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Abstract
AnASTMA29 steel was coatedwith aluminide by dipping in amoltenAl bath at 700 °C for 16 s. The
resistance of ASTMA29 steel to high-temperature oxidation drastically decreased upon oxidation at
850 °C for 12 h, whereas the oxidation resistance of the aluminised steel subjected to hot dippingwas
higher (by 25-fold). The external part of the aluminide layer, which consists of Fe2Al5, FeAl2, and FeAl
(Cr, Si) phases scattered in the Fe2Al5 phase, was formed through the outward diffusion of Al and
inward diffusion of Fe. The Fe2Al5 phase played an important role as a reservoir of Al atoms that form
the alumina (Al2O3) scale, while Cr and Fe from the FeAl(Cr, Si) particles and accelerated the
conversion of themetastable θ-Al2O3 phase to a stableα-Al2O3 phase. Consequently, the parabolic
rate constants of aluminised steel decreasedwith extended oxidation time.

1. Introduction

Ahigh strengthASTMA29 low alloy steel with a 1.10Cr–0.25Mo (wt%) can be a candidatematerial as
replacement of highCr–Mo steel grades and stainless-steel grades for high-temperaturematerial applications in
the petrochemical industry, power plants and transportations sectors. TheASTMA29 steel has goodmechanical
properties and is cheaper than those of highCr–Mo steel grades and stainless-steel grades. However, the lowCr
concentration in this steel is a critical issue, which limits its industrial application.Mazrouee andRaman [1]
reported that the oxidation resistance of a 1.25Cr–0.5Mo steel exhibited a significant decrease in the
temperature range of 500 °C–600 °C.At higher temperatures, the rapid oxidation kinetics for the chrome-moly
steels with 0.5%–9%Cr and 0.5%–1%Mowere attributed to the loss of the protective Cr2O3 layer, which led to
growing non-protective (Fe2O3), Fe3O4, and (Fe, Cr)3O4 scales. Therefore, the application of these steels is
restricted above 600 °C [1–4].

Towiden industrial applications in the temperature range of 700 °C–850 °C, the oxidation resistance of
ASTMA29 steel needs to be improved by hot-dip aluminising (HDA) coating.HDA coating has been reported to
be a simple, cost-effectivemethod for improving the high-temperature resistance of steel and its alloys by
forming a protective Al2O3 scale on the outer layer [5–7]. There are two types ofHDA 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 amoltenAl bath reduces the thickness of the aluminide coating on the steel
substrate [8, 9], which thins the aluminide coating, a pre-requisite to furthermanufacturing of aluminised steel
components [10]. Therefore, anHDA coatingwithAl–Si is normally applied to low carbon steel, which ismainly
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 highCr–Mo steel substrate [7, 11] during oxidation in temperature range of 750 °C–850 °Chad
a detrimental effect, which led to the breakdown of protective Al2O3 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
1 steel [12]. Additionally, the aluminising Type 2 coatingwas applied to high strengthAISI 4130 steel, which
combines the strength of steel substrate and aluminide coating protections for superior hot-corrosion resistance
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[13]. Because the thickness of the aluminide layer on the steel substrate determines the steel’smechanical
properties [10], all industrial hot-dip aluminising type 2 processes allow the strict control of the coating reaction,
by shortening the dipping time in few seconds.

Only a few publications on the high-temperature oxidation of aluminising Type 2 coating on high strength
steel gradeswith the lowCr–Mocontents are available in the literature. Therefore, we experimentally
investigated the resistance of aluminised Type 2ASTMA29 steel on high-temperature oxidation in ambient air
at 850 °C. A thermogravimetric analyser (TGA)was adopted to evaluate the oxidation kinetics of anASTMA29
steel with andwithout aluminising coating. Themicrostructures, chemical composition and surface
morphology of the aluminide layers after oxidationwere examined.

2. Experimental procedure

A commercial ASTMA29 steel with chemical compositions of 0.3C-1.10Cr-0.25Mo-0.60Mn-0.035P-0.04S-
0.30Si (wt%)was cut into specimenswith 20 mm×10 mm×2 mmdimensions. A hole (1 mmdiameter)was
drilled into each specimen. The specimen surfacewas polished using 500–1000 emery paper and later
ultrasonically cleaned using acetone and ethanol for a few seconds. Before coating, all specimenswere
ultrasonically neutralised using a 5%NaOHand a 10%H3PO4 solution for a few seconds.Next, the specimen
surfacewas coveredwith an aluminiumweldingflux. The specimenwas hung on amini crane (Linear head
(2FL10N-5model) driven by amotor (2RK6RGN-CW2Lmodel, withMSC controller) using a stainless-steel
wire with 1 mmdiameter. Amotor automatically drove themini crane at a constant speed of 14.3 mmmin−1,
dipping the specimen into amoltenAl–0.5Si (wt%) bath at 700 °C for 16 s. After the specimenwas dipped, it was
automatically pulled out from amoltenAl bath and then cooled to room temperature. The oxide remaining on
the specimen surfacewas then cleaned using a phosphoric acid/nitric acid/water solution (1:1:1 v/v) at room
temperature.

To investigate the oxidation kinetics of the steels with andwithout the aluminium coating, specimenswere
subjected to air oxidation at 850 °C for 12 h using a TGA (Pyris 6model). To evaluate the phase transformation
andmicrostructures 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 specimenswere oxidised, theywere
removed from the furnace and then cooled to room temperature.

All aluminised steel specimens (before and after being oxidized)were characterized bymeans scanning
electronmicroscopy (SEM; Jeol JSM6390)with secondary electron imaging (SEI) for observing the
microstructures and surfacemorphology 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
Figure 1(a) shows the typicalmicrostructure of the aluminised ASTMA26 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 was formed after the steel was dipped into amoltenAl (∼99wt%)
bathwas dominated by anAl-rich layer and intermetallic compounds composed of FeAl3 and Fe2Al5 phases [14].
EDS results infigure 1(a) verified that the chemical compositions of aluminide layer in regions I and II are
consistent withAl layer (figure 1(b); Point (A), FeAl3 layer (figure 1(c); Point (B), and Fe2Al5 layer (figure 1(d);
Point (C). The aluminide coating consisted of an aluminium layer with low Fe, Si, andCr concentrations
(figure 1(b)). The solubilities of Si in the FeAl3 and Fe2Al5 layers were approximately 1.4 at% and 2.44 at%,
respectively. EDS results indicate that the solubilities of Crwere lower, 0.19 at% and 0.33 at%, respectively
(figures 1(c) and 1(d)). According to the thermodynamic equilibrium, a Fe2Al5 phasewith an orthorhombic
structure and a high number of vacancies and defect paths initially formed along the c axis, ultimately
contributing to the rapid growth of the Fe2Al5 phase [15].

The thicknesses of the aluminium and intermetallic layers were approximately 29 μmand 12 μm,
respectively. According toHwang et al [16], growth of an intermetallic layer and dissolution ofmarginal
amounts of Fe into themolten aluminiumoccur simultaneously when steel is in contact withmolten
aluminium, and this growth is directly related to the loss of the steel 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
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the Fe2Al5 layer are due to the uniformpearlitemicrostructure and the high volume fraction of the cementite
phase [16], respectively.

3.2. Resistance to high-temperature oxidation
Figure 2 shows plots of theweight gain of each specimen against the duration of oxidation indicate that the
oxidation of the steel with andwithout aluminium coatings has parabolic kinetics. Theweight gain of anASTM
A29 steel increased quickly. Hence, a 1.10wt%Cr content of the steel is insufficient for forming aCr2O3 layer
that protects the steel during oxidation at 850 °C for 12 h.

That is, the oxidation kinetics rapidly increased. At the start of oxidation, the kinetics of the chemical
reaction between iron and oxygen ions control the oxidation rate, resulting in rapidweight gain. Because of the
low solubility of Cr in the oxide scale, Cr2O3 did not form, and consequently, the oxidation kinetics was rapid
(figure 2). TheCr2O3 layer did not grow on the steel because of the depletion of Cr beneath the iron oxide layer to
the lowest concentration [17]. Chromiumwas depleted toward the interface between the substrate and the iron-
rich oxides Fe3O4 and FeO, by conversion to the (Fe, Cr)3O4 phase [4, 18].

Figure 1. (a) SEI of the cross-sectionalmorphology of as coated steel and (b)–(d)EDS spectra of the aluminium and intermetallic
layers.

Figure 2.Oxidation kinetics curves for theASTMA29 steel specimens with andwithout the aluminium coating.
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As can be observed infigure 2, the resistance of aluminised steel to high-temperature oxidationmarkedly
increased. The aluminide layer protected the steel substrate against high-temperature oxidation by forming a
protective aluminiumoxide (Al2O3) layer. At 12 h of oxidation, theweight gain of steel with aluminium coating
was approximately 0.432 mg cm−2, which is 25-times less than that of the steel without the aluminium coating
(10.675 mg cm−2;figure 2).

Plots of theweight gain against exposure time for the uncoated and aluminised steel oxidised at 850 °C
(figures 3 and 4, respectively) showparabolic behaviour. The parabolic rate constant (kp) for uncoated steel
calculated based on the oxidation at 1.4–12 h is approximately 4,083×10−6 g2 cm−4 s−1. As shown infigure 4,
the oxidation rate constant (kp=7.40×10−12 g2 cm−4 s−1)was high during the first few hours of oxidation
(0.12–2.78 h), subsequently decreasing to a steady-state value (kp=1.00×10−12 g2 cm−4 s−1) at 2.8–12 h. The
kp values in this study are an order ofmagnitude similar to those in previously reported studies [7, 19].

3.3. Characterization of aluminide layers
To elucidate the oxidation behaviour and the formation of intermetallic compounds in the aluminide layer,
oxidation tests for aluminised steel specimenswere performed. Figure 5(a) shows a cross-sectional image of the

Figure 3.Plot of theweight gain versus the square root of time for anASTMA29 steel in air oxidation at 850 °C for 12 h.

Figure 4.Plots of weight gain versus the square root of time for the aluminised ASTMA29 steel specimens after being oxidised at
850 °C for 12 h.
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aluminised steel after oxidation for 1 h. The formationmechanismof the intermetallic compoundwas
dominated by interdiffusion of Fe atoms in the substrate andAl atoms in the coating layer during high-
temperature exposure. The aluminium and FeAl3 layers of the as-coated specimen (figure 1(a)) transformed into
Fe2Al5 and FeAl2.Moreover, the high Si content and lowCr content of the Fe2Al5 layer rapidly decreased in the
Fe-rich region because of diffusion coupling between the internal Al atoms and external Fe atoms, which
generates regions of FeAl(Cr, Si) particles adjacent to the Fe2Al5 and FeAl2 layers (figure 5(a)). Also, some voids
that formedwere dispersed in the outer aluminide layer (figure 5(a)). The intermetallic layer has a thickness of
approximately 80 μmand consists of anAl2O3 thin layer on the surface adjacent to a thick Fe2Al5/FeAl2 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 ofminor importance in cavity formation. Also, pores also formed in
the aluminide layer (figure 5(a)) because of phase transformation during high-temperature diffusion [20]. In
contrast, the outward diffusion of Fe atoms from the steel substrate into the Fe2Al5/FeAl2 layer resulted in the
instability of the Fe2Al5/FeAl2 layer and the formation of FeAl(Cr, Si) particles [7, 20] scattered in the
Fe2Al5/FeAl2 layer (figure 5(a)). EDS spectra (figures 5(b)–(d)) suggest that Si andCr dissolved in the Fe2Al5,
FeAl2, and FeAl phases and that the Cr and Si content of the FeAl(Cr, Si) phase was substantially greater than that
of the FeAl2 phase (figures 5(b) and (c)). High concentrations of Cr and Si in the FeAl phase are due to the high

Figure 5. (a)Cross-sectional SEM image of the aluminide layer and (b)–(e)EDS spectra used in element analysis of the aluminide layer
formed on theASTMA29 steel after 1 h oxidation at 850 °C.
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solubility of both elements in the phase. EDS results for the FeAl2 phase indicate that the solubility of Cr in the
FeAl2 phase is 0.49–1.2 at% and that the Fe2Al5 phase has a lowCr concentration (figure 1(c)).

SEMcross-sectional image of the aluminide layer of a specimen oxidised for up to 5 h (figure 6(a)) suggests
that the Fe2Al5, FeAl2, and FeAl phases rapidly grew on the steel substrate. Also, a thick Al2O3 layer formed
(figure 6(b)). A continuous FeAl layer near the steel substrate gradually thickened via diffusion of Fe atoms into
the Fe2Al5/FeAl2 layer caused by the dilution of aluminium. This result is consistent with that obtained from the
EDS x-raymap analysis (figures 6(c) and (d)). HighCr and Si concentrations in the FeAl(Cr, Si) phases, which
became dispersed in the Fe2Al5 phase with increasing diffusion time, were still observed in the outer part of the
aluminide layer.

This result is consistent with that obtained fromx-raymap analysis (figures 6(e) and (f)). 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.

The kp values of the aluminised steel at the initial stage were greater than those of the aluminised steel during
steady-state oxidation (figure 4). This was because of the condensation of voids followed by the inward diffusion
of oxygen through the voids and cracks, as well as the formation ofmetastable θ-Al2O3 [20] due to the outward
diffusion of aluminium. After extended oxidation of aluminised steel (2.8–12 h), the kp value of aluminised steel

Figure 6. (a) SEMmicrograph of the aluminide layer of the aluminised steel oxidised at 850 °C for 5 h, and (b)–(f) the corresponding
EDSmapping results forO, Fe, Al, Cr, and Si.
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(1.00×10−12 g2 cm−4 s−1) decreased seven-fold. Figure 7(a) shows the surface topography of aluminised steel
exposed to 12 h of oxidation, as observed by SEI.With increasing oxidation time, themetastable alumina
gradually transformed into theα-Al2O3 phase. Results of EDS element analysis (figure 7(b)) show that Fe andCr
atoms from the aluminide layer penetrated theα-Al2O3 scale because of the slightly high concentrations of Fe
andCr in the Al2O3 scale (figure 7(b)). Fe andCr atoms detected in the alumina scale originated from the FeAl
(Cr, Si) particles, and Si atomswere undetectable in the alumina scale (figure 7(b)). The Fe andCr
concentrations in the Al2O3 scale are similar to those reported by Lee et al [21]. The ability of both Fe andCr to
accelerate the transformation of θ-Al2O3 toα-Al2O3 [22–25]may be themain reason for the decrease in the rate
of aluminised-steel oxidation infigure 4 due to the formation of theα-Al2O3 scale (figure 7(b)). Thus, a steady-
state growth ratewas observed over extended periods.

4. Conclusions

AnASTMA29 steel was subjected to hot-dip aluminium coating at 700 °C for an immersion time of 16 s in a
moltenAl-0.5%Si bath. The total thickness of the aluminide coating on the steel substrate was 41 μm.The
Fe2Al5 layer on the steel substrate exhibited a planar structure, high homogeneity and a strong bondwith the
steel substrate. Upon coating by hot-dip aluminising process, the ASTMA29 steel resistance to high-
temperature oxidation increased by a factor of 25.With increasing oxidation time, the oxidation rate constants
of the aluminised steel decreased because of the formation of the protectiveα-Al2O3 scale. Growth of this scale
was accelerated by the penetration of Fe andCr ions into the θ-Al2O3 scale, whichwas predominantly caused by
the high Fe concentration and lowCr concentration (<1%) in the alumina scale.
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