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Abstract: In order to improve the corrosion resistance and microhardness of AZ91D magnesium alloy, TiN nanoparticles were added
to fabricate Ni—P—TiN composite coating by electrodeposition. The surface, cross-section morphology and composition were
examined using SEM, EDS and XRD, and the corrosion resistance was checked by electrochemical technology. The results indicate
that TiN nanoparticles were doped successfully in the Ni—P matrix after a series of complex pretreatments including activation, zinc
immersion and pre-electroplating, which enhances the stability of magnesium alloy in electrolyte and the adhesion between
magnesium alloy and composite coating. The microhardness of the Ni—P coating increases dramatically by adding TiN nanoparticles
and subsequent heat treatment. The corrosion experimental results indicate that the corrosion resistance of Ni—P—TiN composite
coating is much higher than that of uncoated AZ91D magnesium alloy and similar with Ni—P coating in short immersion time.
However, TiN nanoparticles play a significant role in long-term corrosion resistance of composite coatings.
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1 Introduction

Magnesium and its alloy have been used in many
industrial applications such as telecommunications,
aerospace, automotive, microelectronics and recreational
equipment as they possess excellent properties [1,2].
However, poor corrosion and wear resistance, high
chemical and electrochemical reactivity of magnesium
and its alloy hinder their widespread use in many
applications [3,4]. Therefore, numerous surface
modification methods such as electro/electroless plating,
physical-chemical vapor depositions,
coatings, and thermal spray coating were presented for
producing corrosion-resistant coatings on magnesium
alloy [5-7].

Since electrodeposition provides the alloy substrate
with coatings showing excellent corrosion and wear
resistance properties and convenience of operation, it is
considered a relatively effective choice among various
surface coatings treatments [8,9]. It was reported that

conversion

electrodeposition of Ni—P alloy coatings enhances the
corrosion resistance, microhardness and wear resistance
of magnesium [5,6]. Ni-P—X composite coatings with
better corrosion properties and higher hardness have
already been deposited on magnesium alloy by adding
ceramic powders such as TiO, [10], SiC [11], SizN4 [12],
BC [13] and Al,O; [14] reinforcing particles using either
electroless or electroplating techniques. YANG et
al [15] have developed a novel electroless deposition to
produce nanoparticle ZrO, reinforced metal coatings on
AZ31 magnesium alloy. LIU et al [16] found that
abrasive wear was dominant for Ni-P—WC composite
coating due to the existence of embedded WC
nanoparticles. Since the nanoparticles are dispersed in
the matrix, the content and nature of particles in the
coatings dominate the corrosion and wear resistance
properties of the coating. In another study, it was
mentioned that TiN nanoparticles not only have high
strength, modulus and hardness but also possess high
chemical and thermal stabilities [17,18]. Therefore, it
can be presumed that TiN nanoparticle could be used as
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secondary phase to enhance the strength and toughness
of metal or ceramics substrate.

Magnesium  alloys react vigorously  with
atmospheric oxygen and water due to high chemical and
electrochemical reactivity [19,20]. Thus, the naturally
formed hydroxide and/or oxide films should be removed
prior to electrodeposition as these deteriorate the
adhesion of an electrodeposited layer. The intermediate
layer between substrate and coating not only reduces the
potential difference between magnesium and Ni—P—TiN
composite coating, but also decreases the corrosion of
magnesium during the Ni—P-TiN electroplating
process [21]. Therefore, ultrasonic cleaning, acid
pickling-activation, and zinc immersion are performed
prior to electroplating magnesium [22]. The HF acid
pickling-activation step should be done before zinc
immersion, which helps to remove the loose oxide/
hydroxide film on the magnesium alloy surface, and then
avoids fierce corrosion [23]. Apart from HF, ammonium
fluoride was present in the plating to form MgF,. The
chemical activity and Volta potential diversity
distribution on the substrate are equalized after zinc
immersion process [22,24]. In our previous work [25],
semi-bright nickel was electroplated on AZ91D
magnesium alloy from an acidic bath as the protective
layer for the further electroplating, and then Ni—P
coating was directly electroplated on the protective layer.

In the current study, Ni—P—TiN composite coatings
were  successfully electrodeposited on  AZ91D
magnesium alloy after some special pretreatments. Since
many researchers [26,27] and our group [25] have
studied the influence of plating parameters, such as bath
temperature, and the content of H3;PO; in electrolyte on
Ni—P coatings, and the effects of bath pH and current
density on the TiN nanoparticle content in the composite
coating were studied herein. Furthermore, the effects of
incorporation of TiN nanoparticles in Ni—P electro-
deposition on microhardness and long-term corrosion
resistance of the coatings were also investigated.

2 Experimental

2.1 Preparation of Ni—P—TiN composite coating

The substrate was made of cast AZ91D magnesium
alloy. Cylindrical rods (d8 mm x 6 mm) sealed with
polytetrafluoroecthylene (PTFE) and surface area of
0.50 cm” were used. The substrate was polished using
silicon carbide emery papers of 400 to 1000 grade
followed by alumina paste of 2.5 um. Thereafter, the
substrate was degreased in acetone using ultrasonic
cleaning device and washed twice using distilled water.

With the purpose of increasing the corrosion
resistance and adhesive bond between the coatings and
the substrate, some appropriate surface pretreatments
were adopted before the composite coatings electro-

deposition on AZ91D magnesium alloy [28]. The process
flow and main parameters of pre-treatment are shown in
Table 1. All solutions were prepared using analytical
reagents and deionized water. During experiments, bath
temperature was maintained at the required value using
thermostatic water bath.

Table 1 Pre-treatment parameters used for electrodeposition of

protective coatings on AZ91D magnesium alloy (RT=room

temperature)
Proce'ss SOlun.ofl Concentration Conditions
operation composition
Degreasing Acetone - RT, 1-3 min
Picking- HF (40%)  54mL/L RT, 30s
activation
ZnSO,-TH,O 30 g/L 3.5-5 min
preZt;Ielz:'?r;eent K4P;0; 180 g/L 70°C
Na,CO, 5o/l pH=10.0+0.2
c Cu,P,04 28 g/L 12 min, 40 °C
u
electrodeposition K,4P,0, 100-150 g/ pH=8.2-8.8
(undercoatings) (NH,):CeHsO,  60-70 g/ Dji/=dl r.nZzO
NiSO,-6H,0 240 g/L
Ni NiCl,'6H,0 45 g/L ‘013“1;%5456 "OC
. pH=5.5-6.
electrodepositon H;BO; 40 g/L D,=4.0 A/dm’
NH,F 20 g/L

Before electrodeposition, TiN nanoparticles and the
surfactant were added to plating bath using ultrasonic
dispersion for 12 h to ensure a good dispersion of TiN
nanoparticles [29]. TiN nanoparticles obtained from
Hefei Kaier Nanometer Energy & Technology, China,
have an average particle size of approximately 20 nm.
During the plating process, the electrolyte was agitated
by mechanical impeller to maintain the uniform
particulate concentration and prevent sedimentation of
the TiN nanoparticles. Main parameters for electro-
deposition of Ni—P—TiN composite coatings on AZ91D
magnesium alloy are presented in Table 2. The
fabrication technique of Ni—P alloy coating was given in
our previous work [25].

2.2 Microstructure characterization and electro-

chemical measurement

The surface morphologies of coatings were
investigated using SU8010 (Hitachi, Japan) and SIRION
(FEI Co., Holland) scanning electron microscope (SEM)
operated at 25 kV. The chemical composition of the
composite coatings were analyzed using energy
dispersive spectroscopy (EDS) equipped with SEM. The
microstructure of coating was characterized using a
transmission electron microscope (TEM, JEOL200CX,
Japan). The crystal structure was determined using X-ray
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diffraction (XRD, XPERT-PRO, PANalytical B.V.,
Holland) with a Cu K, radiation in the 26 range of
20°—80° with an operating target voltage of 50 kV and a
tube current of 100 mA using a scan step of 0.04°.

Table 2 Parameters for electrodeposition of Ni—P—TiN coatings
on AZ91D magnesium alloy

Plating F)Z.i'[h Concent{z}ltlon/ Parameter Value
composition (g'L)
. Current 4.0, 5.0,
NiS04-6H,0 200 density/(A-dm?) 6.0, 8.0
. L . 30,24,
NiCl, 6H,0 45 Plating time/ min 20, 15
H;PO; 40 Bath pH 1.5-3.0
Bath
+
HsPO, 30 temperature/°C 7045
. Agitation
TN 3 speed/(r~min71) 600
SDS 0.1
A transistor constant potential/current device

(Model ZF—9, China) was used as direct current power
source in electroplating process. The conventional three-
electrode flat cell was
electrochemical properties in 3.5% NaCl solution at
room temperature ((25+£0.5) °C) [30]. A saturated
calomel electrode (SCE) and a large platinum sheet were
used as reference eclectrode and auxiliary electrode,
respectively. The film was coated on the AZ91
magnesium alloy with exposed area of 0.5 cm’ as
working electrode.

After obtaining a relatively stable open circuit
potential (OCP), potentiodynamic polarization was
performed using CHI630C electrochemical workstation
(Shanghai Chenhua Instruments Company, China).
Electrochemical impedance spectroscopy (EIS) was
performed using a VMP2 multichannel potentiostat
(PARC, USA). The Tafel curves were recorded at a
scanning rate of 0.5 V/s from —0.2 to 1 V versus OCP in
neutral NaCl solutions in order to evaluate the
anticorrosion performance of Ni—P-TiN composite
coatings. Current response was recorded and analyzed by
extrapolating the Tafel curve. The EIS measurements
were conducted at the OCP and acquired in the
frequency range of 100 kHz to 0.01 Hz using a 10 mV
amplitude sine wave generated by a frequency response
analyzer. The potentials were reported with respect to
SCE in the current work.

chosen to measure the

3 Results and discussion

3.1 Effect of electroplating parameter on Ni—P-TiN
composite coating
3.1.1 Electroplating current density (D)

The influence of current density was studied when
other electroplating parameters remained constant. The
constant parameters are: TiN concentration 5 g/L, pH 1.5,
solution agitation speed 600 r/min, and bath temperature
(70+5) °C. The influence of Dy on the Ti and P element
contents of Ni—P—TiN composite coatings is presented in
Fig. 1. It is evident that with increasing the current
density from 3.0 to 8.0 A/dm’ Ti content in the
composite coatings increases initially and decreases
afterwards, while P content reduces (Fig. 1). The Ti
content peaked at 6.0 A/dm’. In addition, it is clear that
doping nanoparticles have less effect on the P content in
the coatings. The P content in Ni—P—TiN composite
coatings is found to be slightly lower than that in Ni—P
alloy coatings under the same current density [25], which
is mainly attributed to the deposition mechanism and
correspondent with the change of P content in Ni—P alloy
electroplating [31]. However, electroplating current
density has a significant influence on the TiN content of
the composite coatings. The electric field force of plating
bath and the electrostatic repulsive force between
cathode surface and negatively charged TiN particle [32]
increase with increasing current density. This causes low
transport rate of nanoparticles to the cathode and TiN
content in the coating [33]. Finally, D, was chosen as 6.0
A/dm” for subsequent experiment.
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Fig. 1 Influence of Dy on Ti and P contents of Ni—P-TiN

coatings (Temperature 70 °C, pH 1.5, solution agitation speed
600 r/min)

3.1.2 Bath pH

The influence of bath pH was studied when the
other electroplating parameters remained fixed, which
are TiN concentration 5 g/L, Dy 6.0 A/dm?, solution
agitation speed 600 r/min and bath temperature 70 °C.
Figure 2 shows Ti content of Ni—P—TiN composite
coatings with respect to plating solution pH. It is obvious
that Ti content in composite coating increases initially
and decreases afterwards with increasing pH value from
pH 1.5 to 3.0 (Fig. 2). It is worth mentioning that Ti
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content peaked at pH 2.0. The effect of plating bath pH
on the nanoparticle TiN content can be attributed to the
fact that different pH values might result in the change of
surface charge on substrate and nanoparticle [34,35]. As
a result, the TiN nanoparticle content of the composite

coating appears to be higher at pH 2.0 than that at pH 3.0.

So, it can be reported that TiN content increases with
increasing pH up to a certain value. Beyond this
value/point, the TiN nanoparticle content decreases. The
lower H' concentration at higher pH reduces the volume
of nanoparticles adsorbed by H" ions, thus TiN content in
the coatings reduces [26].

1:2

1.0}

0.8+

w(Ti)%

0.6

04}

1.5 2.0 25 3.0
pH
Fig. 2 Influence of bath pH on Ti content of Ni—P-TiN
composite coatings (Temperature 70 °C, D=6.0 A/dm?
solution agitation speed 600 r/min)

In conclusion, TiN content in the composite
coatings would be optimum under the electroplating
conditions of pH 2.0, Dy 6.0 A/dm?, TiN concentration
5 g/L, bath temperature 70 °C and agitation speed
600 r/min.

3.2 Characterization of Ni—P—TiN composite coatings
3.2.1 Surface morphology and microstructure

Figure 3(a) shows the microstructure of TiN
nanoparticles. The average size of sphere-shaped TiN
nanoparticle is found to be around 20 nm. Figure 3(b)
shows the XRD pattern for TiN nanoparticles. The
diffraction peaks of (111), (200), (220), (311) and (222)
planes are the characteristics of TiN nanoparticles.

The typical surface morphology and microstructure
of Ni—P coating with different magnifications are shown
in Figs. 4(a) and (b), while those of Ni—P-TiN
composite coatings are shown in Figs. 4(c) and (d). It is
obvious that the morphology of the coating changes after
TiN nanoparticles addition. It can be seen that TiN
nanoparticles have embedded in the N—P matrix by
codeposition. Some of the TiN nanoparticles
agglomerate to a certain extent in spite of mechanical/
magnetic agitation used before electrodeposition. As
shown in Fig. 4(a), nodular structures are distributed

(200)

(111)
(220)

GBI

l (222)
20 30 40 50 60 70 80
200(°)

Fig. 3 SEM image (a) and XRD pattern (b) of TiN

nanoparticles

uniformly in the Ni—P microstructure, and the size of
Ni—P particle shown in Fig. 4(b) is around 50 nm. In the
case of Ni—P—TiN specimen, the nodules are found to be
much smaller in size and the surface appears to be
smooth as shown in Figs. 4(c) and (d). It can be
concluded from Figs. 4 (a)-(d), that the TiN
nanoparticles can refine the crystal grains. Figure 4(e)
shows the bright-field TEM micrograph of Ni—P-TiN
composite coatings. It can be found that TiN
nanoparticles are embedded into the Ni—P matrix as
stripe mosaic and dispersed well. In addition, few of the
TiN nanoparticles agglomerated in composite membrane
coatings. The selected-area electron diffraction (SAD)
pattern of the same sample is shown in Fig. 4(f), where
the arrow-pointed (220), (222), (200), and (220) faint
diffraction rings correspond to the TiN crystal parameter.
Figure 4(g) shows that peak intensity of Ti element
energy spectrum is relatively weak, due to the low
content of Ti (0.96%). It can be seen that there are some
dark TiN nanoparticles pointed by arrow in Fig. 4(e),
which are further demonstrated by composite coating
TEM diffraction pattern and the energy spectrum of the
composite coatings (Figs. 4 (f) and (g)). Based on the
above results and analysis, it can be said that although
TiN content is not very high, TiN nanoparticles do exist
in Ni—P composite coatings.

The cross-section image and corresponding EDS
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Fig. 4 Typical SEM images of Ni—P coating (a, b) and Ni—P—TiN composite coating (c, d) with different magnifications, TEM

bright-field image (e), SAD pattern (f) and EDS analysis of Ni-P—TiN composite coating (g) (Ni-P—TiN composite coating was

electrodeposited at pH 1.5, Dy 6 A/dm?, solution agitation speed 600 r/min and temperature 70 °C)

line profile of the Ni—P-TiN composite coating are with a coherent Zn layer as shown in Fig. 5(b), the Zn
shown in Fig. 5. The immersion zinc layer is located in layer strengthens the adhesion of the subsequently
the area where the substrate surface and Cu layer are deposited Cu layer to AZ91D alloy substrate. There is no
mutually overlapped, which is similar to our previous obvious boundary or interfacial defects observed along

work [25]. Though the substrate is not uniformly covered the interface between the Cu, Ni and Ni—P—TiN layers
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shown in Fig. 5(a), indicating that Ni—P—TiN composite
coating is attached tightly to the Ni layer, which is also
attached tightly to the Cu underlayer. In addition, the
Ni—P-TiN composite coating is compact and no pores
exist in its cross-section morphology. As shown in
Fig. 5(b), the corresponding element distribution from
the coating surface to the substrate along the line is
labeled. Due the low content of TiN nanoparticle in the
composite coatings, there are no obvious peaks for Ti
and N elements in the EDS line profile, but the P element
is very clear. As shown in Fig. 5(b), the thicknesses for
Ni—P—-TiN, Ni and Cu layers are around 10, 8 and 4 um
respectively, while the Zn layer and AZ91D magnesium
alloy substrate are connected tightly.

Substrate

Epoxy Ni-P-TiN Ni
(b)

0 5 10 15 20 25 30
Distance/um

Fig. 5 Cross section morphology (a) and EDS line profile (b)
for Ni—P-TiN coating electrodeposited at D=8.0 A/dm> and
pH 2.0

3.2.2 Hardness analysis

Vickers hardnesses of the magnesium alloy
substrate, Ni—P alloy coatings and Ni—P—TiN composite
coatings before and after heat treatment are presented in
Fig. 6. The data shown in Fig. 6 indicate that the
hardness of magnesium alloy is very small (HV 62)
which does not change noticeably before and after heat
treatment (HV 68). The microhardnesses of Ni—P
coatings and Ni—P-TiN composite coatings on
magnesium alloy are found to be significantly higher

2981

than the uncoated AZ91D magnesium alloy. Furthermore,
the microhardnesses of as-plated and heat treated
Ni—P-TiN coatings are higher than those of the
conventional Ni—P coatings respectively. However, after
heating at 400 °C for 1 h, the hardness of both Ni—P and
Ni—P—TiN specimens improves and reaches HV 653 and
HV 855, respectively. Figure 7 presents the XRD
patterns of Ni—P alloy and Ni—P-TiN composite
coatings before and after heat treatments. The broad
diffraction peak at 40°-50° in Ni—P alloy without heat
treatment corresponds to Ni amorphous structure (Jade
PDF software). After heat treatment, Ni—P alloy and
Ni—P-TiN composite coatings are crystallized gradually.
XRD pattern of Ni—P—TiN composite coatings shows
obvious refinement compared with that of as-plated
Ni—P alloy. However, the diffraction peaks of Ni indicate
crystallization. Thus, it can be claimed that nanoparticles
have the effect of grain refining in Ni—P—TiN composite
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Fig. 6 Microhardness of AZ91D magnesium alloy before (a)
and after annealing at 400 °C for 1 h (b), Ni—P coatings
before (c) and after annealing at 400 °C for 1 h (d), Ni-P—TiN
before (e) and after annealing at 400 °C for 1 h (f) (The
electrodepositing parameters are pH 1.5, D,=6A/dm?)

v—Ni
« —Ni,P

Ni-P annealing
o v
at 400 °C

Ni-P-TiN
ealing at 4

~ A Ni-P-TiN
. ‘ , NP .
20 30 40 50 60 70 80
20/°)

Fig. 7 XRD patterns of Ni—P coatings and Ni—P-TiN
composite coatings with and without annealing at 400 °C for
1 h (The electrodepositing parameters are pH 1.5, D=6 A/dm?)



2982 Ya-ru ZHOU, et al/Trans. Nonferrous Met. Soc. China 26(2016) 2976—2987

coatings. The hardness of Ni-P—TiN composite coatings
is measured to be higher than that of Ni—P alloy. The
incorporation of the TiN nanoparticles in the coatings
improves the hardness of the specimens due to the high
hardness of TiN nanoparticles dispersed in the alloy
coatings. It was mentioned that TiN nanoparticles enhance
the lattice distortion resistance, improve the density and
hardness of the composite coatings without changing
organizational structure of Ni—P coating [36,37].

The XRD diffraction peaks from Ni—P alloy and
Ni—P-TiN composite coatings become narrow after heat
treatment, and new phase, Ni;P, can also be identified. In
addition, the amount of Ni;P phase in Ni—P-TiN
composite coating is found to be more than that in Ni—P
alloy, and the Ni;P phase is in the more disperse state.
Due to the high strength of Ni;P phase, the
microhardnesses of both Ni—P with/without TiN increase
after heat treatment [38].

In conclusion, the microhardnesses of both kinds of
coatings significantly increase due to the presence of
Ni—P coating with/without TiN nanoparticle. In addition,
heat treatment further improves the microhardness,
which can be attributed to the formation of new NisP
phase. The Ni—P-TiN composite coating has exhibited
significantly improved microhardness compared with the
Ni—P coatings after heat treatment.

3.3 Performance of Ni-P—TiN composite coatings
3.3.1 Corrosion resistance

Potentiodynamic polarization curves of AZ91D
magnesium alloy, Ni—P coatings and Ni—P-TiN
composite coatings immersed in 3.5% NaCl solution for
30 min are shown in the Fig. 8. The Ni—P coatings are
fabricated at pH of 2.0, current density of 8 A/dm” and
without ultrasonic. It can be seen that all the polarization
curves of Ni—P-TiN composite coatings and Ni—P
coatings show a wider passive region and dramatically

0 Ni—P-0.55%TiN

Ni—P-0.17%TiN
Ni-P

INi-P-0.96%TiN
Ni-P-0.30%TiN

-L5y AZ91D
-

Potential (vs SCE)/V

=-2.0 .
107 107

107 107 1075 10# 1072 1072 107!
Current density/(A-cm™)

Fig. 8 Polarization curves of substrate, Ni—P coatings and
Ni—P-TiN composite coatings in neutral 3.5% NaCl at room
temperature (immersion time 30 min, pH 2.0, D=8 A/dm?)

smaller corrosion current density than that of uncoated
AZ91 magnesium alloy (Fig. 8). This indicates that the
electrodeposition of Ni—P—TiN composite coatings and
Ni—P coatings improves the corrosion resistance of
AZ91D magnesium alloy serving as a protective layer
that inhibits corrosion reaction.

Figure 8 also shows that the TiN content of
Ni—P-TiN composite coatings has a slight effect on
corrosion potential and corrosion current density. It has
been found that the shapes of anode polarization curve of
different coatings (Ni—P coatings, Ni—P—0.17%TiN
composite coatings and Ni—P—0.30%TiN composite
coatings) are identical. The curves corresponding to
Ni—P-0.55%TiN and Ni—P-0.96%TiN composite
coating show the plateau region on the anodic branch in
potential range of 0.23—0.3 V vs SCE. It should be noted
that the platform of the latter is not obvious. However,
the anodic dissolution principle of Ni—P—TiN composite
coatings with low TiN nanoparticles content is consistent
with Ni—P alloy coatings but Ni—P—TiN composite
coatings with high TiN nanoparticles content show slight
passivation phenomena in the process of anodic
dissolution.

The electrochemical parameters obtained from
polarization curves are presented in Table 3. It shows that
the corrosion potential of the AZ91D magnesium alloy is
much more negative than the Ni—P coatings and
Ni—P—TiN composite coatings. Thus, it can be deduced
that the coatings on substrate alloy can extensively
improve the corrosion resistance. The data of Table 3
show that Ni—P alloy coating presents better positive
corrosion potential, smaller corrosion current density and
the best corrosion resistance compared with Ni—P—TiN
composite coatings, where both coatings are immersed
for 30 min. The corrosion potential and corrosion current
density of composite coating with different TiN contents

Table 3 Parameters obtained by fitting polarization curves of

specimens
: ¢c0rr(VS Jcorr/ ﬂc/ ﬁd/
Specimen SCE)V (uA-em?) (mV-dec) (mV-dec)
AZOIDMg . o o) o
alloy
Ni-P 029 054 17513 11156
Ni—P—
017%TiN 03 .16 -141.16  102.8
Ni—P-
030%TiN 038 125 1379  105.74
Ni—P-
0.55%TiN 032 062 141.66  167.7
Ni—P—
096%TiN 036 130 182.64  98.18
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are measured to be in the range of 0.36—0.39 V and
0.62—1.30 pA/em?, respectively. The Ni—P—0.55%TiN
composite coating presents the smallest corrosion current
density (0.62 pA/cm?) among the studied Ni—P-TiN
coatings, which indicates that with increasing the TiN
nanoparticle content, the corrosion resistant performance
of Ni-P—TiN increases and decreases afterwards. On the
other hand, corrosion current density of Ni—P coating is a
little bit smaller than that of Ni—P-TiN composite
coatings, which indicates that the corrosion resistance of
Ni—P coating is slightly higher than its counterpart for 30
min immersion. However, Ni—P—TiN composite coatings
immersed in neutral 3.5% NaCl solution have better
corrosion resistance properties for a long-term
immersion.
3.3.2 Long-term corrosion behavior

Figure 9 shows the OCP of Ni—P—TiN composite
coating soaked in neutral 3.5% NaCl solutions for long
time (around 70 d) and Ni—P coating for around 7 d.
With increasing immersion time, the OCP increases
gradually from —0.36 to —0.28 V (vs SCE) for 120 h and
then becomes more negative (around —0.5 V vs SCE) for
180 h, finally reaches around —0.41 V (vs SCE) after
soaking for 800 h. During long-term immersion process,
slight fluctuations appear in OCP within most immersion
time and two obvious declines appear in the vicinity time
of 200 and 700 h, and then return to more positive
values. This suggests that Ni—P—TiN composite coatings
have self-recovering function during long-term
immersion in NaCl solution. Ni—P—TiN composite
coatings can withstand CI” ion attack for more than
1600 h. The OCP of Ni—P coating immersed in 3.5%
NaCl solution significantly decreases to more negative
value (—1.35 V) at 170 h as shown in Fig. 9, which is
different for Ni—P-TiN coating. AZ91D magnesium
alloy with Ni-P—TiN composite coating is not attacked
severely by CI" ion in NaCl solution and self-recovering

0 r‘v“..--h-.
= 4 ¥ LR on NN T
e V
06+ H‘ Ni-P-TiN composite coating
= d
2 sl 1
O -0.8 ]
b \
£ 1
s —1.0r .|
RPN
\ Ni—P coating
-14p

0 240 480 720 960 1200 1400 1680
Time/h
Fig. 9 OCP of Ni—P-TiN composite coating and Ni—P coating
in neutral 3.5% NacCl solution at room temperature for different
immersion time

since TiN nanoparticles are dispersed in Ni—P alloy
plating [39].

From the Nyquist plot of Ni—P alloy coatings shown
in Fig. 10, the impedance of Ni—P alloy coating is
measured to be significantly higher than that of
magnesium alloy, which is an indication of increasing the
corrosion resistance of AZ91D magnesium alloy.
Alternatively, it can be claimed that Ni—P alloy coating
provides good anti-corrosive barrier for magnesium
alloy.

=235
=70 o =20 Ni—P,10 min
-60 F _% -1.5 Ni-P,170 h
5 -0
— -50F -0.5
Pg 40k 0 Mg alloy, 10 min ."
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Fig. 10 Nyquist plots of AZ91D magnesium alloy substrate
immersed for 10 min, AZ91D magnesium alloy coated with
Ni—P alloys immersed for 10 min and 170 h, in neutral 3.5%

NaCl solution at room temperature

The Nyquist plot of Ni—P coatings immersed in
3.5% NaCl solution for 170 h is very similar to that of
uncoated AZ91D magnesium alloy, indicating that
corrosion holes and cracks of Ni—P coating appear after
170 h immersion. EIS was also conducted to detect the
corrosion resistance of Ni—P—TiN composite coatings.
Figure 11 shows the Nyquist and Bode plots of
Ni—P—TiN composite coatings after long-term immersion
in neutral 3.5% NaCl solution under the OCP. The shape
of Nyquist plots for Ni—P—TiN composite coatings in the
measurement frequency range is flattening semi-elliptical
with different diameter. It is well-known that the
corrosion resistance of the coatings is determined by the
diameter of semicircle, and the larger the diameter is, the
better the corrosion resistance of the coatings is. The
Bode plots for Ni-P—TiN composite coatings exhibit the
broad peak (phase angle relative to the frequency) in the
investigated frequency range of 10°-10° Hz, which
indicates that there are two time constants [12]. With
extending the immersion time, the diameter of capacitive
loop initially increases and then decreases afterwards
indicating that the corrosion resistance of the Ni—P—TiN
composite coating increases initially, and then decreases
afterwards. Simultaneously, the shape of capacitive loop
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Fig. 11 Nyquist (a) and Bode (b) plots of Ni—-P—TiN composite
coating immersed in neutral 3.5% NaCl solution for long term

at room temperature

is also changed from semi-elliptical shape into a quarter
of the elliptical shape, which is reflected in Fig. 11(b). In
the case of Ni—P—TiN composite coatings, the highest
absolute value of phase angle decreases from 85° to 80°
with increasing the immersion time. However, the
frequency corresponding to the maximum phase angle
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gradually shifts to the lower value. The EIS data indicate
that the corrosion behavior of composite coatings in
changes and the capacitance
characteristic of the coatings surface weakens [40]. It can
be observed that the Ni—P—TiN composite coatings
immersed in solution containing ClI” for 1440 h can
withstand corrosion without changing the impedance
value of the composite coatings. Therefore, it can be
claimed that the incorporation of TiN nanoparticles has
dramatically affected the long-term corrosion resistance
of Ni—P—TiN composite coatings.

In order to understand the corrosion resistance
quantitatively, the equivalent circuit is used for fitting the
EIS data of Ni-P—TiN composite coatings consisting of
two time constants in series with constant phase element
as shown in Fig. 12. It has been mentioned that the high
frequency capacitive loop is related to the characteristics
of the electric double layer formed by the metal surface
and corrosion solution interface [41], which is described
as R, and Qg. Or and Ry represent for coatings/metal
interface capacitance and Ni/Ni—P—TiN film resistance,
respectively. The fitted parameters are given in Table 4.

It is evident that R, (electrolyte resistance) of
Ni—P-TiN composite coating increases gradually with
increasing the immersion time from 1 to 60 d. During
60 d immersion, R of Ti—P—TiN coating increases from
19.66 to 45.01 kQ-cm” in the first 10 d immersion and
then decreases to 11.48 kQ-cm’ for the 60 d immersion.
However, R; follows the trend of R, i.e., Ry increases

corrosion  solution

Fig. 12 Equivalent circuit model for observing corrosion
behavior of Ni-P—TiN composite coatings immersed in neutral
3.5% NaCl solution for long-term at room temperature

Table 4 Best fitting values of equivalent circuit elements shown in Fig. 12

Sample Immersion time (Qisr/nz) (kgfiifﬂz) (uF-chllq/fz) Mal (k(f(f:/mz) ( pF-chr/nfz) e ((fsf;fn??/)
AZ91D Mg alloy 10 min 6.53 1.06 24.20 1 1.13 737 092 2.19
Nip 10 min 7.56 14.22 2464 094 4682 2372 094 61.04
170 h 6.48 0.80 3112 1 2.06 96.56 1 2.86
1d 5.79 19.66 2439 096 11.72 003  0.84 3138
10d 6.14 45.01 035 096 27.67 189 091  72.68
20d 6.59 29.45 163 099  19.98 0.77 091  49.43
Ni~P-TiN 30d 9.61 16.05 139 089 2899 0.03 099  45.04
40d 9.68 11.71 195 088  34.07 0.04 099 4578
50d 10.69 11.33 188 087  30.16 0.04 099 41.49
60 d 11.17 11.48 192 088 3675 0.04 099 4823
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from 31.38 to 72.68 kQ:cm® and then reduces to
45.00 kQ-cm?. R, values of uncoated AZ91D magnesium
alloy and Ni—P coating are found to be 1.06 and
14.22 kQ-cm? for first 10 min immersion, respectively.
On the other hand, R, for Ni—P coating dramatically
decreases to 0.80 kQ-cm? for 170 h immersion, which is
even lower than that of the uncoated AZ91D magnesium
alloy.

When Ni—P-TiN composite coatings are immersed
in 3.5% NaCl solution, Cl tends to be adsorbed on some
special sites of the coating surface, such as lattice defects
point or high Ni content area [25]. As a result, corrosion
product, NiCl,, is formed on the surface of Ni—P—TiN
composite coatings. During the initial stage, phosphorus
is continuously accumulated on the composite coating
surface resulting in the coatings with high phosphorus
content. The coating surface with high phosphorus shows
passivation and better corrosion resistance [5]. With the
extension of immersion time, Ni dissolves continuously
and makes pit. the existence of TiN
nanoparticles in the composite coating inhibits the
corrosion process, which shows steady corrosion
resistance in the Ni—P—TiN composite coatings for a
long time.

From the aforementioned data, it can be assumed
that the corrosion process of Ni—P—TiN composite
coatings includes three stages. First of all, the impedance
value increases during early stage of immersion (10 d).
Then, the relatively stable impedance value with little
fluctuation appears in the middle stage of immersion
(20 to 50 d). Eventually, localized pitting corrosion
presents in the third stage. If corrosive medium reaches
to the interface of composite coatings and substrate,
serious galvanic corrosion will also occur. Thus,
magnesium alloy substrate will be destroyed completely,
even if only a corrosion point perforates on the
composite coatings.

Compared with Ni—P alloy coatings shown in Fig. 4,
the surface and microstructure of Ni—P—TiN composite
coating appear to be smoother and more compact,
respectively. The amount of micro-cracks in coatings
reduces significantly resulting in higher density of
composite plating. Therefore, aggressive ions, such as
Cl', could not penetrate into the substrate through the
surface of composite coating, and the superior corrosion
resistance of composite coating is found. During the
immersion process of Ni—P-TiN composite, TiN
nanoparticles can accumulate in the micro-cracks of the
composite coatings surface and blocks the corrosion
channel for corrosive medium to enter into the interior of
composite coatings. This reduces the corrosion rate of
magnesium alloy by Ni—P-TiN composite coating. In
addition, as the chemical stability of TiN nanoparticle is
very good, high corrosion resistance properties in acid,

However,

alkali and salt medium are expected. Therefore, it can be
concluded that TiN nanoparticles distributed uniformly
into the surface of the composite coating can prevent the
growing of localized corrosion, even the formation of
corrosion pits and holes. Thus, improvement in the
corrosion resistance is expected for composite coatings.

4 Conclusions

1) The Ni—P coatings with/without TiN nano-
particles show much higher hardness than that of
uncoated magnesium alloy. Ni—P-TiN composite
coating improves the hardness of the substrate to a
greater extent than that of Ni—P coating. Subsequent heat
treatment at 400 °C for 1 h further improves the Vickers
hardnesses of Ni—P and Ni-P—TiN composite coatings.

2) Compared with Ni—P—TiN composite coating,
Ni—P alloy coating shows better corrosion resistance for
short-term immersion. However, TiN nanoparticles in
composite coating play a significant role for long-term
corrosion resistance. For example, Ni—P—TiN composite
coating immersed in NaCl solution for 1600 h can
withstand corrosion, while the corrosion resistance of
Ni—P alloy coating shows a dramatic decrease after 180 h
immersion. There is a significant self-recovering process
of Ni—P coating containing TiN nanoparticles, which is
beneficial to improving the corrosion resistance of
AZ91D magnesium alloy for long period immersion.
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