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The characterization of di�erent Fe±Zn phases present in a galvannealed coating has been a chal-
lenging area of research in recent years. There have been doubts about the validity of the results
obtained by electrochemical stripping because the data cannot be used for straightforward phase
identi®cation and because quanti®cation needs to take into account the e�ect of various electro-
chemical side-reactions. The optimization of the electrochemical stripping method (also known as
coulometric dissolution) and its use as a routine analysis method is reported. It is shown that the
method allows the determination of the total Fe concentration, and the thickness and composition of
the g, f, d and C phases. Coulometric data obtained on a large number of TiNb interstitial free (IF)
galvannealed samples were compared with the total iron and zinc concentrations determined by ICP-
MS. Validation of the results was done by ICP±MS and EPMA. The coulometric method was
veri®ed on a large number of industrially produced galvannealed coatings and pilot line simulated
galvannealed coatings.
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1. Introduction

Galvannealed coated steel sheet has found increased
use in the automobile industry because of its superior
resistance to corrosion, improved paintability and
better weldability. The ductility of the coating de-
pends strongly on the iron content and phase com-
position [1, 2].

Galvannealed coatings di�er from pure Zn coat-
ings in that they consist of a layered structure of
di�erent Fe±Zn intermetallic phases. Galvannealed
coatings are produced by a continuous hot dipping
process followed by an in-line annealing cycle, during
which alloying takes place and the di�erent Fe±Zn
phases are formed. Industrial galvannealed coatings
contain approximately 10% of iron by weight.

A galvannealed coating may consist of di�erent
intermetallic phases such as g, f, d and C. There are
still some uncertainties in the phase composition da-
ta, a general overview of which is given in Table 1.
Often a further distinction is made for the d phase
into separate d1k and d1p phases, and for the C phase
into separate C and C1 phases [3, 4]. If the material is
not fully alloyed, an g phase, consisting of Zn with a
small amount of Fe in solid solution, is still present at
the coating surface. The C phase is the most Fe-rich
intermetallic phase in the coating. It is of special in-
terest for coating adherence as it is the phase adjacent

to the steel substrate. The higher the iron content in
the coating, the poorer its formability. This embrit-
tlement of the coating is mainly dependent on the
iron content and the distribution of the di�erent
phases [1, 2].

Techniques such as EPMA [5, 6], XRD [7±10],
TEM [11, 12], ICP-OES [13], SIMS [5], MoÈ ssbauer
spectroscopy [7], light optical microscopy of colour
etched cross sections [14±16] and electrochemical
stripping [8, 10, 14, 15, 17] have been used to deter-
mine the Fe contents and thickness of the various
phases in galvannealed coatings.

None of the above mentioned microanalytical
techniques can easily determine the thickness or
phase analysis of galvannealed materials because they
are either limited in resolution, sample preparation
and analysis time or because appropriate bulk galv-
annealed phase standards are missing.

Electrochemical stripping consists of the anodic
dissolution of the coating at constant imposed cur-
rent. The potential of the dissolving coating takes on
a di�erent value with respect to a reference electrode
for each Fe±Zn intermetallic phase in the coating.
Recording of the potential of the coating as a func-
tion of time makes it possible to determine the time,
and thus the charge needed for a particular phase to
dissolve anodically. This is why the technique is often
referred to as coulometry.
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According to several authors [8, 17, 25], the
quanti®cation of the di�erent Fe±Zn phases present
in galvannealed coatings is impossible because of the
complex mechanisms and coupled electrochemical
reactions taking place during stripping at constant
current. It has been reported [17, 25] that a potential
plateau observed during coulometric dissolution does
not correspond uniquely to a particular Fe±Zn phase.
Various phases will be attacked simultaneously dur-
ing the anodic stripping. Zang and Bravo [25] re-
ported that, at the start of coulometric dissolution,
small crevices in the coating can be seen. These voids
already exist in the coating as a result of thermal
stresses during annealing and act as channels through
which the electrolyte penetrates. The di�erent phases
are therefore exposed to the electrolyte from the start
and can immediately be dissolved anodically. Di�er-
ent phases have di�erent Fe-concentrations and dif-
ferent crystal structures. As a consequence, their
dissolution rates at a certain potential are di�erent.

There have also been contradictory reports on the
e�ect of chloride ions in the electrolyte solution.
According to Besseyrias et al. [8], chloride ions pro-
mote the corrosion by pitting and this results in the
galvanic coupling between Fe-poor and Fe-rich
zones. Zang and Bravo [25] have shown that chloride
ions are necessary for promoting the resolution of the
potential steps.

It is unclear whether the Fe present in the coating
remains passive during electrolysis. It is possible that
Fe dissolves partially and redeposits on the cathode.
If Fe dissolves, corrections are used to compensate
the charge consumed by the oxidation of iron.

A fundamental step in the phase recognition by
means of a coulometric curve is that the ®nal po-
tential step corresponds to the iron dissolution of the
substrate, whereas the penultimate plateau is a reor-
ganisation plateau as a result from the Fe±Zn-cou-
pling. Recently, some authors [5, 9, 15, 25] have
reported that the penultimate plateau does not cor-
respond to any Zn±Fe intermetallic phase and that it
should be omitted in the phase calculations. Moens
and Lamberigts [15] even proposed a way of cali-
brating coulometric stripping according to chemical

analysis taking assumptions into account. The latter
procedure and the assumptions were veri®ed and
further optimized resulting in the determination of
the total Fe-concentration, the thickness and the
phase composition of a galvannealed coating.

2. Instrumentation

Electrochemical measurements were performed with
a potentiostat (model 273 EG&G) controlled by the
EG&G corrosion measurement software M352. An
electrochemical ¯at cell (EG&G model KO235) was
used in combination with a Ag/AgCl reference and a
Pt counter electrode.

All quantitative chemical analyses were performed
on a VG Instruments high resolution ICP-MS. It is a
double focusing mass analyser that ables high reso-
lution mass separation whilst achieving high sensi-
tivity.

X-ray microanalysis and morphology studies were
done using a Jeol Superprobe 8800L equipped with a
conventional EDX-detector and four wavelength
dispersive detectors. EDX-analyses were performed
using a 20 keV beam acceleration voltage and probe
currents of about 1 nA.

3. Methodology

3.1. Coulometric dissolution

During a galvanostatic experiment, the sample is
mounted in an electrochemical cell and a constant
current is applied between the sample and the counter
electrode. The metallic coating dissolves anodically.
The potential of the working electrode changes to the
potential that is necessary to maintain the speci®ed
current. Recording of the active potential with time
results in a characteristic curve similar to that shown
in Fig. 1. Each potential step corresponds to a dif-
ferent phase and the time required to dissolve a phase
is determined using the second derivative of the
coulometric curve. The relation between this time and
the thickness of a particular Fe±Zn phase is deter-
mined by Faraday's law.

Table 1. Fe �wt %� present in di�erent galvannealed phases according to various literature sources

g (Zn) f (FeZn13) d (FeZn10) d1 (FeZn7) C1 (FeZn4) C1 (Fe5Zn21) C (Fe3Zn10) Ref.

7.6±11.6 [3]

8±13.5 [4]

<0.03 5±6 7±12 21±28 [18]

5.2±6.1 7.0±11.5 16.6±21.2 15.8±27.7 [7]

6.15 7.86 10.87 [19]

<0.1 6.3±11.5 6.3±11.5 20±27 [20]

<6 6.4 7±11.4 20±28 [20]

16±21 [21]

5.7±6.3 [22]

± 5.8±6.7 7.6±11.6 19.4±33.3 [23]

<0.03 5±6 7±12 16±21 21±28 [14]

3 10 22 [15]

6 9 17 21 [24]
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Faraday's law can be applied to each intermetallic
phase within the galvannealed coating:

di � MiQi

nFSqi
ei �1�

where:

di coating thickness of phase i (cm)
Mi molecular weight of phase i (gmol)1)
Qi i.ti, the number of coulombs required to strip

phase i (C)
n number of electrons exchanged
F Faraday constant (96 485A smol)1)
S surface of the anode (cm2)
qi density of phase i (g cm)3)
ei e�ciency of the electrochemical stripping

Moens and Lamberigts [15] have proposed an
original method for the analysis of coulometric data
based on the following assumptions: (a) that the iron
will not dissolve during the anodic dissolution; (b)
that the total charge consumed by the electrochemical
reaction is directly coupled to the Zn dissolution; and
(c) that the H2-evolution is a minor process and does
not have to be taken into account.

As a consequence, the number of coulombs con-
sumed during the stripping analysis is proportional to
the Zn concentration in the speci®c phases. The Zn
concentration (in gm)2) in each phase i can then be
calculated as

�Zn�i � ei
Qi

AF
65:37

2
� aiQi �2�

and the total Zn concentration (in gm)2) as

�Zn�total �
X

i

Zni �
X

i

aiQi �3�

The coe�cients ai contain all the constants including
the e�ciency factor ei. For an e�ciency of 100%,
ei � 1, and a � 3:38. The total Zn concentration can
be determined by chemical analysis, making it pos-
sible to compute the regression coe�cients, ai, by
least squares ®tting.

The iron fraction can be calculated directly from
the Zn concentration in each phase. If we assume that
each intermetallic phase has a constant and known

Fe composition, the Fe concentration (in gm)2) for
each phase is given by

�Fe�i �%FeiaiQi �4�
Calibrating the ai coe�cients according to Equation
3, the wt % Fe as given in Equation 4 can be ob-
tained by a least squares ®tting to the total Fe values
obtained by chemical analysis.

The total Fe weight can then be assessed by adding
the Fe fractions of the di�erent phases:

�Fe�total �
X

i

�Fe�i �
X

i

%FeiaiQi �5�

If the phase-speci®c Zni concentrations (gm)2) and
the corresponding wt % Fei are known, the thickness
di of each intermetallic Fe±Zn phase can be calculated
using the following expression:

di � aiQi

106qZn

�%FeiaiQi

106qFe

�6�

where di is in lm.

3.2. Gravimetry and ICP±MS analysis

The total Fe and Zn content must be known for the
determination of the ai coe�cients in Equation 3 and
the Fe fractions in Equation 4. The total thickness
allows for the veri®cation of Equation 6. This infor-
mation can be obtained combining gravimetric
analysis with ICP-MS measurements.

The analysis is done using the following proce-
dure: a 3 cm sized disc of the galvannealed material is
cleaned with acetone and dried before weighing. The
sample is then clamped into a holder of which the
upper side (2.75 cm2) is open. About 2ml of acid
solution (3.5 g dm)3 hexamethylene tetramine in 6M

HCl) is brought in contact with the galvannealed
material until the H2-gas evolution stops. At that
time, the galvannealed coating is dissolved and the
solution can be transferred quantitatively into a
100ml calibrated ¯ask. The galvannealed material is
dried and reweighed in order to obtain the dissolved
weight fraction of the coating. The total coating
thickness is given by the following expression:

d � 104W
qS

�7�

where di is the thickness of each intermetallic Fe±Zn
phase (lm),W is theweight of the dissolved coating (g),
q is the density of the galvannealed coating
(7.25 g cm)3) and S the dissolved area of the galvan-
nealed coating (cm2). The dissolved solution can be
readily analysed for the elementsAl, Fe andZnby ICP-
MS analysis using appropriate standard solutions.

4. Results and discussion

4.1. Optimization of the coulometric conditions

4.1.1. Electrolyte. Di�erent electrolytes have been
proposed for coulometric experiments for the deter-

Fig. 1. Typical coulometric stripping curve of a nonfully alloyed
galvannealed coating (Ð) and the second derivative of the curve for
the determination of the time associated with the di�erent phases
(� � �). Key: (Ð) E; (� � � � �) d2E=dt2.
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mination of galvannealed phases. Zhang and Bravo
[25] have used a 15±17.5% NaCl and 2.5±5% ZnCl2
solution. The use of a 1M Na2SO4 + 0.35M

ZnSO4.7H2O solution [17] and a 200 g dm)3

NaCl + 100 g dm)3 ZnSO4.7H2O solution [10, 14, 15]
has also been reported.

Di�erent electrolytes were evaluated by Hoet [26]
and it was found that Cl-ions were necessary to ob-
tain a better resolution of the potential jumps corre-
sponding to the di�erent phases. The Zn
concentration must be high enough so that the Zn
concentration in the solution remains constant ac-
cording to the Nernst equation. Organic solutions
must be avoided since the potentials measured are
those of the organic components rather than those of
the Fe±Zn phases. The best compromise was found
for an electrolyte of composition 200 g l)1

NaCl+100 g l)1 ZnSO4.7H2O. The same results can
probably be obtained when the sulphate is replaced
by ZnCl2, but in this case, there is a risk of pitting by
the Cl-ions.

To verify whether pitting is an important reaction
during anodic dissolution of galvannealed coatings,
coulometric stripping of various coatings as, for ex-
ample hot dip galvanized, electrodeposited Zn and
electrolytic Zn±Fe with di�erent Fe wt % was per-
formed. This was done using either a ZnSO4.7-
H2O + NaCl electrolyte, a (NH4)2SO4 solution or a
bu�er solution of citric acid. EPMA observations at
di�erent coulometric intervals show for all iron-rich
coatings (galvannealed, electrodeposited Zn±Fe) the
presence of cavities (crevices and channels). No dif-
ferences in the galvannealing reaction and surface
topography could be distinguished as a function of
the electrolyte type. The cavities are not observed in
pure Zn coatings (hot dip or electro deposited Zn).

4.1.2. Current density. The current density was opti-
mized in the range 2±20mAcm)2 to combine rela-
tively short measurements and high stripping speed,
while maintaining a good potential jump resolution.
A current density of 7.5mA cm)2 ful®lled both re-
quirements [26].

4.1.3. Calculation of the potential steps times. For the
identi®cation of the di�erent potential steps, the
second derivative of the curve was calculated. The
time between two successive changes of the second
derivative from positive to negative values was taken
as the phase speci®c dissolution time. This is illus-
trated in Fig. 1.

4.1.4. Intermetallic phase assignation in the electro-
chemical stripping curve. As stated earlier, there are
still some contradictions in assigning the di�erent
potential steps for the various intermetallic Fe±Zn
phases. One critical question is still unresolved.
Should the last but one potential plateau be included
[8, 10, 15, 17] or excluded [9, 14, 25] in the calcula-
tions? The coulometric dissolution curve of a galv-
annealed material was recorded using a NaCl

electrolyte to answer this question (Zn was avoided
since it would disturb the X-ray microanalysis). Ac-
cording to EPMA analysis [26, 27] and AES analysis
[24], the g, f and d phases are identi®ed as indicated in
Fig. 1.

During the coulometric dissolution of the di�erent
galvannealed phases, a black deposit is formed on the
surface of the working electrode. This deposit be-
comes clearly visible during the dissolution of the d
phase. As long as the C layer is not dissolved, this
black deposit cannot be removed from the surface. At
the beginning of the second last potential plateau, the
deposit can be removed by, for example, a soft water
spray. At the end of the C dissolution plateau, the
electrochemical stripping experiment was stopped
and the black ®lm was collected using a double sided
conductive carbon tape. Quantitative EPMA analysis
of the black deposit revealed a composition of ap-
proximately 59wt % Zn (55 at %) and 41wt % Fe
(45 at %). A high oxygen signal was also observed in
the deposit. The formation of the black layer could
never be avoided by either heating of the electrolyte,
rotation of the anode or by an electrolyte jet against
the anode surface.

The penultimate potential plateau in the coulo-
metric dissolution curve therefore results from com-
plex electrolytic processes which lead to the black
phase. Sometimes, these reactions result in very weak
potential steps and associated second derivative
changes, as seen in Fig. 1. During the black phase
plateau, the Fe to Zn balance remains unchanged.
From XRD and TEM studies, it is seen that the black
phase is composed of a combination of di�erent
amorphous Fe and Zn rich oxides/hydroxides and
possibly also metallic Fe. The deposit has an amor-
phous structure since no di�raction phenomena were
observed with TEM and XRD.

Similar stripping experiments were done on elec-
trolytically produced Zn±Fe coatings. The same
phenomenon of the black deposit was observed giv-
ing the same Fe to Zn atomic ratios. No black deposit
was observed on hot dipped galvanised or electro-
lytically produced Zn coatings. Only a grey colour at
the surface was observed when the iron substrate was
reached. The existence or growth of a black deposit
during an electrochemical stripping process was de-
pendent on the presence of Fe in the coating, and was
therefore associated to crevices in the coating through
which iron from the substrate can be dissolved. The
number of coulombs corresponding with the black
phase were not used in the calculations as they were
not related to any Fe±Zn intermetallic phase.

4.2. Determination of the ai coe�cients

In these experiments, the phase-speci®c electrochemi-
cal parameters were determined by combining co-
ulometry with chemical analysis. The Zn contributions
deduced from the coulometric experiment were ®tted
to the Zn values obtained from ICP-MS measure-
ments. The ag or eg coe�cient for the g phase can easily
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be derived from hot dip galvanised material analysed
under similar conditions as galvannealed material.
The very low Fe concentrations present in the gal-
vanised coatings (<0.25 gm)2) can be neglected.
Figure 2 shows a least square ®tting of the Zn content
determined by coulometry to the ICP-MS Zn content.
For the g phase ag was calculated to be 3.52.

For the determination of ag, af, ad and aC, cou-
lometric analysis and ICP-MS determinations for Zn
and Fe were carried out on a large number of galv-
annealed coatings. The least square ®t for surface
speci®c Zn weight according to the linear model in-
troduced earlier in Equation 3 is presented in Fig. 3.
The calculated ai values are given in Table 2. These
coe�cients were then used for the calculation of the
corresponding wt % iron in the di�erent phases by
applying Equation 5. The result of the least square ®t
for iron is given in Fig. 4. A linear correlation coef-
®cient of almost 95% was obtained. The iron weight
percentages for the di�erent phases are also listed in
Table 2.

The total thickness of a galvannealed layer can be
derived from the stripping experiments using Equa-
tion 6 and the ai coe�cients. The plot of the total
thickness estimated by coulometry against the thick-
nesses determined by gravimetry is shown in Fig. 5. A
very good correlation coe�cient of more than 95% is
obtained suggesting that the obtained electrochemical
coe�cients (ai) as determined by ICP-MS calibration
can be used to characterize galvannealed coatings.

Values of e > 1 mean that more Zn is measured
than calculated according to Faraday's law. This
means that besides anodic reactions, cathodic reac-
tions also take place at the anode. The most probable
cathodic side-reaction is hydrogen evolution, which is
visible during the dissolution and galvanic corrosion.

Values of e > 1 indicate that less Zn is oxidized
than according to Faraday's law. This is an indica-
tion that other anodic reactions such as iron disso-
lution, are taking place simultaneously.

Finally, it is the balance between all possible re-
actions (Zn dissolution, Fe dissolution and cathodic
reactions) that determine the ®nal value of e. From
the e coe�cients of the d and C phases, cathodic side
reactions can be very large resulting in overall side-
reactions of more than 20% of the total dissolution
reactions.

The results obtained for the phase compositions
(Table 2) are in very good agreement with the EPMA
results obtained from standards [24]. The results also
correspond very well to the expected values of a
galvannealed coating. For example, in a fully alloyed
coating, no g phase is present and beside the small f
contributions, the d phase represents the major iron
constituent. As the total iron content should be
around 10% by weight, the total iron content will be
balanced by the presence of the iron richer C fraction.

In general, for electrochemical stripping experi-
ments performed on galvannealed coatings, the Fe
and Zn concentrations as well as the thickness of each
phase can be calculated according to Table 3.

4.3. Mechanism of anodic dissolution during
coulometric experiments

The precise mechanism of anodic dissolution during
the coulometric experiments is still unclear. Lamb-

Fig. 2. Least squares ®tting of the coulometric surface speci®c Zn
weight (gm)2) to the surface speci®c Zn weight determined by ICP-
MS for hot dip galvanized coatings.

Fig. 3. Least squares ®tting of the coulometric surface speci®c Zn
weight (gm)2) to the surface speci®c Zn weight determined by ICP-
MS for galvannealed coatings.

Table 2. Electrochemical dissolution coe�cients �ai�, e�ciency

factors �ei� and iron weight fractions �wt % Fe� for the di�erent

speci®c galvannealed phases

Phase e ai wt % Fe EPMA

�wt % Fe�*

g 1.04 3.519 0.0

f* 0.90 3.057 4.1 6

d 1.21 4.100 9.2 9

C 1.17 3.942 18.2 17

* In a recent dissertation manuscript [24], EPMA and Auger

microanalysis were done on standard galvannealed powder

materials that were prepared by controlled thermal analysis.
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erigts et al. [14] suggest that the coating is dissolved
layer by layer and that only Zn and no Fe is oxidized.
Moreover, they propose that no hydrogen evolution
occurs. Van Heusden [27] has shown that small
cracks, extending towards the steel substrate, are
present at the surface of the coating. Such crevices
exist due to thermal stresses which occur in the
coating as a result of the annealing. The layer by layer
dissolution theory is questioned by others [8, 17, 25]
on the basis that Zn is preferentially dissolved. The
electrolyte penetrates deep into the coating, and all
layers are simultaneously in contact with the elec-
trolyte and oxidized. The layers have di�erent Fe
concentrations and consequently di�erent dissolution
rates, making the coulometric response complex.

Essential in the comparison of the two opinions
was the characterization of the surface modi®cation
which takes place during anodic dissolution. The
coulometric experiment was therefore interrupted at

di�erent representative points and a combined sur-
face analytical (with SEM and EDX) and chemical
(with ICP-MS and gravimetry) study was carried out.

For each stripping time, a SEM picture of the
surface was taken. An EDX analysis on di�erent
spots distributed over the surface and an EDX
mapping of Fe and Zn was done. By doing so, in-
formation on the homogeneity of the dissolution
process was obtained. Moreover, for each stripping
time the electrolyte, the deposit on the counter elec-
trode and the black deposit were also analysed by
ICP-MS. This gave information on the composition
and thickness of the di�erent layers of the coating.
Finally, with a combined gravimetric/ICP-MS anal-
ysis of the global coating, the total amounts of Zn
and Fe and the thickness of the coating were deter-
mined.

4.3.1. Surface analytical characterization of the coat-
ing structure. On each sample, a SEM image was ta-
ken and EDX analyses were obtained on 10 di�erent
areas. The SEM images are shown in Fig. 6. The
mean values and standard deviations of the Zn and
Fe concentrations on the di�erent samples are listed
in Table 4. In Table 4, measurement 1 was made on
the as-produced surface which consisted mainly of f
phase crystals. Points 2 and 3 are located within the d
layer and points 4 and 5 correspond to the beginning
and end of the C layer, respectively. Points 6 and 7
are representative for the surface and middle of the
black layer. The reason for the somewhat higher Fe
concentrations (and consequently lower Zn concen-
trations) in the d and C phases can be due to the
accumulation of the black deposit at the surface of
the working electrode. Characteristic X-ray contri-
butions of the underlying substrate is also a factor
which will enhance the Fe X-ray intensity.

The SEM images show that the cracks, initially
present, expand continuously during the coulometric
experiment. They gradually form deeper and broader
channels.

The SEM pictures clearly show a growing porosity
of the dissolving coating. It is conceivable that small
parts of the coating might fall o� and end up in the
electrolyte. A full electrolysis was therefore carried
out. The electrolyte was ®ltered over a 0.05 lm ®lter
and rinsed with hot water. The ®lter was then in-
spected by EPMA and the absence of any type of
metallic parts con®rmed. Hence, the growing porosity

Fig. 4. Least squares ®tting of the coulometric surface speci®c Fe
weight (gm)2) to the surface speci®c Fe weight determined by ICP-
MS for galvannealed coatings.

Fig. 5. Total thickness of galvannealed coatings as determined by
electrochemical stripping and gravimetry.

Table 3. Formulae for direct calculation of the weight speci®c Zn and

Fe concentrations, as well as the thickness of each intermetallic Fe±

Zn phase

i is the applied current density (A cm)2) and ti is the phase speci®c

dissolution time (s)

Phase Thickness/lm Zn conc./gm)2 Fe conc./gm)2

g 0.493 itg 3.519 itg 0

f� 0.429 itf 3.057 itf 0.0126 itf
d 0.621 itd 4.100 itd 0.3776 itd
C 0.638 itC 3.942 itC 0.7163 itC
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does not result in Fe rich particles falling in the
electrolyte.

At the start of the coulometric experiment, an Fe
content of 9% by weight was found. This was
somewhat higher than the Fe concentration of the f
phase. While progressing in the dissolution of the d
layer, the Fe amount increased to a value of about
20% towards the end of the d plateau. The enrich-
ment in Fe continued in the C layer, where the
amount increased to approximately 35%. In the
black layer, the Fe content reached a constant value
of approximately 52%. The amount of Fe and the
standard deviation on the measurements increased,
indicating that Fe is not homogeneously distributed
over the surface.

4.3.2. Chemical analysis of the coating by electrolyte
compositional changes. A chemical analysis of the
electrolyte was carried out for both the layer by layer
and the global stripping to ®nd out which compo-
nents were dissolved during the coulometric experi-
ment. After each interruption, the electrolyte and the
deposit on the counter electrode and the black de-
posit were collected and analysed with ICP-MS.

For this experiment, a 0.05M NaCl electrolyte was
used instead of the conventional solution for two
reasons. First, the conventional electrolyte contained
a Zn concentration which is too high. The very small
Zn dissolution contribution from the electrochemical
stripping could not be determined accurately. Sec-

ondly, the high NaCl concentration in the conven-
tional electrolyte caused problems during the
introduction of the solute in the nebulization and
atomization chambers of the ICP-MS.

The counter electrode deposit was dissolved in a
small volume of 0.01M HCl and analysed. At the end
point, the black deposit on the working electrode was
dissolved in a solution of 3.5 g dm)3 hexamethylene
tetramine in 6M HCl and analysed.

The ICP-MS results of this di�erential stripping
are given in Tables 5 and 6. Table 5 gives estimates of
the fractions of the stripped material as determined
by the analysis of the electrolyte and the counter
electrode. In Table 6, the total of all fractions of the
electrochemically stripped material are compared
with the gravimetrically obtained results.

4.3.3. Chemical analysis related to the global coating.
The procedure was as described earlier. The electro-
lyte was analysed by ICP-MS after dissolution of the
coating, and the analysis was combined with gravi-
metry to obtain the Zn and Fe concentrations and the
thickness of the coating.

The results are also given in Table 6, together with
the total thickness and the total amounts of Zn and
Fe obtained by summation of the data of the sub-
layers of Table 5.

4.3.4. Discussion. The SEM-EDX data in Table 4
show that, compared to the literature data listed in

Fig. 6. Secondary electron images recorded from partially stripped intermetallic Fe±Zn layers of a galvannealed coating taken at the start
of the ÿ-potential plateau (a) and at the start of the black layer potential plateau (b).

Table 4. X-ray microanalysis results of a di�erential stripping experiment

Position on the i/t curve Phase Fe Zn

/wt % std dev. /wt % std dev.

1 f 9.0 0.3 90.1 0.4

2 d 12 1 87 1

3 d 22 5 77 4

4 C 34 8 65 7

5 C 37 5 61 5

6 black layer 52 3 46 3

7 black layer 53 3 44 3
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Table 1, higher Fe concentrations are found for the
expected Fe±Zn intermetallic compounds. The en-
hanced Fe concentration may be due to three phe-
nomena:

(a) Only Zn is oxidized during coulometry, and Fe
remains strongly enriched at the surface.

(b) Element speci®c X-ray intensities arise also from
the underlaying layers because of the escape
depth of X-rays.

(c) Side reactions take place. This is also suggested
by the values of e listed in Table 2.

A very good balance for the total Zn content can
be observed when comparing the results of the layer
by layer stripping and the global stripping in Table 6.
For Fe, however, the content recovered in the dif-
ferent steps is twice as high as the one found in the
coating only. Moreover, the thickness of the stripped
material is 0.7 lm higher than the one calculated from
the gravimetric experiment. The reason for the dis-
crepancies between the total Fe content in the coating
and the total coating thickness can only be due to the
partial dissolution of the steel substrate during the
anodic stripping process. This process can take place
at the crevices that are inherently present in an al-
loyed Fe±Zn layer. Due to this phenomenon, the Fe
content of the layers cannot be measured directly
from the coulometric experiment. It can indirectly be
derived from the coulometric data, since the correc-
tion coe�cients take the side reaction of the substrate
dissolution into account. From this experiment it is
clear that the hypothesis that only Zn is oxidized is
not valid.

The ICP-MS results of the di�erential coulometric
stripping experiment given in Table 6, are presented
in Fig. 7 together with the predicted values calculated
by the proposed coulometric method and the theo-

retical values based on Faraday's law. The curves
presented in Fig. 7(a) are accumulated values for the
surface-speci®c Zn concentrations (gm)2). The line
indicated by fractionated ICP-MS are the measured
Zn concentrations in the electrolyte added to the
fraction deposited onto the counter electrode. The
concentrations (expressed in gm)2) are recalculated
from the speci®c dissolved area of 1 cm2.

At the beginning of the experiment, the slope of
the ICP-MS curve is the same as the coulometric
curve. As the dissolution process evolves, the ICP-
MS slope decreases as the black phase grows in
thickness. Calculations based on Faraday's law un-
derestimate the Zn concentrations, indicating that
additional currents must be taken into account. The
di�erence between the coulometric curve and the ICP-
MS measurement is exactly balanced by the fraction
of Zn measured in the black phase.

From the curves, it can be seen that the rate of Zn
dissolution diminishes slightly as a function of time
corresponding to the stripping of the successive
phases which are poorer in Zn. The last point in the
ICP-MS curve corresponds to the penultimate pla-
teau in the coulometric curve and has therefore no
analogue in the other curves.

During the stripping experiment, much higher Fe
values were measured in the electrolyte and counter
electrode than theoretically possible if only coating
dissolution occurs. The actual Fe concentration
measured in the electrolyte is an accumulation of the
Fe from the coating added to the Fe dissolved from
the substrate.

During the coulometric experiment, various elec-
trochemical and chemical processes are taking place
simultaneously. The mechanism of Zn and Fe disso-
lution by electrochemical stripping can be visualized
by the schematic shown in Fig. 8. Suppose the galv-

Table 5. ICP-MS results of the di�erential coulometric stripping of a galvannealed coating

Electrolyte and counter electrode concentrations are recalculated to the coating speci®c fractions

Stripping time

/s

Thickness

/lm
Electrolyte concentrations Counter electrode

/g m)2 (Fe) /g m)2 (Zn) /wt % (Fe) /g m)2 (Fe) /g m)2 (Zn)

342 1.9 1.5 12.5 10.7 0.017 0.707

684 1.5 1.3 9.8 11.7 0.001 0.468

1026 1.2 1.4 7.2 16.2 0.001 0.463

1240 0.8 1.2 4.6 20.2 0.001 0.481

1560 0.8 1.5 4.4 25.5 0.001 0.469

1860 0.7 1.6 3.3 32.3 0.001 0.425

2083 0.6 2.6 1.6 62.1 0.001 0.123

Table 6. Estimated thickness and speci®c coating weights of the collected fractions during coulometric stripping of a galvannealed coating

Thickness /lm /gm)2 (Fe) /gm)2 (Zn) /wt % (Fe)

Total electrolyte 7.5 11.1 43.4 20.4

Total counter electrode 0.5 0.02 3.2 0.7

Black deposit 1.2 3.04 5.5 35.7

Total all fractions 9.2 14.2 52.1 21.5

Gravimetry + ICP-MS 8.5 7.1 54.0 11.6
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annealed coating is composed of a d and C layer in
which crevices are present. At the beginning of the
electrolysis, Zn oxidation occurs (Fig. 8(a)). As the
electrolysis proceeds, the surface becomes poorer in
Zn. Fe accumulates at the surface (indicated by the
dashed areas), partially inhibiting further Zn disso-
lution. Fe dissolution becomes a competitive side
reaction. Because the oxidation of Fe consumes a
part of the opposed current, the dissolution rate for
Zn is smaller than given by Faraday's law. This re-
sults in ai factors that are smaller than the theoretical
value of 3.38 according to Faraday's law, and the
e�ciency of the electrochemical stripping (e) will be
smaller than one. Since the experimentally derived e
values for both the d and C phases are much larger
than one, other, more important side reactions are
active.

Because of galvanic coupling, Zn will be oxidized
by the reduction of Fe. Metallic Fe fractions will be
redeposited onto the surface. This indirect reaction
by galvanic coupling does not disturb the applied
current and therefore does not interfere with the
electrochemically derived calculations.

Within the crevices of the coating there is almost
no turbulence of the penetrating electrolyte. Under
such static conditions, natural galvanic corrosion
can occur. Corrosion is assumed to be controlled by
the combined reduction of water and oxygen [28].
The reduction of dissolved oxygen is di�usion con-
trolled because of the limited solubility at room
temperature. The reduction of water to H2 is acti-
vation controlled because of the unlimited supply of
water molecules. Both competitive reactions are
suppliers for hydroxide ions (Fig. 8(b)). The depo-
sition of Fe and Zn hydroxides at the surface of the
coating is very likely.

Hydrogen evolution occurs as the result of the
galvanic coupling between Zn rich and Fe rich
phases. On the microlevel, during anodic dissolution,

cathodic reaction zones at the coating surface and in
the voids are formed where hydrogen reduction takes
place. This leads to an induced current as the result of
galvanic corrosion that needs to be taken into ac-
count with the electrochemical imposed current.
Hydrogen evolution results in e�ciency factors larger
than one.

In the presence of chloride ions, even at pH6.5,
other side reactions of Zn2+ and Fe2+ are possible
(Fig. 8(c)) [29, 30]. Such side reactions can take place
at very localised areas at the coating surface. In these
side reactions, the protons formed can either recom-
bine with the hydroxide ions, or promote further
dissolution of the Zn and Fe fractions, thus giving e
values larger than one.

The experimentally derived e�ciency factors (ei) as
given in Table 2, are the result of all these side re-
actions, indicating that the overall e�ect contributes
more than 20% to the opposed current. According to
this model, simultaneous dissolution of the interme-
tallic sublayers can only take place through the cre-
vices. Since the surface active area within these
crevices is small, compared to the total dissolution
area, the d and C phases will dissolve separately. This
is also indicated by the potential step observable be-
tween the d and C phases.

4.4. Industrially processed and pilot line simulated
Ti and Nb alloyed interstitial free (IF) substrates

Based on the coulometric parameters determined by
calibration with respect to ICP-MS results, more than
180 industrially processed galvannealed coatings on
Ti±Nb IF materials were characterised by coulomet-
ric stripping analysis. The phase speci®c characteris-
tics of the galvannealed coatings such as thickness,
iron and zinc weights, were determined using the
electrochemical parameters listed in Table 2. The re-
sults of the industrially galvannealed coatings on Ti±

Fig. 7. Results of Zn (a) and Fe (b) in the electrolyte as determined by the combination of di�erential coulometry with ICP-MS. Key: (h)
coulometry, (s) fractionated ICP-MS and (n) Faraday's law.
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Nb IF substrates are shown in Fig. 9(a). The data
illustrate that for increasing iron contents (up to 8%),
both the g and f phases rapidly decrease, favouring
the growth of the d phase. With further increase in
iron concentration above 9%, the C phase grows at
the expense of the d phase. Only a few of the indus-
trially processed materials, show the presence of an g
phase.

Together with the industrially processed sub-
strates, about 56 pilot line simulated galvannealed
coatings on TiNb IF substrates were analysed. The
large variations in processing conditions made it
possible to observe the phase transformations as a
function of iron content in the coating. The results of
the coulometric analysis are shown in Fig. 9(b).

It is surprising to see that the gamma layer thick-
ness remains constant in the range 5% to 8% Fe. For

iron concentrations between 9 and 10% by weight, an
increase in gamma thickness is observed. The curves 9
(left and right) match perfectly in overlay, showing
that the phase characterization is consistent within
the full range of alloying grades.

In the case of Ti±Nb IF coated substrates that
have been deformed, more and/or larger crevices can
occur and this may in¯uence the rate of the various
side reactions thus leading to di�erent results.

5. Conclusions

The applicability of coulometric stripping for the
phase analysis of galvannealed coatings was tested
and optimized. The coulometric results were ®tted to
the total Zn and Fe concentrations as determined by
ICP-MS using regression analysis. The combination

Fig. 8. Schematic showing the di�erent reactions taking place during the coulometric stripping of a galvannealed coating. The dashed area
is enriched in Fe.
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of coulometry with EPMA was used for the phase
recognition of the coulometric curves. Di�erent mi-
croanalytical techniques were used to gain insight
into the electrochemical reactions, as well as the
major side-reactions. The overall e�ect of the various
side reactions contribute to more than 20% of the
total electrochemical reactions. They are particularly
important during the dissolution of the d and C
phases.

The coulometric curve gives reliable data on the
thickness and composition of the di�erent layers, on
the condition that (a) the part of the curve repre-
sentative of the black layer is discounted and (b) a
correction, taking into account the various side re-
actions, is made. Coulometry was used successfully
for the characterization of galvannealed coatings on
Ti±Nb IF substrates produced either industrially and
on a pilot line.

The coulometric dissolution method and the pro-
posed data analysis method can be used for the
characterization of both the thickness and the inter-
metallic phase content of galvannealed coatings.
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