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Abstract: A hew toating based@n polymer derived &eramics (PDC), tixides &nd fefractory teramic 1
with A thickness bf laround 50 1 m has been Heveloped 1o Improve 1he tesistanceXorrosion bf 1
stainless $teel $ubstrate against inolten Aluminum &lloy in & thermal &nergy $torage {TES) $ystem 1
designed tb dun &t high temperature (up tb 8001C). Thesedoatings implemented fy 4traightforward 1
methods, like tape Tasting br paintbrush, vere Toated bn planar Bnd kylindrical Ftainless steel 1
substrates, pyrolyzed &t T001C before being plunged for 6004nd 1200k ih inolten AlSii- &t T001C. 1
The btainless steel substrate hppears healthy ithout Intermetallic Tompounds, tharacteristic bf 1
molten aluminum alloy torrosion. The protective toating Against AlSii2 torrosion $hows &xcellent 1
performance &nd appears ihteresting fior TESdpplications. 1

Keywords: coating; 1polymer derived 1ceramics;lhigh ltemperature; 1corrosion lbarrier; lliquid 1
aluminum alloy 1
1

1. Introduction 1

Renewable énergiesduch s 4olar énergy are ihtermittent fesourcesthat ¢éanihduce & 1
mismatch ketween gupply dnd demand and donstitute & imit tb their dse.Thermal énergy 1
storage ITES)1s Essential In Increasing the Bupply Bnd lise bf tenewable Energy and 1
reducing the tarbon footprint. The integration &nd itilization df latent thermal &nergy 1
storage {LTES) Wwith Theat Iecovery ystemsis the Imost Jpotential Jand Icost gffective 1
solution. Due 1o the large Energy ktorage Hensity bf Inetallic phase thange Inaterials 1
(PCM), tombining %olar power plants &ith LTESIs fhe tnost &ffective fnethod fio firovide 1
flexible @lectricity fo the grid &nd §upply farge scalefiower dervices[l]. 1

Many PCMs have fieenfieported ih the lterature for éoncentrating golar power (CSP)1
such lasMg 51%ZZn 12], light weight Jalloys basedon Mg Zn Al 13], XaSiImelting 1
temperature {Tm) of 82 1C) 4], CuMgSi {Tm bf I4231C) M], gutectic alloy tompositions 1
basedan &8Al 12Si(AlSiiTm &f 377 1C) [6], &nd 80Al 34 Mg 6Zn (Tm &f 4541C) [6]. 1

AlSi12 alloy s tonsidered 10 be & promising inetallic PCM {7]. it has 4 low inelting 1
temperature 18], 1is Istable Iduring Iheating land Xcooling Xycles 9], thas thigh thermal 1
conductivity (190W.m 1.K<at&771C [I7]), high thtent heat af fusion &f %48.61.g% &t 3771C 1
[9] &nd & bw &ost. 1

Liquid &Aluminum Alloys &re Inaterials known 1o be Extremely Torrosive 1o nost 1
metals &nd fnetal dxides [10], Wvhich s tritical Ih & TES&ystem dlesigned i &tainless &teel 1
and tvorking &t & femperature above 8001C. Corrosion ksuesih TES &ystemstonditions 1
are hardly addressedin the literature I11], Although the literature 1s Wwell flocumented 1
concerning the tlevelopment bf torrosion resistant inaterials. Among the investigations, 1
boronized tarbon &teel$howed good flesistanceto d¢orrosion [12] ollowing 120k &t 6303C 1

1
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in nolten &luminum. This working time &, however, limited &¢ompared fo that &f the TES1
systems.1

Fukahori &t al. f1.3] introduce the tigh dorrosion desistanceaf ¢éeramic ubstratesduch 1
as alumina {Al20s), Aluminum hitride {AIN), and &ilicon hitride {SisN4) 1o Inolten Al Sil
alloys. However, these interesting Inaterials for the 1. TES hre brittle, Expensive, hnd 1
difficult 1o Heposit With low cost processes.To Inake these Inaterials kuitable for the 1
application, & toating of fron tontainer $urface With & protective layer df Al 203 has been 1
proposed [iL1]. The hethod donsistsaf kot dipping the dteelihto tolten dluminum. WMolten 1
aluminum 1n Tontact With lron Treateslron hAluminide ZIintermetallic Tompound). The 1
surface iIs then dxidized 1o bbtain the protective teramic layer {11]. Although the Al-0s1
layer $hows &xcellent torrosion fesistanceat 2501C for 250k, hio hformation s given for 1
applications torking &bove 6001C. The %ol gel process&nablesthe $ynthesis df teramic 1
material &s ilica {SiOz), Zirconia 1ZrO2), Al 203, litanium bxide {TiO2). These naterials, 1
easily deposited on kurfaces Wwith Inexpensive Jrocesses,kshowed kExcellent Themical 1
stability, &and improve the torrosion fesistancef inetal &ubstrates steel, &luminum, &nd 1
their alloys) &t [bw femperatures [I14]. 1

Polymer derived Iceramics I(PDC) 115] lare lorganic/inorganic Ipolymers, forming 1
amorphous teramics &fter pyrolysis &t femperatures between 600 and 10001C. PDC are 1
easy o apply dn $ubstrates df any $hape by dlip toating, $pray coating, $pin coating, br 1
tape tasting. PDC tomposite toatings are @lescribed ih literature &sfpromising tandidates 1
to be lised Bs Alternative Environmental barrier oatings Tor Torrosion nd bxidation 1
protection df inetals &t glevated femperatures {600-10002C) 116]. The nain firawback of 1
PDC 1echnology 1s the Linavoidable Bhrinkage Ivhich bccurs Hue 1o the large Hensity 1
changeWhen the fiolymer firecursor With & fiypical density af 1 .cm®, & ¢onverted to the 1
ceramic product, bften With & tlensity Above 2 & cm<= J17]. The ¥olume &hrinkage tan be 1
greater than 50%.Active or passive fillers are, therefore, added fo limit &hrinkage. In fhe 1
literature based bn bxygen torrosion, the hddition bf flassin the PDC Elurry anbel
noticed 117-19].This Ylass Improves the hdhesion bf the PDC containing layer 1o the 1
substrate &nd thus Improves 1he torrosion protection df the inetal. Al 05 §17] br Al 203,
Y203 Zr02{18,19] passive fillers &re also blended 10 ininimize the $hrinkage and for s 1
good antioxidation properties at high temperature. These,although ihteresting, @omposite 1
PDCs thave fot heenévaluated i the presenceaf nolten aluminum. 1

Commercial Icorrosion Iprotection Isolutions lhave lalso lbeen ldeveloped Ifor lthe 1
aluminum foundry industry {Condat, Dycote, Aluminium Martigny, Chimilin, France).l
Thesefnaterials are haseddn graphite, boron hitride, &nd fefractory powders. However, 1
these olutions have hot beenfisted i the TESliterature. A preliminary %tudy baseddn 1
commercial naterials vas, therefore, tarried dut and dletailed in the Appendix A. Thesel
materials &re @asyfo firocessand thexpensive. An hvestigation &t T004C th fnolten AlSii2 1
of these fnaterials $howed foor &dhesion, dlelamination, ar fack &f torrosion desistanceaf 1
the d@oating @n the 4tainless steel TES4ubstrate. However, this 4tudy donfirmed the ihterest 1
in Uising the bhoron fitride @naterial fo fight &gainst éorrosion af aluminum alloys. 1

The firimary abject &f this &tudy s fo develop & toating @n 304L 4tainless éteellvith &1
high torrosion firotection ih firesenceaf olten AlSii2 &t T001C for 800—1200. Besides,b 1
be gasyfo Implement &nd &conomically attractive, the felevant toating heedsfo have the 1
following firoperties: (i) dood adhesion at iigh temperature, delamination ,dnd drack free; 1
(i) low 1vettability 1o Inolten Rluminum H&lloy TAISii2); Ziii) Jood Hurability 1n Inolten 1
aluminum alloy (AISii2). 1

The tomposition df fhe protective layer ks basedbn polymer derived teramic, gjlass1
frit &and passivefiller With bw ihteraction ith fnolten aluminum. The thermal thehavior, 1
wettability and thermal tonductivity f the protective inaterial Wvere first tharacterized. 1
This tnaterial Wvas then applied fo B0O4L &tainless $teel $ubstrates, &and its behavior In the 1
presenceif iolten AlSii2 vas évaluated. 1

1 1
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2. Materials &nd Methods 1
2.1.Protectivelaterial 1

Polysilsesquioxane Silres MK 23 Wt% Wacker AG, Munich, Germany), & polymer ,
derived Xeramic PDC) in he kolid state lised Jas Ja binder in the Xormulation, as 1
dissolved in & $olvent {43 Wt% Diestone® Bocomore,Yannes, France). The iixture Wwas 1
blended with 4 glassftit @8Wt%) hased@n Zinc dxide (imajor élements)and & horon ditride 1
powder having & inean particle size df 0.5 1m {6 Wt% Momentive Grade AC6111,NY, 1
USA). The PDC omposite Klurry dvas homogenized Tor 1L h by Yotation in & Tlosed 1
container. This PDC has & Inelting temperature bf Around %6 2C, Which Iacilitates lts 1
shaping. Finally, this preceramic polymer trosslinks from 2002C &nd Lp 1o BO0XC 1o 1
become Bn Infusible Inaterial. The ZnO bhased Ylass TFrit Was thosenfor lts high ZnO 1
content > 30 Wt%—ZnO 1 known 1o have & food glasticity behavior) &nd for having 4 1
low gjlassfransition femperature {Tg £4751C). Preliminary festsWith PDC &nd glassfrit 1
layer Wvere tarried dbut and are tlescribed in Appendix A. Despite & fjood adhesion, this 1
corrosion barrier Wvas foo teactive fith inolten AlSii2and Wvas hot gffective f{total loss df 1
the itial fyer). To dvercome the kssue, horon hitride filler wvas blended fio fhe PDC &nd 1
the glasstrit. BN & known for its thigh thermal @onductivity and for tbw Wvettability fo the 1
molten Mnetal. 1

2.2.Methodsl
2.2.1.Protective Material Characterization 1

The PDC tomposite &lurry Wvas $pread din & hon wetting polyethylene fierephthalate 1
(Mylar) and #lried &t toom femperature. Dried pieces dbf PDC tomposite inaterial Were 1
then fround lsing A planetary ball mill {Pulverisette B, FritschGmbH, 1dar Oberstein, 1
Germany), for 10 tnin dith & fixed &peed date &f 2008pm. The far &nd the grinding fnedia 1
were fnade df TZ3Y {polycrystalline fetragonal Zirconia $tabilized tvith B inol% of ¥20s). 1
Grinding inedia fvere 2 inm dliameter balls &nd the £olume ®f the jar tvas 500inL. PDC 1
composite powder Ivas then Eieved At P00 1m. The tesulting powder ivas Ehaped by 1
thermo pressing at & femperature df 2052C and & pressure df BOO bar. The pellets Were 1
then pyrolyzed th &rgon &t 7001C for 1 b. The toefficient &f thermal &xpansion (CTE) &nd 1
the thermal tonductivity &f the firotective fnaterial Were dletermined from these pellets. 1

The LLTE, the YJlass ransition Yemperature, land the koftening point bf the PDC 1
composite Were performed ty dilatometry (SETARAM Kep technologies, Caluire, Erance 1
—SETSYShermomechanical @analyzer) tn fhe femperature fange from 2010 7001C with 1
a late of B3 1C.min . Two CTE Ineasurements vere tlone, fhe first fime &fter dne thermal 1
cycle ip 1o Z001C and fhe $econdfime &fter five thermal tyclesip o Z001C dn & pellet 1
(diameter af & tnm/height &f T fam). The CTE Wwas talculated from the following Equation 1
(1) between 20 &nd 3001C: 1

U —Ll— I'i—lzi'“eol (1)
-ia 6 Fy4

where 1U110% K %) is the toefficient df thermal gxpansion, 16, and 16 1K) the initial 1
temperature and the final temperature ih the gelectedtemperature dange,and 1.j,5nd 1.; 1
(mm), fespectively, thicknessesat 16, and &t 16 1

Thermal tonductivity Was ineasured by the Hot Disk Transient Plan Source {TPS)1
method hccording 1o 1SO 220072 by the Tompany TThermoconcept 120]. This Inethod 1
described ih detail thy He &t &l. [?1] s & diondestructive, direct, &nd fiast technique. The Hot 1
disk &ensorik filaced bhetween fivo PDC @éomposite fellets (diameter @f 25 finm, height @f & 1
mm). This ensor &ervesloth &s & heat $ource and & femperature &ensor. Bpecifically, the 1
variation df lemperature Is tletermined from 1he thange in tesistancevia & Wheatstone 1
bridge 2):1
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4:P; 1,2 EU¢BLP; (2
where 14 1s the tbtal électrical fesistanceat ime 1P14, the ihitial fesistanceat 1P @, 1Uthe 1
temperature Toefficient Yesistivity Df The hickel Xmaterial bf the kensor),land the 1¢ 61

changeih femperature bhetween 1P (Lhnd 1P1
The averagefemperature hcreasesih the &ensorsurface following Equation (3): 1

g,6:‘|;|_‘_7i~&:i1 ()
€6=4
where 12, 1s the power butput df the $ensor, & 1the tadius df the largest ting, 1athe 1
thermal Iconductivity, Jand 1&:i; 1s Ja function Iproportional 1o lthe temperature Tise 1
depending &n & dimensionless flarameter 11 1¥A Bvith 1athe thermal diffusivity. 1
The 1thermal 1conductivity lof lprotective 1material 1was ldetermined lat 1room 1

temperature, 3001C &and 6001C ih air. 1
2.2.2.Protective Coating 1

Preparation &nd Testsih Molten AlSiiz1

The &lurry tvas $pread @n & 304L §tainless &teel $ubstrate, & naterial Wised for §torage 1
applications, 1o hssessthe protective toating behavior In bperation. The §tainless steel 1
samples had Bk Burface Toughness bf B.3 1m. The Inetallic Bubstrates vere breviously 1
degreasedwith &cetoneé&nd immersed ih &n @ltrasonic &thanol bath. The firotective tayer, 1
in the first dtep, vas tleposited by & éloctor hlade @n fplanar 304L ubstrate. The layer tvas 1
crosslinked ht 2002C And pyrolyzed for 1 h &t ZO02XC In Argon. Btainlesssteel pblanar 1
substratesdoated with the firotective thyer Were thserted ih 4n dlumina @rucible ¢ontaining 1
AlSii2 hetal tb dssesdhe dorrosion fiehavior (Figure 1). The @rucible Was 4ealedWwith high ,
temperature teramic gjlue and then placed in & furnace. The femperature df the furnace 1
was getat T001C and the heating fiate at & 1C fher dninute. At this temperature, the AlSi2E 1
molten. The tontact df the liquid aluminum With the $ample tvas performed for 6004nd 1
1200M. 1

1

Figure 1. Corrosion fesistanceaf & 304L &tainless &teel toated tvith & firotective fyer ih inolten 1
AlSii2 @luring 600&nd 1200k &t 7001C (a) $&chematic tiew and (b) ¢eramic tontainers ih the 1
furnace. 1

In the kecond ktep, the protective layer Was hpplied by paintbrush bn tylindrical 1
components, fiepresentative @f the dpplication (diameter &f 34 dhm, height &f 200dam). The 1
layer thside the fube Was homogenized fy fotation dsing & foller §ystem. The @rosslinking 1
at 2001C i air and the pyrolysis &t Z001C in argon bf the layer tvas performed @n these 1
different lparts. 1This 1process,linexpensive land lstraightforward, 1should 1lbe leasily 1
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implemented hto & &torage $ystem. The fube Was filled With AISii2 &lloy, tlosed with the 1
lids, &nd freated for 600k &t 7001C ih & furnace (Figure 2). 1

1

Figure 2. $mall flepresentative tomponent &oated dvith firotective thyer &and filled With nolten 1
AlSi2 1

Characterizations 1

The inicrostructure df the protective layer after toating dn the BO4L Substrate &nd 1
after Btatic Immersion 1n AISii2 Huring 500knd 12004 vas Investigated by Ecanning 1
electron Inicroscopy IPhilipps XL30 BEM, Eindhoven, The Netherlands). 1n parallel 1o 1
SEM Dbbservations, Energy Hispersive X ray Epectroscopy XEDS, Esprit, Bruker Nano 1
GmbH, Berlin, Germany) analysesin inap inode Wvere tompleted bn $amplesin tontact 1
with JAISii2 Inolten Rlloy. Irhis as Jespecially Tetained 1o Investigate the Jaluminum 1
distribution. The Surface topography &nd foughness, Bvaluated &s h toot mean square 1
(RMS) 1surface 1lroughness, 1were 1studied 1by 1microscopy lconfocal 1(infiniteFocus—
magnification X %0, Bruker Alicona, Graz, Austria L 1

The hdhesion bf the Dprotective layer bn the BO4L Bubstrate vas performed with 1
automatic adhesion flests [22,23] flelated o ASTM 4541.Thesefestsvere tarried dut tvith 1
the Elcometer 810&utomatic full off &dhesion gauge (La Chapelle $aint Mesmin, Erance).1
Aluminum Hollies Idiameter bf 20 Inm) vere Jlued Wwith the Araldite 2011hdhesive. 1
Samplestvere kept &t ambient femperature for 24 h before fests. Dollies tvere pulled &t a1
speedaf @.2MPa.s* ih the dormal direction tb the ¢oating §urface. The adhesion force was 1
measured bnce the Hollie vas ho longer In Tontact With the Bubstrate IFigure A2 In 1
Appendix A). Three nodes @f fracture fesult rom the ¢haracterization: (i) ¢ohesive fireak 1
(interfacial ftacture), (i) ddhesive ireak (a ireak hetween the gubstrate and the thyer), and 1
(iii) @lue treak (coating adhesion khigher than glue adhesion). Testswere &arried @ut Gsing 1
three deplicates o &nsure the fiepeatability @f the fneasurement. 1

The &urface free &énergies af the protective ayer &rosslinked &t 2001C and fiyrolyzed 1
at T001C were tletermined by neasuring the ¢ontact &ngle. This Mmeasurement allows the 1
determination bf the kolid/liquid Interactions, Essential barameters In TES hpplication 1
where the AlSii2ih lquid &tate ihteracts With the firotective [hyer. The éontact &ngleswere 1
measured by depositing 3 1l &f & drop &f iquid @n the tayer §urface through & galibrated 1
microsyringe &nd & firogrammable fjump &ystem. The fiolar &nd dispersive &ontributions 1
to the surface energy Were bbtained through three est liquids {water, fliiodomethane, 1
ethylene gjlycol). Recorded iinages Wvere @nalyzed fio &ssesdhe &ontact &ngle. The gurface 1
free gnergies Were talculated Wising the Dwens and Wendt, Rabel, and Kaelble {OWRK) 1
method [24]. This inethod assumesthat the SFEL ) Is & $um df & polar tomponent Q.CF) 1
and a dispersive tne () 4): 1

G LOE & 4)
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The probe liquids Lsed {water, Hiiodomethane, &nd &thylene glycol) tover & Wide 1
range bf properties from Yery polar ater 1o Yery Hispersive Hiiodomethane. Table 1 1
reports the gharacteristics af the three liquids [25]. 1

Table 1. Dispersion &nd polar tomponents &nd $urface free &nergy &f tvater, &thylene glycol and 1
diiodomethane . 1

Liquid 1 Dispersion 1  Polar Component 1 Surface Eree Energy 1%2 1

Component 1%41 %1 (mJin?) 1
Water 1 21.81 511 72.81
Ethylene glycol 1 291 191 46.11
Diiodomethane 1 46.61 421 50.81

3. Results &and Discussion 1
3.1.Protectivelaterial Propertiesl

The thermomechanical behavior df the Inaterial tontaining polysiloxane, glassfrit, 1
and Iboron Initride was Idetermined lby Idilatometry 1(Figure 13). 1As Iwe Ican Isee,the 1
thermomechanical hehavior &ppears gimilar hetween 20and 3003C after deveral @yclesdp 1
to Z002C. For Bachineasurement, & naterial £xpansion df 25 1 m Was bbserved in this 1
temperature fiange, &nd the talculated CTE {5 tb 6.4 K (Figure 3a) and I.3K * (Figure 3b). 1
In Eigure 3a, & $lope &hangeWvas tbserved &t 2001C. This femperature ¢orresponds o the 1
crosslinking tfemperature df the PDC. The samples being thick {7 Inm), & first thermal 1
cycling for 1 h At Z001C before the $tudy Hoes hot eem sufficient 10 have & tomplete 1
crosslinking of the PDC. However, fhis fime I ufficient 1o grosslink thin layers lised in 1
the TESa&pplication. This &xpansion &an fe delated fio the dut gassing &nd fnodification a&f 1
the IPDC. JAbove 1his Xemperature, the lbehavior lof the Jprotective Imaterial Ichangesl
regarding the Tycles.A Eignificant Bhrinkage 1s bbserved Lip 1o 00 EC hfter the first 1
thermal tycling. This hrinkage tan fesult from iwo phenomena. The first bne tan bel
related o the frresencedf the glassfit that hasa fransition femperature from the titreous 1
to fhe iquid &tate tlosefo 5001C. The $econd dne toncernsthe polymer derived geramic 1
(PDC). The PDCs $how & $ubstantial $hrinkage tvhen heated 1o femperatures dbove 6001
°C, asthe @rganic &ide thains évaporate, &nd & forous gilicon pxy carbide @lassik fiormed 1
[26].1

After five tyclings In femperature {Figure Bb), & fjlass fransition femperature {Tq) Is 1
also bbserved ht 500 EC. Above Ty, hlassesbecome koft and Tapable bf Heformation 1
without fracture. The %oftening femperature I bbserved at 560 1C. Having & part df the 1
material 1 molten 1in 1temperature 1and 1solidified 1by 1cooling 1can1lhelp 1absorb1
thermomechanical 1stressesland llimit llayer 1cracking 1lrisk 1during 1future 1storagel
applications. After five thermal tyclings ip o T001C, fhe tnaterial $eemsto be &tabilized 1
with & glassbehavior. 1

1 1
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@1 (b)1

Figure B. Displacement Ineasurement I/s. tfemperature dbn BETSY Sthermomechanical Analyzer {a) After bne tycling in 1
temperature @ip fio Z001C and (b) after five tyclings th femperature Gip fo Z001C. 1

For femperature &nergy &torage applications, it s ihteresting that fhe naterials tised 1
are thermally tonductive 10 promote g&xchangesand limit thermal barriers. AlSiizhasha 1
thermal tonductivity df 190W.m 11K At 577 2C &nd BO4L btainless steel Lised for TES1
applications df 16.2W.m *.K*, The thermal tonductivity bf the protective inaterial Was 1
measured between 0.5and 0.8W.m *.K* for & flemperature flange between 20 &nd 6001C 1
(Figure 14). IThese kexperimental Idata Xcould e linteresting For Xuture Istorage system1
modeling, Bven If the thin layer Would probably have little Impact bn flobal thermal 1
exchange.®s & Yemark, the thermal broperties bf the Tommercial brotective Toating 1
materials listed ih Appendix A are ot provided. 1

1
Figure 4. Thermal tonductivity &f fhe firotective inaterial &t 20,300,&nd 6001C. 1

3.2.ProtectiveCoating&n Planar 304L $ampled
3.2.1.Topology &nd Adhesion 1

Figure % 4hows & @ross section &f & &tainless steeldubstrate éoated With the firotective 1
layer fiyrolyzed @netime at 7009C. A drack free thyer dppearstiomogeneously distributed 1
on the urface bf the $ubstrate dn fhe dlifferent dreastbserved. This layer presents pores 1
that hppear trapped In the PDC tomposite. Thesepores hre probably Hue 1o the bff ,
gassing JassociatedWwith lhe beginning lof the Iceramization lof the IPDC dnto Isilicon 1
oxycarbide. The glass Irit has & gjlass fransition femperature df About 5001C. Therefore, 1
the heat reatment &t 7004C [ked fo & liquid glassWhich, during tooling, ftoze and frapped 1
the gasthubbles. 1
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1

Figure 5. A &ross sectional 8EM image &f the firotective fayer toated &n 304L &tainless dteel 1
substrate, érosslinked &t 2001C and fyrolyzed &t T001C th drgon. 1

The layer &urface appears highly ttregular, #ven &uggesting that the fayer is gracked 1
(Figure @a).A @onfocal thicroscopic tbpography a&f the 4ample gurface (Figure @b) éonfirms 1
that ithe Ideposited layer 1lis Istrongly wavy. IThe Troot Imean Isquares {RMS) Isurface 1
roughness, Isensitive 1to llarge IJpeaks land Ivalleys, lis 15 1melconfirming lhe Iprevious 1
observations. The protective layer hppears tontinuous. Lonsidering that the thickness 1
measured bn the BEM Image Is & inean point df the layer. The thickness df the layer Is 1
therefore about hetween 30 and 501 m. 1

Figure 8. {a) 8EM Image bf the $urface df protective layer toated bn BO4L $tainless &teel $ubstrate, trosslinked &t 2001C 1
and fayrolyzed at I001C ih argon; (b) 3D fopography fneasurement éf the tayer. 1

This Icontinuous Jprotective layer lover the lentire 1304L Iplanar Isubstrate Thaslan 1
adhesion Jreater than B MPa. Trhis Value 1s In line with the lhdhesion Values Df the 1
commercial @oatings listed th Appendix A. The ftacture tbok filace ih the glue hetween the 1
dollie And the layer Iglue break), proving that the toating khdhesion 1s ktrong bn the 1
substrate &nd ih the layer (coating &dhesion tigher than glue adhesion). 1

3.2.2.8urfaceEnergy 1

Measurements tf tontact &angles tf &pecific liquids are ised fio determine the $urface 1
free lenergy 1(SFE)lof 1the Iprotective llayer. 1The Icontact langles lof 1distilled lwater, 1
diiodomethane, and &thylene glycol ineasured bn the protective layer are Hisplayed in 1
Table2.1
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Table 2. Surfacefree &nergy 10 Bnd its tomponents &f the frotective [ayer following different 1
surface treatments. 1

Surface Eree Energy and 1

Angle N{°) 1 .
Contact Angle N(°) its Components (mJ/m?) 1

Surface Treatment 1 -
Diiodome  Ethylene 1

b
Water 1 thane 1 Glycol 1 »1l »1 »1
Crosslinking &t 2001C ih &ir 188.11 72.71 82.01 22.61 19.21 341
Pyrolysis &4t 700iC ith Ar 1 69.41 891 82.61 26.41 9.81 16.61

The @ontactangleswere theasured ielow 90°asing distilled Water dsthe firobe tiquid. 1
The lhyer has,therefore, & prartial hydrophilic tiehavior. The tiydrophilic &¢haracterdppears 1
to Increase After the pyrolysis df the layer. The surface free Energies hre 22.6 and 26.41
mJm 2, Yespectively, Xor & krosslinked layer and & Trosslinked/pyrolyzed layer. This 1
protective hyer has bw $urface &nergy tlosefo plastics as folyvinyl fluoride (PVF £30.31
mJm %) &nd polyethylene (PE £ 32.4inJm 2) &nd bwer than fhat of &tainless &teel, 20—601
mJm 2 [27,28].1

It tan be hoticed that With temperature, the Hispersive and polar tomponents are 1
reversed. Thus, &tronger ihteractions dppear twhen the PDC ik Ih & teramic &tate gincethe 1
CFlncreasesat the éxpensedf the dispersive @omponent. The ¢éhemical hature &f the PDC 1
evolves between Pprocessing Temperatures. The PDC In the krosslinked ktate Tontains 1
organic bonds that break tluring pyrolysis. At this §tage,there are gssentially tveak Yan 1
der Waals type Interactions tlue fo fhe higher dlispersive tomponent. At T001C, the PDC 1
is lheing &eramized, drganic groups &plit aff, &nd the hydrogen honds are likely &ccessiblel
in the tnatrix. Thesehydrogen bonds &vacuate &s hydrogen lip fo 10001C. The presencel
of these bonds leads o 1 higher Wettability with vater Jand Jolar liquid 129]. Trhe 1
dispersive Tomponent hfter pyrolysis bf the protective layer 1s low, the ettability 1o 1
nonpolar tnaterial & therefore bw. 1

The bbw durfaceftee énergy dombined with atbw dispersion domponent ¢hould favor 1
a flonadhesion &f fnetallic iquid th TESapplication. 1

3.3.TESApplication1
3.3.1.Planar 204L Substrate 1

Figure I7 land JFigure 18 Ishow Icross sectional linterfacial Imorphologies land EEDS1
analysesdf the $amples after inolten Aluminum torrosion, tespectively, 600and 1200h. 1
The interface &xhibited & $andwich $tructure after 800 b, tonsisting bf & BO4L $ubstrate 1
with & firotective [ayer and &bove aluminum. After 1200k, the ¢onfiguration i &imilar. A 1
gap between the aluminum &nd the protective layer Is, however, bbserved. This fjap is 1
due 10 1the honadhesion df Aluminum &fter temoving 1he $ubstrate from the AlSii2. The 1
protective layer Appears tontinuous bver the Entire Substrate Without &ny tracks hfter 1
treatment. The fpores dr §as bubbles previously dbserved ho bnger appear fo be present 1
in the thyer. The glassfrit & flquid &t & temperature &f T001C. The fores &an, therefore, e 1
filled, &nd tas bubbles gvacuated. The protective fayer is intact And tloes hot Appear 1o 1
have heen &ffected thy the firesencedf the inolten AlSiiz. 1

The 1304L 1substrate lappears 1healthy, 1suggesting 1the labsencelof 1the 1Fe Al 1
intermetallics, g¢haracteristic @f @orrosion. The élemental dnalysesdarried @ut thy EDS&how 1
a forotective yer fepresented by the i, D, &nd € &lements, 304L ubstrate by Ee,and the 1
aluminum alloy @onsisting @f Al and $i. The Al élement ik énly @bserved dbove the durface 1
of the protective layer. Thesebbservations performed &fter 600and 12001 tonfirm the 1
protective dspectaf this lyer &gainst inolten AlSii2. 1
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1

Figure T.{a) Cross sectional SEM tbservation df fhe protective layer toated dn the 304L $ubstrate after 800k &t 7001C ih 1
AlSii2 (300X finagnification) and EDS &nalysis @f Al (b), $i(c), O (d), Ee(e), &nd C ({f). 1
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1

Figure 8. (a)Cross sectional SEM tbservation af the firotective layer toated &n the 304L $ubstrate after 1200k &t Z00iC ih 1
AlSii2 (300X nagnification) and EDS analysis @f Al (b), $i(lc), © (d), Ee(e), and C {f). 1

3.3.2.Components for TESApplication 1

Figure @ ghows the fube after aging I AlSii2 fluring 600h &t Z001C &nd after flaking 1
a $ample fio garry @ut ¢haracterizations. 1

1
Figure 2. $mall lepresentative tomponent toated vith fprrotective yer after fiestih AlSii2. 1
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Figure 10 dlisplays & tross sectional inorphology and EDS &nalysis bf the &tainless,
steeltube d@oatedWwith the firotective thyer after iquid dluminum &ging during 6004. After 1
removing the $amples from the tepresentative TEStomponent, the dbsencedf adhesion 1
between 1AISii2 Jalloy Jand Xontainer as Inoticed. JAn Jaluminum free Jarea Jabove the 1
protective layer filled by the BEM tesin is, therefore, bbserved bn the BEM Image. The 1
thickness of this layer Is between 20 &nd 50 1m. The protective layer has also hon ppen 1
cavities bn 1he $tainless steel $ubstrate. The tavities have glongated $hapesWwith tough 1
surfacesbr boot Jike $hapes.AlSii2 loes hot $eemio penetrate into the layer, btherwise 1
solid aluminum tvould have forn @ff fhe layer vhen the $ample Wvas flaken. The firesencel
of gavities ik firobably due tb the Goating firocess@éombined with kigher thermomechanical 1
stressesih tylindrical &ubstrate tompared fo planar &ubstrate. The thickness Yariation f 1
the layer floes hot $eemio affect the &ffectivenessdf this protective layer ince the 304L 1
substrate Is healthy Without Jany Xorrosion Joints. EDS Jnalysis Hid ot detect any 1
aluminum lin lthe layer Jor lin lthe Isubstrate. IThe Jprotective layer Ican, therefore, lbe 1
considered Bn Excellent barrier hgainst JAISii2 Torrosion knd looks promising for TES1
applications. 1

1

Figure 10.(a) SEM image &f the firotective fyer tn the 3041 fube after &ging during 00 &t 7001C ih liquid AISi12(300X 1
magnification) and EDS analysis @f Al (b), &i (c), O (d), Fe(e), &nd C (). 1



I\faterials 2021, 14,15191

13bf 181

4. Conclusions 1

A @omparative dtudy af different anticorrosive tarriers for 304L 4tainlessdteeldgainst 1
molten AlSii2&¢howed bw fierformance aver tbng fieriods. A domposite kased@n fiolymer
derived Iceramics,1ZnO pasedlglass Ifrit land lboron Initride lpowder lwas, ltherefore, 1
developed land lapplied lto Istainless 1steel 1surfaces 1by ltape Icasting land lbrushing. 1
Characterizations df Wettability &and adhesion, aging lests bf the toating in tontact With 1
an aluminum alloy {AISii2) &t Z00 1C for 500 and 1200h, $how high performance 1o the 1
already Btudied Jnd Existing Bkolutions With h kignificant Increasein Hurability. This 1
solution lalso Imakes lit IJpossible %o Jenvisage low cost technical JprocessesXor Future 1
applications kuch las knergy ktorage based Jon Imetallic Jphase Ichange Imaterials Jand 1
applications th aluminum alloy foundry. This golution &hould te further aptimized th the 1
future, gspecially for fhe industrial application processaf fhe protective layer {spraying, 1
etc.).1
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Appendix A 1

This §ection ¢ontains details about first freliminary fiestsand fhenchmark toncerning 1
different &oatings &nd fiechnical $olutions:

X Industrial fiechnical @ised for gasting fnolds af aluminum hased @n graphite @r horon 1
nitride (commercial §olutions, CONDAT, DYCOTE and ALUMINUM MARTIGNY); 1

X PVD toating fvith TiAIN or AICrN {BALINIT tommercial toatings hamed Alcrona 1
pro® and futurea®Oerlikon halzers Eerrieres gn Brie Erance);1

x  Protective layer dwith la IPolymer Derived 1Si BasedICeramics Jcoating basedlon 1
commercial faw fnaterials With folysiloxane &and glass frit); 1

X  CVD toating, aluminization hy fpack éementation &sfnentioned ih [30]. 1
In the toating industries, adhesion festing Is bften Lised 1o dletermine if the toating 1

will adhere torrectly to the §ubstrate fio Which they are applied. 1

First, & fualitative fest vas fealized @n these &everal $amples (crosscut adhesion flest 1
with & Trosshatch hdhesion tester), hccording 1o Inethod B In ASTM D3359 ktandard. 1
Adhesive triterion s torrect If lessthan 15% bf drea s hot affected. Images analysis for 1
calculating the fiercent areaflemoved Were fealized for &ll the fested doatings (Figure Al). 1
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Figure Al. Image &nalysis &xample for the &omposite With folymer dlerived geramics after 1
crosscutfest. 1

The tesult bf these everal fests Is summarized in Table Al. Coatings With & poor 1
adhesion 1> &t 15% bof hffected Jarea), land with Fragility Jand Zriability kfter thermal 1
treatment tvere ot $electedfor the tther évaluations. 1

1 1
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Table Al. Preliminary fiests f $everal toatings. 1

Crosscut 1
Adhesion 1 Aging ih Liquid AISii2at 7001
. . Pull Off 1
Coating 1 Processl Thickness 1 Test1 Adhesion Test 1 °C1
% Area 1 600&nd 1200k 1
Removed 1
CONDAT 1
Spray 1 Not fealized 1
Bstop® 1 1 . 2251m 1 26%1 ) .
Baseddn BN 1 Drying &t251C 1 Adhesion fot &ffective 1
Cgs’:g:g 11 1 Sprav 1 <atl MPa (cohesivel Somedttack foints &t #001C 1
Basedtn 1 Drvin patyIS 1c1 801m 1 15%1 break) 1 Delamination af the fayer 1
. ying After ITh (6201C) 1 after 1200H 1
graphite 1
DYCOTE 1 Dip coating 1 2201m 1 11%1 5.3MPa Without TTh (cohesive fireak) 1
Sub yerDR87® 1Drying &t I51C 1 ° No adhesion &f the [ayer after TTh (6201C) 1
DYCOTE 1 ) . .
Holcote 110° 1 rD II[I’)I C;?t%ggié p 0°0imi o 70%l Adhe’s\;li?)tnﬂzzltlzéeff(litive 1
Basedan ZrSiO4 P ying
AI\I/Iu;:tlir;Lrls 11 Brushing 1 2001m 1 8%1 Delamination af the thyer 1 Not fealized 1
. 0 . .
Conductal 8M® lDrylng at251C1 after TTh (6201C) 1 Adhesion fot &ffective 1
Aluminum 1 Many attack points &f 1
Martigny 1 Brushing 1 4.3MPa (adhesive lhireak) Torrosion &nd fragility af the 1
. 701m 1 10%1 .
Antonol NB 20° 1Drying atI51C 1 after TTh (6201C) 1 layer adhesion 1
Basedan BN 1 after 1200t 1
Total Ibss af the hitial byer 1
Composite @f 1 Dip coating 1 1.8MPa tvithout TTh1  Decreasingf the ihitial 1
PDC hasedtn 1 Drying &t I51C 1 1601m 1 12%1 (adhesive ireak) 1 substrate thickness (2 inm 1
. . 0 . .
SiOz &nd @lass1 and during &t 1 4.8 MPa (cohesive ireak) 1 instead &f 3.8dhm) 1
frit 1 6201C1 after ITh (6201C) 1 Two htermetallic hyers 1
created 1
Decreasing &f the itial 1
>0. .
Balinit futurea® 1 TITXIz 11 31m1 8%1 SaftzPIa}r(:]glqngg);g?I;) 1 substrate thickness (3.3im 1
instead &f 3.8dm) 1
. Decreasing af the thitial 1
Balinit &l 1 PVD 1 >5.1MPa (glue treak) 1 .
ain ro@crlona AICIN 1 31m1 2%1 after Ia}ra[?ql:sezo;(ejil) substrate thickness (2.6 inm 1
P instead &f 3.8m) 1
Aluminizing 1 CVD: Al 2.03 11 1801m &f 1 Decreasmgdnf he titial 1
NH 4Cl activator 1 . . . substrate thickness (2 fnm 1
pack 1 L ntermetallic 1  Not fiealized hut §ood &dhesion 1 .
. + Al tixidation . . instead &f 3.8m) 1
cementationl1 . ayer % dxide 1 observation 1 .
with Al 1 air at 11501C1Ia er of 6im 1 Two htermetallic tyers 1
(AH) 1 y created 1

As the gvaluation df Figure A2, automatic adhesion festsfor &electedtoatings tvere 1
also tlone &ccording 1o ASTM #541.Thesefests fvere tarried but With the Elcometer 5101
automatic fpull off adhesion gjauge. Aluminum dollies tvere glued With the Araldite 20111
adhesive. $ampleswere Rept &t dmbient temperature for 24 i hefore tests.Then, d &lot was 1
made around dlollies and fhey vere pulled &t & $peed df 0.2 MPa/s hormal fio fhe toating 1
surface @intil the toating tvas dletached from fhe &teel $ubstrate (Figure A2). Three inodes 1
of fracture éxist: éohesive tireak (interfacial fracture), adhesive tireak (a tireak hetween the 1
substrate and the [ayer) and glue bireak (coating &dhesion higher than glue adhesion). All 1
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tests were 1carried lout lusing 1lthree lreplicates 1to lensure lthe lrepeatability lof 1the 1
measurement. 1

Figure A2. Automatic adhesion fests. 1

All the fesults Are Summarized iIn Table Al. After & thermal treatment At 5201C, 1
Conductal® fAluminium Martigny, Thimilin, France)and DR87®{Foseco,S5taffordshire, 1
UK) &oatings Were tot delected(not & dufficient adhesion, dlelamination af the tayer). 1

Aging 1ests Were tealized dn amples in BOAL ktainless teel With these Identified 1
coatings: Gstart® {Graphite $pray from Condat, Chassesur Rhéne, Erance), Antonol NB 1
20° YAluminium Martigny, Lhimilin, France)l TAIN J&nd RICrN PVD, Aluminizing 1
method by pack tementation, Composite bf Polymer Derived Ceramic based BiO: &nd 1
glassfrit. Coated $amples Wvere Inserted in nelted AlSii2 luring 600&nd 1200k i drder 1
to &ssesdhe iterest and the performance af the &oating. 1

After aging, the $amples Were tut, Embedded in & fransparent tesin &nd polished, 1
allowing the tisualization &f fthe layers and interfaces by &canning &lectronic fnicroscopy 1
(Philipps XL30 $EM, Eindhoven, The Netherlands). 1

To &um @p all thesefesults: 1

The Graphite $pray vas hot $electedbecausethe layer @lid hot have jood adhesion 1
after aging (delamination &f the yer). 1

After tontact With Inolten Aluminum, &ll toated Substratesin &tainless teel {304L) 1
decreasedih thickness, dlso vith PVD toatings (AICrN [hyer and TiAIN [yer, deeFigure 1
A3). 1

1 1
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600Mh &t 700iC 1 1200h &t 7001C 1
Substratethickness £2.90ihm 1 Substratethickness £ 2.50ihm 1
substrate 1 substrate 1

Figure A3. Example—SEM tnicrograph after &ging (TiAIN &oating—initial 4ubstrate thickness £ 3, 1
7 m). 1

The &ffects df these different diffusion barriers &re hot &fficient. As You tan seein 1
Figure A4, aluminum diffuses ihto the dubstrate &nd dreatesihtermetallic layers basedan 1

FeAl (Fe Al SiCr). 1

(a) 1 (b) 1

Figure A4. SEM fnicrograph. (a) Thickness af the ihtermetallic tayers after 1200k af &ging tvith &1
TIiAIN goating. (b) Diffusion &f &dluminum &t §ome foints—bad durability a&f the toating hasedan 1
boron titride. 1

PDC tomposite {polymer dlerived teramics tvith gjlassfrit) tvas oo feactive ih fhesel
conditions With AlSii2. Despite & §ood adhesion, this barrier df diffusion I hot #ffective 1
(total bss &f the iitial fyer). 1

Coating based bn boron thitride $eemsinteresting, ho AlSii2 fvettability dn the 304L 1
substrate tut Aot 4 @ood adhesion after 12004 &f 4ging &nd firesencedf hany attack foints 1
of gorrosion. 1

The frreliminary festsare $ummarized th Table Al. 1
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