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4.3 Microstructure of the Surface before Dipping in the Zinc bath 

The microstructure of the surface evolved before dipping into the zinc bath was 

observed under SEM and is shown in Figure 4.13 . The SEM micrograph of the DP steel 

surface (processed at 5%H2 and -30 °C dew point) soows distinct rolling marks on the 

surface. 

Figure 4.13: SEM image of the evolved surface, annealed in a atmosphere of 5% H2 

and -30 °C dew point (pH20 /pH2=0.00844) 

The Mn distribution on the annealed surface was observed by SEM (Figure 4.14 ). 

The micrograph showed a distribution of small Mn enriched islands along a ring (grain 

boundary). EDS spot analyses of the islands and inside the ring are shown in Table 4.1 

(a) and (b) respectively which shows that the islands contain more Mn and 0 than inside 

of the grain. 
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Figure 4.14: SEM image ofthe evolved surface (observed by JEOL 700F machine at X 

70000), annealed in an atmosphere of 5% H2 and -30 °C dew point (pH20 /pH2=0.00844). 

Table 4.1 : spot analysis of spectrum (a) 

of Figure 4.14 

Element Weight% Atom% 

OK 2.53 8.30 

MnK 3.53 3.37 

FeK 93 .94 88.33 

Totals 100 

Table 4.2: spot analysis of spectrum (b) 

ofFigure 4.14 

Element Weight% Atom% 

OK 1.14 3.88 

MnK 1.71 1.69 

FeK 97.15 94.43 

Totals 100 

The evidence supports the prediction of Marder [ 5] that due to relative low 

percentage of Mn compare to iron in the steel ; the Mn oxides should appear as islands 

rather than uniformly distributed on the surface. 
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4.4 Coating Characterization 

4.4.1 General Coating Observations 

General observations of the coatings are shown in Figure 4.15. Figure 4. l5(a) to 

(d) shows photograph of the galvanized samples pro~essed with increasing ox idation 

potential of the annealing atmosphere. 

(d) pH20/pH2=0.1 4 180 

' ..!. 

Figure 4.15: Photographs show the 90 mm x 90 mm uniform coating areas of the GI 

panels. Panels were processed at various annealing atmosphere. Oxidation potential was 

increased from (a) to (d). 
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Clearly the photographs indicate good wetting of the DP steel during galvanizing. 

It can also be observed that all of the panels exhibit good wetting. One can observe a 

series of bare spots for samples shown in Figure 4.15 (a) which may arise due to local 

defects e.g., deeper rolling marks (as evidenced in the Figure 4.13) or embedded 

inclusion, dross or from wiping and may be discounted. 

4.4.2 Coating Adherence 

Coating adherence was measured using the ASTM A653/A635M-04 180 ° bend 

test, the results of which are shown in Figure 4.16. It can be seen that under the most 

severe bending (180° and lt) the adherence of zinc coating was excellent. The results did 

not show any evidence of splitting of the coating or edge cracking and the inner surface 

remained unbroken. These results suggest that the galvanizing of these steel resulted in 

good reactive wetting and a complete Fe2Al5 layer [23, 24]. These results also suggest 

that the coated sample did not have extensive Fe-Zn intermetallic compounds at the 

interface [24]. 

Iron has a higher affinity for aluminum than zinc and the Fe2Als layer should 

inhibit and control the inter diffusion of Fe and Zn [27]. Otherwise rapid growth ofFe-Zn 

intermetallic (FeZn7) might create a thick, brittle layer. It is known that iron zinc bond is 

strong and presence of Fe-Zn intermetallic deteriorates the formability of the steel. The 

complete bending of the galvanized samples in the present case is indicative of the 

formation ofFe2Alslayer in the interface of the material. 
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(a) >90 ° bend test result (corners are intact). 

Table 4.3: atmosphere 

designation for samples 

in Figure 4.16 

Atmosphere pH20/pH2 

A 0.002 11 

B 0.00844 

c 0.03451 

D 0.14180 

(b) >90 ° bend test result edges are intact (c) > 90 ° inner side is intact 

(d) 180 ° and l t bend test result (edges and corners are intact) 

Figure 4.16: Photograph of bend tested samples. No indication of cracking or splitting of 

the Zn coating was found. 
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4.4.3 GDOES Observations of the Coated Samples 

The coating morphology was further investigated by GDOES measurements, 

shown in Figure 4 .17. 
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Figure 4.17: GDOES profi les for GI panels processed at four different experimental 

annealing atmospheres. Oxidation potential increased from (a) to (d). Note that 0, Mn, 

Si and Mo are multiplied by lO versus true reading. 
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The results show that in all four experimental atmospheres, the sample consists of 

a 20-30 micron uniform zinc coated layer with a clearly defined interface. The observed 

AI enrichment at the interface is an indication that the Fe2Als inhibition layer has been 

formed in all cases. Results also show the presence ofMn at the interface. 

It should be noted that Mn profiles have been changed comparing to those in 

Figure 4.4 (f) through 4.7 (f), i.e. the external Mn oxide film has been removed. This 

observation would imply that a reaction occurred within the bath to either reduce or alter 

the MnO film such that the FezAls layer could form. More details concerning possible 

mechanism to explain this observation will be examined later in the following section. 

4.5 Structure of the Coating I Substrate Interface 

4.5.1 SEM Observation of the Coating I Substrate Interface 

Detailed analysis of the steel I coating interface was done by SEM observation. 

Analysis of the composition of the interface was carried out by EDS measurements of the 

zinc stripped surface which is shown in Figure 4.18. The micrographs show a plan view 

of the steel I coating interface. The oxidation potential of the prior annealing atmosphere 

was increased from Figure 4.18 (a) to (d). For all experimental conditions, EDS analysis 

of the interfacial crystals show 43-45 at% AI in their composition indicating the 

compound is Fe2A15 [29]. Figure 4.18 (a) to (d) show the crystals are uniformly 

distributed on the surfaces, indicating that reactive wetting occurred over the interfaced 

area. 
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(b) pH20/pH2=0.00844 

Figure 4.18: Coating stripped to reveal the inhibition layer. Micrographs show the 

surface view of the Fe2Als-xZnx crystal. The oxidation potential of the prior annealing 

atmosphere increased from (a) to (d). 

4.5.2 GDOES Observation of the Coating I Substrate Interface 

The significant amounts of MnO or Mn02 at the external surface (9-19 wt% Mn, 

shown in Figure. 4.4 (f) to 4.7 (f)) should result in dewetting of the experimental 

substrate by liquid zinc unless there was some reactive wetting mechanism at the 
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substrate I bath interface. Thus, we foc used on reactive wetting and expected some 

change in the depth profile of Mn after galvanizing. To assess this, the Zn overl ay was 

removed and the depth profiles of Mn through the interfac ial layer analyzed, as shown in 

Figure 4.19 (a) - (d). 
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Figure 4.19: GDOES depth profile of the stripped samples processed at four di ffe rent 

experimental annealing atmospheres. Note that Mn is multiplied by 10 versus true 

reading. 
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Comparison of Figure 4.19 (a)- (d) to Figures 4.4 (f)- 4.7 (f) clearly shows that 

the external Mn oxide was removed, which implies that reactive wetting had occurred. 

This result is also supported by the profiles of Figure 4.17 (a) - (d), where the interfacial 

Mn was determined to be approximately 2 wt%. It should be noted that the interfacial AI 

peak in Figure 4.19 (a) - (d) is due to the presence of the inhibition layer. It is also 

observed that the interfacial layer seems to have some Mn in it. This may be an artifact of 

sputtering geometry but may also indicate that there has been some substitution of Mn 

into the interfacial layer or FezAls-xZnx crystal structure. 

4.5.3 TEM Observation at the Coating I Substrate Interface 

TEM on a cross-section of the coating I substrate interface was performed to 

study the exact structure and position ofMn at the interface. Figure 4.20 shows the bright 

field image of the coating interface. A line scan was performed in the STEM mode across 

the interface which allowed determination of the elemental distribution across the 

interface. The elemental profiles of Fe, Zn, AI, Mn and 0 are shown in Figure 4.21. 

The result clearly shows the presence of Mn at the interface. It is also observed 

that the MnO film dissociated (as evidenced by low 0) and the inhibition layer formed 

(as evidenced by AI enrichment at the interface). The profile of AI shows that AI is 

present in the range of 400 to 600 nm. From this data, it can be roughly estimated that 

inhibition layer was approximately 200 nm thick. 
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Figure 4.20: TEM micrograph and line scan observation at the Fe-Zn interface. 

Color code of the spectrum of the line scan: Yellow color refers to Mn, red refers to 

AI, green refers to Fe, blue refers to Zn and pink refers to 0. 
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Figure 4.21: Elemental line scan spectra of (a) Al, (b) Fe, (c) Zn, (d) Mn and (e) 0 

across the Fe-Zn interface shown in Figure 4.20 
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To understand the structure of the interface, High Resolution Transmission 

Electron Microscopy (HRTEM) was performed on the interface. A bright field image of 

the interface is shown in Figure 4.22. HRTEM observations of the interface were carried 

out and a series oflattice fringe patterns from the iron side to the zinc side of the interface 

were recorded to determine the crystal structure and identify the interfacial phases. From 

the lattice fringe patterns, shown in Figure 4.23, interplanar spacing were calculated and 

later matched with standard data sources [65, 66, 67] to determine the local crystal 

structure. The analysis of these data confirms the presence of the Fe2Al5 layer in the 

interface which is shown in Figure. 4.24 (a) and (b). Lattice fringe patterns also found the 

presence of Al Mno.75Fe2.2s crystals at the interface which is shown in Figure. 4.24 (c). 

MnO was not detected in the analysis. 

Figure 4.22: Bright Field TEM image of the Fe-Zn interface 
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Figure 4.23: HRTEM lattice fringe pattern taken from the interface. Arrow mark 

shows the parallel lines of diffraction from where'd' spacing of the crystal could be 

calculated. 
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5. Discussion 

The discussion chapter will consist of three sections. In the first section, the 

selective oxidation behaviour of the alloying elements in the experimental steel will be 

discussed. The classical Wagner selective oxidation model will be used to explain the 

results. It will be shown that the theoretical Wagner model can explain the oxidation 

behavior of Mn, the most important element in the experimental steel in this context. As 

predicted from the model, the experimental results showed selective external oxidation of 

Mn after annealing and before dipping the sample into the zinc bath. The distribution and 

chemical states of these oxides will be discussed in this section. The role of these oxides 

in the Zn bath will also be discussed. All of the above factors will be discussed as a 

function of the pre-dipping annealing cycle and the process atmospheres. In the second 

section, the quality of the coatings obtained with an emphasis on inhibition layer 

formation will be discussed. In the third section, a discussion of the structure of the 

interface will be discussed in the context of reactive wetting. Furthermore, it will be 

established that in-situ aluminothermic reduction of the surface Mn oxides in the 

galvanizing bath is the reactive wetting mechanism. 

5.1 Behaviour of Steel Alloying Elements during Annealing 

The effect of process atmosphere oxidation potential on the external-internal 

selective oxidation behaviour of solutes in the experimental DP steel was observed to 

determine an optimum annealing atmosphere. Initially, the objective was to promote 
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internal oxidation by increasing the oxidation potential of the annealing atmosphere and 

thus to find suitable process parameters for the CGL. It has already been established in 

the literature that promoting internal oxidation will improve the wettability [10]. The 

oxygen potential in the annealing atmosphere was increased through Figure 4.3 (b) to 4.3 

(e) and the XPS depth profiling shows that Mn enrichment at the surface is decreased 

with an increase in oxidation potential. The profiles also show greater penetration of 

oxygen into the substrate material with increased oxidation potential, which indicates an 

increased tendency towards internal oxidation. This general trend is also supported by the 

GDOES observations shown in Figures 4.4 to 4.7. In particular, the Mn depth profiles 

obtained from Figure 4.4 to 4.7 show different selective oxidation behaviour in terms of 

internal and external oxidation. At relatively low oxygen potentials of the annealing 

atmosphere (Figure 4.4 and 4.5) only external oxidation of Mn occurred, whereas at 

higher oxygen potentials of the annealing atmosphere (Figure 4.6 and 4. 7) internal 

oxidation along with external Mn oxidation was found. 

Figure 5.1 (a) and (b) are drawn from the Figure 4.4 (t) through 4.7 (t) profiles to 

more closely examine this trend. The curves were drawn from the proposed schematic 

concentration profile for the internal oxidation of an A-B alloy by Rapp [33] which has 

been described earlier in Chapter 2.3 .2. 
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of the annealing atmosphere. 

In Figure 5. 1 (a), one can clearly observe that the oxygen penetration depth has 

increased with increasing oxidation potential of the annealing atmosphere. Figure 5.1 (b) 

shows that there is a decreasing tendency for external Mn enrichment at the surface with 
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increasing oxidation potential. To explain the oxidation behavior of Mn, Wagner's 

selective oxidation model was exploited [33, 39, 52, 68]. Rapp [33] calculated the critical 

solute concentration to shift the oxidation mode from internal to external as a function of 

atmospheric oxidation potential. In the present research work, since the alloy composition 

is fixed, the only adjustable parameter in the model is N~ i.e., the mole fraction of 

oxygen at the external surface. 

In its original version, the Wagner model can determine the critical molar fraction 

of the alloying element above which the selective oxidation will be external and below 

internal. In the present case, only Mn is considered for the modeling since it is alloying 

element which demonstrated the greatest degree of selective oxidation. The other major 

alloying element in the experimental steel is Mo. Mo is known not to segregate to the 

surface [10, 36, 59], as can be seen in Figures 4.8 and 4.9. Thus, Mo was not considered 

in the analysis. 

The theoretical calculation of N~,crit , which is the critical molar fraction of the 

alloying element to transition form external to internal oxidation, is given by the equation 

[7]: 

[ 

* ]1/2 
No = ;rg VN~Do 

X,crit 2 v D 
n XOn X 

(5.1) 

Where, g* is the critical volume fraction of precipitated oxides required to block 

the inward diffusion paths for oxygen, n is the stoichiometric ratio between the oxygen 

and metal atoms in the oxide, Vis the alloy molar volume, Vxo is the molar volume of 
n 
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the oxideXOn, Ng is the molar fraction of dissolved oxygen at the surface, D0 is the 

diffusion coefficient for oxygen given by: 

(5.2) 

Where, Q0 is the activation energy for oxygen in kJ I mol I K and T is the absolute 

temperature (in this case, the peak annealing temperature of 1 073 K) and D x is the 

diffusion coefficient of the alloying element, X, given by: 

(5.3) 

These values were determined for Mn from the literature for ferrite and austenite, such 

that: 

g* = 0.3 [33] 

n = 1 (i.e. MnO, from the XPS analysis which is shown in Figure 4.11 (a)-( d). 

VMno = 13.221 [cm31mol] [69] 

In ferrite: 

V = 7.0918 [cm31mol] for ferrite [69], 

D~= 0.00291 cm21s and Q0 = 89.5 kJimol [70] 

' 2 DMn = 1.49 em Is and QMn = 233.6 kJimol [71] 

In austenite: 

V = 7.299 [cm31mol] [72] 

D~= 0.642 cm21s and Q0 = 159 kJimol [73] 

D~n = 0.16 cm21s and QMn = 261.7 kJimol [71] 
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Ng was determined for the dew point and hydrogen contents in the experimental 

atmospheres using the equilibrium constant, K, determined by Swisher and Turkdogan 

for the reaction: 

Hz (g)+ O(ciissolvedatthesurface) = HzO (g) [74] 

Where, the partial pressure of H20 (g) is calculated from the thermodynamic data 

obtained from Fine and Geiger [75] and the value of Ng was obtained by equation 5.4 

[74]: 

(5.4) 

It should be noted that equation (5.1) was developed for a binary single crystal 

and therefore does not take into account grain boundary diffusion. N~ crit can also be 

calculated for grain boundary oxidation by dividing the diffusion coefficient and the 

activation energy by two and, therefore, the Wagner model for the transition between 

internal and external oxidation of grain boundaries is given by [39]: 

(5.5) 

In the present case, however, as the bulk composition of the steel is kept constant, 

the results of the calculation for N~.crit in the bulk alloy and at the grain boundaries are 

used to predict whether the investigated steel would be oxidized externally or internally 

under the experimental annealing atmospheres. These results are shown graphically in 

Figure 5.3 and in tabular form in Table 5.1. 
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Figure 5.2: Theoretical prediction for internal I external oxidation of Mn at the peak 

annealing temperature (800 °C) in accordance with the Wagner oxidation model. 

It should be mentioned that there are some limitations to using the Wagner model 

for commercial steels. It shou ld be noted that this model was developed for a single 

crystal binary alloy and that the influence of the other alloying elements present in the 

steel is not accounted for. Furthermore, there are some uncertainties associated with a 

number of the parameters used in the calculations, poss ibly leading to a large 

accumulated overall uncertainty [39]. Among the above uncertainties are such factors as 
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non-stoichiometric compound formation, spinel formation, and the effect of stress due to 

volume change and the possibility of having some volatile species. As we have 

considered the present DP steel to be a dilute Fe-Mn alloy and ignored all other elements 

to calculate the selective oxidation behavior of Mn, it should be noted that this 

assumption may also introduce a bias into the analysis. Also, similarities between the Fe 

and Mn atom and the similar growth rate of FeO and MnO may again cause selective 

diffusion behaviour changes [50]. 

Table 5.1: Theoretical prediction for internal I external oxidation ofMn in the 

experimental DP steel at the peak annealing temperature (800 °C) in accordance with 

the Wagner oxidation model. 

Grain Boundary 
Bulk Oxidation 

Oxidation 

Atmosphere Ncrit Ncrit 

Ncrit Ferrite Ncrit Ferrite 
Designation Austenite Austenite 

A (pH20/pH2=0.00211) External Internal External External 

B (pH20/pH2=0.00844) External Internal External External 

C (pH20/pH2=0.03451) Internal Internal External External 

D (pH20/pH2=0.14180) Internal Internal External External 

Keeping mind of all the above mentioned limitations, it can be observed from the 

Figure 5.2 and Table 5.2 that the model predictions for bulk ferrite (the major phase in 
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the experimental material) are in good agreement with the experimental observations in 

that the investigated steel oxidizes only externally under atmospheres A and B (A: 

pH20/pH2=0.00211, Figure 4.4; B: pH20/pH2=0.00844, Figure 4.5) and internally under 

atmospheres C and D (C: pH20/pH2=0.03451, Figure 4.6; D: pH20/pH2=0.14180, Figure 

4.7). The grain boundaries, on the other hand, are externally oxidized for all of the 

investigated annealing atmospheres, which are consistent with the SEM observations in 

Figure 4.14, which showed the preferential grain boundary oxides of MnO at the grain 

boundaries, as predicted by the model. From the above discussion we can conclude that 

the classical Wagner selective oxidation model can provide useful information about the 

transition between external-internal oxidation of these relatively simple dual-phase alloys 

in the present experimental atmospheres. 

5.2 Coating Characterization 

The XPS spectra shown in Figures 4.11 (a) - (d), elemental depth profile of 

Figure 4.3 (b)- (e) and GDOES observations in Figures 4.4- 4.7 show the presence of 

MnO at the external surface and which can not be reduced under standard industrial 

annealing atmospheres [ 45, 46, 76, 77]. Mn oxides at the surface prior to dipping should 

prevent proper reactive wetting and formation of a well developed Fe2Als layer by 

preventing reaction between the steel substrate and the Al resident in the Zn bath. This is 

obviously not the case, as can be seen from the general observation of the coating 

chemistry and inhibition layer shown in Figures 4.15(a)- (d) and 4.18 (a)- (d). 
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Although there were a few bare spots in 4.15 (a) parallel to the rolling direction, 

we may ignore these as local surface defects as evidenced in Figure 4.13. There was a 

fully developed Fe2Alslayer and this is shown by the SEM micrograph in Figure 4.18 (a) 

- (d) and supported by the GDOES profiles of the coating shown in Figure 4.17 (a) - (d). 

The coatings showed good adhesion which is seen in Figure 4.16 and is the further 

evidence that Fe2Als layer has been formed. These observations are consistent with the 

literature in that steels with 1.5 wt% Mn can be properly galvanized and give rise to the 

formation of a well developed inhibition layer [51, 78, 79]. It is common for 1.5 wt% Mn 

alloys to be successfully galvanized, but the reactive wetting mechanism has not been 

detailed or physical evidence of the industrial reaction mechanism found in the literature. 

5.3 Mechanism of Reactive Wetting and Aluminothermic Reaction of Mn 

Oxides 

All of the above results imply that there was likely reactive wetting between the 

steel substrate and liquid Zn bath. The change in the Mn depth profile prior and after 

dipping the samples into the Zn bath can be compared by GDOES observation between 

Figures 4.4 (f) - 4.7(f) and 4.17 (a) - (d). The change in Mn profile was further 

confirmed by stripping the Zn coating and analyzing the surface which is shown in Figure 

4.19 (a)- (d). The comparison of these results certainly shows that there was physical 

removal of the oxide film during the dipping process, as evidenced by the TEM work in 

Chapter 4.5.3. These observations can be explained by the process of aluminothermic 

reduction of the surface Mn oxides by the A1 resident in the Zn bath. 
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Dubois [80] showed the presence of Mn in the Zn bath following a campaign of 

galvanizing of Mn steels in the industrial setting. Recently, a thermodynamic model of 

the zinc rich comer of the Zn-AI-Fe phase system was proposed by Kaye et al. [31], 

including externally validated AI activity data for the Zn bath. Using this AI activity data, 

it can be determined whether or not AI in the bath can reduce the observed MnO film on 

the steel substrate as per the reaction: 

l 460°C J 
3MnO(solid) + 2A (solution) ) A 203(so/id) + 3Mn(solution) (5.6) 

Considering the relative amounts of the MnO film and the Zn (AI, Fe) bath, there 

will be a large excess of bath metal in the galvanizing bath available to react with the 

MnO film. This result of a Gibbs Energy minimization for the above reaction between a 

Zn (AI, Fe) bath and MnO film on the steel strip, calculated [81]using the Facility for the 

Analysis of Chemical Thermodynamics (F.A.C.T) [82], are shown in Table 5.2 and steps 

followed (by F.A.C.T.) for the above calculations are given below: 

Table 5.2: Thermodynamic calculation of the reduction of MnO by a 0.2 wt% AI and 

0.02 wt% Fe in a galvanizing bath [81]. 

Input data: 99.780g Zn + 0.0200g AI+ 0.02g Fe+ 0.00002g MnO 
Phases Liquid bath Dross Oxide 

Calculated wt 99.976 0.24104E-01 0.95823E-5 
for each phase 

(g) 
Physical state Liquid Solid Solid 
Composition Zn 99.799 Fe2Als 80.257 

(wt%) AI 0.18946 Zn 19.743 AI20JI 0.95823E-05 
Fe 0.11241E-01 
Mn 0.15493E-04 
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Steps of calculation (done by FACT): 

1. Generation of equilibrium phase diagram from the input data. 

2. Identifications of phases from equilibrium phase diagram and calculation of their 

compositions by using the lever rule. 

3. Mass balance to calculate the composition of phases or elements to determine the 

system equilibrium compositions when activity of Ah03 is 1. During this stage 

repeated iterations has been performed by the software to arrive at the proper 

configuration. Here the final solution was obtained with the help of phase diagram 

and free energy equations and the iterations were continued till the activity of the 

Ah03 converged to 1. 

4. At this stage equations (5.6) can be applied to calculate the activity of AI to 

reduced MnO, where it has been assumed that Ah03 is formed due to the 

reduction MnO by AI. 

This Gibbs Energy minimization also determined that the AI activity required to 

reduce the MnO film was aAI = 2.9069 x 10-16
; this is considerably lower than that the 

activity of AI in the Zn (AI, Fe) bath that was calculated using the thermodynamic model 

of Kaye et al. [31] where aAI = 0.024192. As a consequence, direct contact is possible 

between the steel substrate and the Zn bath, allowing the formation of a well developed 

inhibition layer and accounting for experimentally observed interfacial structures. It also 
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explains the alteration of the Mn profile between Figure 4.4 (f)- 4.7 (f) and Figure 4.19 

(a)- (d). 

The elemental composition profiles measured in the TEM (Figure 4.20) bring 

further support for this hypothesis. Indeed, it can be seen that the Mn profile [Figure 4.21 

(d)] exhibits only a few very small peaks that are localized in the steel substrate, while 

the 0 profile is very low through all the analyzed line. The 0 profile [Figure 4.21 (e)] 

shows a sharp decrease after 400 nm where the inhibition layer starts. The presence of 

inhibition layer can be observed from the AI profile [Figure 4.21 (a)]. This gives further 

evidence that a reactive wetting process took place between the steel substrate and the Zn 

bath, involving the aluminothermic reduction of Mn oxides and the dissolution of Mn 

into the bath, followed by the formation a well developed inhibition layer and the 

formation ofhigh quality, adherent coatings. HRTEM analysis was further carried out to 

support this idea. Lattice fringe pattern obtained from HR TEM confirmed the presence of 

FezA15 layer in the interface [65, 66] which is shown in Figure 4.24 (a) and (b). The 

lattice fringe pattern patterns also shows the presence of A1Mno.7sFez.zs crystals [67] is as 

shown in Figure 4.24 (c). 
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6. Conclusions and Recommendations 

for Future Work 

The purpose of the project was to study the evolution of surface morphology, 

including selective oxidation as a function of annealing atmosphere and determine the 

effect, if any, on reactive wetting, the formation of galvanized inhibition layer on an 2.0 

wt % Mn dual phase steel. 

6.1 Conclusions 

1. Selective oxidation of Mn in the experimental DP 600 steel is a strong function of 

the oxidation potential of the annealing atmosphere. 

2. A certain amount of Mn enrichment at the steel surface is unavoidable for all four 

experimental annealing atmospheres (i.e., pH20/pH2 ratio of 0.00211 to 0.14180). 

3. With increasing oxidation potential of the annealing atmosphere (i.e., pH20/pH2 

ratio of 0.00211 to 0.14180) the internal oxidation thickness increases (from 0.1 

micron to 0.6 micron) and the external Mn segregation decreases (from 19 wt% 

to 09 wt %). A transition from external to internal occurs when the oxidation 

potential of the atmosphere increases from a pH20/pH2 ratio of 0.00844 to a 

pH20/pH2 ratio of0.03451. 

4. The selective oxidation of Mn is consistent with the Wagner classical oxidation 

model. 

5. Mo does not show selective oxidation in the experimental alloy system. 
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6. All experimental atmospheres are capable of producing good galvanized coatings 

despite the presence of9-19 wt% Mn segregation at the external surface as MnO. 

The coatings exhibit good coating adhesion and a well developed inhibition layer 

for all experimental annealing atmospheres due to reactive wetting. 

7. Reactive wetting occurs in the Zn bath and for this reason the external MnO was 

reduced by the resident AI in the galvanizing bath via an aluminothermic 

reduction mechanism. 

6.2 Recommendations for Future Work 

1. Optimization of the thermal cycle to optimize the DP steel mechanical properties. 

2. Explore the oxidation behavior of higher Mn content alloys to determine if there 

is a maximum alloy Mn content for which the aluminothermic reduction I reactive 

wetting mechanism is still operative. 

3. Observe the reactive wetting in the Zn bath by contact angle measurement via the 

Welhelmy plate method. 

4. Perform a detailed characterization of coating quality with reference to those 

steels which are well established as being galvanizable (e.g. IF steel). 

5. Explore the Galvannealing ofDP steels. 

6. Measure the oxidation kinetics of DP steels at various stages of the annealing 

cycle with the objective of optimizing the oxidation potential of the annealing 

atmosphere i.e. to explore the benefits of oxidation-reduction or related 

techniques. 
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