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Abstract 

In order to improve mechanical properties of binary TiAl alloys, Ti33.3Al 

(weight percent, hereafter in wt.%) alloys with different WC particles content (1.5%, 

3.0%, 4.5%, 6.0%, 7.5%) were prepared by vacuum arc melting. The phase 

constitution, macro/microstructure evolution and mechanical properties were 

investigated systematically. XRD results showed that WC disappeared and Ti2AlC 

phase appeared after adding WC particles because of WC reacting with Ti and Al. In 

addition, the lattice parameters of α2 phase increased due to the solid solubility of 

interstitial carbon atoms and substitutional tungsten atoms. For microstructure, 

rod-like Ti2AlC particles formed when WC content was more than 3.0%, and the 

length diameter ratio of Ti2AlC particles increased when WC content was 7.5%. It 

was found that the shape changing of Ti2AlC was in accordance with the morphology 

of lamellar colony, which indicated Ti2AlC firstly formed during solidification. The 

microstructure changed from coarse columnar to fine equiaxed and the average size of 

lamellar colony decreased from 189.7 to 66.5 μm with increasing WC content. 

Tungsten segregated and formed a little B2 phase in the lamellar colony when the WC 
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content was more than 6.0%. Compressive testing showed that the strength and the 

strain were improved from 1847 to 2324 MPa and from 25.7 to 28.5%, respectively. 

The Vickers hardness of Ti33.3Al alloys was also improved by the addition of WC. 

The improvement of mechanical properties was caused by the grain refinement, solid 

solution of carbon and tungsten atoms, reinforcement of Ti2AlC phase and a little B2 

phase. 
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1. Introduction 

TiAl alloys are considered to be promising materials and are widely used in 

aerospace, marine and automobile industry instead of nickel based superalloys [1, 2]. 

In spite of many excellent properties such as excellent corrosion resistance, low 

density, good creep properties [3, 4], TiAl alloys have poor ductility at room 

temperature, which hinders the further application [5].  

In-situ formed reinforcements have attracted much attention due to the advantage 

of compatible interfaces with matrix [6]. As TiB2 [7], Ti2AlC [8], Ti2AlN [9], Y2O3 

[10] and Al2O3 [11] are proved to be suitable reinforcements to enhance the 

mechanical properties of TiAl alloys, interstitial elements such as C, N, B are selected 

for the preparation of composite materials. The Ti2AlC/TiAl composites with 

different (Nb–C) content were fabricated by Shu et al. using combustion synthesis 

method and the best compression property was obtained with 10 wt.% (Nb–C) 

elements [12]. Compared with the nominal Ti43.5Al4Nb1Mo0.1B alloy, the α2/γ 

lamellar colony microstructure in TiAl alloys was refined with carbon atoms addition 

and the microhardness was improved [13]. 
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In recent years, W, Cr, V, and Nb have been added into the TiAl alloys to 

optimize the microstructure and improve the mechanical properties [14-16]. W as a 

strong β phase stabilizer was known to increase creep resistance and tensile properties 

of TiAl alloys, which could retard dislocation motion and stabilize lamellae 

microstructure [17-19]. In addition, Hu et al. [20] have found that W could improve 

the ductility of TiAl alloys using first-principles study.  

Due to the good effect of Mn on the ductility [21], Shu et al. [22] have added Mn 

into the Ti2AlC/TiAl composites and the results showed that the strength and ductility 

of TiAl alloys could be enhanced synchronously. From the above analysis, it can be 

seen that the combination of alloying and composites in TiAl alloys shows better 

effect on the mechanical properties. On account of the good effects of W atoms such 

as improving the ductility of TiAl alloys [20] and the advantages of Ti2AlC 

reinforcements such as low density, superior thermal shock resistance, suitable 

thermal expansion coefficient [23, 24], it can be predicated that TiAl alloys will 

exhibit refined microstructure and excellent mechanical properties with the 

combination of C and W. In the present work, C and W are added into Ti33.3Al 

alloys simultaneously in the form of WC particles, and the effect of WC addition on 

the mechanical properties of Ti33.3Al alloys will be discussed systematically. 

2. Experimental methods 

The Ti33.3Al (weight percent, hereafter in wt.%) alloy button ingots with 

increasing WC content (1.5, 3.0, 4.5, 6.0, 7.5%) were prepared by vacuum arc furnace 

under the protection of argon atmosphere. Raw materials were sponge titanium (99.98% 

purity), aluminum (99.98%) and WC particles (99.9%). The samples were re-melted 

for four times to homogenize the chemical composition. The phase constitution was 

analyzed by X-ray diffraction (XRD) with Cu Kα radiation. Macrostructure was 
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photographed by Nikon Digital Single Lens Reflex. Microstructure was analyzed by 

Optical Microscope (OM) and Quanta 200F scanning electron microscopy (SEM) 

equipped with Energy Dispersive Spectrometer (EDS). The specimens for 

macro/microstructure observation were cut vertically from the center of the button 

and were etched by solution of hydrofluoric acid, nitric acid and water (HF: HNO3: 

H2O is 1: 3: 16, volume fraction) for 15s. Cylindrical specimens with a size of 46 

mm were used for compressive test. And the compressive tests were conducted on 

Instron 5569 electronic testing machine with the loading rate of 0.5 mm/min. 

Microhardness measurements were operated on digital microhardness tester under 

load of 200g for 15s. To ensure the accuracy of the data, at least three specimens of 

each composition sample were tested for compressive properties, and the 

microhardness was measured at ten different positions of each sample, the average 

values were calculated based on these data. 

3. Results and Discussion 

3.1. Effects of WC on the phase constitution of Ti33.3Al alloys 

The X-ray diffraction patterns are displayed in Fig. 1(a). Ti33.3Al alloy and 

Ti33.3Al alloy with 1.5% WC mainly consist of γ-TiAl and α2-Ti3Al phase. As the 

addition of WC is 3.0, 4.5, 6.0 and 7.5% respectively, the strongest peak of Ti2AlC 

appears at the diffraction angle of 39.84°. And the diffraction peak of WC is not 

observed, which indicates that there is reaction among Ti, Al and WC during the 

solidification process. The strongest diffraction peak of α2 phase is locally amplified 

as displayed in Fig. 1(b). And the diffraction angle of the α2 peak is gradually shifted 

to the left with increasing WC content. 

Fig. 1(b) shows that sinθ decreases while interplanar spacing increases, which 

indicates that the lattice distortion of α2 phase occurs. It has been reported that carbon 
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as interstitial atoms tends to dissolve in α2 phase due to the presence of T6 type sites in 

the α2 phase [25]. In addition, tungsten as substitutional atoms can result in the 

increased lattice of α2 phase. Both of them contribute to the lattice distortion of α2 

phase. 

 

Fig. 1. (a) XRD patterns of Ti33.3Al alloy with different WC content; (b) magnification of α2 peak 

3.2. Macrostructure of Ti33.3Al alloys with increasing WC content  

Fig. 2 shows the macrostructure evolution of Ti33.3Al alloys with increasing 

WC content. Without WC, the macrostructure of the Ti33.3Al alloy presents a typical 

coarse-grained columnar macrostructure. When the content of WC is 1.5%, the 

macrostructure changes to large dendrites grains significantly. The grain size is 

further reduced and tends to be uniform with increasing WC content. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Fig.2. Macrostructure of Ti33.3Al alloys with increasing WC content (a) 0; (b) 1.5%; (c) 3.0%; (d) 

4.5%; (e) 6.0%; (f) 7.5% 

3.3. Microstructure of Ti33.3Al alloys with increasing WC content  

Fig.3 displays the microstructure evolution of Ti33.3Al alloys with increasing 

WC content. The microstructure of Ti33.3Al alloy without WC shows coarse 

columnar dendrites. When the addition of WC is 1.5%, the coarse columnar grains 

change to fine dendrites and a number of large γ phases exist in the dendritic gap. The 

coarse lamellar colony is further reduced with 3.0% WC, and a few Ti2AlC particles 

form in the α2/γ lamellar colony. When the content of WC reaches 4.5, 6.0 and 7.5%, 

the thick dendrites gradually transform into fine equiaxed grains and rod-like Ti2AlC 

particles distribute more uniformly in the α2/γ lamellae. It is observed that the length 

diameter ratio of Ti2AlC particles in Ti33.3Al alloys increases with 7.5% WC content, 

which results in increasing size of α2/γ lamellar colony. The large size of dendrites 

results in a large interdendritic region, which forms the large γ phase. With the 

increasing WC content, the smaller size and equiaxed grains decrease the 

interdendritic region, which contributes to the formation of smaller γ phases. 

Therefore, accompanied with the refined α2/γ lamellae, the size of γ phases is 

gradually reduced. As a result, the Ti33.3Al alloys with increasing WC content show 

more refined duplex microstructure. 

Fig.4 shows the SEM microstructure of Ti33.3Al alloys with increasing WC 

content. Chen et al. [26] have reported that β-solidification and α-solidification are 

two modes of solidification in TiAl alloys. Compared with the microstructure of 

Ti33.3Al alloy, the angle between the primary and secondary dendritic arm changes 

from 90°to 60° with increasing WC content, which indicates that the addition of WC 

changes the primary phase of Ti33.3Al alloy from β to α phase. Previous studies 

reported that N could make the Al elements enriched in solid-liquid interface by 
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suppressing the diffusion of Al [9]. Therefore, a high N content leads to a shift of the 

higher Al content solidification pathway, which promotes the formation of α phase. 

As the C is an α-stabilizer element [13], it can expand the α phase region and change 

the solidification pathway. Similarly, we can infer that the effect of C during the 

non-equilibrium solidification process could also promote the formation of α phase. 

Therefore, the actual solidification path of Ti33.3Al alloy with increasing WC content 

reduces component segregation by avoiding the peritectic reaction, and α phase 

becomes the primary phase.  

Wang et al. [27] have reported that the TiB precipitates provide nucleation sites 

for α phase and alter the corresponding morphologies. Similarly, it can be observed 

that the morphology of α2/γ lamellar colony is consistent with the change trend of the 

reinforcements morphology (marked in Fig. 4(f)), which illustrates that the Ti2AlC 

particles act as nucleation sites and alter the corresponding morphologies of α2/γ 

lamellae. Ti2AlC particles are prior to precipitating at high temperature before the 

solid-state phase transformations, and the forming temperature of Ti2AlC particles is 

in the range of β + α phase [28]. In addition, J. Lapin et al. reported that the spherical 

and irregular shaped Ti2AlC particles were formed by transformation of TiC1-x 

particles, and the formation of plate-like Ti2AlC particles was in the L +Ti2AlC phase 

region [29]. According to the shapes of Ti2AlC particles in our work, we can confirm 

that Ti2AlC particles are formed directly from the melt. Therefore, Ti2AlC particles 

are considered to act as nucleation sites during the solidification process, and the α2/γ 

lamellae adhere to the Ti2AlC particles to grow up. W as strong β stabilizing element 

can result in the residual β phase in the form of B2-structure [30]. As shown in Fig.4 

(e) and (f), streamlined tungsten segregation exists in the α2/γ lamellae and forms a 

little B2 phase with 6.0% and 7.5% WC content, which indicates that the content of 
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tungsten atoms exceeds the limit of solid solubility in lamellae. From above analysis, 

the solidification path of Ti33.3Al alloy can be concluded as follows: 

L→L+β→L+β+α→α→α+γ→α2/γ + γ. When the WC content is 6.0%, the 

solidification path can be concluded as follows: 

L→L+α+β+Ti2AlC→α+βr+Ti2AlC→α+γ+βr +Ti2AlC→α2/γ + γ+B2+Ti2AlC. 

 

Fig.3. OM microstructure of Ti33.3Al alloys with different WC content (a) 0; (b) 1.5%; (c) 

3.0%; (d) 4.5%; (e) 6.0%; (f) 7.5% 
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Fig.4. SEM microstructure of Ti33.3Al alloys with increasing WC content (a) 0; (b) 1.5%; (c) 

3.0%; (d) 4.5%; (e) 6.0%; (f) 7.5% 

As shown in Fig. 5, the specific effect of WC addition on the lamellar colony of 

Ti33.3Al alloy is illustrated. The primary dendritic arm spacing is used to represent 

the lamellar colony size for Ti33.3Al alloy and Ti33.3Al alloy with 1.5% WC. 

According to the scaleplate, the primary dendritic arm spacing was obtained by 

measuring the distance between the parallel lines in the OM images, which is marked 

as red line shown in Fig. 3(a) and (b). With higher WC content, average size of 
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lamellar colony is measured by intersection linear method [31]. And at least five 

micrographs have been adopted to determine the average size of lamellar colony. 

Therefore, the size of lamellar colony is 189.7±68.78, 132.5±43.7, 124.3±36, 

87.4±20.5, 66.5±13.9 and 77.6±25.6 μm, respectively. 

 

Fig.5. Effect of WC content on the lamellar colony size of Ti33.3Al alloy 

Fig. 6 indicates that carbon atoms show inhomogeneous distribution in the 

Ti33.3Al alloy with 1.5% WC content. A number of carbon atoms gather up at the 

boundary of α2/γ lamellae and γ-TiAl phase, which implies the carbon atoms move 

from the γ phase to the grain boundary due to the lower solid solubility in γ phase [25, 

32]. Previous study reported that carbon atoms played a role in blocking the boundary 

of α2/γ lamellae and γ phase [33]. The carbon atoms at the grain boundaries can also 

act as pinning dislocation to increase the strength of alloys.  
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Fig.6. EDS results of Ti33.3Al alloy with 1.5% WC content 

Element surface scanning analysis is conducted and the specific distribution of 

elements in Ti33.3Al alloy is shown in Fig. 7. Fig. 7(a) shows that titanium as the 

main element distributes uniformly in Ti33.3Al alloy. While aluminum shows 

obvious segregation in the interdendritic region, which is named of typical S-type 

segregation. Tungsten as β stabilizer tends to distribute in the α2/γ lamellae and is 

absent in the interdendritic region, which is in accord with the report that V, Cr, Mo, 

Ta, and W are prone to dissolve in α2 phase [34]. As shown in Fig. 7(b), 

reinforcements are depleted in aluminum and contain higher titanium and carbon, 

which is consistent with the result of XRD analysis.  

 

25μm 

(a) 

25μm 

(a) 
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Fig.7. Composition distribution of Ti33.3Al alloys with WC content (a) 6.0% WC; (b) 7.5% WC 

Schematic diagram is used to compare the different microstructures in Ti33.3Al 

alloy with 1.5% and 7.5% WC content. As shown in Fig. 8(a), carbon atoms 

preferentially exsit at the boundary and tungsten atoms mainly dissolve in the α2/γ 

lamellae by solid solution. Apart from the solid solution of C atoms, Fig. 8(b) shows 

that Ti2AlC particles form with 7.5% WC content and distribute in the lamellae. 

Tungsten atoms as β stabilizers mainly exsit in the B2 phase. 
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10μm 

WC W C Ti2AlC B2 α2/γ lamellae γ  
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Solidification and solid phase transformation 
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Fig.8. Schematic diagram of Ti33.3Al alloys with WC content (a) 1.5% WC; (b) 7.5% WC 

3.4. Mechanical performances of the Ti33.3Al alloy with increasing WC content 

In order to investigate the effect of WC on the mechanical properties of the 

Ti33.3Al alloy, compressive properties are tested at room temperature. As shown in 

Table 1 and Fig. 9, the compressive strength and strain with increasing WC content 

show a similar changing trend.  

Compared with the mechanical properties of the Ti33.3Al alloy, the compressive 

strength and strain change slightly when the WC content is 1.5% and 3.0%. Chen et al. 

[26] have reported that the β-solidification mode is better for axial mechanical 

properties due to the small angle between lamella and axial direction. When the 

addition of WC is 1.5% and 3.0%, the solidification mode of Ti33.3Al alloy changes 

from β to α mode, and the size of lamellar colony decreases slightly. The two factors 

can explain the slight changes of mechanical properties with 1.5% and 3.0% WC 

content. 

When the content of WC is 4.5% and 6.0%, both of the compressive strength and 

strain increase and reach a maximum value with 6.0% WC content. Best enhancement 

on compressive strength and strain are 2324 MPa and 28.5%, respectively. The 

strengthening mechanism can be concluded from the following aspects. Ti2AlC acts 

as nucleation site during the solidification process. It can increase the nucleation rate 

of α phase and result in the refined α2/γ lamellae. The Ti33.3Al alloys with increasing 

WC content show more refined duplex microstructure. Grain refinement increases the 

number of grain boundaries, which is beneficial to the mechanical properties by 

impeding the movement of dislocations. Load transfer strengthening of Ti2AlC 

reinforcement also contributes to the improvement of mechanical properties. The 

elastic modulus of Ti2AlC (278 GPa) [35] is higher than that of TiAl alloy (160-175 
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GPa) [36]. Previous study has shown that the stress would transfer from the matrix 

with lower stiffness to reinforcements with higher stiffness in composite materials 

[37]. Ti2AlC was coherent with the TiAl matrix fabricated by vacuum arc-melting 

[38]. Therefore, Ti2AlC particles could improve the compressive strength effectively 

by undertaking more transferred load during the stress process. Another important 

strengthening mechanism is solid solution strengthening. The partition coefficient of 

W is    
   

 =1.3 and W has low diffusion coefficient [30]. The refined grains increase 

the contact area between the solid phase and liquid, which reduces the distance of 

Tungsten element diffusion and obtains minimum segregation of W. Tungsten atoms 

in the matrix cause solid solution effect and also stabilize the α2/γ lamellae [20], 

which can contribute to the enhancement of strength. Carbon as interstitial atoms 

cause the lattice distortion. The atoms gather around the dislocations to form the 

Cottrell atmosphere, which can increase the strength by impeding the dislocation 

movement.  

When the content of WC is 7.5%, the compressive strength and strain decline. It 

has been reported that borides with short bars or blocks shape are good for the 

mechanical properties while long curved ribbons as crack sources can deteriorate it 

[39]. Fig. 4(f) shows that the length diameter ratio of the Ti2AlC increases with 7.5% 

WC content and is followed by the increasing size of α2/γ lamellae, which can account 

for the decline of compressive properties. Similar to the negative effect of too much 

solid solution of Mn on the ductility of the Ti2AlC/TiAl composites [22], the severe 

lattice distortion resulting from too much solid solution of W in the composites leads 

to the split of TiAl matrix, which is detrimental to the compressive strain of the 

Ti33.3Al alloy with 7.5% WC content. A higher volume fraction of B2 phase exists in 

the matrix of Ti33.3Al alloy with 7.5%WC content. Wang et al. reported that B2 
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phase was a source of cracks due to its brittleness in the compression test at room 

temperature [40]. Previous study showed that the deformation incompatibilities 

caused the concentration of stress at the interface of B2 phase and the matrix, which 

resulted in the cracks [41]. All of these can explain the decreased compressive 

strength and strain in the compression test.  

Table 1 Compressive properties of the Ti33.3Al alloy with diffrent WC 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9. Compressive properties of Ti33.3Al alloy with increasing WC content (a) compressive 

strength and compressive strain; (b) compressive strain-stress curve 

Fig.10 shows that the Vickers hardness value is improved from 352 to 450 HV 

with increasing WC content. The main reasons for the improvement of Vickers 

hardness can be concluded as follows: It has been reported that the hardness of 

Ti2AlC and TiAl alloy is 4.9 and 3.15 GPa, respectively [38], which indicates that the 

hardness of Ti2AlC is higher than that of TiAl alloy. Therefore, the presence of 

Content Compressive Strength (MPa) Compressive Strain (%) 

0 1847±45 25.7±0.68 

1.5 1913±23 25.6±1.15 

3.0 1917±37 25.4±0.75 

4.5 2189±20 27.8±0.59 

6.0 2324±22 28.5±0.28 

7.5 2112±23 24.8±1.02 
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Ti2AlC particles can lead to the improvement of Vickers hardness. In addition, the 

higher Vickers hardness results from the reduced size of γ phase, as γ-TiAl phase is 

the softest among the B2, α2 and γ phase [42]. Solid solution strengthening and 

volume fraction of B2 phase are all beneficial for the Vickers hardness of TiAl 

composites. 

 

Fig.10. Microhardness of Ti33.3Al alloys with increasing WC content 

3.5. Fracture surface analysis of Ti33.3Al alloy with different WC addition 

Fig. 11 shows the fracture section near big fracture surface. It can be seen that 

carbide plays an effective role in impeding crack propagation. Reinforcements can 

change and terminate the crack propagation path by tearing, bridging ligament and 

decohesion, which reduces the break energy to relieve the inherent brittle fracture. All 

of the microstructures mean that the reinforcements contribute to the improvement of 

mechanical properties. 
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Fig.11. Microstructure of longitudinal sections near the fracture surface 

Big flat facets and rapid expansion of the main crack can be observed without 

WC addition in Fig. 12(a), which indicates the poor fracture mechanism of Ti33.3Al 

at room temperature. Interlamellar fracture and translamellar fracture are found in the 

Ti33.3Al alloy with 1.5%WC, which also exhibits the brittle cleavage fracture. 

Compared with Fig. 12(a) and (b), the fracture of α2/γ lamellea is refined with the 

increased addition of WC, which results from the refined grains and implies the 
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improvement of mechanical properties. From the magnified image, there is extraction 

of reinforcement in the fracture surface.  

 

Fig. 12. Fracture morphology of Ti33.3Al alloys with increasing WC content (a) 0; (b) 1.5% ; 

(c) 6.0%; (d) 7.5% 

 

Conclusions 

In this paper, the macro/microstructure evolution and mechanical properties in 

Ti33.3Al with different content of WC were investigated. The following conclusions 

can be drawn: 

(1) Ti2AlC phase forms when WC content is more than 3.0%. The shape of Ti2AlC 

phase changes from rod-like to needle-like with increasing WC content. The 

changing shape of Ti2AlC phase is in accordance with the morphology of α2/γ 

lamellar colony. 
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(2) Ti2AlC phase acts as heterogenous nucleation sites during solidification. The 

microstructure of Ti33.3Al alloys is refined obviously, and the coarse columnar 

grains transform into fine equiaxed grains with inceasing WC content. 

(3) The Ti33.3Al alloy with 6.0% WC exhibits the best compressive properties with 

the strength and the strain of 2324 MPa and 28.5% respectively. The 

microhardness increases continuously with increasing WC content. The 

strengthening mechanisms are the grain refinement, solid solution of carbon and 

tungsten atoms, reinforcement of Ti2AlC phase and a little B2 phase. 

(4) Carbide impedes crack propagation and reduces the break energy by tearing, 

decohesion and bridging ligament, which contributes to the improvement of 

mechanical properties. 
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