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Abstract Magnesium alloys are attractive alloys in industrial applications , where light weight and
good strength structures are required. Magnesium alloys are versatile and include both cast and
wrought alloys. However, they have a drawback as they are prone to corrosion especially in harsh
environments. For this reason, surface treatment of magnesium alloys is of prime importance for
improving their corrosion characteristics.

In the present paper, a survey of the different methods for surface treatment of magnesium alloys
is presented and discussed. This is followed by a review of the recent work on electroless Ni plating
technique with zinc pre-treatment applied on several magnesium alloys and the effect of pre-
treatment and post heat treatment on the coat characteristics. The surface morphology, surface
roughness, thickness of the layer, EDX analysis, adhesion, hardness and corrosion resistance are
covered in this review.

Introduction

Magnesium alloys are the lightest alloys used as structural metals with about 2/3 the density of
aluminium. They are attractive for several industrial applications, where light weight and good
strength structures are required due to their high specific strength and modulus and excellent anti-
schock resistance. The heat conductivity and electromagnetic shielding effectiveness are also added
to the advantages of magnesium alloys for IT and for communication industries [1-3]. However,
they have a drawback as they are prone to atmospheric corrosion. Because of their high chemical
affinity to aquaous solutions, it is a difficult metal for electrochemical treatments.

Several methods have been applied in order to improve the corrosion characteristics of cast and
wrought magnesium alloys. These methods will be summarized then the electroless technique will
be presented in details.

Different Surface Treatments of Magnesium Alloys

Different techniques of surface treatment for magnesium and its alloys are found in the literature for
improving corrosion and wear resistance. Coatings can be either for a decorative purpose or a
functional purpose, like corrosion and wear resistance, hardness, emission and reflection of light or
heat, conductivity, solderability.

In case of magnesium alloys, the presence of alloying elements introduce an electrochemical
heterogeneity which makes the situation even more complex, in addition to the poor corrosion
resistance of magnesium [3]. Furthermore, it was found that the increase of surface roughness
affects negatively the corrosion resistance [4], which is also affected by modification of
microstructure through heat treatment [5].

Coating is among the most commonly used surface treatments for magnesium including chemical
inorganic, inorganic conversion coating and anodizing ( e.g. chromating, fluorzirconate treatment),
organic , metallic, ceramic coating, as well as composite coatings.
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Inorganic protective layers are a necessary precondition for the application of organic coatings
afterwards. The conversion or anodizing layer is necessary for satisfactory corrosion resistance. A
comparison between chromating and hard anodizing is presented in [5]. Chemical conversion
coating and anodizing with chromate solutions, although proven effective in protecting the
magnesium alloys from corrosion, could cause serious environmental problems. For this reason,
several publications deal with non chromate conversion coating [6-13]. A chromate-free
phosphate-permanganate bath showed promise as a paint-base treatment for magnesium alloy die
castings [8].

Other techniques for improving corrosion resistance of magnesium alloys have been applied
including sputter deposition [14], vapour deposition [15], application of oxide coating[16 ], sol gel
coating [17], thermal spray of different alloys on magnesium surfaces [18] and coating with high
purity magnesium due to its relatively higher corrosion resistance [19].

Surface alloying was achieved by several methods including diffusion, electron beam and laser
alloying. An aluminium diffusion coating was made on AZ91 alloy by heat treatment of the
magnesium alloy for 1 h at 450°C in Al powder under argon atmosphere, resulting in a 780 micron
layer of intermetallic AI-Mg. The surface hardness increased by this treatment from 60 HV to 160-
170 HV [20, 21]. A similar alloying with aluminium was achieved on AZ91 and ZC63 using
electron beam [22]. The additional aluminium was first deposited onto a substrate then the deposit
was remelted by an electron beam. As the material resolidified at a high cooling rate, intermetallic
phases were formed which improved the wear resistance. Laser alloying was also applied
successfully but was not found suitable for large surfaces due to shrinkage cracking [23]. Laser
clads for cylinder liners were produced on magnesium base alloys using 10 kW CO, laser and
powder mixtures composed of Al + Cu, Al + Si and an alloyed Al-Si powder in the single step.
Intermetallic phases were obtained and an acceptable corrosion resistance was achieved [24]. In
general, the formation of intermetallic phases may not be attractive for some applications where
bending or schocks during service are expected. This is due to the poor ductility of the intermetallic
phases formed in the coat.

Building hard ceramic-type layers on the surface was also achieved using several techniques, like
plasma electrolytic oxidation, Magoxide, Tagnite and keronite [25-27]. Silicon oxide layer - Tagnite
process - as a conversion layer for further painting on magnesium alloys was developed by an
electrochemical process [28] and a new anodic coating using Magnoxid-coat applied on die cast
alloys[29-30] was found to improve the corrosion resistance of AZ31 alloy [5] . However, Sharma
[3] reported that the non-chromate conversion coating and anodizing cannot produce a reliable and
effective result.

A new generation of Keronite process was found to produce hard, smooth and compact layers on
Mg in addition to being environmental friendly. It is a bath-based treatment, where pulsed voltage is
applied to the substrate and the resulting spark creates a fused ceramic layer on the surface. The
treatment was followed by sealing of the coat to reduce porosity and increase corrosion resistance
[31]. In another work [32-33], the coat was created by an electrolytic plasma reaction or a micro arc
oxidation which permits functional coatings on a detailed surface resulting in satisfactory surface
roughness, good adherence, good corrosion resistance and a surface hardness of 500-600 HV. The
coating base was MgO, MgAl,04, MgSiOs3, the quantitative relation between which was defined by
both the electrolyte structure and the electrolysis parameters.

Combined coating composed of a ceramic hard coat and a functional polymer for providing dry
lubrication ability was found to present an economical solution on small end components [34].

An approach consisting of modification of the Mg alloy by small Ca additions —0.5%- was found
to improve the corrosion resistance of AS41- Mg alloy [35]. This was achieved through
stabilization of the formed corrosion product film by incorporating the relatively large Ca ions. The
effect of the Ca content on the corrosion rate was found to depend strongly on the extent to which
Ca is dissolved in the Mg. In most cases, the coating was not completely satisfactory or needed
several steps to reach satisfaction. Modification of the Mg alloy by small additions of alloying
elements, such as Ca, Mn or rare earth (Gd, Ce, Nd, Y) or even surface modification with hydrogen,
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was found to improve the corrosion resistance of Mg alloys [8,9,10 and 36]. Although the addition
of several alloying elements such as aluminium, zinc and rare earths have been reported to improve
the corrosion resistance [8,38], however, this does not satisfy the technological requirements for
several applications as reported by R. Ambat et al [39].

The use of organic electrolyte for electroplating of magnesium with aluminium was developed by
Siemens for industrial applications [40], however, the process is still expensive for large size
products. Recently, low cost ionic liquids were successfully used for electrodeposition of zinc onto
several Mg alloys -aluminium-free [41]. The ionic mixture was a non — aquaous electrolyte mixture
composed of choline chloride and urea, stable in air and water, thus electrodeposition was possible
in air at ambiant temperatures. Pulsed current was found suitable for the deposition. The corrosion
behaviour of the coated Mg was found to be similar to that of zinc in a solution containing NaCl.
This process has the advantage of the low cost of the ionic liquid mixture used and the possibility of
treating large areas. Further development of the technique is still needed in order to cover different
types of Mg alloys.

The application of metallic coatings on magnesium surfaces was found to provide a corrosion
resistance in addition to a conductive, high temperature resistant, hard, reflective, and solderable
surface. Al12Si alloy was deposited by plasma spraying on Mg AS41/carbon short fibre composite,
then remelted using CO;-laser beam (laser clad) [42], but the process parameters had to be very
restricted in order to prevent the temperature rise of the Mg surface, as well as the porosity
formation after laser remelting .

The application of aluminium coating on AZ31 alloy was achieved by arc spray coating followed
by a post treatment consisting of hot pressing to reduce the amount of pores present in the coating
layer, then a final anodizing treatment was applied. This treatment improved remarkably the
corrosion resistance of the alloy in NaCl solution, but the process is depending on the geometry of
the component for the step of pressure application [43]. Recently, PVD technique was applied to
deposit Al on AZ31 Mg alloy [44]. Successful coating was obtained using preheating of the
substrate followed by ion etching prior to coat deposition, all taking place in argon atmosphere.
Good corrosion resistance was obtained when an intermedite phase was formed between the Al and
the Mg. The process seems promising especially for large surface areas as in case of sheets and
strips, however, more work is still needed in order to improve the adherence at the interface
between the coat and the Mg substrate.

Thermal spray of AlSi5 using arc spray coating was investigated with a pre and post- heat
treatment [9], but the coat was found to include very high porosity, thus sealing with epoxy or
polyurethane was necessary. Another technique using high velocity oxy-fuel (HVOF) sprayed NiCr
and NiCr-Cr;C, coat was found to have good adherence to the substrate, however, the presence of
microporosity caused severe corrosion at the interface between the coat and substrate [9].

Direct electroplating of magnesium is difficult due to the high reactivity of the substrate with
aqueous solutions. However pulsed plating of Zn-Ni alloy was successfully achieved on AZ91 Mg
alloy [45]. The process includes polishing- chemical cleaning- acid pickling-activation- zinc
immersion- zinc-copper plating and zinc-nickel plating. The zinc immersion step was mainly to
improve the adhesion between the outer layers and the substrate while the Zn-Cu layer was to
reduce the electrode potential difference between the Zn-Ni layer and the substrate for better
protection against corrosion. It is to be noted that the Zn-Ni coat was obtained by pulsed
electrodeposition, where the pulse parameters had a great effect on the chemical composition,
thickness, and microstructure of the coat. The results indicate that the parameters have to be
accurately selected in order to reach good adherence and corrosion resistance.

It is clear from these surface treatments of Mg alloys that the processes are complex and need
several steps, in addition to an accurate surface preparation and procedure. Every process has its
advantages and limitations. Some can effectively be applied to only small areas or simple shapes,
while others may destroy the heat treatment of the substrate due to application of heat.

Electroless Ni-P coats are being increasingly used as a protective layer against wear and
corrosion of conductive and non conductive materials, and a uniform coat is formed on the product
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surface with no restriction on the shape [46-49]. The process will be presented and the results
reviewed in the next paragraphs regarding its application to magnesium alloys.

Electroless Plating

Electroless plating involves the deposition of coatings from solutions of metallic salts and reducing
agents through the application of moderate heat. The process is generally described as a controlled
autocatalytic chemical reduction process for depositing the desired alloy and is simply achieved by
dipping the substrate into an electroless bath under appropriate plating conditions. Electroless
deposition progresses with time, similar to electroplating, and quite heavy deposits can be produced
[46-48]. It can be applied to conductive and non conductivre surfaces and to complex products
uniformly.

Electroless deposits consist mainly of Ni, Ni-P and other ternary Ni alloys as well as copper. The
process also offers the possibility to deposit composite coatings [46]. Electroless Ni-P coats are
being increasingly used as a protective layer against wear and corrosion. They provide, in general, a
high degree of corrosion resistance at elevated temperatures as well as good brazability, and
solderability due to good wettability to the soldering material [3].

The nickel coat is of special importance in electronic industry due to its electrical conductivity
and magnetic properties [46-49]. Electroless Ni-P coatings are favourable over electroplated
deposits because of the uniformity of the coating on complex shaped objects. The deposit has less
porosity and higher hardness (480 HV) than electro deposited metal (200HV) because phosphorous
is incorporated in the structure [46-48]. With further heat treatment at 400°C for 1 h, the hardness of
the deposit further increases resulting in a higher wear resistance. The process has a good throwing
power in addition to low labour cost. However, expensive solutions, and careful analytical control
of the bath are needed [3]. The process has been further developed by the application of multi-layer
Ni-P with higher P content on the surface or the use of multi layer sol-gel and DC electroplating in
order to improve the corrosion resistance in severe environments [ 20, 50, 51].

Pre-treatment Processes prior to Electroless Ni ( EN) Plating of Magnesium Alloys

Magnesium and its alloys are classified as hard—to-plate metals due to their high reactivity. The
most difficult part of plating Mg is developing an appropriate pre-treatment process. The oxide
layer which is rapidly formed on the magnesium surface prevents further successful plating and
good adhesion of the coat to the substrate. For this reason pre-treatment of the surface is necessary
in order to introduce a surface layer that prevents oxidation, provides adherence to the substrate and
allows Ni plating to be uniform and defect -free. Pre-treatment processes of Mg alloys are mainly
classified as zinc immersion and direct electroless plating by Gray and Luan [9]. These processes
require many steps, are time consuming and must be precisely controlled to give acceptable
adherence and corrosion resistance [9]. More recently, several pre-treatment processes are proposed
in order to improve the adherence and Ni-P electroless coat quality. They can be classified as:

1. Treatment prior to direct electroless plating
2. Chemical conversion treatment , and
3. Zinc immersion,

The first two pre-treatments for Ni plating will be shortly presented while zinc immersion will be
presented in details.
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1. Treatment prior to direct electroless plating

In the critical review of Gray and Luan [9], direct electroless Ni plating was a pre-treatment by
itself. In recent developments, a pre-treatment was first applied before the direct electroless Ni
plating to obtain the top coat.

A pre-treatment in an acid pickle solution containing (CrO;+HNOj3) prior to direct
electroless Ni-P plating was undertaken on AZ91D Mg alloy using a plating bath containing
sulphate nickel and HF [52]. The effect of treatment time up to 60 sec was studied. The results
indicated that with prolonging the treatment time, the electroless Ni-P deposits became more
compact and defect free and that the deposition rate was proportional to this time, reaching 25
um/hr for 60sec acid pickling.

In most treatments, hexavalent chromium compounds and hydrogen fluoride acid during
pre-treatment were used which are harmful to the environment [53]. The recent trend is towards
finding environmental and health friendly technologies that can effectively inhibit the corrosion of
Mg. In this respect, an environmental friendly plating bath for direct electroless Ni plating was
developed [ 54]. However, the pre-treatment included pickling in chromic acid and activation in HF
solution. The plating bath contained nickel sulphate alkaline solution as the main salt. In the non-
fluoride plating solution, Na,COs as a buffer agent, was found useful in increasing the growth rate
of the plating coating, adjusting the adhesion between the coat and substrate and maintaining the pH
value in the range from 8.5 — 11 which was successful when NiSO4.6H,0 was used as the main salt.
Trisodium citrate dehydrate with a concentration of 30g/1 was found to be an essential component in
the plating bath. The coat was crystalline, with low porosity, high density, and good corrosion
resistance.

Improving the quality of direct electroless Ni-P deposit was achieved by applying
mechanical attrition ( MA) during electroless Ni plating [55]. It reduced the pores and cracks in the
deposit. The plating was applied after HF activation and was achieved by strirring the plating
solution in which small alumina balls were introduced. The bath main salt was nickel carbonate, pH
6.5 for 60 min. The deposit obtained was Ni and Ni;P phases fully crystallized with a hardness of
434 VHN after MA.

As a pre-treatment, it was found that formation of Mg fluoride film over the substrate
prevents oxidation of Mg during transfer to the plating bath where the Ni deposition takes place by
replacement of the fluoride film [39]. Therefore, in an optimized bath, fluoride should be an
essential component.

2. Chemical conversion treatment

Conversion coatings are produced by chemical or electrochemical treatment of a metal surface to
produce a layer of oxides, chromates, phosphates or other compounds that are chemically bonded to
the surface [9]. They are used as pre-treatment for Mg to provide corrosion resistance and good
paint-base to the metal, acting as an insulating barrier between the metal and the surrounding
environment. Chromate, phosphate permanganate, fluorozirconate, stannate treatments are
summarised in ref. 9.

One of the main problems with conversion coatings is the toxicity of their solutions which
contain chromium oxide or chromates. Recently, environmental friendly solutions have been
proposed and the process is used as a pre-treatment prior to electroless Ni plating on Mg alloys.

A chromium-free solution was proposed as pre-treatment on AZ91D alloy to replace the
solution containing hexavalent chromium and HF [56]. A phosphate-manganese conversion film
was developed as a pre-treatment layer. The layer reduced the corrosion current density of the
substrate and decreased the potential difference between matrix and second phase. The process
steps included grinding, alkaline cleaning, rinsing, immersion in pre-treatment bath for 2min where
H;PO4 and Mn(H,PO,), were the main ingredients, rinsing, then electroless Ni-P plating with
NiSO4.6H,0 as the main salt. The subsequent Ni-P layer became more compact, defect free and
exhibited good anti-corrosion properties compared with the traditional pre-treatment.
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A conversion treatment in an alkaline stannate solution was applied on AZ91D surface prior
to the Ni-P electroless coat [57]. The process steps include sensitization, activation, reduction then
Ni-P deposition. The procedure reduced the potential difference between the coat and substrate and
enhanced the corrosion resistance. A porous structure of the chemical conversion coat formed on
the Mg surface, provided an advantage for the adsorption during sensitization treatment with SnCl,
before electroless Ni plating.

3. Intermediate layers and zinc immersion

In general, the introduction of an intermediate layer (or interlayer) between the Mg substrate and
the electroless Ni coat has the advantage of isolating the substrate from the Ni-P film, therefore
improving the corrosion resistance [53]. The intermediate layers that will be presented in the
following, include mainly an organic layer, a zinc phosphate layer, a copper layer and a zinc
transition layer, which are all followed by electroless Ni plating.

The organic intermediate layer presented in [53] was an organosilicon heat resisting varnish.
The process included precleaning, coating interlayer, surface roughing, surface activation using Pd
colloid activator, dissolving Pd colloid, then electroless Ni plating. The time was 30 minutes for
organic coating, followed by 1 hour drying at 180 °C, then roughing for 30 min in NaOH solution,
then surface activation for 10 min, dissolving colloid for Imin, then coating in nickel sulphate
solution for 60 min. A good adhesion was found between the interlayer and the substrate, however,
the process includes several steps and data about the heat resistance of the varnish layer was not
provided. In addition, the presence of the organic layer may also reduce the electrical properties and
heat resistance behaviour of the coated Mg substrate. In another work, a silver film instead of the
Ni-P film was also deposited on top of the organic interlayer thus, providing antibacterial and
decorative properties [58].

A zinc phosphate layer was deposited on the AZ91D Mg substrate as an intermediate layer
prior to Ni plating [59]. The process included alkaline cleaning, degreasing, rinse, phosphating,
rinse, electroless Ni-P deposition, drying then heat treatment at 180°C for 2 hours. The phosphate
interlayer was achieved in a zinc phosphate bath containing molybdate. As an accelerator, it was
found that nitrate and nitrite were effective to accelerate the formation of phosphate coating so that
full phosphate coating was achieved in 2-3 minutes. The addition of molybdate in the bath by 2-
2.5¢g/1 resulted in a full coverage and in refining of the phosphate coat. The electroless Ni-P
deposition on the phosphate coating was undertaken using the plating bath containing sulphate
nickel. The presence of molybdate Na,MoO, in the phosphating bath had an influence on the
microstructure, the phases, and the corrosion resistance. It was found that metallic zinc was present
in the phosphate coating and that the addition of molybdate in the phosphating bath resulted in the
increase of zinc in the coat. A lot of disperse metallic zinc particles acted as catalyst for the
succeeding Ni-P deposition. Consequently, a Ni-P a deposit with dense and fine microstructure was
obtained having an acceptable corrosion resistance (150 h in salt spray test without corrosion). A
surface hardness of 670 VHN was obtained which increased after heat treatment to 915 VHN,
which are relatively high values.

An intermediate Cu layer was applied on the Mg AZ91D alloy, to facilitate the deposition of
the Ni-P coating [60]. This layer was deposited using a novel Cu immersion process in a bath
containing 0.67MCuSO4 5H,0 and 3 M HF followed by a surface sealing process. No details about
the process conditions were given. It was found that corrosion behaviour of EN specimens was not
governed by the microstructural aspects of the Ni-P deposit but mainly by its morphological and
surface compositional aspects such as impurities. The use of bath stabilizers - thiourea and maleic
acid - were found to affect the corrosion attack after EN deposition.

A novel Ni based coating, where plasma electrolytic oxidation (PEO) pre-treatment
followed by electroless Ni plating was developed to produce pore-free Ni coatings on AZ91 Mg
alloy[ 61]. The sequence of the process included PEO, activation, reduction and final electroless
plating. The details were given in a Patent by the authors. PEO layer was found to act as an
effective barrier and catalytic layer for the subsequent Ni plating. This technique resulted in a
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decrease in the corrosion current density in potentiodynamic tests by almost two orders of
magnitude compared to the traditional EN coating. In addition, the technique does not use
chromium and HF in its pre-treatment, therefore, is more environmental friendly.

Pre-treatment using zinc immersion was previously presented by Gray and Luan [9] and had
the disadvantages of the need of a precise control to ensure adequate adhesion, for the use of a
copper strike which attacks the zinc layer and the Mg substrate and for environmental reasons. The
conventional zinc immersion procedure [53] was found complicated and the step of plating copper
with cyanide harmful to the health and environment. More recently, methods using zinc immersion
to form intermediate layer below the electroless Ni Plating have been developed and will be
presented in detail in the following sections.

Electroless Plating of Magnesium and its Alloys with Zinc Pre-treatment
1. Experimental coating procedure

Electroless plating technique was developed and optimized for wrought AZ31 magnesium
alloy [62] and modified recently to improve the quality of the coat and to apply it on several
wrought magnesium alloys [63-64], namely AZ31B, AE42 and ZREI. The procedure includes
mechanical polishing, ultrasonic cleaning, alkaline cleaning, acid pickling, acid activation, zinc
immersion, then electroless Ni-P plating. Details of the solutions and procedure are given in Table
1. The use of nickel sulphate solution in electroless plating has been selected as it was successfully
used for plating steel and aluminium surfaces [47-49]. The zincate pre-treatment — also called zinc
immersion- has been used to remove the residual oxides and hydroxides and to produce a thin layer
of zinc to prevent re-oxidation of the magnesium surface, as reported previously [9]. The substrate
becomes catalytically active after the surface oxides are dissolved into the plating bath which made
the replacement reaction between the substrate and nickel ion happen.

The surface preparation and pre-treatment prior to electroless coating was found to be of prime
importance for a successful coat [63-66]. It is to be noted that some defects in the coat were found
such as micropores, blistering and cracking and that these defects disappeared after careful surface
preparation and bath optimization applying the modified plating procedure shown in Table 1.

It was reported earlier by Gray et al [9] that the zinc immersion has to be followed by a cyanide
copper strike to create a copper film onto which any metal can be subsequently plated. However,
the copper strike has the disadvantage of non uniform deposits and high cost of waste treatment. It
was replaced by a zinc electroplating step, creating a uniform zinc film of at least 0.6 micron thick,
allowing the formation of adherent plating films- like copper- on the magnesium. The zinc
electroplating step could take place either simultaneously with the zinc immersion or in a separate
step [9]. In a more recent work on AZ91 [67], it was found that the adhesion between the
magnesium and the Ni-P plating layer as well as the corrosion resistance were improved if a zinc
transition layer was present. The thickness of this layer was not reported, but it was mentioned that
this transition layer was thicker and more compact when the zinc immersion bath contained a
proper amount of Fe;Cl. However, this amount was not clearly determined. Zinc immersion was
then followed by zinc electroplating then by electroless Ni-P plating. The details of the procedure
are given in Table 2. A main difference between the procedures in Tables 1 and 2 is the zinc
electroplating following the zinc immersion, thus resulting in a thick zinc or zinc-iron layer which
has proved to improve the adherence and coverage of the Ni-P coat [67].

2. Coat Surface Roughness
For the procedure in ref. 64, a relatively smooth Ni-P surface was obtained in all samples with R, of
less than 1 um in most samples and an R, value of 3.4 to 5.8 um.

A comparison was made between the surfaces obtained by: 1) electroless Ni-P plating, 2) same
then followed by Ni electroplating, and 3)same as in 2) then followed by bright Ni electroplating
[62]. The results indicated that bright electroplating gave the least surface roughness, mirror-like
which could be used for decorative purpose, followed by Ni electroplated, then electroless plated
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with stabilizer. Additionally, the surface roughness tended to decrease after the heat treatment

process [64].

In the process where a zinc transition layer was applied [67] the results indicated that the zinc
alloy films containing Fe were smoother and more compact than pure zinc films and that the Ni-P

coating became more compact, but no values of surface roughness were reported.

Table 1: Solutions and processes used in nickel plating [63-64]

Step no.

Process and solutions

Condition

1
2
3

mechanical polishing

ultrasonic cleaning

alkaline cleaning:

sodium carbonate 25 g/l
sodium hydroxide 15 g/l

acid pickling:
chromium trioxide CrO; 180 g/I
NaF 3.5 g/l

acid activation:
phosphoric acid, H;PO4 200ml/1
ammonium hydrogen fluoride,
NH4HF, 100g/1

alkaline activation:
tetra sodium pyrophosphate 40g/1
sodium tetraborate 70g/1
sodium fluoride 20g/1

zincating ( zinc immersion)
2-3 micron thickness
zinc sulphate 30g/1
tetra sodium pyrophosphate 120g/1
sodium fluoride 5g/1
sodium carbonate 5g/1

electroless nickel plating with fluoride activators:
NiSO4 30g/1
sodium hypophosphite 25 g/l
ammonium hydrogen fluoride 15 g/l
glycine 15g/1

65°C, 5 min

room temp., 5 s

30°C, 5 min

room temp., Smin.

pH 10-10.6
room temperature, Smin

pH 9, 70°C, 35min.

NB : the electroless nickel plating time depends on the thickness needed
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Table 2 The solutions and process flow of electroless nickel plating used in ref [67]

1. ultrasonic cleaning, Acetone degrease

2. acid pickling

C,H,04 10g/L, Wetting agent, Room Temperature, 1 min

3. Activation

K4P,07 65 g/L, Na,COs 15g/L, KF 7g/L, 75 °C, 2 min

4. immersion zinc

immersion in K4P,07 zinc bath, Zn SO4 -7H,0 50 g/L, K4P207-10 H,O 150g/L LiF
3g/L, Na,COs 5g/L, pH 10.2 ~10.4, 65 °C, 3min

5. electroplating zinc

a) zinc pyrophosphate bath , Zn salt 21g/L, K4P,07- 10 H,O 260g/L, C¢H;707N3 25¢g/L,
thiourea 1~2 g/L, luster-coating agent 0.02~ 0.05 g/L

b) zincate bath , ZnO 10g/L, NaOH 100g/L, proper additives, proper luster-coating agent
6. electroless nickel plating

NiSO4-6 H,O 20g/L, HF ( 40%) 12 mL/L, H3C¢Hs0O7-2H,0O 5g/L, NH4HF, 10g/L, NH;-
H,0 (25%) 30 mL/L, NaH,PO,- H,O 20g/L, Thiourea 1 mg/L, pH 4.0, temperature:95°C,
Time 60 min

7. passivation treatment

CrOs 2.5 g/L, K,Cr,0O7 120 g/L, Temperature 90 ~100 °C, Time 10 min

Rinse each step

3. Surface Morphology
The surface morphology of coated samples following the procedure in Table 1 [63, 64] was

studied using the SEM. It was found that the deposit was uniform, defect free, with no pores or
cracks, composed of compact fine cauliflower nodules uniform in size with some coarser ones, as
shown in Figs. 1 and 2. These nodules consisted of a number of sub-micro nodules which were
resolved at higher magnification (Fig. 2). The use of stabilizer in the electroless bath resulted in a
slower rate of deposition and the formation of finer uniform nodules more densely packed [62]

The effect of post heat treatment was studied by heating the coated samples in air at 400°C for 1
h, then air cooling [64]. After heat treatment (HT), the deposit was similar in shape and quality, but
with a smaller amount of cauliflower nodules. This result explained the decrease in surface
roughness after HT due to coalescence and coarsening of the nodules[64].

b)
Fig. 1: Surface morphology of coated ZRE1, samples: a) before HT and b) after HT [64]
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Fig. 2: Surface morphology of AE42 after heat treatment, X=5000, showing fine sub- micro
nodules [64]

The type of structure of the Ni-P deposits was investigated by X-ray diffraction. The results
indicated the presence of amorphous and some nano crystals with an approximate grain size of 3 to
5 nm before heat treatment which increased to 30 to 50 nm after heat treatment (HT) [ 68]. Previous
qualitative observations indicated that finer grain sizes - on micro-scale - were obtained on steel
surfaces in Ni-P deposits with increasing P content [69-70] or with adding W to the Ni-P deposit
[49]. However, no quantitative measurements of the grain size were made. Various structures in the
deposit were also obtained such as amorphous [3], amorphous with microcrystals [39], and nano
crystals of Ni and Ni-P compounds. After HT, amorphous Ni and P was found to crystallize and
form NisP [3] while a mixture of amorphous and nano crystals separated from each other were also
identified [64]. These different results indicate that the formation of amorphous or crystalline
phases in the deposit depends on the plating conditions and procedure. It also depends on the P
content as indicated by the results of DSC curves of the deposits in which the microstructure
changed from crystalline to amorphous with the increase of P content [71].

4. Coat thickness and adhesion

The coat thickness and adhesion are crucial for a good coat. They were studied by SEM on
the cross sections of the coat which was obtained by the procedure in Table 1[64]. Typical
micrographs of the sections are given in Fig. 3a, b for AE42 in non heat treated condition and after
heat treatment at 400°C for 1 h respectively [64]. The micrographs indicate that in all cases, the coat
has a uniform thickness and a good adherence to the magnesium substrates with no defects in the
coat or at the interface. It is to be noted that careful surface preparation and increasing the zincating
time from 1 to Sminutes improved the adhesion, by eliminating the gap which could be formed at
the interface [62]. It is also mentioned that the use of stabilizer for reducing the rate of deposition
leads to better adhesion.

The application of a zinc transition layer from a solution containing Fe;Cl before the electroless
plating of Ni-P,- procedure in Table 2- [67], was found to give a good adhesion and coverage on the
Mg substrate. Unfortunately, no values of layers thicknesses were reported. For obtaining an
adequate transition layer, electroplating for at least 10 minutes should follow the zinc immersion
step. This step improved the adhesion and reduced the porosity of the zinc layer. In general, an ideal
transition layer should be compact with complete coverage of the substrate, with no pin holes and
with good adhesion to the subsequent metal plating. An improper transition layer will result in a
poor Ni-P coat and may result in corrosion in harsh environments.
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Fig. 3: Photomicrographs of cross sections illustrating the coat and substrate in AE42  samples:
a), non heat treated, b) heat treated samples at 400°C for 1 h.[64]

The coat thickness is usually function of the rate of deposition - for a given plating time - which
depends on the bath and plating conditions [46, 72] and complexing agents [61]. The high pH (=9)
used in [64] was more favorable for Mg alloys because the etch rate decreases with increase in pH.
For the procedure in Table 1, the coat thickness for the different Mg alloys [55] ranged between 9
um [64] and 29 um [62] for 30 to 35 minutes plating time depending on the alloy type, being
maximum for AE42 and minimum for ZREland on the bath and plating conditions. Further study
relating the growth of the coat to the bath conditions and to the substrate composition is still

needed.

5. Distribution of elements in the coat by EDX analysis

The chemical analysis of the coat is one of the parameters that determine the chemical,
physical and mechanical properties of the coat. P is usually added to the Ni bath in order to
increase the hardness and wear resistance by forming NisP after heat treatment.

EDX analysis made on cross sections prepared as given in Table 1, indicate that Pwt% in the coat
ranges between 1.9 and 9.97%. [62]. More detailed measurements [64] of P across the interface,
indicated that the phosphorous content increased gradually from the substrate towards the surface
and exceeded 10wt% as shown in Figs. 4 and 5 for different substrate alloys with no sensitive effect
of heat treatment on P redistribution. Fig. 6 also indicates that, as the coat thickness increases, the
maximum P content obtained on the coat surface increases [64]. The increase in P content may
result from the variation of the pH of the solution adjacent to the coating, leading to a change in
potential of the substrate associated with increasing bath acidity, hence, P content in the deposit
[73].

Previous work [71] indicates that the P content in the deposit depends on bath temperature,
composition and plating conditions and with increasing bath pH [48,72]. The pH of the bath may
also change during coating, which may also affect the P content during the coating. In addition, the
substrate alloy is thought to affect the P content as the activation of the substrate is dependent on the
alloy composition as the plating conditions were kept constant in [64]. The alloy composition of the
substrate and its structure were previously found to affect the structure of the deposit by affecting
the nucleation and growth mechanisms [74], however, no previous study on its effect on the
chemical composition of the deposit was found available.
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Some magnesium was also found in the coat of the different alloys, ranging from 1 to 2% on the
surface and increasing towards the substrate, reaching 4 to 6% [64]. The large amount of
magnesium at the interface suggested a probable formation of Ni-Mg intermetallic phase, which

may enhance the adhesion to the substrate.
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Fig. 4: Phosphorous distribution from the substrate towards the coat surface in not heat treated
condition for different Magnesium alloys [64]
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Fig. 5: Phosphorous distribution from the substrate towards the coat surface for different

Magnesium alloys; heat treated [64]
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Effect of coat thickness on P wt%
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Fig. 6: Effect of coat thickness on the phosphorous content on the surface of the substrates before
and after heat treatment [64]

6. Coat Hardness

In general, it is advantageous to reach a high hardness in the as coated soft products such as
plastics, aluminium, magnesium and printed circuits which cannot be subjected to post heat
treatment. For Mg substrates, the hardness increases after deposition of Ni-P coat due to the higher
hardness of the latter. It is also known that the hardness of Ni-P increases with increasing P content
in the coat [46] where a maximum value of 650 HV could be reached for the coat containing more
than 10wt% P in the as-coated deposit on steel substrate. Additionally post heat treatment raises the
hardness of the coat due to the precipitation or agglomeration of NisP after heat treatment [62, 46,
48, 49 and 75]. This is illustrated in Fig. 7 [63] for AZ31 alloy which indicates the increase in
hardness with P content and with heat treatment.

Additional elements to the bath can also raise the hardness such as tungsten or cobalt [76] due to
the formation of supersaturated solid solution, even with the presence of low P content in the
deposit [13]. Also the addition of fluoborate anions in the bath with concentration up to 0.04 Mole —
corresponding to 7.6 wt% P- resulted in increasing the hardness due to inhibition of crystal growth
during deposition thus producing finer and more homogeneous grains [48]. However, no
quantitative measurements of the grain size were given. In general, the hardness was found to
depend on bath composition, plating parameters and concentration of ammonium- bifluoride. These
results indicate that it is possible to reach the required selected hardness by proper control of the
bath and plating conditions. However, a good documentation of the plating parameters and their
effect on hardness are still needed.
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Fig. 7: Effect of P wt% on the micro-hardness of the coat in as deposited and after heat treatment
conditions. Non heat treated and heat treated refer to the Ni-P coat on Mg AZ31 [64].

7. Electrochemical Test Results
For the magnesium alloy samples in the as-coated condition using unmodified procedure,
the humidity test revealed the presence of some corrosion spots and blistering [62,63].

Potentiodynamic polarisation tests carried out at (25 £1)°C on the samples prepared by the
modified procedure in Table 1 [63] tested in 3 % NaCl solution gave the curves shown in Fig.8 for
the bare, electroless Ni coated, and heat treated after coating ZRE1 Mg alloys. The results
illustrated that, regardless the effect of heat treatment, the coat gave the noble corrosion potential
(Ecorr) values characteristic of the Ni-P layer and with significantly low corrosion current densities
(Icorr), and that heat treatment further improved the corrosion resistance, Table 3, where E.,; and
Icorr reached -228mV and 0.95 uA/cm2 respectively, which are very low values. Additionally, the
coat layer was resistant to atmospheric corrosion, as indicated by the humidity test [63].

In order to reduce the effect of the galvanic cell which can be encountered once corrosion begins
in porous areas of the deposit, a thicker zinc transition layer was applied between the substrate and
the Ni-P layer using electrodeposition of zinc after zinc immersion as indicated in Table 2 [67].
The zinc layer reduced the difference in potential between the noble nickel and the active
magnesium. The adhesion and corrosion results of the Ni-P coatings, shown in Table 4, indicate an
improvement in the adhesion and the absence of corrosion spots in the case of applying the zinc
immersion process in a solution containing Fe;Cl followed by 10 minutes zinc electroplating. The
application of zinc electroplating improved further the quality of Ni-P coating by covering the pin
holes. This is indicated by the potentiodynamic polarization curves which showed a shift towards a
more positive corrosion potential reaching — 800 mV for the zinc/Ni-P coat as shown in Fig.9.

The results of corrosion potential and corrosion current densities obtained by several workers in
recent publications applying electroless Ni-P plating using different techniques, solutions and /or
pre-treatments are summarized in Table 5. The results indicate that several solutions and processes
can protect the Mg substrate, and that the zinc immersion technique in Table 3 and the zinc
transition layer methods in Table 5 are among the promising techniques. A thicker pore-free
protection layer may be preferable as it decreases the probability of the presence of open pores.
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Table 3 Electrochemical parameters of bare, electroless Ni coated, and heat treated after

coating of AE42 and ZRE]1, obtained by polarisation in 3 % NaCl solution [64]

Sample OCP, mV | Ecor, mV | Lo, pA/cm®
AE42-Mg alloy -1601 -1535 15.77
Coated AE42 - 463 - 474 0.75
ZRE1-Mg alloy - 1554 - 1518 75.24
Coated ZREI -1188 -1210 380.59
HT coated ZRE1 -217 -228 0.95

Table 4. Effect of zinc transition layer on adhesion and corrosion of nickel plating [67]

Test | Zinc immersion operation Electroplating adhesion | Corrosion spots of Ni-P
zinc time/ min coating(cm -2)
I15h 30h
1 No immersion 0 X 2.01 perfect
corrosion
2 Immersion once( the bath | 0 O
with Fe’") 0 0.32
3 No immersion 10 X Perfect -
corrosion
4 No immersion 40 @) 0 0
5 Immersion once (the bath
with Fe’") 10 0 0 0

Note: ”X” stands for very poor adhesion and plating continuously sloughed-off.
“O” represents good quality plating without swell and peel off

Table 5. Potentiodynamic polarization measurements of electroless Ni plating (EN) using
different pre-treatments/ techniques in about 3.5- 5§ wt%NaCl solution

Technique Ecorr Icorr pA/cm” | comments reference
mV
Bare AZ91D -1450 Zinc transition layer | 67
Zinc transition coating -1150 provides highly
Zn/Ni-P coat - 800 compact Ni-P coat,
strong adhesion
Uncoated AZ91 -1500 ~10 EN with 25um for PEO | 61
Traditional EN -300 ~2.0 +EN : less porosity,
Plasma electrolytic oxidation better corrosion
(PEO) + EN -300 ~0.07 resistance than EN, no
noticeable pits after
168 h in salt spray.
AZ31 bare ~- 1569 10 Organic coating+ | 53
EN plated for 60 min in | ~-1316 0.10 Electroless plating
sulphate solution
Organic layer + silver plating Improvement in | 58
corrosion resistance
AZ31 - 1569 | ~30 A shift in about 200 | 77
Organic layer + Cu plated for mV in Ecorr
60 min - 1368 | ~100
AZ31 -1502 411.8 Further improvement | 78
Substrate with Ni —P layer -781 17.79 with Ni-Sn-P
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Substrate with Ni-Sn-P - 645 5.29
Multi layer coat on AZ91 ZrO, nano crystals | 79
Ni-P-ZrO2 gave superior corrosion
And properties 1000h in salt
Ni-P electroplating spray test
AZ91D -1569 411.8 Improvement in | 80
Ni-W-P ( 24um) - 701 7.8 corrosion resistance for
Ni-P ( 28um) - 781 17.79 the ternary system
AZ91D -1500 1546 increase in thickness of | 81
Substrate with 10um electroless Ni
electroless Ni coat -1420 327 improved the corrosion
Same but 25 um electroless Ni | - 410 9.8 behaviour
Nano crystals of Ni by
Substrate with 10um DC electroplating had
electroless Ni coat + DC the lowest current
electroplating of nano | - 162 0.98 density due to fine
crystalline Ni grains and low porosity
in nano crystals
AZ91D A remarkable influence | 82
Different EN plating solutions of plating parameters
for minimum porosity: on porosity and
hypophosphite/basic ~ nickel thickness of plating
carbonate 1.75- fluoride 25g/1 coat electroless Ni
— TU and others deposits on AZ91D
AZ91D -1502 411.8 Duplex coating, | 83
EN Ni-P - 653 3.97 provides a physical
barrier against
Ni-P/Ni-B duplex coat with corrosion attack,
Ni-B outer layer + heat provides a sacrificial
treatment at 350 °C 2h - 1016 | 36.67 protection for the inner
Ni-P  coat , hence
improves corrosion
resistance
AZ91 -1550 Remarkable decrease | 57
With chemical conversion in Ecor and I, after
coat (CC) -1400 CC +EN
CC+ Ni-P ~-600
AZ91 -1502 411.8 Chromium — free pre- | 56
phosphate manganese pre- treatment is successful
treatment ( Cr —free) - 1442 | 4891 for further EN plating
Ni-P layer after pre-treatment
in Hexavalent chromium and
HF solution - 781 17.79
Ni-P on Cr- free pre-treatment | - 599 15.98
AZ91D 59
Zinc phosphate pre- Withstand 150 h in salt
treatment+EN spray test  without
corrosion
AZ31 ~-1450 Mechanical  attrition | 55
EN + mechanical attrition ~-200 during EN gave further
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improvement in
EN + heat treatment ~-1250 corrosion  resistance
compared to traditional
EN
AZ91D ~-1320 | 800 Heat treatment has no | 84
EN -450 90 effect on corrosion
EN+ heat treatment 230°C, 2h | - 450 120 potential but a slight
EN + heat treatment 400°C,1h | -980 230 change in corrosion
current
_ | ZRE1-Mg alloy | bare alloy
10" ¢ — — — electroless coat
e heat treated coat
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Fig. 8: Potentiodynamic polarisation diagrams for ZRE1 in 3 % NaCl solution for
bare, electroless Ni coated, and heat treated at 400 °C 1h after coating [64].
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Fig. 9: Potentiodynamic polarisation curves of the bare magnesium alloy, zinc coating and Zn/Ni-P
coating using a zinc transition layer [67].
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Conclusions

Coating of different magnesium alloys, was achieved successfully by electroless Ni-P (EN)
plating from a sulphate solution and a zinc pre-treatment. Two techniques were presented for
pre-treatment; the first using zinc immersion for 5 minutes prior to EN plating; the second using
zinc transition layer prior to the EN plating. The zinc immersion was obtained from a zinc
sulphate solution, while the zinc transition layer was obtained by zinc immersion followed by
10 minutes DC zinc electroplating. The thickness of the zinc transition layer was larger than that
of zinc immersion resulting in a better closing of pores.

The deposited Ni-P coat contained a mixture of amorphous and nano crystalline materials
with Ni and Ni-P mixture, while after heat treatment (HT) at 400 °C for 1 hour Ni-P
compounds were formed.. The deposit was compact, uniform in thickness, without detectable
defects or porosity and with good adhesion to the substrates, before and after HT. The P content
in the coat was found to increase with coat thickness which resulted in an increase in micro-
hardness which ranges between 420 and 512 HV for as coated and between 700 and 760 HV
after HT.

The corrosion behaviour of electroless Ni-P based on potentiodynamic polarization tests in
chloride solution indicated a large improvement compared to that of bare magnesium alloys in
case of pre-treatments with zinc immersion where E., reached -474 mV and Lo 0.75 uA/cmz.
More noble behaviour was obtained after HT where E., reached -228 mV and I..x 0.95
uA/cmz. When pre-treatment produced the zinc interlayer, the thickness of the zinc layer was
increased and E,; reached -800 mV.

Therefore, the electroless Ni (EN) plating preceded by zinc immersion or zinc transition -by
electroplating- are among the most promising techniques for coating of Mg alloys. The
procedure is simple and provides good corrosion resistance and relatively high hardness.
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