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KEYWORDSABSTRACT

316L stainless steel was coated by hot-dipping into commercially pure Al
and two Al-Si alloys of 7%Si and 11.5% Si contents at dipping time varying
from 1 to 60 min and temperatures ranging from 750 to 900ºC. Moreover,

5%Fe was added to each bath at 900C. Microstructure observation, mor-
phology of the alloy 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 800ºC and time 20 min in pure Al

molten bath, and this is also the case when aluminizing in Al-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%Fe to the melt increases the layer thickness.
 2010 Trade Science Inc. - INDIA

INTRODUCTION

Austenitic stainless steels are well known by its cor-
rosion and oxidation resistance and, as a consequence,
are extensively used in industrial applications such as
petrochemical, nuclear, food and pharmaceutical indus-
tries[1]. Nevertheless, austenitic stainless steels lose their
oxidation resistance at high temperatures due to de-
composition of Cr

2
O

3
 invisible layer which protects the

surface from high temperature oxidation[2].
Furthermore, austenitic stainless steels have poor

tribological characteristics such as low hardness and
wear resistance[3], and high friction coefficient, hence
austenitic stainless steel is not the suitable select for some
high temperature applications such as turbine blades,
exhaust systems, and blankets for fusion reactors[2].

Different methods have been tried to modify the
surface and overcome the weakness mentioned above
without affecting the corrosion resistance, within these
methods it was found hot dipping aluminizing[4].

In the aluminizing process, when wetting the sur-
face of steel substrate, Al diffuses into steel[5] and many
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diffusion reactions induce between the bath components
and the elements of the substrate material[6] leading to
the formation of an interlayer containing intermetallic
phases[7,8].

The intermetallic alloy layer grows and dissolves
concurrently into the molten aluminum alloy[9]. The
growth and the dissolution rates of the intermetallic layer
determine the thickness of the layer[10], in addition to
dipping time, bath temperature, and chemical compo-
sition of the molten alloy[11-13].

Recent investigations show that the interface mor-
phology, the growth mechanisms, the composition and
the structure of these layers are like thickness affects
the mechanical properties, the corrosion resistance and
the surface quality of the final product[14].

The primary objective of this paper is to study and
compare the composition, structure and growth prop-
erties of the intermetallic alloy layer produced on 316L
austenitic stainless steel after hot dipping in molten alu-
minium bathes containing various amounts of silicon.

EXPERIMENTAL

Materials used

The substrate material used was 316L grade stain-
less steel, whose nominal chemical composition in wt%
is (0.02 % C � 17.2% Cr � 10.2% Ni � 1.95% Mo �

0.98% Mn � 0.59% Si � 0.36% Cu).

The samples to be aluminized were cut from the
sheet with average dimensions (25202.5mm). For
stress relief annealing, this steel was heated for 2 h at
900C. Then these coupons were ground through 600-
grit SiC paper and cleaned ultrasonically in ethanol.

Molten bath

The melts used are commercially pure Al and two
Al-Si alloys, the compositions of these alloys are indi-
cated in TABLE 1. Also in another set of experiments,
5% Fe powder is added to each melt at dipping tem-
perature of 900ºC.

Sample preparation

Samples were degreased in a 100g/l sodium hy-
droxide solution at 50C for 5 min, rinsed with water,
and then descaled in aqua regia (3 HCL : 1 HNO3) at
25C or 3 min, rinsed with water again and finally, ul-

trasonic cleaning in ethanol. As a final preparation,
samples were immersed into potassium salt flux solu-
tion at 92C for 2 min, and dried.

Aluminizing process

A 600g of each alloy was melted in graphite cru-
cible in a resistance furnace, and maintained at different
dipping temperatures, 750, 800, 850 and 900ºC.

Stainless steel samples were hanged by low car-
bon steel wires and dipped into the molten bath for
different holding times ranging from 1 min to 60 min.
Finally samples were pulled out from the melt and wa-
ter quenched.

Microstructure and thickness measurement

For microstructure observation, the specimens were
mounted with a cold setting resin, ground, polished, and
etched with aqua regia to reveal the coating layers.

In order to measure the layers thickness, at least
five photos were taken through optical microscopy at
different places with equal spaces on each cross-sec-
tion side, and 20 measurements of the thickness were
evaluated from each photo and the mean value was
calculated.

Microhardness measurement

The microhardness of the coated specimens was
measured using MatsuZawa Vickers microhardometer
with indentation load of 100 g for 20 s. The
microhardness was evaluated by taking five indenta-
tions in each layer, and only the three middle values
were averaged.

Energy dispersive x-ray analysis (EDX)

The element distributions of the coatings were ana-
lyzed using Jeol-Jsm5140 Scanning electron micros-
copy (SEM) with an energy dispersive X-ray facility
(EDX).

RESULTS AND DISCUSSION

Microstructure changes of the layers

Pure Al molten bath

The cross section of the samples aluminized with
pure Al (Figure 1(a)) shows the presence of two lay-
ers; intermetallic alloy layer, which is adjacent to steel,
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appears relatively compact, regular and good adhere
with steel substrate, covered with topcoat outer layer
adjacent to the melt, which is less homogeneous with
porous structure. Unlike the tongue shaped morphology
in aluminized carbon steel, the interface between the in-
termetallic alloy layer and the substrate appears flat.

Al � 7%Si molten bath

As seen in figure 1(b), the cross section of the alu-
minized steel specimens in Al-7%Si melt appears simi-
lar to that of samples aluminized with pure Al, except
that the intermetallic layer composed of two sublayers.
The upper sublayer, which is adjacent to the aluminum
alloy topcoat, is much thicker than that of the lower
sublayer that is adjacent to the steel substrate. How-
ever, in many cases it was difficult to distinguish be-
tween these two sublayers. Furthermore, the interface
between the intermetallic layer and the steel substrate
becomes smoother and more regular than in aluminiz-
ing with pure Al.

Al � 11.5%Si molten bath

According to figure 1(c), the upper sublayer be-
comes thicker and in many cases it takes faceted poly-
hedrons shapes as compared to samples aluminized in
Al-7%Si melt, On the other hand, the thickness of lower
intermediate layer that is adjacent to the steel substrate
doesn�t vary noticeably with the increase in Si content.

Effect of Si on alloy layer thickness

The intermetallic layer thickness decreases sharply
when Al-7%Si alloy was used as dipping melt. Silicon
effect can be recognized through three possible theo-
ries:
1 The first theory suggested that silicon inhibits the

layer growth because Si decreases the diffusivity of
Al in steel and enhances the rate of alloy layer dis-
solution in the melt[15].

2 The second theory concluded that the silicon effect
arises from the formation of Fe-Al-Si ternary phases
which nucleate and grow more slowly than -
Fe2Al5 (the main phase formed in aluminizing)[16].

3 The last theory deduced that Si preoccupies the
large structural vacant sites on the C-axes of the
orthorhombic cells of -Fe2Al5 intermetallic com-
pound, and this impedes aluminum atoms moving
from molten Al to the steel substrate and inhibits
the Fe2Al5 growth[17]. In addition to the retarding
effect of silicon, we can see that silicon makes the
surface of the Fe-Al alloy layer smooth and en-
hances the interfacial adhesion between the alloy
coating layer and the steel substrate since there are
no cavities or holes appear in the interface.

4 When Si content in the bath reaches 11.5%Si, the
intermetallic layer thickness will increase again as
seen in figure 2.

Effect of Fe on alloy layer thickness

The addition of 5%Fe to Al melt at 900ºC will de-

crease or completely prevent the dissolution of both
the steel substrate and the alloy layer in the melt ac-
cording to the degree of saturation of the melt, and as
shown in figure 3, the intermetallic layer was much
greater than obtained from aluminizing with commer-
cially pure Al at the same dipping temperature and time.
These results are in good agreement with some previ-
ous work[15,18,19].

It can be noticed from figure 3, that there are no
great differences in the overall intermetallic layer thick-
ness between the specimens aluminized in Al-7%Si
molten bath with or without 5%Fe additions. This ob-
servation may be attributed to deduction that Si and Fe
have contrary effect on the intermetallic layer thickness,
and 5%Fe addition to the melt will annihilate the effect
of 7%Si content in the melt. But we can see that adding

(a) (b) (c)

Figure 1 : Typical microstructure of the aluminized stainless stell (x200)
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5% Fe to the melt resulted in more smooth and uniform
layer/substrate interface.

The microstructure shown in figure 3 and the curve
illustrated in figure 4, reported that the intermetallic layer
thickness is greater when aluminizing with Al-11.5%Si
melt than when 5%Fe is added to the melt, this may be
attributed to the assumption that the growth inhibition
of 11.5%Si exceeds the growth enhancing of 5%Fe.

Effect of temperature and time on the intermetal-
lic layer thickness

Both growth and dissolution of the intermetallic layer
are affected by dipping time and temperature[20]. Gen-
erally, the effect of dipping time at different tempera-
tures on the intermetallic layer thickness for all melts
are the same as Fick�s law of diffusion which describes

that the thickness of intermetallic layer increases with
dipping time at all dipping conditions[21,22].

The intermetallic layer grows relatively quick in the
first few seconds, and then slows down as time increase
up to 60 min, as outlined from figure 2, because the
diffusion resistance of the intermetallic layer becomes
larger with the increase in the intermetallic layer thick-
ness, and also because the dissolution of the interme-
tallic alloy layer increases with time.

The effect of dipping temperature on the interme-
tallic layer thickness is somewhat complex especially in
the case of aluminizing of stainless steel. The rise in tem-
perature favors both the viscosity of the aluminium melt

and the diffusion of Al atoms from the melt toward the
steel substrate and then the intermetallic layer thickness
will increase. On the contrary, increasing the tempera-
ture results in an increase of the diffusion coefficient of
transition metal (Fe, Cr, Ni, Ti, etc) into the melt, this
will increases the solubility of theses elements in the
molten Al, resulting in dissolution of the layer into the
bath, giving a decrease in the layer thickness especially
when the rate of dissolution exceeds that of layer growth.

Moreover, the presence of larger amounts of Cr
and Ni in the molten Al due to the larger solubilities at
higher dipping temperatures impedes the layer growth
and decreases its thickness.

The rise in temperature favors both the viscosity of
the aluminium melt and the diffusion of Al atoms from
the melt toward the steel substrate and then the inter-
metallic layer thickness will increase.

On the contrary, increasing the temperature results

Figure 2 : Effect of dipping time and silicon content on the
thickness of the intermetallic layer

Figure 3 : Typical microstructure of the stainless steel
samples aluminized at 900C (x200)

TABLE 1 : Nominal composition of molten alloys

Chemical composition (wt. %) 
Bath 

Si Fe Mg Mn Ti Al 

1 0.06 0.18 0.002 0.003 0.002 99.7 

2 6.94 0.1 0.374 0.003 0.125 Bal. 

3 11.5 0.12 0.251 0.004 0.139 Bal. 
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Figure 7 : Indentations of the measured micro hardness on
the aluminized sample (x200)

Figure 6 : EDX peaks showing the alloy layer of aluminized
sample

in an increase of the diffusion coefficient of transition
metal (Fe, Cr, Ni, Ti, etc) into the melt, this will in-
creases the solubility of theses elements in the molten
Al and this will increase the dissolution of the layer into
the bath resulting in a decrease in the layer thickness

especially when the rate of dissolution exceeds that of
layer growth. Moreover, the presence of larger amounts
of Cr and Ni in the molten Al due to the larger solubili-
ties at higher dipping temperatures impedes the layer
growth and decreases its thickness.

Figure 4 : Effect of Fe addition on the intermetallic layer
thickness

Figure 5 : The thickness of the intermetallic layer vs. tem-
perature at different dipping times
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Figure 8 : Micro hardness profile of samples aluminized at 900C for 60 min

Figure 9 : The interface layer thickness vs. the square root of time for aluminized samples in different bathes at different
temperatures

In figure 5, the intermetallic layer thickness is plot-
ted versus temperature for various bath compositions
and various dipping times, where it is obvious that the
thickness of intermetallic layer generally increases with
rising temperature.

When hot dipping in commercially pure Al molten
bath, it is found that the largest and most uniform layer
thickness was obtained at 800ºC and time 20 min, and

this is also the case when aluminizing in Al-11.5%Si mol-

ten bath, but when using Al-7%Si molten bath, the dip-
ping temperature was about 750ºC also at time 20 min.

Chemical analysis of the intermetallic layers

Based on TABLE 2, the gradients of Al and the
steel elements (Fe, Cr and Ni) across the intermediate
layer are different, the A1 content decreases from the
top coat layer to the steel side, while the steel elements
decrease in the opposite direction.
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The presence of Cr and Ni in the alloy layer and
inside the top coat layer may be due to the dissolution
of these elements from the base metal and the migration
of these elements toward the melt direction.

The addition of 5%Fe to the melt resulted in in-
crease in the concentration of some elements in the melt
such as Fe, Cr, and Ni, while decrease the concentra-
tion of Al in the melt. This observation may be attrib-
uted to the formation of excess intermetallic compounds
which consumes Al and in the same time increase of Cr,
and Ni dissolution in the melt.

Figure 6 shows typical EDX peaks obtained for
the intermetallic alloy layer for the aluminized specimen,
indicating clearly the presence of Al in the alloy layer,

but there is no Si observed in this analysis.
The absence of silicon peaks from the analyses may

be attributed to two possible deductions:
1 The first deduction is that there are Fe-Al-Si inter-

metallic phases formed in hot dipping process but
due to the neighboring of Si and Al in the periodic
TABLE and consequently high Al peaks vanished
the small Si peaks.

2 Another possible deduction suggests the absence
of Fe-Si intermetallic in the alloyed layer may be
due to the smaller atomic volume of Al rather than
that of Si, then the diffusion rate of Al species is
enhanced and Al-rich phases [particularly Fe2Al5]
are expected to form directly in contact with the
iron surface. The layer formed will prevent Si from
reaching the base metal[23].

Microhardness distribution across the coating layers

The formation of intermetallic alloy layer lead to
great increase in the microhardness more than the base
metal[24]. TABLE 3 shows microhardness measure-
ments for aluminized samples in different conditions.

As shown in figure 7, the microhardness values de-
creases when moving toward the topcoat layer due to
the high aluminum content and the porous structure of
the top coat layer, furthermore microhardness decrease
still observed as moving toward base metal, and it may
be accounted for the changes of the intermetallic phases.

The presence of silicon in the melt results in slight
increase in the microhardness of both the intermetallic
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, this may be due to the formation of harder inter-
metallic phases which give the higher microhardness of
both layers.

Increasing dipping temperature and time leads to
continuous formation of new hard phases, and there-
fore, increases the microhardness of intermetallic layer.

Aluminizing kinetics

In order to investigate the rate controlling mecha-
nism and establish a kinetic law of the layer growth, the
intermetallic layer thickness is plotted versus the square
root of time and the results are fitted according to suit-
able relation[25].

TABLE 2 : Results of EDX quantitative analysis

Pure Al � 900ºC � 60 min 

 Al Fe Cr Ni 

Base metal - 65.6 25.7 5.8 
Base metal /alloy layer 
interface 

50.9 32.6 11.9 3.0 

Alloy layer 59.6 26.4 10.0 2.3 

Topcoat /alloy layer interface 62.6 24.6 8.7 2.4 

Topcoat layer 79.9 12.4 4.6 1.0 

Pure Al + 5%Fe � 900ºC � 60 min 

 Al Fe Cr Ni 

Base metal - 66.1 26 5.7 
Base metal /alloy layer 
interface 

35.2 44.0 15.4 4.4 

Alloy layer 37.8 43.1 13.9 4.2 

Topcoat /alloy layer interface 41.8 36.9 15.0 4.3 

Topcoat layer 44.9 37.4 11.6 3.9 

TABLE 3 : Results of micro hardness measurements

Position 
Sample Molten bath Temp. 

(ºC) 
Time 
(min) 1 2 3 4 5 

1 Al 900 60 57.5 185 536 217 189

2 Al + 5%Fe 900 60 76.9 209 560 274 176

3 Al - 7%Si 800 40 83.6 287 468 215 169

4 Al - 7%Si 900 40 142 290 665 228 174

5 Al - 7%Si + 5%Fe 900 60 165 292 542 245 182

6 Al - 11.5%Si 750 60 94.1 283 473 193 187

7 Al - 11.5%Si 850 40 111 256 464 228 192

8 Al - 11.5%Si 900 60 114 217 468 258 176

9 Al - 11.5%Si + 5% Fe 900 40 205 245 473 283 197

10 Al - 11.5%Si + 5%Fe 900 60 205 264 681 304 201

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
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As outlined in figure 9, the linear relationship be-
tween the thickness and t

1/2
 is well displayed for all speci-

mens, which confirms the solid state diffusion controlled
growth of the intermetallic layer.

There are some cases where there are deviations
from parabolic law due to scattering in experimental
measurements of the alloy layer thickness.

CONCLUSIONS

1 An intermetallic layer formed on the steel substrate
as a result of a reaction between the molten alumi-
num alloy and the steel substrate, the thickness of
this layer increased with the increase in hot dipping
temperature and time.

2 The presence of 7%Si in the melt decreases the
diffusion rate of Al atoms toward the substrate, lead-
ing to a reduction of intermetallic layer thickness,
but when Si content reaches 11.5% the thickness
increases again.

3 The largest and most uniform layer thickness was
obtained at 800ºC and time 20 min in pure Al mol-

ten bath, and this is also the case when aluminizing
in Al-11.5%Si molten bath, but when using Al-7%Si
molten bath, the dipping temperature was about
750ºC also at time 20 min.

4 The addition of 5% Fe to the melt increases very
much the layer thickness when using pure Al bath,
but Fe additions have no effect when aluminizing
with Al-Si alloys.

5 The rate of growth for the intermetallic layer fol-
lows a near parabolic law; hence the mechanism
responsible for the formation of this layer is solid
state diffusion mechanism.
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