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Abstract

A Ni-B coating was electroless-deposited directly yPOy/HF pickled AZ31. The thickness of the plating layeas

estimated through weight gain measurements andaffasted by temperature, time and bath compositidre highest
thickness was obtained at 6 g/L of NaH& 8%C. An adherent compact layer of Ni-B was obtaingigctrochemical
impedance spectroscopy measurements in 3.5 wt.%rsathloride aqueous solution suggest that thengjatan protect the
magnesium alloy substrate from corrosion attack.

Introduction

Magnesium and its alloys are more and more apphedifferent sectors, including aircraft, motor V&b as well as
metallurgical, chemical and electrical industriés. a light metal having a density of 1.74 gferit is 35% lighter than
aluminum (2.7 g/c) and over four times lighter than steel (7.86 djcriToday’s interest in magnesium alloys for
automotive applications is based on a combinationigh strength properties and low density. Magmesalloys are very
attractive as structural materials mostly in amilams where weight saving is of great concern. -Allglloy is the most
common category of magnesium alloys. Aluminum haga@ng passivation tendency in presence of oxymehresults in the
precipitation off phase, which is highly cathodic with respect @ iatrix [1,2].

Magnesium and its alloys has a poor corrosiontasie® which can be attributed to the extremelytelaegative potential of
Mg making it exceptionally prone to galvanic coromswhen internal coupled with more noble potesti@.g. impurities or
second phases) or by external coupling with didainmetals. The oxide film formed on its surfaseof poor quality and
has relatively low resistance to corrosion. Thisidsi-passivity” of Mg causes poor pitting resismmaf both pure
magnesium and its alloys. Oxide films formed on nesium also tend to dissolve in water or breakdatvamically in
many environments, namely; chloride, bromide, $elfaitrate, and chromate [3]. AZ31B is a wrougtagmesium alloy
with good room-temperature strength and ductilipmbined with corrosion resistance and weldabil&Z31B finds
application in wide variety of uses including a#ftrfuselages, cell phone and laptop cases, speakes and concrete tools.
AZ31B can be super formed at elevated temperatorpsoduce a wide variety of intricate componentsaistomotive uses
[4].

The following section will through light on the pighed papers focused on the electroless Ni-B glaiimMg and its alloys.
Shao et al [5] investigated the effect of threal gmckling and activation solutions on the eleass Ni-P plating on AZ91
Mg alloy. Results showed that pickling in HAEBmI/L, HsPO, 25 mi/Land activation in NHH,PO,80-100 g/L, NHF 30—
50 g/L at room temperature, AZ91 could be direalgctroless plated. The structure of Ni—P coatirgs winiform,
amorphous highly resistant towards corrosion.Coeteal [6] have deposited Ni—-B coatings directlyaammercial purity
magnesium and AZ91D magnesium alloy by a chromites-€lectroless process. A cauliflower-type coatamyobtained at
a rate of ~8 to 13m/h. The addition of NFHF,to the electroless bath improves the coatings smmoresistance when
tested in sodium chloride solution.Wang et al [fgty reviewed current electroless plating techugg for Mg alloys with
especial attention to Ni-B plating. Ni-B plating mettology and its electroless plating mechanism wapgsed. The
deposited Ni-B layer on AZ91D is then systematicaltiaracterized for its microstructure, porositycithess, adhesion and
corrosion resistance. Bulbil [8] has produced aldwim Ni-B coating on AZ91 Mg alloy using electrolessang
technique. The coating showed a high degree oasarrfoughness (from 0i8n to 1.95um). XRD analysis showed an
amorphous Ni-B coating.Wang et al [9] deposited NieBting directly on acetic acid pickled AZ91D. Téiectroless Ni-B
plating exhibits a uniform surface and an amorphstuscture with a high corrosion resistance. Cogeteal [10] employed
non-chromate-based electroless Ni-B coatings on mmagnesium and AZ91D alloy. No chemical activatidnthe substrate
was done before plating. Etching of the substrdaglops an oxide layer on the surface of bothtsaies. The oxide is
thicker on the magnesium than on the alloy whilearichment of zinc between the bulk substratethaaxide layer occurs
in the case of the AZ91D alloy. Ni-B coatings impedwvear resistance of both substrates. Bonin ¢t H investigated the
Ni-B coatings fabricated by electroless depositi@ing either ultrasonic or mechanical agitation m agueous bath
containing nickel chloride, sodium borohydride,yé¢ne diamine and lead tungstate at pH 12 + 1.r€kalts showed that
low frequency ultrasonic agitation increases thatiogs thickness by over 50% compared to those ymextl using
mechanical agitation. Zhang et al [12] successfidlyricated electroless double-layered Ni-B/Ni-Ptor@aon AZ91D Mg
alloy by plating of a Ni-B layer as primer and aMiayer as outer layer from eco-friendly fluorided plating baths. The
new-designed duplex coating also exhibits a renfdekanhancement in micro-hardness.In the work ofé2oet al [13], the
wear rates of elecctroless Ni-B coatings on comrakpuirity magnesium and AZ91D alloy were two magaé orders
lower than substrates. The wear mechanism of #reless Ni—B coatings was governed by the presehabrasive wear,
delamination and tribo-corrosion processes. Mukldbpay, et al [14] investigated the electrolessodion and tribological
behavior of a ternary variant of the borohydridéuaed coating i.e. Ni-B-Won AISI 1040 steel subssateat treatment at
500°C transforms the amorphous morphology of théimp@nto crystalline one. Heat treatment improtee microhardness
and enhanced the tribological behavior of the cgatiue to formation of protective oxide scales amctostructural changes
due to in-situ heat treatment effect.
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Most published papers focused on the electroles®hboron plating on AZ91 Mg alloy with little wkron AZ31 Mg alloy.
The present paper investigates the electrolesglAakcon plating AZ31 Mg alloy.

Experimental

The experimental work was preceded as follows:

*  The surface of the substrates was successivelyndrosing SiC emery paper up to 1200 mesh grit. Ssnwere
rinsed in distilled water, supersonic degreasingdetone and finally dried in air.

e Substrates were immersed in alkaline media (a me&xafi50 g/l NaOH and 10 g/l NRG,) for 10 min so that dust,
grease etc. were removed from the surface of magnes

e Samples were pre activated by immersion g®®, for 1 min followed by immersion in HFfor8 min temove
residual oxides and applying a thin layer of MgF

e The substrates were mounted in this deposition bathkept at fixed temperature for reasonable tifine bath
composition and operation conditions are shownahbld& (1).

Table (1): Bath Composition and Deposition Conditions

Bath composition Concentration , g/l
Sodium borohydride (NaBf 6-12
Nickel chloride (NiC}) 10
Ethylenediamine 920
Sodium hydroxide 920
Lead nitrate or Stannous Chloride 0.0145
Conditions: Temperature= 65-95 °C; Deposition timéd=1.-

Different parameters affecting the deposition ofBNand Ni-B-W composite coating on AZ31 Mg alloy wéneestigated.
These parameters include concentration of sodiumhydride (NaBH), temperature, deposition time and concentration o
sodium tungstate (N&/O,). Based on the weight gain of the coating andtdke area of the AZ31Mg alloy samples, the
thickness of the formed coatings were calculatédguthe following equation:

T=W/ D*A
Where T is the thickness of the coating, W is tleégiwt gain after coating, D is the density of Ni9gB g/cni) and A is the

area of the coated specimens. Coated samples nuestigated under the Field emission scanningrelechicroscope (FE-
SEM).

EIS technique was used to evaluate the electroda¢iméhavior of the uncoated and coated sampl@dliv NacCl solution.

Tests were done on AZ31 Mg alloy samples of 0.785 exposed surface areas using computerized potetti@sutolab

PGSTAT 30). A saturated calomel electrode (SCE) ugzsl as the reference electrode and a platinunt akdbe counter
electrode. The experiments were performed at rampérature over the frequency range between 1 Hb65rkHz at open
circuit potential. The amplitude of the sinusoidaltage signal was 10 mV.

3. Resultsand Discussion
3.1. Pickling and activation

Pickling is particularly critical before plating tweate a uniform and catalytically active surfa&[Pickling was performed
in phosphoric acid solution (400 ml/L) for 60 sec2&’C. The weight loss of Mg alloy reaches a maximun0af3

mg-cm?s * at this concentration. The increase in weighs issattributed to the increasing in the numbenyafrogen ions
(decreased pH) whensPIO, concentration was lower than400 mL/L. Howeverttar increase in ¥P0O, concentration will
result in a higher concentration of P& leading to a higher tendency to produce insoltifies (mainly Mg(POy), and

AIPO,) on the substrate surface slowing down the ratdgfalloy oxidization and dissolution, leading todacrease in
weight loss.

Figure 1 shows schematic drawing of the corrosi@thmnism of AZ31 Mg alloy in the etching solutioithe probable
reactions are shown below [16]:

Mg —» Mg+ 2e [1]

Al —> AF* + 3e 2]

2H2e —» H [3]

Meanwhile, the oxidized Mg alldons combined with : . POY
3VMg* + por —»  Mg(PQy) [4]
A+ PO—» APY [5]

Upon increasingkPQ, concentration up to 400 ml/L, enlarge etch pits farmed and tend to coalesce. The formation of
such pits result in the detachment of some parssib$trate matrix with insoluble phosphate pregijath. Consequently, the
etching protection by phosphate films weakened wahyl with increasing concentration okPO,up to 400 ml/L with the
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formation of a rough and rugged surface after pickl
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Fig.1: Schematic model for pickling of Mg alloy in 400 ml/L H3PO4
After pickling and activation in §PO, and HF solutions, respectively, coarse surfaca® wbtained. This microstructure
(Figure 2) on the substrate surface provides mbhemical active sites for the electroless Ni-B plgtand provides also
surface pits for mechanically interlocking resudtim improving coating adhesion[20-21].The picklsgrface must have
some chemical activity for Ni ions where metalliogMould be exposed in some areas and react witfordi in the
electroless plating bath.

b N N

Figure 2: Optical microscopic photograph of Mg wlidter
pickling in HP O, solution(X=500)

3.2. Electroless Ni-B coating

Electroless plating of AZ31 Mg alloy was performiedthe plating bath mentioned in Table (1). Théeef of different
parameters including: the concentration of sodiwmbydride, plating time, and plating temperatunetiee thickness of the
formed coating were investigated. Results are ptedein Tables 2-4 and Figures 3-5. Results shaw ttie optimum
concentration of NaBfthat gives the highest thickness is 8 g/l. Theropth temperature for deposition was’@5 The
optimum time for deposition was 1 h after which thened coating is damaged.

Scanning electron microscopic investigation (SEM} performed on some of the coated samples (FRUIREM images
show the formation of compact coating layer withsutface cracks. The AZ31 surface is completelyeoed by a densely
and uniform layer; the coating bonds tightly to thdbstrate exhibiting good adhesion to the sulestr&igure 7 represents
the cross section of the Ni-B coating formed inghesence of 8 g/L NaBHThe average coating thickness is 4.85 pum.
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Table (2): Effect of concentrationNdBH,  Table (3): Effect of temperature on the thieks

on the thickness of fornoeating offoed coating
NaBH, | Wtgain | Area | Thickness T/° | Wtgain | Area | Thickness
gL* g cnt? Wy cn? pm
6 0016 | 3.42 5.25 9
8 0.026 3.20 9.10 65 0.006 371
10 0.025 3.70 7.60 1.80
12 0.018 3.42 5.90 75 0.023 3.52
85°Cand 1 h /.30

85 0.030 3.52

Table (4): Effect of deposition time on the
thickness of formed coating

Time/h | Wtgain g Area| Thickness um
cnt
1 0.031 3.80
9.2
2 0.018 3.04
6.6
3 0.011 3.71
3.3
4 0.010 3.70
3.0
8 g/L NaBH,,85Cand 1 h
10
g 4
8 4
8 4
g g
%)) n 6 -
¢ 7]
3 S
ey L
= = 44
6 4
2 4
5 T T T T T T T T T T T T T T
6 7 8 9 10 11 12 65 70 75 80 85 90 95
NaBH,/g L™ Temperature / °C
Figure 3: Effect of concentration of NaBky/L) Figure 4: Effect of temperature on thigkness
on the thickness of formed coating of formed coating
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Figure 5: Effect of deposition time on the thickaes
of formed coating at 85 and 1 h

Figure 6: SEM images of Ni-B electroless coatingA@i31 Mg alloy in
the presence of 8 g/L NaBlt 85C and 1 h

Figure 7: ross section of Ni-B electroles coatindAZ31 Mg alloy in
the presence of 8 g/L NaBlt 85C and 1 h

EDS measurements (Figure8) were performed on theedoAZ31 specimen. EDS spectra show peaks of Ni,ahd O,

however, no boron was detected. The nickel cordétiie EDS analyzed area reaches as high as 65 viit%.absence of
boron signal could be attributed to the low atomiass of B and its low content in the coated layewéler; considering
the evidenced boron signals in AES profile and elemmapping performed in a previous work [15], éhectroless nickel
plating layer should contain B. The presence of meagim and oxygen signals indicates the presencmaghesium
oxides/hydroxides which could be attributed toittomplete coverage of the AZ31 substrate withNheoating layer or to
the very low thickness of the coating layer whithws the electron beam to penetrate the coatdattderneath substrate.
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Figure 8: EDS of the electroless Ni-B coating in pinesence
Of8 g/L NaBH, at 85C for 1 h

It is postulated that the electroless plating msudti-steps process. Different reactions may beuged on the pickled surface
in the initial stage and on the plated surfacenalater stage [17-27]. Pickling treatment resintthe formation of a porous
film of Mg corrosion product or magnesia film oretsurface. After short time, large-size particlgglamerate to give

clusters, and small homogeneous particles formoires of the clusters. After prolonged plating, moreessed pores or
intervals are gradually overlaid by a film. Thérficould be a result of the agglomerated Ni—B plsideposited earlier
which is very thin.

After sufficient time of plating, complete coveragéthe alloy surface with the complete filling tife pore areas with
particles. Outside the pores, the Ni-B film getskbr due to the deposition ofNi—-B particles. Mg @&tdvith few corrosion
products could be only detected after the picktie@tment. During plating, Ni and O signals starappear indicating the
formation of Mg oxides or hydroxides. The appeaeantNi peak associated with the gradual disappeearaf the Mg peak
points to the deposition of Ni on the alloy surfa@éth time, nickel peaks are intensified, indiogtithe complete coverage
of AZ31 surface with the deposited Ni. It is propdshat in the initial electroless deposition of-Blidirectly on pickled
AZ31, following reactions are involved:

Mg+ Ni*2  —» Mg+ Ni [6]
Mg +2H,0 —»  Mg(OH)+ H, [7]
2Al + 6H,0 —»  2AI(OH)+3H, [8]
Mgo(originally formed on Surface)+ HZO . Mg(OHL [9]

After pickling the substrate is partially covereg & porous magnesia film. On such a surface, gjatiay proceed in two
different ways. The first approach involves thevgnaf Ni nuclei on the magnesia film covered ar@asind the pores as the
favored place for nucleation. The second approaeblves the nucleation of Ni plating through reawt{6) which occurs
preferentially around the edges of magnesia filmepan the substrate surface. Reactions (7) andré8gasier to occur in
the central area of a film pore, where is more sgibée to water. The hydrogen evolved due to freactions (7) and (9)
keeps stirring central pore area making Ni nucepasition difficult. The deposited Ni spreads frtm pore edges till the
complete coverage of the pores. On the other hthedpresence of metallic Mg lead to the rapid faromaof nickel nuclei
(reaction (6)), resulting in the formation of homeogous Ni particles in the exposed substrate aResctions (7) and (8)
occurring mainly in the film pore central areas ¢ead to surface alkalization. An increase in pHugas beneficial to B
deposition. The following reactions maybe involmeclectroless nickel-boron plating as well:

BH, yaNP*+80H —» 4Ni+BO; +6H,0 [10]
2BH, + 2H,0 —» 2B +20H+5H, [11]
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These two Ni and B deposition reactions can be dgzkaip at a higher pH. When the dissolution of shbstrate is
considerable, a large amount of B will be incorpedain the Ni plating in the initial plating stagehe deposition of fresh
nickel particles in the initial plating stage hasaaalytic effect on plating enabling continuouduetion reactions of Ni and
Ni—-B on the surface. Simultaneously, the depositeéiidi Ni-B particles can join together and finalpyresad out to the
whole surface of the substrate. After depositioraafelatively thick layer of Ni/Ni—-B coating on ttaloy surface, the
dissolution of the substrate is ceased and thaseidlkalization effect gets weaker. Ni reductieaction (11) will dominate
the plating process o the slowdown of reactiong @@ (8). Consequently, the B content becomesrlanvéhe plating
layer.

The electroless plating process can be summarizéallaws: in the initial deposition stage, the stiate surface possesses a
large number of active sites for rapid Ni replacetraf Mg and nucleation reactions, forming smatlkel nuclei from edge
to center in the surface film pores. Boron atoms alag be adsorbed to the Ni surface, and prometdattmation of new
nuclei. Meanwhile, the corrosion of the substrasults in the deposition of M. After the substrate surface is completely
covered by Ni/Ni-B, the freshly deposited nodulatkel acts as a catalyst for continuous Ni depasitieaction and the
main electroless plating process becomes from pliacement to Ni deposition. Together with slow dsfon ofNi,B,
deposited nickel particles are built up layer byelato form a smooth and dense Ni—B coating.

3.3. Electrochemical corrosion performance

Enhancement of corrosion resistance is an impogaal of electroless Ni-B plating on a Mg alloy. E#$periments were
performed to investigate the corrosion resistarfcth® deposited electroless plated Ni-B on theetb$tZ31 Mg alloy.
Figure 9 shows Nyquist plots of the uncoated adleywell as the Ni—B coating in 3.5 wt.% aqueous Nafliition at the
free corrosion potential (k). EIS spectra show basically one-semicircle inrreasuring frequency region. The observed
semicircles differ in diameters which denote a $&rgnd similar corrosion process with differentrosion rates [28-29].
The one-semicircle capacitive spectrum indicatesfehmation a good quality coating [30]. A simglguivalent circuit can
be used to simulate the EIS behavior as seen irdid@, where Ris a solution resistance, CPE represents a cdrsase
element corresponding to the capacitance of thatrelde surface, and,Rs a polarization resistance. It is shown thatNire

B coating has much higher polarization resistanaa the bare AZ91D substrate. The polarization taste reaches as high
as 21000 ohm compared to only 460 ohm obtainedhf®muncoated alloy indicating a large enhancemétteo corrosion

resistance of the alloy.
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Figure 9: EIS spectra of uncoated (a) and electsdMi-Bg.15 41 coated (b)
AZ31 Mg alloying 3.5 wt.%NacCl solution.
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Figure 10: The equivalent circuit for curvtifig of the EIS results

4. Conclusions
1. Electroless Ni-B-W coating was performed on the AZRBby in the path mentioned in Table (1). Picgliwas

performed in phosphoric acid solution (400 ml/L) &9 sec at & while activation was performed in HF (40%)
for 8 min. The highest thickness of the Ni-B coativas obtained in the presence of 8 g/L Na@H85C and 1 h.
The electroless nickel coating exhibits a unifourface with an average thickness of 4.85 um. TB& Bnalysis
shows peaks of Ni, Mg and O but not B. The absefi@: signal was attributed to its light weight amavlcontent
in the coat.

EIS measurements indicates the high improvemettiethe corrosion resistance of AZ31 magnesiuny alfter
the electroless Ni-B plating.

Electroless plating mechanism suggests rapid Nacement of Mg as Ni nucleation reaction startaciive sites
in the metallic areas along the edges of magn#sigpbres on the pickled AZ31 surface at the ihpiating stage.
The dissolution of the substrate leads to surféiization, resulting in the deposition of Ni-B. tine later stage,
electroless deposition of Ni dominates the plapimress.
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