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Abstract: A Ni–P alloy gradient coating consisting of multiple electroless Ni–P layers with various phosphorus contents was prepared on
the aviation aluminum alloy. Several characterization and electrochemical techniques were used to characterize the different Ni–P coat-
ings’ morphologies, phase structures, elemental compositions, and corrosion protection. The gradient coating showed good adhesion and
high corrosion and wear resistance, enabling the application of aluminum alloy in harsh environments. The results showed that the double
zinc immersion was vital in obtaining excellent adhesion (81.2 N). The optimal coating was not peeled and shredded even after bending
tests with angles higher than 90° and was not corroded visually after 500 h of neutral salt spray test at 35°C. The high corrosion resistance
was attributed to the misaligning of these micro defects in the three different nickel alloy layers and the amorphous structure of the high P
content in the outer layer. These findings guide the exploration of functional gradient coatings that meet the high application requirement
of aluminum alloy parts in complicated and harsh aviation environments.

Keywords: aluminum alloy; electroless; nickel coating; corrosion; adhesion

 

 1. Introduction

Using  aluminum  alloy  to  replace  stainless  steel  parts  is
conducive  to  the  weight  reduction  of  the  automotive  and
aerospace industries [1]. Moreover, high-strength aluminum
and aluminum alloys  can maintain  good ductility  even at  a
temperature below zero, making them appropriate for fabric-
ating  aviation  devices  because  commercial  aircraft  usually
works  below −50°C [2–5].  2A11 aluminum alloy classifies
as the Al–Cu–Mn series and is used as the medium-strength
structural parts in aircraft, such as propeller blades, bolts, and
rivets [6–8].  However,  the hardness of the 2A11 aluminum
alloy is about HV 150, resulting in poor wear resistance. In
addition,  the  limited  corrosion  resistance  also  restricts  the
broad application of aluminum alloy.

Several surface treatment methods, including electroplat-
ing, electroless plating, anodic oxidation, sol–gel, and high-
energy beam surface  modification,  are  used to  improve the
surface  hardness  and  corrosion-  and  wear-resistance  of  the
aluminum alloys [9]. Electroless nickel plating is commonly
used among these  surface  modifications  owing to  the  good
corrosion and wear resistance [10–12], demonstrated on oth-
er substrates, such as magnesium alloy studied by our group
[13–15].  Typical  pretreatment  steps  for  electroless  nickel–
phosphorus plating on aluminum alloys include zinc immer-

sion and pre-plating nickel and copper layers [8,16–17]. Zinc
immersion is essential for obtaining subsequent nickel coat-
ing  with  desirable  adhesion.  The  zinc  immersion  step  is  as
follows: soaking the aluminum alloy into a zinc solution to
form a thin layer of zinc and its compound to reduce the po-
tential  difference  between  the  substrate  and  nickel  coating
[18]. The zinc layer can prevent the aluminum alloy surface
from oxidizing  again  before  plating.  More  importantly,  the
metallic aluminum in the aluminum alloy can be replaced by
the free zinc in the solution to form a zinc layer that firmly
adheres to the substrate by metal bonds and improves the ad-
hesion of the subsequent nickel coating [19]. A two-step zinc
immersion pretreatment for electroless nickel plating on alu-
minum alloys is recommenced for achieving optimum adhe-
sion. After the first zinc immersion, a rough zinc layer is typ-
ically  produced  on  the  aluminum  alloy  surface.  Still,  these
tiny  zinc  crystals  with  poor  adhesion  can  be  dissolved  and
detached, and the size of these large zinc crystals can be re-
duced with the back-to-back dezincification in the nitric acid
solution.  The complete dissolution of tiny zinc crystals res-
ults in the exposure of some aluminum alloy substrate to be
further reacted with the zinc solution during the second zinc
immersion step. Thus, a compact zinc layer can be formed to
cover most areas of the aluminum alloy surface, and the ad-
hesion  of  the  nickel  coating  can  be  significantly  improved 
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[20–21].
Based on the P content, there are three kinds of Ni–P coat-

ings, i.e., low phosphorus (1wt%–7wt%), medium phosphor-
us (7wt%–10wt%), and high phosphorus (more than 10wt%).
The  low-phosphorus  coating  has  high  mechanical  strength
with  a  composite  structure  of  amorphous  and microcrystal-
line. The high-phosphorus coating has high corrosion resist-
ance due to the amorphous structure. The Ni–P alloy gradi-
ent  coating with gradient  phosphorus content  has been pre-
pared  to  fully  use  the  advantages  of  different  Ni–P  layers
[22–24]. Georgiza et al. [25] compared three different types
of  Ni–P  coatings  on  AZ31  magnesium  alloy.  They  found
that, compared to the single mid-phosphorus Ni–P layer, the
Ni–P alloy gradient coating having a duplex structure with a
mid-phosphorus inner layer and a high-phosphorus outer lay-
er showed better corrosion resistance owing to the exclusion
of  diffusion  paths  among  grain  boundaries.  Similarly,
Hadipour et al. [26] found that the multilayer coating with a
structure  of  high-phosphorus/mid-phosphorus/low-phosph-
orus  from  the  copper  substrate  to  the  top  surface  led  to  a
crack-free  compact  nodular  morphology  and  exhibited  im-
proved wear and corrosion resistance. Therefore, it is an ef-
fective way to enhance the protective capability of the Ni–P
coating by forming a gradient change of phosphorus content.

In  the  present  work,  a  gradient  electroless  Ni–P  coating
with a triple-layered structure of low-phosphorus/mid-phos-
phorus/high-phosphorus from the substrate to the surface was
prepared  on  the  2A11  aluminum  alloy.  The  effects  of  the
temperature and time of the two-step zinc immersion proced-
ure on the coating performance were investigated to achieve
a coating with both strong adhesion and high corrosion/wear
resistance  to  meet  the  high  requirement  of  aluminum alloy
parts applied in harsh environments.  The interface morpho-
logy and element distribution of the coating were also char-
acterized through scanning electron microscope (SEM), en-
ergy  dispersive  spectroscopy  (EDS),  and  X-ray  diffraction
(XRD) techniques.

 2. Experimental
 2.1. Materials

2A11 aluminum alloy was used as substrate and was cut

into a dimension of 30 mm × 50 mm × 5 mm. The composi-
tion of the aluminum alloy is shown in Table 1.
 
Table  1.    Chemical  composition  of  aviation  2A11  aluminum
alloy wt%

Si Fe Cu Mg Other Al
<0.7 0.7 3.8–4.8 0.4–0.8 0.6 Balance

 

 2.2. Method

The aluminum alloy was first polished with water sandpa-
per (from 800# to 2000#) and then cleaned for later use. The
pretreatment  flow of  aluminum alloy  and  electroless  nickel
plating  procedure  is  shown  in Fig.  1.  Zinc  immersion  re-
moves the natural aluminum oxide film on the aluminum al-
loy surface by depositing a thin replacement layer with good
bonding strength in  the zincate  solution.  This  layer  can not
only prevent the natural  aluminum oxide from regeneration
but is also helpful for the following deposition of other metal
coatings. After the degreasing and first zinc immersion steps,
the time for the second zinc immersion is 60 s during the in-
vestigation of the effects of zinc immersion temperature (10,
15,  25,  and 35°C);  the  temperature  for  the  second zinc im-
mersion is 25°C during the investigation of the effects of zinc
immersion time (10, 30, 60, and 90 s). The Ni–P alloy gradi-
ent  coating  was  obtained  by  sequential  immersing  the  sub-
strate into the alkaline low-phosphorus, acidic medium-phos-
phorus,  and acidic  high-phosphorus plating baths.  The bath
compositions and operating conditions are shown in Table 2.
After each step, the samples were washed twice with deion-
ized water to avoid contamination from the previous step.

 2.3. Coating performance test

 2.3.1. Coating  surface  morphology,  chemical  composition
and phase structure

A scanning electron microscope (SEM, JSM-7900F) was
used to observe the surface morphology of the sample with
the zinc immersion layer and Ni–P coating and measure the
thickness  of  each  coating.  The  attached  energy  dispersive
spectrometer (EDS, JSM-7900F) was used to determine the
composition of the coating. An X-ray diffractometer (XRD-
7000) was used to analyze the phase structure of the layer.

 

Degreased in Na2CO3 25 g·dm−3,

Na2SiO3 15 g·dm−3, OP-10

for 15 min at 40℃

Alkaline cleaning

with NaOH 80 g·dm−3
Acid pickling in HNO3

ambient temperature

The first dip zinc in ZnO 2 g·dm−3,

NaOH 45 g·dm−3, FeCl3 40 g·dm−3,

C4H4O6K2 20 g·dm−3, LD-5908 for

zinc use the same solution

Electroless

plating

Passivated in

K2CrO7 50 g·dm−3

for 5 min at 85℃
and drying samples (50vol%) for 10 s; the second dip

1–3 g·dm−3
for 30 s at 85°C

Ni–P
60 s, immersion the sample in HNO3

(50vol%) for 15 s at

Fig. 1.    Flow chart for preparation of electroless Ni–P coating on 2A11 aluminum alloy.
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 2.3.2. Corrosion resistance
The  polarization  curves  and  electrochemical  impedance

spectroscopy (EIS) were obtained by an electrochemical sta-
tion (Gamry, Interface 1000) and were used to evaluate the
corrosion  resistance  of  the  coating  [27].  The  measurement
was carried out in a 3.5wt% NaCl solution with a three-elec-
trode cell system composed of a saturated calomel electrode
as the reference, a platinum sheet as auxiliary electrodes, and
the samples with an effective area of 1.0 cm2 as the working
electrodes.  The samples were firstly immersed in a 3.5wt%
aqueous NaCl solution for one hour at least until the open cir-
cuit potential stabilized before the electrochemical tests per-
formed.
 2.3.3. Adhesion

(1) Scratch method.
According to JB/T 8554-1997 standard, a multifunctional

material  surface  performance  testing  machine  (MFT-4000)
was used to determine the adhesion of the coating. The coat-
ing was cut deeply in a lattice pattern, and the bonding force
of the layer was evaluated by measuring the critical load of
the adhesion failure of the coating–matrix interface.

(2) Bending method.
The bending test  was  carried out  according to  the  GB/T

5270-200x  method.  The  specimen  was  repeatedly  bent  to
180° along an axis with a diameter equal to the thickness of
the specimen. After the bending, the adhesion was evaluated
by observing whether the section was peeled.
 2.3.4. Microhardness

A digital Vickers Indenter was used to measure the micro-
hardness of the coating with a load of 0.49 N for lasting 5 s.
The average value for each sample was calculated based on
the hardness at five points.
 2.3.5. Wear and friction performance

v

The Taber enhanced abrasion tester (SR-5612B) was used
for  the  wear  test.  The  test  conditions  included  a  grinding
wheel with a particle size of 0.01 mm, an applied load of 9.8
N, a rotation speed of 60 r/min, and a wear time of 300 s. The
wear resistance of different coatings was evaluated by calcu-
lating the wear rate ( ) via the following formula:

v =
W0−W1

ρS t
(1)

vwhere  is the wear rate, cm·min−1; W0 and W1 are the mass
before and after  abrasion,  g; ρ is  the density  of  the coating
material, g·cm−3, which is 2.8 g·cm−3 for aluminum alloy, and
7.9  g·cm−3 for  nickel–phosphorus  alloy; t is  the  wear  time,
min; S is the area of the wear surface, cm2.

 3. Results and discussion
 3.1. Influence  of  the  zinc  immersion  process  on  coating
performance

Fig. 2 shows the morphologies of the zinc layer prepared
at  different  temperatures.  It  can  be  observed  that  the  zinc
grains gradually dissolved as the temperature increased. The
large zinc grains became smaller to produce a uniform zinc
layer with increasing temperature. The zinc layer obtained at
a low temperature was thin and porous, and cannot meet the
requirements  of  an  intermediate  layer.  These  spherical  zinc
grains  preferentially  grew  at  highly  active  sites  along  the
edges of the pores (10°C). When the temperature increased to
15°C, the zinc layer showed a denser morphology with smal-
ler pore diameters and more uniform zinc grains. When the
zinc  immersion  temperature  rose  to  25°C,  the  zinc  layer
showed a surface morphology with much lesser and shallow-
er cavities, which harms the mechanical bonding between the
substrate  and  coating.  Further,  with  the  temperature  in-
creased to 35°C, holes cannot be obtained,  forming a Ni–P
layer  with  poor  adhesion.  Noting  that  although  the  dense
morphology  with  small  pore  diameters  and  uniform  zinc
grains  of  the  zinc  layer  formed  at  15°C  helps  give  rise  to
good mechanical bonding between the substrate and coating,
it also provides a large number of active areas resulting in a
high initial deposition rate and porous layer in the initial de-
position period which harms to the adhesion. Therefore, the
temperature  of  25°C was  chosen  for  further  optimizing  the
secondary zinc immersion time.

Fig.  3 shows the morphologies  of  the zinc layers  after  a
secondary zinc immersion at different times on the surface of
the first zinc layer. When the zinc immersion time was short
(10 s), the zinc layer was not uniformly covered by the newly
formed zinc  layer.  Many obvious  holes  acting  as  corrosion
pathways to corrode the substrate  during plating could also
be observed. When the zinc immersion time was increased to
30  s,  the  porosity  of  the  zinc  layer  decreased  significantly,
which  could  reduce  the  corrosion  pathways  by  the  plating
bath.  It  is  worth  noting  that  these  pores  are  also  helpful  in
providing  a  good  interlocking  between  the  substrate  and
coating to improve adhesion. Further prolonging the time to
60 and 90 s, very dense and even new zinc layers with many
zinc  grains  were  formed.  Such  layers  are  hard  to  produce
strong adhesion for the subsequent Ni–P layer, which would
be confirmed later by the adhesion test result.

Table 2.    Composition and operating conditions of plating solutions for deposition of three electroless Ni–P layers with different P
contents

Sample Compositions Operating conditions

Low P NiSO4·6H2O 30 g·dm−3, NaH2PO2·H2O 25 g·dm−3, C6H5Na3O7·2H2O 30 g·dm−3, NH4Cl
10 g·dm−3, LD-5420 (additive)

40°C, 8–15 min,
pH 9.0, stirring
10 r/min

Medium P NiSO4·6H2O 15 g·dm−3, CH3COONa 13 g·dm−3, NH4HF2 8.5 g·dm−3, HF (50wt%) 10
cm3·dm−3, NaH2PO2·H2O 14 g·dm−3, thiourea 1 mg·dm−3, ammonia, LD-5904 (additive)

90°C, 90 min, pH 4.8,
air stirring

High P NiSO4·6H2O 21 g·dm−3, C3H6O2 3 cm3·dm−3, C3H6O3 23 cm3·dm−3, NaH2PO2·H2O
24 g·dm−3, thiourea 1 mg·dm−3, ammonia, LD-5905 (additive)

90°C, 120 min,
pH 4.8, air stirring
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 3.2. Surface  morphology,  composition  and  structure  of
the different Ni–P coatings

The surface morphologies of the three Ni–P coatings with
different  P  contents  are  shown  in Fig.  4(a)–(c). Fig.  4(a)
shows  the  surface  morphology  of  the  Ni–P  coating  with  a
low-P content. Many concavities and small particles can be
observed clearly on the coating surface, suggesting that some
of  the  cavities  formed  during  pretreatment  were  not  filled
completely by the Ni–P alloy, and many Ni–P crystal nuclei

were  not  well  integrated  into  an  intact  nickel  coating.  This
unregular morphology is ascribed to the thin thickness of the
low-P content  Ni–P film,  which  will  be  confirmed later  by
the cross-sectional SEM image. In the cases of low-P/medi-
um-P  double-layer  and  low-P/medium-P/high-P  triple-layer
coatings, typical “cauliflower” morphologies with many nod-
ules were formed, demonstrating the formation of Ni–P alloy
coatings. Although the double-layered nickel coating surface
was  slightly  rougher  than  that  of  the  triple-layered  coating

 

(a) (b)

(c) (d)

100 nm100 nm 100 nm100 nm

100 nm100 nm100 nm100 nm

Fig. 2.    Surface morphologies of the zinc layer obtained at different immersion temperatures: (a) 10, (b) 15, (c) 25, and (d) 35°C for
30 s.

 

(a) (b)

(c) (d)

100 nm100 nm 100 nm100 nm

100 nm100 nm100 nm100 nm

Fig. 3.    Surface morphologies of the zinc layer after a secondary zinc immersion treatment with different times: (a) 10, (b) 30, (c) 60,
and (d) 90 s at 25°C.
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because of the more significant variation in diameter of these
nodules,  both  are  compact  without  evident  pinholes  or  de-
fects and are expected to show good corrosion resistance. Ac-
cording to the EDS spectra, as shown in Fig. 4(d)–(f), the ap-
parent content of O element (2.9wt%) was identified in the
low-P Ni–P coating.  The  O element  results  from the  oxide
film formed during the pretreatment process. The aluminum
element comes from the aluminum alloy matrix, demonstrat-
ing the low-P Ni–P film’ thin thickness and limited corrosion
resistance. For comparison, the Al element with high content
in  the  low-P Ni–P film was  excluded  while  calculating  the
element  ratio  in  the  different  Ni–P layers  because  it  comes
from  the  substrate  rather  than  the  coating.  The  O  element
cannot be identified. The P content increased to 8.11wt% for
the  double-layered  coating  and  13.32wt%  for  the  triple-
layered coating, manifesting amorphous structural Ni–P lay-
ers with good corrosion resistance were probably deposited.

The X-ray diffractometer identified the phase structures of
the  three  different  coatings.  The  corresponding  results  are
shown  in Fig.  5.  The  XRD  pattern  shows  prominent  and
sharp diffraction peaks at 2θ = 38°, 45°, 65°, and 78° for the

low  P  layer,  indicating  that  the  coating  was  mainly  com-
posed of crystalline phases.  Based on the PDF file (JCPDS
card  No.:  Ni  03-1051,  88-2326;  N12P5 74-1381;  Ni3P  65-
2778), these peaks matched well with the microcrystalline Ni
and  amorphous  Ni12P5 and  amorphous  Ni3P  alloy.  For  the
middle-P and high-P coatings, only a broad diffraction peak
with a 2θ angle of around 45° was observed in the XRD pat-
terns, which is attributed to the diffraction of the nickel (111)
plane. Furthermore, the peak in the XRD pattern for high-P
coating is wider than that for the middle-P coating owing to
the relatively high P content and more content of amorphous
phase structure in the former sample [28]. The high content
of P element in the Ni crystal lattice results in forming a Ni-
based supersaturated solid solution and amorphous structure,
which is usually expected to improve the corrosion and wear
resistance  of  the  coatings.  This  is  because  an  amorphous
coating structure does not have the crystal characteristics of a
crystalline  alloy,  such  as  the  easy  occurrence  of  micro-gal-
vanic corrosion.

Fig.  5(b)  shows  the  cross-sectional  morphology  of  the
combined  gradient  Ni–P  coating.  The  thickness  and  com-
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Fig. 4.    SEM images (a–c) and EDS spectra (d–f) of the three coatings with different P contents: (a, d) low P; (b, e): medium P; (c, f):
high P.
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pactness of a cathodic layer are key factors affecting the pro-
tective  effect  of  the  Al  substrate.  The  coating  porosity  de-
creases  with  increasing  thickness.  When  the  thickness
reaches a specific value, the coating becomes denser, and the
porosity is evenly reduced to zero. It can be seen from Fig. 5
that  the  middle-P  and  high-P  coatings  are  very  smooth,
showing thicknesses of 23.6 µm for the middle P layer and
32.6 µm for the high P layer. At the same time, the line-scan
EDS test can see the variations of different elements across
the  gradient  coating.  The  double  compact  coatings  can  ef-
fectively  protect  the  Al  substrate  from  corrosion. Fig.  5(b)
also shows that the low-P layer has a thickness of only 0.43
µm (inset in Fig. 5(b)). Because it is too thin, the transition
layer  must  be  observed  in  magnification.  It  was  found  that
crests and grooves were not observed at the interface between
the substrate and the coating, indicating the strong adhesion
of  the  coating.  The  zinc  layer,  named  the “soft  transition”
zone, can increase the adsorption capacity between the Ni–P
plating  and Al  substrate  to  improve  the  bonding  force.  Be-
sides,  the  middle-P  coating  between  the  low-P  and  high-P
coatings is conducive to reducing the strains and improving
the bonding strength of the gradient coating due to prevent-
ing mutations of phosphorus content between layers.

 3.3. Corrosion resistance of the different Ni–P coatings

Defects among the nodules and micropores in the electro-
less nickel layer can quickly become a diffusion channel for
the  corrosive  media,  decreasing  the  corrosion  protection  of
the coating and causing substrate  destruction.  Reducing the
defects  and  especially  through-pores  in  the  nickel  layer  are
effective  ways  to  improve  the  corrosion  protection  for  alu-
minum alloy. However, it is difficult to eliminate the micro-
pores in a single electroless nickel layer owing to the hydro-
gen evolution during plating.  Gradient  coating with a  com-
bination of different nickel layer phases is expected to reduce
the through pores and enhance the protection for aluminum
alloy  because  electroless  nickel  layers  with  different  phos-
phorus contents have different microstructures and pore de-
fects. According to the results of the polarization curves, as

shown in Fig. 6(a), it can be seen that the gradient plating ob-
tained by combining three nickel layers with different phos-
phorus contents has a significant positive shift in the self-cor-
rosion potential and the lowest corrosion current density, in-
dicating  a  substantial  improvement  in  the  corrosion  resist-
ance. The considerable increase in the corrosion protection of
the gradient plating is attributed to the amorphous structure of
the nickel layer with high phosphorus content on the surface
and  the  triple-layered  nickel  coating  with  different  defects
that  could  increase  the  difficulty  of  forming  through-holes.
The amorphous structure of the high nickel layer makes the
nickel layer itself less susceptible to the formation of micro
galvanic corrosion. It has significantly better corrosion resist-
ance  than  the  crystalline  nickel–phosphorus  alloy  layer.
Meanwhile, it has been demonstrated that the surface of the
amorphous nickel–phosphorus alloy layer is easy to form an
oxide  film  with  high  corrosion  resistance.  In  addition,  ac-
cording  to  the  SEM  images,  the  low-P/medium-P/high-P
gradient coating shows the most uniform and dense surface
morphology, which is undoubtedly one of the reasons for the
best corrosion resistance.

Electroless  impedance  spectroscopy  (EIS)  was  used  to
compare the corrosion resistance of the coatings, which were
soaked in a 3.5wt% NaCl solution. Fig. 7 shows the Nyquist
and Bode plots of each coating. The EIS spectrum was ana-
lyzed  using  an  equivalent  circuit  model  shown in Fig.  7(a)
(inset). In this model, Rs, Rc, and Rct represent the resistance
of  the  solution,  the  coatings,  and  the  charge  transfer  resist-
ance, respectively. C1 and C2 are the capacitance of the coat-
ing and the electric double layer.  A constant phase element
(CPE) replaces pure capacitance [29–31]. The impedance of
CPE can be described as follows:

ZCPE =
1

Y0
(
ωj
)n ,

ωwhere  is the angular frequency, j is the imaginary number,
Y0 is the admittance function, and n is the coefficient related
to the deviation. As shown in Fig. 7, the Nyquist diagrams of
different combinations of nickel layers show similar shapes
in  the  relatively  same  frequency  region,  indicating  that  the
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electrochemical processes occurring at the coating surface are
roughly the same. However, Table 3 shows that the Rct value
of the low-P/middle P/high-P gradient coatings is much high-
er than those of single low-phosphorus nickel layer and du-
plex low-P/middle P gradient coatings, showing higher cor-
rosion resistance in the studied corrosive media [32].

The salt spray test was carried out in a neutral 5wt% sodi-
um chloride salt at 35°C. The coatings with different P con-
tents were placed in the salt spray box. The visual photos and
corresponding  SEM  images  of  the  different  Ni–P  coatings
after salt spray corrosion are shown in Fig. 8. After 96 h of
salt spray test, many corrosion spots appeared at the surface
of  the  single  nickel  layer  with  low-phosphorus  (Fig.  8(a)).
The coating surface has noticeable color changes with some
blackened  and  cracked  areas.  The  corresponding  SEM  im-
ages  further  prove  that  the  surface  was  corroded  seriously

(Fig.  8(d)).  These areas with obvious corrosion holes  prob-
ably lost the corrosion protection function, indicating that the
corrosion  resistance  of  the  single  nickel  layer  with  a  low
phosphorus  content  is  poor,  and it  is  challenging to  protect
the aluminum alloy from corrosion. When the salt spray test
time  was  increased  to  336  h,  the  low  P/medium-P  duplex
coating  did  not  show  corrosion  holes,  peeling,  blistering,
flaking, or other phenomena on the macroscopic level. Still,
there  were  color  changes  and  a  few corrosion  spots  on  the
edge of the specimen. Moreover, corrosion phenomena with
an  accumulation  of  corrosion  products  in  some  areas  and
even  a  tiny  amount  of  microcracks  can  be  observed  at  the
surface of the coating from the SEM image (Fig. 8(e)). It can
be  speculated  that  these  small  corrosion  areas  will  expand
and  become  more  profound,  resulting  in  failed  protection
with increasing salt spray time. In contrast, discoloration and

Table 3.    Fitted EIS electrochemical parameters for different electroless Ni–P layers

Samples Rs / (Ω·cm2) Rct / (Ω·cm2) Rc / (Ω·cm2) C1 / (S·sn·cm−2) C2 / (S·sn·cm−2)
Al substrate 8.049 657 0.2864 4.124 × 10−14 6.549 × 10−5

Low P 3.289 4867 135.5 4.748 × 10−5 1.230 × 10−4

Low-P/medium-P 3.170 10531 231.3 6.430 × 10−5 3.807 × 10−4

Low-P/medium-P/high-P 3.305 28075 851.6 3.931 × 10−5 4.529 × 10−4

 

0
0

3000

6000

9000

12000

15000

18000

(a) (b)

5000 10000 15000

Z′ / (Ω·cm−2)

−Z
″ /

 (Ω
·c

m
−2
)

−Z
″ /

 (Ω
·c

m
−2
)

Φ
 / 

(°
)

20000 25000 30000 −1−2
0

1

2

3

4

5

6

0 1 2 3 4 5
0

20

40

60

80
2Al1 substrate C1

C2

Rs

Rc

Rct

Low P

0
0

1000

2000

3000

4000 8000 12000
Z′ / (Ω·cm−2)

Low P/middle P
Low P/middle P/high P Low P/middle P/

high P

Low P/middle P
Low P

lg
[|Z

| /
 (Ω

·c
m

−2
)]

lg(f / Hz)

Fig. 7.    EIS plots of various electroless Ni–P layers in a 3.5% NaCl solution: (a) Nyquist plots; (b) Bode plots. The abscissa and or-
dinate in (a) are the real part and imaginary part of the impedance, respectively; the abscissa in (b) is the logarithm of frequency, and
the ordinates at the left and right hands in (b) are the logarithm of impedance modulus and phase angle of impedance, respectively.

 

(a) (b) (c)

(d)

10 μm 10 μm 10 μm10 μm 10 μm 10 μm

(e) (f)

Fig. 8.    (a–c) Digital pictures and (d–f) SEM images of the different Ni–P layers after the salt spray test with different hours: (a, d)
low-P coating, 96 h; (b, e): low-P/medium-P, 336 h; (c, f) low-P/medium-P/high-P, 500 h.

B. Wang et al., High corrosion and wear resistant electroless Ni–P gradient coatings on aviation aluminum alloy parts 161



noticeable corrosion pits are not visually observed on the sur-
face  of  the  low-P/medium-P/high-P  triple-layered  gradient
coating, even after the salt spray time increased to 500 h. The
surface  of  the  layer  remains  bright  and  flat,  and  corrosion
signs are not found even at the edges of the hole for hanging
the sample. Microscopically, the gradient coating is still flat
and smooth without any signs of corrosion among the differ-
ent nodules (Fig. 8(f)). The evident micromorphological dif-
ference of the triple-layered coating compared with that be-
fore the salt spray test is not observed, indicating that the as-
designed  gradient  coating  can  continuously  protect  the  alu-
minum alloy substrate from corrosion under a long-time salt
spray  attack  environment.  In  conclusion,  the  results  of  the
above  electrochemical  tests  show  that  the  corrosion  resist-
ance of the low-P/medium-P/high-P gradient coating is signi-
ficantly better than those of the single nickel layer low phos-
phorus coating and the duplex low-P/medium-P coating and
can fully meet the practical requirements of aluminum alloy
products in the aerospace industry.

 3.4. Bonding force, microhardness and wear resistance

Two methods,  including  an  automatic  scratch  test  and  a
bending test, were used to evaluate the adhesion of the Ni–P
coatings with different P contents prepared by different pre-
treatments.  As  shown  in Fig.  9,  the  Ni–P  coating  prepared
with a zinc immersion time of 30 s and temperature of 25°C
exhibits  a  relatively  better  bonding  force.  The  coating  ob-
tained at the optimum condition shows a highest critical load
exceeding 80 N. Unsuitable temperature (too low or too high)

or time (too short or too long) will adversely affect the bond-
ing between the coating and substrate.

The bending test consolidated these adhesion results based
on the automatic scratch test. As shown in Fig. 10, inappro-
priate temperature or time caused the coating to peel severely
after the bending test. The Ni–P coating obtained with the op-
timum condition did not peel off after a bending higher than
90 degrees, manifesting excellent adhesion.

A Taber wear tester was used to measure the wear resist-
ance  of  the  different  Ni–P coatings,  shown in Fig.  11.  The
single  Ni–P  layer  with  a  low P  content  is  only  several  mi-
crons and is an intermediate layer. Thereby, the wear resist-
ance is not discussed here. The bare aluminum alloy shows a
high mass loss with a wear rate of 199.6 µm·h−1. After depos-
ition of the low-P/medium-P double-layer or low-P/medium-
P/high-P gradient coatings, the wear rate drops significantly
to  64.5  and  70.6 µm·h−1,  respectively.  The  significant  de-
crease in wear rate suggests an evident improvement in wear
resistance.  Compared  to  the  double-layer  coating,  the  wear
rate of the triple-layered coating increases slightly, which is
attributed to a minor decrease in the hardness of the high P
coating.  It  is  well-known  that  wear  resistance  is  related  to
hardness [33]. As the P content increases, the large amount of
soft “γ” structure  in  the  coating  reduces  the  hardness  and
wear resistance [34].

A microhardness tester was used to obtain the microhard-
ness of the aluminum alloy with and without Ni–P coatings
(Fig. 11(b)). It can be seen from Fig. 11 that the microhard-
ness  of  the  Ni–P  alloy  gradient  coating  is  about  HV  503,
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which is about three times that of the substrate (HV 152), in-
dicating  that  electroless  Ni–P  plating  can  significantly  in-
crease the microhardness of the substrate.  The results show
that  the  electroless  Ni–P  coating  in  this  study  has  strong
bonding force, high hardness, and wear resistance.

 4. Conclusions

A  gradient  coating  of  low-phosphorus,  medium-phos-
phorus, and high-phosphorus electroless Ni–P layers was de-
posited  on  the  aviation  aluminum  alloy  surface  through  a
two-step  zinc  immersion  pretreatment  method.  The  low-
phosphorus layer (~1 µm) has a crystalline structure with a
phosphorus content of about 5wt%. The medium-phosphor-
us layer (23.6 µm) with a phosphorus content of about 8wt%
and the high-phosphorus layer (32.6 µm) with a phosphorus
content of about 13wt% are amorphous structures and dense
without  apparent  defects.  The  Ni–P  alloy  gradient  coating
with  multiple  Ni–P  layers  showed  good  adhesion  and  high
corrosion and wear resistance.

The  zinc  immersion  temperature  and  time  significantly
impact the morphology and bonding force of the Ni–P alloy
gradient coating. The zinc layer obtained at a low temperat-
ure below 15°C is uneven and has large pores. The grain size
of the zinc layer gradually increased and became more uni-
form  with  the  increased  zinc  immersion  temperature.  The
zinc  immersion  layer  formed  at  25°C  for  30  s  showed  the
best uniformity, producing good adhesion and corrosion res-
istance for the Ni–P alloy gradient coating.

The wear resistance was directly related to the hardness of
the Ni–P coating.  As the phosphorus content  increased,  the
hardness of the Ni–P coating decreased, resulting in reduced
wear resistance. The wear resistance of the low-phosphorus/
middle-phosphorus duplex-layer coating was better than that
of  the  low-phosphorus/middle-phosphorus/high-phosphorus
triple-layer  coating.  However,  the  triple-layered  coating
showed  the  best  corrosion  resistance  compared  with  other
composite coatings and is suitable as a protective coating for
aluminum alloy used in harsh environments.
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