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Abstract

The globularization of titanium alloy with lamellar colony during hot working is an important way to obtain fine and homogeneous microstructure which has excellent mechanical properties. Because of its great technological importance, globularization has captured wide attention and much research. This paper conducts a systematic study on state of art on globularization of titanium alloy, which mainly includes globularization mechanism, prediction model and the effects of hot-working parameters and microstructure parameters. Firstly, the shortcomings of the well-known globularization mechanisms (dynamic recrystallization, boundary splitting, shearing mechanism and termination migration) were summarized. Moreover, the comparison and analysis of prediction models were accomplished through tabular form. In addition, the effects of hot-working parameters (strain, strain rate, temperature) and microstructure parameters (alpha/beta interface, geometry necessary dislocation and high temperature parent beta phase) were systematically summarized and analyzed. Meanwhile, this study also explores those difficulties and challenges faced by precise control on globularization. Finally, an outlook and development tendency of globularization of titanium alloy are also provided, which includes microstructure evolution of three-dimensional lamellar alpha, the relationship between lamellar colony and mechanical properties and the effect of severe plastic deformation on globularization.
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1 Introduction
Titanium alloys have become an indispensable structural material of advanced aircrafts, due to its high strength, good thermal stability, strong corrosion resistance and welding performance [1]. The globularization of titanium alloy with lamellar colony during hot working can obtain fine and homogeneous microstructure extensively used in aerospace field, which can ensure both optimal creep and optimal fatigue properties [2,3]. The inhomogenous globularization [4] often leads to the formation of micro-defects (mixed grains, microstructure heredity and macrozone [5,6]) which seriously affect mechanical properties of aviation components. Therefore, precise control on globularization of titanium alloy with lamellar colony would exert a great significance for optimizing hot-working parameters, predicting and regulating microstructure and improving properties of titanium alloy products.
The shortcomings of the well-known globularization mechanisms make it difficult to control globularization during hot working. The mains are follows: (a) the applicable conditions of every globularization mechanism are inconsistent (dynamic recrystallization at high temperature and low strain rate [7], shearing mechanism [8] at low temperature and high strain rate); (b) the microstructure parameters considered in every globularization mechanism are different (dihedral angle of the boundary in boundary splitting [9,10], solute concentration gradient in termination migration [11,12]); (c) multiple mechanism coexistence due to the diversity of lamellar colony and meso-scale heterogeneous deformation [13–16]. Therefore, a unified globularization mechanism of coupling multiple factors needs to be further developed.
The limit application of prediction models cannot effectively guide the control process of globularization of titanium alloy with lamellar colony. The advantages of every prediction models are different. The relationships between hot-working parameters and globularization fraction are predicted by empirical model [17,18] and neural network model [19]. The processing map [20,21] can be used to determine the process parameter interval of steady globularization state without micro-defects. The internal variable model [3,22] can precisely predict the evolution of globularization fraction, dislocation density and flow softening. Meanwhile, the phase field model [23,24] can predict the morphology evolution of single alpha lamella during static globularization without consideration of hot deformation. The meso-scale heterogeneous deformation can be well captured by microstructure-based finite element model [13,16,25,26].
The hot deformation of titanium alloy in the (alpha + beta) phase field is a complex thermal mechanical process with coupling effects of multi-fields and multi-factors [27]. The thermal mechanical process is very sensitive to hot-working parameters and microstructure parameters, thus resulting in the difficulty in precisely controlling globularization. The detailed characteristics are described as follows: (a) complex and diverse morphologies (initial widmanstatten alpha [4], secondary alpha [28] and fine acicular martensitic alpha [29]) lead to the difference in globularization dynamics; (b) the meso-scale heterogeneous deformation (strain localization at lamellar-scale, strain partitioning behavior at colony-scale, macro-deformation bands at polycrystal-scale [15]); (c) the complex coupling effects of hot-working parameters and microstructure parameters (flow softening due to loss of interfacial coherency [3], evolution of geometry necessary dislocation(GND) at alpha/beta interface [29], the effect of lattice rotation [14,30] on meso-scale heterogeneous deformation). In general, an in-depth understanding of the effects of hot-working parameters and microstructure parameters can allow better control globularization of titanium alloy with lamellar colony.
To deepen understanding and precisely controlling on globularization, this paper summarizes research on globularization, mainly including globularization mechanism, prediction models and the effects of hot-working parameters and microstructure parameters. Those puzzles and challenges (‘sluggish’ problem [31] and macrozone) faced by the control globularization process and the corresponding solutions are also put forward.
2 State of art on globularization mechanism
2.1 Globularization mechanisms of lamellar colony
2.1.1 Dynamic recrystallization
Some researchers believed that the dynamic recrystallization was the major mechanism triggering the globularization in the (alpha+beta) phase region. The experiment of He et al. [7] found that lamellar colony was split into necklace strings with similar orientation, which was the major symbol of continuous dynamic recrystallization shown in Figure 1a. Lamellar colony was squashed to fractured short-bar alpha by large deformation, which is feature of geometric dynamic recrystallization [35].
Nonetheless, dynamic recrystallization and dynamic globularization cannot be equally viewed for following reasons. Firstly, the kinetics of dynamic recrystallization and globularization are similar but slightly different. The critical strain of dynamic globularization is larger than the strain corresponded by peak stress [36], which is shown in Figure 2. Secondly, dynamic recrystallization is an important flow softening mechanism, while the flow softening of titanium alloy during globularization is mainly caused by kinking, rotation and loss of Hall-Petch effect [3,37] of lamellar colony. In addition, the sub-grain boundary and the high-energy unstable interface formed in dynamic recrystallization are necessary preconditions for globularization.
	[image: thumbnail]	Fig. 1
globularization mechanisms: (a) dynamic recrystallization [7]; (b) boundary splitting [32]; (c) termination migration [33]; (d) shearing mechanism [34]; (e) unified globularization mechanism of coupling multiple factors.




	[image: thumbnail]	Fig. 2
The stain–stress curve of dynamic recrystallization and dynamic globularization [38].




2.1.2 Boundary splitting
Boundary splitting [9,10] is generally accepted as a globularization mechanism of titanium alloy shown in Figure 1b. Sub-boundaries would form in the initial lamellar alpha or under the effect of shearing after certain deformation by cold/hot working. The sub-boundary's dihedral angle is of 90° and unstable. In order to lessen interfacial tension, that dihedral angle would decrease gradually along with the wedging of beta phase into alpha/beta interface. Meanwhile, alpha/beta interface would reverse and lamellar structure would transform into globular structure, thus gaining globularization.
Nevertheless, boundary splitting does not consider the effects of dislocation density [39] and solute concentration gradient [40] on globularization. Since the globularization is thermal diffusion process and in agreement with the Fick's second diffusion law. Different solute concentration affects the migration kinetics of interface, thus influencing the wedging of beta phase. Moreover, the dislocation density accumulated at alpha/beta interface offered channel and force for solute atom's diffusion.
2.1.3 Shearing mechanism
According to shearing mechanism shown in Figure 1d [8], under the effect of shear strain, the lamellar alpha colony with favorable orientation is conducive to shear deformation while the rotation is aroused in alpha phase with unfavorable orientation. Moreover, dislocations would gather along the shear line latter. Dynamic recovery leads to dislocations of opposite signs annihilating. Due to dislocations of same signs, interfaces generate along shear lines and migrate to minimize the surface energy, hence promoting the form of the globular alpha.
The limited applicable condition is apparent shortcoming of shearing mechanism. Under the condition of low temperature and high strain rate, the slower rate of atomic diffusion or inadequate diffusion time lead to the difficulty in globularization through interface migration for lamellar alpha with long axial ratio. Lamellar alpha with the low axial ratio can get globularization due to the strong shear fracture. Therefore, shearing can provide micro-defects and condition for interface migration of dynamic globularization.
2.1.4 Termination migration
Termination migration [11,12] is an important static globularization mechanism shown in Figure 1c. The lamellar colony is taken into account as a whole. By contrast, single alpha lamella is considered in all those models described previously. The concentration gradient would exist and cause mutual atom diffusion in alpha lamella as driving force. Over time, some alpha lamellas get coarsened and others get shortened, thus gaining globularization. And this kind of termination migration would happen apparently at the termination of the lamellar alpha.
Although the termination migration can achieve the final globularization, it cannot be completely separated from the previous dynamic globularization. Because the lamellar colony of titanium alloy is very stable, it cannot be spheroidized by the cycle heat treatment as steel does. Only the alpha lamella with high-energy instability interface generated by the strong hot deformation can be spheroidized by the termination migration at high temperature.
2.2 Shortcomings of globularization mechanism
The research status and results of globularization mechanism described above indicates that the shortcomings of globularization mechanisms are apparent. Firstly, globularization mechanisms belong to qualitative descriptions [32], yet lacking quantitative characterization on microstructure parameters, such as dislocation density, crystal orientation and substructure etc. Secondly, those four globularization mechanisms mentioned above are only applicative to specific conditions of globularization behavior (dynamic recrystallization at high temperature and low strain rate, termination migration at heat treatment). Therefore, in light of the coexistence of multiple mechanisms, new globularization mechanism needs to be further developed.
2.3 Unified globularization mechanism
In light of the coexistence and advantages of multiple mechanisms, a new unified globularization mechanism of coupling multiple factors is pointed out on the work of Roy [41] shown in Figure 1e. The detailed features are described below: Firstly, the meso-scale deformation inhomogeneity in alpha and beta causes strain localization to emerge at phase interface, leading to the occurrence of micro-defects (unstable phase interface and sub-grain boundary with high energy) and dislocation density accumulated on phase interface. Secondly, with aggravation of deformation degree, due to the differences in solute concentration gradient, solute atom passes the dislocation channel and crosses interface, triggering the formation of thermal grooving. Thirdly, the diffusion rate and path of solute element is affected by curvature effect, solute atom's dragging effect [42] and solute concentration gradient. The alpha stable solute atom Al in the interface near the thermal grooving are concentrated and the concentration of beta stable solute atom Mo is lower. The concentration difference of the solute drives the opposite diffusion, leading to the gradual dissolution of the alpha phase near the thermal grooving, the deepening wedging of the beta phase.
3 Status of prediction models on globularization
3.1 Limited applications of prediction models
The development of modeling and simulation tools was very important and could provide guidance for microstructure and mechanical property optimization. The computer-based simulation tools could develop next-generation components and processes in the aerospace industry [43]. Based on the study of the globularization mechanism, many researchers have established the prediction models of globularization. These models are summarized as follows: empirical model [17,18], neural network model [19], internal variable model [3,22], processing map [20,21], phase field model [23,24] and microstructure-based finite element model [13,16,25,26]. Moreover, the comparison and analysis of these prediction models are accomplished through tabular form shown in Table 1.
These models possess prominent advantages respectively. Based on globularization mechanism of dynamic recrystallization, empirical model and neural network model can describe the quantitative correlation of the hot-working parameters (temperature strain and strain rate) and microstructure evolution parameters (dynamic/static globularization volume fraction, initiation strain, completion strain, annealing completion time). To some extent, internal variable model, and phase field model could reflect the microstructure evolution and the complex physical mechanism of globularization during hot working. However, the shortcomings of these models lead to limited applications. Failing to consider the effects of hot-working parameters, the phase field model cannot effectively predict the rate of globularization, the initiation position of globularization and volume fraction on the basis of Termination migration. Nonetheless, these models do not have the capacity to couple microstructure parameters with hot-working parameters on globularization. It is impossible to precisely control the globularization of titanium alloy with lamellar colony and guide the production practice through theses prediction model.
Table 1

The comparison and analysis of these prediction models of globularization.


3.2 Multi-scale CACPFEM modeling of globularization
Currently, studies on multi-scale model of globularization during hot working are scarce. A multi-scale model which combines crystal plasticity finite element with cellular automaton [44–47] could simulate microstructure evolution and meso-scale deformation under the effects of hot-working parameters and microstructure parameters. This provides a good idea and reference for the modeling of globularization.
Therefore, a framework scheme of multi-scale cellular automation and crystal plasticity finite element model (CACPFEM) on globularization was proposed shown in Figure 3. The microstructure-based crystal plasticity finite element model (CPFEM) includes the evolution of GND [48–53] in the alpha/beta interface, the reconstruction of high temperature beta phase [54–58] and three-dimensional reconstruction of alpha lamella [59,60]. Local variables such as dislocation density, deformation storage energy and grain orientation could be worked out. Then those local variables would be inputted into the cellular automation (CA) model, which considers the curvature effect of phase interface and solute concentration gradient to conduct morphological evolution of alpha lamella. Therefore, this multi-scale coupling model could not only gain meso-scale deformation such as stress and strain field, but also obtain micro-scale morphological distribution.
	[image: thumbnail]	Fig. 3
Scheme of Multi-scale CACPFEM modeling of globularization.




4 Effect of hot working and microstructure
The globularization of lamellar colony is affected by the coupling effects of hot-working parameters and microstructure parameters. However, there are few studies on the influence of micorstructure parameters on lamellar globularization, which basically remain in lath thickness [62], burger orientation [63], morphological effects on anisotropic deformation [16]. In this section, the effects of hot-working parameters (strain, strain rate, temperature) and microstructure parameters (alpha/beta interface [64,65], GND, high-temperature beta phase [2,66]) on globularization are systematically summarized. Moreover, these puzzles and challenges(‘sluggish’ problem [31] and macrozone) faced by the control globularization process are also pointed out, and some innovative solutions are proposed for these puzzles.
4.1 Effect of hot working on globularization
4.1.1 Effect of strain
Without the effect of strain, the globularization of lamellar colony cannot be accomplished only by heat treatment. From micro-perspective, the strain can promote the formation of micro-defects and the accumulation of distortion energy, destroy the stability of the alpha/beta interface and increase the probability of lamellar cutting. Moreover, the slip systems in the close-packed hexagonal structure alpha phase are limited and the critical resolved shear stress (CRSS) of each slip system is relatively large [67,68]. From the perspective of macroscopic deformation, strain also affects the kinetics of globularizaiton [69,70]. The globularization fraction increases with the increase of strain [71]. The initiation strain and completion strain of globularization increase with the thickness of the lamellar alpha. The impact of strain on globularization is also related to the composition of the alloy. In the (α+β) working, the initiation strain and completion strain of globularization of near alpha titanium alloy are bigger than that of near beta titanium alloy. The work of Wu [72] and Wang [31] are well to verify this conclusion. Abundant beta stable solutes result in not only relatively small lamellar alpha, but also high solute diffusion rate.
4.1.2 Effect of strain rate
Strain rate has a significantly effect on globularization of titanium alloy with lamellar colony, especially on the rate of globularization. The high strain rate leads to meso-scale inhomogeneous plastic deformation (flow instability, strain localization and adiabatic shear band [73]). Although high strain rate can promote fracture and brings more micro-defects, inhibits interfacial migration, its globularization efficiency is not high. The interfacial migration will be more complete at low strain rate which could accelerate the wedging of beta phase and cause fracture of single alpha lamella due to the faster diffusion rate and sufficient diffusion time. Therefore, high temperature and low strain rate are applicable hot-working parameters for globularization during hot working. The globularization mechanism is also different with different strain rates. Some study showed that high strain rate easily caused shearing of alpha lamella, and the dynamic recrystallization was usual the globularization mechanism at low strain rate.
4.1.3 Effect of temperature
The effect of temperature on globularization is complex. The detailed characteristics are descriebd as follows: (a) Temperature affects not only the deformation inhomogeneity, but also the interface diffusion rate; (b) The temperature also has a great influence on complex and diverse morphologies of lamellar colony (the thickness, volume fraction and the kinetics of globularization). In detail, fine lamella such as martensite becomes thicker with the increase of temperature in the two phase region [74], while coarse lamella generated by the furnace cooling microstructure changes in an opposite way; (c) The temperature may also affect globularization mechanism. The globularization mechanism at high temperature was the dynamic recrystallization, while at low temperature was always the boundary splitting; (d) The effect of temperature not only embodies during the hot deformation process but also in the subsequent heat treatment process. The lamellar alpha structure transforms into short-bar shape or band-like shape after deformation in the two phases region and alpha grains with these shapes further get split or globular via annealing treatment.
4.2 Effect of microstructure on globularization
4.2.1 Effect of alpha/beta interface
This burger orientation (OR) [63,64] of titanium alloy with colony shown in Figure 4a provides the basis for the formation of coherent or semi-coherent interphase boundaries which have been verified by high-resolution transmission electron microscopy (TEM) [64]. At present, the research is focused on the influence of the lose coherency shown in Figure 4b on the flow softening. In fact, interfacial coherency is accompanied by the loss of Hall-Petch strengthening, which exhibit strong flow softening [3].
The lose coherency of alpha/beta interface becomes the hindrance of dislocation slipping and the interface energy could provide driving force for the formation of micro-defects in the globularization process. However, the effect of the alpha/beta interface on the diffusion of solute atom during globularization is scarce. The diffusion of the solute atoms especially the Mo and V atoms are affected by the solute concentration gradient [33,40], solute atom's dragging effect [42] on the interface migration and the lose coherency of alpha/beta interface. Although literature [75] suggested the loss of coherency increased the rate of diffusion along the interphase boundaries resulting in an acceleration of the rate of globularization of the two phases, specific experimental research and quantitative analysis are needed. In addition, the effect of curvature on the phase interface could cause the difference of the diffusion driving force of the solute concentration, thus affecting the dynamics and morphology of the beta wedging.
	[image: thumbnail]	Fig. 4
(a) The crystallography relationship between the alpha and beta phases in Ti alloys. (b) alpha/beta interface deviation angles by TEM.




4.2.2 Effect of geometry necessary dislocation
The study of Hiroaki [29] found that the GND was reduced after globularization, whereas still high in lamellar alpha. The evolution of the GND on interface has an effect on the formation of micro-defects and the thermal diffusion of solute. Moreover, the effect of GND [14,30] on meso-scale heterogeneous deformation of lamellar colony is very important. It is necessary to study the effect of GND on globularization of lamellar colony.
At present, the experimental research on GND in alpha/beta interface is still limited to small strain and local grain size. According to the research of He [76], GND in alpha/beta interface was high. However, the deformation distortion of beta phase was serious, which resulted in the calculation of GND of beta phase was difficult shown in Figure 5. Therefore, the value of stress/strain calculated by cross-correlation in the grain is relative value relative to the reference point [77–79]. This means that the absolute value of the stress/strain cannot be calculated. The comparison between different grains has no practical significance. Quantitative determination of full-field GND at large strain is currently not available.
In addition to the experimental method, the simulation modeling analysis is also an important research method, thus shedding new light on solution of measurement problems on the full-field GND under large strain. An effective strategy is that the evolution law of GND on the small strain was quantitative characterized through the experiment measurement described above, and the finite element simulation model was proposed to study evolution of GND on large strain, thus studying the effect of GND on globularization. Due to the nonlocal characteristic of GND [50,80,81], the numerical implementation of GND into the FEM framework would raise a number of fundamental problems. The specific research work can refer to the literatures [51,52,82].
	[image: thumbnail]	Fig. 5
HCP deconstructions of the GND density around indent [76]: (a) Total GND density. (b) type GND density. (c) Ratio of to <c+a>. (d) Basal-GND density. (e) Prismatic-GND density. (f) Pyramidal-GND density.




4.2.3 Effect of high-temperature parent beta phase
As well known to all, the beta phase plays an important role in the deformation compatibility between alpha lamella at high temperature. Moreover, beta phase is soft phase, experiencing severe plastic deformation. Beta phase also plays an important role in promoting wedging and solute atom's thermal diffusion in the globularization process. Studies on the effects of beta phase on the globularization during hot working are limited. In Germain's study [5], local characterization of the beta phase orientation from the lamellar colonies was hard to be obtained by existing measurement techniques. The reason is the lattice distortion caused by beta phase and low content of residual beta caused by phase transformation. These brought difficulty in the characterization of beta phase orientation through Electron Back-Scattered Diffraction (EBSD) measurement.
How to reconstruct beta phase orientation is the key to deeply study the effect of beta phase on globularization of lamellar colony. The difficulty in the reconstruction of high temperature beta parent phase rely on the determination from 12 possible beta parent phase [54–57] and the strategy of gathering the variants using a misorientation criterion [54]. According to the characteristic of alpha phase precipitation and burgers orientation relation, 12 possible alpha variants can randomly form from parent beta phase. The strategy to gather the variant from the same parent is also very important in the process of high temperature beta reconstruction, as shown in Figure 6. The specific details can refer to the literatures [54–57]. Moreover, the lattice distortion of beta phase get weakened through light corrosion and elimination of residual stress in the experimental process and the calibration rate of beta phase and secondary alpha phase get enhanced on EBSD. Therefore, the effect of beta phase on the globularization of alpha lamella can be studied by means of the high-temperature beta orientation reconstruction described above.
	[image: thumbnail]	Fig. 6
Different strategies to gather the variants using a misorientation criterion—illustration on different situations of parent beta grains and inherited alpha variants [54].




4.3 Puzzles and challenges faced by globularization control
4.3.1 Unified control strategy of hot deformation and heat treatment
The ‘sluggish’ problem of globularization of lamellar colony is that the globularization efficiency during hot working is low [31]. What's regrettable is that most of the techniques (changing loading paths [83] and beta pre-deformation [84]) to improve the globularization rate are not yet well accepted in the industrial domain due to high cost and low efficiency. The evolution of alpha lamella including the morphology of precipitation for phase transformation, globularization for hot deformation and termination migration for heat treatment, and the interact relationship between these are very complicated and sensitive. At present, the study on the effects of combining hot deformation and heat treatment processing parameters are not much. The joint control strategy of hot deformation and heat treatment is used limitedly on the process of globularization on cogging and forging of billets and manufacturing of double performance disk.
Precise control of multi-process parameters of the whole process with coupling effects of multi-fields and multi-factors is core of unified control strategy of hot deformation and heat treatment [1,27]. This kind of strategy is employed by Stefansson et al. [40] and the conclusion is that pre-imposed strain of hot deformation and annealing temperature made great effect on the globularization efficiency. Moreover, the globularization efficiency is improved by the interrupted multi-pass compression with inter-pass heat treatment in the work of Fan et al. [85]. As a consequence, precise control of the whole process with an appropriate process parameter is a promising strategy for microstructure control.
4.3.2 Quantitative relation of the globularization and macrozone
Inhomogeneous globularzaiton of initial coarse lamellar colony could easily lead to microstructure heredity. Relevant literatures [5,6] indicated that many globular alpha grains still remain similar orientation, resulting in macroscopic defects with size up to mm which is called macrozone shown in Figure 7a. The macrozone has been observed in semi-fihished products such as billets as well as forged disks. The macrozone can act as sites of multiple initiating cracks and reduce the fatigue performances.
At present, researches into effects on macrozone from microstructure parameters including lamellar colony's initial morphology, distribution and orientation are insufficient especially the evolution of the local micro-texture during globularization. Therefore, the quantitative relation of the globularization and macrozone is unclear. In the research of Germain [5], The compression test performed in this study cannot track in a fully accurate manner on the thermomechanical history of macrozone. Traditional deformation experiments involving uniaxial compression, tension or simple torsion are not suitable for in situ measurement of micro-texture heterogeneity at high temperature and large strain. During hot working, interrtupted in situ measurement method shown in Figure 7b–c put forward by Quey [86–88], Dancette [89] and Martin [90] can track the evolution history of microstructure parameters, such as microstructure morphology, distribution and orientation. The studies in initial morphology, distribution and orientation of lamellar colony and micro-texture evolution during the hot working would be of great significance for deepening understanding in formation mechanisms of macrozone and the relation of the globularization and macrozone.
	[image: thumbnail]	Fig. 7
(a) Macrozone [5]. (b) Schematic of the split sample and channel-die configuration [88]. (c) Plane strain compression test geometry and specimen geometry [91].




5 Development tendency of globularization
5.1 Microstructure evolution of three-dimensional lamellar colony
With the development of analytical testing equipment and computer programming algorithm, the three-dimensional test characterization method of microstructure improves remarkably as well. As for three-dimensional reconstruction of titanium alloy lamellar colony, three main methods probably used are as follows: multiple levels of grinding and polishing technology [92] shown in Figure 8 (a), using three dimensional X rays diffraction [93,94] and combining focused ion beam (FIB) with EBSD [95,96]. Up to now, studies taking advantage of FIB-EBSD on morphology and orientation of lamellar colony after globularization have not been reported yet. These factors such as morphology features of single alpha lamella, distribution relationships of alpha variants, three-dimensional interweave distribution characteristics and deformation compatibility of alpha colonies, would render a remarkable significance for deepening our understanding in lamellar colony's deformation mechanism, globularization laws and its mechanical and service performance as well.
	[image: thumbnail]	Fig. 8
(a) 3D construction of alpha lamella through multiple grinding and polishing [92]. (b) Artificial neural model of mechanical properties through the microstructure information [97]. (c) Equal-channel angular pressing [101].




5.2 The relationship between lamellar colony and mechanical properties
The quantitative research in microstructure and properties of titanium alloy during hot working renders an important foundation for optimizing design of titanium alloy microstructure. It is of great significance not only for effectively adjusting and controlling components' microstructure and properties but also for optimizing hot-working parameters. As for titanium alloy with lamellar colony, the effects of the average quantitative indexes (grain size, thickness and fraction of alpha) on mechanical properties of titanium alloy could be predicted in terms of the artificial neural model [97] shown in Figure 8b. But the effects of microstructure morphology, distribution or micro-texture on mechanical properties were scarce. Therefore, a computer-based simulation model [98] needs to be developed to study the quantitative relationship between microstructure parameters and mechanical properties.
5.3 The effect of severe plastic deformation on globularization
Severe plastic deformation (SPD) [99,100] technique means that the material undergoes very large strain, which results in abnormal refinement of grain, but with unchanged geometry size of billets. The free flow of material is limited by the special mold shape in equal-channel angular pressing (ECAP) [101] shown in Figure 8c. The hydrostatic pressure can results in higher strain and high-density micro-defects. After several extrusions, the grain size can be refined after large plastic deformation. Shear deformation can promote microstructure fracture and globularizaiton of titanium alloy. The characteristics of unchanged shape and size are very suitable for cogging and forging of billets and pre-blocking of forged disk. The technique of ECAP can effectively increase the globularization efficiency of lamellar colony. Therefore, SPD may be a promising solution to ‘sluggish’ problem of globularizaiton. But the research on this is scarce. The application of ECAP techniques may be accepted and adopted in precisely controlling globularization by the engineering field.
6 Conclusions
This paper summarized the research work of globularization of lamellar colony, which mainly includes the globularization mechanisms, the prediction models and the effects of hot-working parameters and microstructure parameters. Some results are presented in the following section.

	
In light of the coexistence and advantages of multiple mechanisms, a unified globularization mechanism of coupling multiple factors is summarized.



	
As for the prediction model, a framework scheme of multi-scale CACPFEM modeling on globularization is also introduced. Moreover, the coupled effects between micro-scale microstructure evolution and meso-scale deformation anisotropy can be well captured by this multi-scale CACPFEM.



	
A unified control strategy of hot deformation and heat treatment is pointed out for the ‘sluggish’ problem of globularization during hot working. As for the formation of macrozone, an interrupted in-situ measurement method could be used to characterize the micro-texture evolution of globularization.





Consequently, these results described above is of great significance to in-depth understanding of globularization mechanism, predict and precise control on globularization and optimize the hot-working parameters and improve properties of titanium alloy products.
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    Table 1 

The comparison and analysis of these prediction models of globularization.




	Model name
	Empirical model
	Neural network model
	Processing map





	Model description
	The equations of Avrami and JMAK
Form of explicit functions of macroscopic deformation parameters [17]
	Complex nonlinear processing power
Related input variables and output variables in a near-black box approach [19]
	A power dissipation map represents the pattern in which the input power is dissipated by the material through microstructural changes rather than heat [61]



	Model equation
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	Pros and cons
	■ Predict the grain size volume fraction
□ Predict the morphology evolution
□ Predict Meso-mechanical response
■ Predict Macro-mechanical response
■ Consider hot working parameters
	■ Predict the grain size volume fraction
□ Predict the morphology evolution
□ Predict Meso-mechanical response
■ Predict Macro-mechanical response
■ Consider hot working parameters
	□ Predict the grain size volume fraction
□ Predict the morphology evolution
□ Predict Meso-mechanical response
■ Predict Macro-mechanical response
■ Consider hot working parameters



	Model name
	Internal variable model
	Phase field model
	Microstructure-based FE model



	Model description
	Describe the microstructure evolution through the evolution of several of different internal state variables.
Reflect the complex physical mechanism
Inflect influence of processing history on microstructure [3]
	Multiphase field model driven by volume-diffusion and curvature effect
Shape-instabilities induced by the difference in curvature
Based on Rayleigh instabilities and termination migration [24]
	Digital material representation method
The constitutive relation measured by the nanometer indentation
The effects of microstructure features on strain localization bands [25]
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(a) The crystallography relationship between the alpha and beta phases in Ti alloys. (b) alpha/beta interface deviation angles by TEM.
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HCP deconstructions of the GND density around indent [76]: (a) Total GND density. (b) type GND density. (c) Ratio of to <c+a>. (d) Basal-GND density. (e) Prismatic-GND density. (f) Pyramidal-GND density.
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Different strategies to gather the variants using a misorientation criterion—illustration on different situations of parent beta grains and inherited alpha variants [54].



    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
(a) Macrozone [5]. (b) Schematic of the split sample and channel-die configuration [88]. (c) Plane strain compression test geometry and specimen geometry [91].
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(a) 3D construction of alpha lamella through multiple grinding and polishing [92]. (b) Artificial neural model of mechanical properties through the microstructure information [97]. (c) Equal-channel angular pressing [101].
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