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ABSTRACT

316L stainless steel was coated by hot-dipping into commercially pure Al
and two Al-Si aloysof 7%Si and 11.5% Si contents at dipping timevarying
from 1 to 60 min and temperatures ranging from 750 to 900°C. Moreover,
5%fFe was added to each bath at 900°C. Microstructure observation, mor-
phology of the aloy layer, element distribution, chemical composition and
microhardness determination were performed by optical microscopy, scan-
ning electron microscope (SEM) with an energy dispersive X-ray facility
(EDX), and microhardness tester. The thickness of the intermetallic layer
formed increases with increasing both the bath temperature and dipping
time. Based on the experimental data, it is found that the largest and most
uniform layer thickness was obtained at 800°C and time 20 min in pure Al
molten bath, and thisisal so the case when aluminizinginAl-11.5%Si molten
bath, but when using Al-7%Si molten bath, the optimum dipping tempera-
ture was about 750°C also at time 20 min. The existence of Si reduces the
intermetallic layer thickness and increases its microhardness. The addition
of 5%fFe to the melt increases the layer thickness.
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INTRODUCTION

Audenitic Sainlesssted sarewe | known by itscor-
rosion and oxidation res stance and, asaconsequence,
areextensively usedinindustrial applicationssuch as
petrochemical, nuclear, food and pharmaceutica indus-
tries. Neverthd ess, augtenitic tainlessstedl slosetheir
oxidation resistance at high temperatures dueto de-
composition of Cr,O, invisiblelayer which protectsthe
surfacefrom high temperature oxidation!?.

Furthermore, austenitic stainless steel shave poor

tribological characteristics such aslow hardnessand
wear resistance’®, and high friction coefficient, hence
augtenitic sainlesssted isnot the suitablesd ect for some
high temperature appli cations such asturbine blades,
exhaust systems, and blanketsfor fusion reactors?.

Different methods have been tried to modify the
surface and overcomethe weskness mentioned above
without affecting the corrosion resistance, withinthese
methodsit wasfound hot di pping auminizing™.

In the a uminizing process, when wetting the sur-
faceof sted substrate, Al diffusesinto sted™ and many
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diffus on reactionsinduce between the bath components
and theel ementsof the substrate materia'® leading to
theformation of an interlayer containingintermetalic
phases”#l,

Theintermetallic alloy layer growsand dissolves
concurrently into the molten aluminum alloy!®. The
growth and thedissolution ratesof theintermetaliclayer
determinethethickness of thelayer™, in additionto
dipping time, bath temperature, and chemical compo-
sition of themoltenaloy!**3,

Recent investigations show that theinterface mor-
phol ogy, the growth mechani sms, the composition and
the structure of theselayersarelikethickness affects
themechanical properties, thecorrosion resistanceand
the surface quality of thefina product™.

Theprimary objectiveof thispaper isto study and
comparethe composition, structure and growth prop-
ertiesof theintermetalicaloy layer produced on 316L
austenitic sainlesssted after hot dippingin moltenau-
minium bathes containing variousamountsof silicon.

EXPERIMENTAL

Materials used

The substrate material used was 316L grade stain-
lesssted, whosenomind chemica compositioninwit%
is(0.02% C—17.2% Cr—10.2% Ni—1.95% Mo —
0.98% Mn—0.59% Si—0.36% Cu).

The samplesto be auminized were cut fromthe
sheet with average dimensions (25x20x2.5mm). For
stressrelief annedling, thissteel washeated for 2 h at
900°C. Then these couponswere ground through 600-
grit SIC paper and cleaned ultrasonically in ethanal.

Molten bath

Themetsused arecommercialy pureAl and two
Al-S dloys, thecompositionsof thesedloysareindi-
catedinTABLE 1. Alsoin another set of experiments,
5% Fe powder isadded to each melt at dipping tem-
perature of 900°C.

Samplepreparation

Sampleswere degreased in a100g/l sodium hy-
droxide solution at 50°C for 5min, rinsed with water,
and thendescaled inaquaregia(3HCL : 1HNO3) at
25°C or 3min, rinsed withwater again and findly, ul-
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trasonic cleaning in ethanol. As afinal preparation,
sampleswereimmersed into potassium salt flux solu-
tionat 92°Cfor 2 min, and dried.

Aluminizing process

A 600g of each alloy was melted in graphite cru-
cibleinaresstancefurnace, and maintained at different
dipping temperatures, 750, 800, 850 and 900°C.

Stainless steel sampleswere hanged by low car-
bon steel wires and dipped into the molten bath for
different holding timesranging from 1 minto 60 min.
Finaly sampleswerepulled out from themelt and wa
ter quenched.

Microstructureand thickness measur ement

For microgtructure observation, thegpecimenswere
mounted with acold setting resin, ground, polished, and
etched with aquaregiato reved the coating layers.

In order to measure the layersthickness, at | east
five photoswere taken through optica microscopy at
different placeswith equal spaceson each cross-sec-
tion side, and 20 measurements of thethicknesswere
evaluated from each photo and the mean value was
calculated.

Microhar dness measur ement

Themicrohardness of the coated specimenswas
measured using M atsuZawa Vickers microhardometer
with indentation load of 100 g for 20 s. The
microhardnesswas eva uated by taking fiveindenta:
tionsin each layer, and only the three middle values
were averaged.

Energy dispersivex-ray analysis(EDX)

Thedement digtributions of the coatingswereana:
lyzed using Jeol-Jsm5140 Scanning € ectron micros-
copy (SEM) with an energy dispersive X-ray facility
(EDX).

RESULTSAND DISCUSSION

Microstructurechangesof thelayers
PureAl molten bath

The cross section of the samplesa uminized with
pureAl (Figure 1(a)) showsthe presenceof two lay-
ers, intermetallic aloy layer, whichisadjacent to Sed,
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Figurel: Typical microstructure of thealuminized stainless stell (x200)

appearsrelatively compact, regular and good adhere
with stedl substrate, covered with topcoat outer layer
adjacent to themelt, whichislesshomogeneouswith
porousstructure. Unlikethetongue shaped morphology
inauminized carbon stedl, theinterfacebetweenthein-
termetallic aloy layer and the substrate appearsflat.

Al —7%Si molten bath

Asseeninfigure 1(b), the cross section of thea u-
minized steel specimensinAl-7%S melt appearssmi-
lar to that of samplesauminized with pureAl, except
that theintermetalliclayer composed of two sublayers.
The upper sublayer, whichisadjacent to theauminum
aloy topcoat, is much thicker than that of the lower
sublayer that isadjacent to the steel substrate. How-
ever, in many casesit was difficult to distinguish be-
tween thesetwo sublayers. Furthermore, theinterface
between theintermetallic layer and the steel substrate
becomes smoother and more regular thaninauminiz-
ingwithpureAl.

Al —11.5%Si molten bath

According to figure 1(c), the upper sublayer be-
comesthicker andin many casesit takesfaceted poly-
hedrons shapesas compared to samplesauminizedin
Al-7%S mdt, Ontheother hand, thethicknessof lower
intermediatelayer that isadjacent tothe sted substrate
doesn’t vary noticeably with the increase in Si content.

Effect of Si on alloy layer thickness

Theintermetaliclayer thicknessdecreases sharply
whenAl-7%Si aloy was used asdipping melt. Silicon
effect can be recognized through three possible theo-
ries
1 Thefirsttheory suggested that siliconinhibitsthe

layer growth because S decreasesthediffusvity of

Al insted and enhancestherate of dloy layer dis-

solutioninthemelti*?,

2 Thesecondtheory concluded that thesilicon effect
arisesfromtheformation of Fe-Al-S ternary phases
which nucleate and grow more slowly than n-
Fe2Al5 (themain phaseformed in auminizing)™.

3 Thelast theory deduced that Si preoccupiesthe
large structural vacant siteson the C-axes of the
orthorhombic cellsof n-Fe2Al5intermetalic com-
pound, and thisimpedes a uminum atoms moving
from molten Al to the steel substrate and inhibits
the Fe2A15 growth™, In addition to theretarding
effect of silicon, we can seethat silicon makesthe
surface of the Fe-Al aloy layer smooth and en-
hancestheinterfacial adhesion betweenthealloy
coating layer and the stedl substratesincethereare
no cavitiesor holes appear intheinterface.

4 When Si content in the bath reaches 11.5%Si, the
intermetdliclayer thicknesswill increaseagain as
seeninfigure2.

Effect of Feon alloy layer thickness

Theaddition of 5%Feto Al melt at 900°C will de-
crease or completely prevent the dissol ution of both
the steel substrate and the alloy layer inthe melt ac-
cording to the degree of saturation of themelt, and as
shown in figure 3, the intermetallic layer was much
greater than obtai ned from al uminizing with commer-
cidly pureAl a thesamedippingtemperatureandtime.
Theseresultsarein good agreement with some previ-
ous work!151819,

It can be noticed from figure 3, that there are no
great differencesintheoverall intermetaliclayer thick-
ness between the specimens aluminized in Al-7%Si
molten bath with or without 5%Feadditions. Thisob-
servation may beattributed to deduction that S and Fe
have contrary effect ontheintermetaliclayer thickness,
and 5%Fe additiontothemdt will annihilatethe effect
of 7%Si content inthemelt. But we can seethat adding
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TABLE 1: Nominal composition of molten alloys

Chemical composition (wt. %)

Bath - -
S Fe Mg Mn Ti Al
0.06 018 0.002 0.003 0.002  99.7
6.94 01 0.374 0.003 0125 Bal.
115 012 0251 0.004 0.139 Bal.

+ PRredl
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Figure?2: Effect of dipping timeand silicon content on the
thicknessof theinter metallic layer

5% Fetothemdt resulted in moresmooth and uniform
layer/substrateinterface,
Themicrostructureshowninfigure3andthecurve
illustratedinfigure4, reported that theintermetaliclayer
thicknessisgreater whenauminizingwithAl-11.5%S
melt than when 5%Feisadded to themelt, thismay be
attributed to the assumption that thegrowth inhibition
of 11.5%Si exceedsthe growth enhancing of 5%ke.

Effect of temperatureand timeon theintermetal-
liclayer thickness

Both growthand dissolution of theintermetaliclayer
are affected by dipping time and temperature®. Gen-
eraly, theeffect of dippingtimeat different tempera-
turesontheintermetalliclayer thicknessfor al melts
arethesameasFick’s law of diffusion which describes
that thethickness of intermetalliclayer increaseswith
dippingtimeat al dipping conditiong?-#,

Theintermetdliclayer growsrdatively quick inthe
first few seconds, and then dowsdown astimeincrease
up to 60 min, as outlined from figure 2, because the
diffusion resistance of theintermetaliclayer becomes
larger withtheincreaseintheintermetdlic layer thick-
ness, and al so because the dissol ution of theinterme-
tallicalloy layer increaseswithtime,

Theeffect of dipping temperature ontheinterme-
taliclayer thicknessissomewhat complex especidly in
thecaseof duminizingof dainlesssted. Theriseintem-
peraturefavorshboth theviscosity of thed uminium melt
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3 0eC Stainless Steel 1-0°C Stainless Steel

—

L Nl s
B AL- 7%Si
R

Stainless Steel

Pure Al + 3%Fe §

| Smin [§
"'J"""--“ll‘d-lv -

Stainless Steel

1.0°C

. "ﬁ.“\_ :
60 min A1 3%S1+5%Fe j

40 min Al-7%81+5%Fe

e s - —

Figure 3 : Typical microstructure of the stainless steel
samplesaluminized at 900°C (x200)

andthediffuson of Al atomsfrom themelt toward the
sed substrateand thentheintermetallic layer thickness
will increase. Onthe contrary, increasing thetempera-
tureresultsin anincreaseof thediffusion coefficient of
transition metal (Fe, Cr, Ni, Ti, etc) into themelt, this
will increasesthe solubility of theseselementsinthe
moltenAl, resulting in dissolution of thelayer intothe
bath, givingadecreaseinthelayer thicknessespecidly
whentherateof dissolution exceedsthet of layer growth.

Moreover, the presence of larger amounts of Cr
and Ni inthemolten Al dueto thelarger solubilitiesat
higher dipping temperaturesimpedesthelayer growth
and decreasesitsthickness.

Theriseintemperaturefavorsboth the viscosity of
theauminium mdt and thediffusion of Al omsfrom
themelt toward the steel substrate and then theinter-
metalliclayer thicknesswill increase.

Onthecontrary, increasing thetemperatureresults
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Figure6: EDX peaksshowingthealloy layer of aluminized
sample

inanincreaseof thediffusion coefficient of transition
metal (Fe, Cr, Ni, Ti, etc) into the melt, thiswill in-
creasesthe solubility of theses e ementsinthemolten
Al andthiswill increasethedissolution of thelayer into
the bath resultingin adecreaseinthelayer thickness
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Figure7: Indentationsof themeasur ed micro hardnesson
thealuminized sample (x200)

especialy whentherate of dissolution exceedsthat of
layer growth. Moreover, the presence of larger amounts
of Crand Ni inthemoltenAl duetothelarger solubili-
tiesat higher dipping temperaturesimpedesthe layer
growth and decreasesitsthickness.
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Figure9: Theinterfacelayer thicknessvs. the squareroot of timefor aluminized samplesin different bathesat different

temperatures

Infigure5, theintermetalliclayer thicknessisplot-
ted versustemperaturefor various bath compositions
and variousdipping times, whereit isobviousthat the
thicknessof intermetaliclayer generaly increaseswith
risngtemperature.

When hot dippingin commercialy pureAl molten
bath, itisfound that thelargest and most uniform layer
thicknesswas obtained at 800°C and time 20 min, and
thisisdsothecasewhenauminizinginAl-11.5%S mol-

ten bath, but when usingAl-7%S molten bath, thedip-
ping temperature wasabout 750°C also at time 20 min.

Chemical analysisof theintermetalliclayers

Based on TABLE 2, the gradients of Al and the
steel dements(Fe, Cr and Ni) acrosstheintermediate
layer aredifferent, the Al content decreasesfrom the
top coat layer tothe stedl side, whilethe stedl dements
decreaseinthe oppositedirection.
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TABLE 2: Resultsof EDX quantitativeanalysis

Pure Al = 900°C — 60 min
Al Fe Cr Ni

Base metal - 656 257 58
ottt A 509 326 119 30
Alloy layer 59.6 264 100 23
Topcoat /alloy layer interface 62.6 246 8.7 24
Topcoat layer 799 124 46 10

Pure Al + 5% Fe—900°C — 60 min
Al Fe Cr Ni

Base metal - 661 26 57
aﬁg‘gd falloy layer 352 440 154 44
Alloy layer 378 431 139 42
Topcoat /alloy layer interface 41.8 369 150 4.3
Topcoat layer 449 374 116 3.9

TABLE 3: Resultsof micro hardnessmeasur ements

Temp. Time Position
Sample Molten bath ("C;) Mmin 1 2 3 4 s
1 Al 900 60 57.518553621718¢
2 Al +5%Fe 900 60 76.920956027417€
3 Al-7%S 800 40 83.628746821516¢
4 Al -7%S 900 40 142290665228174
5 Al -7%S +5%Fe 900 60 165292542245182
6 Al-11.5%Si 750 60 94.1283473193187
7  Al-11.5%Si 850 40 111256464228192
8 Al-11.5%Si 900 60 11421746825817€
9 Al-115%Si +5%Fe 900 40 205245473283197
10 Al-115%Si +5%Fe 900 60 205264681304201

1: Top coat layer, 2: In outer layer near alloy later, 3: Inside
alloy layer, 4: In base metal near alloy layer, 5: Base metal

The presence of Cr and Ni inthealloy layer and
insidethetop coat layer may be dueto the dissolution
of thesedementsfrom thebasemetal andthemigration
of these d ementstoward themelt direction.

The addition of 5%Feto the melt resulted inin-
creaseinthe concentration of somedementsinthemet
such asFe, Cr, and Ni, while decrease the concentra-
tion of Al inthemelt. Thisobservation may be attrib-
uted totheformation of excessintermetd lic compounds
which consumesAl andinthesametimeincreaseof Cr,
and Ni dissolutioninthemelt.

Figure 6 showstypical EDX peaks obtained for
theintermetalicalloy layer for thea uminized specimen,
indicating clearly the presence of Al inthealloy layer,

but thereisno S observedinthisanayss.
Theabsenceof silicon pesksfromtheanaysesmay

be attributed to two possible deductions:

1 Thefirstdeductionisthat thereare Fe-Al-S inter-
metallic phasesformed in hot dipping process but
duetotheneighboring of Si and Al inthe periodic
TABLE and consequently high Al peaksvanished
thesmal S peaks.

2 Another possiblededuction suggeststhe absence
of Fe-Si intermetallicinthe aloyed layer may be
duetothesmaler atomic volumeof Al rather than
that of Si, thenthediffusion rate of Al speciesis
enhanced and Al-rich phases[particularly Fe2Al5]
are expected to form directly in contact with the
iron surface. Thelayer formed will prevent Si from
reaching the base metal'®.

Microhardnessdigribution acr ossthecoatinglayers

Theformation of intermetalicaloy layer lead to
great increasein themicrohardness morethan thebase
metal?4. TABLE 3 shows microhardness measure-
mentsfor auminized samplesin different conditions.

Asshowninfigure7, themicrohardnessvauesde-
creases when moving toward thetopcoat layer dueto
the high aluminum content and the porous structure of
thetop coat layer, furthermore microhardness decrease
still observed asmoving toward base meta, and it may
be accounted for the changesof theintermetallic phases.

The presenceof siliconinthemelt resultsin dight
increasein themicrohardness of both theintermetallic
and top coat layers (Figure 8).

Moreover, the addition of 5%Fe powder to each
molten bath results in noticeable increase in
microhardness of both intermetallic layer and top coat
layer, thismay be dueto theformation of harder inter-
metallic phaseswhich givethe higher microhardnessof
both layers.

Increasing dipping temperatureand timeleadsto
continuous formation of new hard phases, and there-
fore, increasesthe microhardnessof intermetaliclayer.

AluminizingKkinetics

Inorder to investigate therate controlling mecha-
nismand establish akineticlaw of thelayer growth, the
intermetalliclayer thicknessisplotted versusthe square

root of timeand theresultsarefitted according to suit-
ablerelation!
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Asoutlinedinfigure9, thelinear relationship be-
tweenthethicknessandt, , iswell displayedfor al speci-
mens, which confirmsthe solid satediffuson controlled
growth of theintermetalliclayer.

There are some caseswherethere are deviations
from paraboliclaw dueto scattering in experimental
measurementsof theadloy layer thickness.

CONCLUSIONS

1 Anintermetdliclayer formed onthested substrate
asaresult of areaction between themolten alumi-
num alloy and the stedl subgtrate, the thickness of
thislayer increased withtheincreasein hot dipping
temperatureandtime.

2 Thepresence of 7%Si in the melt decreases the
diffusonrateof Al atcomstoward thesubsirate, lead-
ing to areduction of intermetalliclayer thickness,
but when Si content reaches 11.5% the thickness
increasesagain.

3 Thelargest and most uniformlayer thicknesswas
obtained at 800°C and time 20 min in pure Al mol-
ten bath, and thisisa so thecasewhenauminizing
inAl-11.5%S moltenbath, but whenusngAl-7%S
molten bath, the dipping temperature was about
750°C also at time 20 min.

4 Theaddition of 5% Feto themelt increasesvery
much thelayer thicknesswhen using pureAl bath,
but Feadditions have no effect when aluminizing
withAl-Si dloys.

5 Therateof growthfor theintermetallic layer fol-
lowsanear parabolic law; hencethe mechanism
responsiblefor theformation of thislayer issolid
datediffusonmechanism.
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