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Abstract

The role of polyethylene glycol (PEG) as an additive in the electrodeposition of zinc±chromium alloys was
investigated in sulfate baths containing trivalent chromium. PEG with high molecular weight enabled the
codeposition of metallic chromium with zinc, while chromium(III) was present in the deposits obtained from
the baths containing PEG with lower molecular weight as well as the PEG-free bath. The polarization curves for the
alloy deposition revealed that PEG with high molecular weight polarized the deposition potential of zinc to the
reduction potential of chromium to permit the codeposition of chromium with zinc.

1. Introduction

The electrodeposition of zinc alloys on steel sheets has
been developed to provide better corrosion resistances
than the common zinc plating. The electroplating of
zinc±iron and zinc±nickel alloys on steel strips is now
being carried out on the commercial scale by steel
manufacturers [1, 2]. Recently, attention has also been
paid to a zinc±chromium alloy plated steel sheet because
of its excellent properties for automotive body panels
and electrical appliances. This plating process can be
performed using sulfate solutions containing trivalent
chromium ions [3±7].
In decorative single chromium plating, many attempts

have been made to electroplate chromium from trivalent
electrolytes, which are motived by environmental de®-
ciencies of the presently used hexavalent process [8±14].
However, it has been reported that the electroreduction
behaviour of chromium(III) is atypical due to the
complex nature of the chemistry and electrochemistry
of chromium(III) species in the aqueous solutions [8, 9,
12, 15±20].
In zinc±chromium alloy plating, on the other hand, it

is di�cult to codeposit metallic chromium with zinc in
simple sulfate electrolytes. The addition of certain types
of polymers such as polyethylene glycol (PEG) to the
electrolyte is essential to electroplate good quality zinc±
chromium alloys [3±5]. In this work, the e�ect of PEG
on the alloy deposition behaviour was investigated to
clarify the role of PEG in the electrodeposition of zinc±
chromium alloys.

2. Experimental details

2.1. Electrolysis

An air sealed electrolytic cell was used for conducting
the electrolysis at galvanostatic and coulostatic
(100 kC m)2) conditions. The cathode was copper and
the anode platinum. For all experiments, the tempera-
ture was kept at 317 K and a saturated Ag/AgCl
electrode was used as a reference.
Electrolytes were prepared by dissolving ®xed

amounts of high-grade reagents of ZnSO4 (0.2 mol
dm)3), Cr2(SO4)3 (0.05 mol dm)3) and Na2SO4

(0.2 mol dm)3) in distilled and deionized water. The
bath pH was adjusted to 2.0 with sulfuric acid. Baths
containing PEG of various mean molecular weights
(200±30 000) were prepared with concentrations of 0,
0.1, 0.5, 1.0 and 5.0 g dm)3.

2.2. Deposit analysis

Electrodeposited alloys were dissolved in aqua regia and
both zinc and chromium in the deposits were quantita-
tively analysed by inductively coupled plasma spect-
rometry (ICP). Then the current e�ciency and the
composition of deposits were determined. Further, the
partial current densities of zinc and chromium were
calculated from the applied current density and the
partial current e�ciency of each metal to illustrate the
polarization curve for the alloy deposition. Additionally,
the chemical state of chromium in the deposits was
estimated by X-ray photoelectron spectrometry (XPS).
Scanning electron microscopy (SEM) was used to
observe the morphology of the deposits.
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3. Results and discussion

3.1. E�ect of PEG on alloy deposition

The e�ect of PEG concentration on the alloy deposition
behaviour was studied in the bath containing PEG 1540.
Figure 1(a) shows the current density-dependence of
chromium content in the deposits obtained in the baths
containing 0, 1.0 and 5.0 g dm)3 of PEG. Regardless of
the addition of PEG in the bath, the chromium content
increased with increase in current density, while no
codeposition of chromium was observed at current
densities lower than 5 A dm)2. The current e�ciency
was extremely low at low current densities and massive
deposition occurred only above 5 A dm)2. The chromi-
um content of the deposits was higher in the PEG-
containing baths than in the PEG-free baths. The
chromium contents at 10 and 20 A dm)2 were plotted
against PEG concentration in the electrolytes and the
results are shown in Fig. 1(b). A small addition of PEG
enhanced the chromium content remarkably, although
further increase in the chromium content was not

observed at higher PEG concentration than
1.0 g dm)3. This suggests that PEG adheres to the
cathode layer and behaves as an adsorptive substance
during the alloy deposition.
As mentioned above, the codeposition of chromium

was observed even in the PEG-free baths, although PEG
is e�ective to some extent in increasing the chromium
content in the deposits. The chemical state of chromium
in the deposits was determined by XPS. Figure 2 shows
XPS spectra of chromium 3d 3/2 and 5/2 doublets in the
deposits obtained in the PEG-free and PEG-containing
(1 g dm)3) baths. As-plated specimens were argon sput-
tered for various duration to eliminate atmospherically
oxidized and/or contaminated layer of the deposits.
The XPS spectra of the deposits from the PEG-free

baths corresponded to that of chromium(III) after argon
sputtering. Since the current ef®ciency for the zinc±
chromium alloy deposition is about 80% at maximum,
hydrogen evolves consistently to cause a pH rise in the
cathode layer. On the other hand, chromium(III) aquo
ions readily hydrolyse to form insoluble chromium(III)
species at about pH 4. It is, therefore, suggested that

Fig. 1. E�ects of current density and PEG concentration in bath on Cr content in deposit. (a) PEG concentration: (s) PEG-free, (n) 1.0 and

(e) 5.0 g dm)3; (b) current density: (s) 10 and (e) 20 A dm)2.

Fig. 2. XPS spectra of Cr in deposit obtained from PEG-free and PEG-containing baths.
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when PEG is not present in the baths the hydrolysis
products of unreduced chromium(III) are incorporated
in the deposited zinc during the electrolysis.
The peaks at the binding energy of metallic chromium

appeared on the XPS spectra of the deposits from the
PEG-containing baths after a few minutes of argon
sputtering. The peak height increased with increase in the
sputtering duration, although small peaks of chromi-
um(III) compounds were also observed at the early stages
of the sputtering process. Therefore, chromium existed in
its metallic state in the bulk deposits to form a zinc±
chromium alloy in the presence of PEG in the baths.
Figure 3 shows the e�ect of PEG addition

(1.0 g dm)3) on the morphology of the deposits ob-
tained at 10 and 20 A dm)2. The deposits from the
PEG-free baths consisted of angular platelets with a size
of a few microns. By addition of PEG, the deposits
showed more compacted surface and were composed of
®ner grains. In fact, PEG additions changed the visual
appearance of the deposits from dull gray to lustrous.

3.2. E�ect of mean molecular weight of PEG on
alloy deposition

PEG is known to have various molecular weights
depending on the degree of polymerization. The e�ect
of the degree of polymerization of PEG on the electro-

deposition behaviour of zinc±chromium alloys was then
studied by preparing baths containing PEG of di�erent
molecular weights.
Figure 4(a) shows the chromium content in the

deposits with respect to the current density when the
mean molecular weight of PEG was changed from 200,
4000 to 10 000. In the Figure, the chromium content in
the deposits from the PEG-free baths is also shown as a
reference. It was found that the chromium content in the
deposits increased with increase in the molecular weight
of PEG when the current density exceeded 5 A dm)2. In
Fig. 4(b), the chromium content in the deposits was
plotted as a function of the molecular weight of PEG.
With an increase in the molecular weight of PEG, the
chromium content increased ®rst, then became constant
when the molecular weight exceeded 1540.
Figure 5 shows the XPS spectra of chromium in the

deposits obtained in baths containing PEG of various
molecular weights. Chromium in the deposits obtained
in the baths containing PEG 1540 and 4000 existed in its
metallic state, and chromium(III) was present in the
deposits obtained in the PEG-free and PEG 200
containing-baths. Therefore, PEG has no effect on the
reduction of chromium(III) ion to its metallic state when
the molecular weight is small. Figure 6 shows the effect
of molecular weight of PEG on the morphology of
the deposits. The deposits obtained in the PEG 200

Fig. 3. E�ect of PEG on morphology of deposit obtained at 10 and 20 A dm)2.
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containing-baths showed a rough surface which might
have resulted from the existence of unreduced chromi-
um(III) compounds. On the other hand, the zinc±
chromium alloys with smooth and compact surfaces
were electrodeposited from the baths containing PEG
1540 and 4000.

3.3. Role of PEG in zinc±chromium alloy deposition

Figure 7 shows the polarization curves for alloy depo-
sition from the bath containing 1.0 g dm)3 of PEG
(1540). Since metallic chromium can be codeposited in
this plating condition, the partial polarization curve of
chromium together with that of zinc is also presented in
this ®gure. The standard electrode potentials of Cr(III)/
Cr(II) and Cr(II)/Cr(0) are )0.61 and )1.11 V vs sat. Ag/
AgCl, respectively. The metallic chromium is stable at
potentials less positive than )1.1 V and therefore chro-
mium is the less-noble metal than zinc (standard elec-
trode potential Zn(II)/Zn is )0.96 V vs sat. Ag/AgCl). It
was found in Figure 7 that the partial polarization curve

Fig. 4. E�ects of current density and molecular weight of PEG on Cr content in deposit. (a) Molecular weight of PEG: (s) 200, (n) 4000,

(e) 10 000 and (�) PEG-free; (b) current density: (s) 10 and (e) 20 A dm)2.

Fig. 5. XPS spectra of Cr in deposits obtained in baths containing

PEG with various molecular weights.

Fig. 6. E�ect of molecular weight of PEG on morphology of deposit.
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of zinc was located in the potential region more positive
than that of chromium. Moreover, the composition of
the alloy estimated under diffusion control of both metal
ions is about 38 mass% chromium. The chromium
content in the deposits in this experiment was always less
than 40 mass %, and, therefore, zinc is electrodeposited
in preference to chromium. According to Brenners's
criteria [21], this suggests that the codeposition behav-
iour of zinc±chromium alloys from the sulfate baths can
be classi®ed as a regular type.
Figure 8 shows the e�ect of the concentration and the

molecular weight of PEG on the cathode potential at a
current density of 5.0 A dm)2 above which chromium
codepostion is observed. The cathode potential was
abruptly shifted to a less positive direction and became
constant with increase in concentration and molecular
weight of PEG. By taking into account previous XPS
results (Figures 2 and 5), it is found that the cathode
potential at which metallic chromium begins to code-
posit is around )1.3 V.

Figure 9 shows the partial polarization curves of zinc
in the electrodeposition of zinc±chromium alloys from
the PEG-free and PEG-containing baths. In the PEG-
free and the PEG 200-containing baths, zinc deposited
around the standard electrode potential of zinc ()0.96 V
vs sat. Ag/AgCl). However, with increase in the molec-
ular weight and concentration of PEG, the partial
polarization curves of zinc were shifted in a less positive
direction. Thus a suppressed rate of zinc deposition was
observed in the presence of PEG with a higher molecular
weight. On the other hand, the partial polarization
curves of chromium were not a�ected by the concen-
tration and molecular weight of PEG, when metallic
chromium was codeposited.
It is well known that zinc begins to electrodeposit at

its equilibrium potential and little activation overpoten-
tial is necessary for its deposition from aqueous sulfate
baths. Therefore, it is generally di�cult to reach the
cathode potential where chromium is reduced to its
metallic state (less than )1.3 V). When the electrodepo-
sition is conducted at higher current densities than the

Fig. 7. Polarization curves for alloy deposition from bath containing

1.0 g dm)3 of PEG (1540). Key: (s) total polarization curve, (u) par-

tial polarization curve of Zn and (n) partial polarization curve of Cr.

Fig. 8. E�ects of concentration and molecular weight of PEG on

cathode potential at 5.0 A dm)2.

Fig. 9. E�ects of molecular weight and concentration of PEG on partial polarization curve of Zn. (a) Molecular weight of PEG: (s) 200,

(u) 4000, (n) 10 000 and (�) PEG-free; (b) PEG concentration: (s) 0.1, (u) 1.0 and (n) 5.0 g dm)3 and (�) PEG-free.
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limiting current density of zinc, the reduction potential
to metallic chromium can be attained. However, the
deposits obtained under di�usion control are powdery
and unfavorable for practical use. Accordingly, it can be
concluded that the role of PEG in the zinc±chromium
alloy deposition is to polarize the zinc deposition (as
well as hydrogen evolution) to a less positive region,
which permits the codeposition of metallic chromium
with zinc.
The polarization e�ect of PEG may be attributed to

the adsorption of PEG on the active sites for metal
deposition [22]. Figure 10 shows the structural formula
of PEG and the schematic illustration of the adsorption
of polymers on the substrate surface. In the case of
polymer adsorption, the saturated amount of adsorbed
polymer is known to increase with increase in molecular
weight [23]. By addition of PEG of higher molecular
weight, the suppression of zinc deposition was de®nitely
observed, while PEG with smaller molecular weight
showed little e�ect on the alloy deposition. Therefore,
PEG seems to adsorb in the same manner as shown in
Figure 10 and enables the codeposition of metallic
chromium with zinc.

4. Conclusion

The e�ect of PEG on the electrodeposition of zinc±
chromium alloys was investigated in trivalent chromium
baths. The chromium content in the deposits increased
with increase in the concentration and molecular weight
of PEG. The addition of PEG with molecular weight
higher than 1540 permitted the deposition of zinc±
chromium alloys of smooth and lustrous surfaces, while
no deposits containing metallic chromium were

obtained in the PEG-free baths and the baths containing
PEG with lower molecular weight. The cathode poten-
tial was shifted in the less positive direction with increase
in concentration and molecular weight of PEG. There-
fore, PEG inhibits zinc deposition by adsorbing on the
cathode, thus making it possible to attain the deposition
potential of metallic chromium.
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