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As-deposited electrodeposited iron-zinc alloy coatings containing r I phase, decompose upon 
heating through a sequence of metastable phases. The hcp r I phase transforms to bcc G, or 
1,-like phase via a rapid diffusional phase transformation in the vicinity of 150 ~ For bulk 
iron contents of 8-1 3 wt%, r I transforms to 100% G phase. The G phase subsequently 
transforms at 240~ to ~' phase, which in turn transforms to 8 or I" 1 phase near 300~ by 
depletion of iron from the surrounding matrix. The decomposition process may be driven by 
supersaturation of rl with iron. 

1. I n t r o d u c t i o n  
The codeposition of iron and zinc from a sulphate- 
based or chloride-based electrodeposition cell has 
been developed for commercial processing of coated 
sheet steel. Electrodeposited iron-zinc alloy (EZA) 
coatings are applied to steel sheet used for automotive 
body panels, because they provide both galvanic and 
barrier corrosion resistance to the underlying steel. In 
addition to corrosion resistance [1], the properties of 
as-deposited EZA coatings, such as formability [2], 
weldability [3], and paintability [4], have been re- 
ported as a function of iron content for coatings 
produced from sulphate-based baths. Coatings that 
contain 8 -18wt% bulk iron exhibited optimized 
properties for automotive applications. 

Although extensive structure/property relationship 
studies do not exist in the literature, the phase consti- 
tution of coatings has been evaluated as a function of 
iron content [2, 3, 5-7], and the coatings are known to 
contain nanocrystalline grain sizes [8]. Non-equilib- 
rium phases, which are iron deficient or  oversaturated 
with iron compared to the equilibrium phases of the 
iron-zinc binary system, comprised the microstructure 
of the coatings [3, 5]. An I"1 phase, zinc supersaturated 
with iron, was reported in coatings with iron contents 
of 20 wt % or less. The rl phase was hexagonal close- 
packed in structure; its lattice parameter changed 
continuously with iron content up to 8 wt % [5]. 
Reports on the 8 and F phases varied. Some investi- 
gators claimed the 8 phase was present [3] as the main 
phase for iron contents ranging from 13-20 wt %; 8 
phase first appeared at iron contents greater than 
10 wt % and remained in the coating until the iron 
content exceeded 28 wt% [2]. Another study [6] 
based upon M6ssbauer spectroscopy, X-ray diffrac- 
tion, and TEM suggested that the g phase did not exist 
in EZA coatings. Instead the phase observed was 
similar, but not exact, in structure to the F phase. This 
F-like phase was the main phase for iron contents 
ranging from 20-40 wt %. At higher iron contents, X- 
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ray and selected-area diffraction patterns contained 
reflections that corresponded to interplanar spacings 
of 0.2178 and 0.207 nm. Although these interplanar 
spacings may be indexed as 8 reflections, they prob- 
ably belong to the F 1 phase [5]. The ~ phase was 
reported for iron contents greater than 50 wt %. In all 
these investigations, the ~ phase was not reported. 

Some of the discrepancies between the reports of 
phase constitution may result from the electrodeposit- 
ion processing technique; that is, different electrolytes 
and parameters were used in many of the studies. 
Crystal structures were not totally dependent upon 
iron content, and some influence of bath composition 
and plating conditions has been detected [9]. How- 
ever, it should be noted that the X-ray diffraction 
patterns for the various intermetallic phases are very 
similar and that preferred orientation is prevalent in 
the coatings [10]. Therefore, the results that relied 
solely upon X-ray diffraction analysis may not be 
accurate or may be subject to differing interpretation. 
Table I summarizes the above observations and 
methods of detection. These reports are based upon 
studies of coatings produced from sulphate-based 
electrodeposition baths. No reports in the literature 
are available for coatings produced from chloride- 
based baths.. 

Based Upon the presence of non-equilibrium phases, 
the stability of the microstructure of EZA coatings 
during a paint bake cycle (painted automotive body 
panels are cured at 175 ~ for 30 min) is questionable. 
The transformation of the non-equilibrium, as-depos- 
ited structures towards equilibrium phases may occur 
with the application of heat. In fact, differential scan- 
ning calorimetry tests on EZA coatings containing 
18.5 wt% Fe [7, 11] revealed exothermic reactions 
occurring at temperatures of 150, 210 and 300 ~ The 
reactions were attributed to the formation of 8, Fi,  
and F, respectively. Gu [12] showed that 11 and 
18 wt % Fe EZA coatings transformed from as-depos- 
ited 1"1 and 8 phases to equilibrium phases when heated 
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TABLE I Synopsis of EZA coating reports 

Adaniya et  al. [3] Kondo e t  al. [5] Shima et  al. [6] Hara et  al. [ -2]  Kimoto et  al. [7] 

Bath Sulphate Sulphate Sulphate Sulphate Sulphate 

,1 (wt % Fe) 0-18 0-28 0-17 0-13 0-17 
(wt % Fe) 12-28 No No 10-28 7-27 

F~ (wt % Fe) No 23-40 No No 12-35 
F (wt % Fe) 14-50 11-57 18.5-40 > 10 > 20 

(w/o Fe) 40-100 40-100 50-100 No No 
pH 2 1.5 2-3 3 1.8 
Temp. (~ 40 50 N/A 50 50 
Flow rate (m s-2) 1-3 13.3 r.p.s 1.5-2 1 N/A 
Current density (A dm -2) 10-50 80 50-60 50 50 
Method of detection X-ray X-ray TEM X-ray M6ssbauer X-ray X-ray 

TEM 

to temperatures near 300 ~ for times of 30 min or 
longer. Thus, an understanding of the alloying behav- 
iour of EZA coatings is necessary, in order to under- 
stand the changes that may occur in the microstruc- 
ture during subsequent processing of the coated auto- 
motive body panels. 

In this study, the effect of rapid heat treatment upon 
the phase stability of as-deposited EZA coatings is 
determined in order to recommend the use of heat 
treatment for rapid in-line processing of a galvan- 
nealed iron-zinc coating. The coatings used in this 
study were processed using a chloride electrodeposit- 
ion bath. 

2. Experimental procedure 
Electrodeposited iron-zinc alloy coatings that con- 
tained 6, 8, 10, or 13 w t %  were produced from a 
chloride-based electrodeposition bath [13]. Commer- 
cial and laboratory coatings were obtained from 
Double Eagle Galvanizing in Dearborn, MI, and from 
US Steel Corporation in Monroeville, PA, respect- 
ively. These bulk iron contents in the coatings were 
chosen, because at equilibrium the 6 wt % Fe coating 
should consist entirely of the ( phase, the 8 and 
10 wt % Fe coatings should consist entirely of the 
phase, and the 13 wt % Fe coating should consist of 
both the ~ and F 1 phases. 

Heat treatment of the EZA coatings was performed 
using both isothermal and non-isothermal heating 
methods. Short-term isothermal heat treatment was 
performed on a Gleeble thermomechanical testing 
unit. Sheet steel coated with the EZA coatings were 
sectioned into 5 c m x  20 cm pieces and resistively 
heated. Heating rates between 100~ -z and 
1000 ~ s-1 were used to heat the samples from room 
temperature to peak temperatures of 125-400~ 
Samples were held at peak temperature for times of 
0.5-600s and then cooled to room temperature 
through a water-quench, through a 40~ -1 con- 
trolled cooling rate, or through air cooling (approxim- 
ately 10~ Long-term isothermal heat treat- 
ments were performed using a vacuum box furnace. 
EZA coated sheet steel samples were heated to 300 ~ 
for 5 days. Non-isothermal heat treatment was per- 
formed using a differential scanning calorimeter. Sam- 
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pies of EZA coating only, or EZA coating on steel 
substrates were heated at heating rates between 5 and 
99 ~ min-1 to 400 ~ Samples were first weighed to 
_ 1 mg. With the exception of long-term isothermal 

heat treatments, all heat treatments were performed in 
nitrogen gas in order to limit oxidation. 

Samples were analysed by X-ray diffraction tech- 
niques for phase constitution; quantitative X,ray dif- 
fraction was performed using an external standard 
method [10]. Pure zinc powder was used as an ex- 
ternal standard for the rl phase; the F phase was used 
as a standard for the G phase. A pure standard of F 
phase was made by mixing 25 wt % Fe and 75 wt % 
Zn powder, pressing the powder into a pellet, and 
heating the pellet in vacuum at 1000 ~ for 3 days. A 
final homogenizing heat treatment of 400~ for 
10 days was performed on the pellet after cooling from 
1000 ~ and grinding away any oxide scale. Triplicate 
measurements were made on mixtures of the external 
standards, comprisedof  10, 25, 50, 75 and i00 vol % F 
phase. A calibration curve of actual amount of F 
versus the experimentally measured amount  of F was 
plotted and used for determining the volume fraction 
of 12 and G phases in the coatings. The error in the 
volume fraction determination was _+ 6% to __+ 10% 
of the value measured. The values are reported as the 
average value of triplicate measurements for 6 and 
13 wt % Fe coatings and single measurements for 8 
and 10 wt % Fe coatings. 

Chemical titration was used to determine the bulk 
iron content of the coatings before and after heat 
treatment. The coating and substrate were weighed, 
and then the coating was dissolved in a 10% sulphuric 
acid solution. The substrate was reweighed, and the 
coating weight was determined by difference. The 
solution containing the dissolved coating was titrated 
with a 0.02 N KMnO4 solution until the endpoint was 
detected by colour change. A minimum of  five meas- 
urements were taken on as-deposited coatings, so that 
the variation in as,deposited bulk iron content could 
be considered in the value of a heat-treated coating's 
iron content. Triplicate measurements of iron content 
were taken on heat-treated coatings. The values are 
reported as an average value with the error in meas- 
urement, variation in as-deposited iron content, and 
variation in measured iron content shown as error 
bars. 



In order to assure that the coatings consisted of 
only iron and zinc, Auger electron spectroscopy and 
residual gas analyses were performed on coatings in 
order to establish the presence of additional elements�9 
Within the limit of detection of these techniques, only 
hydrogen at 500 p.p.m was detected in the EZA coat- 
ings. 

3. Results and discussion 
3.1. As-deposited coatings 
The composition and crystal structure of as-deposited 
EZA coatings produced from a chloride-based elec- 
trodeposition bath were determined by chemical ti- 
tration and X-ray diffraction analysis, respectively�9 
As-deposited EZA coatings, containing 6, 8, 10, and 
13 wt % bulk iron, were comprised of r I phase with a 
minor amount of a F-like or G phase in the 10 and 
13 wt % Fe coatings. The volume fractions of each 
phase, determined by quantitative X-ray diffraction 
analysis, and the experimentally determined iron con- 
tent are presented in Table II. As with coating pro- 
duced from sulphate-based electrodeposition baths, 
as-deposited 11 phase was supersaturated with iron to 
at least 8-9 wt%. 

3.2. Heat-treated coatings 
The thermal stability of the non-equilibrium, as de- 
posited EZA coatings was determined using both non- 
isothermal and isothermal heat treatments. Continu- 
ous heating of 6, 8, 10 and 13 wt % iron EZA coatings 
at heating rates of 5-99 ~ rain- 1 led to phase trans- 
formations from the as-deposited rl phase towards 
more equilibrium structures�9 The thermal changes 
occurring in the coatings were monitored by power- 
compensated differential scanning calorimetry (DSC) 
in order to determine the temperatures of transition; 
exothermic peaks were observed near 150, 240 and 
310 ~ (see Fig. 1). X-ray diffraction analyses revealed 
that the peak at 150 ~ represented the change from 
the T1 phase to the G phase; the peak at 240~ 
corresponded to the transformation of the G phase to 
an intermediate ~ phase, which has be referred to as 
the pseudo-~, or 4', phase [14]; and, the final peak 
represented the transformation from pseudo-~ to the g 
phase or to the Ft phase, based upon iron content in 
the coating. The 6 and 8 wt % Fe coatings trans- 

T A B L E  I I  As-deposited coatings; iron content and phase consti- 
tution 
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Figure l(a) Differential scanning calorimetry profiles obtained on 
heating at 90~  -1 (i) 6 w t %  Fe, (ii) 8 w t %  Fe, (iii) 1 0 w t %  
Fe, and (iv) 13 wt % Fe EZA coatings. (b) Sequence of trans- 
formations detected in EZA coatings�9 

formed to G phase, but did not show a considerable 
peak for the transformation to 4'. They transformed to 

phase at approximately 300~ The 10 wt % Fe 
coatings transformed first to G, then to ~', and finally 
to 8. The 13 wt % Fe coatings transformed to G phase 
and then to ~', but did not transform to 6 phase. They 
transformed instead to the F1 phase at a temperature 
near 310 ~ The thermal profiles for all iron content 
coatings without the substrate are provided in Fig. la, 
The samples were heated at a rate of 90 ~ min- 1. The 
sequence of transformations is provided schematically 
in Fig. lb. 

The transformation sequence was identical for com- 
mercial and laboratory coatings and for coatings with 
or without the substrate. When the substrate was not 
present, further heating led to an endothermic peak at 
the melting point of zinc. The melting point occurred 
at 419 ~ regardless of the iron content in the coating, 
suggesting that solid solution effects were negligible 
and/or that formation of intermediate phases was 
complete�9 With the substrate intact, the same trans- 
formations occurred when a 90 ~ min- 1 heating rate 
was used; but, the endothermic peak of melting was 
considerably truncated as rapid liquid-phase diffusion 
gave rise to formation of intermediate phases of iron 
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Figure 2 Time-temperature-transformation curves for heat treatment of(a) 6 wt % Fe, (b) 8 wt % Fe, (c) 10 wt % Fe, and (d) 13 wt % Fe 
commercial EZA coatings show phase fields for G, pseudo-t, 5, and F 1 phases�9 Heating rate 100~ -1 

and zinc, due to interaction of the coating with the 
substrate. 

Time-temperature-transformation curves from iso- 
thermal heat treatment of commercial EZA coatings 
using the Gleeble thermomechanical testing unit are 
shown in Fig. 2. The numbers in the phase fields 
containing r 1 indicate the volume fraction of q phase 
determined by quantitative X-ray diffraction analysis. 
Boundaries between q, G, ~', 8, and F 1 phases were 
estimated from X-ray diffraction analysis�9 The TTT  
curves indicated that the higher iron content coatings 
transformed from ll to G phase more rapidly than 
lower iron content coatings. This can be seen by 
comparing the volume fraction of'q phase for a 6 wt % 
Fe EZA coating heated at 100~ - I  to 250~ for 
0.5s with that for a 13 w t %  Fe EZA coating 
(66 vol % q phase was detected in the 6 wt % Fe 
coatings while 10 vol % r I phase was detected in the 
13 wt % Fe coatings)�9 A higher driving force for trans- 
formation may be achieved by the greater 
supersaturation of rl with iron or by the greater 
amount of strain present in rl due to a greater amount 
of iron present. 
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As with non-isothermal heating, G, 4', and 8 or F 1 
phases were detected in heat-treated EZA coatings; 
however, no pseudo-4 phase field was detected for the 
13 wt % Fe coatings�9 Instead, a large G phase field 
followed by a F 1 field was detected�9 The discrepancy 
could arise for a variety of reasons: 

(i) large time or temperature increments in isother- 
mal heating obscured detection of 4'; 

(ii) the 4' phase formed in insufficient quantities, so 
that it was not detected by X-ray diffraction analysis; 
o r  

(iii) strain from non-isothermal heating produced 
varied nucleation sites that gave rise to the formation 
of 4' during non-isothermal heat treatment, but not 
during isothermal heat treatment�9 

The transformation sequence was otherwise in ex- 
cellent agreement between isothermal and non- 
isothermal heat treatment�9 

Despite the rapid heat treatment and quench cycle, 
t ime-temperature-transformation curves suggested 
that longer hold times or higher peak temperatures 
gave rise to more of the second phase. After heating a 
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Figure 3 X-ray diffraction patterns of 10 wt % Fe commercial EZA 
coatings heated at 100~ held at temperature for (a) 0.5 s, (b) 5 s, 
(c) 25 s, and (d )60  s, then quenched to room temperature with 
water. 

6 w t %  Fe coating at 100~ -1 to 150~ for 5s, 
71 vo l% 11 phase was detected, while 39 vo l% 11 
phase was obtained when the coating was heated to 
300 ~ for 5 s. A time-temperature dependent trans- 
formation is shown in Fig. 3, which presents the X-ray 
diffraction patterns for a 10 wt % Fe EZA coating 
heated at 100~ -1 to 150~ for 0.5, 5, 25, and 60 s, 
then quenched to room temperature. The decrease in 
intensity of the { 1 1.0} planes of the q phase coincided 
with the emergence of the {222} planes of the G 
phase. 

In order to show further that diffusional trans- 
formations existed, the influence of heating and 
cooling rates upon the r 1 to G transformation was 
tested. Heating at varied rates produced a difference in 
the amount of second-phase formation. As an ex- 
ample, a 13 wt % Fe coating heated to 200 ~ and held 
for 0.5 s before cooling yielded 20 vol % G phase when 
a heating rate of 1000 ~ s-  ~ was used and 40 vol % G 
phase when a heating rate of 100~ -~ was used. 
Alternately, slower cooling rates, achieved through 
lower pressure water-air  quenches and through air 

T A B L E  I I I  Effect of heating and cooling rate on amount  of G 
formed in 13 wt % Fe commercial EZA coatings heated to 200 ~ 
for 0.5 s 

Heating rate Cooling rate 11(%) G(%)  Iron content 
(~ (~ (wt % Fe) 

1000 Quench 80 20 12.77 
400 Quench 80 20 13.09 
200 Quench 74 26 13.12 
100 Quench 60 40 12.67 

40 22 78 12.99 
Air cool 12 88 13.4 

16.7 Quench 11 89 13.95 
Air cool - 100 15.79 

1.67 Quench - 100 14.2 
40 - 100 14.44 
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Figure 4 Temperature at which rate of formation of G phase is 
max imum as a function of heating rate shows an increasing relation- 
ship. ( -  I - )  8 wt % Fe, ( -  I - )  10 wt % Fe, ( -  - �9 - - )  13 wt % Fe. 

cooling, produced more G phase when the heating 
rate, peak temperature, and hold time were held con- 
stant. This information is presented in Table III, 
which contains the volume fraction of 11 and G phases 
found in heat-treated 13 wt % Fe commercial coat- 
ings. 

The change in peak temperature of transformation 
with constant heating rate, as used in the DSC tests, 
also provided an indication of diffusional phase trans- 
formations. The peak temperature of transformation, 
or Tma x, was determined from DSC data as a function 
of heating rate. The results for the q to G phase 
transformation are shown in Fig. 4 for 8, 10, and 
13 wt % Fe laboratory EZA coatings. The tempera- 
ture of maximum transformation rate, Tin,x, increased 
with increased heating rate for all exothermic phase 
transformations detected in the EZA coatings. In 
accordance with a time and temperature dependence, 
the temperature at which the maximum amount of 
material transformed increases with increased heating 
rate, because the shorter heating cycle required higher 
temperatures in order to transform the same amount 
of material. 

The results from heat treatment of as-deposited 
EZA coatings produced from chloride-based elec- 
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trodeposition baths were similar to results from stud- 
ies on coatings produced from sulphate baths, except 
that the identification of some phases varied. The 
difference between findings by Kimoto et al. [7] and 
the findings of this study might be explained by a 
difference in iron content or phase constitution in the 
as-deposited coatings. However, it is possible that the 
difference arose due to interpretation of the  X-ray 
diffraction patterns. Several peaks of the G phase were 
close in proximity to those of the 6 phase. The con- 
sistent analysis of the diffraction patterns from in- 
cremental heat treatments, as performed in the present 
study, provided a better basis for determining if the 
presence of a peak corresponded to G phase or 
phase. The peaks corresponded to a b c c.phase, similar 
to equilibrium F phase. The detection of the G, or F- 
like, phase agreed with that found by Kondo 
et al. [5]. 

The phases that formed during heat treatment of 
EZA coatings were analysed in terms of iron content 
and crystallography. The iron contents of isothermally 
heat-treated EZA coatings, measured using chemical 
titration, are shown in Fig. 5. For temperatures less 
than 300 ~ and times of 25 s or less, no change in iron 
content was detected even though the coatings had 
undergone phase transformations from the as-depos- 
ited structure to G and ~' phases. In that 100 vol % G 
phase was detected in some 8, 10, and 13 wt % Fe 
content coatings, the G phase contained 8, 10, or 
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Figure 5 Change in iron content with heat treatment of (a) 6 wt %, 
and (b) 13 wt % Fe commercial EZA coatings shows that iron 
content increases only after heating at 300 ~ for 25 s or greater. 
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Figure 6 X-ray diffraction patterns of(a) F and (b) G phase illustra- 
ting differences between equilibrium and non-equilibrium phases. 

13 wt % Fe. Because quantification of ~' was not 
attempted, the actual iron content of this phase is 
unknown. Reports in literature [14] place the iron 
content of the ~' phase in the region of 5.8-10 wt %. 
This amount of iron could easily exist in the ~'phase 
detected here. When 6 or F1 was detected in the X-ray 
diffraction patterns, an increase in iron content of the 
coatings was observed, compare data in Fig. 2 with 
data in Fig. 5. 

The crystallography of the phases was determined 
by X-ray diffraction analysis. The X-ray diffraction 
patterns of G phase revealed a bcc  structure whose 
lattice parameter (0.899 nm) was identical to that of F. 
However, the G phase was not the equilibrium F 
phase. Its diffraction pattern differed from the pattern 
of F, and the G phase contained less iron than equilib- 
rium F. In order to illustrate the difference between G 
and equilibrium F phase, the diffraction patterns are 
provided in Fig. 6a and b, respectively. The G phase 
diffraction pattern lacked the superlattice reflections 
({3 2 0}, {410}, {3 3 1 }, {4 21 }, {5 0 0}. etc.) present in 
the profile of the F phase, and G phase peaks were 
very broad. 

Similarly, the pseudo-~ phase differed from the equi- 
librium ~ phase, because it lacked intensity in the 
{331} planes compared to the equilibrium ~ phase. 
Unfortunately, a diffraction pattern of 100 vol % ~' 
phase was not obtained and the difference cannot be 
illustrated. No difference between the equilibrium 6 
and F 1 phases and the 3 or F 1 phases obtained here 
could be detected due to the overlap of peaks from 
other phases in the EZA coatings. 



Therefore, the phases detected in the rapidly heat- 
treated coatings were not the equilibrium phases of 
the iron-zinc binary system. In an effort to establish 
the equilibrium phases predicted by the iron-zinc 
binary phase diagram, coatings were isothermally hea- 
ted at 300 ~ for 5 days in vacuum box furnace. After 
heat treatment, the coatings were analysed by X-ray 
diffraction analysis. The 6 wt % Fe coatings contained 
equilibrium ~ and fi phases when heated at 300 ~ for 
5 days. Some loss of zinc by evaporation may have 
allowed the formation of the higher iron content 
phase, 8. The final iron content was 6.8.wt %. The 8 
and 10 wt % Fe EZA coatings were comprised entirely 
of 6 phase, as predicted by the equilibrium iron-zinc 
phase diagram; and, the 13 wt % Fe EZA coatings 
transformed to 6 and Ft phases (again the phases 
predicted under equilibrium at 300 ~ Similar results 
were found by Gu [12]; long heat-treatment times 
brought about the formation of equilibrium iron-zinc 
intermetallic phases. 

The formation of the metastable G and 4' phases 
can be explained from a qualitative approach to the 
kinetics, driving force, and activation energy for trans- 
formation. The difference in free energy between the 
as-deposited 10 wt % Fe T 1 phase coating (see the 
schematic free-energy diagram in Fig. 7) and the free 
energy of the G phase, AG*, is the driving force for 
transformation from q to G phase, while the difference 
in free energy between as-deposited 10 wt % Fe q and 
the free energy for the thermodynamically equilibrium 
phase at room temperature, the 8 phase, AG* + AGo, 
provides the driving force for the transformation from 
r I phase to 8 phase. Note that the driving force for the 
transformation from q to 8 phase is greater than that 
for the transformation from q to G phase. The activa- 
tion energy for transformation must first be supplied; 
the activation energy represents the competition be- 
tween the driving force for transformation and the 
barriers to nucleation of the product phase. If the 
activation energy is achieved, the transformation to 
the product phase occurs. However, once the activa- 
tion energy is met, the transformation is then con- 
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Figure 7 Free energy of as-deposited 10 wt % Fe EZA coating 
decreases with formation of G phase from q phase. AG*, driving 
force for q to G; AGe + AG*, driving force for 11 to equilibrium 8. 

trolled by the kinetics of transformation, including the 
nucleation and growth processes for the product 
phase. Given that the 10 wt % Fe q phase coatings 
transformed to G phase in spite of the greater driving 
force for transformation to the 8 phase, (i) the activa- 
tion energy for formation of 8 phase was either not 
achieved, or (ii) the nucleation and growth processes 
for transformation to G phase were more rapid than 
those for transformation to the 8 phase. 

4. Conclusion 
The in-line galvannealing of  electrodeposited iron- 
zinc alloy coatings is possible by rapid heating tech- 
niques. Phase formation during heat treatment of 
EZA coatings with 6-13 wt % Fe occurred via de- 
composition process, followed by equilibrium phase 
formation. The decomposition of as-deposited q 
phase occurred through a sequence of metastable 
transitional phase formation. The iron-supersaturated 
hcp q phase transforms completely near 150 ~ to an 
iron-deficient bcc F-like or G phase in 8, 10, and 
13 wt % Fe coatings. The transformation is a diffu- 
sional transformation, occurring entirely within the 
coatings. The same transformation occurred in labor- 
atory and commercial coatings. The 6 wt % Fe coat- 
ings did not transform completely to G phase but 
retained q phase in their microstructure. The G phase 
subsequently transformed to 4' phase at 240 ~ and 
then 8 or F 1 phase near 300 ~ by depletion of iron 
from the surrounding matrix, which became enriched 
in zinc such that an endothermic peak is encountered 
at the melting point of pure zinc. For longer heat- 
treatment times at 300 ~ equilibrium phases formed 
in the electrodeposited iron zinc coatings. 

Evidently, supersaturation of q phase with iron 
provided a sufficient driving force for transformation 
to G. The nucleation and growth processes of G phase 
are more rapid than those of the equilibrium phases, 
as demonstrated by the rapid transform~/tion to the 
metastable phases. 
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