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Abstract  

 

This paper explores the corrosion behavior of matrix Ti750 alloy and its composites prepared 

using SiCp, B4C, SiCw, and GPLs particles as reinforcement. The consolidation of the metallic 

powders was by spark plasma sintering method. The study chose mixed molten salt of 25% 

NaCl + 75% Na2SO4 as the corrosive medium and the hot corrosion behavior of the solid-

solution aging at 800 °C. The study found that at the same corrosion temperature, the rate of 

change of the weight gain curves of all the materials was similar. The corrosion weight gain of 

the base material was the highest (14.10 mg.cm-2), whiles the 5vol.% SiCp reinforced composite 

had the lowest weight gain of 5.1 mg.cm-2, which is 36.17% of the base alloy. The corrosion 

products of all the materials were mainly composed of TiO2, Al2O3, Na2TiO3, and Al2TiO5. The 

peak of SiO2 was enhanced when SiCp was added, and there was no distinct peeling off of the 

corrosion layers, unlike the base material, which had partial shedding, deep cracks, and holes. 

The 5vol.% SiCp reinforced composite therefore possessed the best corrosion performance. 

 

Keywords: Ti750 Matrix Alloy, Ceramic Particles, Powder Metallurgy, Corrosion, Spark 

plasma sintering (SPS) 

 

 

Introduction 

 

Titanium alloys and composites are promising materials for aircraft engine design because 

of their excellent properties at elevated temperatures up to 600 °C [1-4]. Beyond this temperature, 

however, the Ti element combines with oxygen to yield non-protective oxide scales [5,6]. The 

Ti-A1-Sn-Zr-Mo-Si series alloys, in consolidation with β–stabilizers and appropriate 

thermomechanical processing, can attain 650 °C - 700 °C operating temperatures [7-9]. The 

Chinese Academy of Sciences developed a Ti-A1-Sn-Zr-Mo-Si series alloy, also known as Ti750, 

which can operate at 700℃ - 750℃ for a brief period [10]. With a good amount of α phase, the 

Ti750 has Ti-6Al-4Sn-9Zr-1.21Nb-1.6Mo-0.3Si nominal composition. The contents of Al and Sn 

produce a large significant amount of ordered α phases of Ti3x (Al and Sn) precipitates at high 

temperatures [11,12]. Controlling the distribution and amount of these precipitates leads to 

improve strength and plasticity of the alloy [12]. Jayaprakash et al. [13] found that additions of 

Zr to this series of Ti alloys enhanced strength at both room and high temperatures. It can form 

very stable precipitates with Si and Ti at 650 °C. Nb promotes the formation of ternary silicides 

such as (TiZr)6Si3, which enhances the fracture toughness of near α Ti alloys [14]. Chen et al. 

[15] have demonstrated that Mo contents in Ti750 alloy indirectly increase the thermodynamic 

stability of the alloy. Si is an indispensable element for many high-temperature Ti alloys because 
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it forms silicides, which disperse in the alloy and hinder the movement of dislocations. A 

0.1%~0.5% addition of Si in high-temperature Ti alloys improves the strength and high-

temperature creep resistance [16].  

Although titanium, its alloys, and composites have low density, high specific strength, 

Young’s modulus, and other excellent mechanical and corrosion resistance properties, there exist 

limitations in some aspects. Certain defects, such as low hardness, abrasion resistance, poor 

mechanical properties, and poor corrosion and oxidation resistance at higher temperatures, have 

severely impeded the implementation of the material in engineering. The particle reinforcements 

in the titanium matrix can effectively boost the mechanical properties and high-temperature 

materials’ resistance to corrosion and oxidation, thereby subduing some performance defects of 

the titanium alloy. For example, Poletti and Höltl [17] used SiC, TiB whiskers, and TiC particles 

to reinforce Ti alloys and the developed composites had superior strength than the base materials. 

The oxidation behavior of TMCs reinforced with particles was also studied by Qin et al.[18]. 

They observed that the TiC particle reinforcement has lower oxidation at 550 °C, 600 °C, and 

650 °C. Kim et al. [19] also used TiB and TiC reinforcements for Ti alloy, and the resulting TMCs 

had higher oxidation resistances. Preliminary studies by Tabie et al. [20] on SiCp, B4C, SiCw, 

and GPLs reinforced Ti750 alloy also yielded lower oxidation weight gains compared to the 

matrix alloys. Several studies have also evaluated the corrosion performance of particle-

reinforced Ti alloys [21-23]. The composites demonstrated excellent resistance to corrosion than 

the base alloys. Therefore, particle-reinforced titanium-based composites have broad research and 

application prospects. Currently, many pieces of research are focused on particles-reinforced 

titanium-based composites synthesized using powder metallurgy.  

Spark plasma sintering (SPS) is the most commanding powder metallurgical technique 

[24-27]. The technology produces high-density components with near-net-shapes within a few 

minutes through the localized plastic movement of the connected particles [24]. Besides, it is very 

efficient, requires low processing temperature, energy-saving, less grain growth, and less 

pollutant [26,27].  

When Ti alloys and their composites are used at extreme temperatures above 600 °C and 

in working environments with impurities such as sulfur, sodium, chlorine, and oxygen, thermal 

corrosion occurs. Thermal corrosion of materials accelerates under the combined action of 

oxygen and other corrosive gases leading to corrosion damages [28]. It causes damage to the 

interior material’s composition, and the mechanical characteristics, are significantly reduced, 

which severely weakens the material’s performance. Therefore, studying the thermal corrosion 

behavior of titanium-based composite materials, exploring the mechanism of thermal corrosion 

generation, and seeking effective means to suppress the occurrence of thermal corrosion is of 

great significance to enhance the material’s performance. 

 

Materials and Methods 

 

The experiment used SiCp, B4C, SiCw, and GPLs granulates as reinforcements for Ti750 

matrix alloy. The TMCs were prepared first by mechanical ball milling the powders, followed by 

consolidation using the spark plasma sintering method. For comparison purposes, the base alloy, 

Ti750, was fabricated by the same process. The schematic of the experimental procedure is shown 

in Fig. 1. Table 1 shows all the materials and chemicals used in this experiment. They were all 

procured from Jiangsu Vilory Advanced Materials Technology Co., Ltd- PR China. The scanned 

microstructures of the raw materials powder (Fig. 2) were analyzed using the SPECTRO MAXx 

spectrometer. 
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Table 1. List of experiment materials. 

 

Chemical/Material Particle size (µm) Purity (wt.%) 

Pre-alloyed Ti750 10 –90 >99 

SiC particles 50 >99.9 

Boron carbide (B4C) 60 >99.9 

SiC whiskers L>= 2, D = 0.1 –2.5 >99.9 

Graphene particles (GPLs) L = 0.5 – 5, D = 0.7–1.2 >98 

Sodium sulfate (Na2SO4)  >99 

Sodium chloride (NaCl)  >99 

Nitric acid (HNO3)  >99 

Hydrofluoric acid (HF)   

 

 
 

Fig. 1. schematic diagram of the experimental process. 

 

 
 

Fig. 2. Microstructure of the raw materials: (a) Atomized Ti750 alloy powder, (b) B4Cp (c) SiCp (d) SiCw, and (e) 

GNPs[29] 
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The experiment used a planetary ball mill with model number QM-3SP4 manufactured by 

Nanjing T-Bota Scietech Instruments and Equipment Company to mill the raw material powder. 

The powder-to-ball ratio was 8:1, and that of big balls to small balls was 1:4. A low-energy ball 

milling at 300 r/min was used to mix the raw powders for 24 h. The mixing was thorough to 

achieve uniform distribution of reinforcements in the matrix and avoid a reduction in the 

compressibility of mixed powders [30]. The reinforcements were first measured into the mill tank 

and submerged in pure ethanol to about 2/3 of the mill tank volume. The powder formulation in 

Table 2 was developed using the optimum performance ratios of the reinforcement materials from 

literature and testing and comparing the mechanical properties of a series of samples with 

different volume fractions. An Ohaus discovery optical balance with a precision of ±2 mg was 

used to weigh the powders.  

 
Table 2. TMC powders chemical composition. 

 

 

Sample 

Constituents (vol. %) 

SiCw B4C GPLs SiCp Matrix alloy 

A 0 0 0 0 bal 

B 0 1 0 5 bal 

C 5 0 0 5 bal 

D 0 0 0.15 5 bal 

E 0 0 0 5 bal 

 

The ball milled powder was subjected to spark plasma sintering (SPS) using the 

DR.SINTER-type SPS-3.20 discharge plasma sintering furnace with the heating rate was set to 

100 °C/min, the pressure 50 MPa, the holding time 10min, the sintering temperature 1350 °C, 

and the furnace cooled after the heating. The sintered samples have diameters of 20 mm and a 

height of 30 mm 

The sintered samples were cut into 7mm × 7mm × 5mm small test samples. All six surfaces 

of the sample were polished and ultrasonically cleaned. The experiment selected a box-type 

resistance furnace, SX2-4-10 model, used the salt coating method, weighed the samples with an 

optical balance (accuracy 0.0001g), and the corrosive solution was 25% NaC1 and 75% Na2SO4 

aqueous solution. The temperature was set at 800 °C, and the corrosion time to 30h. At 0h, 1h, 

3h, 5h, 7h, 10h, 15h, 20h, 25h, and 30h, corrosion times, the sample was taken out of the crucible 

and weighed. The corrosion gain of the sample was measured to obtain the corrosion kinetic curve. 

The corrosion products’ XRD pattern after thermal corrosion was analyzed. The samples’ surface 

morphology and cross-section were observed using electron microscopy. 

 

Results and discussion 

 

Corrosion kinetics analysis after 30 hours of hot corrosion 

The corrosion gain curves of the matrix and composite materials after thermal corrosion 

at 800 °C for 30 hours are shown in Fig. 3. It can be seen from the Fig. that at the same corrosion 

temperature, the thermal corrosion kinetics curves of all the materials are similar. Initially, the 

corrosion weight of the material increased significantly, and the reaction on the surface was 

intense. The slope of the curve reduced significantly after 5 hours of hot corrosion, and the 

corrosion rate became lower than in the initial stage. As time increases, the material's corrosion 

weighting curve gradually flattens, and the corrosion reaction progresses very slowly.  

Comparing the corrosion kinetics curves of the materials at the same temperature found 

that the corrosion gain of the base alloy was the highest. The corrosion gain of the base alloy after 

corrosion at 800 °C for 30 hours was 14.10 mg.cm-2. The 5vol.% SiCp reinforced composite had 

the lowest weight gain after corrosion at 800 ℃ for 30h among all the materials. The weight gain 

was 5.10 mg.cm-2, a 36.2% improvement on the base alloy. On adding the SiCp, the corrosion 

weight of the material gradually decreased. This phenomenon indicates that the SiCp can 
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significantly reduce the corrosion weight of the material and improve thermal corrosion resistance. 

The 0.15vol.% GPLs reinforced composite became gradually stable after 20h of corrosion and 

entered the corrosion stabilization phase. The weight gains of 0.15vol.% GPLs sample was 7.10 

mg.cm-2 after the 30h corrosion. The addition of GPLs as reinforcements in the composite 

material also significantly improved the thermal corrosion resistance of the composite material. 

 

 
 

Fig. 3. The corrosion kinetics curve of matrix and composites corroded for 30h at 800 ℃: 

(a) Sample A (b) Sample B (c) Sample C (d) Sample D (e) Sample E. 

 

Hot corrosion products and micro-morphology  

Fig. 4 is the XRD pattern of the corrosion products of the matrix and the composites after 

corrosion at 800 °C for 30 hours. At the high-temperature environment of 800 °C, an oxidation 

reaction accompanied the corrosion reaction. Hence, the corrosion layer of the material contained 

oxidation and corrosion products. From the XRD pattern, the material's corrosion layer is mainly 

composed of rutile TiO2, Al2O3, and SiO2 after thermal corrosion for 30 h in 25% NaCl + 75% 

Na2SO4 mixed molten salt due to the presence of S and Na elements in the mixed molten salt. 

These elements reacted with the materials in the high-temperature corrosion environment to 

generate compounds such as Na2TiO3 and Al2TiO5. From the map, the number and peak intensity 

of Na2TiO3 is high because more TiO2 got generated at high-temperature corrosive environments. 

The alkaline dissolution produced TiO2-, which combined with free Na+ to obtain Na2TiO3 

compounds according to Equations 1 and 2 [31]. Hence, the corrosion products of all the materials 

contained Na2TiO3.  

 

4 NaCl(s)+O2(g)+2TiO2(s)↔2 Na2TiO3(s)+2 Cl2(g)   (1) 

4 NaCl(g)+O2(g)+2TiO2(s)↔2 Na2TiO3(s)+2 Cl2(g)   (2) 

 

Carefully observing the XRD pattern, the diffraction peak of SiO2 in the corrosion 

products of SiCp reinforced composites was higher when compared with the base alloy. The peak 

strength of SiO2 also increased further with the addition of the content SiCp, indicating more SiO2 

got generated in the material. Due to the dense structure of the generated SiO2 oxide, the corrosion 

channel of the material got reduced, the penetration of corrosive elements was blocked, and the 

thermal corrosion resistance of the material improved significantly. The 5vol. % SiCp + 0.15vol. % 

GPLs sample had the weakest diffraction peak intensity of each corrosion product, indicating that 
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the addition of the reinforcements produced the least corrosion products on the surface, which is 

consistent with the smallest weight increase per unit area in the corrosion kinetic curve. Compared 

with the matrix, a small amount of SiO2 appeared in the composites with GPLs reinforcements.  

The SiO2 has good corrosion resistance, which can slow down the degree of thermal corrosion of 

the material to a certain extent. 

 

 
 

Fig. 4. XRD patterns of matrix and composites corroded at 800℃ for 30h: 

(a) Sample A (b) Sample B (c) Sample C (d) Sample D (e) Sample E. 

 

Fig. 5 shows the SEM morphology of the substrate and the composite after thermal 

corrosion at 800 °C for 30 hours. From the figure, after four hours of high-temperature corrosion, 

the surface morphology of the materials was quite different. From Fig. 5 (a,b), the size and shape 

of the corrosion products of the base alloy are different, and there are relatively porous holes and 

cracks. Cracking and shedding of the corrosion products occurred in some areas, which caused 

the penetration of corrosion elements and reduced the material's resistance to thermal corrosion 

performance. From the high-magnification diagram, the corrosion products of the base alloy are 

mainly composed of a large number of short stick-shaped substances protruding outwards and 

some clusters of substances. The corrosion products are evenly distributed but with some cracks 

and holes. Compared with the matrix alloy, the corrosion layer of the 5vol.% SiCp reinforced 

composite was relatively flat and dense. The corrosion products are mainly needle-like, prismatic, 

and cluster-like substances. The morphology and size of the corrosion products are very different 

and mixed. The surface of the corrosion layer of the 5vol.% SiCp reinforced composite was 

relatively flat and dense, and the corrosion products contained outwardly growing prism-shaped 

substances of different sizes. The product prepared by adding more carbon through GPLs had the 

corroded surface of the composite materials mainly composed of a group of globular substances 

with small size and close arrangement.  

As can be seen from the high magnification in Fig. 5 (j), the corrosion products are mainly 

short rod-like and cluster-like structures. The short rod-like structures are more evenly distributed 

on the cluster-like substances and are doped and fused. Table 3 shows the results of the EDS 

analysis of the corrosion products. From the table, the corrosion products are mainly Ti, Al, O, 

Na, and a small amount of S and Zr. According to the XRD analysis results, the corrosion products 
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of the material are mainly composed of TiO2, Al2O3, SiO2, Na2TiO3, and Al2TiO5. However, due 

to the complicated corrosion process, the corrosion products may also contain AlCl3 and TiS. 

 
Table 3. EDS element analysis of typical structure in Fig. 6.3. 

 

 Sample A Sample B Sample C Sample D Sample E 

 

 

Feature 

1 2 1 2 1 2 3 1 2 3 1 2 

B - - 0.05 0.04 - - - - - - - - 

C - 5.31 0.98 0.42 2.25 0.77 0.60 4.28 2.33 1.66 4.79 6.47 

O 37.99 35.96 29.68 25.66 36.60 22.32 39.83 44.80 38.06 33.08 42.64 45.61 

Na 0.69 3.26 10.91 12.69 21.71 12.40 22.29 8.79 20.98 20.99 5.11 1.13 

Al 6.17 5.12 0.03 0.13 0.67 - 16.16 - 0.58 0.24 10.27 9.33 

Si 0.26 1.27 4.88 3.05 8.74 0.85 17.86 0.98 0.93 0.06 0.27 0.40 

Zr 0.99 3.98 4.85 2.13 7.58 0.79 0.00 2.66 1.52 0.07 0.24 0.13 

Nb 0.17 0.75 0.00 0.00 0.16 0.31 0.00 2.98 0.21 0.02 0.05 0.00 

Mo 0.12 0.70 0.00 0.00 0.19 1.18 0.53 0.34 0.06 0.03 0.12 0.03 

S 0.03 0.20 0.41 1.02 0.00 0.06 1.58 0.00 0.00 0.00 0.00 0.03 

Cl 0.07 0.18 0.01 0.04 0.10 0.62 - 0.16 0.07 0.04 0.09 0.05 

Sn 1.77 2.92 5.81 4.60 3.82 2.90 0.04 0.75 0.50 0.26 0.28 0.17 

Ti 51.75 40.36 42.38 50.21 18.19 57.81 1.12 34.26 34.77 43.55 36.13 36.65 

 

Corrosion section and mechanism analysis  

The cross-sectional morphology and line scanning of the base alloy and composites after 

corrosion at 800 °C for 30 hours is as shown in Fig. 6. From the figure, after 30 hours of high-

temperature corrosion, the corrosion layers of all the materials did not fall off. The corrosion 

layers were relatively intact and combined well with the base material, showing good thermal 

corrosion resistance. Compared with composite materials, the thickness of the corrosion layer of 

the base alloy was thicker, about 72 μm, with some holes distributed on the surface. Cracks also 

appeared in some areas, indicating that the thermal corrosion resistance of the base material was 

inferior to that of the composite materials. The corrosion kinetics of the materials was consistent. 

The thickness of the corrosion layer of the SiCp-reinforced composite was significantly smaller 

than that of the matrix alloy. The corrosion layer also became thinner, and the substrate tightly 

bonded. The thickness of the corrosion layer of the composite material with 5 vol. % SiCp, 5vol. % 

SiCp + 5vol. % SiCw, and 5vol. % SiCp + 0.15vol. % GPLs were about 37μm, 25μm, and 21μm, 

which are 51.4%, 34.7%, and 30.1 % of the base alloy. Similarly, the thickness of the corrosion 

layer of the composite material with 5vol. % SiCp + 1vol. % B4C was about 37μm. 

In the high-temperature environment, high-temperature oxidation accompanied the hot 

corrosion reaction. In the initial stage of the thermal corrosion reaction, the Al element in the 

material first reacted with O in the air under a high-temperature environment, forming a protective 

Al2O3 oxide film. The Al2O3 then covered the surface, which blocked O and other corrosive 

elements from the material to a certain extent. The internal diffusion improved the material's 

thermal corrosion performance. With the progress of the corrosion reaction, the protective effect 

of the Al2O3 film weakened as the corrosion environment continued to be harsh. 

Under high-temperature environments, the corrosion of molten salts produced a large 

amount of Na+ and S2-. The Na+ combined with TiO2- to produce NaTiO2, and S2- also reacted 

with Ti4+ to form TiS2. TiS2 was reduced to S2- under high-temperature and low-oxygen 

environments, and new TiS2 and TiO2 were generated inside the material. This process repeated, 

causing cyclic thermal corrosion of materials. Also, under the high-temperature environment, the 

element activity increased, the diffusion speed increased, and the rapid diffusion of the elements 

easily formed holes in the material. These were conducive to the entry and exit of corrosive 

elements and reduced corrosion resistance. The significant improvement in the corrosion 

resistance of the composite material compared to the base alloy may be due to the stable nature 

of the reinforcing phases, good corrosion resistance, and the role of grain refinement, which 

helped form a small and dense protective film. They also reduced the corrosion channel inside 
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the material, hindered the diffusion of corrosion elements, and improved the thermal corrosion 

resistance of the material. 
 

 
 

Fig. 5. The surface SEM morphology at low and high magnification of matrix and composites corroded  
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at 800℃ for 30h: (a,b) Sample A (c,d) Sample B (e,f) Sample C (g,h) Sample D (i,j) Sample E. 

 

 
 

Fig. 6. Cross-section SEM morphology and elemental line scanning of material corroded  
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at 800℃ for 30h: (a) Sample A (b) Sample B (c) Sample C (d) Sample D (e) Sample E. 

 

Conclusions 

 

This paper used a 25% NaCl + 75% Na2SO4 mixed molten salt as a corrosive medium to 

study the hot corrosion behavior of titanium alloy and its composite materials prepared by the 

SPS process discussed. The study found that: 

(i) The corrosion weight gain of the base material was significantly higher than that of the 

composite material, and the corrosion weight loss of the composite material decreased 

with the increase in the content of reinforcements. The corrosion gain of the base alloy 

after corrosion was 14.10 mg.cm-2. The corrosion gain of the 5vol.% SiCp reinforced 

composite has the lowest weight gain among the composites, with 5.1 mg.cm-2, which 

is 36.17% of the base alloy. As the corrosion temperature increased, the corrosion weight 

of the material increased, and the corrosion weight curve of the material at 800 °C was 

completely parabolic. The corrosion weight gain was relatively slow. 

(ii) The corrosion products of all the materials were similar and mainly composed of TiO2, 

Al2O3, Na2TiO3, and Al2TiO5. Also, the content of SiCp strengthened the peak of SiO2 

in the composite material, indicating that more protective SiO2 was generated, which 

can improve the thermal corrosion resistance of the material to a certain extent. 

(iii) After corrosion at 800 °C for 30 hours, no distinct peeling-off of the corrosion layers of 

the 5vol.% SiCp reinforced composite material was observed. The corrosion layers were 

flat and dense, well bonded to the substrate, and the material had better thermal corrosion 

resistance. The corrosion products of the base material at 800 °C have a partial shedding, 

and deep cracks and holes appeared in local areas, which caused the infiltration and 

diffusion of corrosive elements, weakening the material's thermal corrosion resistance. 
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