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Electrodeposited zinc-nickel coatings are broadly used 
as sacrificial coatings for steel since many years in 
the automotive industry and for other high corrosion 
resistant applications. The best corrosion resistance 
is obtained with ZnNi deposits having 12–15 % Ni in 
the alloy. Many studies were performed showing the 
influence of nickel content in the alloy [1]. In indus-
trial plating electrolytes other metals than Zn and Ni 
can be present. In alkaline zinc-nickel electrolytes mild 
steel is usually used as anode material. Depending on 
electrolyte composition and plating conditions more or 
less iron can be dissolved by anodic dissolution into the 
electrolyte. It is well known that the iron is codepos-
ited into the zinc nickel alloy, but the effect on the alloy 
properties was never systematically investigated.
In this study the influence of up to 800 mg/L iron in 
commercially used alkaline zinc nickel processes is 
investigated. Up to 8 % iron is amorphously codepos-
ited in the alloy. No new iron containing phases could 
be detected by X-ray diffraction (XRD). ZnNi g-phases 
(Ni2Zn11/Ni5Zn21) are still the dominant phases, but 
plain orientation can be affected by iron codeposition. 
Corrosion properties are investigated by electrochemi-
cal measurements and neutral salt spray test. Whereas 
no huge difference in the corrosion properties between 
the bare ZnNi and ZnNiFe coatings was observed, the 
corrosion resistance with a subsequent trivalent chro-
mium passivate can be drastically improved using iron 
in the alloy.

Galvanisch abgeschiedene Zink-Nickel-Schichten 
werden seit langem in der Automobilindustrie und in 
anderen Industriebereichen eingesetzt, wenn sehr hoher 
Korrosionsschutz gefordert wird. Es gibt zahlreiche 
Studien über den Einfluss des Nickel-Gehalts auf 
die Korrosionsbeständigkeit der Legierung, wobei 
sich Legierungen mit 12–15 % Nickel als besonders 
korrosionsbeständig erwiesen und in der Praxis 
mittlerweile seit über 20 Jahren bewährt haben [1].
In der industriellen Anwendung können die Elektrolyte 
als Verunreinigung weitere Metalle wie Eisen enthal-
ten. Eisen kann hauptsächlich durch anodische Auflö-
sung oder durch Einschleppung aus der Vorbehand-
lung in den ZnNi-Process gelangen. Es ist bekannt, 
dass dieses Eisen mit in die Zink-Nickel-Schicht einge-
baut wird, aber der Einfluss auf die Legierungseigen-
schaften wurde bisher nur unzureichend untersucht.
In dieser Studie wurden daher zwei industriell ver-
wendete alkalische Zink-Nickel Verfahren mit bis zu 
800 mg/L Eisen verunreinigt. Die aus diesen Elektro-
lyten abgeschiedenen Schichten wurden anschließend 
untersucht. Dabei hat sich gezeigt, dass bis zu 8 % Ei-
sen in die Zink-Nickel-Schicht eingebaut werden. Im 
Röntgendiffraktogramm wurden keine neuen Phasen 
gefunden, das heißt ZnNi wird weiterhin als g-Phase 
(Ni2Zn11/Ni5Zn21) abgeschieden und Eisen wird 
amorph in das Gefüge eingebaut. Allerdings kann sich 
die Vorzugsorientierung der Kristallisation durch die 
Anwesenheit von Eisen ändern.
Die Korrosionsbeständigkeit wurde durch elektroche-
mische Messungen und mittels neutraler Salzsprüh-
tests untersucht. Während die Korrosionsbeständigkeit 
der ZnNi-Legierung durch Eisen nur wenig beeinflusst 
wird, kann die Korrosionsbeständigkeit mit geeigneten 
Passivierungen gegenüber passivierten reinen Zink-
Nickel-Schichten teilweise deutlich durch den Einbau 
von Eisen verbessert werden.

1 Introduction 

In the beginning of the industrial applications of 
zinc-nickel coatings in the 1970s mainly low alloyed 

ZnNi processes with approx. 8–10 % Ni were on the 
market. In the 1980s first high alloyed system with 
12–15 % Ni were developed and began to gain market 
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share throughout the 1990s. Today, high alloy systems 
have more or less completely replaced the low alloyed 
technology because of the much improved corrosion 
resistance. Despite of the discussion around the health 
risks of using nickel compounds zinc-nickel processes 
are still gaining market share replacing zinc coatings 
to increase corrosion resistance and are also seen as a 
good candidate to replace cadmium coatings which are 
still used e. g. in the aerospace industry.
The excellent corrosion properties of the zinc-nickel 
processes with 12–15 % nickel are related to the depo-
sition of the ZnNi g-phases (Ni2Zn11/Ni5Zn21) which 
is the thermodynamically preferred phase between 14 

and 25 wt% nickel as can be seen in the ZnNi phase 
diagram (Fig. 1).
Nevertheless the Ni content should not exceed 16 % 
nickel to maintain the corrosion potential anodic com-
pared to the steel substrate. Otherwise the substrate 
would no longer be cathodically protected. In such 
cases early red corrosion (substrate corrosion) can be 
observed e.g. in the neutral salt spray test (see Fig. 2).
That means a quite narrow alloy composition range 
of 12–15 % Ni has to be maintained over a broad cur-
rent density range. That is a challenging task both for 
the developer of the ZnNi process chemistry and for 
the applicator in the plating shop. And of course the 
question arises what happens if the ZnNi composition 
is out of range or if further metals e. g. from impuri-
ties in the bath are codeposited in the ZnNi alloy?
Especially iron is an element that is often found in 
industrial ZnNi electrolytes by anodic dissolution of 
steel anodes or by drag-in from pre-treatment steps. 
It is known that too much iron may lead to insuffi-
cient throwing power and dark aspect in low current 
density areas [1]. The effect of iron on the corrosion 
resistance is still not well understood. Sometimes a 
decreased corrosion resistance is reported even with 
impurities of 50 mg/L Fe or lower. On the other hand 
we never saw an effect on the corrosion resistance 
in industrial applications with 100 mg/L Fe or more.
In the scientific literature about Zn-Ni-Fe alloys only 
studies with acidic electrolytes can be found [2, 3, 4, 
5, 6]. It is reported that iron is codeposited in form 
of Fe3Ni2 phases [4]. It was found that iron acts as 

Fig. 1: ZnNi phase diagram Source: Landolt-Börnstein, 
Binary Systems part 5: Supplement 1, Volume 19 Thermo-
dynamic Properties of Inorganic Materials Group IV Physi-
cal Chemsistry

Fig. 2: Early red corrosion of ZnNi plated parts after 192 h NSST  
Parts are black passivates and sealed with an organic sealer. ZnNi layer contains > 16 % Ni
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brightener [4] and improves corrosion resistance [4, 
5]. By far the most industrial electrolytes are alkaline 
amine based systems and it is questionable if find-
ings for acidic electrolytes can be applied to alkaline 
systems.
In this work the influence of iron in two commercially 
available zinc-nickel electrolytes (Performa 285 and 
Performa 288 from Coventya) are investigated.

Experimental procedure

The zinc nickel electrolytes were prepared with the 
following parameters:

Performa 285
NaOH 130 g/L
Zn 9 g/L (by adding Zincate Solution)
Ni 0.9 g/L (by adding Performa 285  
  NI-CPL, contains nickel sul- 
  fate and amines)
Performa 285 Base 100 mL/L (mixture of amines)
Performa 285 BRI UNI 1 mL/L (brightener)

Performa 288
NaOH 120 g/L
Zn 9 g/L (by adding Zincate Solution)
Ni 1.3 g/L (by adding Performa 288 
  NI-CPL, contains nickel sul- 
  fate and amines)
Performa 288 Base 160 mL/L (mixture of amines)
Performa 288 BRI MU 1.5 mL/L (brightener)

Dl water is used for all electrolytes. Iron is added as 
iron(III) sulfate.

ZnNi plating procedure

Hull cell panels:

The copper panels are cleaned with a mild alkaline 
cleaner and activated in mild acidic solution. The 
panel is plated with 2 A for 30 min at 23 °C in a tank 
with standard Hull cell geometry, but with an extra 
electrolyte reservoir (1 L) to ensure constant concen-
trations of electrolyte constituents during plating.
Rack plating:

The parts are cleaned with soak cleaner and deoxi-
dized with a hydrochloric acid pickling followed by 
an alkaline electrolytic cleaner and an acidic activa-
tion. The parts are plated in a 50 L tank with rack 
movement with 2 A/dm2 for 40 min at 23 °C.

Trivalent chromium passivation

Rack parts are passivates with commercially avail-
able cobalt-free passivates:

•	 Finidip 728.3 (black passivate, 80 mL/L Part A 
70 mL/L Part B, pH 1.9, 25 °C, 60 s)

•	 Finidip 128 CF (transparent passivate, 160 mL/L, 
pH 2.6, 25 °C, 60 s)

X-Ray fluorescence measurements

X-ray fluorescence (XRF) measurements to determine 
coating thickness and alloy composition were per-
formed on a Fischerscope® X-Ray XDV®-SDD.

X-Ray diffraction measurements

X-ray diffraction (XRD) measurements were per-
formed on a Bruker D8 Advance diffractometer using a 

Fig. 3: Influence of iron addition on the aspect of Performa 288 ZnNi coatings, a) Hull cell panels plated with 2A for 30 min, 
b) Rack parts plated in a 50 L pilot line tank with 2 A/dm2 for 40 min
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CuKα radiation with wavelength of λ 0.15406 nm pro-
duced at 40 kV and 40 mA. XRD data were collected 
over the 2θ range from 20° to 100° at every 0.02° for 
the scan speed of 0.5 s per step. The crystalline phase 
was identified by reference to the Joint Committee on 
Powder Diffraction Standards (JCPDS). All measure-
ments were performed at the Institut Utinam, Univer-
sité de Franche-Comté.

2 Results and discussion

Aspect

The Influence of iron addition on the aspect of ZnNi 
deposits plated with Performa 288 can be seen in 
Figure 3. 
Higher iron content leads to darker appearance on the 
pictures, which is mainly caused by a higher bright-
ness, means iron works as a grain refiner. It can be 
also seen in Figure 3a that too much iron leads to 
a dark aspect in the low current density at the right 
corner of the Hull cell panel. A very similar behav-
iour can be observed in the second investigated ZnNi 
electrolyte Performa 285 (not shown here).

Alloy composition

It is interesting to note that the iron codeposition 
can have different effects on the current efficiency. 
Depending on the amine mixture used for complexing 
the nickel, the current efficiency is reduced esp. in the 
high current density (for Performa 285) or more or less 
unchanged (Performa 288, see Fig. 4).

The different codeposition rates of Fe into the ZnNi 
alloy are also related to the complexing agents in the 
electrolytes (see Fig. 5). As expected the Ni codepo-
sition is reduced with increasing Fe content keeping 
the ratio Zn to Ni more or less constant.

Crystal structure

It is well known from previous internal studies and 
publications [1, 2] that the plane orientation of the 
ZnNi g-phase crystals is important for the physical 
layer properties. The bendability of ZnNi deposits 
plated in the (330) plane orientation is better than the 
bendability of (600) deposits. The preferred plane 
orientation is one major difference between the pro-
cess Performa 285 and Performa 288 (see Fig. 6). The 
better bendable (330) processes are preferred for rack 

Fig. 4: Influence of iron addition on the ZnNi coating thickness on Hull cell panels plated with 2 A for 30 min

Fig. 5: Iron codeposition from two different ZnNi electro-
lytes (Performa 285 and Performa 288) with iron con- 
tamination
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application esp. for parts that have to be bended after 
plating.
In Figure 6 it can be seen that too much iron in the 
deposit can change the preferred plane orientation 
from (330) to (600), which means that the bedabil-
ity of deposits is probably worse. But this has not 
yet been tested. It can be expected that also the iron 
codeposition itself may have an effect on the mechan-
ical properties including bendability. 
From the XRD data it can be furthermore con-
cluded that Fe is amorphously codeposited into the 
ZnNi matrix. No new signals related to FeZn, FeNi 
or ZnNiFe phases can be observed and ZnNi still 
appears as g-phase which is important to maintain 

the good corrosion properties. This XRD investiga-
tion has been performed on copper panels plated with 
two different current densities (4 and 0.5 A/dm2). In 
both cases results are identical.

Corrosion properties

The most important property that is attributed to ZnNi 
coating is the corrosion resistance which is much 
higher than the resistance of pure zinc coatings under 
most climatic conditions. This is related to the lower 
potential difference between the coating and the steel 
substrate (see Fig. 7) and to kinetic effects that hinder 
the progress of the corrosion of ZnNi layers by their 
own corrosion products.

Fig. 6: Influence of iron codeposition on the XRD pattern of ZnNi coatings plated on copper substrates at 4 A/dm2

Table 1: Plane orientation of g-phase ZnNi crystals

Performa 285 Performa 288

w/o Fe (600) (330)

with 100 ppm Fe (600) (330)/(600)

with 800 ppm Fe (600) (600)

100 ppm Fe contamination → 1 % Fe in the alloy 
800 ppm Fe contamination → 8 % Fe in the alloy

Fig. 7: Corrosion potentials, measured in flowing sea water, 
Source: Naval Surface Warefare Center
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Electrochemical measurements:
It can be expected that the addition of iron to the alloy 
will further shift the corrosion potential of the ZnNiFe 
alloy to the cathodic direction closer to the potential of 
the steel substrate. This was proved by electrochemical 
measurements (Fig. 8).
A more cathodic corrosion potential means that the 
alloy is thermodynamically more stable and a better 
corrosion resistance can be expected. However this 
is not true here, because corrosion kinetics seemed 
to be influenced by the incorporated iron. The corro-

sion current derived from the tafel plots in Figure 8 
increases with increasing iron content (see Table 2). 
Neutral salt spray test

The corrosion resistance of ZnNi plated parts with 
and without iron contamination is tested in neutral 
salt spray test (NSST) according to EN ISO 9227. 
Since ZnNi coatings are never used blank without 
subsequent passivation, two different cobalt-free tri-
valent chromium passivates were applied, a transpar-
ent passivate (Finidip 128 CF) and a black passivate 
(Finidip 728.3). The results after 408 h NSST are 
shown in Figure 9. 
The non-passivated parts show white (zinc) corrosion 
already after a few hours. This aspect is more or less 
unchanged during the whole corrosion test. This is 
true for ZnNi coatings without and with up to 3 % Fe. 
With 8 % Fe the iron from the ZnNiFe alloy (not the 
substrate) starts to corrode leaving red corrosion 
products on the parts as can be seen on the bottom 
left picture in Figure 9.
Comparing the corrosion pictures of the transpar-
ent passivated parts no significant differences can 
be seen, whereas a huge effect of the iron codepo-

Fig. 8: Influence of iron codeposition on corrosion potential of ZnNi alloys. Electrolyte: 
5 % NaCl, pH 6.5, sweep rate: 0.1 mV/s, reference: SCE (measurements from TU 
Ilmenau)
100 ppm Fe contamination → 1 % Fe in the alloy 
800 ppm Fe contamination → 8 % Fe in the alloy

Table 2: Corrosion potentials (Ecorr) and corrosion 
currents (Icorr)* 

Ecorr Icorr

0 ppm Fe –833 mV 344 µA/dm2

100 ppm Fe –806 mV 540 µA/dm2

800 ppm Fe –764 mV 1546 µA/dm2

Steel (non alloyed) ca. –700 mV

*derived from potentiodynamic measurements shown in Figure 8
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sition on the corrosion of the black passivated parts 
can be observed. It is well known that black passi-
vated ZnNi coatings tend 
to form early white cor-
rosion, often named as 
“white haze” which appears 
usually already after 24 h 
NSST. This effect can be 
minimized by applying an 
organic top-coat or a chro-
mium phosphate based 
post-dip. With addition of 
800 ppm iron into the elec-
trolyte this white haze can 

be completely prevented, even after 408 h NSST 
(see right column in Figure 9, so that no further post- 

Fig. 9: Corrosion results after 408 h NSST for ZnNi(Fe) plated parts with different passivates
100 ppm Fe contamination → 1 % Fe in the alloy 
300 ppm Fe contamination → 3 % Fe in the alloy 
800 ppm Fe contamination → 8 % Fe in the alloy

Fig. 10: Comparison between conventional ZnNi coating (left) and the new developed 
ZnNiFe coating (right), both passivated with a special chromium(III) based black passi-
vate after 312 h NSST
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treatment is necessary. This can be very interesting 
for applications where no post-treatment can be used 
for e. g. for connectors where a post-treatment would 
increase the electrical resistance to a non-acceptable 
level.
This surprising effect of Fe on the corrosion prop-
erties of black ZnNi deposits is used for a current 
product development of a dedicated ZnNiFe coating 
in combination with a special black passivate which 
gives deep black aspect with low electrical resist-
ance even after NSST. A patent is pending for this 
technology.
In Figure 10, the latest status of the development can 
be seen. The passivate is optimized for the ZnNiFe 
alloy and leads to early red corrosion of conventional 
ZnNi coatings containing 15 % Ni.

3 Conclusion

This study shows that iron in concentrations up to 
100 mg/L in the electrolyte does not have significant 
effects on the properties of ZnNi coatings. Higher 
concentrations with 300 mg/L or more may influ-
ence the crystal structure and the bendability of the 
deposits. The effect of iron in the different industrial 
ZnNi processes can be different and depends mainly 
on the complex chemistry of the electrolyte formula-
tion. Surprisingly it was found that codeposition of 
iron can prevent the appearance of early white cor-
rosion of black passivated ZnNi deposits in neutral 
salt spray test.

The development of ternary ZnNiFe alloys together 
with dedicated passivates has the potential to open 
new types of application for zinc alloy coatings. How-
ever it has to be mentioned that this system is still in an 
early development phase and several important prop-
erties, e. g. behaviour in cyclic corrosion tests and 
corrosion under natural exposure conditions are still 
not investigated but will be part of the future work on 
this research project.
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