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ElEctrolEss NickEl PlatiNg oN aM60B MagNEsiuM alloy via ti-Zr/sol-gEl  
coMPositE layEr as PrEtrEatMENt

The Ti-Zr and Ti-Zr/sol-gel were used as pretreatment layers before the electroless nickel coating on aM60b magnesium alloy. 
Scanning electron Microscopy was employed to investigate the surface morphology of the pretreated layers and applied electro-
less coatings. Chemical analysis of the Ti-Zr layer, and nickel coatings was done using the energy-Dispersive X-ray Spectroscopy. 
Moreover, the X-ray Diffraction and atomic force Microscopy methods were utilized to evaluate the microstructure and surface 
roughness of the electroless coatings, respectively. electrochemical impedance Spectroscopy was employed to study the corrosion 
behavior of Ni-P coatings. The results show that Ti-Zr layer has structural cracks, and the sol-gel film was covered all cracks entirely. 
The cauliflower-like electroless nickel coating was applied on both mentioned pretreated layers. The cross-sectional images revealed 
the higher thickness for the electroless coating on Ti-Zr/sol-gel layer, probably due to a large number of Ni nucleation centers. 
The eiS results demonstrate that the electroless coating on Ti-Zr/sol-gel has high corrosion protection and microhardness value.
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1. introduction

recently, Mg has been introduced as the lightest and most 
commonly used metal, which unfortunately encounters problems 
such as poor wear and corrosion resistance [1-3]. electroless 
Ni-P plating has been considered as a practical approach to over-
come this problem and improve the corrosion resistance [4,5]. 
however, applying the electroless nickel coating on Mg is faced 
with difficulties due to some reasons. The first one is the rela-
tively high corrosion rate of magnesium especially in aqueous 
environment due to the high electrochemical reactivity. besides, 
electrochemical heterogeneity of the magnesium alloys and the 
existence of natural porous and non-adhesive oxide/hydroxide 
layer make the plating so difficult [6,7]. Traditionally, chromium 
conversion layer was introduced as a pretreatment before the 
electroless coating to overcome these problems. in order to ho-
mogenize the alloy surface and remove the loose oxide/hydrox-
ide layer, the magnesium alloy was immersed in Cro3+hNo3 
solution before the electroless plating [8,9]. however, toxicity 
of the chromium compounds has persuaded the researchers to 
suggest several environmentally-friendly conversion coatings 
[10-12]. Despite the desirable results, the main drawback of these 
pretreatment layers is that the obtained nickel coating should be 

pore-free. in the porous nickel coatings, the corrosive solution 
will penetrate through the grain boundaries and the conversion 
layer cannot protect the substrate due to its inherent porosities 
and therefore, the galvanic corrosion will destroy the magnesium 
substrate [13-15]. Development of silica layer by the sol-gel 
method as a pretreatment layer before the electroless plating 
can be examined. Despite the many advantageous and relative 
resistance of the silica layer against the corrosive solution, 
application of the defect-free and high-quality sol-gel coating 
on the Mg alloy is still a challenge [16,17]. The defects of the 
sol-gel coating because of the reaction of magnesium substrate 
with the sol solution (with ph value between 1-1.5 due to the 
application of acidic catalysis) and hydrogen releases leads to 
the porous and cracky coating [18-20]. recently, composite con-
version coating/sol-gel layer was used as a corrosion protective 
coating on the magnesium alloys [21,22]. Conversion coatings 
have some advantages such as uniform deposition, low cost and 
excellent adhesion, but unfortunately, these coatings are porous, 
too. however, by applying the conversion layer as a primer for 
the sol-gel coating, the adhesion and corrosion resistance of the 
sol-gel coating increase because the inherent pores of the conver-
sion layer seals by the silica film. in other words, by applying 
the composite conversion layer/sol-gel coating the corrosion 
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protection performance of the coating improves more than the 
pure sol-gel and conversion coating [22]. Murillo-gutierrez et 
al. [23] studied the anticorrosion behavior of the phosphate-
based conversion layer and hybrid sol-gel coating on a cast 
elektron 21 magnesium alloy. They claimed that the applied 
sol-gel coating improved the corrosion performance of the Mg 
substrate significantly and also, the presence of an intermediate 
phosphate conversion layer caused more promotion of the cor-
rosion resistance. hu et al. [24] investigated the corrosion per-
formance of aZ91D magnesium alloy by applying a molybdate 
base conversion coating/three layers of silicon sol-gel coatings. 
They reported that the corrosion resistance of the substrate was 
improved by the Mo conversion layer to some extent, but further 
improvement was obtained after the deposition of the sol-gel 
coating. Therefore, a composite conversion coating/sol-gel layer 
could be used as an environmentally-friendly replacement for the 
traditional chromate conversion layer. Moreover, this composite 
pretreatment layer has advantages for both the conversion coat-
ing and sol-gel layer. The use of composite conversion coating/
sol-gel layer as a pretreatment before electroless coating has 
not been reported.

in this work, Ti-Zr/sol-gel coating was used as a pretreatment 
layer before the electroless Ni-P coating on aM60b magnesium 
alloy. The surface morphology of the pretreatment layers and 
electroless coatings was studied by Scanning electron Micros-
copy (SeM). Moreover, the elemental analysis, microstructure, 
and topography of the obtained nickel coating were investigated 
by the energy-Dispersive X-ray Spectroscopy (eDS), X-ray Dif-
fraction (XrD) and atomic force Microscopy (afM) methods, 
respectively. The electrochemical impedance Spectroscopy (eiS) 
tests were carried out to investigate the corrosion behavior of 
the coating. also, the microhardness of the coatings was meas-
ured by vickers hardness. all results were compared with the 
applied electroless Ni-P coating on the Ti-Zr conversion layer. 

2. Experimental 

2.1. samples preparation process

2.1.1. Electroless Ni-P coating on ti-Zr conversion layer

after abrading aM60b magnesium alloy surface with SiC 
paper, the specimens were immersed in acetone ultrasonically 
for 15 min at 45°C. Then the cleaned samples were transferred 
into the conversion bath containing 0.5 g/l h2Tif6 and 1.5 g/l 
h2Zrf6 with ph~2.5 (adjusted by adding Naoh solution drop-
wisely) for 8 min at 30°C. after that, the pretreated magnesium 
samples were immersed into the nickel plating bath (Table 1).

2.1.2. Electroless nickel coating on ti-Zr/sol-gel 

To prepare the sol solution, 0.02 mol tetraethylorthosilicate 
(TEOS) and 0.02 mol γ-glycidyloxypropyltrimethoxysilane 

(gPTMS) were mixed. after that, 0.3 mol acidic water (hCl with 
ph~1.5) was added to the prepared solution to start the hydrolysis 
process [26]. The sol solution was agitated using magnetic stir-
rer at room temperature for 2 h and then was remained without 
agitation for 24 h. The conversion-treated samples (in the above 
mentioned conversion bath) were immersed in the prepared 
sol-gel solution for 5 min using a dip-coater and withdrawn at 
50 mm/min. To obtain the thick film, this process was repeated 
four times. To slow evaporation of the residual water, the sol-
gel treated specimens were kept in a digital furnace for 2 h at 
60°C and then heated at 130°C for 1 h. after that, the samples 
were immersed in a Naoh aqueous solution (200 g/l) at 50°C 
for 15 min for the surface roughing. Then, the sensitization was 
done in a solution containing hCl (20 ml/l) and SnCl2 (10 g/l) 
for 5 s at 30°C which was followed by activation in the silver 
solution for 60 s. To prepare the activation solution, agNo3 
(12 g/l) and of Naoh (10 g/l) were mixed and a solution with 
black color was obtained immediately. afterwards, ammonia was 
added dropwise to the solution until it became clear. finally, the 
activated samples were immersed in the electroless plating bath 
according to Table 1. 

Table 1

bath composition and operation condition of the electroless  
plating bath

Bath composition condition

NiSo4.6h2o (Merck, 99%) 15 g l–1 Temperature: 
65°C

Nah2Po2.h2o (loba chemie, 99%) 14 g l–1 ph = 6.4
NaC2h3o2 (Merck, >99.5%) 13 g l–1

Nh4hf2 (loba chemie, 98%) 8 g l–1

hf (loba chemie, 40% v/v) 12 ml l–1

CuSo4. 5h2o (Merck, extra pure) 0.2 g l–1

Nh3 for ph adjusting  
(rankem, 30%) —

Thiourea (Merck, extra pure) 1 ppm

2.2. coating characterization

Surface morphology of the prepared samples including  Ti-Zr 
layer, electroless nickel coating on Ti-Zr layer,  Ti-Zr/sol-gel coat-
ing and electroless nickel coating on Ti-Zr/sol-gel layer was done 
by SeM (leo, vP 1430) instrument. The cross-section observa-
tions of the electrolessly plated coatings were also performed. 
also, eDS (rÖNTeC gmbh germany) method was employed 
for the elemental analysis of Ti-Zr layer and nickel coatings. for 
this purpose, the eDS analysis was applied from three different 
points of the surface, and the standard deviation of the data was 
reported, too. The microstructure of the applied electroless coat-
ings was studied by the XrD analyzer (Phillips Xpert) with Cu 
kα radiation (λ = 0.154178 nm). The topographical images of 
the electrolessly plated coatings were obtained using the afM 
device (Core afM, Nanosurf) with Si3N4 cantilever tip and in 
non-contact mode. 
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2.3. corrosion tests

The corrosion performance of the electroless coatings 
applied on the Ti-Zr and Ti-Zr/sol-gel pretreatment layers was 
investigated by the eiS method in NaCl (3.5 wt. %) as a corrosive 
solution. For this reason, μAutolab 3 Potentiostat/Galvanostat 
instrument and Nova 1.6.013 software along with the saturated 
ag/agCl and Pt sheet (1 cm2) as reference and counter electrodes 
were utilized, respectively. also, the Ni-P coated samples as 
working electrodes were masked in the epoxy resin before the 
corrosion tests and just 1 cm2 of them were exposed to the cor-
rosive solution. for the eiS tests, sine wave ac voltage with an 
amplitude of 10 mv and frequency range from 100000 to 0.01 hz 
was applied. To reach the steady-state, all samples remained in 
the corrosive solution for 30 min and then the eiS tests were 
performed in the open Circuit Potential (oCP).

2.4. Microhardness

The vickers micro-hardness of Ni-P coated samples were 
measured according to the aSTM e384-16. The diamond 
indenter with a load of 25 g for 10 s was applied on the sam-
ples and the results of three different measurements were ave- 
raged.

3. results and discussions

3.1. ti-Zr and ti-Zr/sol-gel pretreatment layers

fig. 1 shows the surface morphology of Ti-Zr and 
Ti-Zr/sol-gel pretreatment layers on aM60b magnesium alloy. 
fig. 1a represents that the surface of the substrate was entirely 
covered by cracked Ti-Zr conversion layer. also, some bright 
zones were evident on the surface, probably attributing to the 
deposition of heavy atoms such as Ti and Zr [25]. The formation 
mechanism of the Ti-Zr layer can be described as follows [26,27]. 
after immersion of the alloy sample into the acidic conversion 

bath, the naturally formed oxide/hydroxide film removes due to 
the presence of fluorides and intermetallic phases are exposed 
to the conversion solution: 

 2 4
6TiF Ti 6F     (1)

 2 4
6ZrF Zr 6F     (2)

The intermetallic phases on the substrate act as a driving 
force for the formation of conversion layer since each phase 
behaves differently. Cathodic reactions like oxygen reduction 
(in the presence of water) and hydrogen evolution take place 
on the β-phases and anodic reaction (magnesium dissolution) 
on the α-phases of the magnesium alloy:

 2Mg Mg 2e   (3)

 2 2O 2H O 4 4OHe     (4)

 22H 2 He    (5)

The induced alkalization around the cathodic sites causes to 
the precipitation of Ti and Zr containing oxide conversion film:

 2
2Mg 2OH Mg(OH)     (6)

 4
2 2Ti 4OH TiO 2H O      (7)

 4
2 2Zr 4OH ZrO 2H O      (8)

after initial local precipitation around the intermetallic 
phases, the deposition extends and covers the surface entirely. 
longer immersion time, results to complete coverage and 
thickening of the film and finally crack structure. The pres-
ence of cracks on the surface could be attributed to the h2 
evolution during the formation steps and water removal in the 
drying process. The eDS results revealed that the conversion 
layer contains Mg (31.72 ±2.57 wt. %), o (13.74 ±8.14 wt. %), 
Ti (10.29 ±1.0 wt. %), Zr (39.25 ±5.62 wt. %), al (1.85 ±0.54 wt. %), 
Mn (0.31 ±0.20 wt. %) and Zn (2.85 ±1.18 wt. %). The presence 
of Ti, Zr, and o agrees with the above-mentioned mechanism. 

fig. 1b represents the surface morphology of the Ti-Zr/
sol-gel pretreatment layer. as is clear, the surface of the Ti-Zr 

a b

fig. 1. Surface morphology of the Ti-Zr (a) and Ti-Zr/sol-gel (b) layers



916

pretreated sample was entirely covered, by the crack-free hybrid 
sol-gel film. in other words, the applied sol-gel film was spread 
over the whole cracks of the Ti-Zr layer and entirely covered 
the surface. however, some micro-defects are observable on 
the surface of the silica film which is related to the hydrogen 
gas evolution due to the reaction of magnesium with acidic sol 
solution or removal of water during the curing process [18,25].

3.2. Electroless Ni-P coating 

fig. 2 represents the surface morphology of Ni-P coating 
on Ti-Zr and Ti-Zr/sol-gel pretreatment layers after 3 h plating. 
as the low-magnification images revealed (fig. 2a and c), the 
applied Ni-P coating was entirely covered the surface of both 
pretreated samples and had a cauliflower-like structure. how-
ever, a comparison of the electroless coatings revealed that Ni-P 
coating on the Ti-Zr conversion layer has a more uniform size 
distribution of the nodules than the applied coating on the Ti-Zr/
sol-gel layer. The high magnification image of Ni-P coating on 
the Ti-Zr layer (fig. 2b) shows some pits or defects, but the ap-
plied coating on the Ti-Zr/sol-gel pretreatment layer (fig. 2d) has 
more compact grain boundaries and there were no pits or defects 
on the surface. Some defects and different size distributions of 
the electroless coating on these two different pretreatment layers 
could be attributed to the various formation mechanisms. 

The formation mechanism of Ni-P coating on Ti-Zr conver-
sion layer could be presented as follows:

after immersing the sample with the Ti-Zr treated layer 
into the electroless plating bath, the first nickel nuclei form via 
the substitution reaction between Mg substrate and Ni ions of 
the bath through the cracks of the conversion layer. Then, the 
reduction of nickel continues by the hypophosphite (reaction 9) 
until the surface covers completely [28]. 

 

2
2 2 2

2 3 2

Ni 4H PO H O Ni
33H PO P H H
2

 

 

   

     (9)

in the case of the electroless coating on Ti-Zr/sol-gel layer, 
the sol-gel surface is non-catalytic. Moreover, the sol-gel film 
covers the cracks of the conversion layer and the first nucleation 
centers could not be formed through the substitution reaction. as 
was mentioned in the experimental section, the sol-gel film was 
sensitized and then activated before the electroless plating using 
SnCl2/hCl and agNo3/Naoh/Nh3 solutions, respectively. by 
immersing the Ti-Zr/sol-gel treated sample in the acidic SnCl2 
solution, Sn2+ ions adsorb on the surface. Then, the sensitized 
sample was transferred into the activation bath containing 
[ag(Nh3)2]+ ions. The adsorbed Sn2+ ions cause the reduction 
of [ag(Nh3)2]+ to ag as the following reaction [29,30]:

 2 4
3 2 32[Ag(NH ) ] Sn 2Ag Sn 4NH       (10)

a 

c d

b

fig. 2. Surface morphology of the electrolss nickel coating on the Ti-Zr (a and b) and Ti-Zr/sol-gel layer (c and d) 
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The deposited ag° particles act as catalytic sites and cause 
the reduction of Ni2+ ions of the plating bath to Ni atoms and so, 
the initial nuclei forms. The deposited Ni atoms act as a self-cat-
alyst for the further deposition of the coating. The cross-sectional 
images of both electroless coatings were shown in fig. 3 after 
3 h plating. both images show no defect or detachment in the 
interface of substrate-coating. Moreover, the thickness of Ni-P 
coating on the Ti-Zr conversion layer was 18 μm while in the 
case of the Ni-P coating on the Ti-Zr/sol-gel pretreatment layer 
was reached 32 μm. This increase in the thickness was attributed 
to the different nucleation mechanisms during the electroless 
plating procedure which was mentioned above in details. in other 
words, the number of nucleation centers in Ni-P on the Ti-Zr/
sol-gel electroless coating is more than the other one and so, the 
deposition rate is high. More number of nucleation centers leads 
to more deposition and so increasing in thickness. 

The eDS analysis demonstrates that Ni-P coating on Ti-Zr 
layer containing P (8.61 ±0.92 wt. %), Ni (90.60 ±0.75 wt.%), 
and Cu (0.80 ±0.17 wt.%). also, the eDS analysis of Ni-P coating 
on the Ti-Zr/sol-gel layer shows P, Ni and Cu with the weight 
percent of 8.63 ±0.31, 90.88 ±0.32, and 0.49 ±0.21, respectively. 

The results show that both coatings have medium P content and 
so, the mixed crystalline-amorphous structure. furthermore, the 
addition of CuSo4.5h2o to the plating bath causes the presence 
of Cu in the coatings [31]. 

The XrD pattern of the electroless Ni-P coating on the 
Ti-Zr layer (fig. 4) shows some sharp peaks at approximately 
32, 34, 37, 48, 57, 63, 69, and 70 degrees relating to the substrate 
and an abroad peak at 45° corresponding to Ni(111) [15]. These 
results are confirmed according to (jCPDS card No.65-3365) 
for Mg, (jCPDS card No.73-1148) for Mg17al12 phase and 
(jCPDS card No. 04-0850) for Ni [32,33]. however, the XrD 
pattern of the applied coating on the Ti-Zr/sol-gel pretreatment 
layer only shows a peak at 45° for nickel. as is evident after 
using the  Ti-Zr/sol-gel as a pretreatment layer, the peaks of the 
magnesium alloy substrate disappeared which is due to the high 
thickness and more compact structure of the applied coating. 
Moreover, the approximately abroad peak of nickel indicates 
the mixed crystalline-amorphous nature of both coatings which 
was previously confirmed by the eDS results. 

fig. 5 shows the 3D afM images of the electroless coating 
on the Ti-Zr and Ti-Zr/sol-gel pretreatment layers. The surface 

a b

fig. 3. The cross-sectional view of the electroless Ni-P coating on Ti/Zr (a) and Ti-Zr/sol-gel (b)
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fig. 4. The XrD pattern of Ni-P coating on Ti-Zr and Ti-Zr/sol-gel 
pretreatment layer

roughness (Ra) of Ni-P coating on the Ti-Zr and Ti-Zr/sol-gel 
pretreatment layers was 323 and 718 nm, respectively. as the 
results show, the surface roughness of the electroless nickel 
coating on the Ti-Zr/sol-gel layer is high. Probably, this high 
surface roughness of Ni-P coating on the Ti-Zr/sol-gel layer is 
as a result of the high deposition rate of the plating process due 
to a large number of nucleation centers. 

3.3. Eis 

The eiS response of the electroless nickel coating on the 
Ti-Zr and Ti-Zr/sol-gel pretreatment layer as Nyquist (a), bode 
modulus and phase bode (b) plots was presented in fig. 6.

The Nyquist plots of both coatings show only one capaci-
tance semicircle in all measured frequencies which this result 
was confirmed by the bode plots, consequently. The existence 
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of one semicircle is associated with the formation of electrical 
double layer at the interface of coating-corrosive solution and 
reflects the occurrence of a single electrochemical reaction on the 
surface of the electrodes. Moreover, a comparison of the Nyquist 
plots indicates that the diameters of the semicircle for the applied 
electroless coating on the Ti-Zr/sol-gel pretreatment layer are 
larger than the other one and this coating has a higher impedance 
value. The eiS plots of the coatings were fitted using a randles 
circuit (fig. 6c) containing corrosive solution resistance (Rs), 

Constant Phase element (CPedl), and polarization resistance 
(Rp). in this circuit, CPedl was inserted instead of pure capacitor 
non-ideal behavior of electrochemical systems. The impedance 
of the CPe element is as follows [15]:

  1 n
CPEZ j

Q
   (11)

in this equation, Q represents the constant of the CPe,
1j   , ω is the angular frequency and n is a factor that varies 

a 

6.27 μm 

-6.27 μm 

X*50 μm Y*50 μm 

b 

fig. 5. The afM image of electroless coating on Ti-Zr (a) and Ti-Zr/sol-gel (b) layer
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between 0 and 1 and indicates deviation from the ideal capaci-
tor. The deviation of n away from unity can be attributed to the 
surface heterogeneity and roughness [9]. The extracting of the 
experimental data was done by Zview2 software and the relevant 
results with fitting errors were presented in Table 2. The results 
indicate that the value of Rp for the electroless Ni-P coating on 
the Ti-Zr pretreatment layer is 3.9 kΩ.cm2 while it was increased 
to 17.1 kΩ.cm2 using the Ti-Zr/sol-gel as the pretreatment layer. 
The results indicate that the Rp of the electroless coating on the 
Ti-Zr/sol-gel layer was higher than the applied coating on the  
Ti-Zr. The low thickness of the electroless coating on the Ti-Zr 
treated layer and porosity of the coating (which was observable 
in the SeM image) cause to the penetration of corrosive ions. 
Therefore, the galvanic effect between magnesium substrate and 
nickel coating the corrosion resistance. however, the better cor-
rosion protection of the electroless coating on the Ti-Zr/sol-gel 
pretreated layer is due to the more compact structure. in other 
words, the corrosion protection performance of the electroless 
coating in corrosive solution was increased significantly after 
addition of the sol-gel on the Ti-Zr layer.

3.4. Microhardness 

The vickers microhardness measurements of the electroless 
coating on the Ti-Zr and Ti-Zr/sol-gel pretreated layers were 
done. The averaged microhardness value for the applied electro-
less coating on the Ti-Zr layer was 713 hv while this value was 
decreased to 560 hv using the Ti-Zr/sol-gel as a pretreatment lay-
er. a comparison of the microhardness value with similar works 
[35,36] demonstrates that both applied coatings have a suitable 
microhardness values. Decreasing of the microhardness value for 
the sample with the Ti-Zr/sol-gel pretreatment layer is probably 
due to the larger grain size of the applied coating concerning the 
sample with the Ti-Zr pretreatment layer. Smaller grain size will 
reduce the dislocation movement in the coating and increase 
the yield strength which leads to enhancement of hardness. 

4. conclusion

1. The substrate surface was completely covered by the Ti-Zr 
conversion layer with a cracky structure.

2. The surface of the Ti-Zr conversion layer was completely 
covered by hybrid sol-gel film. 

3. The applied Ni-P coating with a cauliflower-like structure 
completely covered the surface of both pretreated samples. 

The size distribution of the nodules in the electroless coating 
on the Ti-Zr conversion layer was more uniform than the 
Ti-Zr/sol-gel layer.

4. The thickness of the electroless nickel coating on the Ti-Zr/
sol-gel pretreated layer was higher due to more significant 
number of nucleation centers.

5. The XrD pattern of electroless coating on the Ti-Zr pre-
treated layer showed the substrate peaks due to low thick-
ness and high penetration deep of the X-ray.

6. The surface roughness of the applied electroless coating on 
the Ti-Zr/sol-gel layer was higher due to the high deposition 
rate as a result of large number of nucleation centers.

7. The electroless coating on the Ti-Zr/sol-gel layer has better 
corrosion protection performance than the coating on the 
Ti-Zr due to more compact structure. 
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