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Abstract

Electroless Ni±Zn±P alloy coatings were obtained on an iron substrate from a sulfate bath at various pH values. The
e�ects of changes in bath pH on alloy composition, morphology, microstructure and corrosion resistance were
studied. Scanning electron microscopy was performed to observe the morphological change of the deposits with
bath pH. Coating crystallinity was investigated by grazing incidence asymmetric Bragg X-ray di�raction and
transmission electron microscopy. A transition from an amorphous to polycrystalline structure was observed on
increasing the bath alkalinity, and thus decreasing the phosphorus content of the alloys. A single crystalline phase
corresponding to face-centred-cubic nickel was identi®ed in the alloys obtained from a strong alkaline solution. An
increase in zinc percentage up to 23% in the deposits does not change the f.c.c. nickel crystalline structure.
Corrosion potential and polarization resistance measurements indicated that the corrosion resistance of electroless
Ni±Zn±P alloys depends strongly on the microstructure and chemical composition. The deposits obtained at pH
9.0±9.5 and with 11.4±12.5% zinc and 11.8±11.2% phosphorous exhibited the best corrosion resistance.

1. Introduction

The increasing demand for corrosion resistant coatings
has led researchers to study new materials. In particular,
metallic coatings containing nonmetallic element inclu-
sions such as phosphorous have received considerable
attention; in fact it was found that the addition of
phosphorous to the iron group metals or their alloys
strongly a�ects the physico-chemical properties [1].
Nickel±phosphorous binary alloys are well known for

their good corrosion resistance, mechanical properties
and magnetic e�ects. These alloys can be produced by
electrodeposition [2±4] or by electroless deposition
[5±12] and their properties are strongly dependent on
the preparation process [13]. Microstructural investiga-
tions of as-deposited electroless Ni±P alloys showed
contradictory results: some authors [9, 11, 12] found
amorphous, liquid-like structures, whereas Graham et al.
[10] found a polycrystalline structure with ®ne grain size,

corresponding to the face-centred cubic (f.c.c.) structure
of nickel. This di�erence was explained by the di�erent
sample preparation [12]. Chow et al. [14] con®rmed the
f.c.c. structure of nickel for Ni±P ®lms electrolessly
deposited from strong alkaline solution.
The ternary Ni±Zn±P alloys have been less investi-

gated. The phosphorous addition to the electrodeposi-
tion bath of zinc±nickel alloys was found to re®ne the
microstructure and improve the corrosion resistance of
the deposits [15]. Composition, morphology and corro-
sion resistance of Ni±Zn±P alloy coatings (Zn 13.3±
75.1%, P 5.9±0.4%), obtained by electrodeposition from
chloride bath at a rotating cylinder electrode, have been
studied by Swathirajan and Mikhail [16]. Recently the
electroless deposition of Zn±Ni±P alloys rich in zinc was
proposed to provide a sacri®cial, corrosion-protective
coating, which may be applied after assembly of
components and which is compatible with subsequent
operations such as painting [17]. Electroless deposition
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of Ni±Zn±P thin ®lms from a chloride bath on an
SnCl2±PdCl2 activated substrate has been studied by
Schlesinger et al. [18, 19]. The ®lms had a high nickel
content and very small crystallite sizes; the authors
evaluated the roles of microstructure in determining and
controlling corrosion properties.
Previously, we investigated the e�ect of the di�erent

plating parameters (T, pH and [Zn2+]) on the compo-
sition and the plating rate of Ni±Zn±P alloys rich in Ni,
electrolessly deposited from a sulphate bath on Armco
iron sheets [20]. In the present work the e�ects of
changes in morphology, microstructure and corrosion
resistance of the alloy coatings with the pH of the bath
were studied. Morphological and microstructural ana-
lyses of the deposits were performed by scanning (SEM)

and transmission (TEM) electron microscopy tech-
niques and grazing incidence asymmetric Bragg X-ray
di�raction (GIABD). The corrosion behaviour was
studied by corrosion potential (Ecorr) and polarization
resistance (Rp) measurements performed in quiescent
aerated 3% NaCl solution.

2. Experimental details

Ni±Zn±P alloys were electrolessly deposited at 90 °C from
a basic bath of the following composition: NiSO4.6H2O
27 g dm)3 (0.1M); ZnSO4.7H2O 2.9 g dm)3 (0.01M);
NaH2PO2.H2O 32 g dm)3 (0.3M); C6H5Na3O7.2H2O
59 g dm)3; (NH4)2SO4 27 g dm)3 and lactic acid 10 g
dm)3. The pH was adjusted to 9.0 by addition of sodium
hydroxide. To study the e�ects of bath pH on the
physico-chemical properties of the alloys, some deposi-
tions were performed at pH between 8.0 and 11.2; pHwas
changed by addition of sodium hydroxide. All the
solutions were prepared with doubly distilled water and
analytical grade reagents and were deaerated by nitrogen
bubbling. Electroless deposits were obtained on Armco
iron sheets (exposed area 3 cm2), which were mechani-
cally polished with progressively ®ner grades of emery
paper, chemically etched in dilute sulphuric acid and
rinsed with distilled water before the experiments. After
deposition, the samples were washed with distilled water
and dried with hot air.
The composition of the deposits was determined using

an inductively coupled plasma spectrometer (Perkin
Elmer Optima 3200 XL) and a energy dispersive X-ray
spectrometer (Edax PV9800). Scanning electron micros-

Fig. 1. Scanning electron image of a Ni76.8±Zn11.4±P11.8 deposit

obtained from the basic bath (pH 9.0).

Fig. 2. X-ray microanalysis of the deposit obtained from the basic

bath.

Fig. 3. Scanning electron micrograph of a cross section of the deposit

obtained from the basic bath.
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copy to study the surface and the cross-section morphol-
ogy was performed on a Philips XL 20 instrument. The
cross sections were obtained by fracture of the samples in
liquid nitrogen, in order to avoid modi®cations of the
coating structure. Grazing incidence asymmetric Bragg
X-ray di�raction spectra were acquired using a INEL
CPS 120 di�ractometer with CuKa radiation (1.540 56AÊ ).
Transmission electron microscopy was performed on a
Philips CM 200 instrument. The samples were prepared
for TEM observations by conventional techniques and
the ®nal thinning was carried out in an ion beam using
Ar+ ions at 5.5 kV, 0.5mA and an incidence angle of 14°.
During this stage the specimens were continuously cooled
by liquid nitrogen to prevent any possible changes
induced by warming. Deposits which did not adhere on
the iron sheet were peeled o� and ground to reduce their
thickness before the TEM observation.

The corrosion behaviour of electroless Ni±Zn±P
alloys was studied by corrosion potential (Ecorr) and
polarization resistance (Rp) measurements carried out in
quiescent aerated 3% NaCl solution. The experiments
were performed using a EG&G Princeton Applied
Research (PAR) model 273 potentiostat/galvanostat
and a PC with the m352 corrosion software. The
auxiliary electrode was a platinum spiral and the
reference electrode was a saturated calomel electrode
(SCE). On immersion, the corrosion potential was
measured and recorded against time until its change
was less than 10mVh)1. The polarization resistance was
then measured by potentiodynamic polarization at
0.2mV s)1 from 15mV cathodic to 15mV anodic of
Ecorr. The Rp value was calculated from the slope of the
curve.

Fig. 4. Scanning electron images of the deposits obtained at di�erent bath pH. (a) pH 8.0, Ni79±Zn8.5±P13; (b) pH 9.5, Ni76.3±Zn12.5±P11.2; (c)

pH 10.0, Ni79.8±Zn13.3±P7 and (d) pH 11.2, Ni83.6±Zn10±P5.
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3. Results and discussion

3.1. Deposit morphology

The Ni±Zn±P deposit obtained from the basic bath is
bright grey in appearance; SEM observation shows that
its surface morphology is homogenous and not porous,
with rounded formations (Fig. 1). From the energy
dispersive X-ray analyses (EDX) it was found that the
chemical composition is almost the same in the di�erent
zones. The percentages in weight of the deposit elements
are 11.4% zinc, 11.8% phosphorus and 76.8% nickel.
Figure 2 shows a typical EDX spectrum where only the
Ni, Zn, P and Fe elements appear, demonstrating the
purity of the coating; the Fe peak is due to substrate
interference. SEM observation on the cross sections of
this coating showed that the deposit develops in a
uniform fashion on the substrate (Fig. 3).
To analyse the e�ect of solution pH on the compo-

sition and surface morphology, some depositions were
carried out from baths of di�erent pH (8.0, 9.5, 10.0 and
11.2). All the deposits were bright or semibright grey.
Figure 4 shows the SEM images of the Ni±Zn±P alloys.
A gradual morphological change with pH is clearly
visible: the coating obtained from pH8.0 is uniform,
homogenous and smooth (Fig. 4(a)); when the pH
increases, the coatings are also homogenous and uni-
form, but show rounded formations (Figs 1, 4(b), (c)
and (d)). At pH 11.2 (Fig. 4(d)), the deposit is cracked
and does not adhere to the iron substrate. The cracks in
the deposits are generally due to internal stress which
depends on several parameters such as the nature and
state of the substrate, the composition of the deposit and
hydrogen penetration during the deposition. The de-
crease in the phosphorus content in the deposit from
13% at pH8 to 5% at pH11.2 is the probable cause of
the cracks, in agreement with other work on electroless
Ni±P alloys [5], where it was found that the internal
stress increases with decrease in deposit phosphorus
content.
The deposits obtained at pH9.5 and 10.0 with a zinc

concentration in solution higher (Zn2+ 0.05M) than that
of the basic bath also have a phosphorus percentage of
about 5%, but do not exhibit cracks (Figs 5(a) and (b));
their zinc content ranges between 18 and 23%. This fact
indicates that a low phosphorus percentage in the
deposit causes internal stress which is reduced by the
higher percentage of zinc. The presence of cracks was
also observed by other authors in Ni±Zn±P electrode-
posits and was attributed to the internal stress caused by
nickel lattice distortion [16]. Cracks due to a low content
of zinc in the deposits were found also in Co±Zn alloys
electrodeposits [21±23].

Fig. 5. Scanning electron images of the deposits obtained from a

solution with 0.05 M in zinc. (a) pH 9.5, Ni76.7±Zn18±P5.7; (b) pH 10.0,

Ni72.7±Zn23±P5.

Fig. 6. X-ray di�raction patterns of Ni±Zn±P alloys deposited at

di�erent bath pH. (a) pH 8.0; (b) pH 9.0; (c) pH 10.0 and (d) pH 11.2.
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3.2. X-ray di�raction

GIABD spectra of the electroless Ni±Zn±P alloys are
reported in Figure 6. Only one broad peak is present in
all the curves; the half-height width of this peak reduces
on changing the pH from 8.0 to 11.2. The sharper peaks
in curves (b) and (c) are linked to the iron substrate. The
X-ray di�raction patterns suggest that in the Ni±Zn±P
alloys an amorphous phase coexists with a crystalline
one. On increasing the bath pH, the amount of
crystalline phase increases with respect to the amor-
phous one.
GIABD analysis did not permit identi®cation of the

crystalline phase present in the alloys, therefore trans-
mission electron microscopy was performed.

3.3. TEM analyses

Figure 7(a)±(d) shows TEM images of electroless Ni±
Zn±P alloy deposits obtained from di�erent alkaline
baths (8.0, 9.0, 10.0 and 11.2).
The images show that the Ni±Zn±P alloy are made of

crystallites uniformly distributed in an amorphous
matrix. The size of the crystallites varies according to
bath alkalinity. In particular, it ranges from about 65AÊ

for the alloy obtained at pH 8 (Fig. 7(a)) to 5000AÊ for
that deposited at pH11.2 (Fig. 7(d)). Electron di�rac-
tion patterns corresponding to the di�erent deposits are
reported in Figure 8. The very broad rings, correspond-
ing to the deposit obtained at pH8.0 (Fig. 8(a)) become
sharper at pH9.0 (Fig. 8(b)). The electron di�raction

Fig. 7. TEM images of Ni±Zn±P alloys deposited from alkaline solutions. (a) pH 8.0, dark ®eld; (b) pH 9.0, dark ®eld; (c) pH 10.0, bright ®eld;

(d) pH 11.2, bright ®eld.
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patterns of the alloys obtained at pH10.0 and pH11.2
are similar (Fig. 8(c)) and show sharp and continuous
rings with intense spots inside. These results indicate a
gradual change from a prevalently amorphous alloy
with few and small crystallites (Fig. 8(a)) to a preva-
lently crystalline one, with di�erent crystallite sizes
(Fig. 8(c)).
The substantial decrease in phosphorus incorporated

inside the alloys is responsible for the increase in
average size of the crystallites [24]. This is in agreement
with other works on the nucleation and growth of
electroless Co±P, Ni±Co±P and Ni±P [14, 25] alloy
deposits. The authors pointed out that the degree of
alloys crystallinity strongly depends on their phospho-
rus content: the decrease in phosphorus content with
pH leads to an increase in the average size of
crystallites.

It is worth mentioning that the bath alkalinity a�ects
only the sharpness of the TEM di�raction rings and not
their positions. The crystalline phase present in the
electroless Ni±Zn±P alloy was identi®ed by calculating
the interplanar distances from the di�raction patterns.
Table 1 shows the dhkl values calculated from
Figure 8(c) and those tabulated for the f.c.c. nickel
structure. The strong correlation demonstrates that the
crystallites present in the alloys have the f.c.c. nickel
structure. This was also found by other authors for
electroless Ni±Zn±P thin ®lms having Zn <13 at% (a/
o), which were prepared on activated substrate from a
chloride bath [19].
Figure 9 shows the electron TEM image (Fig. 9(a))

and the corresponding electron di�raction pattern
(Fig. 9(b)) of Ni±Zn±P alloy electrolessly deposited at
pH 10.0 with a higher zinc concentration in the solution

Fig. 8. Electron di�raction patterns of the deposits shown in Figure 9. (a) pH 8.0; (b) pH 9.0; (c) pH 10.0.
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(Zn2+ 0.05M): crystallites 85AÊ in size are present
(Fig. 9(a)). The comparison with the crystals size of
the deposit obtained at pH 10 with a lower Zn concen-
tration in solution (0.01M, Fig. 7(c)) shows that the
increase in zinc content leads to a decrease in crystallites

size. The electron diffraction pattern (Fig. 9(b)) shows
continuous rings corresponding to f.c.c. nickel; therefore
the increase in the deposit zinc content up to 23% does
not change the nickel crystalline structure. These results
suggest that both phosphorus and zinc are interstitial in
the f.c.c. nickel attice.

3.4. Corrosion resistance

Corrosion potential and polarization resistance values
of electroless Ni±Zn±P alloys, deposited at di�erent pH
and immersed in quiescent aerated 3% NaCl solution,
are shown in Figure 10. The change in pH strongly

Table. 1. Comparison among the interplanar distances measured (dm)

for the Ni±Zn±P alloy deposited at pH 10.0 and those tabulated for Ni

(dt)

N dm � Ddm/AÊ dt (Ni)/AÊ (h k l)

1 2.04 � 0.04 2.03 (1 1 1)

2 1.72 � 0.04 1.76 (2 0 0)

3 1.21 � 0.04 1.24 (2 2 0)

4 1.02 � 0.02 1.02 (2 2 2)

5 0.79 � 0.02 0.79 (4 2 0)

Fig. 9. Ni±Zn±P coating deposited from the solution with 0.05 M in

zinc at pH 10.0. (a) TEM image, (b) electron diffraction pattern at

higher magni®cation than those in Figure 8.

Fig. 10. E�ect of bath pH on the corrosion potential and polarization

resistance of electroless Ni±Zn±P alloy coatings in quiescent aerated

3% NaCl solution.

Fig. 11. E�ect of immersion time in quiescent aerated 3% NaCl

solution on the corrosion potential and polarization resistance values

of Ni±Zn±P alloy coating obtained from the basic bath.
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a�ects the corrosion potential values, which are more
positive than those of the iron substrate ()476mV vs
SCE). Ecorr increases up to pH 9.5 followed by a
decrease and shift toward the substrate potential; the
deposits obtained at pH values between 8.5±9.5 have a
corrosion potential slightly lower than that measured on
pure nickel ()271mV), according to the high nickel
content of the alloys. The trend in the polarization
resistance values con®rms the corrosion potential mea-
surements: the deposits obtained at pH between 9.0±9.5,
with a zinc and phosphorous content of 11.4±12.5% and
11.8±11.2%, respectively, show better corrosion resis-
tance than those obtained at low or high pH. According
to the SEM observations (Fig. 4(d)), the drop in
corrosion resistance for the deposits obtained at pH
above 10 is due to the cracks. The low corrosion
resistance for the deposits obtained at pH 8.0 with a
characteristic amorphous structure, can be attributed to
the high phosphorous content, which makes it electro-
chemically active [19].
Figure 11 shows the e�ect of the time of immersion in

3% NaCl solution on the corrosion potential and
polarization resistance values of the Ni±Zn±P deposit
obtained from the basic bath at pH 9.0. At immersion,
Ecorr is about )350mV; after about 20 h it stabilizes
around )276mV, corresponding to nickel oxides
according to Pourbaix diagram [26]. This shift to more
positive potentials is due to the formation of corrosion
products which provide a di�usion barrier [19]. After
about 60 h the potential decreases, indicating that the
corrosion products are no longer protective.

4. Conclusions

The e�ect of pH on the morphology and microstructure
of electrolessly deposited Ni±Zn±P alloys was studied
using scanning electron microscopy, grazing incidence
asymmetric Bragg X-ray di�raction and transmission
electron microscopy. The results obtained are summa-
rized as follows:
(i) SEM observations on the surfaces of electroless Ni±

Zn±P alloys showed a morphological gradual
change with bath pH. All the deposits are homo-
genous; at pH values >8.0 rounded formations can
be observed and at pH 11.2 the deposit is cracked
and does not adhere to the iron substrate.

(ii) The grazing incidence asymmetric Bragg X-ray dif-
fraction identi®ed the coating as amorphous or
microcrystalline.

(iii) TEM analysis con®rmed the X-ray di�raction re-
sults. A transition from a prevalently amorphous to
a polycrystalline alloy on increasing the bath pH

was observed. The large decrease in phosphorus
incorporated inside the deposits is responsible for
this change. A single crystalline phase correspond-
ing to f.c.c. nickel was found in the alloys obtained
from strong alkaline solution. The increase in zinc
content of the deposit up to 23% does not change
the nickel crystalline structure. This indicates that
both phosphorus and zinc are interstitial in f.c.c.
nickel lattice.

(iv) Corrosion potential and polarization resistance val-
ues in quiescent aerated 3% NaCl solution showed
that the electrolessNi±Zn±P alloy coatings, obtained
at pH between 9.0±9.5 with a zinc and phosphorous
content of 11.4±12.5% and 11.8±11.2%, respective-
ly, have the best corrosion resistance.
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