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This study focuses on the relationship between coating composition and deformation and friction behav-
ior of zinc-iron electroplated sheet steel. The influence of phase composition and microhardness of the de-
posits and the electrodeposition process parameters on the mechanical properties of the material were
determined. The influence of coating composition on the friction and galling behavior was also investi-
gated. Both V-bend test and cup test were used to evaluate the influence of the iron content on the pow-
dering and flaking behavior of the deposits. Finally, the adhesion of the coating to the substrate was
studied by lap shear tests.

Although the soft η phase appears to be the main component in zinc-iron coatings with less than 16 wt%
Fe, Γ1 particles were observed even at low iron contents. As the iron content in the coating increases, the
Γ1 fraction increases and the coating becomes harder and more brittle. Above 16 wt% Fe the deposits
start to show substantial powdering and flaking during deformation. At iron contents above 30 wt%,
bending of the coated product results in total coating delamination. At low iron contents, zinc-iron elec-
troplated sheet steel exhibits a superior deformation behavior, and both cup tests and flat die tests proved
the suitability of the coating for deep drawing.

1. Introduction

Zinc-iron alloy coated steel, such as galvannealed, is in-
creasingly being used in the automotive industry due to its ex-
cellent corrosion resistance, weldability, and paintability (Ref
1-4). However, the deformation behavior of galvannealed steel
remains an area of concern because the layered structure of in-
termetallic compounds has proved to be sensitive to powdering
and adhesion loss (Ref 5-7).

A significant improvement of the powdering behavior can
be expected when using zinc-iron electroplated coatings be-
cause they consist of homogeneous solid solutions (Ref 8, 9).
Furthermore, because the electroplating process does not in-
volve heating or cold working, it is expected that, in contrast
with galvannealed steel, the mechanical properties of the base
metal will not deteriorate as a result of the coating process.

A review of literature, however, shows that little informa-
tion is available about the relationship between coating compo-
sition and deformation and friction behavior of zinc-iron
electroplated sheet steel. A recent study by Liu (Ref 10) stated
that in order to optimize the forming behavior of zinc-iron elec-
trocoated material, the iron concentration should be chosen so
that both powdering and friction coefficient are low during
forming. Other sources report an excellent performance of the
zinc-iron deposits with an iron content below 15 to 25 wt% Fe
and poor workability at higher iron levels (Ref 3, 11, 12).

In this article, the results of an in-depth study on the rela-
tionship between the coating microstructure and the materials
performance is reported. The phase composition and micro-
hardness of the deposits, as well as the influence of the elec-
trodeposition process on the mechanical properties of the
material were determined. The influence of coating composi-
tion on the friction and galling behavior was also investigated,
and both V-bend and cup tests were used to evaluate the influ-
ence of the iron content on the powdering and flaking behavior
of the deposits. Finally, the adhesion of the coating to the sub-
strate was studied by lap shear tests. 

2. Experimental Procedure

The zinc-iron deposits were produced on a laboratory elec-
troplating line using a sulfuric acid-based electrolyte consist-
ing mainly of zinc sulfate and ferrous sulfate. Plating
conditions such as iron/zinc ratio and current density were var-
ied to obtain a wide range of coating compositions.

The composition of the deposited layers was determined by
dissolving the coating in diluted HCl (Ref 13) and subsequent
inductively coupled plasma (ICP) analysis of the solution. The
phase composition and crystallographic texture were deter-
mined by x-ray diffraction using a Siemens D5000 diffrac-
tometer (Bruker Spectrospin, Brussels, Belgium) equipped
with a copper tube. 2θ scans were performed between 30 and
90°. The hardness of the layers was measured with a Micro
Duromat 4000 E microhardness tester (Reichert Jung) (Leica
Microsystems AG, Wezlar, Germany). The mechanical proper-
ties of the coated and uncoated material were compared by a
tensile test carried out on a MTS 810 testing machine (MTS,
Berlin, Germany). 
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A first evaluation of the friction behavior of the as-depos-
ited layers was performed on a SRV Tribometer (Optimol In-
struments AG, Munchen, Germany; Ref 14). The sample was
submitted to a horizontal oscillating movement while making
contact with a flat die subjected to an increasing vertical load.
The friction coefficient, f, was equal to the ratio, T/N, where T
was the horizontal friction force and N was the applied vertical
load. It was measured continuously in function of the load,
which increased linearly from 0.5 to 2 MPa in 15 min. The sam-
ples were lubricated with the Quaker N6130 prelube oil
(Quaker). The die material was a cast iron GG25, of which the
contact surface had a controlled roughness with a Ra value be-
tween 0.3 and 0.4 µm, measured at cut-off length, λc, of 0.8
mm. The amount of galling was verified by three-dimensional
measurements on the used tools.

Additional flat die tests were conducted to evaluate the fric-
tion behavior of the material. Strips, coated on both sides, were
pulled between two flat jaws at a constant pressure of 5000 N
and a drawing speed of 20 mm/min. The length of the stroke
was 55 mm, and each sample passed ten times between the
jaws. All samples were oiled before the first pass, and the sub-
sequent passes were performed without additional oiling. After
each pass, tools and steel strip were checked for the presence of
galling. During the tests, pulling force and normal pressure
were registered for function of sliding length, and the friction
coefficient was calculated as the pulling force divided by twice
the normal force.

The powdering and flaking behavior were studied by a 60°
V-bend test and cup tests. The 60° V-bend test has the advan-
tage of evaluating the resistance against delamination in bend-
ing-unbending without frictional effects (Ref 15-17), while the
cup test is a closer simulation of the deep drawing process (Ref
18-19). Table 1 summarizes the cup test conditions. The form-
ability of the zinc-iron coatings was evaluated by the weight
loss after deformation. Weight loss expressed in g/m2 was
measured as the mean value of 20 individual measurements.
The weight loss refers to the surface of the sample under the
blankholder because the material under the punch does not par-
ticipate in the deformation and is not damaged. The coatings
were further examined using scanning electron microscopy us-
ing a Zeiss DSM 962 (Zeiss Inc.).

Finally, the adhesion between coating and substrate and the
interfacial strength of the deposited layers were evaluated by a
lap shear test (Ref 19, 20). In this test a single lap joint was ex-
posed to tension in the direction of the bonding surface at a con-
tinuous speed until fracture. The lap shear strength is the load
necessary to produce fracture divided by the surface area of the
joint.
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Fig. 1 Influence of the iron content on the phase composition
of the coating

Table 1 Overview of the cup test conditions

Test conditions Value

Blank diameter, mm  60
Punch diameter, mm  33
Blankholder force, kN  10
Drawing ratio   2
Drawing speed, m/s 600
Complete cups (no flange) …
Cleaning of the die after each part …
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Fig. 2 Influence of the iron content on the phase distribution in
electroplated zinc-iron coatings
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3. Results and Discussion

3.1 Phase Composition of the As-Deposited Zinc-Iron
Layers

By changing the parameters of the electrodeposition proc-
ess it was possible to obtain iron contents in the coatings rang-
ing from 7 to 45 wt% (Ref 9). The coatings were examined
using x-ray diffraction (XRD) to identify the crystal structure
of the as-deposited layers. Figure 1 shows the XRD patterns for
coatings with various iron contents. As is the case for galvan-
nealed layers, zinc-iron electrodeposited coatings consist of a
number of intermetallic compounds. However, whereas the dif-
ferent phases appear as stratified sublayers in a galvannealed
coating, a more uniform distribution of the phases in the coat-
ing is obtained by electrodeposition (Ref 9). The identification
of the different intermetallic phases is rather complicated due
to the numerous overlaps of the single phase spectra and shifts
of the peak positions due to lattice distortion (Ref 21, 22).
Therefore, the peak identification was based on the interplanar
spacings and resulting lattice constants. Figure 2 shows the
phase distribution of the electrodeposited layers as a function
of iron content.

The XRD profiles show the presence of the η phase in de-
posits with an iron content ranging from 7 to 22 wt%. The mean
lines result from the low index pyramidal plane orientations
η(101) and η(112) and from the prismatic η(110) planes. Basal
η(002) reflections are absent. The c/a ratio is close to 1.60 for
all samples, and no change in lattice constants in function of the
iron content is seen in the observed range. Besides η, a small
amount of δ and Γ/Γ1 is present in the coatings. The δ phase re-
flections usually show very low intensities. As the iron content
in the coating increases, the Γ/Γ1 phase grows at the expense of
η. The latter can be related to previous research findings where
the interplanar spacings show a composition dependence for
iron contents below 10 wt% (Ref 22, 23). Above 10 wt% Fe, the
c/a ratio approaches the ideal value for hexagonal close packed
structures. A further increase in iron content does not induce

any change in lattice parameters because further distorsion of
the lattice would raise the energy of the system. Thus the excess
iron will lead to the formation of a second phase. As the iron
content of the deposit increases, the amount of Γ/Γ1 phase will
increase. Figure 3 illustrates this change in crystal structure.

Above 16 wt% Fe, no η was present and Γ/Γ1 was the prin-
cipal phase. Because of the correlation between the Γ and the
Γ1 phase (Ref 24) an unambiguous identification of these
phases is not possible. The presence of the Γ1 phase was con-
firmed by reflections characteristic for a cubic face centered
structure. However the extent of the Γ and Γ1 fractions cannot
be assessed.

3.2 Influence of the Coating Layer on the Mechanical
Properties

Table 2 gives a comparison of the mechanical properties of
the sheet steel before and after removal of the coating. The val-
ues indicated are mean values of three measurements. The re-
sults show that for a 10% Fe coating, electrodeposition has no
influence on the mechanical properties. Due to the presence of
a harder coating layer, a slight decrease in anisotropy coeffi-
cient and total elongation can be observed. However, in con-
trast with the changes reported for galvannealed and ZnNi
coated sheet steel, this change should not be regarded as signifi-
cant (Ref 25, 26). According to Liu (Ref 10), a significant deterio-
ration of the r- and n-value of zinc-iron electroplated sheet steel
might occur at higher iron contents or coating thicknesses.

3.3 Microhardness and Friction Coefficient of the 
As-Deposited Layers

Figure 4 shows the increase in microhardness of the as-de-
posited zinc-iron layers with increasing iron content. At low
iron contents, where η is the main phase (<16 wt% Fe), zinc-
iron electroplated layers have a higher microhardness than pure
zinc coatings, but the microhardness stays significantly be-
low that of galvannealed or electroplated zinc-nickel coat-
ings. As the Γ1 and Γ fraction in the coating increases, there

Table 2 Influence of an electrodeposited zinc-iron layer on the mechanical properties of the sheet steel

Yield strength, Tensile strength, Uniform elongation, Total elongation, Anisotropy coefficient, Strain hardening
Material MPa MPa % % r0° exponent, n

ZnFe coated (10% Fe-65 g/m2) 208 341 23 37 1.22 0.217
Without coating 210 341 24 40 1.32 0.215

11.9 % Fe 16.6 % Fe 18.4 % Fe    1 µm

Fig. 3 Influence of the iron content on the surface morphology of electroplated zinc-iron coatings 
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is a significant increase in microhardness. The microhardness
reaches the level of galvannealed and ZnNi layers at 40 wt% Fe.

A modified SRV Optimol test was carried out to evaluate the
friction behavior of zinc-iron electrocoated materials. Figure 5
shows that contrary to galvannealed layers (Ref 27, 28) the
amount of iron in the coating has no significant influence on the
friction coefficient. This confirms the results previously ob-
tained by Imlau (Ref 29) and Liu (Ref 10). Figure 5 also shows
the difference in friction coefficient at the beginning (0.5 MPa)
and at the end (2 MPa) of the tests. For the individual plots of
the friction coefficient in load function it can be seen that at low
normal pressures (0.5 to 0.6 MPa) a higher threshold value is
obtained for zinc-iron coatings with low iron content. This is
due to the presence of the soft η phase, which is prone to cold
weld to the die material. At higher iron contents (>20 wt%)
where all η has disappeared and Γ is present next to Γ1, the fluc-
tuations in the value of f are smaller. Visual evaluation of the
tools revealed no galling. This was confirmed by three-dimen-
sional profile analysis of the surface of a number of dies after
the friction test.

Figure 6 summarizes the results of the flat die tests. The fric-
tion coefficient was determined at the end of the sliding dis-
tance of 50 mm for all passes to compare various materials with

a uniform and reproducible criterion. The values indicated in
Fig. 6 are all mean values of three tested samples. The results
show that electroplated zinc-iron coatings have a lower friction
coefficient compared to galvannealed coatings. Moreover, as
the iron content of the layer increases from 8 to 14 wt%, the
friction behavior becomes more stable and no stick slip occurs
during the subsequent passes. This is due to the increasing
amount of Γ and Γ1 in the coating. 

3.4 Formability and Adhesion Characteristics of the
Coatings

A first evaluation of the powdering and flaking behavior
of the electroplated layers was completed using a 60° V-
bend test. Figure 7 shows the relationship between the
amount of iron and the weight loss of the coating. Below 15
wt% Fe, the average coating weight loss is 0.35 mg. This shows
that the performance of electroplated zinc-iron layers is consid-
erably better than that of galvannealed coatings. At 15 wt% Fe
the coating weight loss for galvannealed can increase to 4 mg
(Ref 27). Above 15 wt% Fe, adhesion loss will increase signifi-
cantly, and at 30 wt% Fe, weight losses of 10 mg and greater
were measured. This increase in coating weight loss indicates
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Fig. 5 Influence of the iron content on the friction behavior of
electroplated zinc-iron coatings
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that larger amounts of Γ1 and Γ phases are detrimental to the
formability of the material. Figure 8 shows back scattered elec-
tron (BSE) micrographs of the compressed zone after removal
of the tape. At low iron contents, stress accommodation results
in cracking of the deposited layer. As the Γ1/Γ fraction in the
coating increases the peeling proceeds, and the damaged zone
broadens. At 30 wt% Fe the full width of the tape is covered
with zinc-iron particles. Residual particles still adhering to the
substrate show severe cracking.

The performance of zinc-iron electroplated sheet steel dur-
ing deep drawing was evaluated by a cup test. For these tests the
iron content of the coatings ranged from 8 to 14 wt%. Figure 9
shows coating weight loss and quantity of lubricant of the
tested materials. Although the amount of oil picked up by the
galvannealed materials exceeds the amount of lubricant in the
case of electroplated layers, the coating weight loss for zinc-
iron electrocoated sheet steel is comparable to the weight loss
for pure zinc coated materials (Ref 30), while the galvannealed
materials show a significant increase in powdering rate when
the iron content of the coating increases. Moreover, at 10 wt%
Fe, the iron content corresponding to commercial galvannealed
layers, the amount of powdering for galvannealed material is
considerably higher than for the zinc-iron electroplated sheet
steel.

Scanning electron microscopy revealed that both galvan-
nealed and zinc-iron layers show significant cracking after
deep drawing. Up to 10 wt% Fe, the extent of cracks in zinc-
iron layers is comparable to that in galvannealed layers, but in
the case of electrodeposited layers the cracks are wider. Above
10 wt% Fe the electrocoated material shows markedly more
cracks (Fig. 10). The homogeneous phase distribution over the
coating thickness in zinc-iron deposits creates a higher capac-
ity for stress accommodation through cracking than in the case
of the layered galvannealed coatings. It should also be noted
that for galvannealed coatings the induced cracks in some cases
continue in the substrate while with electroplated layers the
substrate remains free of cracks (Fig. 11). According to Deits
and Matlock (Ref 31), this can be attributed to the effect of gal-
vannealing on the integrity of the ferrite grain boundaries be-
cause during the galvanizing process the near-surface ferrite
grains are often coated by a thin layer of zinc that has diffused
along the grain boundaries.

Figure 10(e) to (g) shows detail of cracks after phosphatation of
the zinc-iron coated cups. Although the cracks are still visible after
phosphatation, the phosphate crystals seem to cover the cracks.

Unlike galvannealed materials, zinc-iron electroplated ma-
terial has a lap shear strength, which is not influenced by the
type of steel substrate. However, as can be seen from Fig. 12,

12 % Fe
∆m = 0 mg

22 % Fe
∆m = 3.6 mg

30 % Fe
∆m = 26.6 mg

1 mm

Fig. 8 Scanning electron microscopy images of the coatings after a 60° V-bend test
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the lap shear strength measured on zinc-iron electroplated ma-
terial with 8 to 14 wt% Fe is comparable with that of DDQ in-
terstitial free (IF) galvannealed samples. An increase in the iron
content of the coating lowers the bonding strength, but the in-
fluence of iron content is less decisive than in case of galvan-
nealed materials where the zinc-iron phase distribution within
the coating strongly influences the adhesion strength (Ref 32).
Visual evaluation of the samples showed that while galvan-
nealed material often exhibits a more complex fracture path,
over 90% of the fracture plane was situated at the sub-
strate/coating interface in the case of the zinc-iron materials.
However, it should be noted that for the electroplated material
the pretreatment appeared to be less effective than in an indus-
trial line. Higher lap shear strengths and cohesive fracture, as
for zinc and other η-rich materials, is expected for industrial
pretreatment. The presence of the ductile η phase is expected to
reduce the shear stress intensity at the substrate/coating inter-
face because local plastic deformation will induce stress re-
laxation (Ref 32, 33).

4. Conclusions

The following conclusions can be drawn:
The relation between phase composition, iron content, and

the formability characteristics of zinc-iron electroplated sheet
steel has been investigated. Although the soft η phase appears
to be the main component in zinc-iron coatings with less than
16 wt% Fe, Γ1 particles are present even at low iron contents.
As the iron content in the coating increases, the Γ1 fraction in-
creases and the coating becomes harder and more brittle.
Whereas a change of iron content in the coating does not sig-
nificantly affect the friction behavior, the deformation behavior
mainly depends on the phase composition of the coating layer:

ZnFe - 7% Fe ZnFe - 10% Fe ZnFe - 13% Fe GA Ti-IF     50 µm

ZnFe - 7 % Fe ZnFe - 13% Fe GA Ti-IF     10 µm

sampling area

Fig. 10 Scanning electron microscopy images (top row) before and (bottom row) after phosphatation of the deep drawn cups

ZnFe - 10% Fe GA Ti-IF   10 µm

Fig. 11 Detail of the substrate morphology after deep drawing
and removal of the coating 7 8 9 10 11 12 13 14
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Fig. 12 Influence of the iron content on the lap shear strength
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above 16 wt% Fe the presence of the Γ1 phase induces substan-
tial powdering and flaking during deformation. At iron con-
tents above 30 wt%, bending of the coated product results in the
full delamination of the coating. However, at low iron contents
zinc-iron electroplated sheet steel has a superior deformation
behavior, and it exhibits a high capacity for stress accommoda-
tion through cracking while the adherence of the coating to the
substrate is preserved.
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