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(e) (f) 

Figure 4-5: Morphology of the inhibition layer obtained for a dissolved bath AI of 
0.1956wt%, bath temperature was 460 °C and for different reaction times. (a) 2.186s 

(b) 2.386s (c) 2.586s (d) 3.086s (e) 5.086s (t) 7.086s 
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Figure 4-6: Morphology of the interfacial layer for a bath of 0.13wt% dissolved AI 
as a function of reaction time showing Fe-Zn intermetallic compounds (a) 2.086s (b) 

2.586s (c) 3.086s (d) 4.086s (f) 7.086s 
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4.1.3 Influence of Bath Temperature 

The zinc bath temperature is another important parameter during the galvanizing process 

and has a significant impact on the morphology of the interfacial layer. Figure 4-7 shows 

the morphology of the inhibition layer obtained with different bath temperatures, from 

450°C to 480°C, when the immersion time was O.ls and the dissolved AI content in the 

zinc bath was approximately 0.2wt%. From Figure 4-7, it can be seen that for the same 

immersion time, the inhibition layer structure became coarser at higher temperatures. 

More large grains were present on the top layer with small equiaxed grains underneath. 

For the sample at 450°C and 2.076s reaction time (O.ls immersion time), Figure 4-7 (a), 

the grains were very small and it was difficult to identify the boundaries of grain colonies. 

With the increasing temperature, it was easier to distinguish even small grains and more 

faceted coarse grains are observed on the top of lower layer. 

As mentioned in literature review, the reason for these morphologies to have appeared for 

various bath temperatures is that bath temperature has a direct effect on the nucleation 

and growth kinetics according to classic nucleation and growth theory. 
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(a) (b) 

(c) (d) 

Figure 4-7: Morphology of the inhibition layer obtained with different bath 
temperature (a) 450°C (b) 460°C (c) 470°C (d) 480°C, immersion time (a) 2.076s (b) 

2.186s (c) 2.261s (d) 2.354s and dissolved AI content in the bath was 0.2wt% 
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4.2 AI Content of the Interfacial Layer 

AI is a very important element in the continuous galvanizing process with many different 

effects on the coating as well as on the zinc bath behaviour [Dubois, 2004]. The total AI 

of a galvanized coating can be broken down into two parts. One is the AI contained in 

the zinc overlay, which is related to the dissolved AI content in the zinc bath, but is 

slightly lower because of post-wiping AI diffusion. The other is the AI uptake in the 

interfacial layer, which is associated with the formation of Fe-Al intermetallic 

compounds. In the present study, "AI uptake" is the AI content, in mg/m2
, of the Fe-AI 

interfacial layer. It is an indirect measure of interfacial layer thickness when there is full 

coverage of Fe-AI crystals and interfacial layer coverage when there is less than 100% 

Fe-AI crystals coverage. 

4.2.1 Influence of Reaction Time on the AI Content of the Interfacial Layer 

The growth kinetics of the interfacial layer, i.e. influence of reaction time on the AI 

uptake in the interfacial layer, was investigated. Analyses were performed by dissolving 

the Fe-AI interfacial layer and analyzing for AI using ICP. The influence of reaction time 

on the interfacial AI uptake is shown in Figure 4-8 and Figure 4-9. The AI uptake in the 

interfacial layer was found to increase with increasing reaction time for all experimental 

bath temperatures and for both bath compositions (0.2wt% AI and 0.13wt%AI). AI 

uptake occurs rapidly. The majority of the AI uptake in the interfacial layer was 

completed within approximately 2s reaction time (O.ls dipping time). After this time, the 
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increase of AI uptake in the interfacial layer became more gradual . These results are 

consistent with the postulated two steps for inhibition layer formation . Nucleation 

corresponds to a high rate of Al uptake and takes place rapidly. The growth stage is 

associated with a lower rate of Al uptake. 
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Figure 4-8: Growth kinetics of the interfacial layer in the zinc bath with 0.2 wt% 
dissolved bath AI for various bath temperatures 
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Figure 4-9: Growth kinetics of the interfacial layer in the zinc bath with 0.13 wt% 
dissolved bath AI for various bath temperatures 

From the Figure 4-8, it can be clearly seen that the shortest reaction time between Al and 

Fe reached was approximately 2 seconds. Comparing the morphology of the inhibition 

layer obtained in this reaction time, it was found that two-sublayer was observed, which 

indicates that the fu ll inhibition layer had been formed. So the nucleation kinetics of the 

Fe-Al interfacial layer reaction were not experimentally captured and only the growth 

kinetics were studied. 
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4.2.2 Influence of Bath Temperature and Composition on the AI Content of the 

Interfacial Layer 

When the steel samples were dipped into a bath with 0.2wt% dissolved AI, complete 

coverage of the interface by the inhibition layer occurred. With increasing bath 

temperature from 450°C to 480°C, the AI uptake of the interfacial layer increased, as 

shown in Figure 4-8 and Figure 4-9. 

When the steel samples were dipped into the bath with 0.13wt% AI, only a partial 

inhibition layer was formed and discrete Fe/Zn intermetallic compounds,(~ phase), were 

observed. However, as shown in Figure 4-9, the interfacial layer continued to grow 

during the reaction time. Comparison of Figure 4-8 and Figure 4-9 shows that 

temperature had the opposite effect on the AI uptake of the interfacial layer in baths with 

0.13wt% AI compared to those with 0.2wt% AI, i.e. higher temperatures correspond to 

lower AI uptake. In addition, the increase in AI uptake with time was minor at higher bath 

temperatures and was more significant at lower bath temperatures. This observation 

reveals that the formation of Fe-Zn intermetallic compound is dominant at high 

temperature due to higher diffusion rate of Fe and Zn at higher bath temperature and that 

inhibition layer breakdown likely occurs more rapidly. Figure 4-10 shows Fe-Zn 

intermetallic compounds formed in the zinc bath containing 0.13wt% dissolved AI with 

different temperatures (from 450°C to 470°C) at the same reaction time. A mixed 

morphology (Fe2AI5- ~ -FeZn13 structure) was present because of the inhibition layer 
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breakdown and growth of s phase. In addition, the amount of s phase increased with 

increasing bath temperature. 

(a) 

(b) (c) 

Figure 4-10: Fe-Zn intermetallic compounds formed in the zinc bath containing 
0.13wt% dissolved AI with different temperatures (a) 450°C (a) 460°C (a) 470°C 

(Reaction time were all4.086s) 
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4.3 Phase Identification in the Inhibition Layer 

Electron Backscatter Diffraction (EBSD) was used to identify the phases present in the 

Fe-Al inhibition layer and their orientation. 

Figure 4-11 and Figure 4-12 show the surface morphology and phase identification for 

samples with reaction times of 2.186s and 5.086s, respectively, with the same bath 

temperature of 460°C and dissolved AI content of 0.21lwt%. Figure 4-13 shows the 

Kikuchi diffraction patterns for Fe2Als and FeA13• In Figure 4-11 (b) and Figure 4-12 (b), 

blue represents the Fe2Al5 phase, red represents the FeAh phase and green represents 

crystals which could not be identified when the mean angle deviation (MAD) was more 

than 1.3. In both cases, FeAb was identified as being present in the layer. Comparing the 

SEM images with that of the phase maps in Figure 4-12, it seems that the Fe2Als phase 

corresponds to the particles sticking out of the surface and the coarse crystals of the upper 

layer. Conversely, FeA13 corresponds to the fine crystals of the lower layer. The phase 

map in Figure 4-11 was obtained when the surface of the galvanized steel sample was 

slightly polished in order to obtain a stronger and clearer diffraction pattern due to the 

thinner inhibition layer formed in the short reaction time. In this figure, more FeAb 

crystals, (red), were observed versus Fe2A15, (blue). For longer reaction times (Figure 

4-12), this balance is shifted towards a larger proportion of Fe2Als. However, it was not 

possible to quantify the relative proportions of these two phases because of many areas of 

missing data. The possible reasons for this are: 1) EBSD is a surface-sensitive technique, 

with the diffraction signal coming from the top few nanometers of the crystal lattice. 
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Thus, high quality sample preparation is essential to obtain a strong and clear electron 

backscatter diffraction pattern (EBSP). If the sample surface was not mirror flat, the 

EBSPs will appear very weak and blurred [HKL-Technology, 2006] and result in large 

areas of missing data, (green). 2) The crystallographic information for Fe2A15 and FeAh 

phases was required for the software to work properly. However, these two phases could 

actually be Zn bearing Fe-Al phases according to the literature [Chen et al., 1990 (A)]. 

Some crystallographic parameters may have deviated from the data used in assessing the 

diffraction patterns, which would have resulted in a high MAD value and increase the 

amount of non-evaluated points. 

According to the pole figure obtained for both phases, Figure 4-14, it was found that both 

the Fe2A15 and FeA13 crystals exhibited strong preferred crystallographic orientations. 

This conclusion was drawn based on the observation that the normal of the (1 00) planes 

had an extremely high intensity in a direction approximately normal to the substrate 

surface for both intermetallics. 
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(a) (b) 
Figure 4-11: Surface morphology and phase identification for polished sample 

obtained for a reaction time of 2.186s; bath temperature was 460°C; bath dissolved 
AI content was 0.21Jwt% (a) surface image (b) phase map 

(a) (b) 

Figure 4-12: Surface morphology and phase identification for sample obtained for a 
reaction time of 5.086s; bath temperature was 460°C; bath dissolved AI content was 

0.211wt% (a) surface image (b) phase map 
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(a) 

(b) 

Figure 4-13: Kikuchi diffraction patterns for (a) FezAI5 (b) FeAh 
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-ns -.0 -

Figure 4-14: Pole figures shown the preferred orientations for samples obtained for 

a reaction time of 5.086s; bath temperature was 460°C; bath dissolved AI content 

was 0.211wt% (a) FezAis (b) FeAh 
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CHAPTERS. DISCUSSION 

Reaction time is a crucial parameter in studying the evolution and kinetics of inhibition 

layer formation during hot-dip galvanizing. Many researchers have made an effort to 

investigate this process. It is believed that the inhibition layer is nucleated at very short 

times (i.e. less than one second). However, it has been mentioned previously that the 

mechanism of short time inhibition layer formation has been studied by only a few people 

due to experimental difficulties. Moreover, only short immersion times (i.e. dipping time), 

not total reaction time, has been examined by many investigators. It was generally found 

that the Al content in the zinc coating, excluding the Fe-Al interfacial layer, is always 

lower than the dissolved A1 content in the zinc bath because of A1 diffusion after wiping 

to the interfacial layer [Dubois et al., 1993] [Faderl et al., 1995] [Baril et al., 1998] 

[Dubois, 2004]. Thus, the Al uptake still increased, i.e. the Fe-Al interfacial layer kept 

growing, after the steel sheet was withdrawn from the zinc bath. Thus, it is the opinion of 

author that the use of immersion time instead of total reaction time to describe the 

kinetics of the inhibition layer formation is not correct. Thus, one significant aim of this 

project was to study the characteristics, such as morphology, phase constitution and 

kinetics, of inhibition layer formation based on a well defined reaction time which 

includes the dipping time, the time between exiting the zinc bath and the time before 

solidification of the overlay. As outlined in the previous chapter, the inhibition layer was 

characterized by using the combined methods of SEM, ICP and EBSD. 
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5.1 Characteristics of the Inhibition Layer Formed in a Bath with 

0.2wt% Dissolved AI 

5.1.1 Formation Kinetics 

In the present study, wet chemical analysis (ICP) combined with the total reaction time 

calculation was used to investigate the kinetics of inhibition layer formation. This 

represents the first known work in which the AI uptake in the interfacial layer has been 

established based on actual reaction time. This work has practical significance. It has 

been shown that a mass balance model of the hot-dip galvanizing bath could be used to 

monitor the bath effective AI, predict future bath additions and benchmark the 

performance of the continuous galvanizing line, particularly dross production [McDermid 

et al, 2004 (A)]. However, it is impossible to build good models of the reactions inside 

the continuous galvanizing line (i.e. mass balance during the galvanizing process) 

without a good kinetic model of AI uptake to the substrate as a function of the various 

process parameters. Also, it actually gives us a chance to have a glimpse at the structure 

of the interfacial layer in the bath as a function of real time by freezing the structure at 

various reaction times. "Frozen pictures" of the reaction in the zinc bath were seen 

through this work, which has not been done before. 

According to the observations of the morphology of the inhibition layer, as shown in 

Figure 4-1 and Figure 4-5, it was found that the inhibition layer was formed with a 

layered structure for all experimental temperatures and times when the zinc bath 
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contained 0.2 wt% dissolved AI. The lower layer was composed of small, roughly 

equiaxed, closed packed crystals. The upper layer consisted of larger, coarser crystals. 

These observations were in agreement with previous reports by Guttmann et al and Baril 

et al [Guttmann et al., 1995] [Baril et al., 1999]. Moreover, the observed morphology of 

the inhibition layer can help explain the reaction kinetics obtained through ICP analysis 

and total reaction time calculation. According to Figure 4-8, it was revealed that the 

majority of AI uptake was completed within a reaction time of 2 seconds (i.e. 0.1s 

dipping time). The subsequent AI uptake can be approximately characterized as following 

a parabolic rate law, indicating diffusion controlled growth. 

Accordingly, the formation sequence for the inhibition layer can be summarized as 

follows: 

(1) in the first period, Fe-Al intermetallic compounds nucleate on the surface ofthe steel 

substrate and grow until the surface is completely covered with one layer of crystals 

which are small and roughly equiaxed. The majority of the AI uptake is completed within 

this period. (2) in the second period, this layer grows by AI provided from the At-bearing 

zinc bath and Fe from the steel substrate diffusing through the inhibition layer grain 

boundaries. This growth follows a parabolic growth law, to be discussed below, typical of 

diffusion controlled growth. 

In order to explore the shortest period of the Fe-AI reaction in the At-bearing zinc bath, 

short dipping times (as shortest as O.ls) and rapid helium cooling (fastest cooling rate 

81 



Master Thesis - Lihua Chen McMaster University- Materials Science & Engineering 

was 108 °C/s) technologies were used. However, despite these efforts, the shortest 

reaction time between AI and Fe achieved in the present study was approximately 2s. 

From the morphology of the inhibition layer obtained in this reaction time, it was found 

that the inhibition layer had been completely formed. Thus, the nucleation kinetics of the 

Fe-Al interfacial layer reaction could not be experimentally examined due to the 

limitations of the present apparatus. Only the growth kinetics was captured. Also, the 

existence of an incubation time, i.e. the time taken for Fe to dissolve into zinc bath to 

reach a local supersaturation in the vicinity of the surface of the steel sheet, immediately 

following immersion and prior to nucleation, could not be determined. 

5.1.2 Microstructure of the Inhibition Layer 

It has been widely accepted that the inhibition layer was composed of Zn-bearing Fe2Als 

phase [Harvey et al., 1973] [Faded eta!., 1992] [Saito et al., 1991] [Tang et al., 1993] 

[Guttmann et al., 1995] [Price et al., 1999] [Baril et al., 1999]. In the present study, 

EBSD was used to determine that two phases, Fe2A15 and FeA13, coexist in the Fe-Al 

inhibition layer, as shown in Figure 4-11 and Figure 4-12. Furthermore, the EBSD 

observations suggest that reaction time has an influence on the phase constitution of the 

inhibition layer. For the shorter reaction times (i.e. 2.186s), the majority of the phases 

detected were FeA13, as shown in Figure 4-12 (b). This indicates that FeAb was the first 

phase present on the surface of steel substrate. With further development of the inhibition 

layer, more Fe2A15 crystals were observed. In addition, comparing the SEM image and 

that of the phase map in Figure 4-11, it was determined that the Fe2Als phase 
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corresponded to the coarse particles on the upper layer and FeAh phase was associated 

with the fine particles in the lower interfacial layer. It appears that Fe2Al5 has grown out 

to form the upper coarse layer by transforming from FeA13. Both Fe2Al5 and FeAI3 have a 

preferred growth orientation. These observations were consistent with previous report 

that for very short times transient phases with a composition around ZnFeAb were 

formed [Ghuman et al., 1971] [Perrot et al., 1992]. 

McDevitt et al [McDevitt et al., 1997] and Morimoto et al [Morimoto et al., 1997] 

proposed two possible mechanisms for the formation of the layered microstructure of the 

inhibition layer. The first proposed that Fe2Al5 first nucleates on the steel substrate, 

followed by nucleation and growth of FeAh on the surface of the existing Fe2Als layer. 

The second was that FeA13 first nucleates on the steel substrate, followed by nucleation 

and growth ofFe2Als at the interface of the steel substrate and the FeAb phase. Based on 

the EBSD results presented above, it appears that the sequence occurring during the 

development of the inhibition layer was most likely the second possibility, i.e. (1) FeAh 

first nucleates on the steel substrate; (2) FeAb phase transforms to Fe2Als phase through 

a diffusion mechanism; (3) FeAh phase continues to diffusively transform to Fe2Ais 

phase and Fe2Al5 phase starts to grow a two sublayer structure, i.e. formation of the 

coarse upper large of Fe2A15 crystals; (4) FeAh phase disappears and the two layer 

structure of the interfacial layer is composed of Fe2Als crystals. This process is 

schematically illustrated in Figure 5-1. 
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According to the Zn-Fe-AI ternary phase diagram (Figure 2-6) [Perrot eta/., 1992], there 

is thermodynamic equilibrium between a-Fe and Fe2Ais, whereas FeAI3 is not in 

equilibrium with a-Fe. However, FeAh crystals were actually observed using EBSD in 

the case of a 0.2 wt% dissolved AI bath at 460°C when the reaction time varied from 

2.186s to 5.086s (i.e. dipping time from 0.1s to 3s). This indicates that FeAI3 was in 

metastable state. Consequently, it only appeared in the first stage of the process ofFe-Al 

compound formation and then diffusively transformed to the thermodynamic equilibrium 

phase, i.e. Fe2Als phase. 

When the steel sheet entered the zinc bath with 0.2wt% dissolved AI, the steel sheet zinc 

bath interface was obviously out of equilibrium, which resulted in the dissolution of Fe 

into liquid zinc to reach a local supersaturation with Fe in the vicinity of the Fe/Zn 

interface. However, equilibrium of the zinc bath had to be finally satisfied, so this 

supersaturation leads to the formation of a continuous layer on the steel surface in 

equilibrium with zinc bath [Lepretre et al., 1998 (B)]. Due to the much lower formation 

free energy (as shown in Table 2-1), Fe-AI compounds favourably nucleated on the steel 

surface instead of Fe-Zn intermetallic compounds. At the first moment of this process, 

the AI content in the zinc bath was enough to allow the nucleation of the metastable Fe­

AI phase, i.e. FeAI3. As it is known that the AI content of the interfacial layer is much 

higher than the AI content of the zinc bath, formation of Fe-AI interfacial layer (FeAI3) 

would lead to a AI depletion in the vicinity of the interfacial layer surface. In 

consequence, a metastable Fe-AI phase with higher AI content, FeAh, would transform to 
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the equilibrium Fe-Al phase with a lower AI content, Fe2Al5, by a diffusive reaction, as 

shown in equation 5-1 . 

FeA/3 + 2Al(bath)+ Fe(substrate )+ xZn(bath) ~ Fe2 Al5_xZnx 

IIIII! C:Z''' 
steel 

Sut!)strate 

Al+ln Diffusion 

steel 
Fe Substrate 

Diffusion 

steel 
Substrate 

Upper layer 

Lower layer 

Figure 5-1: Schematic representation of the inhibition layer formation in a 
0.2wt%AI-Zn galvanizing bath 

(5-1) 
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It has been mentioned previously that the structure and composition of the inhibition 

layer was studied by many galvanizing researchers. They investigated the inhibition layer 

using different analytic methods, such as SEM, EDS, XRD, TEM, and often yielded 

conflicting results. Only the Zn-bearing Fe2Als phase was observed by most of them. 

They failed to identify the FeA13 phase. There may be several reasons for the observation 

of the FeA13 phase in the present study versus the observations of many previous 

researchers: (1) reaction time: it has been shown that FeA13 is the phase which appears in 

the early stages of inhibition layer formation. Thus, any experiments using either long 

immersion times or slow cooling after immersion will likely miss the transient stage 

where FeA13 in present and (2) analytical technology: the poor signal to background ratio 

combined with the small volume fraction of FeA13 phase results in FeA13 being 

undetectable [McDevitt et al., 1997] by regular X-ray diffraction. 

5.2 Characteristics of the Inhibition Layer Formed in a Bath with 

0.13wt% Dissolved AI 

The experimental results showed that when the zinc bath contains 0.13wt% dissolved Al, 

there were intermittent patches of Fe-Zn intermetallic compounds, identified as ~ phase, 

within the inhibition layer. There is general agreement on the mechanism of Fe-Zn 

intermetallic compounds formation. First, Zn diffuses through the Fe2Als layer and 

saturates the substrate, particularly at the grain boundaries. Fe-Zn intermetallic 
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compounds nucleate at the Fe- Fe2Al5/FeAh interface, destroying the overlying inhibition 

layer. Fe-Zn intermetallic compounds then grow along the interface from the grain 

boundaries and gradually consume the Fe2Al5 1ayer [Baril et al., 1998]. 

McDevitt et al [McDevitt et al., 1998] reported that these Fe-Zn intermetallic compounds 

nucleated on the top of the Fe-Allayer from the Fe-supersaturated liquid Zn. However, 

the results presented in Figure 4-4 show that the steel substrate was not fully covered by 

the inhibition layer and the grain boundaries of the steel substrate can be clearly observed. 

Correspondence between Fe-Zn intermetallic compounds and grains boundaries of the 

steel substrate was observed by Baril et al [Baril et al., 1999]. This result indicates that 

Fe-Zn intermetallic compounds nucleated at the grain boundaries of the steel substrate, 

which is the short circuit diffusion path and results in higher zinc concentration at these 

sites [Lepretre et al., 1998 (B)]. 

It was not clear whether the Fe-Zn compounds form during isothermal holding in the bath 

[McDevitt et al., 1998] or after exiting [Baril et al., 1998] [Guttmann et al., 1995]. Figure 

4-6 showed Fe-Zn intermetallic compounds, pillar-like t;, present on the steel substrate 

surface when zinc bath contains 0.13% dissolved AI at 460°C for all reaction times 

studied. It was revealed that more Fe-Zn compounds were present in the structure with 

increasing reaction time. In addition, ICP results indicated that that the AI content of the 

interfacial layer continued to increase with reaction time for baths with 0.13wt%Al, as 

shown in Figure 4-9, indicating that Fe-Al compounds continue to grow during this 
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period. It was therefore quite likely that an Fe-AI interfacial layer forms on the steel 

substrate in the very early stages, after which zinc diffuses through the Fe-Allayer via the 

Fe-AI compound grain boundaries to react with Fe, which results in initiation of 

inhibition breakdown and Fe-Zn intermetallic compound formation. 

Guttmann [Guttmann et al., 1995] provided a rough estimate of the average diffusion 

coefficient for Zn through the Fe-AI layer of 5 x 10-11 cm 2 
• s-1

• This value implies that Zn 

could diffuse across a 70nm thick Fe-Ailayer in 1s and a 250 nm layer in 3s at 460°C. 

Longer immersion time correspond to more Fe-Zn intermetallic compound formation due 

to greater masses of zinc diffusing through the Fe-AI interfacial layer. After samples 

exited the zinc bath, Fe-AI reaction slows down due to a limited AI supply from the Zinc 

overlay. Fe-Zn intermetallic compounds continuously grow by consuming the Fe-Al 

layer. 

From the discussion above, it seems that the evolution of the interfacial layer formed in a 

zinc bath with 0.13wt% dissolved AI, including Fe-AI and Fe-Zn intermetallic 

compounds, was the result of competing reactions, i.e. the AI uptake of the Fe-AI 

interfacial layer increased during the reaction period, as shown in Figure 4-9, and there 

were increasing amounts of t.;-FeZn13 with increasing reaction time, as shown in Figure 

4-6. These results can be explained as follows: 

(1) In the initial period, Fe-AI formation dominates due to favourable thermodynamics. 

This is demonstrated in Figure 5-2, which shows the driving force for nucleation of 
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various Fe-Al and Fe-Zn phases from a supersaturated Zn-Fe-Al solution [Nakano, 2006]. 

Thus, Fe from the steel moves towards the zinc bath through the interfacial layer and 

combines with AI in the bath to form and growth Fe-Al layer; at the same time, zinc 

diffuses from the zinc bath towards the steel substrate, thus enriching the a-Fe/Fe2Al5 

interface with zinc [Lepretre et al., 1998 (B)] 

(2) After the zinc content in the substrate reaches the critical content, needed to form Fe­

Zn compounds according to the phase diagram, initiating inhibition breakdown and the 

growth of Fe-Zn reaction dominates. Therefore, the increase in Fe-Al compounds while 

observing increasing amounts of s-FeZnl3 reveals that there is competition between these 

two reactions. Fe-Al compound is favoured by thermodynamic driving forces and 

formation of s-FeZn13 (or other Fe-Zn intermetallic compounds) is kinetically favoured 

by other factors, namely the diffusion of Zn through the Fe-Allayer and saturation of the 

substrate. 
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Figure 5-2: Driving force for nucleation at 450°C in Zn-Fe-Al (assuming that Fe is 
dissolved in the liquid at the interface to the metastable solubility limit as in Figure 

2-5) [Nakano, 2006] 

Bath temperature also has influence on the competition between Fe-Al and Fe-Zn 

compounds. Figure 4-8 shows that the growth of Fe-Al intermetallics increases with 

increasing bath temperature. On the other hand, diffusion of Zn and Fe through the Fe-AI 
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layer is also enhanced with increasing temperature. As a consequence, Fe-Zn growth 

became dominant in the competition with Fe-AI reaction. Figure 4-10 shows the 

experimental evidence for this statement. More Fe-Zn intermetallic compounds were 

observed when the bath temperature varied from 450°C to 480°C with the same reaction 

time, decreasing the AI content of the interfacial layer with increasing bath temperatures, 

as shown in Figure 4-9. 
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5.3 Kinetic Model of Inhibition Layer Formation (0.2wt% AI Bath) 

It has been previously mentioned that the initial formation period of the inhibition layer, 

including any incubation period and nucleation, was not experimentally observed in the 

present study. However, the nucleation time can be predicted based on the AI uptake 

during the growth period as function of the total reaction time through a kinetic model. 

Figure 4-8 showed the AI uptake of the interfacial layer in a zinc bath with 0.2 wt% 

dissolved AI for various bath temperatures based on reaction time. Comparing these data 

to those provided by Toussaint et al in Figure 5-3 [Toussaint et al., 1998 (B)], it is 

interesting to note that the values of AI uptake in their experiments were higher than 

those in the present work. It should be noted that the data for the experiments in the 

current study have been re-plotted as a function of immersion time for the purpose of 

comparison. For instance, in their study, the interfacial AI content was approximately 

250mg·m·2 for an immersion time of ls when the bath temperature was 460°C and 

0.2wt%AI in the zinc bath. However, approximately 170mg·m·2 AI was obtained in the 

present experiments with the same experimental parameters. This difference likely arises 

from the different cooling rates after the steel samples exited the zinc bath, i.e. 

differences in post immersion AI diffusion to the interface. 
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Figure 5-3: Experimental points for the AI uptake form Toussaint et al [Toussaint et 
aL, 1998 (A)] and this study 

It has been generally accepted that the formation of the inhibition layer is a two-stage 

process [Isobe, 1992; Tang, 1995 (A); Toussaint et al., 1998 (C)]. Nucleation is almost 

instantaneous, associated with a high rate of AI uptake, which stops when the substrate is 

completely covered. The following step corresponds to solid state diffusional growth, 

associated with a lower rate of AI uptake. Diffusional growth will be dominant when 

nucleation is completed. 

Solid-state diffusion growth will be discussed in the following text. The growth rate 

index, n, was taken into consideration in this study. A power-law growth equation, as 

shown in equation 5-2, may be used to fit the growth kinetics data (Figure 4-8) such that: 

(5-2) 
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where Y is the AI uptake of the interfacial layer in mg/m2
, K is the growth rate constant; t 

is the reaction time and n is the growth-rate time constant. The growth-rate time constant, 

n, is an indication of the mechanism controlling the growth of the layer [Jordan et al., 

1997(A)]. When n is equal to 0.5, the layer exhibits bulk diffusion controlled growth; 

while a n value of 0.25 indicates grain boundary diffusion controlled growth. By fitting 

an equation for the data shown in Figure 4-8, it was found that the curves of the form 

y = K · xn fit the present experimental points very well. The range of the value for 

growth-rate time constant, n, was 0.27 for the interfacial layer growth at 450°C and was 

equal to 0.31 for the 480°C bath, as shown in Table 5-1. This may indicate that 

nucleation phenomena play an important part in the overall kinetics [Toussaint et al., 

1998 (C)]. A value of n between 0.25 and 0.5 may also indicate a mixed growth 

mechanism of bulk diffusion and grain boundary diffusion for this interfacial layer. 

Table 5-1: Growth constant for experimental fitting 

T K n 

450°C 88.48 0.27 

460°C 118.54 0.28 

470°C 153.14 0.29 

480°C 175.45 0.31 

For the diffusive growth stage, both lattice (or bulk) diffusion and grain boundary (or 

short circuit) diffusion likely contribute to the overall growth rate. In general, grain 

boundary diffusion is dependent on the grain boundary area. The influence of reaction 

time and bath temperature on the morphology of the inhibition layer was investigated in 
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this study. It was found that the inhibition layer was composed of many small equiaxed 

crystallites and the average size of the crystallites increased as the inhibition layer 

thickened, as shown in Figure 4-5. In addition, the crystallites of the inhibition layer 

became coarser for the same reaction time at higher bath temperatures, as shown in 

Figure 4-7. Thus, the conclusion may be drawn that the mean size of crystallites in the 

inhibition layer increased in size both as a function of reaction time and bath temperature. 

From the results of grain size measurement, it can be demonstrated that the development 

of the inhibition layer structure plays an important role in the growth kinetics. First, as 

the reaction proceeded, the mean size of the crystallites increased and the area fraction of 

grain boundaries decreased. Thus, the effect and contribution of lattice diffusion became 

more dominant. Second, grain boundary diffusion generally becomes increasingly 

important with decreasing temperature. There are two reasons for this. One is that the 

activation energy for grain boundary diffusion is smaller than that for lattice diffusion. 

The other one is that, for a given reaction time, the grain size of the inhibition layer 

generally becomes smaller the lower the temperature and thus, had a higher area fraction 

of grain boundaries [Kofstad, 1988]. 

Several models for oxide film growth have been proposed based on the assumption that 

the kinetics are a combination of both lattice and grain boundary diffusion [Herchl et al., 

1972; Kofstad, 1988; Perrow et al., 1968; Perrow et al., 1967]. Based on this assumption, 
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an effective diffusion coefficient ( D eff ) may be defined as a weighted sum of lattice and 

grain boundary diffusion: 

(5-3) 

Where D L and D 8 are diffusion coefficients for the lattice and gram boundary, 

respectively, and f is the area fraction of grain boundaries. In the model advanced by 

Smeltzer et al [Smeltzer et al., 1961], the fraction of available diffusion sites within the 

grain boundaries decreased according to the first-order kinetic equation: 

J(t) = / 0 exp{- Kt) (5-4) 

where, / 0 is the initial fraction of total grain boundaries and K is the growth constant. 

The rate of film growth based upon the diffusion gradient would then be: 

(5-5) 

Using the growth of oxide films as an analogy for the growth of the inhibition layer, the 

terms in equation (5-5) can be defined as: x is the inhibition layer thickness, Q is the 

volume per Fe ion in the inhibition layer (cm3 per ion) and I!J.c is the concentration 

difference of Fe ions at the two surfaces of the inhibition layer (ions per cm3
). The value 

for !:ic suggested by Toussaint et al [Toussaint et al., 1998 (C)] was estimated to be 

approximately 50x106mg·m-3
• Substitution of equations (5-3) and (5-4) into equation (5-

5), yields: 

(5-6) 

Using the approximation thatD8 ))DL, equation (5-6) becomes: 
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dx { D _ } x-=QD Ac l+f0 _!i_e Kt 
dt L D 

L 

(5-7) 

and the growth law is obtained by integrating equation (5-7) to 

(5-8) 

By analyzing the particle size of the inhibition layer as a function of the reaction time and 

bath temperature, the area fraction ofthe grain boundaries in the inhibition layer, f, was 

calculated. There are two assumptions made in this calculation. First, the area fraction of 

the two-dimensional grain boundaries represents the fraction of the total available sites 

within the three-dimensional layer. Second, the width of a grain boundary is 

approximately 1.5nm. Figure 5-4 shows the variation of f with reaction times and bath 

temperature. 
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Figure 5-4: Area fraction of grain boundary varying with reaction time and bath 
temperature 
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In order to calculate the effective diffusion coefficient, the lattice and grain boundary 

diffusion coefficients have to be determined. From Teixeira et at's experimental data 

[Teixeira et al., 1987], it is possible to extract DB and DL (m2s-1
) via the equations: 

(5-9) 

D 1 7 10-12 ( 0.33eV) B=.x exp-
kT 

(5-10) 

Here, k is the Boltzmann constant and T is the absolute temperature. Figure 5-5 shows 

the variation of the effective diffusion coefficient with the reaction time and bath 

temperatures based on Figure 5-4 and equations 5-9 and 5-10. From this figure, it can be 

seen that the microstructure of the inhibition layer has a significant influence on the 

diffusion rate of Fe. Thus, it indicates that the effective diffusion coefficient is not a 

constant but a function of reaction time and bath temperature. 
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Figure 5-5: Effective diffusion coefficient as a function of reaction time and bath 
temperature 
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The thickness of the inhibition layer as a function of reaction time was calculated using 

equation 5-8. Table 5-2 summarizes the parameters used in these calculations for bath 

temperature of 460°C and 480°C. The values of these parameters were based on 

equations 5-4, 5-5, 5-9 and 5-10. / 0 and K were obtained by fitting the curves in Figure 

5-4 with an exponential equation as shown on the figure. 

Table 5-2: Values for inhibition layer growth model equation 

t DB DL Deff 
fo T f K 

(s) (m2s-l) (m2s-l) (m2s-l) 

2.186 0.074 6.81E-16 
733K 

5.086 0.041 9.15E-15 6.47E-18 3.81E-16 0.1099 0.188 
(460°C) 

7.086 0.030 2.77E-16 

2.354 0.070 7.46E-16 
753K 

5.254 0.037 1.05E-14 9.64E-18 3.96E-16 0.1092 0.1976 
(480°C) 

7.254 0.027 2.92E-16 

The modeling results with comparison to experimental data are shown in Figure 5-6. As 

mentioned previously, the nucleation kinetics of the Fe-Al layer reaction was not 

captured experimentally in the present study. According to the morphology of the 

inhibition layer observed for this shortest reaction time (Figure 4-7), it was found that the 

surface of the steel substrate was completely covered. Without better experimental 

evidence, the average value of AI uptake for the shortest reaction time was considered to 

be the initiation of diffusion controlled growth. 
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Figure 5-6: Experimental data of AI uptake of the interfacial layer as a function of 
reaction time for a bath with 0.2wt% dissolved AI at (a) 460°C and at (b) 480°C 

shown with modeling results 

According to the modeling results, it was found that the increase of AI uptake with 

increasing reaction time was greater at 480°C than that at 460°C. This trend was 

consistent with experimental results concerning the influence of bath temperature on AI 
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uptake. It indicated that bulk diffusion played a more important role in the mixed 

diffusion growth mechanism at higher bath temperatures. 

However, the AI uptake with reaction time based on this model seems lower than that for 

experimental results for both bath temperatures. In equation 5-8, the only adiustable 

parameters are / 0 and K when the bath temperature is fixed. These two parameters are 

related to the area fraction of grain boundaries. Modeling results indicated that the 

factor f , the area fraction of grain boundaries, was underestimated or there exists other 

low resistance diffusion path in the inhibition layer. There are some adjustments and 

modifications that could be done for future work. It has been observed that the particles 

of the inhibition layer vary in size and shape. However, generally speaking, these grains 

were close to equiaxed, especially for the particles formed at very short time and the 

particles formed the bottom layer in longer reaction time. Thus, so-called "triple 

junctions" must exist and they are also low resistance diffusion paths. However, the 

contribution of these triple junctions to the diffusion constant was not calculated in the 

present model. Thus, the existence of significant numbers of triple junctions could lead to 

underestimate the effective diffusion coefficient and eventually result in lower values of 

AI uptake in the interfacial layer during the solid diffusion growth. 

In addition, the assumption in the present model that the area fraction of two-dimensional 

grain boundaries represents the fraction of the total available sites within the three­

dimensional layer might also cause some errors. It has been shown that the microstructure 
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of the inhibition layer is composed of two sub layers for longer reaction times. The upper 

layer is a coarse, but not compact, structure with fine crystals underneath. When the area 

of grain boundary was determined, the contribution from the incompact upper layer and 

finely crystal lower layer was not considered. 

It has been approximately calculated that the AI uptake would be 62 percent greater when 

the area of low resistance diffusion path, including grain boundary and triple junctions, 

was doubled. It indicates the existence of other low resistance diffusion paths, such as 

triple junctions, may play a very important role in inhibition layer growth. In addition, if 

the area fraction of the grain boundary was fixed to the value at short reaction time, AI 

uptake would be increased by 14 percent. This indicates that the area fraction of grain 

boundaries for longer reaction time was likely underestimated due to the non-compact 

upper layer. 

The anticipated outcome for the present model was to relate the evolution of the 

inhibition layer microstructure to the diffusion coefficient. A more precisely defined 

effective diffusion coefficient is crucial to obtain the precise value of AI uptake. However, 

the area fraction of low resistance diffusion path is very sensitive to the structure of the 

inhibition layer. Thus, there is still some work required to refine the value for this 

parameter. 
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CHAPTER 6. CONCLUSIONS AND 

RECOMMENDATIONS 

6.1 Conclusions 

1. The morphology of the inhibition layer was strongly influenced by the AI content 

of the zinc bath. When the zinc bath contained 0.2wt% dissolved AI, the 

inhibition layer formed with a layered structure for all experimental temperatures 

and times. The lower layer was composed of small (tens of nanometers), roughly 

equiaxed, close-packed crystals. The upper layer consisted of larger (from 100nm 

to 800nm), irregular crystals. Both layers showed a preferred orientation with the 

<100> direction approximately normal to the substrate surface. When the zinc 

bath contained 0.13wt% dissolved AI, the inhibition layer was incomplete and 

also contained Fe-Zn intermetallic compounds, the amount of which increased 

with increasing reaction time and bath temperature. 

2. The growth sequence of the inhibition layer formation in the zinc bath with 

0.2wt% dissolved Al was (1) Fe-AI intermetallic compounds nucleated on the 

surface of the steel substrate and grew until the surface was completely covered 

with a layer of small roughly equiaxed crystals; (2) this layer grew by Al provided 

from the AI-bearing zinc bath and Fe from the steel substrate through a 
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combination ofbulk and grain boundary diffusion. The rate ofFe-Ailayer growth 

increased with bath temperature. 

3. Two Fe-AI intermetallic phases were identified for the inhibition layer in the 

0.2wt% AI bath using electron backscatter diffraction (EBSD): Fe2AI5 and FeAh. 

Moreover, the EBSD examination indicated that the development of the inhibition 

layer consisted of several steps, namely: for short reaction times, the lower layer 

appears to contain a larger proportion of FeAI3; as the reaction proceeds, FeAI3 

phase gradually transforms to Fe2AI5 phase by a diffusion reaction to satisfy 

thermodynamic equilibrium between the Zn bath and a-Fe; the metastable FeAI3 

phase gradually disappears and the two layer structure of the Fe2AI5Zn interfacial 

layer is formed. 

4. The evolution of the interfacial layer formed in the zinc bath with 0.13wt% 

dissolved AI, including Fe-AI and Fe-Zn intermetallic compounds, was a result of 

competing reactions. In the initial period, the Fe-AI reaction dominated due to 

high thermodynamic driving forces. Zinc diffused through the inhibition layer 

simultaneously, with more rapid diffusion occurring along the substrate grain 

boundaries. After the substrate zinc concentration reached a critical point in the 

substrate grain boundaries, Fe-Zn reactions dominated. The increase in interfacial 

AI uptake while simultaneously increasing the amount of ~-FeZn13 showed that 

there is competition between these two reactions. After exiting the zinc bath, the 
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Fe-AI reaction slowed due to the limited AI supply from the Zinc overlay and Fe­

Zn intermetallic compounds continued to grow by consuming the Fe-Ailayer. 

5. The growth kinetics of the interfacial layer, i.e. influence of reaction time on the 

AI uptake in the interfacial layer, was investigated. The AI uptake in the 

interfacial layer was found to increase with increasing reaction time for all 

experimental bath temperatures and for both bath compositions (0.2wt% and 

0.13wt% AI). Bath temperature also has an influence on AI uptake. The AI uptake 

increased with increasing bath temperature in a zinc bath with 0.2wt% AI. 

Conversely, higher temperatures corresponded to lower AI uptake when zinc bath 

contained 0.13wt% AI due to more rapid breakdown of the inhibition layer with 

increasing temperature and the resultant increase in Fe-Zn intermetallic growth. 

6. A kinetic model to describe the growth kinetics of the inhibition layer in the case 

of 0.2wt% AI baths as a function of temperature was proposed. This model 

indicates that the evolution of the inhibition layer microstructure has a significant 

influence on the dominant diffusion path operating during the layer growth. At 

shorter reaction times and lower temperatures, the finely divided microstructure 

and higher proportion of grain boundaries resulted in grain boundary diffusion 

dominating growth. For longer times and higher reaction temperatures, the coarser 

microstructure and reduction in grain boundary area shifted the mechanism 

towards bulk lattice diffusion. However, the existence of significant numbers of 
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triple junctions and a non-compact upper layer could lead to underestimate the 

effective diffusion coefficient and eventually result in an underestimation of AI 

uptake in the interfacial layer during solid diffusion growth. 

6.2 Recommendations for Further Work 

1. Try to use the combined TEM and grazing angle X-ray diffraction methods to 

further identify the phase constitution and structure of the interfacial layer 

2. Investigate the kinetics of the inhibition layer formation of steels which have 

different alloying elements, such as Mn and Si, to reveal the effect of these 

elements on inhibition layer formation 
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