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Abdract: Formation and characteristic corrosion resistahedtanately lamellar arrangedandp in as-cast AZ91
Mg alloy were investigated as an independent naorstituent identity. As-cast AZ91 presented three
microstructural entities, i.e-Mg grain, 6+3) lamellae and coargeparticle, and each had its own Al content and
microstructural morphology. The lamellae occurrenes due to the precipitation Bfparticle from the divorced
eutectic Al-richer phase during solidification, because the Al contiposcan not exceed its maximum solubility. The
evidences that were obtained from electrochenésss,tmicro-corrosion morphology and hydrogen dieoluate
certified that the d+B) lamellae was beneficial to corrosion resistamdgich was different from the reported
deleterious influence for its original eutecticrsh-o phase. This different corrosion behavior was @xgthto be
ascribed to the changes in fine structure and daraposition that resulted in combined electrochahaiffects of the
changes it andp3 phases on the corrosion.

Keywords AZ91 Mg alloy; micro-constituent identity; formatipcorrosion; eutectic phase.



1. Introduction

Mg alloys have a high strength-to-weight ratio, &ade significant potential in the automotive, apace and
electronic industries where weight reduction igeessary requirement. AZ91 is one of the most popdy alloys
for current commercial applications, offering a @@ombination of castability, corrosion resistaand mechanical
properties compared to other Mg alloys [1-4]. Therostructure of AZ91 typically contains a matrixoeMg grains
and the seconf phase particles (consisting of the intermetallig;#,,) distributed along thex-Mg grain
boundaries [5-12]. The typicfl particle in the microstructure of die-cast AZ91typically surrounded by an
Al-rich-a area [7-12], and the final microstructure congitena-Mg matrix, coars@ particles and Al-ricle areas.
Song et al [7] considered that the Al-riztarea an particles in die-cast AZ91 are derived from aeetid reaction,
so that the phases can be designated as eutedtib-&l Mg and eutectif. Alternatively, a lamellae containirg
and the fing3 particles, i.e.d+3) lamellae, may occur for AZ91 for some castingdglation conditions, i.e. the
microstructure of as-cast AZ91 consistedosffy) lamellae surrounding the coafsgarticles rather than Al-rich-
areas surrounding the coafsearticles [6-7, 13-14]. Formation ai«{p) lamellae in as-cast AZ91 is an interesting
phenomenon. An explanation was given for the faomaif the ¢+3) lamellae to be similar to the typical lamellar
pearlite colony in steels [13-14]. The nucleatiol growth of pearlite in steels involves in phalsange in an
eutectoid reaction: the face centered cubic atsteiasey] transforms into (i) the body centered cubic temphase
(ap) and (ii) the complex oblique structure cemepiitase (F£). These three phases have different crystatstesc
However, it is worth noting that tllephase and ttfgé phase in lamellae of as-cast AZ91 do not derorm & different
new phase but derive from a Al-rich phase that has the same crystal structure as fhiease, although the
morphology with an alternately lamellar arrangee & plate and fing3 plate is highly similar to pearlite. The
detailed forming processes af3) lamellae in as-cast AZ91 needs further investigat

For commercial utilization of AZ91, a significaimitations for potential use is its corrosion bebgwvhich can
be significantly influenced by the distribution amdrphology of the second phase particles in thexa a-Mg

grains [15]. The prior researches [6-7] demonstititat the secorfél phase particles in AZ91 served two roles: (i) as
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a barrier to stop the corrosion progression wherptphase is continuous and the fraction is high, (@hds a
galvanic cathode to accelerate the corrosion wiefi phase fraction is low and finely divided. Howewerch
effort concerning the role of second phase on ¢thesion behaviors of AZ91 has focused on the rslierotures
consisting of the coargephase particles surrounded by Al-ritharea rather than the microstructures consisting of
the coars@ phase particles surrounded by the alternatelyllEnaerangedr andp phases [5-9]. Zhao et al [13-14]
demonstrated that in AZ91, the as-cast condititin thve fine ¢+3) lamellae had lower corrosion rates than AZ91 in
heat-treated conditions which completely elimindtesl 6+3) lamellae. Accordingly, the finex¢f) lamellae was
inferred to decrease the corrosion rate, which efferent from a reported deleterious influencectwrosion
resistance of the original Al-rial-area in die-cast AZ91 [7, 9]. In these cases, Wexvéhe researches mainly
focused on the influence of heat treatment on sticrcture evolution and corrosion. An understandifighe
electrochemistry of the fin@¢3) lamellae has not yet been clarified, and the amsm by which the finea(3)
lamellae influences corrosion behavior is not knomer is the difference of corrosion behavior @& fime @+3)
lamellae and the original Al-rich-area. What is needed is an understanding of thieswmm behavior of the
alternately lamellar arrangedandf3 and of the Al-richa area in as-cast AZ91.

This work attempts to clarify these aspects usidg§1Ain the as-cast condition containing alternatatyellar
arrangedx andp in the microstructure, paying special attentiofi)tthe Al content for the different phases, tfii¢
formation processes, (iii) the corrosion suscdpitand (iv) the electrochemical corrosion behavithe prior
research [13-14] showed that the solid-solution theatment can progressively dissolve or fullgalige the phase
in AZ91, and produce a microstructure in which @) lamellae was eliminated accompanied by (a) withou
significantly altering the coarfeparticles or (b) with completely dissolving theuse(3 particles. Therefore, we also
investigated solid solution heat treatment conutiovhich completely eliminateda€p) lamellae in the
microstructure. It is hoped that this investigatigili lead to a better understanding of the factbet influence

microstructure formation and corrosion behavias€ast AZ91 and facilitate its use in practicaliegtions.



2. Experimental procedure

The experimental AZ91 ingot has the following cheahtompositions (in wt.%) 8.26 Al, 0.69 Zn, 0.14M
0.002 Ni, balance Mgrhe AZ91 was prepared using pure Mg, Al and Zm Wy was melted in an aluminium oxide
crucible heated to 720°C. Al and Zn buttons wededdo the melt after Mg was completely molten. ifielt was stirred
until all the buttons dissolved. The crucible wasnt air cooled to room temperature. All the abaeegmlures were
conducted in a flowing protective gas (dry air vit5 mol% S to prevent burning and oxidatiofhe specimens cut
from the as-cast ingot were subjected to the faflguadditional solid solution heat treatment: fihealing at 380C
for 25 hours followed by water quenching (hereaBe8), and (i) annealing at 470 for 100 hours followed by
water quenching (hereafter, 4-S). Microstructuresewexamined by optical microscopy and scanningtrefe
microscopy (SEM) after mechanical grinding, polighiand etching in 3% nital solution. Energy disper X-ray
spectroscopy (EDS) in a SEM was used to charaztiezcomposition distribution.

Immersion test was conducted at room temperatagpdDs were encapsulated into epoxy resin so tiat o
one working surface was exposed to the 1 M Na@tisnl This immersion test (using only one worksuwyface
rather than generally completely immersing the $ainghe corrosion solution) provided a metallpiwa prepared
working surface and also decreased any boundagt.efach working surface was finally ground toQLgfit SiC
paper, washed with distilled water and dried usmagn flowing air. The sample was horizontally imseet in the
test solution of 1500 ml, the evolved hydrogen w@lkected into a burette above the corroding samyite the
working surface of 18 mm x 27 mm, and the corrosimro-morphology was examined using optical micops.
The cathodic reaction is: 281 + 2e— H,t+20H and the anodic reaction is: Mg - 2 Mg™. The corrosion
morphology was also observed for a second seriegtallographic prepared specimens, which werewvetdfoom
the 1 M NaCl solution after various immersion tin#&fter removal from the test solution, the speciaeere rinsed
with distilled water, dried with flowing air and sdrved with optical microscopy.

Potentiodynamic polarization curves were measured ¥ NaCl solution, in a glass cell using a PAG22

potentiostat system at a scanning rate of 0.2 rindfts a cathodic potential to an anodic potentipinfmediately
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after immersion and (ii) 40 h after immersion. SEsfor potentiodynamic polarization curves wereapsulated
into epoxy resin so that a surface with the dineenef 10 mm x 10 mm was exposed to the 1 M NaQltisal of

500 mL. The sample surface was prepared by meehainding successively to 1200 grit SiC paper band
washing with distilled water. A platinum gauze (@5 x 25 mm, 52 mesh) was used as a counter electnd a

saturated calomel electrode (SCE) was used aaftinence electrode.  All potentials were referpatie¢ SCE.

3. Reaults

Fig. 1a presents a low magnification view of therostructure of as-cast AZ91 in an optical micrpbrahe
microstructure consisted of theMg matrix, the coars particles, and some dark hard-to-resolve regiersta the
coarseB particles. These dark regions contained alteynatehngedr-Mg and the fing3 in a lamellae structure as
presented at higher magnification in the SEM mi@plg in Fig. 1b. The morphology of the figgarticles in the
(a+pB) lamellae was in the form of long laths and appiBreiscontinuous short laths. TheeH3) lamellae towards the
periphery of the coargeparticle are clearly evident.

Fig. 2 presents the EDS spectra showing the vacgimgosition distribution in the different microrstituents
of the as-cast AZ91 microstructure. An EDS anabfsiag the line illustrated in Fig. 2a shows thate was a slope
of the measured composition of theH8) lamellae adjacent to the coafdeparticle and essentially constant
composition of thei-Mg matrix. Interpretation of the data needs te tako account that the measurement volume is
of the order of 10 microns. Thus this data indet#tat the Mg content decreased and the Al comteratased when
micro-constituent changed (i) from tbeMg matrix to the ¢+f) lamellae, and (ii) from thex3) lamellae to the
coarsep particle. The composition of three different tgbimicro-constituents was evaluated by the EDSirspas
illustrated in Fig. 2b~2e, in which point 1, pdhipoint 3 and point 4 represent the positionérirtterior of ara-Mg
grain, in the vicinity of theo*+3) lamellae, in theo(+3) lamellae, and in the interior of the coafsearticle,
respectively. These measurements could not gielmation of the composition distribution withimetx-Mg matrix,
because the composition measurement of point 2 Isaghificant contribution from the lamellar miconstituent.
As a result, the Al concentration in the interibana-Mg grain appeared to be a little lower than thahée vicinity

of the @+B3) lamellae (point 1 with 5.5 wt.% Al, and point 2tw7.7 wt.% Al). The fine +3) lamellae and the
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coarse particle were rich in Al concentration comparethtea-Mg matrix (point 3 with 12.5 wt.% Al, and point 4
with 37.2 wt.% Al).

Fig. 3 presents the SEM microstructures of thead® 4-S conditions. In the 3-S specimen, the firgd)
lamellae had completely dissolved with little a@ltem of the coars particles, and the microstructure consisted of
the a-Mg matrix plus the isolated coarBeparticles. In the 4-S specimen, both thef}) lamellae and coarge
particles had completely dissolved intodillg matrix and the microstructure was homogerneivdy.

Fig. 4 presents EDS spectra showing the compgasitiothe micro-constituents of the 3-S conditioninP1,
point 2 and point 3 represent the position inrkerior of arx-Mg grain, in the vicinity of the coarfeparticle and in
the interior of the coarggparticle, respectively. EDS analysis confirmedpiesence of the different Al contents in
the different micro-constituents-{(Vig matrix, point 1 with 8.5 wt.% Al; in the vicityi of the coars patrticle, point 2
with 9.2 wt.% Al; in the coars particle, point 3 with 37.1 wt.% Al). Furthermoss EDS analysis along the line

indicated in Fig. 4 showed the evident composiifiarences in these phases.

Fig. 5 presents hydrogen evolution volume datar€livas an incubation period during which there avesall
rate of hydrogen evolution, after which there wasirarease in hydrogen evolution volume with insir@E
immersion time. The quantity of hydrogen evolved different. At the end of the 96 h immersion prtbe as-cast
condition had the smallest hydrogen evolution valuthe 4-S condition had more, and the 3-S conditan the
most. The hydrogen evolution volume of the asaastlition was slightly higher than that of the deadition at the
beginning 60 h immersion test, but subsequentigrbedower.

Fig. 6 presents the measured open circuit potefitied potential first increased for several minutes
maximum consistent with an incubation period faragion initiation. The incubation period from thgen circuit
potential was shorter than that from the hydroges eyolution indicating that the electrochemicahtigue was
more sensitive in detecting the onset of localizedosion than the technique based on hydrogerewgastion.
Subsequently the open circuit potential decreasetbte negative values correlating with the ineezscorrosion
area and the occurrence of corrosion. At the begjrof the onset of local corrosion, the 4-S caolibad the most

positive open circuit potential, the as-cast caitvas in a second position, and the 3-S conditiag the most
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negative. After arriving at a stable value, theast-condition had the most positive open circotiémtial, the 4-S
condition was in a second position and the 3-Sitondvas the most negative. There appears to geod
correlation between the open circuit potential giedamount of corrosion as determined from hydrayertution
that are given in Fig. 5: (i) the 3-S condition hasst negative open circuit potential and givedargest hydrogen
evolution volume, and (i) compared to the 4-S d@mj the as-cast condition has more negative ajrenit
potential at the beginning of the onset of locatasion and presents higher hydrogen evolutionmelin the
beginning 60 h immersion test, while has more ipesitpen circuit potential at a stable value catira with
corrosion for some considerable time after onsgpagsents lower hydrogen evolution volume witkthieradvance
of the corrosion attack in immersion test longantB0 h. The open circuit potential correlatiorhwiite level of
corrosion as determined from immersion test has escribed previously [16] and the present work @amsistent
in this aspect.

Fig. 7 presents the polarization curves measutedigimediate immersion (Fig. 7a) and after 40 im@rsion
(Fig. 7b). All the polarization curves are similEne corrosion current density,f) for immediate immersion (Fig. 7a),
measured from the cathodic branch of the polasizaturves, increased in the following order: 4-8dition <
as-cast condition 3-S condition, while thed, for 40 h immersion (Fig. 7b) increases in theofelhg order: as-cast
condition< 4-S conditiorx 3-S condition. Therefore, thg.estimated by Tafel extrapolation using polarizatiorve
was consistent with the tendency of the hydrogeiution volume: (i) the 3-S condition, which hase thighest
for the immediate immersion and the 40 h immergiagsents the highest hydrogen evolution volufe&giinpared
to the 4-S condition, the as-cast condition halldrig,, for the immediate immersion and presents higherdgen
evolution volume in the beginning 60 h immersicst, tevhile has lowerd,; for the 40 h immersion and presents

lower hydrogen evolution volume with further advan€the corrosion attack in immersion test lotigan 60 h.
Fig. 8 presents the SEM examination of the corredefdce using carbon-coated specimen after thelision

test. Most of the surface had no corrosion atiabkyeas there were some areas as indicated thadlitagkly deep

corrosion. This indicates that the evaluation efc¢brrosion morphology for these Mg alloys is sotvdifficult



after a long exposure time, as the corrosion ragioavered with corrosion products. The un-atdckeface of the
specimen was covered by net-like corrosion prooluckayer. The net-like corrosion production is Emin
appearance to honeycomb or sponge. The crysttdie abrrosion product film grew perpendicular ® substrate
metal.

Fig. 9 shows the micro-corrosion morphology of heoseries of metallographic prepared specimerishwh
were removed from the 1 M NacCl solution after vasiommersion times to examine corrosion micro-malgay
using optical microscopy. The preferential cornosttack initiated in the-Mg matrix region adjacent to the nude
coarse} particles in as-cast condition immersed for 1if. (®). Corrosion of tha-Mg was up to the fineo¢3)
lamellae with the appearance that the corrosidhexi-Mg stopped at the interface with the fioeH) lamellae in
as-cast condition immersed for 18 h (Fig. 9b). GiHdg matrix was corroded leaving tfeplates in the lamellar
region in as-cast condition immersed for 36 h (B@. The isolated coarfeparticles in the microstructure did not
cause an effective block for the corrosion attatabse of large distance between each other 33heondition (Fig.
9d).

Based on the above results, the 4-S conditiontendg-cast condition have better corrosion ressstinan the
3-S condition, which may be explained to be dgateanic corrosion between coaggarticles andi-Mg matrix in
the 3-S condition, and furthermore, the 4-S camlitias better corrosion resistance than the asarnadition at the
beginning corrosion but subsequently becomes watsieh indicated that the advance of corrosiorh@nds-cast

condition is hindered by tha{f) lamellae.

4. Discusson

4.1 Formation of alternately lamdlar arranged a and

The microstructure (Fig. 1) and the EDX analység @ indicated there were three microstructuntities in
the as-cast AZ91: (ix-Mg matrix, (i) @+B) lamellae and (iii) coarsp particle. These have different overall
compositions.

The Mg-Al binary equilibrium phase diagram [17]sa®wn in Fig. 10, indicates the solid solubilifyAbin the
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Mg matrix at various temperatures and providesdinéhe formation mechanism of each microstruatumigty. The
maximum solid solubility of Al irn-Mg is about 12.7 wt% at the eutectic temperatti®3@C, and its minimum
solid solubility is about 2 wt% at room temperatutlewever, the actual cooling rate is generaljhdighan that
which allows for equilibrium solidification. As aisequence, the eutectic temperature and theldnjipoeutectic
Al content become lower under actual condition tiw@se in equilibrium. The actual solidificationsshematically
described by the dashed line in the non-equilibpiase diagram as also shown in Fig. 10. The mwettlification
reaction occurs to produaceMg with a lower Al concentration (C' compared wi) during non-equilibrium
solidification of AZ91. During cooling, the liquiirst solidifies into proeutectoid or primagsMg grains, which
were identified in Fig. 1 as tleeMg matrix. The remaining liquid becomes rich ina8intent with a concentration
close to the eutectic composition at the end afliBchtion. Final solidification occurs by a euiecreaction to
transform the final liquid at the eutectic tempam&into eutectic-Mg grains and eutectig particles. The Al content
in AZ91 is far from the eutectic composition, whiduses the amount of primarMg to be much higher than that
of the eutectic microconstituent. Therefore theditta-Mg solidifies attached to the primamyMg dendrite with
the same phase structure, while the eutBqtiarticles are distributed in the sites of findiification as identified in
Fig. 1 as coardé particles. As a consequence, there is a divorgedte, in which eutectia surrounds eutectjs:

On the further cooling, the phase containing the primamyand the eutectiac becomes super-saturated in Al
concentration according to phase diagram (Fig.espgcially in the divorced euteatigrain with its high Al content.
Thea phase super-saturated in Al precipit@i@articles. Th particles precipitate in the euteaii@nd produce the
lamellar @+3) morphology shown in Fig. 1. The formation of thésnellar micro-constituent occurs by a
precipitation reaction in the eutectcMg grains super-saturated in Al after solidifioatifinishes. During the
precipitation, Al is rejected from the super-saeda-Mg grain. If the Al diffusion is not fast, Al accwlates and
forms ap-plate when the Al content reaches a critical vadunel then th@-plate grows because of the Al slow
diffusion in the super-saturatedvig grain. The two sides in vicinity of tifieplate have a lower Al content and still
remainsa phase due to the formation of the Al-rgiplate from Al diffusion. As a consequence, thera fesulting
alternately lamellar arrangdtiplate precipitate and-Mg in as-cast AZ91. The growth process is scheaibti

depicted in Fig. 11. Although the morphology oérdate lamellar arranged fieplate and fing plate in as-cast



AZ91 is similar to pearlite in steel, it is a smgihase precipitation reaction in as-cast AZ9yhich the new phase
(precipitated3 phase) with a rich solute concentration (Al) piaied from the mother phaseNig) and the mother
phase still maintained the original crystal strugetin other words, as-cast AZ91 is transformed tlaa Al-richa-Mg
grains precipitate the secadghase during the slow cooling while still maintaisubstantiallg-Mg microstructure,

i.e. o— — o+p. This proposed formation mechanism is consistdtht thve present as-cast AZ91 rather than the
die-cast AZ91. Rapid cooling rates applied to dis-&Z91 can effectively suppress the precipitatii particles
from the eutectic Al-ricte, which results in only the divorced eutectic ce@rparticles and the divorced eutectic
Al-rich-o. area. The same chemical compositions as the mquedl as-cast AZ91 ingot were used to produce
die-cast AZ91 by rapidly injecting the melt intstael die, whose microstructures are shown inl2glt can been
clearly seen that the coarfe particles are surrounded by the Al-rithareas, and there are three typical
microstructural entities inferred in the die-castdition, i.e.a-Mg grain, divorced Al-rich eutectiz-Mg and coarse
divorced eutectif. Therefore, the formation of an alternately laamediranged fina plate and fing plate in as-cast
AZ91 is attributed to the relatively slow coolirage after solidification, which precipitates frdme fAl-rich-a areas.

The AZ91 specimen, during heating at 88Qvas in the singla-Mg phase field according to the phase diagram,

so that the precipitates in the fineaf3) lamellae dissolved into the-Mg matrix and then-Mg become a
supersaturated solid solution at room temperatbenwater quenched. When the thermal temperatwrelezated

to 410C for 100h (4-S condition), both the+f3) lamellae and coarfigparticles completely dissolved into tndvig

matrix and a supersaturated singig solid solution was obtained at room temperaater water quenching. Al

these changes in microstructure were consistdmthgtphase diagram in Fig. 10.

4.2 Characterigtic corroson behavior of aternatdy lamdlar arranged a and 3

The corrosion testing suggested that tne3f lamellae played an important role on the corrogsibas-cast
AZ91. The results presented do, however, correlat with those reported previously. The electrooizel
technique was more sensitive in detecting the afidetalized corrosion than the technique baseldydnogen gas
evolution, and there is a result that the incubatieriod from the open circuit potential was shdhan that from the
hydrogen gas evolution. Visual observation aftemttieasurement of the polarization curves revealedah case that

the electrode surface was severely corroded andémaime black and uneven. The polarization curwesif
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conditions were not symmetrical between their anadd cathodic branches. There were more rapidases in
potential vs log | in the anodic polarization bifzex than in the cathodic polarization brancheshéncathodic
potential range, some pitting corrosion initiatedame sites on the surface in each case, butttlesiies on surface
remained bright and did not change during the palisn measurements. However just around the siorro
potential, pitting corrosion expanded on the serfand the localized corrosion areas enlarged witheasing
potential and time. Hydrogen bubbles evolved mdnayn the localized corrosion areas. The hydrogertugon
became more intensive with increasing localizetbs@mn areas and with increasing potential and. firhés is the
negative difference effect [18]. The non-symmeltpcdarization curve between their anodic and ahthlaranches in
each case may be ascribed to the complicated gmaldiization behavior of Mg alloys. The surfade faround the
corrosion potential or in the anodic range is iffgmerSome areas are broken and the substrateisrestpbsed to the
solution directly. Two reasons were presentediercomplicated nature of the anodic polarizationesu[6-7]: (1)
the simultaneous combination of both anodic diisolland cathodic hydrogen evolution in the anoelgon, and
(I) the occurrence of localized corrosion, whiclild make the anodic process unstable.

The corrosion from the Tafel extrapolation for themediate immersion related to the onset of camsi
whereas the corrosion from the hydrogen evolutimasurement in the immersion test and from the Tafel
extrapolation at 40 h immersion related to corrosib some considerable time after corrosion omgetn the
corrosion was well established. Therefore, compardite 4-S condition, the as-cast condition Hastigher g, for
the immediate immersion while a lowgy, for the 40 h immersion, and (ii) a higher hydrogeolution volume in
the beginning 60 h immersion test while a lowerrbgdn evolution volume with further advance of ¢oeosion
attack in immersion test longer than 60 h. Thigatds that the finex{H3) lamellae in as-cast AZ91 was beneficial to

corrosion resistance with advance of the corraatiaek.

As shown in Fig. 9a, the preferential corrosiotigtibn occurred, but the corrosion attack wasméct in the
vicinity of (a+3) lamellae. The occurrence of such corrosion fi@tiamay be ascribed to a sufficiently strong
galvanic effect between the nude codisgarticle and its adjacert-Mg matrix. AZ91 has a multiphase
microstructure, in which different micro-constitteemay form a micro-cell. Usuallg-Mg matrix acts as the anode

owing to its much higher Mg composition while theermetallic3 phase acts as the cathode [6-7]. As indicated by

EDS in Fig. 2, the composition distribution was umaform and the Al concentration varied from a fasvcent in the
11



a-Mg matrix to 12.5 wt.% in theo@3) lamellae and to 37.2 wt.% in the cogigghase particle. Since the different
micro-constituents contain different Al levels,itteectrochemical behavior may be different. Trnisans that the
micro-galvanic corrosion between different microtiiuents could occur. The sudden change of thgpasition
distribution between the nude cogsparticles and their adjacamtMg matrix was the largest in terms of the EDS
analysis spectra (Fig. 2). Therefore, here thevsiom attack preferentially initiated. As showrFig. 9b, there were
the following cases: (i) corrosion of the adjaaetlg with no significant corrosion of the fine«) lamellae and
the coarsgd particles, and (ii) corrosion of tleeMg up to the fine ¢+p) lamellae, with the appearance that the
corrosion of thex-Mg stopped at the interface with the fineH8) lamellae. As shown in Fig. 9c, theMg matrix
was corroded leaving tifeplates in the lamellar region. Therefore, as dtab®ve, thea+) lamellae themselves
were relatively stable in the test solution andeveermewhat inert to corrosion attack. In this aagen though some
surroundinga-Mg grains were corroded, the others should beruhgeregion of the continuous+f3) lamellae
when thea-Mg matrix in the top layer has been dissolved.tié@nother hand, during corrosion, tidvig grains
would dissolved preferentially whereas most ofhgarticles were left on the surface except for sarnieh had
been undermined and had fallen out because theuadingo-Mg matrix had been preferentially dissolved. Hence
the 3 fraction on the sample surface could not be cohsharing corrosion. It changed from the inifiakurface
fraction characteristic of the sample surfacesteady state surface fraction determined by ttferpreial corrosion

of the a grains and the undermining of tiffe phase particles. The independence coff3f lamellae as an
electro-chemical entity was involved in the reltisontributions or a competitive result of the orgalvanic
corrosion and the corrosion barrier. It is easyriagine that the corrosion initiated and graduadlyanced by the
dissolution of thex-Mg matrix. When the propagation of the corrositiack reached the region of the continuous
(a+P) lamellae, the corrosion was retarded in a cegteient. Furthermore, tiffsfraction increased with the advance
of the corrosion. Therefore, compared to the 4{&iton with homogenous single phase, there were the
phenomena: (i) the hydrogen evolution volume ofaheast condition with continuowsH3) lamellae was slightly

higher in the beginning of the 60 h immersion tast,becomes slower with increasing corrosion laiig. 5), and
12



(i) the as-cast condition had highgy, for the immediate immersion (Fig. 7a) relatinghi| onset of the corrosion of
the freshly prepared work surface, while a lowgirfor the 40 h immersion (Fig. 7b) relating to ceioo for some
considerable time after onset of corrosion, wherttitirosion was well established. For the 3-S @iongdthe isolated
coarsef particles in the microstructure did not cause ffettere block for the corrosion attack becausdaafe
distance between each other as shown in Fig. Yaeselcoarsg particles were a considerable cathode and directly
form a cell with then-Mg matrix, resulting in a significant micro-galvertorrosion. This was consistent with the
measured corrosion data as shown in Fig. 5, @8- condition has the highest the hydrogen ésnlublume. For

the 4-S condition, almost flphase particles were dissolved as shown in Fighs8h consequence, there was little

galvanic corrosion and the corrosion attack mamiglved the dissolution @f-Mg in the aqueous solution.

The original Al-richer area that precipitated the+(3) lamellae was believed to have a deleteriousanéia to
corrosion resistance of die-cast AZ91 [7, 9] wilie (+(3) lamellae in as-cast AZ91 was beneficial to caros
resistance in the present experiment. The predaitrfaetors determining the rate of galvanic coaisnclude the
anode-to-cathode area ratio and difference in fiaienf different phases [19]. The compositiortritiigtion in AZ91
was not uniform, and Al concentration varied frorfew percent in ther matrix to 12 % in the vicinity of th@
particle, i.e. the original Al-riclr area, as reported in Refs. [8, 20-21], and frdewgpercent in thei-Mg matrix to
12.5 wt.% in thed+) lamellae and to 37.2 wt.% in the codigarticle in the present experiment, as showngnZi
It has been believed that the phase with a lowoAlent exhibited higher anodic activity than tluatef phase with a
high Al content and hence a higher Al content ctadd to a lower corrosion rate in Mg alloys [&8]. Since the
matrix, Al-rich-o area or @+3) lamellae, and coarse particle contain differdrieels as demonstrated above, their
potential could not be the same and they may foomllao each other. The composition should beialrtw the
corrosion behavior. In AZ91 with the original Athia area, it was suggested that the eutectitea, i.e. the original
Al-rich-a area, may behavior independently as a pseudo-fiPBlserhis was the eutectic alpha-phase and was
distinct from the primary alpha. A schematic of talative sizes of Al-riclt and for die-cast AZ91 and(3)
lamellae ang@ for as-cast AZ91 is given in Fig. 13, which isivled from the microstructural characteristics of. Bi
and Fig. 12, respectively. The cathodic coBrparticle directly forms a cell with the anodicgimal Al-rich-o area in

priority by considering the difference of Al contration, and hence the geometrical conditionsd@thode-to-anode
13



area ratio) would be far more significant to gaiwvasorrosion in this case compared to the casetliratathodal
coarse3 particle directly forms a cell with the anodic matin contrast, when thex¢) lamellae precipitates from
the original Al-richer area, the original high Al area is covered byfihe (@+3) lamellae containingt and the
equilibrium precipitat@ and the amount of Al in solid solution in theseaardecreases dramatically (as a result of the
precipitation reactions). In the{p) lamellae area derived from the original Al-rzharea, the fing precipitates
form a discontinuoup phase barrier as shown in Fig. 1b, which can tsegorrosion evolution to some extent.
Therefore, the replacement of high Al areas irotiggnal Al-rich-o area by precipitates will lead to a decrease in
corrodible surface and an increase in the confiffiLét. effective length) of the corrosion barrten the other hand,
the discontinuous (lamellag) phase (separated by the discontinuous lanfelaecipitates) may have a lower Al
concentration and could have less corrosion rasistéioan the original Al-richi-area. However, the discontinuous
(lamellar)a phase was very close to the discontinydpsecipitates and corrosion could be quickly stdgpethe

adjacent discontinuofisprecipitates.

5. Conclugons

1. As-cast AZ91 in the present work presented thmigeostructural entities, i.e-Mg grain, +3) lamellae and
coarsep particle, and each had its own Al content and astanctural morphology. The formation of the differ
micro-constituents might be understood from theAllginary phase diagram-Mg grains and coargg particles
derived from the divorced eutectic reaction, w(dlef3) lamellae derived from the precipitation reactian, O+3)
lamellae precipitated from the original eutectigigh-a area.

2. An independent electrochemical identity of thef}) lamellae in the eutectia-phase was investigated by
immersion test and electrochemistry measurememsE¥3) lamellae was beneficial to corrosion resistaideen
the propagation of the corrosion attack reacheddp®n of the continuousi{f3) lamellae, the corrosion was
retarded to a certain extent, which was also vegibistent with the data determined from the hydragelution
volume and electrochemistry measurement.

3. The different corrosion behaviors between ti€f3] lamellae and its original eutectic Al-rich-area were

attributed to the changes in microstructures armdl lcompositions. These changes resulted in a oeghbi

14



electrochemical effects of the changes andp phases on the corrosion.
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Fig. 3 Microstructures of the comparison 3-S and 4-S conditions as illustrated by SEM micrographs

(a) the 3-S condition; (b) the 4-S condition.
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Fig. 4 EDS spectra for 3-S condition showing the varying composition distribution in different

micro-constituents.
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Fig. 8 SEM corroded surface using carbon coated specimen, attacked surface showing exfoliation,
spalling and crevice while un-attacked surface coved by a passive film similar to honeycomb in high
magnification: (a) as-cast condition, (b) 3-S condition, (c) 4-S condition.
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Fig. 9 Micro-corrosion morphology observed by optical microscopy.

(a) 1 h immersion for the as-cast condition; (b) 18 h immersion for the as-cast condition;
(c) 36 h immersion for the as-cast condition; (d) 18 h immersion for the 3-S condition.
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Fig. 10 Mg-Al binary equilibrium phase diagram.



w, )

L
Da

Fig. 11 Schematic illustration of growth process of alternately

lamellar arranged fine a plate and fine B plate in as-cast AZ91.

Fig. 12 SEM microstructures for the die-cast condition at varying magnifications.
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Fig.13 A schematic of the relative sizes of Al-rich a and B for die-cast AZ91
and (a+p) lamellae and B for as-cast AZ91.



a-Mg grains and coarse 3 particles derived from the divorced eutectic reaction.
(a+pB) lamellae precipitated from the original eutectic Al-rich-a area.
The original eutectic Al-rich-a phase was deleterious to corrosion resistance.

The (a+p3) lamellae was beneficia to corrosion resistance.



