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a b s t r a c t

Zn–Cr alloy coatings were obtained in a flow cell, for modeling the process of high speed electrodepo-
sition on steel strips. Alloy coatings, containing between 6 and 18 at.% Cr were annealed at 260 ◦C in an
inert atmosphere. The phase composition and the crystallographic characteristics of “as prepared” and
“annealed” coatings, were studied by XRD. It is shown that non-equilibrium �- and �-(Zn,Cr) phases are
major constituents of the “as prepared” coatings. On annealing, equilibrium �-CrZn13 phase precipitates
eywords:
n–Cr alloy coatings
lectrodeposition
nnealing
hase composition

from �- and �-supersaturated solid solutions. The lattice parameters and the similarities in phase com-
position of the annealed coatings, deposited onto two types of substrates – low carbon steel and Cr plated
(protected) low carbon steel – show that if Fe from the substrate “contaminates” the precipitated �-CrZn13

phases, its relative amount do not exceed few tenths of a percent.
The influence of the elemental composition, conditions of electrochemical deposition, and post-

ent
hase transformations
-ray diffraction

deposition thermal treatm

. Introduction

Zn–Cr alloy coatings are of interest due to their higher corrosion
rotective ability, at reduced thickness, in comparison to that of
ure Zn coatings [1–3]. Corrosion protective properties of the coat-

ngs – resistance to surface rusting, chipping resistance, corrosion
esistance after working, resistance to pitting corrosion – are closely
elated to their phase composition [4]. Several important charac-
eristics, such as formability [4], adhesion to the substrate [5,6] and
ardness [3] have been associated with the crystal structure and
patial distribution of phases within the coating.

Solid Cr has a low solubility in liquid Zn which makes it difficult
o obtain even low-Cr-alloys [7]. That is why the Cr–Zn equilib-
ium phase diagram has been evaluated mainly for its Zn-rich
art, where two inter-metallic compounds—�-CrZn17 and �-CrZn13

ave been reported. The hexagonal �-CrZn17 (a = 12.89–12.92 Å;
= 30.5–30.56 Å) crystallizes with 3.8–7 mass% Cr [8–11]. The exis-
ence of monoclinic �-CrZn13 has been reported by Hartman et al.
12]. Later, Brown suggested that �-CrZn13 is probably isotypic with

∗ Corresponding author. Tel: +359 2 979 25 38; fax: +359 2 873 49 68.
E-mail address: monev@ipc.bas.bg (M. Monev).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.02.026
on phase composition of the coatings is discussed.
© 2009 Elsevier B.V. All rights reserved.

several �-MZn13 (M = Co, Fe, Mn) phases [13]. To our knowledge,
complete structure analysis of �-CrZn13 has not been performed so
far. Studies of the Zn-rich corner of the Fe–Zn–Cr system, carried
out recently, brought evidence that minor Fe impurities promote
formation of �-phase [11,14].

Recent trends in elaboration and characterization of alloyed
zinc protective coatings are focused on methods of deposition
at non-equilibrium conditions, like physical vapor deposition and
electrodeposition. In some cases, these methods allow preparation
of thin coatings which phase composition is unattainable by other
conventional methods. They are adaptable to continuous opera-
tional mode and allow high deposition rate.

In electrodeposited [15–17] and physically vapor deposited
[3] Zn–Cr coatings, several unidentified non-equilibrium Zn–Cr
phases have been found. Detailed analyses have shown that the
phase composition of the coatings depends on both deposition
conditions and Cr atomic fraction [6,18–20]. With increasing Cr
content the phase composition changes in the sequence: hexag-

onal �-(Zn,Cr) → hexagonal �-(Zn,Cr) → cubic �-(Zn,Cr), including
concentration intervals in which two or all the three phases co-
exist [3,4,6,19,20]. In some studies, the hexagonal (hcp) �-(Zn,Cr)
variable-composition phase is regarded as a phase of the equi-
librium phase diagram [6,19]. The non-equilibrium Zn–Cr phase

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:monev@ipc.bas.bg
dx.doi.org/10.1016/j.jallcom.2009.02.026


2 ys and Compounds 480 (2009) 259–264

d
h
e
r
t
t
l
c
a

i
o
p
T
p
i
s
t
w

2

p
a
fl
e
1
3

(
s
d
o
(
a

w

a
i

p
p
a
r
t
c
s
p

t
fi

3

F
s
u

p

Fig. 1. XRD patterns of “as prepared” Fe/Zn–Cr samples.

229), a = 2.885 Å; unit cell volume V = 24.012 Å3. This phase is
observed in substrates coated preliminary with protective Cr-layer.
�-Zn—Hexagonal lattice, distorted hexagonal close packing (hcp)
of Zn atoms, space group P63/mmc (Nr. 194), a = 2.665 Å;
60 Tz. Boiadjieva et al. / Journal of Allo

iagram has not been extensively studied. The available data
owever, indicate that �- and �-phases may be regarded as non-
quilibrium, super-saturated solid solutions. When annealed at
elatively low temperatures (170–225 ◦C), the �-phase transforms
o a mixture of phases (� + �) or a single phase (�), depending on
emperature and Cr content, while the �-phase is stable up to at
east 275 ◦C [6]. In other words, the phase composition of the coating
ould be properly controlled by varying the conditions of deposition
nd annealing.

A potential user of the Zn–Cr alloy coatings is the automotive
ndustry [1,2]. Therefore, in order to reach the working conditions
f the high speed electrodeposition on steel strips, a flow cell, for
reparation of Zn–Cr alloy coatings was used in the present study.
he phase composition of the “as prepared” alloy coatings and the
hase transformations caused by annealing of these coatings were

nvestigated. For evaluation of a possible influence of Fe from the
ubstrate on both: phase formation and thermal transformation of
he non-equilibrium phases, alloy coatings with different Cr content
ere deposited on “raw” and on Cr-“protected” steel strips.

. Experimental

Zn–Cr alloy coatings with Cr content between 6 and 18 at.% were electrode-
osited from an electrolyte, containing 40 g l−1 Zn, 15 g l−1 Cr (added as sulphates)
nd polyethyleneglycol (1 g l−1), pH 2.0, adjusted with sulphuric acid, in a 20 l
ow cell, flow rate 4 m s−1, current density (c.d.) within the 80–120 A dm−2 range,
lectrolyte temperature 40 ◦C onto low carbon steel substrates with dimensions
15 mm × 85 mm. The Zn–Cr coatings are relatively thin having a thickness of about
.0–3.5 �m.

In order to avoid a possible influence of Fe contamination on the formation of �-
Zn,Cr) phase, experiments were carried out on “raw” steel strips as well as on steel
trips preliminarily coated with a protective Cr layer. Further on, these samples are
enoted as Fe/Zn–Cr and Fe/Cr/Zn–Cr, respectively. The Cr layer (thickness of 4 �m)
nto the steel substrates was electrodeposited from conventional Cr(VI) electrolyte
150 g l−1 CrO3), c.d. 100 A dm−2, electrolyte temperature 35 ◦C. Ti/IrOx was used as
n anode.

The Zn–Cr alloy coatings, deposited onto steel and Cr coated steel substrates
ere annealed in an inert atmosphere (95% N2, 5% H2) at 260 ◦C for 90 min.

The Cr content in the alloy coatings was determined using fluorescence X-ray
nalysis (FXRA) (Fischerscope XDL-B, Software WinFTM 6.09). Values for alloy coat-
ngs thickness were obtained from FXRA as well.

X-ray diffraction (XRD) measurements were performed on a Stoe automatic
owder diffractometer with strictly monochromated Cu K�1 radiation. The XRD
atterns for the thin Zn–Cr galvanic coatings on steel and Cr-coated steel substrates,
s-deposited and after thermal treatment, were recorded in grazing incidence X-
ay diffraction (GIXD) geometry at two constant incident angles of 3◦ and 5◦ . In
his geometry, the diffraction patterns provide primarily information about phase
omposition of the coating with a minimum diffraction contribution from the sub-
trate. In order to check for presence of preferred orientation effects, the XRD powder
atterns were recorded at two mutually perpendicular lateral directions.

Indexing, determination of unit cell parameters and evaluation of volume frac-
ion of phase constituents were carried out after least-squares procedure of profile
tting, performed with the PowderCell software package [21].

. Results and discussion

Typical XRD patterns for the “as prepared” and thermally treated
e/Zn–Cr and Fe/Cr/Zn–Cr galvanic coatings on steel and Cr coated
teel substrates are presented in Figs. 1–4. Phase composition and
nit cell parameters data are summarized in Table 1.

The analyzed XRD patterns contain lines of the following main
hases:

�-Fe—Body centered cubic (bcc) lattice, space group Im-3m (Nr.
229), a = 2.865 Å. The lattice parameter of this phase remains con-

stant with changes in the nominal composition of the coating. The
presence of its peaks in the patterns is due to diffraction from the
substrates. Hence, these peaks were not taken into account when
calculating the relative phase composition of the coatings. Their
angular positions, however, were used as reference in calculating
the lattice parameters of the remaining phases.
Fig. 2. XRD patterns of “as prepared” Fe/Cr/Zn–Cr samples.

�-Cr—Body centered cubic (bcc) lattice, space group Im-3m (Nr.
Fig. 3. XRD patterns of “annealed” Fe/Zn–Cr samples.
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Fig. 4. XRD patterns of “annealed” Fe/Cr/Zn–Cr samples.

c = 4.947 Å; V = 30.43 Å3. The axial ratio c/a = 1.856 deviates signifi-
cantly from that of the ideal hexagonal close packing (c/a = 1.633).
Some authors denote as �-phase Zn–Cr solid solutions which con-
tain small amounts of Cr, up to 3 mass% [6]. According to other
authors, this phase contains up to 8 mass% Cr (�-(Zn)) [15] or up
to 15 mass% Cr (�-(Zn,Cr)) [15,22].

�-(Zn,Cr)—Limited solid solutions of Cr in Zn–CrxZn1−x
(0.03 < x < 0.20), with hexagonal lattice, 2.732 Å < a < 2.764 Å;
4.41 Å < c < 4.49 Å. With increasing Cr content, the lattice param-
eter a of the solid solution increases, the parameter c decreases
and the axial ratio c/a decreases systematically, reaching val-

able 1
hase composition (vol.%), unit cell parameters—a, b, c (Å), ˛, ˇ, � (◦) and cell-volume—V
oatings: (h) hexagonal, (m) monoclinic, (c) cubic.

s prepared (P)

hase composition Relative
content

Cell parameters and volume

e/Zn,Cr (6.2 at.% Cr)
�-(Zn,Cr) (h) 100 a = 2.718(2); c = 4.619(2); V = 29.55

e/Zn,Cr (12.3 at.% Cr)
�-(Zn,Cr) (h) 93 a = 2.748(2); c = 4.492(3); V = 29.38
�-(Zn,Cr) (c) 7 a = 3.028(2); V = 27.76

e/Zn,Cr (18.2 at.% Cr)
�-(Zn,Cr) (h) 69 a = 2.757(2); c = 4.450(2); V = 29.29
�-(Zn,Cr) (c) 31 a = 3.018(2); V = 27.49

e/Cr/Zn,Cr (5.9 at.% Cr)
�-(Zn,Cr) (h) 100 a = 2.720(1); c = 4.662(3); V = 29.87

e/Cr/Zn,Cr (13.5 at.% Cr)
�-(Zn,Cr) (h) 73 a = 2.719(2); c = 4.667(2); V = 29.88
�′-(Zn,Cr) (h) 27 a = 2.757(1); c = 4.448(2); V = 29.29

e/Cr/Zn,Cr (16.4 at.% Cr)
�-(Zn,Cr) (h) 35 a = 2.719(1); c = 4.667(2); V = 29.88
�′-(Zn,Cr) (h) 65 a = 2.757(1); c = 4.422(2); V = 29.11

verage for �-phase: a = 13.510 Å, b = 7.663 Å, c = 5.169 Å, ˇ = 127.83◦ , V = 423.4343 Å3 (prese
riginal data of Scott: I2/m, a = 10.93 Å, b = 7.68 Å, c = 5.11 Å, ˇ = 100.76◦ , V = 421.40 Å3 [6].
ata of Scott transformed in C2/m: a = 13.498 Å, b = 7.68 Å, c = 5.11 Å, ˇ = 127.3◦ , V = 421.40 Å
eZn13(2): C2/m, a = 13.424(5) Å, b = 7.608(1) Å, c = 5.061(3) Å, ˇ = 127.30(3)◦ , V = 411.16 Å3 [
Fig. 5. Structure of �-FeZn13. (a) Projection along c-axis; (b) projection along b-axis.

ues close to that of the ideal hcp arrangement c/a = 1.633
[5,6,20].
�-(Zn,Cr)—Partially ordered limited solid solutions CrxZn1−x
(0.2 < x < 0.4); �-brass type Cu5Zn8, cubic, space group I-43m (Nr.
217, PDF 71-0397). The crystal structure can be regarded as a super-
structure resulting from the arrangement of 27 (3 × 3 × 3) partially
vacated bcc �-type unit cells. In case of complete disorder, the
XRD patterns contain lines of a body centered cubic sub-cell, space

group Im-3m, type �-Cr with unit cell parameter 2.96 Å < a < 3.02 Å
[23].
�-(Zn,Cr)—A predominating phase formed only in the thermally
treated Fe/Zn–Cr and Fe/Cr/Zn–Cr coatings. �-type intermetallides

(Å3) for “as prepared”—(P) and “annealed”—(A) Fe/Zn,Cr and Fe/Cr/Zn–Cr galvanic

Annealed (A)

Phase
composition

Relative
content

Cell parameters and volume

�-Zn (h) 23 a = 2.665(2); V = 30.38; c = 4.939(3)
�-(Zn,Cr) (m) 77 a = 13.52(1); b = 7.651(3); c = 5.169(3);

ˇ = 127.9◦(4); V = 421.9

�-(Zn,Cr) (h) 27 a = 2.757(2); V = 29.28; c = 4.448(3)
�-(Zn,Cr) (m) 73 a = 13.50(1); b = 7.633(3); c = 5.165(3);

ˇ = 127.8◦(5); V = 420.5

�-(Zn,Cr) (h) 5 a = 2.785(3); V = 30.10; c = 4.482(3);
�-(Zn,Cr) (c) 5 a = 3.018(2); V = 27.49
�-(Zn,Cr) (m) 90 a = 13.49(2); b = 7.686(3); c = 5.168(2);

ˇ = 127.7◦(5); V = 423.9

�-Zn (h) 24 a = 2.664(2); V = 30.35; b = 4.939(2);
�-(Zn,Cr) (m) 76 a = 13.50(1); b = 7.673(3); c = 5.169(2);

ˇ = 128.0◦; V = 424.0

�′-Zn,Cr) (h) 74 a = 2.759(2); V = 29.32; c = 4.448(2);
�-(Zn,Cr) (m) 26 a = 13.54(2); b = 7.647(2); c = 5.173(2);

ˇ = 127.9◦; V = 422.7

�′-(Zn,Cr) (h) 16 a = 2.767(1); V = 29.50; c = 4.449(1);
�-(Zn,Cr) (m) 84 a = 13.49(1); b = 7.686(2); c = 5.169(2);

ˇ = 127.8◦; V = 423.6

nt paper).

3.
25].
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of the general formula MZn13 (M = 7.14 at.%) have been isolated in
the systems Ni–Zn, Fe–Zn, Co–Zn, and Mn–Zn [13]. They crystal-
lize in the monoclinic space group C2/m. The structure of FeZn13 is
presented in Fig. 5. Iron atoms occupy special position (0, 0, ½) and
are coordinated by 12 Zn atoms forming slightly deformed icosa-
hedron (Fig. 5a). Neighboring icosahedral clusters are connected
through a common Zn atom (special position (0, 0, 0)), in lin-
ear chains, running parallel to direction 〈0 0 1〉, (Fig. 5a). Adjacent
chains are bridged by additional Zn atoms (Fig. 5b).

.1. As deposited Fe/Zn–Cr and Fe/Cr/Zn–Cr coatings

Fe/Zn–Cr (6.2 at.% Cr): The XRD pattern for the as deposited
oating is indexed with a hexagonal unit cell a = 2.718 Å; c = 4.619 Å
Table 1). The axial ratio c/a = 1.699 is rather close to that for ideal
cp structure (c/a = 1.633) than to pure Zn (c/a = 1.856). Unit cell
arameters values and the relatively low content of Cr (x = 0.062)

n the system allow assignment of this phase to the �-(Zn,Cr) type
olid solutions.

Fe/Zn–Cr (12.3 at.% Cr): The coating is bi-component. The major
hase, 93 vol.%, is indexed with a hexagonal unit cell a = 2.748 Å;
= 4.492 Å; c/a = 1.635 (Table 1), values typical of �-(Zn,Cr) phases
6]. The minor phase is indexed on the basis of a body centered
ubic cell with parameter a = 3.028 Å, which suggests that it can be
eferred to the disordered �-(Zn,Cr) solid solutions. The content
f Cr in this coating (12 at.%) is less than the lower concentration
imit of Cr (≈20 at.%) at which the �-phase normally appears [20].
ince Zn–Cr alloy deposition is carried out at high current den-
ities, reacting species are consumed rapidly at the cathode and
he concentration in the vicinity of the cathode varies substan-
ially as electrodeposition proceeds. From another point of view,
ue to the intense hydrogen evolution fast alkalization in the vicin-

ty of the cathode takes place leading to transformation of the Cr(III)
omplexes—oligomerization, polymerization, etc. Under these con-
itions, the Cr concentration in the interface zone of the coating
djacent to the substrate may exceed the critical value of stability
f the �-phase. It is worth noticing that a similar concentration pro-
le has been observed in vacuum-evaporated Zn–Cr layers, where
he concentration of Cr decreases from about 15 mass% near the
ubstrate interface to about 5 mass% at the surface [6]. A gradient
n the distribution of Cr, due to a change of Cr content in the �-
hase and transition from bcc- to hcp-structure, from the interface
ubstrate/coating zone towards the surface of Zn–Cr alloy coat-
ngs, electrodeposited from electrolytes without agitation is also
stablished [24].

Fe/Zn–Cr (18.2 at.% Cr): The coating contains 69 vol.% �-
hase (a = 2.757 Å; c = 4.450 Å, c/a = 1.614) and 31 vol.% �-phase
a = 3.018 Å). These values of the unit cell parameters indicate higher
ontent of Cr in both phases, compared to �- and �-phases in sample
e/Zn–Cr (12.3 at.% Cr).

Fe/Cr/Zn–Cr (5.9 at.% Cr): The phase composition of the coat-
ng deposited onto Cr protected substrate is practically identical to
hat of the non-protected Fe/Zn–Cr (6.2 at.% Cr). The XRD pattern
xhibit peaks of �-phase (a = 2.720 Å; c = 4.662 Å; c/a = 1.714) with a
referred orientation of 〈0 0 1〉 direction perpendicular to the sam-
le plane, and as well peaks of �-Cr (4 vol.%), a = 2.883 Å. The peaks
f �-Cr are probably due to diffraction from the substrate. No �-Fe
ines were registered. The unit cell parameters and the axial ratio for
he �-phase do not differ substantially from those for the Fe/Zn–Cr
6.2 at.% Cr) sample, which has close elemental composition. It can
e concluded, therefore, that the coating is a single-phase �-(Zn,Cr)

olid solution.

Fe/Cr/Zn–Cr (13.5 at.% Cr): The XRD pattern of the coating
xhibit lines of two hexagonal phases, �-(Zn,Cr) type, that is
hy the symbol �′ is also used. The lattice parameters of the �-
hase (a = 2.719 Å; c = 4.667 Å; c/a = 1.716) are practically identical
Compounds 480 (2009) 259–264

to those of Fe/Cr/Zn–Cr (5.9 at.% Cr). The parameters of the �′-phase
(a = 2.757 Å; c = 4.448 Å; c/a = 1.613), correspond to those observed
for the �-phases with increased Cr content (Fe/Zn–Cr (18.2 at.%
Cr)). Both phases exhibit preferred orientation of the 〈0 0 1〉 direc-
tion perpendicular to the sample surface. The �′-phase with lower
axial ratio (c/a = 1.613) has probably formed at the beginning of
the deposition process, at higher relative concentrations of elec-
troactive Cr(III) species in the in the vicinity of the electrode. The
�-phase has higher axial ratio (c/a = 1.713), i.e. lower Cr content,
and seems to be deposited at a later stage of the deposition pro-
cess. Traces of �-Cr are also observed. �-type phases were not
detected.

Fe/Cr/Zn–Cr (16.4 at.% Cr): Like the previous sample, the coat-
ing contains two hexagonal phases, assigned as: � (a = 2.719 Å;
c = 4.667 Å; c/a = 1.716), with sharp symmetric diffraction lines and
preferred orientation of the 〈0 0 1〉 direction perpendicular to the
substrate surface, and �′ (a = 2.757 Å; c = 4.422 Å; c/a = 1.604), a
phase with no preferred orientation and broad asymmetric XRD
lines. The unit cell parameter values and the diffraction line pro-
files indicate that �′-phase has higher Cr content and is probably
formed at the beginning of the deposition process. The content of Cr
in �-phase is lower. The observed broadening and asymmetry of the
X-ray diffraction lines could be due to presence of Cr concentration
profile (decrease of Cr content in direction from substrate/coating
interface to external coating surface).

3.2. Annealed Fe/Zn–Cr and Fe/Cr/Zn–Cr coatings

Fe/Zn–Cr (6.2 at.% Cr) A: The basic components of the coating,
after thermal treatment of the sample, are: �-phase, mon-
oclinic, space group C2/m, (a = 13.52 Å; b = 7.651 Å; c = 5.169 Å;
ˇ = 127.9◦) and �-Zn, space group P63/mmc, (a = 2.665 Å; c = 4.939 Å;
c/a = 1.853). The lattice parameters of �-phase practically match
those of pure Zn. Theoretically, the content of the 3-d transition
metal M in �-MZn13 intermetallides, derived from the content of
their unit cell, is 7.14 at.%. If we assume that the segregated �-phase
is pure Zn, then from the nominal atomic composition of coating
it follows that the content of Cr in the �-phase is ≈8 at.%, i.e. the
observed �-phase is CrZn13. The thermally induced transformation
�-(Zn,Cr) → �-(Zn,Cr) is irreversible [6].

Fe/Zn–Cr (12.3 at.% Cr) A: The basic component of this coat-
ing after thermal treatment is �-phase (a = 13.50 Å; b = 7.633 Å;
c = 5.165 Å; ˇ = 127.8◦). The content of the hexagonal �-phase
(a = 2.757 Å; c = 4.448 Å; c/a = 1.613), is considerably lower. The lat-
tice parameters of the �-phase do not differ substantially from those
observed for the previous sample. The parameters of the �-phase,
however, have values typical for relatively rich in Cr hexagonal
phases. If we assume that the observed �-phase is indeed CrZn13,
then judging by the volume content of the �- and �-phases and the
nominal atomic composition of the coating, we can conclude that
the composition of �-phase is Cr0.26Zn0.74, (22 mass% Cr content).

Fe/Zn–Cr (18.2 at.% Cr) A: Thermal treatment of this coating
results in almost complete transformation of the �- and �-phases
into �-phase. A multiple-phase coating is obtained in which �-phase
(a = 13.49 Å; b = 7.686 Å; c = 5.168 Å; ˇ = 127.7◦) is the major com-
ponent. �-phase (a = 2.785 Å; c = 4.482 Å; c/a = 1.609) and �-phase
(a = 3.018 Å) are residual.

Fe/Cr/Zn–Cr (5.9 at.% Cr) A: The basic components of the coating
are: �-phase (a = 13.50 Å; b = 7.673 Å; c = 5.169 Å; ˇ = 128.0◦) and �-
Zn (a = 2.664 Å; c = 4.939 Å; c/a = 1.854).

Fe/Cr/Zn–Cr (13.5 at.% Cr) A: This is a multi-phase coating

with basic components: �-phase (a = 13.54 Å; b = 7.647 Å; c = 5.173 Å;
ˇ = 127.9◦) and �′-phase (a = 2.759 Å; c = 4.448 Å; c/a = 1.612). Weak
lines of Cr are observed as well. The �′-phase is most probably non-
decomposed �′-phase detected in the starting sample Fe/Cr/Zn–Cr
(13.5 at.% Cr).
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Fe/Cr/Zn–Cr (16.4 at.% Cr) A: This is a multi-phase coating with
asic components: �-phase (a = 13.49 Å; b = 7.686 Å; c = 5.169 Å;
= 127.8◦) and �′-phase (a = 2.767 Å; c = 4.449 Å; c/a = 1.608). Weak

ines for Cr are also observed. The �′-phase is most probably residual
′-phase detected in Fe/Cr/Zn–Cr (16.4 at.% Cr).

Summarized XRD data for the “as prepared” and “annealed”
n–Cr coatings allow deducing some empirical trends in the depen-
ence of phase composition and stability on nominal elemental
omposition and conditions of preparation. “As prepared” coat-
ngs having nominal Cr content between 6 and 18 at.%, consist of
on-equilibrium (non-existing in the equilibrium-phase diagram)
-(Zn,Cr) and �-(Zn,Cr) phases [6,7]. The �-phase can be regarded
s super-saturated solid solution of Cr in Zn matrix. In the crystal
tructure of the latter, each Zn atom has six lateral nearest neigh-
ors at distance of about 2.66 Å and another six, more distant, at
bout 2.91 Å. The random substitution of Cr for Zn introduces posi-
ional disorder in the system leading to gradual equalization of all
2 distances. With increasing nominal Cr content, the parameter
a) of the hexagonal �-phase increases, the parameter (c) decreases
nd the axial ratio c/a tends to 1.633.

The �-(Zn,Cr) appears as disordered Cu5Zn8 �-brass type
hase whose diffraction pattern contain lines of bcc lattice,
.018 Å < a < 3.028 Å. For the particular samples studied, the vari-
tion of unit cell parameter is not markedly pronounced. However,
ur previous studies of Zn–Cr coatings, obtained at different
lectrochemical conditions, have shown that a decreases almost
inearly with increasing Cr in a wide concentration range [25,26].

The atomic percentage of Cr (xCr) in �-(Zn,Cr) and �-(Zn,Cr)
ould be evaluated roughly without any theoretical implications,
ssuming that the unit cell volume Vp of a given Zn–Cr phase varies
inearly with xCr, between unite cell volumes of the pure bcc Cr
VCr = 24.01 Å3) and that of pure hcp Zn (VZn = 30.43 Å3). Please, have
n mind that the hexagonal Zn and the cubic �-Cr contain two metal
toms in their unit cells:

p = xCrVCr + (1 − xCr)VZn; or xCr = 30.43 − Vp

6.42
(1)

The atomic percentage (xCr)� and (xCr)� of Cr calculated for
- and �-(Zn,Cr) phases using Eq. (1) and unit cell volume data
iven in Table 1, falls in the intervals 9 at.% < (xCr)� < 21 at.% and
1 at.% < (xCr)� < 45 at.%. These results do not differ essentially from
xisting data.

The �-phase is the major constituent of “as prepared” Fe/Zn–Cr
oatings, deposited on unprotected substrate (Table 1). At higher
r content it is accompanied by �-phase, whose amount increases
ith increasing Cr content. In contrast to Fe/Zn–Cr the Cr-protected

Fe/Cr/Zn–Cr) coatings consist exclusively of �-phases. This charac-
eristic may arise from different electrochemical conditions at the
urface of non-plated steel and Cr-plated steel electrode. It may
e as well due to the fact that the electrolyte at the surface of
he unprotected electrode is contaminated with Fe. Finally, the Cr
oncentration profile for coatings deposited on non-protected elec-
rodes may be much steeper, than that for protected electrodes. In
uch a case, the local concentration of Cr could be large enough to
all within the compositional interval of existence of �-phase. So
ar, this effect remains open for discussion.

The “annealed” coatings are multiphase. The major
onstituent—the equilibrium �-phase is accompanied by interme-
iate amounts of �- or �-phases and minor amounts of �-phase.
he phase composition is related to the Cr content in the “as
repared” coatings. On annealing, the equilibrium �-CrZn13 phase

7.14 at.% Cr) precipitates from the non-equilibrium �-phase in the
as prepared” coatings. With Cr content less than 7.14 at.% the �-
hase decomposes to �-CrZn13 and pure �-Zn. When the Cr atomic
ercentage is greater than 7.14, the Cr is distributed between the �-
nd �- or �-phases. Precipitation of �-(Zn,Cr) phases on annealing
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of supersaturated �-(Zn,Cr) solid solutions has also been reported
by Hashimoto et al. for electrodeposited Zn–Cr alloy coatings of
more than 5.7 mass% Cr, subjected to thermal treatment [18,19].
The question that still requires answer is: Are the precipitated
�-phases contaminated with Fe from the substrate?

The unit cell parameters for �-phases, summarized in Table 1,
agree well with those reported by Scott et al. for evaporated and
annealed thin Zn–Cr films [6]: standard C2/m setting, a = 13.498 Å;
b = 7.68 Å; c = 5.11 Å; ˇ = 127.3◦; V = 421.40 Å3. It should be noted that
the original setting used by Scott et al. is I2/m: a = 10.93 Å; b = 7.68 Å;
c = 5.11 Å; ˇ = 100.76◦; V = 421.40 Å3. As seen from Table 1, devia-
tions from average values of the cell parameters and volumes are
small and random. This is valid not only for the �-phases formed
in the coatings with different Cr content, but as well for the coat-
ings on protected and non-protected substrates. The average unit
cell parameters and volume (a = 13.51 Å; b = 7.663 Å; c = 5.169 Å;
ˇ = 127.9◦; V = 423.43 Å3) are much higher than those for FeZn13
(a = 13.424 Å; b = 7.608 Å; c = 5.061 Å; ˇ = 127.30◦; V = 411.16 Å3) [27].
This is due to the fact that the atomic radius of Cr (1.304 Å) is
larger than that of Fe (1.274 Å). Hence, judging by the values of
the obtained lattice parameters and the similarities in phase com-
position of annealed coatings on protected and non-protected
substrates it can be concluded that if Fe is partly substituted for Cr
at the center of the icosahedral cluster, its relative amount should
not exceed few tenths of a percent.

4. Conclusions

Zn–Cr alloy coatings with Cr content between 6 and 18 at.% were
obtained in a flow cell in order to reach the working conditions of
the high speed electrodeposition on steel strips. The “as prepared”
coatings consist of non-equilibrium �-(Zn,Cr) (super-saturated
solid solution of Cr in Zn matrix) and �-(Zn,Cr) (disordered Cu5Zn8
�-brass type) phases. The coatings with low Cr content are sin-
gle �-(Zn,Cr) phase. At higher Cr content, on non-protected steel
substrates �-phase is accompanied by �-phase, whose amount
increases with the Cr content, while on Cr-protected steel two �-
phases, with different Cr content co-exist.

The “annealed” coatings consist exclusively of �-CrZn13 equi-
librium phase. The phase composition is related to that of the
“as prepared” coatings. When Cr content is less than 7.14 at.% the
�-phase decomposes to �- and pure �-Zn. When the atomic per-
centage is grater than 7.14, the Cr is distributed between the �- and
�- or �-phases.

The values of the obtained lattice parameters and the similari-
ties in phase composition of annealed coatings on protected and
non-protected steel substrates evidences that the iron from the
substrates does not contaminate substantially the �-CrZn13 phase.

The effect of the annealing conditions (temperature, annealing
time) on phase composition will be a subject of further study as
well as the properties of the �-CrZn13 phase.
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