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Abstract. Titanium aluminides (TiAl) have attracted industrial interest, 

particularly for high temperature applications owing to their promising 

mechanical properties. Due to the application of these materials to the 

marine environment it is therefore important to understand their 
performance under such conditions. In this study, the corrosion behaviour of 

Ti-48Al-2Nb-0.7Cr-0.3Si alloy produced by vacuum arc melting was 

investigated using the potentiodynamic polarization method. The corroded 

surface and Ti-Al phases were investigated by scanning electron microscopy 
(SEM), optical microscopy, and X-ray diffraction (XRD). Hardness was 

examined by a Vickers micro hardness tester with a diamond indenter. 

Pitting was observed to occur within the surface defects and caused severe 

corrosion.  

1 Introduction  

The world is facing high demand for energy provision and that is leading to the search for 

high-performance materials that are lightweight, have high strength, and exhibit excellent 

corrosion resistance in marine and corrosive atmospheres [1, 2]. The TiAl alloys are 

promising high-performance materials owing to their low density, high specific strength, 

good corrosion resistance, and reasonable high-temperature mechanical properties [3, 4]. 

These materials are ideal for replacing nickel-based super-alloys in low-pressure turbine 

blades within the aerospace industry due to their low density and high strength [5]. 

Furthermore, TiAl-based alloys exhibit excellent corrosion resistance when compared to 

titanium alloys such as Ti6Al4V and that is attributed to high aluminium (Al) content within 

the alloy matrix [6]. The Al has the capability of forming a surface protective alumina layer 

(Al2O3) which is responsible for shielding the materials from further corrosion [7].  

 The major application of military aircraft in the marine environment exposes TiAl 

turbine blades within the aero-engine components to NaCl which may get accumulated on 

their surface. Within the marine environment, these materials must be able to withstand harsh 
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corrosive environments that might be experienced due to volatile chloride ions (Cl-). These 

volatile Cl- have the capability to react with Ti and Al and thus degrade the surface protective 

scale of the TiAl-based alloys and consequently leading to premature failure [8, 9].  

 Even though TiAl-based alloys retain interesting mechanical properties, they suffer from 

poor ductility and fracture toughness at room temperature [8, 9]. Such room temperature 

ductility limits the fabrication of these alloys [6]. The addition of the alloying elements such 

as Nb, Cr, and Si, to TiAl-based alloys, is known to improve their low-temperature ductility, 

solute solution strengthening, and oxidation resistance [10-13]. Furthermore, fabrication of 

the TiAl-based alloys can be achieved through the process of powder metallurgy, ingot 

metallurgy, investment casting, additive manufacturing, selective laser melting, and vacuum 

arc re-melting (VAR) [14 -17]. Ingot metallurgy and investment casting retain the issue of 

high production costs and create challenges such as coarse grains, microstructure segregation, 

solidification shrinkage, and room temperature ductility [14, 19]. Powder metallurgy is a 

promising cost-effective fabrication technique that can achieve near net shape and it also aids 

control over factors such as alloying composition and microstructure homogeneity and 

refinement [18]. VAR is a re-melting technique that is frequently used in the fabrication of 

high-performance materials such as the fabrication of special steel, nickel-base alloys, and 

reactive metals such as titanium and zirconium [17]. Materials such as titanium and its alloys 

have a high affinity for oxygen which is considered contamination during melting or heat 

treatment [20]. Therefore, redox reaction is highly limited in VAR to ensure insignificant 

deformability.  

 The TiAl alloys composed of α2/γ-TiAl duplex microstructure are known to exhibit 

enhanced ductility and good room temperature strength than those of γ-TiAl single phase 

[20]. The microstructure of the TiAl alloys can be controlled to obtain a duplex 

microstructure depending on the chemical composition and heat treatment [21]. The aim of 

this work was to fabricate the Ti-48Al-2Nb-0.7Cr-.03Si (at. %) alloy consisting of (α2+γ) 

dual phases through the powder metallurgy route, and cast it through VAR, then study its 

electrochemical behaviour in marine atmosphere.  

2 Material and methods  

2.1 Material  

The Ti-48Al-2Nb-0.7Cr-0.3Si (at. %) alloy was fabricated through the powder metallurgy 

route. Pure elemental powders of (a) Ti, (b) Al, (c) Nb, (d) Cr, and (e) Si as shown in Fig. 1, 

were blended in a Turbula shaker mixer and then cold pressed using Enerpac hydraulic press 

with a die of 51mm diameter. The different elemental morphologies, sizes, and shapes of the 

metallic powders are presented in Table 1. The green compact was subjected to vacuum arc 

melting and it was melted three times to promote homogeneity within the microstructure, and 

the arc melted button with the dimensions of 38 × 38 × 13 mm3 is shown in Fig.1 (f). 

 

Table 1: Particle size and morphology of the elemental powders 

Elements Ti Al Nb Cr Si 

Morphology Angular Spherical Angular Angular Angular 

Particle size(μm) 30.51 74.0 23.89 126.0 8.90 
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Fig. 1. SEM micrographs of the; (a) Ti; (b) Al; (c) Nb; (d) Cr; (e) Si powder particles and; (f) VAR 

melted button. 

2.2 Heat reatment 

The VAR melted Ti-48Al-2Nb-0.7Cr-0.3Si (at. %) alloy was heat treated at 1250 oC for 1h 

using a tube furnace under argon-rich atmosphere. The furnace temperature was ramped at 

20 oC/min from room temperature up to 1250 oC and held there for one hour before cooling 

down to room temperature within the furnace.  
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2.3 Sample preparation and characterization 

The specimen for electrochemical dissolution was machined into a 2 cm diameter and 6 mm 

thickness while the as-cast was machined 10 × 10 × 2 mm3 through wire-electrical discharge 

machining. The metallographic preparation was performed on as-cast, heat-treated and 

corrosion samples. All samples were ground up to 4000 SiC grit paper to a mirror-like finish. 

The Kroll reagent was applied to the samples by immersing them in the etchant in order to 

reveal their microstructures. Optical microscopy and SEM were used for surface morphology 

and microstructural investigations. The phase analysis of the TiAlNbCrSi was characterized 

by XRD with Cu Kα radiation λ=1.54Å and the samples were scanned within a 2θ range of 

20o to 100o. 

2.4 Micro hardness test 

The micro hardness property of the fabricated TiAlNbCrSi alloy 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 indention with a dwell time of 10 seconds and the diagonal 

indent was separated by a spacing of 500 μm for ten points and the average was recorded. 

2.5 Corrosion test 

The electrochemical behaviour of the Ti-48Al-2Nb-0.7Cr-0.3Si (at. %) alloy was 

investigated in a 3.5% NaCl solution using autolab-potentionstat for defining its linear 

polarisation. The three-electrode cell system comprising of Ag/AgCl as a reference electrode 

(RE), platinum wire as a counter electrode (CE), and TiAl sample as a working electrode 

(WE). The 1 cm2 surface area of the WE was exposed to the electrolyte. In order to obtain 

the polarization curves, two tests were performed in order to study the electrochemical 

behaviour of the alloy immersed in 3.5 % NaCl electrolyte. For the first test, the potential 

was scanned in a forward direction from -1.9 V to 1.1 V against RE at a scan rate of 0.001 

V/s. In the second test, the sample was ground through the metallographic process to remove 

the surface protective oxide and the potential was scanned in a forward direction from -1.9 

to 1.1 V against RE at a scan rate of 0.001 mV/s as per [6]. 

3 Results and discussion  

3.1 Microstructure and phase analysis  

Fig. 2 shows the micrographs of the (a) as cast and (b) heat treated samples. The micrographs 

illustrate the lamellar structure comprising (α2+γ)-TiAl dual-phases. The alpha (α2) phases 

are shown by dark grey while the gamma (γ) phases are shown by light grey [22]. The as-

cast sample show some pores on the surface. The heat-treated sample is observed to have a 

growth in a lamellar structure consisting of colonies of alternating (α2+γ) phases [22, 23] 

when compared to as cast sample and growth in lamellar structure as the sample is 

homogenized at 1250 oC for 1 h. There are still some minimal micro-pores observed in a heat 

treated sample.   
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Fig. 2. Optical micrographs of the Ti-48Al-2Nb-0.7Cr-0.3Si (at. %) alloy (a) as cast and (b) heat treated.  

Fig.3 shows the XRD pattern of the as cast and heat treated samples in 2θ range of 20 - 100. 

The pattern shows the peaks corresponding to the micrographs in Fig. 2 which displays the 

crystal structures of the hexagonal close-packed α2-Ti3Al and face-centered tetragonal γ-TiAl 

phases. According to the Ti-Al phase diagram [21], various microstructures can be produced 

depending on the presence of Al content and heat treatment temperature. Heat treatment was 

used to homogenize the (α2 + γ)-TiAl dual phase and the attaining of such phases is confirmed 

by XRD. The XRD pattern of the as cast show the γ-TiAl as a major phase as shown by high 

with high intensity at 2θ of 45.4 and this peak is observed to decrease in intensity after heat 

treatment. The intensity decrease on heat treated sample means that the unstable alpha phases 

dissolved for the formation of stable phases [6].   

 

Fig. 3. X-ray diffraction pattern of the heat treated Ti-48Al-2Nb-0.7Cr-0.3Si alloy (at.%). 
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3.2 Micro hardness analysis  

The micro hardness was performed in as-cast and heat-treated samples. Fig. 4 presents the 

as-cast sample which was recorded to have a hardness of 361.69 HV0.5, whereas the heat-

treated sample was having a hardness of 289.26 HV0.5. Heat treatment is encouraging 

boundary growth and relieves the internal stress that is caused by the high density of internal 

boundaries after melting [24] consequently leading to a slight decrease in the micro hardness.  

It is worth noting that the sample in Fig. 2 (b) has resulted in larger grain after heat treatment 

as evidence of grain growth and internal stress relief.  

 

 

Fig. 4. Micro hardness properties of the as cast and heat treated Ti-48Al-2Nb-0.7Cr-0.3Si (at. %) alloy. 

3.3 Corrosion analysis  

The effect of the 3.5 % NaCl solution was investigated on the electrochemical dissolution 

behaviour through the potentiodynamic polarization curve. The 3.5% NaCl is known to 

simulate the marine environment [25] and it has been observed to have some effect on the 

surface of the TiAl-based alloys [6, 25, 26]. Table 2 displays the extrapolated Tafel 

electrochemical parameters of the Ti-48Al-2Nb-0.7Cr-0.3Si (at. %) alloy in 3.5% NaCl at 

room temperature. The linear polarisation curve of the investigated Ti-48Al-2Nb-0.7Cr-0.3Si 

(at. %) alloy is presented in Fig. 5, and the corroded microstructure is presented in Fig 6.  

Table 2. Corrosion parameters for TiAl alloys under 3.5% NaCl electrolyte. 

𝐄𝐜𝐨𝐫𝐫(V) 𝐈𝐜𝐨𝐫𝐫(𝐀/𝐜𝐦
𝟐) 𝐄𝐩𝐢𝐭(𝐕) Passivation 

(V) 

Corrosion rate 

(mm/year) 

-0.6283 3.196E-06 0.3413 0.9696 0.64570 

The polarization curve shows a negative corrosion potential (Ecorr) of -0.6283 V, corrosion 

current density (Icorr) of 3.196 x 10-6 A/cm2 and a corrosion rate of 0.64570 mm/year. The 

current density of the anodic curve shows stable behaviour before reaching the pitting 

potential (Epit) of 0.3413 V, thereafter it increases sharply. The current density increment 

goes with local corrosion on the pores of the alloy, so the alloy stayed in an equilibrium state 

from the corrosion potential up to the pitting potential where pitting corrosion occurred at a 

rapid rate with the current density increase. The alloy presents stable passivation appearances 
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with the interval of about 0.9696 V. The stable passivation characteristics is attributed to the 

formation of a passive film of Al2O3/TiO2 on the surface during anodic corrosion. While the 

pitting potential is attributed to the aggressive chloride ions penetrating the passive layer 

from the pores and easily breaking the protective film exposing the Ti-Al matrix to the 

electrolyte. Consequently, leading to the current density increase. 

 
Fig. 5. Potentiodynamic polarization curves of the Ti-48Al-2Nb-0.7Cr-0.3Si (at. %) alloy in 3.5%NaCl 

electrolyte. 

Fig. 6 (a) presents the corroded morphology of the sample after the electrochemical 

polarization in 3.5% NaCl solution. A large pit is observed to occur on the surface of the 

alloy which is in agreement with the polarisation curve from Fig. 5. The higher magnification 

is presented in Fig. 6 (b) which reveals the lamellar colonies where the corrosion medium 

was attacking and exposing the Ti-Al matrix due to the aggressive chloride ions. Moreover, 

few pits existed on the surface of the corroded sample which is in agreement with the 

behaviour of the anodic curve.  

 

Fig. 6. (a) The optical micrographs of the Ti-48Al-2Nb-0.7Cr-0.3Si (at.%) alloy after chemical 

polarisation in 3.5%NaCl electrolyte and (b) the magnifications. 
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4 conclusion  

The TiAl alloys are lightweight materials that are regarded as promising candidates for low-

pressure turbine blades within the aero-engines. This study was aiming to fabricate the Ti-

48Al-2Nb-0.7Cr-0.3Si (at. %) alloy containing (α2 +γ)-dual phase and examine the alloy 

behaviour under electrochemical dissolution in 3.5% NaCl. SEM, optical microscope, and 

XRD were used to study the microstructure and phases of the sample and the following 

conclusion is made.  

- The Ti-48Al-2Nb-0.7Cr-0.3Si (at. %) alloy with (α2 +γ)-dual phase was successfully 

fabricated. 

- The alloy displays a fully lamellar structure with altering colonies of α2-Ti3Al and 

γ-TiAl dual phases.  

- Heat treatment has reduced the micro-hardness of the alloy due to grain growth and 

relieved internal stress.  

- The potentiodynamic polarization curve exhibited stable passive current density as 

a result of Al2O3/TiO2, pitting is observed due to surface pores, and the alloy show 

good corrosion resistance as it exhibited a low corrosion rate. However, the surface 

pores make it easier for volatile Cl- ions to attack the Ti-Al matrix and lead to pitting. 
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