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Prime novelty statement

The effect of Al concentration on the morpholog¢Zn-Al co-deposited coatings
prepared on low carbon steel by pack cementatiaimeestigated, which, hopefully,
is to provide guidance to have a better understagnali the features about such a
coating and optimise the coating process. Furthegnibe Fe concentration evolution
rather than Zn and Al in each layer was analyséugchwvas often observed some
typical features in the open published literatubes,rarely been discussed. Based on
the microstructure analyses of as-prepared coatomgbining the results of the
present study and of the literatures, the evoluti@chanism of Zn-Al co-deposited
coating prepared on low carbon steel by pack cesientwas modelled and analysed
from the perspective of gas-solid transition areldtifusion evolution in detalil,
hopefully, contributing to have a profound compredien about the coating growth
behaviour. Moreover, the corrosion resistance atasived coatings was evaluated,
which is also suitable for understanding the coomapplication of such a coating.
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Microstructure evolution of a Zn-Al coating co-deposited on

low-carbon stedl by pack cementation

Abstract: In this study, ZRAI coatings were caeposited on AlSI 1020 steel by pack
cementation. The as-prepared coatings were chassttdy scanning electron
microscopy, energylispersive xray spectroscopy, andnray diffraction. The

evolution mechanism of the coating was modelledaralysed in detail. Furthermore,
the corrosion resistance of the as-received caatias investigated by a
potentiodynamic polarisation test in a 3.5% NaQligon. We observed that the
relatively loose and porous structure of thoseingatwas a function of the Al content
in the packed powders. The regions with a natusedyss structure evidently increase
with an increase in Al concentration. The-#fch layer was formed because of the
dominant inward diffusion of Zn with a small difios of Fe in the substrate. Thus,
the Znrich layer/substrate interface moved into the fesrsubstrate. As the reaction
continued, the deposition of Al dominated. Therdifusion of Al and Zn in the
Zn-rich layer and the diffusion of Fe into the 4okrlayer towards the Alich layer

led to the nucleation and growth of the-Akephases and the consumption of the
Zn-rich layer. As a consequence, thersh layer/Znrich layer interface moved

inside the Zn-rich layer. At higher deposition tergiures, when the heat was
released because of the-Bephase formation, the evaporation of Zn resuitedoid
formation in the Adrich layer. The potentiodynamic polarisation testuits show that
both Zn and ZrAl coatings significantly enhance the corrosionstsce of a ferrous

substrate, but Z#l coatings seem to be more efficient.
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1. Introduction

Many features of Zinc make it very suitable for asea protective coating for
ferrous substrates. For example, zinc coatingseart with atmospheric compounds
(O, CO,, and HO) to form dense, adherent films over the coatinggse. The
corrosion rate of such films is considerably lowean that of ferrous materials [1, 2].
Because zinc’s corrosion potential is lower thaat tf ferrous material, zinc coatings
can also provide sacrificial cathode corrosion gebon. Consequently, zinc coatings
are widely used for corrosion control in the comstilon, automobile, utility and
appliance industries {3].

However, the corrosion resistance of a pure Znimgamn steel is not satisfactory
under severe atmospheric conditions or corrosiveaus solutions [6, 7]. To increase
the corrosion resistance of Ziwatedsteel, previous researchers have made great
efforts to optimise the composition of the Zn cogtiMany studies have
demonstrated that the mechanical properties amdsion resistance of the ferrous
substrate could be enhanced by adding other elsnettte pure Zn coating, such as
Ni [8-10], Co [9], Cr [2, 11, 12], Mg [13, 14], Si [158nd Al [2, 3, 5, 1520]. Zinc
coatings alloyed with Al have been developed araklyiapplied. To combine the
advantages of single Zn and Al coatings, in regeats such coatings have been

proposed for magnesium and magnesium alloyslf@Jrand carbon steel [20, 21] to



prolong the service life of work pieces.

Various methods have been used for depositingctiating, such as physical
vapour deposition [21, 22], thermal spray [23], dipping [3, 24, 25], and pack
cementation [2, 5, 20]. Among them, pack cememagpimssesses distinct advantages,
such as simple equipment requirements, easy piogessid low cost, and it could be
applied to components with a range of geometricakdsions and complexities.
More importantly, this technology is fairly envinmentally friendly, because no toxic
fumes emerge during the formation of the film [, 27].

Up to now, only a limited number of studies haverbeade on depositing a-Z
coating on carbon steel by pack cementation. Seaathors have reported that this
method yields a-2ayered structure. The outer layer has a high obmtieAl together
with smaller amounts of Zn and Fe, and the innggraonsists of Zn, Fe, and a small
amount of Al. Furthermore, the Fn layer was compact, but the-A¢ layer was
porous. The obtained coating could significantlgrpote the oxidation resistance and
corrosion resistance of the ferrous substrate \ildr& carried out by Shen et al. [5]
verified that the ZprAl co-deposition process is chemical vapour deositCVD)
induced by chemical activators. They point out thaing the process, an-n layer
was formed first. FéAl phases then nucleated locally on the surfade®feZn
layer. With continued reaction, a completeAdayer was formed and grew at the
expense of the F&n layer.

Unfortunately, most published studies focus onssestional analyses instead of

surface morphologies. Furthermore, the analysassfon the concentration evolution



of Zn and Al in each layer. Few detailed analyssegehbeen carried out on the
concentration evolution of Fe in each layer. Howglecause the formation of the
Fe-Zn and FeAl phases is directly related to the Fe, its evoluts of prime
importance for coating growth. It is not yet clbam to interpret the evolutionary
process and mechanism of the formation of suchatingpfrom the perspective of
gas-solid transition and the view of diffusion evolutio

Because of the gaps in the available reference dataystematically studied the
microstructure, surface and cross-section morplykgd phase constituents of
Zn-Al co-deposited coating on the surface of dgarbon steel by the pack
cementation process, and also investigated thesotration evolution of Fe. We
propose a simplified model for this coating growtha low-carbon steel substrate
based on the results of the present study andcediténature. Additionally, we did a
potentiodynamic polarisation test to evaluate threasion behaviour of the

as-received coatings.

2. Experimental procedure

2.1. Materials and preparation

As a substrate, we used commercial low carbon,s88l 1020 (0.186% C, 0.022%
Cr, 0.017% Cu, 0.509% Mn, 0.002% Mo, 0.013% Ni03% P, 0.030% S, 0.106% Si,
and the balance Fe in wt%). The sample size wasBDx 5 mm. Before the

deposition process, we grounded and polished thetrsies with a series of SiC



emery papers down to 1200 grit. This was done toosmthe surface and remove its
oxide layer and other contaminants. Then the saflestivere ultrasonically cleaned in

acetone, ethanol, and deionised water sequentialys5 min.

2.2. Zn—Al co-deposition

A Zn-Al co-deposited coating was prepared by the pack cenmmtaethod. For
the pack mixtures, we used Zn and Al powder,@BlHalide salt, and alumina powder
as the donor material, activator, and filler of faek respectively. The formulations
of the powder mixtures are summarised in Tablehk. Jubstrates were then covered
with the pack powders in a cylindrical alumina ¢ble sealed with alumina-based
cement. The sealed crucible was cured for at lehsht room temperature and then
further cured in a furnace for approximately 2 B@t’C in order to remove the
remaining moisture. The furnace temperature was fiised to a final coating
temperature of 460 °C for 4 h. The entire depasificocess was carried out in the
ambient atmosphere. After the heating period, theilole remained in the furnace
and was cooled to the ambient temperature. Aftr the coated specimens were
retrieved from the pack and cleaned in an ultrasaltiohol bath to remove any

residual powders on their surfaces.

2.3. Characterisation
We studied surface morphologies and cross seabibtie specimens using an

EVO MAL15 scanning electron microscopy (SEM), wittesgy dispersive-tay



spectroscopy (EDS) and the necessary software pwmitd/linear microanalysis of the
coating. xray diffraction (XRD) using a DX-2000 tube and-®w radiation was
used to identify the phases formed in the coatiAgdep-scan mode was used in the

2-Theta range of 10° to 80°.

2.4, Corrosion test

The corrosion resistances of coatings were asségsedasuring the
potentiodynamic polarisation curves (polarisatioeasurements) in a 3.5 wt% NacCl
solution at 20 °C using a CS350 electrochemicaksatation. The working electrode
was ZRr-Al co-deposited on carbon steel. Pretreatmentthianel and water were
done before the testing, as described in the se2tin The active surface area was 15
mm x 10 mm. The reference electrode was a satucatethel electrode, and a
platinum plate was used as the counter electrdae pdlarisation measurement was
done at a scanning rate of 1 mV/s in the range26D-mV to +700 mV by
comparision with the open circuit potential (OCRgra steady OCP was reached.
After the test, we examined the samples microsedlgiand analysed them to

determine the structure and chemical compositicdh@torrosion areas.

3. Resultsand discussion
3.1 Surface morphology
Fig.1 shows the surface microstructure of the astved coating and the top-view

SEM observation of the ZAl co-deposited coatings with various Al contertts a


木子豆豆
Highlight


460 °C for 4 h. Clearly, in the absence of Al, lasven in Fig. 1a, the SEM
topography of the as-prepared coating shows sosil@e/imicrocracks and a
relatively smoother surface compared to that wiiolAl (Fig. 1b) and 20% Al (Fig.
1c¢). In the case of the 10% Al coating, as showrign 1b, it is evident that the
surface of the coating comprises 2 typical surfaggons, one of which has a light
grey colour and the other a dark grey colour. Miagghimorphologies of the 2 regions
are also shown in Figs. 1d and le. As can be seie ifigures, the dark grey region
is very compact and dense without any visible pliehor microcracks. The results of
the EDS analysis show that this type of regiorncis n Zn, with a small amount of Al
and Fe. In contrast, the light grey region exhihiteose and relatively porous
structure. Its EDS analysis results show thatréggon is rich in Al, with a small
amount of Zn and Fe. These results indicate tleafthich zones were locally
formed on the coating surface.

The Znr-Al co-deposited coating with 20% Al, shown in Flg. shows a loose and
highly porous structure as a whole, with voidshie tange of 0.5 top3n but free
from visible microcracks, which is similar to thght grey regions in Fig. 1b. This
observation is in good agreement with earlier &sif2, 5, 20]; those researchers
observed similar microstructure features from cisEsional observations. Based on
the observations above, we could conclude thaadiaéion of Al leads to a relatively
loose and porous structure of the-Zhco-deposited coating. Furthermore, with an
increase in Al content in the packed powder, theegavith loose and porous structure

would expand until covering the entire surface.



A possible explanation for this behaviour is thet that Al reacts with the Zn-rich
layer in the final stage of the coating growthstill be discussed in detail in section
3.4. Because the deposition temperature (460 °&jitently higher than the melting
point of Zn (419.5 °C), when Al replaces Zn in #erich layer, the resultant Zn
metal evaporate, leaving voids in the Al-rich lay®ith increasing amounts of Al, an
increasing number of Al atoms displace Zn in theriéh layer; thus, more areas with
loose and porous structures would appear on tliacguof the coating. It could be
inferred that the porous-structure characteridtguch a coating is related not only to
the deposition temperature and heating time bottalshe overall pack composition.
Moreover, such formed porous structure would bparsible for the mechanical
properties and corrosion resistance of theAliwo-deposited coating, which should
be evaluated in further research.

Fig.2 shows the results of an in-depth study ofntlierostructure of the outermost
layer. It also shows the magnified morphology dmlke, Zn, and Al elemental
distribution maps, measured by EDS, of theArco-deposited coating with 20% Al
at 460 °C for 4 h. Results from the EDS map schng/ghat the distribution of major
elements in the outer layer is uniform. Moreovieg dutermost surface of the coated
layer is enriched with Fe and Al, whose concerdratvas significantly higher than
that of Zn, showing that the outermost surfacénefdoating is certainly the Al-rich
layer. Furthermore, as shown by the arrows in Ejghere are some granular particles
on the surface, which might be related to the ratida and growth mechanisms of

Fe-Al phases on the surface of the Zn-rich layer, Whieed to be studied further.



3.2. Cross-sectional SEM micrograph and EDS anadysi

Fig.3a shows a SEM micrograph of a typical crossise the ZrAl co-deposited
coating prepared on the 1020 steel at 460 °C fuorldis clear that the as-prepared
coating possessed a uniform thickness of approri;mdbpum and could be divided
into 2 layers. The thicknesses of the outer andritayers were approximately 5 and
40 um respectively. Also taking into account the ED&lgsis results from the
coating surface to the core, clearly Al tends tanoie outer layer and Zn in the inner
layer. Specifically, the amount of Al is much highigan that of Zn in the outer layer,
which is consistent with the result displayed ig.F, thus the outer layer could be
called an Al-rich layer. Similarly, the concentaatiof Zn is apparently higher than
that of Al in the inner layer, which could be ldieélthe Zn-rich layer.

This double-layer structure has been observedheratudies also, although the
coating processes were different. A growth andwart model of such a coating is
proposed in section 3.4. Actually, those studieshaported that such a 2-layered
structure could effectively enhance resistancetoosion and high-temperature
oxidation. However, it must be pointed out that¢hare still some differences among
those studies, such as the total thickness ofgf@epared coating; the thicknesses of
the Al-rich and Zn-rich layers; and the ratio of #l-rich layer to the Zn-rich layer,
which is close to 1:8 in our study, but 4:5 in [20)d 1:2 in [2]. Such differences may
result from the experimental conditions (here, thfers to the substrate material, the
formulation of the cementation powder, and thettnest temperature and duration,

with or without a protective atmosphere).



In addition, as shown by the arrows in Fig. 3a, s@nacks are in the Zn-rich layer.
This phenomenon is common in zinc coatings preplayetie pack cementation
process. A possible reason for the formation otksas the mismatch in the
coefficient of thermal expansion between the Zh-tayer and the Al-rich layer or
between the Zn-rich layer and the substrate, dr,beading to tensile residual stress
during the cooling process. Formation of microceaakong columnar grains could
release the stress in the coating [26, 28]. In thet pack cementation process
activated by halide salt involves gas-phase diffiugif the metallic halide vapours
and solid-state diffusion between the depositethetgs and the substrate, which
leads to the nucleation and growth of the coatimdjthe evolution of the interface. In
such a complex process, this could be another ausacks during coating growth.

The published literature illustrates that the glovate of the Zn and ZAl
coatings deposited by the pack cementation prasestatively high, which might
lead to the initiation and propagation of cracksvali. Certainly, the coating growth
rate of that process is essentially associatedtiwéhieaction process and preparation
conditions, such as the reaction temperature yihe @f activator, and the addition of
rare earth in the pack composition. How those facadfect the formation of cracks in
Zn and ZrAl coatings must to be studied further.

Fig. 3b shows the concentration profiles of majenents across the cross sections
of the as-prepared coating. Table 2 summariseEfI% point analysis of the
representative zones in the coating (marked A,,Band D in Fig. 3a). It is obvious

that both Zn and Al were detected in the coatindjthe substrate, indicating the



occurrence of the co-deposition process. Howeveras found mainly in the
outermost surface of the coated layer, and Zn libriba top layer. The Al content
was minor in both the Zn-rich layer and the substrgkely because of the limited
solubility of Al in the FeZn phase and the Fe. Note that the Zn and Fe content at
point B (the zone of the Zn-rich layer centre)lsse to thed phase, and at point C
(the zone of the Zn-rich layer near the substiiatejose to thé phase, according to
the Zn-Fe binary phase diagram [29].

We were surprised to find that the concentratioRefvas very high in the Al-rich
layer and dropped abruptly at the interface betwkerl-rich and Zn-rich layers; Fe
concentration increased progressively from thefate between the Al-rich and
Zn-rich layers and the matrix, which is a commoemymenon in previous studies,
but rarely mentioned. This phenomenon could berdsghas more evidence that Al
substitutes for Zn in the Zn-rich layer in the fistage of co-deposition. This
phenomenon is also the direct reason that thexreéstain amount of Zn besides Al in
the outermost layer of the coating. In fact, beeanfAl's higher affinity to Fe than to
Zn [30], the build-up of Al on the surface of the-Ach layer might result in the
diffusion of Fe in the Zn-rich layer towards therdh layer, leading to the nucleation
and growth of the FAIl phases and the consumption of the Zn-rich layer.
Additionally, the interface between each layer shaw apparent interdiffusion
characterconfirming that metallurgical bonding was formedviceen each interface.
Furthermore, the Al concentration remained higlos&the Al-rich layer (Fig. 3b),

but dropped abruptly to approximately zero at titerface between the Al-rich and



Zn-rich layers. In the case of Zn, a similar featwas observed at the Zn-
rich-layer/substrate interface. This is a typi@atfire showing that the coating is
formed via a reaction diffusion mechanism, leadmthe formation of compounds.
The O concentration evolution is another imporfantor that must be taken into
consideration, because the entire deposition psowas carried out in the ambient
atmosphere. As is shown in Fig.3b, O was founchily the outermost surface of the
coated Al-rich layer, and may have come from oxygmmnaining between the powder
grains of the pack mixture. Furthermore, the O eatration dropped abruptly to
approximately zero at the interface between thedkdayer and the Zn-rich layer,
implying that the absorption of O was accompanigthle formation of the Al-rich
layer, which might be associated with the pressumdution during this stage. This
stage is discussed in the section 3.4. On the wholgever, the oxidation of the
as-obtained coating was mild, as illustrated in@&oand Fig. 3b, which might be
attributed to both the treatment temperature, whiak low relative to that of many

other pack cementation processes [26, 27], arteteffect of the sealing treatment.

3.3. Phase identification

Fig. 4 illustrates the XRD patterns of the-Ahco-deposited coating with 20% Al
on low-carbon steel at 460 °C for 4 h. The regultiicate that in the as-received
coating there were AlFe (PCPDF 65-3201:Af¢Zny 4 (PCPDF 49-1381), and
FeZn.os (PCPDF 45-1184) phases. The details of regionAgn4a are shown in

Fig. 4b; each peak line from the Fedgsin a high-diffraction angle region consists



of some closely overlapped small peaks, indicatiegexistence of more than one
phase. We compared these weak diffraction paterdghe Joint Committee on
Powder Diffraction Standards (JCPDS) files, anchtbthat the patterns belong to
Fei1Zny (PCPDF 65-5438). This phase was traced with ERfBysis as shown in Fig.
3b. This finding is consistent with the observatarChaliampalias et al. [2].
Conversely, He et al. [20] reported that the olager was composed mainly of
FeAls and the FeAl intermetallics phase, and the diffoaicpeaks of FgZnyo could
not be found. This may be because that the outeranges of the as-prepared coating
was thicker than those in our study and in [2].

Combined with the EDS analysis as shown in Figa@the evolution process of
the as-prepared coating [4, 20], which is discussele section 3.4, it is reasonable
to deduce that the treated samples were compogatheé constitution in the
following sequence from the outermost surface towaine core: AlFe+hAlsZng 4,

FeZngos and FeiZngg.

3.4. Evolution of the ZrAI co-deposited coating

Combining the results of both the present studythaditerature, and based on the
above discussion about the surface morphology evg$€sectional microstructure as
well as the phase constituents of the as-preparatihg, we propose a simplified
model for the evolution of ZAl co-deposited coating growth on a low-carbonlIstee
substrate.

It is commonly accepted that pack cementationfecafely an in situ chemical



vapour deposition process. During the coating m®cie entire pack is heated to an
appropriate temperature at which the halide saéiator reacts with the depositing
elements to form a series of halide vapours; timues then pass through the porous
pack to reach the substrate surface due to theichkpotential gradient between the
depositing element and the substrate [5, 2633]L Specifically, under our
experimental condition, NI would decompose to be Nidnd HCI with the gradual
rise in temperature; then the HCI would react Witk Zn and the Al to form a series
of chloride vapours containing Zn or Al. Among teashloride vapours, Zngtakes
charge of transporting and depositing Zn and AGCAI, as shown in Fig. 5a.
Furthermore, note that the reaction between tharhthe Fe in the substrate is an
exothermic reaction [23], leading to the furtheaaton between Fe and Zn and Al.

The work carried out by Chaliampalias et al. intheahat the effect of Al is
limited for the structure change of the Zn coatifige Al is distributed mainly on the
surface of the specimens, forming an additionadtdathat is to say it is the primary
zincing process in the initial stages of coatingvgh. Vourlias [34] pointed out that
the zinc coating is formed through the diffusioreofc in the ferrous substrate
(inward diffusion) ; in other words, when Zn reawith Fe, Zn atoms are the
predominant moving species. The chemical potegtedient of the depositing
element (Zn and Al) drives Zn and Al atoms to difutowards the substrate.

A series of studies indicates that co-depositioR of more elements by the halide
activated pack cementation method is especialficdif because the halide vapour

pressures, including different depositing elememdsially differ greatly, and are a



direct factor contributing to the multilayer struc [31, 33, 35]. Interestingly, a
similar multilayer structure was obtained in owrdst Clearly, the treatment
temperature (460 °C) is much closer to the tempegdbr the Zn coating growth (in
the range of 350 °C to 450 °C) and is lower thantémperature for the aluminum
coating (=550 °C) [36, 37]. Therefore, we can deduce thaptréal pressure of
chloride vapours, which take charge of transporéind depositing Zn, was higher
than that of Al in the initial stage under our espeental conditions. As a
consequence, Zn reacted with Fe in the ferrousiaibegpreferentially, forming the
Fe-Zn compounds and creating the Zn-rich layer grdgualis worth mentioning
that when the reaction diffusion between Zn andeéh®us substrate occurred, the
concentration of Fe atoms in the surface layehefsubstrate continued to decrease,
which also formed the driving force leading to Beeatoms diffusing towards the
subsurface of the ferrous substrate; this pro¢tesgever, was not the primary process.
Therefore, the interface between the Zn-rich |ayet the substrate showed mutual
diffusion characteristics, which has been showth&EDS analysis. In addition, as
the growth time increased, the Zn-rich layer/sgistmterface moved inside the
ferrous substrate from the perspective of gromtietics, as shown in Figs. 5b and 5c.
As the Zn in the cementation powder was consunmedpartial pressure of
chloride vapours, which take charge of transporéind depositing Zn would
theoretically suffer continual decline. Conversely,for Al, the partial pressure of the
corresponding chloride vapours exhibited the ogpoairiation trend and increased

gradually. If the vapour pressures of the 2 vappeacies are within 1 to 2 orders of



magnitude, then the co-deposition of 2 elementshgikealized. As the reaction
continues, the partial pressure of chloride vapoursch take charge of transporting
and depositing Al, would increase considerablynthiee deposition of Al would
dominate and the concentration of Al would buildroarkedly. At this time, the
Fe-Al phases crystallised on the surface of the Zh-layer, as shown in Fig. 5d.
Such a process may be mainly due to a higher gffiiAl towards Fe than towards
Zn.

The build-up of Al on the surface of the Zn-riclyda might result in substitutional
diffusion between Al and Zn in the Zn-rich layedahe diffusion of Fe in the Zn-rich
layer towards the Al-rich layer, leading to the leation and growth of the Fal
phases and the consumption of the Zn-rich layegr@fore, we suggest that the
growth of the Al-rich layer was at the expensehef Zn-rich layer.

The Al-rich layer/Zn-rich layer interface movesitesthe Zn-rich layer as the
reaction continues. The F& phases appear earlier on top of the Zn-richilagethe
weight ratio of Al powders to Zn powders in the p&increased [5]. Furthermore,
the larger the ratio of Al powders to Zn powdershie packed powder, the more
regions enriched in Al appear on the outermostr]aykich is discussed in the section
3.1.

It is also worth noting that because the depostimgperature (460 °C) was
evidently higher than the melting point of Zn (42.9C), when Al displaces Zn in the
Zn-rich layer, the resultant Zn atoms would evaporiloreover, the diffusion of Fe

in the Zn-rich layer towards the Al-rich layer mggeed the consumption of the



Zn-rich layer and contribute to the evaporatioZnfatoms. In addition, the formation
of Fe-Al compounds is highly exothermic [24], and thetireteased as the phase
forms locally may also speed up the evaporationgs® of Zn atoms, leaving voids in
the Al-rich layer, as shown in Fig.5e. To sum iy é&ntire coating process is
effectively controlled by the solid-state diffusigrowth of the coating layers and

could be defined as a reaction diffusion process.

3.5. Corrosion behaviour

Fig. 6 shows the potentiodynamic polarisation carfee the Zn and ZAl
coatings measured in 3.5% NaCl solution. The peddion curve of the uncoated
substrate is presented also, as a reference. Jahblenmarises the electrochemical
corrosion parameters obtained by Tafel polarisatiowes. The values of corrosion
potential (Eorr) for the Zn and ZpAl coatings were clearly lower than those of the
bare substrate. A marked decreasegf tor Zn and ZrAI coatings may have
resulted from the existence of Zn [2, 3]. Consegjyethe relatively lower corrosion
potential indicates that such coatings could preadcrificial cathodic corrosion
protection for the base material. Furthermore Bhe for Zn-Al coatings were
considerably more positive than for the Zn coatimlich could be explained by the
effect of Al on the structure of the coatings. Mmrer, the B for Zn-Al coatings
with different Al content were extremely close, icating that the kg, was more
likely associated with the composition than with gurface morphologies of the

as-obtained coatings.



Corrosion current densitycgh) is another important parameter for determinirg th
kinetics of the corrosion reaction, and it is noltgnproportional to the corrosion rate.
As can be seen in Table 3, evidently the corrosades increased in the following
sequence: ZAl coating (10% Al) < Zn-Al coating (20% Al) < Zn coating <
bare substrate , showing that both the Zn ané\Zooatings with different Al content
could markedly enhance the corrosion resistantieeoferrous substrate. The-Zi
coatings could improve the corrosion resistancatikedly more effectively, which
could be attributed to their duplex structure.

To better illustrate the corrosion behaviour oftsacoating, we created the Figs.
7a-b and 7ed, which show surface images of the bare substradehe ZrAl
coating (20% Al) at a lower and higher magnificatrespectively after the
polarisation test. As is shown in Figs. 7a andwith) an inhomogeneous dissolution
the results clearly show localised corrosion, nathan general corrosion, of the bare
substrate. By comparision, as can be seen in Figand 7d, in the case of Z&
coating (20% Al), there were 2 typical morphologjiieatures. One, the area marked
B in Fig. 7d, exhibited a laminar and/or needlelgtructural characteristic. The
corresponding EDS results prove that this zonilsin Zn but lacks Al. Compared
with the original EDS map results of the coatingwh in Fig. 2, it is not difficult to
infer that this zone on the top surface of theiélriayer had suffered a catastrophe.
The other area, marked A in Fig. 7d, displays atiretly compact and dense surface
structure. The corresponding EDS results confirat this zone is also rich in Zn but

its content is lower than it is for region B. Inngparison, a small amount of Al was



detected in this area but its concentration iseaigt lower than the initial Al-rich
layer on the outermost surface as well, which extly shows that this region on the
surface of the Al-rich layer had partially brokeowah.

Furthermore, the concentration of Fe and Al shothedsame tendency to decrease
when compared with the initial outermost layer.sTisibecause the outermost Al-rich
layer was composed mainly of the-Réphases. With the breakdown of the Al-rich
layer in the corrosion medium, the content of F& Ahon the surface decreased
simultaneously. Additionally, O and Cl were detéldte both areas, which may be
associated with corrosion products [38]. Theseosion products might be
responsible for the different morphologies of tharl B areas in Fig. 7d.

Aluminised coatings tend to form a passive filndigating that the Al-rich layer
might theoretically provide more resistance to asion. However, the porous
structure of the as-received coating allows the flew of the liquid corrosive media
and more contact area with the inner Zn-rich lajbe reaction between the corrosive
media and the Zn-rich layer could lead to spalbhthe Al-rich layer, partially due to
adhesion failure along the Al-rich layer/Zn-riclyéa interface, the region marked B
in Fig. 7d. Fortunately, the inner Zn-rich layeutmbact as a barrier to block a direct
path between a corrosive environment and the satbstvloreover, the secondary
barrier action of the zinc corrosion products ameldathodic protection of zinc could

effectively enhance the corrosion resistance obtse material [3, 38].



4. Conclusions

In the present work, we investigated the microstngcand the evolution
mechanism of a Z\l co-deposited coating on the surface of low-carbteel by the
pack cementation process. The main findings atedlias follows.

The relatively loose and porous structure of theAlico-deposited coating was
governed by the addition of Al. With an increasehw Al content in the packed
powder, the natural porous structure became inicrglgobvious. The obtained
coating had a double-layer structure. The outertagst was Al- rich layer,
containing a high concentration of Fe with a sraalbunt of Zn. The inner layer was
Zn- rich, composed of F&n phases.

Because the treatment temperature was much closiee temperature for the zinc
coating growth, the Zn-rich layer formed preferalt§i In this process, the inward
diffusion of Zn dominated with a small diffusion B€ in the substrate, while the
Zn-rich layer/substrate interface moved insidefémeous substrate. As the reaction
continued, the partial pressure of chloride vapowrgch take charge of transporting
and depositing Al, increased considerably, and therdeposition of Al dominated
and the concentration of Al built up markedly. Besa of a higher affinity of Al
towards Fe than towards Zn, the build-up of Al be surface of the Zn-rich layer
might have resulted in replacement behaviour batwéand Zn in the Zn-rich layer
and a substantial diffusion of Fe in the Zn-richelatowards the Al-rich layer, this
could have contributed to the formation and growftthe FeAl phases and the

consumption of the Zn-rich layer. As a consequetieeAl-rich layer/Zn-rich layer



interface moved inside the Zn-rich layer as thetiea continued.

Because the deposition temperature was eviderghehithan the melting point of
Zn, the formation of FéAl compounds was highly exothermic, and the Féen t
Zn-rich layer diffused towards the Al-rich laydngtevaporation process of resultant
Zn atoms would have been enhanced, leaving voitlseiAl-rich layer.

The corrosion current density (lcorr) increasethmfollowing sequence: ZAl
coatings (10% Al: 7.1900 x ToAcm® 20% Al: 8.2472 x 1§ Acm™®) < Zn coating
(9.1376 x 16 Acm?) < bare substrate (2.7655 x18cm™* ), showing that both
the Zn and ZrAl coatings could greatly enhance the corrosiorstasce of the
ferrous substrate. Moreover, better corrosion t&ste was obtained by the-Zd

coatings than by the Zn coating.
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Table and Figure Captions

Table 1. Chemical formulations of the depositionkppowders.

Table 2. EDS analysis of representative zones shoWwig. 3.

Table 3. Results of the potentiodynamic polarizatest.

Fig. 1. Top view SEM images of ZAl co-deposited coating with various
Al contents. (a) 0 wt% , (b)10 wt% , (c)20 wt 94&0°C for 4 h , (d) and
(e) are the representative regions in (b).

Fig. 2. EDS map of the ZAl co-deposited coating with 20% Al at

460 °C for 4 h.

Fig. 3. Znr-Al co-deposited coating at 460 °C for 4 h. (a) SEM
cross-sectional image. (b) EDS analysis.

Fig. 4. XRD patterns of the ZAl co-deposited coating with 20% Al on
low carbon steel at 460 °C for 4 h. (a) Region #vithin the blue dashed
line. (b) Details of region A.

Fig. 5. Schematic illustration of the evolution pess of the ZaAl
co-deposited coating on low-carbon steel at 460y @e pack
cementation process. (a) Za@ansporting and depositing Zn and AICI
for Al. (b) and (c) Zn rich layer/substrate intexamoving inside the
ferrous substrate. (d) Fe—Al phases crystallismghe surface of the
Zn-rich layer. (e) Evaporation process of Zn atdsasing voids in the
Al-rich layer.

Fig. 6. Typical potential polarization curves oéthn and ZrAl coatings



measured in a 3.5% NaCl solution. The curve oltheoated substrate is
shown as a reference.

Fig. 7. The surface images of the bare substrab¢ gad the Zn—Al
coating (20% Al) (c-d) at a lower and higher mampaifion respectively

after the polarisation test.
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Table 1. Chemical formulations of the deposition pack powders

Pack Zn Al N H4CI A|203

Zn-Al pack (wt.%) 50 0/10/20 2 Bal.




Table 2. EDS analysis of representative zones shown in Fig. 3a

Position Analysis zone X(AN/% X(Zn)/% x(Fe)/% X(0)/%
A Al-rich layer 28.66 117 69.16 1.01
B Zn-rich layer (center) 0.26 87.34 12.22 0.18
C Zn -rich layer (near substrate) 0.06 76.52 23.13 0.29
D Substrate 0.08 0.44 99.47 0.01




Table 3. Results of the potentiodynamic polarization test

i Parameters
Specimens 2
ICOH‘(Acm ) ECOH‘(V)
Bare substrate 2.7655X 10°+0.0459 X 10° -0.64947+0.00346
Zn coating 9.1376X 10°+0.1190% 10°® -0.99424+0.00284
Zn-Al coating (10% Al) 7.1900%X 10°+0.1976 X 10° -0.88141+0.00170
Zn-Al coating (20% Al) 8.2472X10°+0.1837 X 10° -0.90315+0.00122
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The Zn-Al co-deposited coating was successfully produced via pack cementation.
The effect of Al content on the microstructure of such a coating was discussed.
The concentration evolution of Fe was analyzed.

The evolution process and mechanism of such a coating was modeled and
proposed.



