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Abstract: Nano-CeO, (RE) particles were co-deposited into Ni—P binary composite coatings by applying pulse current (PC) under
ultrasonic (U) field. Morphology, chemical content and crystal microstructure were characterized by environmental scanning electron
microscopy (E-SEM) with energy dispersive X-ray analysis (EDXA), XRD diffractometry and transmission electron microscopy
(TEM). Experimental results show that Ni—P coating reinforced with 15g/L nano-CeO,, in amorphous state and with compact
structure, can be improved in the microhardness from HV,580 to HV,780 by annealing at 600 °C for 2 h. The highest content of
codeposited Ce and deposition rate can reach 2.3% and 68 um/h, respectively. Furthermore, the effect of RE adsorption and pulse
overpotential on depositional mechanism was investigated. n-CeO, particles or Ce*" ions with strong adsorption capacity acted as the
catalytic nucleus to improve densification effectively. During annealing at 600 °C for 2 h, n-CeO, particles will uniformly adsorb on
crystal grain to preferentially pad and heal up gaps of cracking Ni boundaries, promoting dispersion strengthening with

refiner-grained structure.
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1 Introduction

Cerium oxide (CeQ,), as one of the most powerful
and fascinating rare earth oxides, has been widely
applied to catalyst systems, solid state electrolytes, and
high temperature ceramics, due to its good anti-corrosion
property, wear resistance and excellent oxidation
performance [1-3]. Compared with the conventional
pure nickel coatings, several coatings (such as Ni—P [4],
Ni—W [5], Ni-based [6]) reinforced with nano-CeO, (RE)
particles exhibit more crystal refinement, denser
structure and better mechanical properties.

Pulse current (PC) power, bidirectional voltage with
pulse current and fast duty cycle, is expected to be of
great overpotential to electrodeposit nanocomposite
coatings. PC has a more significant effect on depositional
mechanism, metal recrystallization and concentration
polarization in several more ways than direct current
(DC) deposition, as reported by XUE et al [7].

Previous study on Ni—P coatings only focused on

the experimental procedure, chemical content,
morphology analysis, or microstructural characterization.
SEO et al [8] indicated that a significant improvement on
microstructural evolution and mechanical properties of
Ni—P coatings are associated with precipitated NizP
phase and recrystallization. JIN et al [9] illustrated that
Ni—P/CeO,; coatings prepared by pulse electrodeposition
have compact microstructure and good corrosion
resistance. SONG et al [10] evaluated the corrosion
resistance and wear property of Ni—W coatings with
CeO, incorporation. Recently, CARAC et al [11]
discussed the correlation between crystal microstructure
and corrosion resistance of Ni—Co coatings incorporated
with both CeO, and La,O; nanoparticles. However, little
work has been done on the diffusion model of
Ni—P/n-CeO, composite coatings by pulse current
(PC)+ultrasonic (U) and structural revolution during high
annealing treatment. In this work, we attach importance
to the codepositional mechanism based upon RE
adsorption and dispersed strengthening, especially with
respect to the role of pulse overpotential.

Foundation item: Project (CXLX12_0151) supported by Jiangsu Innovation program for Graduate Education and Fundamental Research Funds for Central

Unibersities, China

Corresponding author: SHEN Yi-fu; Tel: +86-25-84896170; E-mail: Yifushen@nuaa.edu.cn

DOI: 10.1016/81003-6326(11)61417-9



1982 ZHOU Xiao-wei, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1981-1988

2 Experimental

2.1 Materials

Iron plate with dimensions of 20 mmx10 mmx0.5
mm and nickel plate (purity> 99.5%) with dimensions of
30 mmx20 mmx2 mm were employed as the cathode
and anode, respectively. It was mechanically polished,
immersed in a acetone solution, activated in a 5% HCIl
solution, and then rinsed with distilled water. All the
chemical reagents used in this experiment were in
analytical grade (AR). Electrolyte was composed of
nickel sulphate (NiSO,6H,0) 280 g/L, nickel chloride
(NiCl,-6H,0) 40 g/L, phosphite nickel (NaH,PO;-7H,0)
20 g/L, surface active agent 0.8—1.5 g/L. In addition, pH
value was measured by an HM—20E pH meter and
adjusted with 15% NH;3-H,O or 25% H,SO, solution to
hold an appropriate value of 2.8—3.2. Bath temperature
was held at 55-65 °C by thermostatic water bath to
increase the solubility limit of n-CeO, particles. After
finishing deposition, all the samples were cleaned in
deionized water for 5 min to remove loose nanoparticles
adsorbed onto coatings. The average thickness of
coatings was 50 pm.

2.2 Dispersion of RE nanoparticles

An average size of CeO, particles (purity>99.95 %)
was estimated to be 20—50 nm supplied by AR supplier.
To work out the agglomerate problem caused by n-CeO,
solid particles, oscillating field simulated from ultrasonic
generator (45 kHz /50 W) was used to make 15 g/ RE
particles pretreat into nanosuspension. In addition, RE
particles were put into the electrolyte after being hold
statically for 15-25 min. Prior to electrodeposition,
mechanically stirring of 80—100 r/min was employed to
promote surface active agent mixed with CeO, particles
and the electrolyte for 2 h. Afterwards, mechanically
stirring and ultrasonic field will uninterruptedly provide
great impetus for nanoparticles to be transported from
the double electrode layer to the diffuse interface [2].
Morphology characterized by E-SEM in Fig. 1(a),
reveals good homodisperse of n-CeQ, particles. Uniform
distribution of nanoparticles with an oval-shaped feature
in composite coatings was also characterized by TEM

(Fig. 1(b)).

2.3 Characterization

Morphology and  chemical
characterized by an environmental scanning electron
microscope (Hitachi S—4800) operated at 10 kV (E-SEM,
Hitachi/XL—30) and energy dispersive X-ray analysis
(EDXA). XRD patterns were examined by X-ray
diffractionometer (XRD/max-2500) with monochromatic
radiation Cu K, (1=1.5406 A). Microstructure and

content were

Fig. 1 Images of nano-sized CeO, particles: (a) Uniform
distribution after being pretreated by E-SEM; (b) Oval-shaped
feature in composite coatings by TEM

selected area electron diffraction patterns (SAED) were
viewed with transmission electron microscope (TEM,
Hitachi/JEOL-2000FX). An electro double tray
analyzing balance (TG328) was used to calculate
deposition rate by weighing method. A double pulse
power supply (SMD-30S) was carried out to electroplate
the coatings. Ultrasonic generator (KQ—100VDB) was
applied to simulating the oscillating field. Muffle furnace
(DC-B) was employed to make annealing treatment.
Micro-hardness was tested by a Vickers (Leica VMHT),
using a loading force of 1.96 kN and holding for 15 s,
and each microhardness was an average value of three
points of test results.

3 Results and discussion

3.1 Surface morphology by E-SEM

Pure Ni—P and Ni—P/n-CeO, coatings were
synthesized at an average current density of 2.0 A/dm? in
the same electrolyte, and the processing parameters of
electrodeposition were as follows: PC frequency of 1500
Hz, duty cycle of 25%, ultrasonic frequency and power
of 45 kHz and 50 W, without and with 15 g/L RE
addition. Surface morphology characterized by E-SEM,
as shown in Fig. 2(a), indicates that Ni—P coating
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Fig. 2 E-SEM images of Ni—P coatings synthesized by DC (a),
and PC with 15 g/L RE addition without (b) and with ultrasonic
field (45 kHz, 50 W) (c)

prepared by DC exhibits coarse Ni—P grains. While
composite coating synthesized by PC with 15 g/L RE
addition shows finer-grained state, as illustrated in
Fig. 2(b), which is in good agreement with result of LI et
al [12]. It can be anticipated that original RE particles
(CeO, or Ce*") adsorbed on the catalytic sites and acted
as the direction are favorable to obtain more nucleus for
crystal growth, which will be helpful to codeposit with
Ni grains to from nanocrystalline Ni—P/n-CeQO; coatings.
Once cavitation bubble produced by ultrasonic power is
shattered, alloying ions (such as Ni*"and Ce*") will get
great impetus to be transported into the active interface,
and then the coarse grains can be destroyed by the great
impetus and divided into more crystal nucleus to make
grain refine, promoting the plastic deformation and the

dislocation density, as reported by QU et al [2].
Meanwhile, pulse power can also provide a great pulse
impetus and transient high temperature to make the
matrix grain disperse into the dislocation layer. Alloying
ions (such as Ce*', Ni*", H,PO5 ) will be uninterruptedly
supplied by the pulse impetus to reduce concentration
polarization at the diffuse interface of double barrier
layer [13]. Ni—P coatings incorporated with CeO,
particles are supposed to have compact structure, also
holding the typical Ni—P cellular state of steamed bread
pattern which has been confirmed by E-SEM observation
shown in Fig. 2(c).

3.2 Deposition mechanism
3.2.1 RE adsorption

The standard potential of Ce element transformed
from Ce*’ is more negative, generally close to —2.5 V,
while the cathode potential of Ni*" is more positive
(such as Ni**—5Ni, ¢"=—0.25 V; Ce**—Ce, ¢"=—2.5 V). It
was reported that Ce*" ions will be very difficult to be
reduced directly from the aqueous solution to codeposit
with Ni matrix grain. However, with the aid of ultrasonic
condition and magnetic stirring, n-CeO, particles or Ce**
ions (CeO,—Ce"", pH=2.8-3.2) will be transported to
the diffuse interface between the double barrier layers by
the great pulsed impetus, reducing concentration
polarization. Schematic illustration of Ni-RE coelectro-
deposition may be supposed as Fig. 3(a). The
codepositional mechanism suggests that the phosphorous
oxyacid reduction is mainly depended on H' reduction
with the formation of a gaseous intermediate phosphine
(PH;). Ni*" reduction and PH; oxidation would then
occur simultaneously, which is due to the protons deficit
at the interface layer of high polarization. Possible
mechanism for Ni—P coatings by electrodeposition,
referring to ORDINE et al [14], is listed as follows:

NaH,PO, ==Na*+H,PO; )
H,PO; +H" — H,PO, )
H;PO, +4H" + 4e — PH, + 2H,0 3)
2PH; +3Ni** — 2P(s)+3Ni(s) + 6H" 4)

Evolution of OH caused by hydrogen evolution
will increase the pH value, close to the cathode. Ce*"
ions, which adsorbed on the surface of cathode near
double electrode layer, will transform into Ce(OH), film
so as to modify the depositional characteristic near he
diffusion interface and prevent the ions from being
exchanged, resulting in the lower current efficiency. The
main cathodic process is possibly given by:

0, +2H,0 + 4¢ — 40H " (5)

Ce*" +40H™ — Ce(OH), ¥ (6)
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(a) Compact crystal
growth

RE adsorption
Electrodeposition

Fig. 3 Schematic illustration of RE—Ni coelectrodeposition (a),
RE particles uniformly adsorbed along cracking gaps (b), and
magnification (c¢) showing morphology in (b)

With increasing the RE concentration in the
electrolyte, excess Ce* ions adsorbed on the surface of
cathode will be in saturation, producing a continuous
Ce(OH), film to bring about poor stability without
available catalytic-activity, as illustrated in Fig. 3(b).
Once abundant Ce(OH), film is cumulated, the active
surface will be covered by this film to prevent Ni*" or
Ce*" ions from being exchanged. Meanwhile, the electric
discharging of metal ions will be seriously hindered to
reduce the current efficiency, so it will be more difficult
for Ce*" ions to produce more nucleation. Interestingly,
Ce*" ion, as one of a few cations that can produce
specific adsorption on the electrode surface, has a large
number of extranuclear electrons with strong adsorption
capacity. Ce*" ions serving as catalytic sites will make
Ni*" discharge more electrons with positive potential
(Zeta) to enhance nucleation, as indicated by FU and

LIN [15]. Namely, it will be favourable to increase the
adsorbability of Ni*" and Ce*' ions to promote them
co-deposit effectively. Meanwhile, n-CeO, particles will
adsorb Ni*" or Ni[P(OH),]*" and then attract as the
growing center to shield the growing space or directions
from coarsening growth of Ni grains. YANG et al [13]
reported that Ce*" or n-CeO, would be co-deposited on
Ni grain by its adsorption capacity rather than reduction
reaction. CeQ, particles, dispersed by ultrasonic (U) field
are, in general, uniformly distributed and co-deposited
with Ni grain along cracking gaps, which is very useful
to form alloying coatings and improve crack propagation
resistance, as seen in Fig. 3(c).
3.2.2 Pulse overpotential

It is well known that nano-crystal growth mainly
depends upon the number of original nuclei. Whereas, it
will be prone to produce coarse grains during the rapid
grain growth. Therefore, it is need to cope with the
challenge between more nucleation and rapid crystal
growth. Interestingly, it will achieve a higher polarization
overpotential (7.) with increasing nucleation rate (Py), as
illustrated by Eq. (7). The mechanism of crystallization
overpotential by CHANG et al [16] described that more
nucleation is mainly associated with the pulsed
characteristic resulted from ultrasonic field and pulse
power. Overpotential (7.), defined in Eq. (8), mainly
depends upon the electron discharge of metal ions during
the course of electrochemical reaction.

P, = aexp [%J 7
ne
23RT
ne =———(1gJ’ -1gJ) (8)
onkF’

where Py, is the nucleation rate; a and b represent the
proportionality constants (a, b>0); 7. is the polarization
overpotential; J° and J are the current densities of
exchange and cathode, respectively; T is thermodynamic
temperature; R is the gas constant; F' is the Faraday
constant; n is the electronic number; a is the coefficient
of diffusion in electrolyte.

Accordingly, as for DC deposition, those alloying
jons (such as Ce*, Ni** ) cannot be exchanged and
reduced sufficiently because of the asymmetrical electric
field and concentration polarization causing the electrode
potential far from equilibrium value. Based on RE
adsorption and overpotential from pulse current, the
depositional mechanism near the double barrier layer has
been managed (see Fig. 4). Overpotential of pulse
current (17¢,) and direct current (#.4) can be presented as:

_23RT [ng_O] )

T = Jy
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23RT (. J°
—_ le 2 (10)
ncd anF [g.de

where J,, and J; are the pulse and direct current densities,
respectively.
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Fig. 4 Characteristic of double-pulsed current (a) and
relationship between duty cycle of pulse current and
polarization overpotential (b)

To fairly compare 7, and #4, an average value of
current density about pulse and direct is supposed to the
same. Fast duty cycle and pulse current will enhance the
polarization overpotential, as indicated by Eq. (11). Pulse
current can provide a great pulsed impetus for alloying
ions, making the internal electrons exchange rapidly at
the solution/metal interface. Meanwhile, it will also
improve current efficiency and reduce concentration
polarization so as to ensure these ions could be supplied

uninterruptedly.
When
L N Sy Y S
- d» - - d>» :—5
P Ve " ton +toff P ton +toff
then
23RT(, J° 23RT .
= gt = -1~ g +1gy) =
Nep F [ng] F (Ig gJy+lgy)
_23RT( Jo| 23RT, ~_  23RT
anF |, ) anF 57T gup 8

n)

where J, is an average current density; y is the duty cycle
(1>y>0, 1gy<0 ); t,, and . refer to the positive- and
negative-time of double pulse power, respectively.

3.3 Effect of RE addition on deposition rate

EDXA analyses of ceria and nickel, as shown in Fig.
S, indicate that content of Ce alloying element in
coatings will increase with increasing CeO, content. The
highest contents of codeposited Ce and P can reach 2.3%
and 8.6% in coatings with 15 g/L RE addition. In
addition, with RE concentration ranging from 0 to 20 g/L,
the deposition rate can achieve 68 um/h, as shown in Fig.
6, which is mainly related to original RE particles (CeO,
or Ce*") serving as the catalytic sites to capture more
nuclei for crystal growth. In addition, pulse wave and
mechanically rabbling can ensure alloying ions to be
uninterruptedly supplied to decrease concentration
polarization. So coarse grain will be destroyed into more
crystal nucleus to improve the number of nuclei.
However, deposition rate will decrease with increasing
RE addition more than 20 g/L, due to the congregation of
solid nanoparticle and poor stability in electrolyte.

4
+—P
3 o— Ce
*
1_
s 1 L Il
0 5 10 15 20

RE concentration/(g-L™")

Fig. 5 Effect of RE concentration on codeposited content of
(P, Ce) by EDXA analysis

90

751

60 i

45

Deposition rate/(um+h")

* — Without ultrasonic
= — With ultrasonic

15 L L L
0 5 10 15 20

RE concentration/(g+L™")

Fig. 6 Effect of RE concentration and ultrasonic field on
deposition rate
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In the experiment, electro double tray analyzing
balance (TG328) was used to measure deposition rate by
weighing method, using the following Eq.(12) as:

600Am
Vv =

12
i (12)

where v is deposition rate; Am is the mass gain of
specimens before or after deposition, Am=ma piaed™
Mabsiract; P 18 the average density of composite coatings,
calculated by weighing and cubing method; ¢ is the time
duration of electroplating; A4 is the surface area of
cathode.

3.4 Microstructure and phase analysis

XRD analysis has been applied to investigating the
phase composition. According to Fig. 7, it is found that
CeO, addition does not have enough power to take a
great effect on crystal growth for every grain. Obviously,
crystal growth of Ni (111) plane is predominant while the
intensity of both Ni(200) and (311) are significantly
stronger with 15 g/L RE addition. During annealing at
600 °C for 2 h, recrystallized nucleation will reoccur at
the preferential location on Ni (111) and NiO (101) faces
to promote them stronger than (200) and (311) in Ni—P
coatings. To review the co-depositional mechanism (as
mentioned above), it is anticipated that the reduction of P
would be inhibited and cannot be deposited alone by
codeposition with iron-group metals, which is due to its
non-electric characteristics at higher polarizations.
Therefore, the intensity of P peak is not clear in the XRD
patterns. Furthermore, the peak pattern corresponding to
CeO, (400) is observed from the patterns of coatings
incorporated with 15 g/l RE. Faces of Ni;P (330) and
NiO (101), (222) are also found and intensities increase
with increasing annealing temperature ranging from 400
to 600 °C. To survey each XRD pattern, the dominated
orientation of Ni (111) has been distributed to different

_ 1 —Ni-P/Ce0,, 600 °C
= 2— Ni-P/Ce0,, 400 °C
= 3— Ni—P/CeO,, plated
- = 4==Ni-P, 400 °C
= ¢ é’J 5= NizP, plgted
z z z = 4 2
s | E
Y - L] |
3 S A
2 Aol L |
1 I\ ) I
1 1 1 1 1 1 1
30 40 50 60 70 80 90
20/(°)

Fig. 7 XRD patterns of coatings incorporated with and without
RE addition when annealed at different temperatures

faces, including Ni(200) and (311), NiO (101) and (222),
NizP (330), etc. It can be strongly suggested that
ultrasonic field can restrain Ni and NiO crystal growth to
obtain refiner-grained structure.

Ni—P coatings without and with RE incorporation
were annealed at 400 °C or 600 °C, holding for 2 h in the
muffle furnace without any protective atmosphere.
As-plated Ni—P coatings show coarse Ni grain and large
boundary, as seen in Fig. 8(a). Ni grain does grow up
quickly during annealing at 400 °C for 2 h, even more
than 300 nm, giving rise to cracking boundary and hot
micro-cracks occur, as shown in Fig. 8(b). Cracking gaps
and high tensile stress caused by crystal defect without
being reasonably managed will be prone to obtain coarse
structure with poor microhardness. However, with 15 g/L
RE addition, nano-sized RE preferentially pads and
occupies the cracking gaps to limit growing spaces for Ni
grain at 400 °C, as observed in Fig. 8(c). While
annealing at 600 °C, the precipitated phases (such as
NizP, CeO, or NiCe,0,) will diffuse to make dispersed-
strengthening along the edge of cracks propagation,
promoting large crystal boundary to obtain compact
structure. Furthermore, Ni grain does not grow up into
coarse ones quickly with increasing temperature, less
than 150 nm, as shown in Fig. 8(d), which has been
proved by the previous study [17].

To further study the structural revolution, SAED
patterns obtained from TEM indicate that Ni—P coatings
have been transformed from as-plated microlites into
typical as-annealed crystalline structure at 400 or 600 °C
in Figs. 8(a) and (b). Crystal texture with unstable
amorphous or microlite as-plated state will change from
preferent growth with irregular state into typical
crystalline structure spontaneously, especially for matrix
Ni crystal growth annealed above 600 °C, as illustrated
by ZHOU et al [18]. Nevertheless, with 15 g/l RE
addition, it will hold amorphous or microlite state when
annealed at 400 °C or 600 °C, as seen in Figs. 8(c) and
(d). Amorphous or microlite state can own compact
microstructure without lots of boundaries, which is
favourable to hinder grain boundary sliding.

3.5 Microhardness

Adding some active RE elements (such as Ce, La
and Y) into coating could acquire good structure through
uniform distribution along crystal defects by catalytic
adsorption, producing dispersion strengthening at large
gaps of boundaries or cracking micro-cracks by solution-
hardening treatment during annealing treatment [19,20].
Microhardness (HV,,) determined by Vicker’s tester
under a loading force of 1.96 N and holding for 15 s was
calculated by the following expression:
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Cracking gap

=
{00

Fig. 8 TEM bright field images of Ni—P coatings by DC and annealing at 400 °C (a) and 600 °C (b), with 15 g/L RE addition by

PC+U when annealed at 400 °C (c) and 600 °C (d)

P 2Psin(a/2) 1854.4P

where P is the loading force (N), d is the diagonal line
length of importation press (um).

Microhardness value calculated from Eq. (13)
displays that it has a range from HV425 in as-plated state
to HV455 and HV520, corresponding to Ni—P coatings
in as-annealed state at 400 °C and 600 °C, as shown in
Fig. 9. Moreover, with 10 g/L or 15 g/L RE addition, it is
significantly improved, varying from HV515 to HV620
and HV680, and from HV575 to HV650 and HV780,
respectively. Nevertheless, with more than 20 g/L RE
addition, it will decrease to less than HV650 during
annealing at 600 °C for 2 h. Based on the above results,
several reasons are given as follows.

1) Microhardness is mainly governed by dense
crystal structure through Hall-Petch theory. With a
reasonable RE concentration, crystal, especially for Ni
grain, exhibits obviously grain refining to enhance
appropriate
temperature less than 600 °C, will be favourable to make
dispersion strengthen to heal wup pinholes and
micro-cracks.

recrystallization. Meanwhile, annealing

2) With increasing the RE concentration in

800
O As-plated
= Annealed at 400 °C
7001 = Annealed at 600 °C
= 600
ja s}
500
400
1 2 3 4
Sample No.

Fig. 9 Effect of annealing temperature on microhardness with
different RE concentrations (1—0 g/L; 2—10 g/L; 3—15 g/L;
4—20 g/L)

electrolyte, codeposited CeO, particle serving as soft
phase is getting more while Ni matrix grain acting as
strengthening phase is becoming less, which will be
harmful to improve microhardness. Precipitated phase
(including Ni;P, CeO,, NiCe,04, etc) can produce
dispersion strengthening and solution treatment during
annealing treatment, but RE content could not be more
than solubility limit in comparison with Ni—P—Ce ternary
phase diagram.
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