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ABSTRACT 

The amalgamated effect of hot-rolling, rapid cooling and heat treatment on the grain 

refinement and the resultant mechanical properties of an intermetallic sheet of nominal 

composition Ti-48Al-2Nb-0.7Cr-0.3Si was investigated. The sheet of 4 mm thickness was 

fabricated by hot-pack rolling from the vacuum arc remelted (VAR) ingot using a 

conventional two-high rolling mill. After the final rolling pass, the canned specimen was 

rapidly cooled in the air to room temperature followed by heat treatment in the  region. 

The scanning electron microscopy (SEM) micrographs of the as-rolled sheet revealed 

slightly elongated grains of a typical “duplex (DP)” microstructure with a mean grain size 

of about 3 µm which grew to about 4 m and became more equiaxed and homogeneous 

after heat treatment. Moreover, the EBSD micro-texture indicated a weak cube texture in 

the rolled + heat-treated sheet. Furthermore, the results from the profilometry-based 

indentation plastometry of the rolled  heat treated specimen illustrated the balanced and 

improved mechanical properties compared to the as-cast and as-rolled samples, and also 

those of similar alloy systems found in the literature.   
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1. Introduction 

 

As the need for lighter alloys to replace the heavier ones in aerospace and automobile 

industries to reduce fuel consumption, noise, NOx emissions, and maintenance costs as 

well as improve performance continues to grow, -TiAl-based alloys remain the promising 

materials for high-temperature applications. The alloys were first implemented in a race 

sport engine in the year 2000 [1]. A decade later, the -TiAl-based alloy blades replaced 

Ni-based super-alloy blades in the last stage of the low-pressure turbine of a Boeing 

aircraft B747-8 engine [2]. Apart from their lightweight property, high-temperature 

strength, good resistance to corrosion and oxidation are the other important properties 

that led to the real commercial applications of the alloys [3–7]. It has been established 

that those -TiAl-based alloys with fine and homogeneous microstructures possess well-

balanced properties [8,9]. Therefore, extensive research has been dedicated to alloy 

design methods and processing routes that yield fine microstructures viz.: Alloying with 

grain refiners such as boron to form TiB mono- or TiB2 di-borides which act as nucleating 

sites in the melt during solidification [10–13]. However, precaution needs to be taken to 

avoid the formation of curvy borides as they have a strong effect on reducing the ductility 

of the alloy [14]. Secondly, heat treatment such as cyclic, rapid and multi-step processes 

have been successfully employed to several -TiAl-based alloy systems to refine their 

microstructures [7,15–18].  However, Schwaighofer et al.,[7] demonstrated that with heat 

treatment the resulting microstructural properties are not completely balanced i.e. the 

improvement in properties such as strength and creep resistance leads to reduced room 

temperature ductility. Apart from alloying and heat treatment, research has also 

demonstrated that thermo-mechanical treatments (hot-working) such as hot-forging 

[19,20], hot-extrusion [21] and hot-rolling [22–26] are also capable of adjusting the 

microstructures of the alloys. Of all the existing methods of microstructural refinement, 

hot-working is regarded as the most attractive and efficient way of obtaining useful -TiAl-

based products that possess optimised mechanical properties [25]. During hot-working, 

an increased dislocation density assists to refine coarse microstructure by activating 

recrystallization processes [7]. Tang et al., [19] reported a fine homogeneous 
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microstructure with a mean grain size of about 13 m which was obtained through a multi-

step non-canned forging process. In another study, Burtscher et al., [21] managed to 

refine the microstructure of Ti-43.3Al-4Nb-1Mo-0.1B (in at%) alloy to an average grain 

size of 1.8 m using hot-extrusion. Excellent mechanical properties at room temperature 

such as hardness of 393 HV, yield strength of 1121 MPa and ultimate tensile strength of 

1213 MPa were obtained from the resulting alloy. Despite these outstanding properties, 

the ambient temperature elongation for the alloy was found to be only 1.3 %. On -TiAl 

cast ingots fabrication Shen et al., [25] has shown that it is possible to induce a high Nb-

TiAl based sheet of fine microstructure with an average grain size of about 15 m using 

a hot-pack rolling process. The researchers reported that the fabricated sheet possessed 

about 600 MPa and 750 MPa as yield and ultimate tensile stresses respectively with an 

engineering strain of about 2.6 % at room temperature. However, this is applicable to high 

Nb containing -TiAl based alloys whose corresponding process parameters may not be 

suitable for the peritectic low Nb containing -TiAl alloys. In the case of the grain 

refinement of the peritectic-solidifying low Nb -TiAl sheets by rolling, there is little 

information in literature that describe the grain sizes attained and their corresponding 

mechanical properties. For instance, Clemens et al., [27] reported the characterisation 

and mechanical properties of Ti-48Al-2Cr sheet material fabricated by hot-rolling. Prior to 

the rolling process, the cast alloy was forged. The mean grain size after hot-rolling and 

subsequent vacuum annealing at 1000 °C for 2 hours was found to be around 19 m. 

The tensile test of the resulting sheet at 25 °C revealed yield strength of 426 MPa, ultimate 

tensile strength of 515 MPa and a plastic strain of 2.0%. It is apparent that the mechanical 

properties of the sheet can be improved. As demonstrated by Burtscher et al., [21], the 

finer the grain size of the alloy, the more improved mechanical properties. Therefore, 

there should be a suitable and cost-effective combination of fabrication processes which 

could be capable of producing a sheet material with refined grains that can result into 

balanced and improved mechanical properties from a modified second generation -TiAl-

based ingot. In the present study, the microstructure of a -TiAl-based alloy sheet with 

nominal composition Ti-48Al-2Nb-0.7Cr-0.3Si produced by amalgamated effects of hot-

rolling, rapid cooling and heat treatment was investigated. The ingot was fabricated by 
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vacuum arc remelting (VAR) of the uniaxially cold pressed precursor powders. The sheet 

was manufactured by direct hot-pack rolling of the cast ingot without intermediate thermo-

mechanical processes such as hot isostatic pressing (HIPing) to reduce the processing 

cost.  
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2. Experimental work 

 

The -TiAl-based cast ingot with a nominal composition of Ti-48Al-2Nb-0.7Cr-0.3Si (at.%) 

and dimensions 38  38  13 mm3 was produced by vacuum arc remelting (VAR) through 

uniaxial compression of pure precursor powders. The vacuum used in the VAR electric 

arc melting furnace and the compression pressure in the pressing machine were 1 × 10−5 

Torr and 380 MPa, respectively. The same fabrication procedure was reported in [28–

31]. The as-cast ingot was encapsulated in a 316 austenitic stainless-steel case of 45  

45  15 mm3. This was carried out because of the following main reasons: 1) to prevent 

cracking of the ingot due to the large temperature gradient between the hot ingot and the 

cold mill rolls; 2) to minimise oxygen uptake and heat loss in transit from the furnace to 

the rolling mill; 3) to provide a quasi-iso-pressure to the ingot during hot-rolling, which 

subjects it under a form of tri-axial pressing and ameliorate the yield and working 

efficiency [32–34]. To avoid the bonding of the ingot and the case during the rolling 

process, the ingot-case interface was filled with zirconia powder [25]. The case was 

sealed by tungsten inert gas (TIG) welding. Finally, the sealed case was heated to 1280 

°C for 30 min and then rolled on a two-high mill with rolls of 300 mm diameter at a speed 

of 20 mm s-1 with a thickness reduction of about 15% per pass to reduce the thickness to 

4 mm, followed by air cooling. After each pass, the specimen was reheated to 1280 °C 

and soaked for 30 minutes. After rolling, a specimen was cut from the rolled sheet and 

was heat treated at 1250 °C for 1 hour followed by furnace cooling. The oxygen content 

and density for the as-cast, as-rolled and rolled + heat-treated samples were measured 

using the ELTRA ONH-2000 oxygen/nitrogen/hydrogen analyser and Micromeritics 

AccuPyc II 1340 Gas Pycnometer, respectively. The structural phase evolution in the 

rolled specimens was analysed by employing the X-ray diffraction (XRD) technique using 

the parameters Cu K radiation λ = 1.54062 Å and 2θ from 20° to 90° [28,29] with scan 

step size and speed of 0.02° and 0.002°/min respectively. The sample preparation 

procedure for the XRD examination outlined in [29] was adopted in this study. The 

microstructures of the as-cast, as-rolled and rolled  heat treated specimens were 

characterised by a JEOL JSM-6510 scanning electron microscope (SEM) in a 
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backscattered electron (BSE) mode. The obtained SEM-BSE images were used to 

determine the average grain sizes by utilizing the line intercept method in ImageJ 

software. Moreover, both the as-rolled and rolled  heat treated samples were also 

characterised by SEM electron backscattered diffraction (EBSD) technique and the 

gathered data were processed with Aztec ICE and HKL Channel 5 software. The EBSD 

parameters used were as follows; (a) acceleration voltage: 20 kV, (b) scanning interval: 

0.4 m and, (c) specimen tilted angle: 70° as reported in [30]. The specimens for SEM-

BSE characterisation were prepared by grinding the specimen surfaces to a mirror-like 

finish using grit papers up to 1200 followed by 1 m alumina, colloidal silica and then 

etched in 24 ml H2O  50 ml glycerol  24 ml HNO3  2 ml HF solution [30] while the ones 

for EBSD analysis were electro-polished in a solution of 600 ml methanol, 360 ml 

butoxyethanol and 60 ml perchloric acid after polishing mechanically up-to colloidal silica 

[30]. Micro Vickers hardness measurements were performed on the as-cast, as-rolled, 

and rolled  heat-treated specimens to obtain their hardness values. The specimens were 

prepared according to ASTM standard E3-11. This involved grinding and polishing the 

samples up to 1 μm diamond suspension. For hardness tests, a load of 500 gf was 

applied, and a dwelling time of 10 s was utilized as required by ASTM standards E384–

05a [35]. The hardness values were given as averages of at-least 10 measurements 

taken at 0.5 mm intervals. To obtain mechanical properties viz. yield stresses, ultimate 

tensile stresses and strains of the specimens, a profilometry-based indentation 

plastometry (PIP) was employed. This equipment is utilised to obtain the best fit set of 

parameter values in a constitutive stress-strain law using the residual indent profile as the 

target outcome in a repeated finite element method (FEM) simulation [36]. It is noteworthy 

that this method of measuring tensile properties was found to agree well with the 

conventional tensile testing by Campbell et al. [36]. Specimen preparation for the tests 

was carried out by mounting and polishing to 1 m finish [36]. The samples were then set 

on the plinth of the plastometer. The WC-Co cemented carbide spherical indenter of 

radius 1 mm was utilised to produce the indent using a force of 4.5 kN. During the testing, 

the average property values of six specimens for each alloy processing condition to 

ensure repeatability with three indentations on each specimen were obtained and 

recorded.     
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3. Results  

 

3.1. X-ray diffraction (XRD) analysis 

 

The structural transformation in the as-cast condition for this -TiAl-based alloy was 

reported by Mathabathe et al. [31]. The retained -phase in addition to the ordered 

tetragonal -TiAl and close-packed hexagonal 2-Ti3Al phases as well as the titanium 

silicate (Ti5Si3) was obtained. Fig. 1 shows the phases after hot-rolling and heat 

treatment. The major phases such as the tetragonal -TiAl (L10), hexagonal 2-Ti3Al 

(DO19), and titanium silicate (Ti5Si3) [30] were formed. Nevertheless, no retained -phase 

is visible for both alloy conditions. It is noteworthy that the hexagonal 2-Ti3Al (DO19) was 

categorised into 2-(Ti3Al) and 2-(Alpha 2) depending on the slight difference in their 

crystal lattice parameters as shown in Table 2. The phases displayed the lattice 

parameters a and b to be equal to 5.72 Å for the former and 5.73 Å for the latter as also 

published in [30]. Moreover, the XRD peaks remained unchanged after heat-treatment of 

the hot rolled sample A. However, peak broadening was observed for the as-rolled 

material. This may be ascribed to the combined effects of the retained lattice strain after 

hot rolling as well as crystallite size as observed by Van Berkum et al., [37]. To confirm 

the crystallite size and the accumulation of lattice strain in the as-rolled specimen, the 

Williamson-Hall (W-H) method was employed to analyse the XRD diffraction patterns 

[38]. The peaks’ full-width-half maximum (FWHM) values were utilised to attain the W-H 

plots displayed in Fig. 2a,b for the as-rolled and rolled + heat treated, respectively. The 

slope values of the outstanding fit linear regression in the plots which represent the lattice 

strains of the systems are summarised in Table 1 together with the crystallite sizes 

obtained using the y-intercepts of the plots [39–41]. 
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Table 1: The W-H crystallite size and lattice strains of the as-rolled and rolled + heat 

treated.  

Table 2: Phase acquisition [30]  

It is shown in Fig. 2a and Table 1 that the slope of the plot is positive with a value of 

about 0.2183, and the average crystallite size is as small as 1.2926 nm for the as-rolled. 

This demonstrates that the crystallite sizes and the micro-strain in the as-rolled sample 

could be the main sources of peak broadening [37,42] observed in Fig. 1. Conversely, 

the negative slope displayed in Fig. 2b for the rolled + heat-treated sample shows that 

the effect of the micro-strain on the peak broadening was negligible [38,43]. However, as 

observed, the line plot is nearly flat and straight demonstrating a near-pure size 

broadening [44].             

 

Fig. 1: XRD phase identification of as-rolled (sample A) and rolled + heat-treated 

(sample B). 
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Fig. 2: The W-H plots for the (a) as-rolled (sample A), and (b) rolled + heat-treated 

(sample B).  

    

3.2. Microstructures 

Fig. 3 shows the microstructure of the (a,b) as-cast (c,d) as-rolled and (e,f) rolled + heat-

treated alloy conditions. In the as-cast condition at lower magnification (a), the sample 

exhibits dendritic structures as previously observed [31,45]. However, at higher 

magnification (b), the 𝛼2-Ti3Al and -TiAl lamellae can be distinctly observed. In addition, 

due to the presence of Si, Ti has combined with Si to form clusters of titanium silicates 

(Ti5Si3) in the inter-dendritic region during solidification as illustrated in Fig.3b. Bibhanshu 

and Suwas [46] reported that the inter-dendritic regions of the solidified -TiAl-based cast 

alloy are consisting of -phase. Fig. 3c,d shows the initial coarse cellular-like dendritic 

structures observed in the as-cast microstructure (Fig. 3a) but consumed to form the 

typical “duplex” microstructural features far more uniform and refined with an mean grain 

size of about 3 m. The microstructure consists of -phase, lamellar colonies of  and 2-

phases, as well as a small amount of titanium silicate (Ti5Si3) precipitates. Due to the final 

rolling pass and subsequent air cooling, the grains are slightly elongated along the rolling 

direction as shown in Fig. 3c. This implies that the microstructure might still contain some 

micro-strain as evidenced by the diffraction peak broadening of the as-rolled specimen 

observed in Fig. 1. In Fig. 3e,f the microstructure of the hot rolled and heat treated alloy 

at 1250 °C for 1 hour is shown. The equiaxed grains emerged while the  elongated grains 

disappeared in the as-rolled microstructure. This behaviour is attributed to the annihilation 

of micro-strain occured during heat treatment in agreement with the sharper diffraction 

XRD peaks (Fig. 1).  
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Fig. 3: SEM-BSE micrographs, (LHS) low magnification and (RHS) high magnification 

(a) and (b) as-cast, (c) and (d) as-rolled sheet, (e) and (f) rolled + heat treated at 1250 

°C for 1 hour. 

3.3. SEM-EBSD analysis of microstructure  

The as-rolled and rolled + heat-treated microstructures were further analysed by EBSD 

to gain insight into their phase transformation mechanisms. Fig. 4a,b display the EBSD 

layered images of the as-rolled and rolled + heat-treated specimens, respectively, at high 

magnification. In the as-rolled condition, the grain boundaries represented by a grey 

colour are broad. This behaviour might have occurred due to the remnant dislocation pile-

up along the grain boundaries that were accumulated during the final rolling pass, 

validating the SEM-BSE and XRD results. Moreover, some of the 2 and Ti5Si3-phases 

are dispersed in the -phase and along the / interfaces. 

 

Fig.4: EBSD layered images (a) as-rolled, (b) rolled + heat-treated specimens. 

Fig. 4b shows shows that the grain boundary broadening was dramatically reduced after 

heat treatment. Furthermore, the majority of the titanium silicate precipitates are situated 

along the grain boundaries. Fig. 5 shows the EBSD map of the rolled + heat-treated 

specimen in which (a) is a band contrast, (b) phase maps, (c) orientation maps indicating 

inverse pole figures (IPF) in X, and (d) index maps with phase fractions in percentages. 

The dominating phase is the -phase [30] with the uppermost phase fraction of 86.5%. 

The 2-phase (alpha 2 + alpha 2(Ti3Al)) fraction is 5.68% while the Ti5Si3-phase fraction 

is 1.15%.  

 

Fig. 5: EBSD map of the rolled  heat treated sample: a) band contrast, b) phase map, 

c) orientation map indicating inverse pole figure (IPF) in X, and d) index maps. 

The boundary misorientation angles for 2-(Ti3Al), 2-(alpha 2) and -(TiAl) in the rolled + 

heat-treated alloy condition are exhibited in Fig. 6a-c, respectively. It is apparent that for 

both 2-Ti3Al (Fig. 6a) and 2-(alpha 2)  (Fig. 6b) phases, the distributions show a large 
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number of boundaries with misorientations greater than 15° while for the -phase (Fig. 

6c), the distribution exhibits almost all the misorientation angles greater than 15°.               

 

Fig.6: Misorientation angle distribution of the rolled + heat-treated specimen (a) 2-

(Ti3Al), (b) 2-(alpha 2), (c) -(TiAl) phases, and (d) grain boundaries.     

Fig.6d shows that a large percentage (99.7%) of grain boundaries in the alloy were 

misoriented at angles greater than 15°. The equivalent circle diameter grain size 

distribution in the rolled + heat-treated sheet is depicted in Fig. 7. It is evident that the 

microstructure mostly consisted of grains ranging from about 2 to 6 m with a mean grain 

size of about 4m. 

 

Fig. 7: Histogram of equivalent circle diameter grain size distribution of the rolled and 

heat-treated alloy.  

The microstructural texture representations of the rolled + heat-treated alloy are shown 

in Fig. 8 in terms of pole figures and Fig. 9 for the corresponding orientation distribution 

function (ODF) sections. The pole figures illustrate clusters on planes {100}, {110} and 

{111} for the existing phases in the sheet viz. 2-Ti3Al (Fig. 8a), 2 (alpha 2) (Fig. 8b), -

TiAl (Fig. 8c) and Ti5Si3 (Fig. 8d). Iin Fig. 9 that the maximum intensity is observed at 2 

= 30°, 35°, 40° and 45°. The predominant texture component resemble the familiar 

deformation and recrystallisation textures of face-centred cubic (FCC) metals [24] 

denoted by several researchers as a modified cube texture [24,25].  

 

Fig. 8: Pole figures of {100}, {110} and {111} planes for (a) 2-Ti3Al, (b) 2, (c) -TiAl, 

and (d) Ti5Si3 phases of the rolled  heat treated sheet.  

 

Fig. 9: The orientation distribution function (ODF) sections of the rolled heat-treated 

sheet. 

3.4. Mechanical properties  
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Fig. 10 displays the mechanical properties in as-cast, as-rolled and rolled + heat-treated 

conditions. The relationship between the Vickers micro-hardness and the corresponding 

Image J and EBSD measured grain sizes of the alloy condition is shown in Fig. 10a. The 

as-rolled specimen possesses the highest hardness value of about 490 HV followed by 

the hot rolled and heat-treated sample with 398 HV. The lowest hardness value of 362 

HV  belongs to the as-cast sample. Upon heat treatment, the hardness dramatically 

dropped from 490 HV to 398 HV with a slight grain growth from the mean grain size of 

about 3 to 4 m. The recorded tensile properties for as-cast, as-rolled and rolled + heat-

treated specimens are illustrated in Fig. 10b. The rolled + heat-treated sample exhibits 

the balanced tensile properties with a yield stress of 528 MPa, the ultimate tensile stress 

of 796 MPa and a uniform elongation of 2.15%. On the contrary, the ductility of the as-

rolled specimen deteriorated as evidenced by the lowest strain of 1.1%. This confirms 

that the material work-hardened and became brittle after hot-rolling and subsequent air 

cooling.  

 

Fig. 10: Mechanical properties (a) micro-hardness and grain size, and (b) PIP 

estimation of the tensile properties under different processing conditions.  
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4. Discussion 

 

4.1. Grain refinement mechanisms during hot-rolling and rapid cooling 

 

Based on the experimental results, it is apparent that in this study a significant grain 

refinement was achieved primarily through hot rolling and subsequent rapid cooling. Prior 

to these processes, the as-cast microstructure consisted of dendrites (Fig. 3a) which 

usually form under non-equilibrium conditions. For this alloy system, Nb and Cr solutes 

tend to micro-segregate to the cores of solidifying dendrites during the solidification 

process. As Ti, Nb and Cr segregate to the emerging dendrites, the Al diffuses to the 

inter-dendritic regions [31,47]. Consequently, the cast microstructure becomes 

inhomogeneous and thus negatively affects its hot workability [48,49]. However, a 

homogenization treatment was carried out at every rolling stage as elucidated in section 

2 to minimize chemical segregation and hence mitigate detrimental microstructural 

inhomogeneity [50]. During hot-rolling, plastic stresses activate the movement of 

dislocations in a material. As more lattice dislocations are absorbed by the subgrain 

boundaries, the increase in misorientation of the boundaries occurs, and gradually the 

boundaries transform into high-angle grain boundaries (HAGBs) [51]. This development 

of HAGBs eliminates the subgrain and original grain boundaries and new equiaxed grains 

emerge through the process of continuous recrystallization [52–54]. When the sample 

experienced air rapidly cooling after the final rolling pass from just below the -transus 

(+ region) temperature, the -grains and Ti5Si3 precipitated and nucleated during rolling,  

was suppressed due to the inadequate diffusion time. Furthermore, owing to the rolling 

deformation, there was micro-strain retention as exhibited by the positive slope of the plot 

in Fig. 2a and the elongation of the grains along the rolling direction in Fig. 3c. This 

behaviour might have affected the transformation of  to 2 +  (  2 + ) in a similar 

way to strain-induced transformation [55,56] in which a combination of high strain and 

undercooling becomes the driving force for transformation. It required a 1h heat treatment 

time to annihilate the micro-strain in the material and reactivate the diffusion mechanisms 
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to produce a more equiaxed grains illustrated in Fig. 3e. Moreover, the microstructure 

appears to contain twin boundaries (TBs) as depicted in Fig. 3f. As explained by Mandal 

et al.,[57] the TBs are expected in the dynamic recrystallised (DRX) grains. These TBs 

are formed by “growth accidents” during the expansion of the recrystallised grains. This 

phenomenon takes place when the stored energy is exhausted and wen the orientation 

between the recrystallized and deformed grains is similar [54]. The confirmation for the 

occurrence of DRX during hot-rolling is provided in Fig. 6d which illustrates that the 

predominant type of grain boundary in the sheet after rolling and subsequent heat 

treatment was the high-angle grain boundary (HAGB) [53] which is generally suggested 

to be caused by DRX [25]. 

 

4.2. Texture evolution of the rolled and heat-treated sheet 

 

The texture development in -TiAl-based alloys during hot rolling has been studied by 

several researchers for alloys containing both less and high Nb [25,58–61]. The studies 

have concluded that the main texture component in both categories of alloy is a modified 

cube texture in which the [001] in the -phase align along the sheet's transverse direction 

during hot-rolling with subsequent recrystallization of -TiAl alloys. However, the 

orientation density in the sheets varies from one alloy system to another depending on 

the content of Nb. For those in the conventional -TiAl alloy with low content of Nb, the 

texture is much strong, while those containing high Nb have a considerably weak texture. 

Concerning the high Nb -TiAl alloys, Shen et al., [25] published a maximum orientation 

density of three times denser than a random distribution for a Ti-45Al-8.5Nb-(W, B, Y) 

(at.%) sheet that was directly hot-pack rolled from an ingot prepared using plasma arc 

melting (PAM) process. For the low Nb alloys, Bartels and Schillinger [58] investigated 

the hot-rolling texture evolution of a rolled Ti-46.5Al-4(Cr, Nb, Ta, B) (at. %) alloy prepared 

by powder metallurgy. They found that the maximum orientation density was five times 

higher than the random. In another study, Bartels et al., [59] reported the orientation 

density of a Ti-47Al-4(Cr, Mn, Nb, Si, B) sheet that was rolled and primary annealed for 

two hours at 1000 °C to be twelve times stronger than the random. On the contrary, it has 

been shown in the current study that the orientation density in the sheet  (low Nb-
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containing alloy) is only about 2.4 times stronger than a random distribution (Fig. 9). 

Therefore, a weak anisotropy of mechanical properties in the material is expecyted. This 

less orientation density can be attributed to the beneficial results of suppressing the 

growth of recrystallized grains. 

 

4.3. Analysis of mechanical properties 

 

The properties such as hardness, strength and ductility in -TiAl-based alloys are related 

to the grain size. Generally, fine grains result in high hardness and strength [28,62]. This 

behaviour is best elucidated with the well-known Hall-Petch relationship shown in 

equation (1) [28]. 

 

𝜎𝑌 = 𝜎0 + 𝐾𝑑−1 2⁄ .                                                                                                       (1) 

 

𝜎𝑌 is yield strength for permanent deformation of the material, 𝜎0 and 𝐾 are constants 

for the alloy and 𝑑 is the mean diameter of the grains. For the as-rolled specimen, the fast 

cooling of the sample in the air after hot rolling prevented the growth of recrystallized 

grains and resulted in the production of fine grains in the microstructure with a mean grain 

size of about 3 m as shown in Fig. 10a. These fine grains may be a reason for high 

hardness value of 490 HV [63]. However, as noticed from the XRD and EBSD results 

(Fig. 1 and Fig. 4a), this samples contained a micro-strain which accumulated during the 

final rolling pass. The work hardening also contributed to the final hardness value of the 

sample. After heat treating the rolled sample, the hardness dropped to 398 HV with an 

almost negligible grain growth. This may further confirm the presence of micro-strain in 

the as-rolled sample which was annihilated during heat treatment. As shown in section 

3.2, the microstructure of the as-cast consist of coarse lamellar colonies with ultrafine 

lamellar spacing as exhibited in Fig. 3b. In this case, Dimiduk et al., [64] concluded that 

for polycrystalline lamellar alloys, the lamellar interfaces become the dominant barriers 

for dislocation glide and thus play a key role in influencing strength as well as hardness. 

On the other hand, the microstructure of the specimen rolled and heat-treated is duplex 

(Fig. 3e) of which its mechanical properties are controlled by both the phases of the 
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microstructure and the grain size [65]. Furthermore, in Fig. 10b, the specimen that was 

rolled and heat-treated displays balanced mechanical properties attributable to the 

homogeneous and relaxed microstructure. It is also evident that the values of mechanical 

properties obtained from this study viz. 398HV, 528 MPa, 796 MPa and 2.15% for the 

hardness, yield stress, ultimate tensile strength and elongation respectively, thus the 

rolled and heat-treated sample is superior to the data reported in literature for similar hot-

rolled peritectic-solidifying (i.e. L +   ) low Nb containing -TiAl based sheets [27].  

 

5. Conclusion 

 

The combined effects of hot-rolling, rapid cooling, and heat treatment on the grain 

refinement of a -TiAl-based sheet of nominal composition Ti-48Al-2Nb-0.7Cr-0.3Si were 

investigated in this study. The main aim was to cost-effectively improve the mechanical 

properties of the sheet by further refining its grain size. From the obtained results, the 

following conclusions were drawn: 

 A 13 mm thick as-cast ingot produced by VAR was successfully hot-pack rolled in 

the  region to a thickness of 4 mm using a conventional two-high rolling mill 

followed by air cooling after the final pass. 

 A slightly elongated, equiaxed and fine DRX microstructure of a mean grain size 

of about 3 m was produced after air cooling. The microstructure mainly consisted 

of -phase, +2 lamellar colonies and precipitates of Ti5Si3 predominantly situated 

along the grain boundaries. The dynamically recrystallized grains slightly grew to 

an average grain size of about 4 m, and became more equiaxed and 

homogeneous when heat treatment was performed on the rolled sheet. 

 The EBSD texture analysis illustrated that the micro-texture of the resulting sheet 

was the cube texture with an orientation density of about two times the random 

orientation distributions. 

 The mechanical properties of the rolledheat-treated specimen were balanced 

and improved compared to the ones of the as-cast and as-rolled samples. In 
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general, it can be inferred that a hot-rolling process can be employed together 

with rapid cooling and heat treatment to obtain a more refined and homogeneous 

microstructure. However, precautions must be taken to ensure that all the process 

parameters are precisely controlled to avoid deterioration of the resulting 

mechanical properties. 
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Fig. 1: XRD phase identification of as-rolled (sample A) and rolled + heat-treated 

(sample B). 
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Fig. 2: The W-H plots for the (a) as-rolled (sample A), and (b) rolled + heat-treated 

(sample B).  

    

 



 

 

Fig. 3: SEM-BSE micrographs, (LHS) low magnification and (RHS) high magnification 

(a) and (b) as-cast, (c) and (d) as-rolled sheet, (e) and (f) rolled + heat treated at 1250 

°C for 1 hour. 



 

Fig.4: EBSD layered images (a) as-rolled, (b) rolled + heat-treated specimens. 

  



 

Fig. 5: EBSD map of the rolled  heat treated sample: a) band contrast, b) phase map, 

c) orientation map indicating inverse pole figure (IPF) in X, and d) index maps. 



 

Fig.6: Misorientation angle distribution of the rolled + heat-treated specimen (a) 2-

(Ti3Al), (b) 2-(alpha 2), (c) -(TiAl) phases, and (d) grain boundaries.     



 

Fig. 7: Histogram of equivalent circle diameter grain size distribution of the rolled and 

heat-treated alloy.  



 

Fig. 8: Pole figures of {100}, {110} and {111} planes for (a) 2-Ti3Al, (b) 2, (c) -TiAl, 

and (d) Ti5Si3 phases of the rolled  heat treated sheet.  



 

Fig. 9: The orientation distribution function (ODF) sections of the rolled heat-treated 

sheet. 

  



  

 

Fig. 10: Mechanical properties (a) micro-hardness and grain size, and (b) PIP 

estimation of the tensile properties under different processing conditions.  

 

 

 

 

 



 

Table 1: The W-H crystallite size and lattice strains of the as-rolled and rolled + heat 

treated. 

Specimen   Crystallite size (nm)           Lattice strain (𝛆) 

As-rolled 1.2926      0.2183 

Rolled + heat treated 11.2181       -0.0022 
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Table 2: Phase acquisition [30] 

Phase name a b c    Space group 

2 (Alpha 2) 5.73 Å 5.73 Å 4.64 Å 90.00° 90.00° 120.00° 194 (P63/mmc) 

2 (Ti3Al) 5.72 Å 5.72 Å 4.64 Å 90.00° 90.00° 120.00° 194 (P63/mmc) 

 (TiAl) 2.81 Å 2.81 Å 4.08 Å 90.00° 90.00° 90.00° 123 (P4/mmm) 

Ti5Si3 7.45 Å 7.45 Å 5.14 Å 90.00° 90.00° 120.00° 193 (P63/mcm)  
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