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Abstract

N
An ASTM A29 steel was coated with aluminide by dipping in a molten Al bath at 700°C for 16 s.

The resistance of ASTM A29 steel tozhigh-temperature oxidation drastically decreased upon
oxidation at 850°C for 12 h, whereas the oxidation resistance of the aluminised steel subjected to
hot dipping was higher (by 25-fold). The external part of the aluminide layer. which consists of
Fe>Als, FeAlz, and FeAl(CrsSi) phases scattered in the Fe,Als phase. was formed through the
outward diffusion of Al and inward diffusion of Fe. The Fe2Als phase played an important role as
a reservoir of Al atomsithat fotin the alumina (Al>Os) scale, while Cr and Fe from the FeAl(Cr,Si)
particles and accelerated the conversion of the metastable 6-Al>O3 phase to a stable ci-Al>O3 phase.
Consequently, the parabolic rate constants of aluminised steel decreased with extended oxidation
time,

Keywords: ASTM A29 steel, aluminide layer, high-temperature, oxidation resistance, alumina

1. Introduction
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A high strength ASTM A29 low alloy steel with a 1.10 Cr-0.25 Mo (wt.%) can be a candidate
material as replacement of high Cr-Mo steel grades and stainless-steel grades for hightemperature
material applications in the petrochemical industry, power plants and transportations sectofs. The
ASTM A29 steel has good mechanical properties and is cheaper than thosejof high Cr-Mo steel
grades and stainless-steel grades. However, the low Cr concentration in this steel is a critical issue,
which limits its industrial application. Mazrouee and Raman [1]-reported that the oxidation
resistance of a 1.25Cr-0.5Mo steel exhibited a significant decrease the temperature range of
500-600°C. At higher temperatures, the rapid oxidation kinctics for the chrome-moly steels with
0.5-9% Cr and 0.5-1% Mo were attributed to the loss of the protective Cr.O; layer, which led to
growing non-protective (Fe203). Fe3Oa, and (Fe,Cr)sOa scales, Therefore, the application of these
steels is restricted above 600°C [1-4].

To widen industrial applications .in the temperature range of 700-850°C, the oxidation
resistance of ASTM A29 steel needs to be improved by hot-dip aluminising (HDA) coating. HDA
coating has been reported to be a simple, cost-effective method for improving the high-temperature
resistance of steel and its alloys by forming a protective Al2Os scale on the outer layer [5—7]. There
are two types of HDA steel coating: (1) the aluminised Type 1 steel uses Al-(3-10%)Si, and (2)
the aluminised Type 2 'steel uses relatively high purity Al. Adding a certain amount of Si into a
molten Al bath reduces the thickness of the aluminide coating on the steel substrate [8,9], which
thins the aluminide coating, a pre-requisite to further manufacturing of aluminised steel
components [ 10}.. Therefore, an HDA coating with Al-Si is normally applied to low carbon steel,
which is'mainly used for automotive exhaust systems, furnace heat exchangers and other heat-

resistant applications at 700°C [5.6]. However, the high-Si content in the intermetallic of FeAl

layer growing on the low carbon steel substrate [5.6] and on the high Cr-Mo steel substrate [7.11]
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during oxidation in temperature range of 750-850°C had a detrimental effect, which ledito the
breakdown of protective Al2O;3 layer due to local formation of iron oxide nodules. Therefore, the
aluminised Type 2 steel has better oxidation resistance than that of the aluminised Type'l steel
[12]. Additionally, the aluminising Type 2 coating was applied to high strength AISI 4130 steel,
which combines the strength of steel substrate and aluminide coating protections for superior hot-
corrosion resistance [13]. Because the thickness of the aluminide“layer on the steel substrate
determines the steel’s mechanical properties [10]. all industial hot-dip aluminising type 2
processes allow the strict control of the coating reaction, by shertening the dipping time in few
seconds.

Only a few publications on the high-temperaturg“oxidation of aluminising Type 2 coating on
high strength steel grades with the low Cr-Mo'contents.are available in the literature. Therefore,
we experimentally investigated the resistance ‘of aluminised Type 2 ASTM A29 steel on high-
temperature oxidation in ambient air at 850°C. A thermogravimetric analyser (TGA) was adopted
to evaluate the oxidation kineticsiof an ASTM A29 steel with and without aluminising coating.
The microstructures, chemical composition and surface morphology of the aluminide layers after

oxidation were examined.

2. Experimental procedure

A commercial ASTM.A?29 steel with chemical compositions of 0.3C-1.10Cr-0.25Mo-0.60Mn-
0.035P-0.04S-0:30Si(wt.%) was cut into specimens with 20 mm x 10 mm x 2 mm dimensions. A
hole (I mm diameter) was drilled into each specimen. The specimen surface was polished using
500-1000 emery paper and later ultrasonically cleaned using acetone and ethanol for a few

seconds. Before coating, all specimens were ultrasonically neutralised using a 5% NaOH and a
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10% H3POy solution for a few seconds. Next, the specimen surface was covered with an aluminium
welding flux. The specimen was hung on a mini crane (Linear head (2FL10N-5 model) driven by
a motor (2RK6RGN-CW2L model, with MSC controller) using a stainless-steeliwire with'l mm
diameter. A motor automatically drove the mini crane at a constant speed of 14.3 mm/min, dipping
the specimen into a molten Al-0.5Si (wt.%) bath at 700°C for 16 s. After the specimen was dipped,
it was automatically pulled out from a molten Al bath and then cooléd-to room temperature. The
oxide remaining on the specimen surface as then cleanedgusing._a phosphoric acid/nitric
acid/water solution (1:1:1 v/v) at room temperature.

To investigate the oxidation kinetics of the steels with and,without the aluminium coating,
specimens were subjected to air oxidation at 850°C*fer 12 h using a TGA (Pyris 6 model).
evaluate the phase transformation and microstructures,of the aluminide layer, aluminised steel
specimens were oxidised in a box furnace at 850°C for various times (1. 5 and 12 h) under static
air. After the aluminised steel specimens'were oxidised, they were removed from the furnace and
then cooled to room temperature:

All aluminised steel specimens (beforerand after being oxidized) were characterized by means
scanning electron microscopy (SEM: Jeol JSM 6390) with secondary electron imaging (SEI) for
observing the microstructuresiand surface morphology of the aluminide layers. Additionally,

Energy-dispersive spectroscopy (EDS) was also performed to analyse their chemical composition

(expressed as atomic percentage, at.%) for determining the phase formed in the aluminide layer.

3. Results and discussion

3.1.[Characterisation of the aluminide coating
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Figure 1a shows the typical microstructure of the aluminised ASTM A26 steel with the coating
layer composing to two distinct regions; an aluminium layer (region I) and an intermetallic layer
(region II). According to the Fe-Al phase diagram, the aluminide coating that wasformed afier the
steel was dipped into a molten Al (~99 wt.%) bath was dominated by an' Al-rich layer and
intermetallic compounds composed of FeAls and Fe:Als phases [14]. EDS results in Figure la
verified that the chemical compositions of aluminide layer in regions'I and IT'are consistent with
Al layer (Fig. 1b: Point A), FeAls layer (Fig. lc: Point B). and FezAls layer(Fig. 1d: Point C). The
aluminide coating consisted of an aluminium layer with low Fe; Si. and Cr concentrations (Fig.
1b). The solubilities of Si in the FeAl; and Fe,Als layers were approximately 1.4 at.% and 2.44
at.%, respectively. EDS results indicate that the solubilities of Cr were lower, 0.19 at.% and 0.33
at.%, respectively (Figs. lc and 1d). Accordingto the thermodynamic equilibrium, a Fe2Als phase
with an orthorhombic structure and a high number of vacancies and defect paths initially formed

V 1,,
along the ¢ axis, ultimately contributing touthe rapid growth of the Fe2Als phase [15].
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Figure,l«/(a) SEI of the cross-sectional morphology of as coated steel and (b—d) EDS spectra of
the aluminium and intermetallic layers.
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The thicknesses of the aluminium and intermetallic layers were approximately 29 um and 12

pm, respectively. According to Hwang ct al. [16], growth of an intermetallic layer and dissolution

of marginal amounts of Fe into the molten aluminium occur simultaneously when Steel is in'contact

with molten aluminium, and this growth is directly related to the loss of thesteel substrate. The

intermetallic layer had a homogeneous, dense structure. No pores and cracks could be observed in

the aluminide coating. The interface between the aluminium topcoat and intermetallic layer was

slightly uneven, and the intermetallic layer/steel substrate interface was-relatively smooth because

of its flat structure. This flat structure and the slow growth of.the Fe2Als layer are due to the

uniform pearlite microstructure and the high volume. fraction of the cementite phase [16],

respectively.
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Figure 2. Oxidation'kinetics curves for the ASTM A29 steel specimens with and without

the aluminium coating.

3.2.[Resistance to high-temperature oxidation
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Figure 2 shows plots of the weight gain of each specimen against the duration of oxidation
indicate that the oxidation of the steel with and without aluminium coatings has parabolic Kinetics.
The weight gain of an ASTM A29 steel increased quickly. Hence, a 1.10 wt.% Cr content of the
steel is insufficient for forming a Cr20s layer that protects the steel during oxidation at 850°C for
12 h.

That is, the oxidation kinetics rapidly increased. At the start of exidation; the kinetics of the
chemical reaction between iron and oxygen ions control the oxidation rate, resulting in rapid
weight gain. Because of the low solubility of Cr in the oxide, scale; Cr2O; did not form, and
consequently, the oxidation kinetics was rapid (Fig. 2). The Cr203 layer did not grow on the steel
because of the depletion of Cr beneath the iron oxide layerto the lowest concentration [17].
Chromium was depleted toward the interface between the substrate and the iron-rich oxides Fe3zO4

and FeO, by conversion to the (Fe,Cr);O4 phase, [4.18]:

12
g
”g y = 0.0639¢" - 2.9967
o R? =0.995 v
E 1 \
— 6_
= ]
m J
U) -4
E
h=2] 4
2%
) —

60 80 100 120 140 160 180 200 220
Square root of time, t (s'?)

Figure 3. Plot of the weight gain versus the square root of time for an ASTM A29 steel in
air oxidation at 850°C for 12 h.
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As can be observed in Figure 2, the resistance of aluminised steel to high-temperature oxidation
markedly increased. The aluminide layer protected the steel substrate against high~temperature
oxidation by forming a protective aluminium oxide (Al2Os) layer. At 12 h of oxidation, theweight
gain of steel with aluminium coating was approximately 0.432 mg cm2, which is 25-times less

than that of the steel without the aluminium coating (10.675 mg cm2; Fig. 2).
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Figure 4. Plots of weight.gain versus the square root of time for the aluminised ASTM
A29 stecLspecimens after being oxidised at 850°C for 12 h.
Plots of the weight gaimnagainst exposure time for the uncoated and aluminised steel oxidised
at 850°C (Figs. 3 and 4, respectively) show parabolic behaviour. The parabolic rate constant (k)
for uncoated steel calculated based on the oxidation at 1.4-12h is approximately 4,083 x
10-° g% cahs " "As’shown in Figure 4, the oxidation rate constant (k, = 7.40 x 1072 g2 cm™ s7!)
was high during the first few hours of oxidation (0.12-2.78 h), subsequently decreasing to a
12 ;2

steady-state value (kp = 1.00 x 107! g? cm™ s71) at 2.8-12 h. The %, values in this study are an

orderof'magnitude similar to those in previously reported studies [7,19].
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3.3 Characterization of aluminide layers

To clucidate the oxidation behaviour and the formation of intermetallic compounds in the
aluminide layer, oxidation tests for aluminised steel specimens were performed. Figure Sa shows
a cross-sectional image of the aluminised steel after oxidation for 1 h. The formation mechanism
of the intermetallic compound was dominated by interdiffusion of Fe-atoms'in the substrate and

Al atoms in the coating layer during high-temperature exposure./The aluminium and FeAl; layers

of the as-coated specimen (Fig. la) transformed into Fe;Alsand FeAl,. Moreover, the high Si
content and low Cr content of the Fe2Als layer rapidly decreased in Fe-rich region because of
diffusion coupling between the internal Al atoms andexternal/Fe atoms, which generates regions
of FeAl(Cr,Si) particles gljacent to the FesAls.and FeAlxlayers (Fig. 5a). Also, g)me voids that
formed were dispersed in the outer aluminide layer (Fig. 5a). The ennetallic layer has a
thickness of approximately 80 pm and consists of an Al;O; thin layer on the surface adjacent to a
thick FeoAls/FeAl layer and a thin FeAl layer on the steel substrate. The inward diffusion of Al
can dominate at this stage, and consumption by oxide growth is probably of minor importance in
cavity formation. Also, pores alse formed in the aluminide layer (Fig. 5a) because of phase
transformation during high-température diffusion [20]. In contrast. the outward diffusion of Fe
atoms from the ste€l substratec into the FexAls/FeAl: layer resulted in the instability of the
Fe2Als/FeAl: layer andithe/formation of FeAl(Cr,Si) particles [7,20] scattered in the Fe2Als/FeAlz
layer (Fig. 5a), EDS spectra(Figs. 5b—d) suggest that Si and Cr dissolved in the Fe;Als, FeAl, and
FeAl phases and that the Cr and Si content of the FeAl(Cr,Si) phase was substantially greater than
that/of the FeAlz phase (Figs. 5b and 5c). High concentrations of Cr and Si in the Fe Al phase are

due to'the high solubility of both elements in the phase. EDS results for the FeAl, phase indicate
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that the solubility of Cr in the FeAl: phase is 0.49-1.2 at.% and that the Fe2Als phase has alow Cr

concentration (Fig. lc).

Steel substrate

Full Scale 369 cts WI.&Q
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Figure 5. (afJross-sectional SEM image of the aluminide layer and (b—e) EDS spectra
used'in element analysis of the aluminide layer formed on the ASTM A29 steel after 1 h

oxidation at 850°C.
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SEM cross-sectional image of the aluminide layer of a specimen oxidised for up to 5 M

suggests that the Fe>Als, FeAls. and FeAl phases rapidly grew on the steel substrate. Q i

: . o .
Al>O3 layer formed (Fig. 6b). A continuous FeAl layer near the steel substrate gr ickened
alum

via diffusion of Fe atoms into the FexAls/FeAl; layer caused by the dilutio nium. This

result is consistent with that obtained from the EDS X-ray map analysis (Fi d 6d). High

Cr and Si concentrations in the FeAl(Cr,Si) phases, which became dispe e Fe2Als phase

with increasing diffusion time, were still observed in the outer
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Figure 6. (@) SEM micrograph of the aluminide layer of the aluminised steel oxidised at
850°C for 5 h; and.(b—f) the corresponding EDS mapping results for O, Fe, Al, Cr, and Si.
This result 48" consistent with that obtained from X-ray map analysis (Figs. 6e and 6f). The
solubilities.of Cr:and Si in both the FeAl(Cr,Si) particle region (2.29—3.88%) and the continuous

FeAl layer.(4.86-5.46%) were similar in atomic composition.

12
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Figure 7. (a) SEM image of the surface morphology of the aluminised steel oxidised at 850°C for
12 h, and (b) results of EDS spectral analysis of O, Al, Cr, and Fe.

The &, values of the aluminised steel at the initial stage were gicater than those of the aluminised
steel during steady-state oxidation (Fig. 4). This was because of the condensation of voids
followed by the inward diffusion of oxygenthrough the voids and cracks. as well as the formation
of metastable 0-AlOs [20] due to the outward diffusion of aluminium. After extended oxidation
of aluminised steel (2.8-12 h), the kp valuewof aluminised steel (1.00 x 10-'? g cm™ s7') decreased
seven-fold. Figure 7a shows theysurface topography of aluminised steel exposed to 12 h of
oxidation, as observed by SEI. With increasing oxidation time, the metastable alumina gradually
transformed into the a-Al,Q5 phase. Results of EDS element analysis (Fig. 7b) show that Fe and
Cr atoms from the aluminide layer penetrated the a-Al;Os scale because of the slightly high
concentrations of F¢ and Cr in the AOs scale (Fig. 7b). Fe and Cr atoms detected in the alumina
scale originated.-from the“FeAl(Cr.Si) particles, and Si atoms were undetectable in the alumina
scale (Fig. 7b)yThe Fe and'Cr concentrations in the Al;O3 scale are similar to those reported by

Lee et al.. [21]. The ability of both Fe and Cr to accelerate the transformation of 6- Al,Os to o-

AlO5 [22-25] may be the main reason for the decrease in the rate of aluminised-steel oxidation

13
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in Figure 4 due to the formation of the a-Al>:Os scale (Fig. 7b). Thus, a steady-state growth rate

was observed over extended periods.

4. Conclusions

An ASTM A29 steel was subjected to hot-dip aluminium coating at 700 °C:for an immersion
time of 16 s in a molten Al-0.5% Si bath. The total thickness of the aluminide coating on the steel
substrate was 41 um. The Fe:Als layer on the steel substrate exhibited a/planar structure, high
homogeneity and a strong bond with the steel substrate. Upon,coating by hot-dip aluminising

process, the ASTM A29 steel resistance to high-temperature oxidation increased by a factor of 25.

With increasing oxidation time, the oxidation rate/€omstan{s’of the aluminised steel decreased

because of the formation of the protective o=Al,O; scale-Growth of this scale was accelerated by
the penetration of Fe and Cr ions into the 0-Al,Os scale, which was predominantly caused by the

high Fe concentration and low Cr concentration (<1%) in the alumina scale.
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