Cr-enriched layer below zone 2 with Cr2O3/ Fe2-xCrxO3 spinel structure [4].  Zone 4 presents an intermediate 

area containing Si, P, and Cr between the substrate and the Cr-enriched layer. This zone has an important 

role in the phosphating process which can be devived into 2 sub-zones: zone 4a contains Si nodules that 

are adhered to the substrate and have no presence of phosphating complexes. Zone 4b contains the 

mixture of Cr and P among the Si nodules. Finally, zone 5 shows the substrate with its original composition. 

The formation of these different zones arises from the fact that the surface is covered by a complex and 

complicated oxide film and each of them follows a different mechanism during phosphating. This 

difference in the phosphating mechanism is a result of having a different behavior in contact with fluoride 

ions. In zone 1, by the dissolution of Fe ions in the solid solution structure of Fe-Cr, a thin layer of 

phosphate forms on the top surface. On the other hand, the observation of the Cr and P containing 

fragments speculates a reaction between P in the phosphating solution and Cr present in the thermal 

oxide film. As shown in the below reaction, the phosphating components can replace the position of the 

Fe ions in the spinel structure that was dissolved before by fluoride ions. This results in the formation of 

Cr-P complexes on the top surface. 

 

 The phosphating reaction does not stop here and the penetration of fluoride through the oxide film 

proceeds until they reach the interface as is shown in Fig. 17b. This penetration of fluoride ions leads to 

the formation of some pathways in the oxide film. The similar distribution pattern of P and F in the depth 

of 100 nm suggests that phosphating components penetrate through these pathways. Moreover, the 

diffusion of phosphating components can also occur via the porosity of the coating. The porosity 

evaluation was carried out using Kr gas physisorption as shown in the Supporting Information. The 

observed gas uptake may be linked to the porosity of the coating, the cracks in the film, and gaps possibly 

formed at the interface of the thermal oxide layer and the substrate[51]. 

On the other hand, the formation of Cr-P complexes was observed to happen in the same pattern as 

fluoride and P fragments. This means that this complex is also formed in the depth where the dissolution 

of the solid solution by fluoride and substitution by P happens. This mechanism applies to the top layer of 

the oxide film before reaching the Cr-enriched layer in zone 3. As noted before, the intact layer of Cr oxide 

protects the surface from etching and prevents the formation of the conversion coating in the case of 

classical stainless steel. Nevertheless, fluoride ions find their way through the Cr-enriched layer in this 

material via flaws in the thermal oxide film or by the dissolution of the limited number of Fe ions in the 
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Cr-enriched layer. By passing the Cr-enriched layer, the fluoride ions encounter either Si nodules or Si-

poor zones or in other words the substrate itself. In the Si-poor zones, fluoride ions find access to an 

extensive source of Fe ions which are present in the main composition of the stainless steel. Therefore, 

the previously occurred mechanism for the dissolution by fluoride ions and substitution by P will be 

accelerated. As a consequence, the pronounced presence of P and Cr-P complexes can be observed in 

these Si-depleted zones and below the Cr-enriched layer. On the other hand, this behavior does not apply 

everywhere in the oxide film for instance in the Si-rich zones. This can be explained by looking at the bond 

dissociation energies of Fe oxide and Si oxide. Based on the fact that Si oxide has higher bond dissociation 

energy (798 kJ/mol at 298 K) compared to Fe oxide (409 kJ/mol at 298 K)[52], it can be deduced that Si-

rich zones are dissolved less in the solution compared to the Si-poor zones, so there is less P there. Besides, 

these nodules appear to have a Si-Cr structure which makes them even harder to be dissolved. Hence, the 

dissolution of the oxide film by fluoride and substation by P does not happen in the Si-rich zones and only 

in the Si-poor zones. Nonetheless, nothing can stop the more diffusion of fluoride ions through the oxide 

film as far as the sample is immersed in the conversion solution. So as the next destination for the fluoride 

ions, they diffuse below the Si nodules and P complexes propagate under the Si nodules as well.  

As numerously reported, fluoride is the responsible agent to activate and etch the surface to provide 

dissolved metal ions for further reactions in conversion treatment [32,53,54]. For the materials that can 

be pickled and etched in the acidic solution such as steel, the presence of fluoride ions does not seem to 

be necessary [41,43,55]. However, the role of fluoride in the conversion treatment of materials that have 

a protective oxide layer is of significant importance. For instance, it was shown that the presence of 

fluoride with proper concentration can have a key role during the phosphate conversion treatment of Al 

alloy [56–59]. Therefore, the primary reason for the failure of the phosphate conversion treatment on 

classical stainless steel such as 316 grade is the fact that the protective Cr oxide layer prevents the etching 

of the surface in the relevant industrial conditions. In the current case, the results showed that having a 

non-intact Cr oxide layer on the surface of the material can lead to the formation of the phosphate 

conversion coating in the oxide/substrate interface.  

Nevertheless, it can be perceived from these data that the occurring reactions during phosphating of this 

AHSSS are not like the ordinary phosphating process on the Al or Zn. It has been demonstrated that unlike 

the conventional phosphating reaction that only affects the surface of the material, in the current case 

both the surface and the depth of the oxide film are influenced by the phosphating reaction. It was shown 

that the formation of the phosphate components happens as a thin layer on the top surface of the oxide 

film. Plus, they appear as a mixture with the oxide components in a relatively high thickness near the 

interface. However, the impact of this layer at the interface on the adhesion of the E-coat to the substrate 

is still a question and will be more investigated.  



22 
 

 

Fig. 17: Schematic illustration of the initial state of the thermal oxide film (a), the oxide film after pickling step in fluoride-
containing solution (b), and the oxide film after phosphate conversion treatment (c) 

 

6 Conclusion 
This research aimed to understand the mechanism behind the phosphating process of advanced high 

strength stainless steel for automotive applications. A set of complementary surface analysis tools were 

utilized to precisely characterize the behavior of the industrially-applied phosphate conversion layer. 

Initially, it was demonstrated that the thermal oxide film on top of the substrate is a mixture of Fe and Cr 

oxide on the top surface. A Cr-enriched layer is present below this mixed layer in order to protect the 

surface from oxidation reactions. The Si nodules also exist at the random spots between the Cr-enriched 

layer and the substrate. The observation on the phosphate-treated sample shows that the phosphating 

components are present as a thin layer on the top surface and also as a relatively thick layer in the depth 

of the oxide. Additionally, it was indicated that the deposition of the phosphate components in the depth 

happens preferentially in the Si-poor regions and below the Cr-enriched layer.  

The investigation on the mechanism of phosphating shows that the phosphating components access the 

depth of the oxide film through the pathways that were generated by the fluoride ions. Fluoride ions 

which are used as a pickling agent in the conversion solution can dissolve the less stable components in 

the oxide film to facilitate the conversion reaction. Therefore, fluoride ions dissolve the Fe oxide in the 

Fe-Cr spinel structure and penetrate through the oxide film. They also reach the substrate by dissolving 

the limited number of Fe oxide that is present in the Cr-enriched layer. However, they can barely dissolve 

the Si nodules. By reaching the substrate, the fluoride ions can extensively dissolve the Fe in the substrate 

below the Cr-enriched layer and also below the Si nodules. This dissolution allows the substitution of Fe 
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oxide by phosphating components in the Fe-Cr spinel structure. This results in the formation of Cr-P 

complexes both on the top surface and in the depth.  

These observations approve that the phosphating can greatly modify the surface and it can be expected 

that it can improve the adhesion of E-coat.    
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