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This study highlights the evolution of microstructure and associated mechanical properties induced by different thermomechanical (TM) processing conditions in the case of Ti-6246 alloy. The as-cast alloy was hot-rolled at 1000ºC, with a total deformation degree close to 65%, in 4 rolling passes. The TM processing route continued with solution treatments (ST’s) performed at different temperatures of 800°C (ST1), 900°C (ST2) and 1000°C (ST3), with a treatment duration of 18 minutes and quenching in oil. A final ageing treatment (AT) was also applied, with a treatment temperature of 600°C, a treatment duration of 6 hours, and cooling in air. The evolution of Ti-6246 alloy’s microstructure showed different morphologies and volumetric fractions depending on TM processing step. The microstructure of the as-cast alloy showed a Widmanstätten/basket-weave type, while the hot-deformation state showed large deformation of the initial grains, along rolling-direction. The α-Ti and β-Ti phases regenerated after application of ST’s and the formation of the α′-Ti and α′′-Ti secondary phases resulting from rapid quenching in the oil. The α′-Ti and α′′-Ti secondary phases are reverted in the initial phases due to AT. The evolution of mechanical properties showed the extent to which the strength (ultimate tensile strength, yield strength, microhardness) and ductility (elongation to fracture) properties are influenced by the change in microstructure evolution as a result of the applied TM processing conditions. A good combination of strength and ductility was observed in the state of ST2 + AT. 
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1. Introduction

Titanium alloys have received considerable attention for many decades due to their attractive properties. They are widely used in engineering applications demanding high reliability in various fields such as aerospace, automotive, chemical and medical/biomedical industries because of superior tensile strength, low density, resistance to corrosion in extreme environments and excellent biocompatibility [1, 2].

Ti-6Al-2Sn-4Zr-6Mo (Ti-6246) alloy is one of the special materials that show reverse transformations of the crystal structure between α phase that belongs to hexagonal closed-packed (HCP) crystalline system and β phase that belongs to body-centred cubic (BCC) crystalline system [3]. The microstructure of Ti-6246 alloy is very sensitive and depends on the history of thermomechanical processing and the chemical composition of the alloy. Therefore, it is possible to generate various microstructures according to different processing parameters [4].
Donachie [1] pointed out that the content of aluminium in titanium alloys acting as α stabilizer ranges between 2% - 7%, while the content of molybdenum acting as β stabilizer ranges between 2% - 20% and possibly more than 20%. Besides, zirconium and tin have a moderate effect on α and β phases if their content ranges between 2% - 8% and 2% - 6%, respectively. Mostly these elements have a neutral character in both phases, but sometimes exhibit strengthening behaviour of α/β stabilizer.

Many efforts made in order to understand the microstructure evolution and mechanical behaviour of titanium alloys during different thermomechanical processing conditions [5-10]. But it remains an interesting matter and an open challenge for authors and researchers to provide a deep understanding of the complex processes causing microstructure changes.

Recently, Alluaibi et al. [11] they examined the influence of the microstructure and mechanical properties of Ti-6246 alloy during a combination of thermomechanical processing. Their results revealed that solution treatment performed at temperatures ranging from 950°C to 1100°C (above the β-transus temperature of Ti-6246 alloy)  results in a fine-grained structure with a homogeneous grain size distribution along with an improvement in mechanical properties compared to the hot plastic deformation state. Moreover, Singh et al. [12] stated that Ti-6246 alloy is the unique choice for aero-engine components due to its exceptional creep resistance and the ability to withstand heat up to 450°C. Besides, it has elongation up to 10% with the yield strength of 1105MPa. The main purpose of this paper is to investigate changes in microstructure evolution and mechanical behaviour of Ti-6246 alloy during different conditions of thermomechanical processing.
2. Experimental procedures
Alloy preparation and processing
The commercial alloy used in this study is Ti-6246 alloy, which has a β-transus temperature (TTβ) of 935ºC [13, 14]. This alloy was obtained by Vacuum Arc Remelting (VAR) at S.C. ZIROM TITANIUM S.A., (Giurgiu, Romania). Cutting operations for all samples performed using Bernardo MBS 280DG and a precision cutter - Metkon Micracut 200. Fig. 1 shows the thermomechanical processing route applied to the as-cast (AC) state of Ti-6246 alloy. The furnace used for heat treatment is NABERTHERM furnace (a high-temperature chamber with SiC rod heating). The two-high rolling mill used in the hot deformation process is “UM. Progresul Brăila” rolling mill.

Alloy characterisation

All samples were fitted inside an epoxy resin using a BUEHLER SimpliMet hydraulic mounting press and then ground and polished with Metkon DIGIPREP Accura. After preparing the samples, Ti-6246 alloy microstructure was characterization using scanning electron microscopy (SEM) - TESCAN Vega II-XMU (TESCAN, Brno, Czech Republic). The phase transformations and compositional texture on the samples surfaces of Ti-6246 alloy were determined using SEM - backscattered electrons (BSE) mode. Fracture surface images obtained for all samples that experienced a complete failure during tensile strength testing using SEM - secondary electrons (SE) mode to characterise the mechanical behaviour. Tensile strength and microhardness tests applied for all samples to measure the mechanical parameters such as ultimate tensile strength ((UTS), 0.2 yield strength ((0.2), elongation to fracture ((f) and microhardness (HV). Dimensions of tensile test samples were calibrated to be 80mm length, 5mm width and 3mm thickness. Tensile strength and microhardness tests performed using universal testing equipment such as INSTRON 3382 (INSTRON, Norwood, MA, USA) and INNOVATEST Falcon 500 equipment (INNOVATEST Europe BV, Maastricht, Netherlands), respectively.
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Fig. 1 Thermomechanical processing route.
3. Results and discussion
Microstructure observations

The elemental constituents of Ti-6246 alloy examined to explore the chemical compound of the selected alloy. The main chemical elements measured in Ti-6246 alloy (see Table 1), while other elements with content less than 0.1% neglected. The micrographics of the as-cast alloy and the hot rolling (HR) state studied at different magnifications, Fig. 2a shows the as-cast (AC) Ti-6246 alloy microstructure consisting of the main α-Ti and β-Ti phases and both phases have alternate lamellar colonies structure and adjacent to each other in the same direction with the morphology of Widmanstätten/basket-weave. Fig. 2b shows the thickness of the lamella for both phases in the as-cast alloy, which is less than 1µm. The parent grains and its boundaries are elongated longitudinally with the rolling orientation when undergoing hot rolling as shown in Fig. 2c due to the deformation temperature (1000°C) exceeding the alloy transition temperature and applying strong deformation until the total deformation degree reaches 65%. Therefore, the adjacent lamellar colonies to α-Ti and β-Ti phases will be strongly deformed, as shown in Fig. 2d.

Table 1

Chemical composition of Ti-6246 alloy

	Element
	wt.%
	at.%
	Abs. Error (%)
	Rel. Error (%)

	Titanium
	81.54
	82.55
	2.44
	2.76

	Aluminium
	6.33
	11.36
	0.33
	4.77

	Tin
	1.85
	0.75
	0.05
	2.94

	Zirconium
	3.91
	2.08
	0.16
	3.79

	Molybdenum
	6.24
	3.15
	0.24
	3.54

	Iron
	0.14
	0.12
	0.12
	2.77


Fig. 3 shows two states of microstructure treatment are the treatments of solution and ageing. The microstructure observations in Fig. 3a (ST1 state) is the occurrence of complete recrystallisation of largely deformed grains and complete renewal of the initial α-Ti and β-Ti phases with a thin alternate lamellar structure along with the formation of the secondary phase (α′-Ti) with a fine-acicular structure resulting from the rapid quenching in the oil in the same preferred direction to the initial phases. Fig. 3b (ST2 state) revealed that the lamellar textures of the α-Ti and β-Ti phases are associated parallel in a cross spatial direction to form the basket-weave morphology. This lamellar texture has a higher thickness compared to the state of ST1. It may be observed that heating to the temperature of ST2 state is preferred for recrystallisation of the α-Ti phase more than the β-Ti phase because α-Ti lamellae exhibit greater thickness than β-Ti lamellae. Besides, the rapid quenching in the oil resulted in the formation of a secondary α′-Ti phase containing the morphology of fine platelets within the initial α-Ti phase. The microstructure in Fig. 3c also presents basket-weave morphology like in the ST2 state, but the change in the microstructure of ST3 state is the presence of the α′′-Ti secondary phase with thick parallel platelets morphology due to the rapid quenching associated with the ST3 state temperature (1000°C) in the single β-Ti phase. Eventually, a microstructure was generated comprising a mixture of lamellar/fine acicular dispersion and thick parallel platelets.
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Fig. 2 Micrographics by SEM-BSE: (a and b) as-cast (AC) Ti-6246 alloy at different magnifications; micrographics by SEM-BSE: (c and d) hot deformation (HR) state at different magnifications.
Ageing treatment (A) is applied in order to modify the resulting microstructure after hot deformation (HR state) and solution treatments (STs states) to obtain optimum mechanical properties. Fig. 3d (ST1 + A state) shows the same concept in terms of morphology and is an alternate thin lamellae structure of α-Ti and β-Ti phases as in the ST1 state, but the α′-Ti secondary phase is not observed due to the sufficient duration of ageing treatment (A) that degrades the α′-Ti secondary phase and transforms it to the α-Ti initial phase. Fig. 3e (ST2 + A state) shows that the microstructure consists of a dual structure of α-Ti phase, which are alternate thick lamellae and globular-like with a β-Ti phase matrix. Also, the presence of the α′-Ti secondary phase not observed due to ageing treatment (A) that acted on degraded the α′-Ti secondary phase and reverted to the α-Ti initial phase. Observations of the SEM-BSE image, shown in Fig. 3f for ST3 + A state is that the microstructure contains fine lamellae/acicular-like structures of α-Ti and β-Ti phases with a basket-weave-type morphology. Ageing treatment (A) caused the α′-Ti/α′′-Ti secondary phases to degrade and transform into the α-Ti/β-Ti initial phases and no traces observed of α′-Ti/α′′-Ti secondary phases.
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Fig. 3 Micrographics by SEM-BSE: (a) solution treatment at 800°C (ST1); (b) solution treatment at 900°C (ST2); (c) solution treatment at 1000°C (ST3); (d) solution treatment at 800°C + ageing at 600°C (ST1 + A); (e) solution treatment at 900°C + ageing at 600°C (ST2 + A); (f) solution treatment at 1000°C + ageing at 600°C (ST3 + A).
Mechanical behaviour

The mechanical behaviour is greatly dependent on the microstructure changes of Ti-6246 alloy. The mechanical properties obtained for the as-cast alloy and the thermomechanically processed states under different conditions listed in Table 2. The following mechanical properties were measured: ultimate tensile strength ((UTS), 0.2% yield strength ((0.2%), elongation to fracture ((f) and microhardness (HV1). The tensile strength properties have been approximated to the closest integer in MPa, along with the microhardness to 0.1 HV1 and the ductility property for the tensile test to 0.5%. The state of hot deformation (HR state) experienced a decrease in strength ((UTS and (0.2%) and ductility ((f) properties compared to the as-cast alloy as shown by the measured values in Table 2 due to the large deformation of the initial grains, where the more defects, the more hardening the material and this will lead to a decrease in the movement of the defects and thus strengthening the material (work-hardening). The microhardness property revealed an increase compared to the as-cast alloy, as a result of work-hardening. At solution temperature (ST1 state), the microstructure consists of α-Ti and β-Ti initial phases, recrystallisation takes place in α-Ti phase only, and β-Ti phase is restructured, and α′-Ti secondary phase is generated from α-Ti initial phase during rapid cooling as α′-Ti secondary phase formation leads to an increase in the strength and ductility properties of this state (see Table 2). The ST2 state has the same aspect relating to the state of ST1, but the fractional volume of the α′-Ti secondary phase increases and this leads to an additional increase in the tensile properties parameters (strength and ductility) compared to the state of ST1 as shown in Table 2. At solution temperature (ST3 state), the transformation of the microstructure takes place from the α-Ti phase to the single β-Ti phase, and during rapid cooling, the initial β-Ti phase transforms into the α′′-Ti secondary phase, and the α′-Ti secondary phase can also be formed. Eventually, the microstructure consists of initial and secondary phases (α-Ti, β-Ti, α′-Ti and α′′-Ti), but with a high fractional volume of the α′′-Ti secondary phase, resulting in a decrease in strength properties and an increase in the ductility property for the tensile parameters (see Table 2).

In the state of ageing treatment (ST1 + A), a decrease in the strength properties and an increase in the ductility property for the tensile parameters can be observed in comparison with the state of solution treatment (ST1). Due to the degradation of the α′-Ti secondary phase and reverted it to the α-Ti initial phase along with the phenomena of the stress-relieving that must be taken into account. The microhardness property of the ageing treatment state (ST1 + A) revealed an increase compared to the solution treatment state (ST1), the increase in microhardness may be due to the formation of secondary strengthening particles ((-Ti secondary phase) generated from the α-Ti phase within the β-Ti initial phase and these particles exhibit very fine dispersion in nanometer-size in the β-Ti phase and thus this serves to strengthen the material. The ageing treatment state (ST2 + A) also shows a decrease in strength properties and an increase in the ductility property of tensile parameters compared to the solution treatment state (ST2). Due to the degradation of the α′-Ti secondary phase into the α-Ti initial phase, which decreases the strength properties, besides, the thick lamellar structure increases the ductility of the material. The microhardness property of the ageing treatment state (ST2 + A) revealed a large increase compared to the solution treatment state (ST2), and the cause may be an increase in the strengthening particles generated from the α-Ti/(-Ti phase within the β-Ti initial phase (age hardening mechanism). A large increase in strength properties and a large decrease in ductility property were observed in the ageing treatment state (ST3 + A) compared to the solution treatment state (ST3). It is possible to consider the increase in the fractional volume of the β-Ti phase with increasing solution temperature, and thus increase the fractional volume of the α-Ti/(-Ti phase during ageing treatment, this positively affects the strength properties while negatively affects the ductility property of Ti-6246 alloy.

Table 2

Measured mechanical properties of Ti-6246 alloy

	Structural state
	Ultimate tensile strength, (UTS (MPa)
	0.2 yield strength, (0.2% (MPa)
	Elongation to fracture, (f (%)
	Microhardness, (HV1)

	As-cast (AC) alloy
	1057±14
	967±11
	12.9±1.8
	305.2±16.9

	HR - T = 1000ºC
	1012±11
	902±14
	3.2±0.6
	417.8±6.1

	ST1 - T = 800ºC
	1163±10
	1021±12
	5.8±0.7
	351.2±4.7

	ST2 - T = 900ºC
	1239±11
	1055±11
	8.2±0.9
	299.7±12.5

	ST3 - T = 1000ºC
	998±11
	794±12
	7.8±1.1
	304.5±10.6

	ST1 + (A - T = 600ºC)
	1057±10
	908±10
	6.5±1.0
	402.4±4.7

	ST2 + (A - T = 600ºC)
	1188±12
	1038±12
	10.5±1.1
	437.8±11.5

	ST3 + (A - T = 600ºC)
	1096±14
	955±11
	5.9±1.0
	452.9±6.9


The fracture surface properties provide a further understanding of the evolution of mechanical properties induced by the influence of thermomechanical processing conditions. The fracture surfaces examined after tensile strength testing of the as-cast alloy and the thermomechanically processed states to reveal the predominant behaviour of Ti-6246 alloy. Fig. 4 shows the SEM-SE micrographics of the as-cast (AC) alloy and the hot deformed (HR) state at 1000ºC at different magnifications. Fig. 4a shows a high density of voids and dimples within the fracture surface mode forming spongy/fibrous morphology, showing that the as-cast (AC) alloy has the highest ductility and this fits with the mechanical data shown in Table 2. Fig. 4b shows the mechanism of micro-voids coalescence. In the state of the hot deformation (HR) shown in Figs. 4c and 4d, a decrease in the density of voids and dimples observed compared to as-cast (AC) alloy and the formation of regions of fissures, cleavage facets and voids coalescence. Moreover, the size of the voids is small, and the dimples are shallow within the fracture surface mode. In view of these factors, this state exhibits brittle-ductile behaviour, and this is consistent with the analysis of mechanical properties in Table 2. In the state of solution treatment (ST1) shown in Fig. 5a, the large cleavages facets and voids coalescence mechanism are observed, along with the high density of small voids in size and shallow dimples, and according to morphological observation, this state exhibits a mixed behaviour of brittle-ductile. Fig. 5b shows the state of solution treatment (ST2) with low-size cleavages facets as well as a high density of voids and dimples compared to the solution treatment state (ST1) with a spongy/fibrous morphology close to the as-cast (AC) alloy, and this corresponds to the high ductility obtained in this state versus the solution treatment state (ST1). This state presented a mixed behaviour of brittle-ductile. The micrograph observations of the solution treatment state (ST3) shown in Fig. 5c are small cleavages facets, small-sized voids with low density and dimples that vary in size (small and large), providing good ductility compared to the solution treatment state (ST1) and less ductility with the solution treatment state (ST2). This state also presented a mixed behaviour of brittle-ductile.
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Fig. 4 Micrographics by SEM-SE: (a and b) as-cast (AC) Ti-6246 alloy at different magnifications; micrographics by SEM-SE: (c and d) hot deformation (HR) state at different magnifications.
In the analysis of the ageing treatment state (ST1 + A) shown in Fig. 5d, the large cleavages facets and the mechanism of voids coalescence similar to the solution treatment state (ST1) also observed along with the lower density of the small size voids and shallow dimples compared to the solution treatment state (ST1). The predominant behaviour of this state is brittle-ductile. Ageing treatment state (ST2 + A state - Fig. 5e) shows low-size of cleavages facets and higher density of voids and dimples compared to the solution treatment state (ST2) with spongy/fibrous morphology very similar to the as-cast (AC) alloy showing higher ductility, supporting the mechanical data mentioned in Table 2. The state of ageing treatment (ST3 + A state - Fig. 5f) shows higher cleavages facets and large regions of voids coalescence mechanisms. Besides, this state contains lower density voids and shallow dimples compared to the solution treatment state (ST3), showing lower ductility, and this also confirms the values of mechanical properties mentioned in Table 2. Brittle-ductile behaviour is predominant in this state.
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Fig. 5 Micrographics by SEM-SE: (a) solution treatment at 800°C (ST1); (b) solution treatment at 900°C (ST2); (c) solution treatment at 1000°C (ST3); (d) solution treatment at 800°C + ageing at 600°C (ST1 + A); (e) solution treatment at 900°C + ageing at 600°C (ST2 + A); (f) solution treatment at 1000°C + ageing at 600°C (ST3 + A).
4. Conclusions
In this paper, the dependencies of the treatments of solution and ageing on the microstructure evolution and mechanical behaviour of hot-deformed Ti-6246 alloy studied. The main purpose of applying this thermomechanical processing is to achieve a positive effect on the alloy mechanical behaviour. The conclusions obtained can be summarized as follows:
During the treatment of Ti-6246 alloy by the solution treatment below the alloy transition temperature, i.e. in the α + β phase field, the α′-Ti secondary phase is formed, the strength and ductility properties increase compared to the hot deformation state and found that during the alloy treatment close to the β-transus temperature (900°C), shows the highest strength properties as well as high ductility.
Moreover, during the treatment of Ti-6246 alloy by solution treatment above the alloy transition temperature, i.e. in the β phase field, the α′′-Ti secondary phase is formed. Hence, it negatively affects the alloy strength properties, showing the lowest strength among the thermomechanically processed states, while the ductility is affected with less extent.
The phase transformations (α′-Ti/α′′-Ti ( α-Ti/β-Ti and β-Ti ( α-Ti/(-Ti) in the ageing treatment played an important role in influencing the mechanical properties of Ti-6246 alloy (strength, ductility and microhardness) as a result of the stress-relieving and age hardening mechanisms, and found that the ageing treatment state (ST2 + A) has a balanced mechanical behaviour among the applied thermomechanical processing states.
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