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Abstract
This work investigates the hot corrosion behaviour of Ti-48Al-2Nb-0.3Si and Ti-48Al-2Nb-0.3Si-1Sn alloys under 25 wt.% 
NaCl and 75 wt.% Na2SO4 molten salt mixture at 900 °C. The alloys were developed through vacuum arc melting and cast-
ing. The corrosion kinetics of the alloys were measured by mass change per unit surface area. The results revealed that both 
alloys experienced hot corrosion attacks; however, Ti-48Al-2Nb-0.3Si-1Sn alloy demonstrated superior corrosion resistance 
and retained good mechanical properties compared to the Ti-48Al-2Nb-0.3Si.
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1  Introduction

Titanium aluminides (TiAl) are materials of interest for 
high-temperature applications, particularly in aero-engines 
[1]. Such interest is due to their low density (3.7 ~ 4.2 g/
cm3), high-temperature strength, and good corrosion resist-
ance at room temperature [1–3]. The performance of these 
alloys in resisting oxidation and corrosion at elevated tem-
peratures contributes to positive industrialisation in engi-
neering applications. These materials retain good oxidation 
resistance beneath 750 °C, and they are likely to replace 

Ni-based super-alloys owing to their weight reduction and 
promising mechanical properties [4–6]. However, they suffer 
inherent brittleness at room temperature and vulnerability to 
hot corrosion above 800 °C [2]. Improving room tempera-
ture ductility of the TiAl-based alloys is no longer a major 
concern, but rather the manufacturing remains a challenge 
due to high costs and complex post-processing requirements 
[7]. Previously, extensive efforts were made to enhance room 
temperature ductility and good high-temperature strength 
by employing methods such as micro-alloying of ternary, 
quaternary, and quinary TiAl-based alloys [8]. Furthermore, 
grain refinement using pre-alloyed powder metallurgy and 
heat treatment to achieve optimal phase distribution was 
investigated [7, 8, 10, 11]. Notably, several processes, 
including ingot metallurgy, investment casting, and powder 
metallurgy, were previously used to produce TiAl-based 
alloys [12–15]. Among these techniques, powder metal-
lurgy is particularly suited for this purpose as it facilitates 
the formation of fine-grained microstructures, improved 
homogeneity in grain size, and proper phase distribution 
[12]. It also allows for the fabrication of precise components 
through near-net shaping technologies like cold pressing and 
sintering [16, 17]. Cold pressing technique reduces produc-
tion costs by allowing the manufacture of complex shapes 
without the need for post-processing [18–20]. Vacuum arc 
re-melting (VAR) is a well-known melting technology used 
in the production of high-performance materials such as 
nickel-base alloys and employed in reactive metals such as 
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titanium and zirconium [21]. This manufacturing technique 
is useful for materials with high affinity to oxygen such as 
titanium and its alloys. Vacuum arc melting has proven to 
be useful in reaching this goal [22]. TiAl-based alloy com-
ponents, such as high-performance exhaust valves, turbine 
wheels in turbocharged engines, and turbine blades in aero-
space applications, often have service temperatures ranging 
between 600 and 950 °C [23, 24]. As a result, extensive 
research has been undertaken in recent years to improve the 
oxidation resistance of TiAl-based alloys at elevated tem-
peratures ranging from 700 to 900 °C. Remarkable results 
have been achieved through elemental alloying of Nb, Si, Sn, 
W, and Cr [25–28]. The effect of Si alloying to TiAl-based 
alloys promotes titanium silicide (Ti5Si3), which stimulates 
elevated temperature strength and forms a surface silica 
layer (SiO2) that reduces the oxidation by slowing down the 
oxygen diffusion into the material [29, 30]. The addition of 
Sn likewise improves the oxidation resistance by enhancing 
alumina (Al2O3) formation on the surface of the TiAl-based 
alloys [31–33]. Pan et al. [33] reported that the inclusion 
of Sn in TiAl alloys promotes superior oxidation resistance 
owing to the presence of Al2O3 and SnO2 oxides. However, 
the oxidation resistance of these materials is often compro-
mised due to the presence of impurities in their in-service 
environment, such as NaCl from the marine atmosphere, 
sulphur from fuel, and moisture accumulation on the surface 
of TiAl components [2, 6]. Therefore, it is crucial for TiAl 
alloys to exhibit high resistance to oxidation and hot cor-
rosion at elevated temperatures. Hot corrosion in metallic 
materials refers to the degradation caused by the interaction 
with fused salts at high temperatures [34]. The exposure 
of TiAl-based alloys to salt deposits at high temperatures 
accelerates oxidation and leads to the degradation of their 
protective scale [34, 35], resulting in the formation of sur-
face porosity and premature fracture. Zhang et al. [36] con-
ducted a comprehensive study on hot corrosion experiments, 
discovering that a higher concentration of aluminium greatly 
influenced the formation of a protective Al-rich oxide scale, 
resulting in reduced corrosion. Conversely, the growth of 
non-protective TiO2 oxide scales on the surface of TiAl-
based alloys accelerated their oxidation resistance above 
800 °C, while the growth rate of the protective Al2O3 oxide 
scale was found to be slow [2]. They suffer inherent brittle-
ness at room temperature and vulnerability to hot corrosion 
above 800 °C. Considering the significance of hot corrosion 
in the application of TiAl-based alloys, it is imperative to 
further investigate this phenomenon under presence of Sn. 
A notable research gap exists regarding the hot corrosion 
behaviour of Ti–Al intermetallic alloys alloyed with both 
Si and Sn alloying for extreme temperatures. The current 
work investigates the effect of hot corrosion on mechanical 
properties of Ti-48Al-2Nb-0.3Si and Ti-48Al-2Nb-0.3Si-
1Sn melted alloys. These alloys were exposed under 25 wt.% 

NaCl and 75 wt.% Na2SO4 molten salt mixture at 900 °C to 
simulate their performance at elevated temperatures. TiAl-
based materials have shown to suffer inherent brittleness at 
room temperature and vulnerability to hot corrosion above 
800 °C [2]. The current results will give an indication of 
whether Sn improves the hot corrosion resistance at elevated 
temperature to assist in the design for the future of the alloys.

2 � Experimental procedure

2.1 � Alloy preparation

The Ti-48Al-2Nb-0.3Si/1Sn alloys were fabricated by cold 
pressing and melting. Table 1 shows the alloy composi-
tions of pure Ti, Al, Nb, Sn, and Si metallic powders. Their 
mixed/blended powders were compacted using uniaxial 
cold pressing at 250 Bar using a 51-mm diameter cylindri-
cal die. An electric vacuum arc furnace was used to melt the 
compacts under argon atmosphere. The melted buttons were 
machined into 12 × 12 × 2 mm3 specimens for corrosion test-
ing using wire cutting. The specimens were solution treated 
at 1250 °C for 2 h before cooling in the furnace under an 
argon atmosphere. The Ti-48Al-2Nb-0.3Si/1Sn alloy fabri-
cation is illustrated in Fig. 1.

2.2 � Hot corrosion test

Three specimens were prepared for corrosion tests. The mass 
of each specimen was measured before and after the corro-
sion test. The cyclic hot corrosion behaviour was investi-
gated under a molten salt mixture of Na2SO4 and 25 wt.% 
NaCl at 900 °C for ten cycles up to 60 h in the air. The salt 
mixture was dissolved in deionised water to form a saturated 
aqueous solution [35]. Followed by placing the specimen 
on the hot plate at 250 °C, the surfaces of the samples were 
sprayed with a saturated salt mixture to coat and evaporate 
the moisture [37]. The samples were weighed using an elec-
tronic mass balance to ensure a surface coating of 2 mg/
cm2. The sensitivity of the weighing balance used for the 
study was 10−4 g. The coated samples were placed in an 
alumina crucible and put inside a tubular high-temperature 
furnace and heated up to 900 °C. For every 6 h, the sam-
ples were withdrawn from the furnace, cooled in air, and 
taken for visible inspections. After each cycle, samples were 

Table 1   The Ti-48Al-2Nb-0.3Si/1Sn alloys chemical compositions 
(at. %)

Elements Ti Al Nb Si Sn

Ti–Al-Nb-Si 49.7 48 2 0.3 -
Ti–Al-Nb-Sn-Si 48.7 48 2 0.3 1
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ultrasonically cleaned for 15 min and then cleaned with hot 
distilled water at ~ 80 °C using a soft brush to remove any 
loose particles left on the surface and dried using a hot plate 
[6]. The mass change was measured to establish the corro-
sion kinetics. Before returning the samples to the furnace, 
they were coated again with the saturated salt solution to 
maintain a constant concentration of corrosive agent on 
the surface of the samples. The process was repeated until 
the completion of 10 cycles. For corrosion kinetics meas-
urements, the specimens were initially weighed before the 
corrosion tests to establish a baseline. After each corrosion 
cycle, the specimens were cooled, ultrasonically cleaned, 
brushed, dried, and weighed again to measure any changes 
in mass.

2.3 � Sample characterisation

Before hot corrosion, samples were ground up to 1200 SiC 
grit finish and washed using deionised water and acetone 

for drying before the hot corrosion test. The Archimedes 
method was performed to determine the relative density of 
the produced samples. The VAR melted alloys were heat 
treated at 1250 °C for 2 h using a tube furnace under an 
argon-rich atmosphere. The furnace temperature was ramped 
at 20 °C/min from room temperature up to 1250 °C and held 
for 1 h before cooling down to room temperature within the 
furnace. To determine the mechanical properties, a profilom-
etry-based indentation plastometer technique was used. The 
testing method resembles the ones in ref. [38].

The microhardness property of the fabricated Ti-48Al-
2Nb-0.3Si/1Sn alloys was performed using the FUTURE-
TECH FM-700 micro-hardness tester. The load of 500 gf 
(HV0.5) was applied on the surface of the sample for inden-
tion with a dwell time of 10 s, and the diagonal indent was 
separated by a spacing of 500 μm for ten points and the 
average was recorded. For microstructural observations, 
the samples were electro-polished and etched with Kroll’s 
reagent. The used electrolytic solution was made of 600 ml 

Fig. 1   The schematic diagram of the Ti-48Al-2Nb-0.3Si/1Sn alloy fabrication procedure
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methanol, 360 tetra-butanol, and 60 ml perchloric acid [39, 
40]. The microstructures and surface morphologies of the 
phases and hot corrosion products were observed using opti-
cal microscopy and scanning electron microscopy (SEM) 
equipped with energy dispersion spectroscopy (EDS) which 
was used to study the elemental composition. The phases 
and structural development of the samples before and after 
the oxidation and hot corrosion were done by XRD using 
CuKα radiation in (2θ) angle range of 20–90°. The weight 
change per unit area (ΔW) of the samples after every hot 
corrosion test was calculated as Eq. 1 [2]:

where ΔW is the weight change per unit area (mg/cm2), mi is 
the mass of the corroded after a cycle (mg), mo is the initial 
mass before any corrosion (mg), and A is the sample surface 
area in cm2. Transmission electron microscopy (TEM) was 
used to analyse the oxide and scale formation. The scaling 
was dispersed in ethanol to create a dilute solution. This 
solution was then sonicated for 20 min at room temperature 
using an ultrasonic cleaner. After sonication, the solution 
was applied to a carbon-coated copper grid and left to dry. 
The prepared grid was subsequently loaded into a JEOL 
JEM 2100 high-resolution transmission electron microscope 
(HR-TEM) for analysis. Elemental composition was deter-
mined using an EDS detector from Thermo Fisher.

3 � Results and discussion

3.1 � Microstructures and phase composition

The microstructural features of the Ti-48Al-2Nb-0.3Si and 
Ti-48Al-2Nb-0.3Si-1Sn alloys prepared through vacuum arc 
melting are displayed in Fig. 2. The microstructures were 

(1)ΔW =
ΔM

A
=

m
i
− m

o

A

homogenised at 1250 °C for 2 h. Both alloys exhibit lamel-
lar microstructures consisting predominantly of α2-Ti3Al/γ-
TiAl as evidenced by Clemens et al. [21]. The γ-TiAl phase 
is represented by the light grey regions, characterised by a 
face-cantered tetragonal L10 structure, while the α2-Ti3Al 
phase is indicated by the dark grey areas, characterised by a 
hexagonal close-packed DO19 structure. The incorporation 
of Sn into TiAl-based alloys is reported to improve the alloy 
properties [41, 42]. The colonies with alternating light and 
dark grey phases result in a distinct lamellar arrangement. 
The colony boundaries of the Ti-48Al-2Nb-0.3Si/1Sn alloys 
display an irregular, serrated pattern, suggesting the pres-
ence of local structural variations or strain-induced defor-
mations. The Ti-48Al-2Nb-0.3Si alloy shown in Fig. 2a has 
elongated lamellar colonies. In contrast, the Ti-48Al-2Nb-
0.3Si-1Sn alloy depicted in Fig. 2b displays some refinement 
of the colonies, aligning with Wang et al.’s [42] observa-
tions. However, excessive Sn alloying may reduce ductility; 
therefore, a limitation of 2 at. % is recommended [41, 43]. 
Moreover, Fig. 3 shows the XRD spectra for both alloys. The 
spectra indicate the presence of α2-Ti3Al and γ-TiAl phases. 
The alloy without Sn shows intensity at 2θ angles of 38° 
and 66°, suggesting a higher concentration of γ-TiAl phases. 
The addition of Sn has resulted in peak shifts and a reduc-
tion in the γ-TiAl phase, confirming a distribution of α2-
Ti3Al + γ-TiAl phases. Furthermore, an additional α2-Ti3Al 
peak is observed at 2θ = 38° in the Sn-alloyed sample [44].

3.2 � Hot corrosion performance 
of the Ti‑48Al‑2Nb‑0.3Si 
and Ti‑48Al‑2Nb‑0.3Si‑XSn alloys

The cyclic hot corrosion kinetics of the Ti-48Al-2Nb-0.3Si 
and Ti-48Al-2Nb-0.3Si-1Sn alloys were monitored at 900 
°C for 60 h in Na2SO4 + 25 wt.% NaCl salt mixture con-
ducted in air. The weight change per unit area over time 

Fig. 2   The optical microscopy micrographs of the a Ti-48Al-2Nb-0.3Si and b Ti-48Al-2Nb-0.3Si-1Sn alloys
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was measured to determine the hot corrosion kinetics. Both 
alloys experienced a hot corrosion attack. The Ti-48Al-
2Nb-0.3Si alloy exhibited a severe attack when compared 
with Ti-48Al-2Nb-0.3Si-1Sn. At 900 °C, above the eutec-
tic point of the Na2SO4 + 25wt.% NaCl salt mixture [27], 
the alloys’ entire surface was covered by the molten salts, 
leading to a corrosive attack due to the interaction between 

the salts and alloys. The cross-sectional morphology of the 
Ti-48Al-2Nb-0.3Si and Ti-48Al-2Nb-0.3Si-1Sn alloys after 
cyclic hot corrosion tests is illustrated in Fig. 4a, b. Detailed 
elemental analysis of the indicated spots in the micrographs 
was conducted using EDS, and the results are summarised 
in Table 2. The cross-sectional morphology revealed that 
both alloys exhibit a light and dark grey multilayer scale 

Fig. 3   The XRD patterns 
for Ti-48Al-2Nb-0.3Si, and 
Ti-48Al-2Nb-0.3Si-1Sn alloys

Fig. 4   SEM-SED Cross-sectional images of a Ti-48Al-2Nb-0.3Si and b Ti-48Al-2Nb-0.3Si-1Sn alloys after 60 h thermal cyclic corrosions
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indicative of the different oxide layers. However, the scale 
in Fig. 4b appears thicker (947 μm), indicating the potential 
resistance of the alloy to hot corrosion compared to that in 
Fig. 4a with a thinner scale (295 μm). Additionally, the pres-
ence of voids within the scale reveals the material degrada-
tion or erosion [45]. The localised erosion at the interface 
of the alloys is indicated by the highlighted space between 
the alloy and scale.

The EDS spot analysis in Ti-48Al-2Nb-0.3Si and 
Ti-48Al-2Nb-0.3Si-1Sn alloys showed that the light grey 
layer contains higher counts of Ti and O, attributable to 
the presence of TiO2 [35, 46]. It is represented by spot + 1 
(91μm) in Fig. 4a and spot + 5 (146 μm) in Fig. 4b. The 
dark grey layer indicated by spot + 2 in Fig. 4a and spot + 6 
in Fig. 4b exhibited higher Al and O content, signifying the 
formation of Al2O3 [35, 46]. Furthermore, the erosion area 
is comprised of a mixture of various elements with higher O 
counts. At the interface, the EDS results in Fig. 4a indicate 
the presence of O, Cl, and S. The chlorine acted as a catalyst 
for accelerated corrosion in the corrosion process. Moreover, 
the sulfidation is evidenced by the presence of sulphur [34]. 
The EDS results in Fig. 4b show the interface (spot + 8) with 
high Ti content, followed by Al and Cl due to preferential 
formation of chlorides [34]. This could potentially be TiCl4, 
which may act as a catalyst for the corrosion reactions. At 
the interface (spot + 9), the formation of oxide and chloride 
phases is evident. However, the concentration of Cl within 
the alloy matrix is relatively lower compared to the interface.

The change in the mass of Ti-48Al-2Nb-0.3Si and 
Ti-48Al-2Nb-0.3Si-1Sn alloys over 60 h during cyclic 
hot corrosion testing is shown in Fig. 5a, b. Initially, the 
Ti-48Al-2Nb-0.3Si alloy experienced a mass change 
of − 0.73 mg/cm2, while the Ti-48Al-2Nb-0.3Si-1.0Sn alloy 
had a mass change of − 1.31 mg/cm2. However, after 18 h of 
the cyclic corrosion tests, the Ti-48Al-2Nb-0.3Si-1Sn alloy 
began to gain mass due to the accumulation of corrosion 
products on its surface. This trend continued throughout the 
remainder of the tests, although minor debris was observed 
as displayed in Fig. 5b. In contrast, the spallation on the 
Ti-48Al-2Nb-0.3Si alloy persisted until the end of the hot 

corrosion tests. After the 60-h testing period, the Ti-48Al-
2Nb-0.3Si alloy exhibited a total weight loss of − 51.97 mg/
cm2, while the Ti-48Al-2Nb-0.3Si-1Sn alloy had a weight 
loss of − 17.83 mg/cm2. These results indicate that the mass 
loss in the Ti-48Al-2Nb-0.3Si alloy was primarily due to 
the scale’s lack of adhesion to the alloy, as opposed to the 
Ti-48Al-2Nb-0.3Si-1Sn alloy.

The SEM-SED images in Fig. 6a, b show the morphol-
ogy of the corrosion products generated on the surface of 
the TiAl alloys, characterised by a flocculent morphological 
structure. Figure 6a illustrates the surface morphology of the 
Ti-48Al-2Nb-0.3Si, which exhibits an elongated crystalline 
shape structure. In contrast, Fig. 6b exhibits Ti-48Al-2Nb-
0.3Si-1Sn, with a thicker flocculent morphology. The TiAl 
alloys highlight different surface characteristics, indicating 
variations in the corrosion process and the resulting cor-
rosion products for each alloy composition. The variation 
between the elongated crystalline needles and the thicker 
flocculent morphology indicates that the addition of Sn in 
Ti-48Al-2Nb-0.3Si-1Sn alters the corrosion behaviour.

To gain insights on the composition, elemental analysis 
was conducted as shown in in Fig. 6a, b. The results of the 
EDS analysis are summarised in Table 3. The table pre-
sents the atomic percentages of different elements present 
on the surface of Ti-48Al-2Nb-0.3Si in Fig. 6a and Ti-48Al-
2Nb-0.3Si-1Sn in Fig. 6b. The surface of the specimens is 
assumed to consist of TiO2, due to higher Ti than Al con-
tent (Table 3). The EDS analysis on both alloys reveals the 
presence of additional Na, Cl, and S content, attributable 
to the un-melted NaCl-Na2SO4 salt mixture. Moreover, 
XRD analysis (Fig. 7) revealed that the corrosion products 
present in the oxide scales were Na2TiO3, NaAlO2, and 
NaTi5NbO13, with TiO2 and Al2O3. However, when compar-
ing the Ti-48Al-2Nb-0.3Si-1Sn alloy to the Ti-48Al-2Nb-
0.3Si alloy, the Ti-48Al-2Nb-0.3Si-1Sn alloy showed the 
presence of new peaks, indicating the formation of addi-
tional compounds in its oxide scales which corresponds to 
SnO2 and SiO2. The presence of these oxides indicates that 
elements from the alloy have reacted with oxygen to form 
oxides during the hot corrosion process. Even though the 

Table 2   The EDS results of the 
points marked in Fig. 4a, b

Regions (at. %) Ti Al O Cl Na S Nb Si Sn

 + 1 37.0 - 63.0 - - - - - -
 + 2 2.2 42.9 54.0 0.2 0.4 0.2 - - -
 + 3 1.1 - 71.1 25.5 - 2.3 - - -
 + 4 21.5 3.1 69.1 2.4 - - 2.8 1.1 -
 + 5 36.4 - 63.6 - - - - - -
 + 6 3.5 39.7 56.6 0.2 - - - - -
 + 7 2.0 - - 54.8 42.0 1.2 - - -
 + 8 73.6 15.8 - 10.6 - - - - -
 + 9 53.4 3.2 35.0 3.7 - - 0.6 2.7 1.4



2629The International Journal of Advanced Manufacturing Technology (2025) 136:2623–2636	

Fig. 5   a Mass change curves of Ti-48Al-2Nb-0.3Si and Ti-48Al-2Nb-0.3Si-1Sn alloys over 60 h of cyclic hot corrosion testing. b–f Macro-
graphs showing spallation and oxide scaling on the surfaces of the Ti-48Al-2Nb-0.3Si/1Sn alloys

Fig. 6   SEM-secondary electron detector (SED) images of the a Ti-48Al-2Nb-0.3Si and b Ti-48Al-2Nb-0.3S-1Sn alloys after 60 h thermal cyclic 
corrosions
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Si was detected by EDS in the Ti-48Al-2Nb-0.3Si alloy, 
XRD technique was unable to detect it due to low levels. 
The additional compounds of SnO2 and SiO2, in the oxide 
scales of the Ti-48Al-2Nb-0.3Si-1Sn, indicate that the pres-
ence of Sn and Si influences the hot corrosion behaviour and 
the resulting oxide scale composition in comparison to the 
Ti-48Al-2Nb-0.3Si alloy.

The corrosion scale of the Ti-48Al-2Nb-0.3Si-1Sn 
alloy is shown in Fig. 8a. To investigate the intermixing 
of the corrosion media and the alloy at the end of the 
60-h thermal cyclic corrosion testing, an EDS elemental 

analysis of the corrosion scale illustrated in Fig. 8c was 
performed. The crystal lattice planes of the TiO2 anatase 
with a d-spacing of 0.31 nm for the (101) plane are shown 
in Fig. 9a. Its selected area electron diffraction (SAED) 
pattern for the anatase phase of TiO2 is shown in Fig. 9b. 
The HRTEM results align well with the XRD analysis pre-
sented in Fig. 7. These results exhibit a prominent diffrac-
tion peak at 2θ = 25.2°, indicating a significant presence of 
anatase TiO2 phase [46]. Anatase is a stable phase of TiO2 
at room temperature, existing in a tetragonal crystal struc-
ture, and transforms into rutile at high temperature [48].

Figure 10a shows the salt deposits such as NaCl and 
Na2SO4 on the surface of alloys exposed to an oxidising 
atmosphere to generate accelerated corrosion [2, 34–36, 
39, 45, 50–52]. The corrosion process is attributable to 
the high reactivity of Ti and Al with chlorine agents pre-
sent in NaCl penetrating the surface of the alloy through 
grain boundaries or defects in the microstructure, reaching 
the alloy’s matrix [53, 54]. The reactivity between Ti, Al, 
and Cl results in the generation of gaseous species, which 
penetrates the material [34]. Consequently, these gaseous 
species disrupt the protective scale on the alloy’s surface. 
As the alloys undergo self-sustaining reactions in the pres-
ence of NaCl, the corrosion process is accelerated. This 
acceleration of corrosion can lead to mechanical stress and 
induce cracks and spalling [35, 36].

The reactive elements present in the alloy, such as Ti 
and Al, react with the O2 in the surrounding air leading 
to the formation of metal oxides, such as TiO2 and Al2O3. 
The formation of these metal oxides plays a crucial role 
in providing a protective layer against corrosion, pre-
venting further degradation of the alloy and helping to 
maintain its integrity. Figure 10b illustrates the hot corro-
sion mechanism within the Ti-48Al-2Nb-0.3Si/1Sn alloy 
under a molten NaCl-Na2SO4 salt mixture. The mechanism 
involves several reactions between the medium salts, the 
oxides, and the alloy. Figure 10c illustrates the specimen 
after hot corrosion, where this phenomenon is observed as 
erosion area at the interface of the alloy and the multilayer 
scale. Pulverisation, the breaking down of the scale into 
fine particles, detaches from the alloy surface and exposes 
it to further corrosion [52]. This process can occur due to 
various factors, including stress accumulation, differen-
tial expansion, and contraction, as well as the diffusion of 
reactive species [36–43, 50].

•	 At high temperatures, the salt mixture dissociates into 
Na+, Cl−, and SO4

2− ions (Eqs. 2 and 3). These ions 
penetrate the alloy surface through the protective scale.

•	 The Cl− ions react with the protective scale, such as 
TiO2 and Al2O3, resulting in the formation of volatile 
Cl2 gas (Eqs. 4 and 5).

Table 3   The EDS surface analysis of the specimen in Fig. 2a, b

Elements (at. %) Ti-48Al-2Nb-0.3Si Ti-48Al-2Nb-
0.3Si-1.0Sn

Ti 26.7 24.6
Al 0.9 0.2
O 61.6 56.1
Na 09.0 11.0
Cl 1.0 7.8
S 0.8 0.4

Fig. 7   XRD patterns of the Ti-48Al-2Nb-0.3Si and Ti-48Al-2Nb-
0.3Si-1Sn alloys after cyclic hot corrosion for 60 h at 900 °C
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•	 The Na+ ions react with alloy elements like Ti, Al, and 
Nb, forming oxides such as NaTi5NbO13, NaAlO2, and 
Na2TiO3 (Eq. 6).

•	 The Cl2 gas reacts with the alloy elements, forming metal 
chlorides (MClx) like TiCl4 and AlCl3 (Eqs. 7, 8, and 9).

•	 The metal chlorides then react with O2, forming oxides 
and releasing more Cl2 gas (Eqs. 10, 11, and 12).

These reactions contribute to the deterioration of the 
alloy surface due to the formation of volatile gases (Cl2), 

metal chlorides (MClx), and metal oxides (MOx). The 
release of Cl2 gas creates a continuous cycle of corro-
sion as it reacts with the protective scale and alloy ele-
ments, further degrading the surface. These reactions are 
self-sustaining and accelerate the corrosion of the alloy 
by breaking down the protective oxide layer. This causes 
damage to the alloy through grain boundaries or defects in 
the microstructure, reaching the underlying material and 
leading to further degradation and pulverisation. The fol-
lowing equations show the reactions involved in the hot 

Fig. 8   TEM images of the corroded scale of Ti-48Al-2Nb-0.3Si-1Sn alloy after 60 h thermal cycling; a corroded scale of the alloy, b particle 
size distribution, c elemental mapping of the (O, Cl, Ti, Al, Nb) interaction between alloy and corrosion medium
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corrosion mechanism between TiAl and NaCl-Na2SO4 hot 
salts [34, 36, 52]:

It is evident that the spallation or accelerated mass loss 
from the Ti-48Al-2Nb-0.3Si alloy can be attributed to the 
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process of pulverisation. The multilayer scale consists of 
different oxide layers, such as TiO2 and Al2O3, which have 
different thermal expansion coefficients from the underly-
ing alloy. During high-temperature service and exposure to 
corrosive environments, these oxides cause stress to build 
up at the interface, leading to cracking and pulverisation of 
the scale [52]. The multilayer scale and the underlying alloy 
experience different degrees of expansion and contraction 
during thermal cycling in high-temperature environments. 
This results into cyclic thermal stress at the interface, weak-
ening the bond between the scale and the alloy and making 
them prone to pulverisation [52]. Corrosive gases, such as 
SO2 and Cl2, can diffuse through the scale and react with the 
alloy or the scale constituents. This can result in the forma-
tion of compounds that have different physical properties 
from the Ti-48Al-2Nb-0.3Si/1Sn, such as metal sulphides 
and chlorides. These differences contribute to pulverisa-
tion at the interface [34–36]. The presence of sulfidation at 
the interface of Ti-48Al-2Nb-0.3Si-1Sn might as well have 
influenced the spallation. This combination led to the forma-
tion of compounds with physical properties that differ from 
Ti–Al-Nb-Si-xSn, such as metal sulphides and chlorides, 
contributing to interface pulverisation [34].

3.3 � Mechanical properties

The mechanical properties of the Ti-48Al-2Nb-0.3Si-1Sn 
and Ti-48Al-2Nb-0.3Si alloys were evaluated before and 
after conducting hot corrosion tests. Figure 11a shows the 
yield stress (YS), ultimate tensile stress (UTS), and elonga-
tion (%El) before the cyclic hot corrosion test. The YS of 

Fig. 9   TEM images of the corroded scale of Ti-48Al-2Nb-0.3Si-1Sn alloy after 60 h thermal cycling. a HRTEM indicating the anatase TiO2. b 
SAED pattern of corrosion scale
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Ti-48Al-2Nb-0.3Si alloy is 451 MPa, UTS of 470 MPa, and 
%El of 2.0%. On the other hand, the Ti-48Al-2Nb-0.3Si-1Sn 
alloy exhibited YS of 307 MPa, UTS of 485 MPa, with %El 
of 2.2%. The higher YS and UTS values of the Ti-48Al-2Nb-
0.3Si alloy are indicative of higher strength when compared 
to the Ti-48Al-2Nb-0.3Si-1Sn alloy.

Figure 11b shows the hot corrosion tests of the Ti-48Al-
2Nb-0.3Si and Ti-48Al-2Nb-0.3Si-1Sn alloys after the 
cyclic hot corrosion test. The results show that corrosion 
influenced the mechanical properties of both alloys. The 
YS (318 MPa), UTS (418 MPa), and %El (1.7) of Ti-48Al-
2Nb-0.3Si alloys have decreased. On the other hand, the 
Ti-48Al-2Nb-0.3Si-1Sn alloy exhibited a lower YS (257 
MPa) and increased UTS (479 MPa). The %El for this 
alloy decreased to 2.0%. The results indicate that the cyclic 
hot corrosion tests significantly affected the mechanical 

properties. However, Ti-48Al-2Nb-0.3Si-1Sn was less 
affected when compared to Ti-48Al-2Nb-0.3Si alloy. The 
corrosion-induced localised surface defects have influenced 
the initiation of cracks during loading, leading to the reduc-
tion in mechanical properties.

Figure 12 shows the hardness test results. The micro-
hardness results of the Ti-48Al-2Nb-0.3Si before the hot 
corrosion test were measured 299 HV and decreased to 290 
after the cyclic hot corrosion test. The Ti-48Al-2Nb-0.3Si-
1Sn alloy hardness before the cyclic hot corrosion test was 
280 HV and decreased to 263 HV after the cyclic hot corro-
sion test. The micro-hardness results indicate that both alloys 
experienced a decrease in hardness after the cyclic hot corro-
sion test. These results emphasise the importance of consid-
ering the potential effects of hot corrosion on the mechanical 
properties of Ti-48Al-2Nb-0.3Si and Ti-48Al-2Nb-0.3-1Sn 

Fig. 10   Schematic illustrations 
of hot corrosion mechanisms of 
Ti-48Al-2Nb-0.3Si/1Sn induced 
by NaCl-Na2SO4 salt mixture. 
a Initial deposition of the salt 
mixture onto the substrate sur-
face. b Liquefaction of the salt 
mixture leading to the initiation 
of the hot corrosion process. c 
Impact of hot corrosion on the 
sample post-processing, high-
lighting the morphological and 
compositional changes observed
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alloys when evaluating their suitability for high-temperature 
applications.

4 � Conclusion

The current study investigated the hot corrosion behaviour 
of Ti-48Al-2Nb-0.3Si and Ti-48Al-2Nb-0.3Si-1Sn alloys 
under NaCl and Na2SO4 salt deposits at 900 °C. Both alloys 
were subjected to a hot corrosion attack; however, the 

Ti-48Al-2Nb-0.3Si-1Sn alloy demonstrated better corrosion 
resistance. The following are the findings:

•	 The Sn addition promoted the formation of a SnO2 layer 
on the alloy surface, which acted as a barrier against 
the penetration of corrosive salts into the alloy. The Sn 
addition also enhanced the adhesion and cohesion of the 
Al2O3 scale, which prevented spallation and cracking.

•	 The hot corrosion mechanisms in Ti-48Al-2Nb-0.3Si 
and Ti-48Al-2Nb-0.3Si-1Sn alloys involved a combina-
tion of oxidation, sodium, and chlorine-induced corro-

Fig. 11   Compression engineering yield stress-ultimate tensile stress results of Ti-48Al-2Nb-0Sn-0.3Si and Ti-48Al-2Nb-0.3Si-1Sn alloys, a 
before the cyclic hot corrosion test and b after the cyclic hot corrosion test

Fig. 12   Vickers hardness 
of Ti-48Al-2Nb-0.3Si and 
Ti-48Al-2Nb-0.3-1Sn before 
and after cyclic hot corrosion 
tests
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sion processes. The formation of complex multi-layered 
oxide scales, consisting of TiO2, Al2O3, and the interac-
tion between the alloy and the aggressive environment 
were crucial factors in determining the overall corrosion 
behaviour.

•	 The short cyclic loading had a more detrimental impact 
on mass loss than long-time cyclic loading. This was 
because short cyclic loading exposed the alloy to fre-
quent thermal shocks and stresses, which damaged the 
protective oxide layer and accelerated the corrosion pro-
cess.

Therefore, this study concluded that Sn is an effective 
alloying element for enhancing corrosion resistance of TiAl-
based alloys.
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