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Abstract

Chromium low alloyed steel substrate was subjected to aluminizing by hot dipping in pure aluminium and Al-Si eutectic alloy at
750°C and 650°C respectively, for dipping time up to 45 minutes. The coated samples were subjected for investigation using an
optical microscope, scanning electron microscopy (SEM), Energy-dispersive X-ray analyzer (EDX) and X-ray diffraction (XRD)
technique. Cyclic thermal oxidation test was carried out at 500°C for 72 hours to study the oxidation behaviour of hot-dipped
aluminized steel. Electrochemical corrosion behavior was conducted in 3wt. %NaCl aqueous solution at room temperature. The
cyclic thermal oxidation resistance was highly improved for both coating systems because of the formation of a thin protective
oxide film in the outermost coating layer. The gain in weight was decreased by 24 times. The corrosion rate was decreased from
0.11 mmpy for uncoated specimen to be 2.9 x10° mmpy for Aluminum coated steel and 5.7x 10 mmpy for Al-Si eutectic coated
specimens. The presence of silicon in hot dipping molten bath inhabit the growth of coating intermetallic layers, decrease the total
coating thickness and change the interface boundaries from tongue like shape to be more regular with flatter interface. Two distinct
coating layers were observed after hot dipping aluminizing in Al bath, while three distinct layers were observed after hot dipping in
Al-Si molten bath.
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1. Introduction

Plain and low alloyed steel are considered the most demanding
materials for multipurpose applications, because of their low
cost and wide varity of properties that play a vital role in alloy
design, heat treatment, and forming operations [1]. Steel has
many physical advantages such as high strength, elasticity,
ductility, and toughness; however, it has many limitation
properties like low corrosion and oxidation resistance at high
temperature, low fatigue strength in addition to susceptibility

to brittle fracture and buckling [2]. The modification was
required to enhance the corrosion and oxidation properties by
alloying the steel with different elements such as chromium
and nickel, but this increases the cost of material and limits
width of the processing window [1]. Surface modification of
the steel is an alternative choice for an expensive alloy steel
material [3]. The surface modification can be applied using a
suitable method. When an appropriate technique is used and
correctly done, many properties of the steel such as corrosion,
oxidation, mechanical and wear resistance can be increased [4,
5]. Coating considered a very important technique to determine
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the efficiency of the material. Surface coating is a cost-
effective and simple technique which acts as a protective layer
when applied to the surface of the substrate [6]. Hot-dip
aluminizing is less expensive and an effective coating process
to protect steels from oxidation and corrosion [1, 7, 8, 9, 10].
When applying aluminium as a coating material on the surface
of the steel, it can form a corrosion resistance layer [11, 12].
Formation of a continuous alumina layer can protect the steel
from oxidation, sulfidation and degradation in seawater [13].
The presence of silicon in hot dipping molten aluminium bath
improve the fluidity of molten metal and provide the aluminide
layer better mechanical properties, good adherence and high-
temperature corrosion [14]. The addition of Si to hot dipping
molten bath was found to restrict the growth rate of
intermetallic layer and subsequently decrease the thickness of
the brittle phases, improve formability and a flattening of the
coating/substrate interface [15, 16]. The aim of this work is to
improve both high oxidation resistance and corrosion
resistance for chromium low alloyed-steel. Chromium low
alloyed steel was chosen in this work because there are very
little works were published about this alloy in addition, this
alloy is normally used in some of the high-temperature
applications (boiler tubes) [17].

Table 1.
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In the present study, chromium low alloyed steel was
aluminized by using pure Al and Al-Si eutectic alloy melts.
The thickness and microstructural details of the coated layers
were investigated. The cyclic thermal oxidation resistance and
corrosion behaviour of coated and uncoated samples were also
be tested.

2. Experimental

2.1. Materials

The chemical composition of chromium low alloyed steel
grade used in the present work is given in table (1). The
substrate material was machined and cut in a cylindrical shape
having 10 mm length and 20 mm in diameter. The specimens
were grounded using a set of emery papers (till grade 1200)
and then cleaned by acetone.

Tables (2) and (3) represent the chemical nominal
compositions of aluminium and aluminium- 11.7% silicon
eutectic alloy which used in hot dipping aluminizing process.

The chemical composition, in wt. %, of chromium low alloyed steel grade

Elements (wt. %)

C% Si% Mn% P% Cu% Ti% Ni% Nb% Cr% Fe%
0.208 0.297 0.67 0.01 0.046 0.0058 0.119 0.027 3.0 Balance
Table 2.
Chemical composition, in wt. %, of commercial pure Al
Elements (wt.%)
Al Cu Fe Mn Si Zn Residuals
99-99.95% 0.05-0.2% 0.95% max 0.05% max 0.95% max 0.10% max 0.15% max
Table 3.
Chemical composition, in wt. % of Al-11.7 % Si
Elements (wt.%)
Si Mg Zn Fe Al Residuals
7-12% 0.05% 0.1% 0.95% Balance 0.15% max
2.2. Fluxing

Steel specimens were degreased and descaled to provide a
fresh surface to facilitate contact with molten bath materials.
The fluxing solution used in the present study was prepared by
adding equal amounts of NaCl and KCI to the water forming a
25% weight percentage solution [2]. The specimens were
immersed in flux - solution for 3 minutes time interval, then
rinsed and dried just before hot dipping. Fluxing was applied
on surface to improve the wetting between substrate and
molten melt and promote the dissolution of surface darts and
surface oxides present on the steel substrate.

38
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2.3. Hot dipping process

Three samples were prepared for every dipping time. After
hot dipping, specimens were cross sectioned and mounted in
epoxy resin. The mounted specimens were subjected to
grinding and polishing using classical preparation methods.
The polished specimens were selectively etched using Nital
3% solution to reveal the matrix (3ml HNO3;+97ml ethyl
alcohol) and Killer etcher (0.5ml HF+1.5ml HCL and 1ml
HNO;) to reveal the microstructure details of coating layer
[18].
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2.4. Microstructure examinations

Microstructure  examinations and layer thickness
measurements were carried out by using Olympus optical
microscope type (OLYMPUS DP73) fitted with micrometer.
The layer thicknesses of coated specimens were taken as
average value from at least 20 reading for each specimen.
Surface morphologies and phase identifications of coated
layers were studied using a SEM scan electron microscope
fitted with EDX analyzer (SEM/EDX type: Thermo Scientific
Quattro S) and X-Ray Diffraction device (XRD Simense
D5000 powder difractometer Cu Ko radiation (wavelength=
0.154nm) with a nickel filter at 40 kv and 30 mA).

2.5. High temperature oxidation resistance

Cyclic high-temperature oxidation resistance of coated and
uncoated specimens of chromium low alloyed steel was
investigated by heating the specimens in furnace atmosphere at
500 +10 °C for 72 hours using electrical resistance furnace. The
specimens are weighed intermittently to determine the specific
change in weight during the oxidation at 500 °C.

2.6. Electrochemical corrosion behavior

Electrochemical corrosion behavior was conducted for coated
and uncoated specimens at room temperature via potentiodynamic
device (SP-300). All the potentiodynamic tests of electrochemical
corrosion were carried out at a cell which consists of a standard
three-electrode system; the aluminized specimen which immersed
in aqueous solution which used as a working electrode; the
platinum electrode used as the counter electrode and saturated
calomel electrode (SCE) as a reference electrode. The test
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specimens, used as a working electrode, were embedded in epoxy
resin with 3.143 cm? exposed working area. Before starting
electrochemical experiments, these aluminized specimens were
immersed in 3%NaCl aqueous solution [19] for a period of time
approximately 20 minutes to made stabilization of open circuit
potential (OCP vs SCE). All samples polarization measurements
were conducted at the applied potential within the -1.5 to -0.5 V
range.

3. Results and Discussion

3.1. Microstructure features and phase
identification

The thickness of coated layers on all measured specimen

was found to be inhomogeneous. Figure (1) represents the
relation between dipping time and the average layer thickness
measured for steel samples after hot dipping in both
aluminium (fig. 1-a) and aluminium-silicon eutectic (fig. 1-b)
molten bathes.
The overall layer thickness of coated layer in all test conditions
increases with the increase of time of dipping. The presence of
silicon in molten bath drastically decrease the thickness of
coating layer, which was formed at same experimental
conditions, for example the average thickness of aluminium
coating layer approaches 16 micrometers while the average
thickness of aluminium-silicon eutectic coating layer
approaches 5 micrometers after same dipping time (10
minutes) and same degree of super heat (100°C). The presence
of silicon in molten bath have significant inhibiting effect on
the growth rate of aluminized and intermetallic layers which
confirm the Nichollos's assumption and some literatures which
supposed that the silicon atoms can replace Al atoms in all the
binary intermetallics of the Fe-Al system so the diffusion
condition can be changed [15, 20, 21, 22, 23, 24].
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Fig. 1. The relation between dipping time (in min.) and the average thickness (in pm) of coated layer after hot dipping in molten Al (fig.
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a) and in molten Al-Si eutectic bath (fig. b).
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Table 4.

c3)

Fig. (2-c3). EDX analysis Point 3 (substrate)
Fig. (2-c). EDX analysis of Al coated steel after 30 min dipping time at different points (point 1 at the coating layer, point 2 at the
interface and point 3 at substrate material

Results of EDX analysis for Al coated steel after 30 min dipping time at point 1, 2 and 3 in figure 2¢

Element Point 1 at top coating layer Point 2 at interface Point 3 at substrate
wt % at% wt % at % wt % at%
Al 99.32 99.67 20.92 35.35 151 3.06
Fe 0.68 0.33 77.64 63.39 95.95 93.7
Si e e 1.44 1.26 0.66 1.27
(O] S e S 1.88 1.97
AXBy A,B
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Fig. (3-b3). EDX Point 3 (interface/substrate)
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Fig. (3-b4). EDX analysis Point 4 (substrate)
Fig. (3-b). EDX analysis of Al-Si coated steel after 30 min dipping time at different points (point 1 at the coating layer, point 2
at the coat/interface, point 3 at interface/substrate and point 4 at substrate material
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EDX numerical values of analysis at point 1, 2, 3 and 4 in the figure 3-b. (30 min dipping in Al-Si

Element 1% layer (topcoat)-point 1 2" layer -point 2 3 layer -point 3 4™ Substrate point 4

wt. % at% wt. % at. % wt % at % wt % at %
Al 94.96 96.76 57.21 69.17 48.1 63.77 - -
Fe 0.68 0.32 32.03 18.71 45.89 29.39 97.34 96.51
Si 1.87 1.83 10.05 11.67 461 5.87 0.72 1.42
Cu 2.52 1.09
Cr 0.71 0.45 14 0.97 1.94 2.07
AxByCz Fe,SiAl;, Fe(Al);Si Al,SisCr,

Fe,Als

In order to study the nature of interphase and the possible
reactions between substrate materials and coating layer, the
interphase area was subjected to investigation using SEM,
EDX and X-ray diffraction techniques. The test results of
microstructural investigation are given in the figure 2 and 3.
The detailed of EDX analyses are given in related charts (fig.
2¢), (fig. 3b), table (4) and table (5).

The microstructures in (fig. 2-a) and (2-b) indicated that,
after 30-minutes dipping time in molten aluminum bath, the
interface boundary have irregular shape with serrated or
tongue like morphology, while the interface bounder after
same dipping time in molten Al-Si bath have relatively regular
shape as it observed in (fig. 3-a). Such serrated morphology
could be attributed to the anisotropic diffusion path throw the
intermetallic layer during hot-dipping in aluminium bath [25].
Furthermore, the presence of silicon in molten bath restrict the
inward diffusion of aluminum throw the substrate [26, 27].

The microstructures in (fig. 2-a), (2-b) for aluminum
coated sample indicate the presence of two — layer, while three
distinct layers with regular flat boundary lines were observed
in SEM microstructure in (figure 3-a) after dipping on
aluminum — silicon eutectic molten bath.

The results from EDX analysis are showed in tables (4)
and (5) revealed that existence for several intermetallic phases
present as results of inward diffusion alloying elements present
in molten bathes and the outward diffusion of substrate
alloying elements. There are five intermetallic phases are
presented in binary equilibrium Fe-Al phase diagram are Fe;Al,
FeAl, FeAl,, Fe,Als and FeAl;, while more complicated
intermetallic phases will be existing in actual systems
depending on the bath composition, substrate material, dipping
temperature, contact time and cooling rate

The mathematical analysis for EDX data in table (4) for Al

coated sample reveled that the stochiometric atomic ratio
between Fe and Al in point 2 are about Fe,Al, which is not
excite in the binary equilibrium phase diagram, it may be
reflect the presence of FesAl and FeAl mixture at the interface
area. The analysis of EDX data point 1 and point 2 are not too
far away from that of initial bath and substrate composition.

The results of EDX chemical analysis after hot dipping of
chromium low alloy steel grade in molten Al-Si bath are given
in (figures. 3-b) and summarized in tables (5), which reveal the
existence of three chemically distinct sublayers overlaying the
substrate materials. The EDX chemical analysis for the top
layer at point number 1 has approximately the same chemical
composition of commercially pure aluminum, that may be
caused by inward migration of silicon to the next layer.

The EDX chemical analysis of 2" layer at point number 2,
indicates that iron diffuses outwardly while aluminum and
silicon diffuse inwardly derived by difference in concentration
gradient and chemical thermodynamic to form intermetallics
between them. The stochiometric atomic ratio between Fe, Al
and Si in point 2 may be reflect the presence of Fe,SiAl; or
Fe(Al);Si intermetallic at the 2™ layer.

The EDX chemical analysis of 3" layer at point number 3,
indicates that the chromium diffuses outwardly from substrate
material to the adjacent 3™ coating sublayer derived by
concentration gradient. The stochiometric atomic ratio between
Fe, Al, Si and Cr in point 3 may be reflect the presence of
Fe,Als and Al,Si;Cr intermetallics at the 3" layer.

The EDX chemical analysis of substrate material point 4 has
approximately same chemical composition of original
substrate material as given in table (1).
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Fig. 4. Distribution of alloying element during hot dipping in Al-Si molten bath (data from the tab. 4 & fig 3-a)

Referring to diffusion baths shown in figure (4) it is clear that
the silicon and aluminium diffused inward from the molten bath
in the direction of the substrate surface. On the other hand,
chromium and iron are diffused outward from the surface of the
substrate material in the direction of the molten bath. It worth to
be noted that Si highly concentrated at the 2™ sublayer which may
be a sign to form an intermetallic.

In the light of EDX analysis in figure (4) and the published
articles from [7, 16, 21] also referring to Fe-Al phase diagram the
present intermetallics could be Fe,SiAl; and/ or Fe(Al)sSi in the
2" layer and Al,SisCr and/ or Fe,Als in the 3 layer. The
chemical affinity of silicon and the bath controlling parameters
(bath temperature, dipping time and diffusion coefficient of Si in
coating layer) are led to form intermetallics which is relatively
high so the concentration of the silicon is high in the 2™ sublayer.

3.2. Thermal cyclic oxidation resistance

Thermal cyclic oxidation resistance of the coated and
uncoated specimens of chromium low alloyed steel was
investigated by heating the specimens in furnace atmosphere at
500 °C for 72 hours using electrical resistance furnace. The
test results are given in figures (5) & (6), which represent the
change in specimen weight during oxidation in (mg/cm?) as a
function of oxidation time in (hrs).

The test result from high-temperature cyclic oxidation in

figures (5) & (6) showed that oxidation kinetics followed the
parabolic rate law at test temperature for most tested samples.
The cyclic thermal oxidation resistance of all coated
specimens was highly improved in comparison with that of
uncoated specimens. After heating of specimens in oxidizing
environment for 72 hours at 500 °C, the specific gain in weight
was strongly reduced from 121 mg/cm?2 for uncoated steel to 6
mg/cm? for Aluminum coated steel specimens after 10 minute
dipping time and 5 mg/cm2 for AIl-Si eutectic coated steel
specimens after 30 minute dipping time. Such similarities in
high oxidation resistance of Al coated and AI-Si coated
samples could be attributed to the chemical composition of the
top coating layer in both cases, where protective oxide or
oxides cover the outermost surface layer in both cases, as it
explained in EDX discussion and analyses in (fig 2-c), (fig. 2-
b), table (4) and table (5). The oxidation resistance of coated
chromium low alloyed steel improved through preferential
oxidation of aluminium atoms present in the top coating layer
of steel substrate. Such high oxidation resistance of aluminized
steel can be attributed to the formation of the impermeable
passive protective aluminium- oxide layer of a-Al,03, which is
thermodynamically high stable.
At oxidation temperature, the inward diffusion of O% anions,
the outward diffusion of all substrate cations addition to the
bulk diffusivity of AI®* cations occurred because of the
concentration gradients and preferential chemical affinity [28,
29].
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Fig. 5. the specific gain in weight mg/cm? during cyclic oxidation of uncoated and pure Al coated samples at different dipping time
(a) Non coated sample b) 5 min pure Al coated sample (c) 10 min pure Al coated sample (d) 30 min pure Al coated sample
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(a) Non coated specimen (b) 5 min Al-Si coated sample (c) 10 min Al-Si coated sample (d) 30 min coated sample

The X ray diffraction in figure (7) and (8) shows the phases of
aluminide coated specimens before and after oxidation at 500
°C for 72 hours. (Fig. 8-a) shows the presence of Al,O3 in the
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outer surface after oxidation test of Al coated samples, while
(fig. 8-b) shows the presence of SiO, in the outer surface after
oxidation test of Al-Si coated samples.
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The results of XRD after hot dipping (fig. 7) and after
oxidation (fig. 8) are not in agreement with results gained from
EDX analysis for the same samples. The continues protective
oxide or oxides at the top layer scale formed after high
temperature oxidation of aluminum or aluminum and silicon in
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outermost layer is tight and very thin. This contradiction could
be explained considering the analysis capability of both
techniques. The EDX has a very low depth of analysis from 3
to 5 nm while XRD has much higher depth of analysis of a few
micrometers.

(2) Aluminum

F 3
L= Coating Al layer

1 ) l ok .
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Fig. 7. XRD X- Ray Diffraction pattern for chromium low alloyed steel after hot dipping for 10-minutes in (a) Al and (b) Al-11.7%Si
molten baths
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Fig. 8. XRD X- Ray Diffraction pattern after cyclic oxidation of coated samples at 500 °C for 72 hours
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Fig. 9. Polarization curve for uncoated and coated samples after hot dipping at different dipping time. (a) in Al molten bath
(b) in Al-11.7%Si molten bath
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Corrosion polarization parameters for uncoated and coated specimens at different dipping time and different coating materials,

(a) at commercially pure Al , (b) at Al-11.7%Si eutectic

a. Hot dipping in aluminium bath
Dipping time, min Bc Ba E corr I corr. Cor. Rat mmpy
mv/decay mv/decay mv HA

0.0 min 628.7 121.8 -617 29.78 0.11

5 276.9 157.6 -1128 20.50 0.075

10 211.2 65.1 -966.55 4.84 0.017

30 118.4 102.4 -946.98 0.85 0.002

45 503.7 55.8 -886.98 3.15 0.010

b. Hot dipping in aluminium — silicon bath

Dipping time, min Bc mv/decay Ba mv/decay E corr I corr. Cor. Rat
mv HA mmpy

0.0 min 628.7 121.8 -616 29.784 0.11

5 103.8 69.3 -904 1.647 0.0057

10 282.4 50.9 -810 14.085 0.0488

30 131.7 79.4 -865 5.84 0.0202

45 289.0 26.9 -758 3.56 0.0124

(Figure. 9) and table (6) shows the results of Tafel
polarization tests for chromium low alloyed steel before and
after aluminizing. The corrosion current, gy, Was
significantly decreased after the aluminizing process; however,
the corrosion potential Ec,,, after the aluminizing process was
shifted to the active direction.

The result of Tafel analyses for both coating layers reveals
that the corrosion rate decreased from 0.11mmpy for uncoated
steel to 0.002 mmpy for aluminium coated steel after 30
minutes dipping time and to 0.005 mmpy for aluminium -
silicon-coated steel after 5 minutes dipping time. Such
decrease in the corrosion rate of all tested samples could be
attributed to the formation of stable protective oxide or oxides
at the surface of coated specimens, which will hinder the
exposure of the steel substrate to the corrosive electrolyte and
subsequently corrosion rate drastically reduced.

The different electrochemical corrosion behavior of coated
samples at different dipping time, could be explained in the
light of the possible diffusion and subsequent interaction
between the substrate material and the aluminizing molten
baths. Referring to both binary Al-Fe and ternary Al-Fe-Si
phase diagrams, several intermetallic phases are possible to
form as a result of hot dipping of steel samples in molten
aluminizing bathes [27, 30].

In general, the nature and thickness of coating, intermetallic
and interdiffusion layers formed through the interaction
between substrate and molten bath, depends mainly on the
dipping temperature and time besides the chemical
composition of substrate material and molten bath.

4. Conclusion

. Hot dipping aluminizing is a successful method to
improve oxidation and corrosion resistance of chromium
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low alloyed steel for both coating systems because the
formation of thin protective oxide film in the outermost
coating layer.

It can be concluded that during different intervals of
time, the layer thickness increased up to 16um and 5um for
dipping in commercial pure Al and Al- 11.7%Si molten
baths respectively at time interval 10 minutes.

The gain in weight at high temperature cyclic oxidation
was decreased by 24 times.

The corrosion rate was decreased from 0.11 mmpy for
uncoated specimen to be 2.9 x10° mmpy for Aluminum
coated steel and 5.7x 10 mmpy for Al-Si eutectic coated
specimens.

The presence of silicon in hot dipping molten bath
inhabit the growth of coating intermetallic layers,
decrease the total coating thickness and change the
interface boundaries from tongue like shape to be more
regular with flatter interface.

Two distinct coating layers were observed after hot
dipping aluminizing in Al bath, while three distinct layers
were observed after hot dipping in Al-Si molten bath.

The controlling parameters of hot dipping process (bath
temperature, dipping time and diffusion coefficient of
elements in coating layer) are led to the formation of
intermetallics of type F;Al and/ or FeAl in pure Al coated
specimen and Fe,SiAl; and/ or Fe(Al); Si, Al,Si;Cr and/ or
Fe,Als in Al-11.7%Si coated specimen.
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