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Synopsis : The formation of interfacial layers during the initial stages of solid-liquid contact in hot dip coating was 
simulated by a laboratory dip testing technique.  The dipping apparatus enabled the steel substrate to be preheated to the 
desired temperature under controlled atmosphere, then dipped in the coating melt for immersion times as low as 20 
milliseconds.  Results of dipping experiments of thin low-carbon steel strips in iron-saturated melt of 55wt% Al - 
43.4wt% Zn - 1.6wt% Si alloy are presented.  It is shown that the strip preheat temperature had a profound influence on 
the kinetics of the formation of the alloy layer, the nature of the interfacial phases and the surface appearance of the 
outer free coating.  Mechanisms for the formation of the alloy layer and nucleation and growth of the overlay are 
proposed.   
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1. Introduction 

Little has been published on the formation of the alloy 
layer during the initial stages of solid-liquid contact in 
hot dip coating, except for studies on the wetting of 
coating alloys on steel substrates under isothermal 
conditions [1].   

Most laboratory studies of the alloy layer formation in 
55%Al-Zn hot dip coatings have been performed at 
dipping times greater than 3s [2-4].  Fluxes were used to 
prevent oxidation of the steel surface prior to dipping 
and required about 3 to 5s to be dispersed in the 
coating melt.  In addition, no pre-heating was applied 
to the steel susbstrate, except when drying the fluxes at 
80-120°C, so that the initial temperature difference 
between the substrate and the melt was of the order of 
480-530°C, compared to 60-160°C in production 
environment.  A transient period of 2-3s was reported 
for a 0.6mm thick steel strip to reach a bath 
temperature of 610°C [2].  Beyond 3s dipping time, 
steady state conditions were established and the 
alloying reaction occurred isothermally at the bath 
temperature.   

More recently, strip immersion times of less than 1s 
and initial pot-strip temperature differences of less than 
140°C have been achieved using a modified pilot 
coating line with a bath of 55%Al-Zn composition [5].  
A continuous alloy layer was observed for contact 
times as low as 0.27s.  Bath temperature variations of 
600 to 620°C were reported to have more influence on 
the alloy growth kinetics than strip temperature 

variations of 480 to 520°C [6].  At immersion times of 
0.3 to 4s and strip preheat temperatures lower than the 
melt, the alloy layer consisted of α-Fe5Si2Al20 

[2,5].  At 
longer immersion times of about 60s, additional phases 
of θ-FeAl3 and η-Fe2Al5 were present [4]. 

The present work was undertaken to investigate the 
influence of substrate preheat temperature on the 
formation of Al- 43.4Zn- 1.6Si coatings on low carbon 
steel strip, with particular emphasis on very short 
immersion times.   

2. Experimental Conditions and Procedure 

Dip coating experiments were conducted without fluxes 
using the laboratory dip tester at BHP Research, 
Newcastle, whose vertical dipping motion design 
enabled a minimum immersion time in the melt of 
0.08s [7-8].  The equipment was modified to enable 
preheating of the substrate up to 800°C under a 
reducing atmosphere (Fig. 1).  Immersion times as low 
as 0.02s were achieved with a rotating motion of the 
substrate through the melt by fitting the leading end of 
the dipping rack with a small gearbox.   

The coating bath was prepared by melting under argon 
atmosphere the appropriate proportions of high purity 
Al, Zn and pre-alloyed Al-12wt% Si charges, and 
saturated with Fe (Table 1).  The bath temperature was 
continuously monitored and maintained at 610±3°C 
under argon atmosphere, using a type-K thermocouple 
fitted inside an alumina tube immersed in the melt.   



  

Cold rolled low carbon steel strip coupons (Table 1) of 
0.4mm thickness (x 60mm width x 150mm length) 
were used as substrates.  The coupons were first 
degreased and rinsed ultrasonically in alcohol, and 
cloth-wipe cleaned with a naphtha based solvent.  
Before attaching a coupon onto the dipping paddle, its 
surface was mechanically cleaned with a 1200 mesh 
emery paper, then ultrasonically cleaned in alcohol and 
air-dried.  The strip preheat temperature was monitored 
using a type-K thermocouple attached to the coupon’s 
surface.   

Substrate Pre-heat
Thermocouple

Compumotors

Rack

H2/N2 gas

Ar gas

Resistance heating
elements (Mo)

Power Supply

Steel Strip
Melt
Thermocouple

75 kW Induction Furnace

Slide Gate

Non Sintering
Sand

Clay graphite
crucible

Molten
Coating Bath

Sealed Enclosure

Dip Direction

Pinion

 

Figure 1 : Schematic of experimental apparatus.   

The dip tester enclosure was flushed with argon to 
reduce the oxygen level to below 0.2%.  A gas mixture 
of 5% hydrogen in nitrogen was used during 
preheating.  Typical oxygen levels during substrate 
preheating were of the order of 10-18% .   

The slide gate separating the atmosphere chambers of 
the melting furnace and the dip tester was opened just 
before dipping.  After dipping and as soon as the 
paddle returned to its home position, the slide gate was 
closed and the coated strip was cooled with argon to 
temperatures below 300°C before detaching (pneumatic 
clamp) the dip tester from the melting furnace.   

The experimental variables included strip immersion 
time in the melt (0.02 to 0.3s) and strip preheat 
temperature (480 to 700°C, i.e. the initial melt-strip 
temperature difference varied from -90°C to +130°C).   

 

 

 

Table 1 : Steel Substrate and Melt Composition 
in weight percentage (wt%) 

Strip Coupon Melt 

C 0.055 Al 53.2 - 54.8 

P 0.01 Zn 43.2 - 44.8 

Mn 0.24 Si 1.5 - 1.6 

Si 0.005 Fe 0.39 - 0.46 

S 0.013 Ti 0.013 - 0.016 

Al 0.04 Total others < 0.02 

N 0.0042  

Examination of the coating surface and internal 
microstructure was carried out using light optical and 
scanning electron microscopy (JEOL JSM 6300F fitted 
with a Noran EDS Germanium detector).   

Measurements of alloy layer thickness were made on 
longitudinal sections (i.e. parallel to the dipping 
direction) to account for variations of immersion time 
with position along the strip length due to the dipping 
motion.  Samples were prepared using standard 
metallographic techniques and etched with Nital.   

Concentration profiles through the coating were 
obtained by Xray-EDS analysis in a Philips SEM505.   

The determination of alloy layer phases was performed 
by the Australian Key Centre for Microscopy and 
Microanalysis at the University of Sydney using Xray-
EDS and electron diffraction analyses in a Philips EM 
430 and CM12 TEM.   

3. Results 

3.1. Coating Overlay 

 The surface appearance of the dip test samples 
generally displayed larger spangles towards the 
leading (bottom) edge of the strip where 
accumulation of the liquid overlay occurred upon 
withdrawal from the bath (Fig. 2).  However, the 
effect of strip preheat temperature was evinced by a 
profound reduction in spangle size with increasing 
preheat temperature.   

 The overlay microstructure was similar although 
coarser than that of production environment due to 
lower cooling rates after dipping.  It consisted 
essentially of Al-rich primary dendrites, Zn-rich 
microsegregation and interdendritic Si phases.  
Through thickness concentration profiles showed 
the presence of Zn enrichment at the alloy layer-
overlay interface (Fig. 3), as reported elsewhere [9].   
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 Figure 2 : Effect of strip preheat temperature on the 
surface appearance of the coating.   
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 Figure 3 : Concentration profiles showing the presence of 
Fe-Al alloy layer and Zn segregation at the alloy layer-
overlay interface 

3.2. Alloy Layer 

 The effect of strip preheat temperature was also 
evident at the strip-overlay interface where the 
interfacial layer was thicker and more uniform with 
increasing strip preheat temperature (Fig. 4).   

 As expected, the thickness of the interfacial alloy 
layer increased with increasing dipping time.  Most 
striking was the profound influence of the strip 
preheat temperature on the growth rate of the alloy 
layer (Fig. 5).   

 Concentration profiles showed that the interfacial 
layer consisted of Fe-Al alloy phases with some Si 
and Zn (Fig. 3).  Trends in the distribution of Fe 
through the steel-coating interface confirmed the 
influence of immersion time and strip preheat 
temperature on the alloy layer formation (Fig. 6).   
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 Figure 4 : Effect of strip preheat temperature on the 
appearance of the alloy layer (0.02s immersion time).   
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 Figure 5 : Effect of strip preheat temperature on the alloy 
layer growth at short immersion times.   
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 Figure 6 : Effect of strip preheat temperature and 
immersion time on Fe distribution through the alloy 
layer.   

  

 Intermetallic phases found in the alloy layer are 
given in Table 2.  The occurrence of those phases 
and their relative distribution varied with strip 
preheat temperature and immersion times.   

 Table 2 : Summary of intermetallic alloy phases 



  

 
Phase 

 
Structure 

Lattice Parameters 
(± 0.06 nm) 

  a b c 
Fe2Al5 
η-phase 

c-centred 
orthorhombic 

0.8 0.65 0.44 
 

FeAl3 
θ-phase 

c-centred 
monoclinic 

1.24-
1.62 

1.56-
1.62 

1.26-
1.29 

Fe5Si2Al20 
α (τ5) phase 

bcc 1.24-1.3 

  

 The η-phase appeared essentially as horizontally 
elongated grains directly adjacent to the steel 
surface, either as isolated grains or a continuous 
layer (Fig. 7-8).  It was the only phase found to 
have common orientation relationships with the 
substrate [10].  The θ-phase occurred as a layer of 
columnar grains above the η-phase or the steel 
surface (Fig. 7-8).  The α-phase generally occurred 
at the alloy layer-overlay interface as a layer above 
the θ-phase layer and as large isolated prismatic 
grains (Fig. 8).  Prismatic α-grains were also 
observed within the overlay and occasionally at the 
steel surface where the alloy layer was 
discontinuous.  Some θ-phase precipitates were also 
found in the α-phase layer at low preheat 
temperature.   

  

  (a) 

 Steelηηηη phase

θθθθ    phase

θθθθ    phase

   (b) 
Figure 7 : Occurrence of η-Fe2Al5 and θ-FeAl3 phases at 80-
250ms immersion time at (a) 690°C and (b) 510°C strip 
preheat temperature [10].   

 At immersion times of less than 0.1s, the Fe content 
of the intermetallic phase directly adjacent to the 
substrate increased significantly with increasing 
strip preheat temperature while the Al content was 
comparatively little affected (Fig. 9).   

 

  

  

 Figure 8 : Occurrence of θ-FeAl3  and α-Fe5Si2Al20 phases 
at 510°C strip preheat temperature and 80-250ms 
immersion time [10].   
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 Figure 9 : Effect of strip preheat temperature and 
immersion time on the Fe and Al content of the 
intermetallic phase directly adjacent to the steel surface.   

  

  



  

4. Interpretation of Results and Discussion 

4.1. Alloy Layer Formation 

 Intermetallic alloy phases found in the present study 
were those suggested by the binary Fe-Al and 
ternary Fe-Al-Si alloy phase diagrams.  Indeed, 
their occurrence is thermodynamically possible 
since there is little difference in their free energy of 
formation [11-12].  However, at short immersion 
times, kinetic factors such as transient heat and 
mass transfer conditions prevail.  The alloying 
reaction becomes interface controlled and 
deviations from parabolic to linear growth kinetics 
could be expected [13].  The initial conditions at the 
solid-liquid interface can therefore be expected to 
influence the nature and sequence of formation of 
the intermetallic alloy phases [14].   

 In the present study, competitive nucleation and 
growth kinetics of those phases were affected by 
varying the initial strip entry temperature.  Results 
indicate that increasing the strip preheat 
temperature increased the mobility of Fe at the 
substrate-coating interface (Fig. 9).  Calculations of 
diffusion coefficients from concentration profiles 
showed that the growth kinetic of the overall alloy 
layer was thereafter determined by the diffusion of 
Fe through the intermetallic layer (Fig. 10).  
Increasing the strip preheat temperature from 510 to 
690°C increased the rate of Fe diffusion through the 
FeAl3 phase by a factor of ten, leading to the 
observed increases in alloy layer thicknesses.   
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 Figure 10 : Diffusion of Fe in the various phase layers 
(Arrhenius plots derived from literature data [13]).   

  

 It is proposed that the first intermetallic phase to 
form at the initial stages of solid-liquid contact is 
the FeAl3 phase.  The development of subsequent 
intermetallic phases is then controlled by the 
diffusion of Fe from the substrate through this 
initial phase.  The build-up of Fe at the substrate-
FeAl3 interface can then lead to the formation of 
Fe2Al5, growing epitaxially on the substrate, to 
establish local equilibrium at the strip-alloy layer 

interface.  At the FeAl3-liquid interface, the local 
equilibrium is attained by the formation of the 
Fe5Si2Al20 phase.  This is consistent with the 
experimental results where the predominant phase 
at the steel-alloy layer interface, at low strip preheat 
temperature, is FeAl3 (Fig. 7b).  At high strip 
preheat temperature, the phase adjacent to the strip 
is Fe2Al5 with FeAl3 above (Fig. 7a).   

4.2. Solidification of Overlay 

 It has been suggested that the formation of spangles 
during solidification of the overlay may occur by 
heterogeneous nucleation at the alloy layer surface, 
within or at the overlay surface [15-17].  In the present 
study, the occurrence of Zn microsegregation, Si 
phases and large faceted α-Fe5Si2Al20 grains at the 
alloy layer-overlay interface (Fig. 3, 8) indicates 
that solidification proceeded towards, rather than 
from, the alloy layer surface.  Modeling of the heat 
transfer between the strip and the entrained liquid 
layer [18] showed that after the bath exit, the outer 
surface of the liquid layer was always colder than 
the strip, suggesting that subsequent solidification 
will proceed from the outer coating surface towards 
the strip.  Under such conditions, the nucleation of 
the Al-rich dendrites would have to occur at the free 
surface.  Detailed examination of the coating 
surface revealed the presence of intermetallic 
particles at the centre of spangles (Fig. 11).   

  

  

 Figure 11 : Al-(Ti,V,Fe) [white particle] intermetallic 
phase formed initially at the coating surface during 
solidification of the overlay (grey particles are Al-Fe).   

 The first solid phases of Al-rich intermetallics 
precipitate from the melt at the free surface on 
cooling.  These provide the sites for heterogeneous 
nucleation of primary Al-Zn dendrites.  Subsequent 



  

growth of the surface dendrites proceeds radially by 
constitutional supercooling along preferential 
crystallographic orientation, leading to the 
formation of the so-called spangles.  Secondary or 
tertiary dendrite arms grow through the overlay 
thickness by thermal undercooling.  The proposed 
mechanism is schematically represented in Fig. 12.   
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 Figure 12 : Schematic diagram of the proposed 
mechanism for the solidification of the overlay.   

  

 The observed reduction in spangle size (Fig. 2) with 
increasing strip preheat temperature can therefore 
be attributed to increased nucleation density at the 
free surface.  At high strip preheat temperature, the 
temperature of the entrained liquid boundary layer 
increases, locally increasing the solubility of Fe and 
other metallic impurities.  At the bath exit, 
precipitation of Al-rich intermetallics occurs upon 
cooling of the liquid overlay.   
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