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1. Introduction

Sacrificial protection to steel provided by zinc coatings is well
known. Zinc alloys dissolve more slowly than pure zinc and are fre-
quently used on account of their longer duration, especially in the
automotive industry. Zn–Ni coatings are reported to provide the
best protective properties when they consist of a single-c phase
layer with a dense and homogeneous microstructure [1,2]. Deposi-
tion conditions are also important and the electrolytic bath used in
this work can provide high-performance coatings. Thus, the inves-
tigation of their structural properties is stimulated.

Electrodeposited Zn–Ni coatings commonly exhibit phase com-
positions different from those predicted by the Zn–Ni phase dia-
gram [3–5]. Similar disagreement is observed in many other
electrodeposited alloys, typical deviations being represented by
extended solubility, modified composition range of two-phase
fields and absence of ordered intermetallic compounds.

In some systems, the phase composition of electrodeposited al-
loys can be predicted by analysing the free-energy curves of all the
phases and calculating metastable equilibrium conditions by
neglecting the ordered compounds [5]. However, the same expres-
sion for free energy is usually taken for the electrodeposited phase
and the corresponding bulk phase, because the same crystalline
structure is postulated for both phases.
In the present work, structural and thermodynamic properties
of Zn–Ni coatings have been investigated. Insights into the atomic
arrangement in electrodeposited alloys and its possible effects on
coating performance can be derived from the results of this study.
2. Experimental methods

Zn–Ni alloy coatings were electrodeposited from a cyanide-free commercial
bath. It is an alkaline solution containing zinc oxide, nickel sulphate, sodium
hydroxide, complexing agent (amine) and proprietary additives. The operating tem-
perature is 25 �C and the deposition rate is 0.3 lm/min at the current density of 2 A/
dm2.

Coatings with nickel content between 14 wt.% (15.4 at.%) and 17 wt.%
(18.6 at.%) are deposited from this bath. Such coatings can achieve outstanding cor-
rosion resistance, they can endure more than 1000 h of exposure in salt spray
chamber without marks of red rust.

The nickel content was analysed by energy dispersive X-ray spectroscopy (EDS).
Samples examined in this work have a nickel fraction of 17 wt.% (18.6 at.%), very
close to the composition Ni5Zn21 (19.2 at.%).

Crystalline structure was analysed by X-ray diffraction (XRD) experiments with
a Cu Ka radiation. Coatings were tested in the as-deposited condition and after sub-
strate removal and subsequent annealing in nitrogen for one hour at 400 �C.

Differential Scanning Calorimetry (DSC) was used to investigate the thermal
stability of the substrate-free Zn–Ni coatings. The heating rate was 10 �C min�1.
3. Results and discussion

On the Zn-rich side of the Zn–Ni system the equilibrium solid
phases are: the solid solution with hexagonal close packed (hcp)
structure and very small solubility of Ni (g phase), the monoclinic
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d phase (�10–11 at.% Ni) and the cubic c phase (�15–26 at.% Ni)
[6]. The composition limits between round brackets are valid up
to about 400 �C (d phase) and 500 �C (c phase).
3.1. XRD and DSC results

The diffraction pattern of the as-deposited Zn–Ni coating with
17 wt.% (18.6 at.%) Ni is reported in Fig. 1a. The diffraction lines
of this coating can be identified as reflections of the c-Ni5Zn21

phase (JCPDS card No. 6-0653) and no other phase can be recog-
nized. Peaks labelled as ‘‘Fe’’ are given by the steel substrate. It
should be noted that the peak at 34.95� is not identified and many
high-intensity reflections of the c-Ni5Zn21 phase are not present in
the XRD spectrum of the coating.

After the annealing treatment the diffraction pattern changes
(Fig. 1b), the main difference being the increased number of reflec-
tion peaks. Substantially all the diffraction lines of the c-Ni5Zn21
Fig. 1. XRD patterns of as-deposited (a) and annealed (b) Zn–Ni coatings; calculated
XRD spectrum of a c structure with randomly distributed Ni atoms (c).
phase are present in the spectrum of the annealed coating. Peaks
labelled with letters ‘‘a’’–‘‘g’’ cannot be assigned to known phases
in the Zn–Ni system and will be examined later.

The DSC thermogram exhibits three broad exothermic peaks
centred around temperatures comprised in the range of 140–
370 �C (Fig. 2). Similar DSC curves were obtained from Zn–Ni coat-
ings with Ni content between 6.5 wt.% (7.2 at.%) and 13.5 wt.%
(14.8 at.%) [3].

The modification of the diffraction spectrum after annealing
and the enthalpy change measured by DSC analysis suggest that
the atomic arrangement in the electrodeposited alloy can be differ-
ent from the ordered atomic distribution existing in the equilib-
rium c phase.

The symmetry of the c phase is body-centred cubic and the
structure can be described in terms of inner tetrahedral (4), outer
tetrahedral (4), octahedral (6) and cubo-octahedral (12) positions,
all centred around the origin and the body centre of the unit cell
[7]. The number of atomic sites in each position is reported be-
tween round brackets. In the stable phase, Ni atoms occupy the
outer tetrahedral positions yielding a structure with the minimum
number of Ni–Ni contacts [7]. The higher enthalpy content of the
electrodeposited phase suggests that Ni atoms can occupy all the
sublattice positions with equal probability, rather than being con-
fined to the outer tetrahedral sites. In this way, each Ni atom will
be surrounded by a larger number of similar atoms, compared to
the arrangement of the ordered c phase.

X-ray structure factors and diffraction intensities were calcu-
lated for the c structure with Ni atoms randomly distributed over
all atomic sites and the calculated diffraction pattern is shown in
Fig. 1c. All the peaks of the as-deposited alloy (Fig. 1a) correspond
to diffraction lines of the calculated spectrum, including the reflec-
tion at 34.95�. In addition, all the peaks labelled with letters ‘‘a’’–
‘‘g’’ in Fig. 1b can be assigned to the c structure with random atom-
ic distribution (Fig. 1c). Presumably these low-intensity peaks be-
long to the residual deposited alloy, which was not completely
transformed during the annealing treatment. Only the most in-
tense peak (letter ‘‘b’’) is visible in the diffraction spectrum of the
as-deposited alloy, presumably because the other peaks are
masked by the relatively intense background signal (Fig. 1a).

On the analogy of similar systems, the ordering transformation
of the electrodeposited phase is expected to occur by a nucleation
and growth mechanism or a continuous ordering reaction, accord-
ing to the transformation temperature [8]. However, the atomic
structure of the c phase is relatively complex, as said above, and
Fig. 2. DSC trace obtained from the Zn–Ni coating.



Fig. 3. Molar Gibbs free energy at 298 K as a function of the nickel atomic fraction
for different phases: hcp solid solution (g), equilibrium c phase (c) and electro-
deposited c phase (ed-c). The common tangent between g and edc is shown as a
dotted line.
the ordering transformation of the Zn–Ni alloy would imply atomic
rearrangement over several sublattices. The transformation might
occur through a single stage or the atomic redistribution might
proceed by involving different sublattices step by step. Further
investigation is required to elucidate these features and to corre-
late the transformation steps to the exothermic peaks in the DSC
trace.

The possible contribution of grain growth to the enthalpy
change measured by DSC analysis was estimated from line broad-
ening in the XRD spectra. By using the Scherrer equation, the aver-
age crystallite size was found to be 34 nm in the as-deposited alloy
and increased to 61 nm after annealing. An enthalpy change of
�0.11 kJ/mol was evaluated by employing experimental values of
grain boundary energy in zinc [9]. This rough calculation shows
that grain growth represents a small part of the total enthalpy
change (�4.2 kJ/mol).

3.2. Thermodynamic evaluation

Thermodynamic assessment of the Ni–Zn system has been per-
formed by making use of different sublattice models for the c
phase [10–12]. The model proposed by Su et al. [11] was selected
to calculate the Gibbs free energy for the electrodeposited phase,
because it is based on experimental crystallographic data [7].
These data are necessary to construct the calculated XRD pattern
shown in Section 3.1 and were actually used to this purpose.

The equilibrium c phase is described by the three-sublattice
model (Ni,Zn)4Ni4Zn18, where the inner tetrahedral sites can be
occupied by Ni atoms and Zn atoms [11]. The other positions are
occupied by Ni atoms only (outer tetrahedral sites) or Zn atoms
only (octahedral and cubo-octahedral sites). As a result, the com-
position range is between Ni4Zn22 and Ni8Zn18.

The electrodeposited alloy was described as a regular solution,
on account of the random atomic distribution discussed in Section
3.1. At the given composition (18.6 at.% Ni), the enthalpy of mixing
(DHed-c) was estimated by the equation

DHed-c ¼ DHc � DHDSC ð1Þ

where DHDSC is the enthalpy change measured by DSC (-4.2 kJ/mol)
and DHc is the enthalpy of mixing of the equilibrium c phase. This
quantity was derived from the free energy function reported in [11].
Accordingly, the expression of the molar Gibbs free energy for the
electrodeposited phase becomes

Ged�c ¼ xNi
�Gbcc

Ni þ ð1� xNiÞ�Gbcc
Zn

þ RT xNi lnðxNiÞ þ ð1� xNiÞ lnð1� xNiÞ½ � þWxNið1� xNiÞ ð2Þ

where xNi is the atomic fraction of nickel, R is the gas constant and T
is the absolute temperature. The Gibbs free energy of the pure ele-
ments (�Gbcc

Ni , �Gbcc
Zn ) is calculated from the SGTE data set [13].

The interaction parameter is W = �100.3 kJ/mol. The negative
value of this parameter confirms that the enthalpy of mixing de-
creases as the number of Ni–Zn pairs (proportional to the product
xNixZn) increases. The Gibbs free energy for the equilibrium c phase
is expressed according to a pair-wise interaction model [11]. The
interaction parameter is negative in this phase too. At the compo-
sition Ni4Zn22, Ni atoms occupy the outer tetrahedral sites and
form Ni–Zn pairs only, because they are surrounded by atoms
belonging to the other sublattices, which contain Zn atoms only.
As the Ni content increases, Zn atoms are replaced by Ni atoms
in the inner tetrahedral positions and the number of Ni–Zn pairs
becomes larger. In the disordered phase, Ni atoms are randomly
distributed in all sublattices and the total number of Ni–Zn pairs
decreases compared to the ordered phase with the same composi-
tion. Therefore, the transition from the electrodeposited phase to
the stable intermetallic compound will cause the number of Ni–
Zn pairs to increase and will produce a negative enthalpy change,
in agreement with the DSC analysis.

Free energy curves at 298 K are reported in Fig. 3. This plot
shows that the metastable equilibrium between the hcp solid solu-
tion (g) and the electrodeposited c phase (edc) entails the exis-
tence of g from 0 to 1.5 at.% Ni, g + edc from 1.5 to 13.5 at.% Ni
and edc at higher Ni content. This prediction is in agreement with
experimental results about the electrodeposition of Zn–Ni alloys
with different composition [2,14–17]. According to these results,
the upper limit of the g + c field can be the range 11–15 at.% Ni.
Such variability can be due to the different deposition conditions,
which may influence features of the coating like uneven solute dis-
tribution [15], incorporation of impurities or grain boundary area
[5]. The calculated phase boundary (13.5 at.%) is affected by the
experimental error in DHDSC and the approximate description of
the thermodynamic properties (regular solution model). However,
the quantitative agreement with the experimental range (11–
15 at.%) indicates that the approximation can be acceptable. It is
also noted that the common tangent in Fig. 3 is hardly distin-
guished from the free energy curves of the two phases (g and
edc). Therefore, the occurrence of the single-c phase in coatings
with Ni content smaller than 13.5 at.% would entail a very small in-
crease in free energy, with respect to the two-phase system
(g + edc). This remark would explain the presence of the single-c
phase in Zn–Ni coatings with Ni content ranging from 8 wt.%
(8.8 at.%) to 16 wt.% (17.5 at.%) [18].
4. Conclusions

Zn–Ni alloys with single c phase were deposited from an alka-
line electrolytic bath. XRD and DSC results show that the electrode-
posited phase exhibits different atomic distribution and enthalpy
content compared with the equilibrium c compound.

The electrodeposited phase was described as a random distribu-
tion of Ni atoms over the sublattice positions of the c structure. The
diffraction pattern of this phase was calculated and provided a sat-
isfactory interpretation of the diffraction spectra of the as-depos-
ited and annealed alloys.

The Gibbs free energy of the electrodeposited phase was evalu-
ated and the metastable phase boundaries were obtained. Reason-
able agreement was found with experimental values reported in
the literature.



This work provides new insights into atomic arrangement of
electrodeposited alloys and can be extended to other systems,
especially those which present ordered intermetallic compounds
in their phase diagram.
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