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ABSTRACT
The microstructural evolution of titanium alloys under high-temperature condi-
tions plays a key role in determining their mechanical properties and hot work-
ing behavior. This research presents an advanced method for calibrating β phase 
reconstruction software using in situ testing on Grade 2 titanium, which achieves 
accurate reconstruction of the parent β phase microstructure. In addition, unique 
microstructural observations in the forging of Ti-6246 titanium alloy are high-
lighted, demonstrating the influence of deformation parameters on the resulting 
β phase grain structures. Using advanced techniques such as electron backscatter 
diffraction and Burgers orientation relationship-based software, the research elu-
cidates the behavior of these phases under varying thermal and deformation con-
ditions. In Grade 2 titanium, significant grain growth and phase transformation 
dynamics were observed upon heating beyond the β-transus temperature during 
in situ calibration of β phase reconstruction software. The analysis demonstrates 
the effectiveness of the software in precise reconstructing the parent β phase 
microstructure based on the orientation of the inherited αs phase. Furthermore, 
the evaluation of hot forming parameters in Ti-6246 alloy shows the influence of 
deformation temperature and strain rate on the resulting microstructure. Finite 
element method analysis coupled with dynamic material modeling elucidates the 
distribution of temperature, strain rate, and effective strain during forging, which 
aids in the qualitative assessment of hot workability. Microstructural observations 
in Ti-6246 alloy forging highlight the presence of elongated colonies of αs phase 
precipitates, indicative of localized strain intensities and deformation tempera-
tures. In addition, EBSD analysis coupled with β phase reconstruction reveals 
distinct microstructural features in different regions of the forging. In particular, 
regions subjected to higher strain rates exhibit elongated β phase grains with pro-
nounced disorientation gradients, suggesting intense deformation. Conversely, 
optimal forging conditions lead to the appearance of unreinforced axisymmetric 
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β phase grains, indicating dynamic recovery processes. Pole figure analysis fur-
ther emphasizes the Burgers crystallographic relationship between the αs and β 
phases, confirming that deformation during forging occurs exclusively within the 
β phase. These results provide valuable insights into the microstructural evolu-
tion in titanium alloys under high-temperature conditions, which are essential for 
optimizing hot working processes and improving mechanical properties.

GRAPHICAL ABSTRACT 

Introduction

Titanium and its alloys are key engineering materials 
in various industries, initially finding applications in 
the military sector and now expanding their applica-
tion to various industrial domains [1, 2]. Currently, the 
aerospace industry represents a primary domain for 
titanium and its alloys, which are extensively used in 
the manufacture of aircraft fuselages and engine com-
ponents [3, 4]. The use of these materials in compres-
sor parts is justified by their exceptional properties, 
in particular high strength and corrosion resistance, 
which are crucial for components operating in the 
500–600 °C temperature range. In addition, the suita-
bility of these alloys for aircraft structural parts results 
from their excellent corrosion resistance, favorable 
strength-to-weight ratio, and superior machinability 
[5, 6]. Two-phase α + β alloys are characterized by the 
presence of α phase stabilizing elements such as alu-
minum (Al) and β phase stabilizing elements such as 
vanadium (V) or molybdenum (Mo). The strength of 
these alloys is mainly attributed to the limited solubil-
ity of β phase stabilizing elements in the α phase solid 
solution. However, these alloys have drawbacks such 

as low thermal conductivity and relatively low sus-
ceptibility to deformation, which require careful con-
sideration in the design of processing techniques [7].

The temperature of α + β ↔ β phase transformation 
depends on the composition of α or β phase stabiliz-
ing elements in the alloy. Elements that stabilize the 
β phase lower the transformation temperature, while 
those that stabilize the α phase increase it [8]. A variety 
of microstructures can be achieved in α + β alloys by 
carefully selecting the thermomechanical parameters 
of the forming process [9]. In addition, heat treatment 
of α + β alloys can produce finely dispersed α phase 
precipitates, thereby increasing the strength of the 
alloy [10, 11].

Ti–6Al–2Sn–4Zr–6Mo (Ti-6246) is an α + β alloy sus-
ceptible to heat treatments such as aging and solution 
annealing. Its microstructure is characterized by two 
main phases that are stable at room temperature: the 
α phase, which has a hexagonal close-packed (HCP) 
arrangement, and the β phase, which has a body-
centered cubic (BCC) arrangement [12, 13]. Upon 
cooling from elevated temperatures, titanium alloys 
containing the α phase undergo various phase trans-
formations depending on the cooling rate and the 
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chemical composition of the β phase. These transfor-
mations may also exhibit characteristics of martensi-
tic transformation. In particular, the transformation 
of the β phase to the αs phase proceeds consistently 
to completion regardless of the cooling rate [2]. Typi-
cally, αs is the needle-like α phase that precipitates 
from the β phase during cooling from elevated tem-
peratures, as opposed to the stable, globular primary 
alpha (αp) present at lower temperatures. Rapid cool-
ing rates (> 100 °C/s) in titanium alloys result in the 
predominant formation of needle-like αs structure. 
Often the α ↔ β transformation follows the Burgers 
orientation relationship (BOR) [14]: {0001}α || {110}
β; < 1120 > α ||< 111 > β. The Potter, Pitsch–Schrader, 
and Rong–Dunlop orientation relations are alternative 
crystallographic models used to describe the transfor-
mations between the α and β phases in titanium alloys 
[15]. These relationships offer different perspectives 
on the orientation and misorientation angles between 
the phases, while the BOR model is preferred for its 
ability to accurately predict the most likely orienta-
tion relationships in these alloys, thereby improving 
the understanding of their mechanical and physical 
behavior [16]. According to BOR, a single β orienta-
tion can have up to 12 different α phase orientation 
variants, a hallmark of transformed microstructures 
[17]. One or more αs phase orientations are suitable for 
both diffusion-driven and martensitic transformations. 
Despite numerous studies of phase transformations 
under different cooling regimes and types, the cool-
ing process parameters that predict the transformation 
type remain critical [18]. Humbert et al. [19] showed 
that understanding the inherited crystallographic ori-
entations of multiple αs phase plates, strictly following 
BOR, facilitates the determination of the orientation of 
the parent β-grain. Germain et al. [20] described differ-
ent variants of inherited crystallographic orientations 
of parent β grain and α phase, presenting a simple 
variant of adjacent grains in which the previous crys-
tallographic orientation of the β grain boundary can be 
distinguished from the crystallographic orientation of 
adjacent α phase grains. Subsequently, Humbert et al. 
[21] used electron backscatter patterns (EBSP) to deter-
mine the average grain orientation in polycrystals. 
Based on the determined orientations of the α phase 
plates of the Ti-64 titanium alloy, they inferred a likely 
effect of the parent β phase state on the orientation 
distribution of the inherited α phase grain variants. 
Glavicic et al. [22] similarly analyzed the primary αp 
phase and secondary αs phase of the Ti-6246 alloy with 

respect to the primary β phase using the electron back-
scatter diffraction (EBSD) method, demonstrating its 
effectiveness in identifying the ancestral orientations 
of β phase grains when applied to α + β alloys.

Manufacturing finished titanium alloy components 
requires the application of processing techniques 
such as hot and cold forging, drop forging, machin-
ing, joining, and occasionally extrusion. Among 
these techniques, forging stands out as a commonly 
used method for forming titanium alloy products. 
Dehghan-Manshadi et al. [23] investigated the micro-
structural evolution of Ti-6246 alloy as a function of 
deformation and cooling parameters. The comparative 
analysis revealed an increased volume fraction of the 
nucleated α phase in deformed microstructures, with 
deformation and subsequent gradual cooling leading 
to an expansion of the α phase volume as the cooling 
temperature decreased. Jackson et al. [24] conducted 
a study on the microstructural evolution of Ti-6246 
alloy under isothermal conditions, using finite ele-
ment modeling (FEM) and observing microstructures 
derived from the hot forging process of Ti-6246 alloy 
conducted below the end-of-transformation tempera-
ture. Remarkably, high strain values induced the ori-
entation of primary αp phase grains perpendicular 
to the compression axis. Alluaibi et al. [25] observed 
that the mechanical strength of this alloy increases 
as the deformation temperature approaches the β 
phase region up to the end-of-phase transformation 
temperature. In a study [26], the authors presented 
the results of closed die forging within the β phase 
range of a large aircraft engine disk made of Ti-6246 
alloy, emphasizing the critical role of a low post-forg-
ing cooling rate in inducing desired microstructural 
changes. García et al. [27] described the industrial 
forging conditions of an aircraft compressor engine 
disk made of Ti-6246 alloy, carried out above the end-
of-phase transformation temperature. Choda et al. [28] 
found that forging in the two-phase (α + β) region has 
the disadvantage of reducing the fracture toughness of 
the resulting parts due to a structure comprising elon-
gated αp phase grains in the form of equiaxial lamellar 
segments within the β phase matrix.

Literature analysis indicates that deformation in 
the high-temperature β phase region of α + β tita-
nium alloys yields products with improved mechani-
cal properties. Understanding the behavior of this β 
phase at high temperatures is critical to optimizing hot 
working processes. However, the formation of α phase 
precipitates upon cooling to ambient conditions makes 
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it difficult to accurately assess the evolution of the β 
phase microstructure at high temperatures. There-
fore, the objective of this research is to validate the 
effectiveness of the BOR-based approach to evaluate 
the high-temperature β phase microstructure evolu-
tion in titanium α + β alloys. To achieve this, methods 
have been developed that focus on the reconstruction 
of the parent β grains using the α phase orientation 
and hence to evaluate the processing route for forging 
of Ti-6246 billet. Despite the availability of commer-
cial options such as EDAX-TSL and Oxford HKL, and 
the free downloadable software ARPGE [29], which 
allow for parent phase reconstruction based on BOR, 
an alternative free access software [30–32] was cali-
brated and tested in this work.

Materials and methods

Initial material

The research used a commercially available α + β 
titanium alloy, designated Ti-6246, as the primary 
material under investigation. In addition, commer-
cially pure α titanium, recognized as Grade 2, served 
as a reference material to calibrate the β phase recon-
struction software. This software has been developed 
within [30] and now is available as a part of [31]. 
Table 1 presents the chemical composition of the 
investigated titanium alloys. Basing on dilatometric 
tests, it was established that the β-transus tempera-
ture in the case of the investigated Ti-6246 titanium 
alloy was 950 °C.

The alloys studied were provided in rod form 
with a diameter of approximately 50 mm. The micro-
structural characteristics of these alloys were then 
examined using scanning electron (SE) microscopy 
coupled with EBSD techniques. In the longitudinal 
section of the Ti-6246 titanium alloy rod (Fig. 1a, a1), 
the microstructural SE analysis revealed spheroidal 
dispersed grains comprising the primary αp phase 
(approximately 45% by volume), accompanied by a 
mixture of colonies of the secondary needle-like αs 
phase within a β phase matrix. The microstructure 

of commercially pure Grade 2 titanium, as revealed 
by the EBSD—bend contrast (BC) map (Fig.  1b), 
exhibits equiaxial globular α phase grains with an 
average diameter of approximately 35 µm. Notably, 
both alloy microstructures demonstrate considerable 
homogeneity, with minimal grain elongation appar-
ent in the rolling direction.

β phase reconstruction

Reconstruction of the high-temperature β phase was 
based on the β reconstruction software [30, 31]. This 
software serves as a critical tool for understanding 
and visualizing the orientation of high-temperature 
phases based primarily on the analysis of α phase 
maps derived from EBSD data. Its core functionality 
lies in its ability to interpret these maps, typically 
stored as a.ctf file, and extrapolate the orientation of 
the β phase based on established relationships such 
as the BOR. This relationship, which is fundamental 
to the transformation between α and β phases, is a 
cornerstone of the software’s reconstruction process 
and allows for the accurate representation of phase 
orientations.

After importing the α phase maps, users are pro-
vided with a suite of image processing functions 
that facilitate grain boundary enhancement, artifact 
removal, and general preparation for reconstruction. 
Once the maps are suitably refined, the reconstruction 
process follows, which is characterized by a series of 
steps designed to identify, analyze, and reconstruct 
the β phase orientations corresponding to each α 
phase variant. Key components of the reconstruction 
process include the determination of potential β ori-
entations for each α variant, the identification of cor-
rect solutions through misorientation analysis, and the 
iterative automation of the reconstruction process for 
each variant. This approach ensures accurate recon-
struction of β orientations, which are critical to under-
standing material behavior and properties at elevated 
temperatures.

To reconstruct the parent β phase orientations 
from the α phase orientations in a Burgers transfor-
mation, there are initially six possible β orientations 

Table 1   The chemical 
composition of the examined 
titanium alloys (wt.%)

Alloy Mo Al Sn Zr Fe O Ti

Ti-6246 6.18 6.13 1.8 3.8 0.09 – Bal
Grade 2 – – – – 0.21 0.16 Bal
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for each α orientation. The reconstruction process 
involves determining which of these six solutions is 
correct for each α orientation. This is done by analyz-
ing the misorientations between points at the edges 
of a variant and adjacent points in neighboring vari-
ants. By examining these misorientations, the num-
ber of possible solutions is reduced from six to three 
or less, often resulting in a single unique solution. 
The automated reconstruction program proceeds 
by compiling misorientation analyses to find the 
most frequent solution, which is likely to be the cor-
rect one. This method successfully reconstructs the 
majority of α variants on the first pass. Some vari-
ants may not resolve to a single solution due to equal 
weighting of potential solutions. These cases are han-
dled in a second pass using the known β orientations 
of neighboring variants.

The relationship between the BCC and HCP crys-
tal structures is expressed by matrix transforma-
tions that account for 24 possible rotations, reduc-
ing the problem to identifying the correct orientation 
from the potential variants. Variants are identified 
based on a user-defined disorientation angle thresh-
old, typically 3°, with points within this threshold 
marked as belonging to the same variant. The mean 
orientations of the variants are calculated using qua-
ternions and crystal symmetry to avoid averaging 
errors. Six potential parent orientations are then 
determined for comparison with those derived from 
the inter-variant disorientation angle analyses. The 
most likely solution is identified by comparing the 
calculated disorientation angles with the potential 
orientations and selecting the one with the smallest 

difference, assuming that this value is less than 4°. 
This process is repeated for all data points, with 
the most frequent solution selected as the correct β 
orientation for each variant. Unresolved cases are 
revisited by comparing the potential solutions to 
the known β orientations in neighboring variants, 
ensuring accurate reconstruction.

The methodology employed by the software 
draws heavily on established research, in particu-
lar the work of Davies [30] and Humbert et al. [32], 
which provides the theoretical framework for the 
reconstruction algorithm. By incorporating advanced 
techniques such as quaternion analysis and symme-
try considerations, the software optimizes the accu-
racy and efficiency of the reconstruction process. In 
addition, the software integrates a cellular automata-
based artifact removal tool that improves the quality 
of reconstructed maps by iteratively refining pixel 
color changes based on neighborhood analysis. This 
feature ensures that reconstructed maps accurately 
reflect the underlying material structure, free from 
distortions introduced by artifacts or noise in the 
original data. The β reconstruction software pro-
vides a comprehensive and sophisticated approach 
to phase reconstruction, giving researchers and engi-
neers the tools they need to explore and understand 
complex material structures at high temperatures. 
Its meticulous methodology, based on cutting-edge 
research and advanced algorithms, positions it as 
a valuable asset in diverse industrial applications, 
from aerospace to materials science.

Figure  1   SE images showing the microstructure of titanium 
Ti-6246 alloy in the as-delivered condition (a, a1) and EBSD-
BC map (b) showing the microstructure of commercially pure 

titanium Grade 2. The microstructures are shown in longitudinal 
sections of the bars. RD is the rolling direction, while ND is the 
normal direction.
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Results

In situ calibration based on Grade 2 titanium

The calibration of the β phase reconstruction software 
was developed through in situ testing using the Kam-
mrath & Weiss Tensile & Compression Module, which 
can handle loads up to 10 kN. This module has the 
capability to heat the specimen test area of SEM to 
the temperatures up to 1200 °C in the vacuum. The 
analysis was performed using commercially available 
Grade 2 pure titanium, which inherently maintains 
a complete phase in its initial state. This choice was 
made to streamline the calibration process and facili-
tate comparison of the results.

The β-transus phase transformation end point for 
Grade 2 is approximately 915  °C [33]. In order to 
achieve a fully annealed state and a homogenized 
microstructure of β phase grains, the α alloy under 
study was heated at a rate of 1.5 °C/s to the tempera-
ture of 920 °C, exceeding the phase transformation 
endpoint (see Fig. 2). When the stable state of the 
alloy is subjected to heat, a noticeable change occurs 
in which the fine grains of the α phase are modified 
by rapid atomic diffusion, ultimately resulting in grain 
growth. Beyond the 700 °C threshold, a recognizable 

phase transformation begins. At a temperature of 
920 °C, maintained for 25 min, the material undergoes 
a complete transformation, triggering rapid atomic dif-
fusion and consequent β phase grain growth (Figs. 1b, 
2a). The first EBSD map developed, shown in Fig. 2a, 
illustrates the high-temperature β phase prior to the 
onset of cooling. Notably, the image shows large β 
phase grains, with individual grains reaching a maxi-
mum circular diameter of approximately 600 µm. As 
the temperature decreases, the α phase undergoes a 
reversion process driven by the kinetics of phase trans-
formations and diffusion phenomena. Rapid cooling 
is expected to result in a finer αs phase structure by 
inhibiting the growth of α-grains. The kinetics of this 
reversion begins at the boundaries of the high-temper-
ature β phase and progresses toward the grain center 
as the temperature decreases, following the BOR. In 
particular, Fig. 2b shows the EBSD map after cooling 
of the high-temperature β phase region. The obser-
vation shows that the gradual cooling results in the 
segregation of the αs phase into coarse grains with 
irregular morphology and texture, while preserving 
its thermal history.

Using the acquired EBSD map of the high-tem-
perature β phase, which delineates the parent β 
grains, along with the corresponding EBSD map of 

Figure  2   Illustration of the steps involved in performing soft-
ware calibration for high-temperature β phase reconstruction 
based on in situ hot deformation tests for Grade 2 titanium. The 
figure shows the developed EBSD maps for key temperature con-

ditions (a, b) and the reconstructed microstructure and texture 
map (c) of the parent β phase grains. The texture analysis for the 
selected grain region is also shown.

18906



J Mater Sci (2024) 59:18901–18915	

the inherited αs phase, the calibration process for the 
reconstruction software was performed. The inverse 
pole figure (IPF) maps were plotted in normal direc-
tion (ND). Figure 2c shows the resulting reconstruc-
tion of the microstructure and texture of the high-
temperature β phase based on BOR. Through texture 
analysis within the specified grain region, a precise 
alignment of peaks for the {0001} α || {110}β relation-
ship is observed, confirming the retention of BOR for 
both the parent and inherited phases.

Evaluation of Ti‑6246 titanium alloy hot 
forming parameters

In the following sections, the study focuses on the 
reconstruction and validation of the high-temperature 
β phase derived from the α + β titanium alloy (Ti-
6246). The use of FEM analysis facilitates the determi-
nation of local hot working parameters corresponding 
to the target regions. In addition, local dynamic mate-
rial modeling (DMM) analysis, previously described 
in [34], complements this effort. The synthesis of these 
results, along with the reconstruction of the micro-
structure and texture of the high-temperature β phase, 
aims to substantiate the efficacy of the reconstruction 
software and to elucidate the strain-induced changes 
during deformation in the β phase. In general, the hot 
working of Ti-6246 alloy is carried out at the tempera-
tures above β-transus due to the low fracture tough-
ness of the final products obtained by forging at the 
temperatures in the α+ β range. In addition, forging in 
the single phase region ensures excellent mechanical 
properties.

Based on the DMM theory as well as numerical 
simulation by FEM (Fig. 3b–d), the analysis of Ti-6246 
alloy forged at the temperature above β-transus under 
industrial conditions was carried out. The forging pro-
cess consisted of heating the billet in an electric resist-
ance furnace to the temperature of 1000 °C, followed 
by upset forging and final impression forging on a 
1 T hammer, followed by forced air cooling. Prior to 
forging, the Ø50 × 71 mm billet was coated with a pro-
tective silicon layer. The temperature of the tools was 
250 °C, and the tools were lubricated with a graphite 
solution. The entire technological process was carried 
out at the ATI ZKM Forging Company (Stalowa Wola, 
Poland).

In order to evaluate the quality of the forged part 
obtained above the β-transus temperature, a qualita-
tive microstructural analysis was performed using 

EBSD methods. The analysis was performed on three 
selected areas of the forged part (Fig. 3e). These areas, 
marked A–C, were selected based on the results of 
numerical modeling of the forging process in terms 
of the distribution of temperature, strain rate, and 
effective strain values in the volume of the forged 
part (Fig. 3b–d). For the numerical calculations using 
the commercial software QForm 3D to describe the 
behavior of the Ti-6246 alloy, the stress–strain data 
obtained from plastometric tests, as well as thermal 
conductivity and specific heat values as a function of 
temperature, were used. In the industrial forging pro-
cess, the initial billet temperature was 1000 °C and was 
then reduced by billet transport and cooling in a die 
cavity. A lubricant with a friction factor m of 0.1 was 
selected for the simulation.

According to the results of FEM analysis (Fig. 3b–d), 
the most extreme conditions of hot working occurred 
in the area A the deformation temperature reached 
the value of 1050 °C, the effective strain 1.8, and the 
strain rate about 70 s−1. For area B, the temperature 
was 1030 °C, the effective strain 0.6, and the strain rate 
40 s−1. The area C of the forged part at the final stage 
was characterized by a forging temperature of about 
1020 °C, a low strain rate (about 0.01 s−1), and an effec-
tive strain of 0.4.

The 3D processing model for Ti-6246 alloy (Fig. 3f) 
was developed based on the methodology of DMM 
using the Prasad criterion of plastic flow [35]. The 
color scale on the presented model reflects the dis-
tribution of the η parameter (efficiency of power 
dissipation, which generally reflects the changes in 
the microstructure of the processed alloy), while the 
shaded areas (the negative values of the flow insta-
bility parameter ξ during deformation) indicate the 
possibility of the occurrence of defects related to the 
instability of plastic flow, such as flow localization. It 
should be noted that this 3D model takes into account 
not only the flow behavior of the investigated alloy at 
a constant strain value during deformation, but also 
gives a complete representation of the hot workabil-
ity of this alloy in the investigated temperature range 
(800–1100 °C), true strain range (0.2–1), and strain rate 
range (0.01–100  s−1). Using the 3D model, together 
with the information on the distribution of deforma-
tion parameters obtained earlier on the basis of FEM 
analysis, it is possible to evaluate the selected areas of 
the investigated forged part.

The analysis of the processing parameters (the 
distribution of temperature, strain rate, and effective 
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strain values) in the 3D domain of the processing 
model showed that the areas C (η ≈ 45% and ξ > 0) and 
B (η ≈ 25% and ξ > 0) marked on the cross section of 
the forged part correspond to the favorable process-
ing parameters for hot working of the analyzed alloy. 
The processing parameters for area A are outside the 
scope of the model (the effective strain value ˃ 1). How-
ever, taking into account the nature of changes in the 
3D processing model and the location of the areas of 
deformation stability and instability on this model, it 
can be assumed that the range of thermomechanical 
processing parameters corresponding to the point A 
marked on the forged part was on the border of the 
areas of stability and deformation instability at high 
strain rates (η≈22% and ξ≈0).

Figure 4 shows the microstructures observed by 
EBSD in selected areas (areas A–C) on the cross sec-
tion of the forged part. The maps show that, in general, 
the forging microstructure consists of a mixture of the 
β phase and the colonies of the secondary needle-like 
αs phase formed during cooling. Figure 4a shows the 
elongated colonies of αs phase precipitates observed 
on the cross section of the analyzed forging in area 
A. This type of microstructure in area A results from 
higher local values of effective strain intensity and the 

temperature in this area of the forged part compared 
to the areas B and C. High strain rates and elevated 
deformation temperatures facilitate rapid diffusion, 
promoting accelerated dislocation motion and rapid 
nucleation and growth of α phase colonies upon cool-
ing. In addition, the visible effects related to the plastic 
flow instability of the alloy were not found, confirm-
ing the results of the analysis performed earlier. In the 
case of area B (Fig. 4b) of the forged part, there was a 
lower intensity of deformation as well as deformation 
temperature, which could cause a slower progression 
of nucleation and growth of αs phase colonies in this 
area. In region C (Fig. 4a), there are very small precipi-
tates of the αs phase, which may be due to the lowest 
effective strain intensity and temperature found in 
this region based on the FEM modeling. In each case, 
the microstructure is considered representative of the 
respective regions, with the dimensions and plate 
size of the αs colonies dependent on the cooling onset 
temperature and associated strain magnitude within 
the region. It can be concluded that the verification of 
the quality of the Ti-6246 alloy forged part in selected 
areas based on the 3D processing model and numeri-
cal simulation is a qualitative method for analyzing 
the hot workability of the investigated alloy.

Figure 3   The forged part (a) with marked microstructural obser-
vation areas A, B, and C (e). The numerical modeling results for 
forging Ti-6246 alloy structural part: temperature distribution 
(b), strain rate distribution (c), and effective strain distribution 

(d). The 3D processing model for Ti-6246 alloy (f). The model 
was developed based on previously published processing maps 
for Ti-6246 titanium alloy [34].
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Reconstruction of the high‑temperature β 
phase of the Ti‑6246 titanium alloy

EBSD analysis can be used to reconstruct the micro-
structure of the forged part, which is predominantly 
composed of the αs colonies. This reconstruction is 
based on the Burgers relationship, which elucidates 
the crystallographic orientations between the inherited 
αs phase and the parent high-temperature β phase. 
Crystallographic orientation maps of the αs phase 
within the β phase matrix for the regions examined 
A-C are shown in Fig. 5. The IPF maps were plotted 
in the Z direction corresponding to the transverse 
direction (TD) in the loading direction (LD) normal 
direction (ND) plane. These maps allow a direct 
examination of the microstructural evolution dur-
ing deformation in relation to the β phase. The basic 
principles and the reconstruction software used are 
described in the previous sections. Histograms illus-
trating the distribution of αs phase grain boundaries 
(Fig. 5a1, b1, c1), derived from the EBSD-IPF maps for 
the respective regions of the examined forging cross 

section, show prominent frequency peaks correspond-
ing to misorientation angles of 10°, 30°, 60° and 90° in 
all histograms.

The crystallographic orientation maps of the high-
temperature β phase were reconstructed using the 
crystallographic orientation maps of the αs phase 
obtained by the EBSD method in software based on the 
BOR as described in [30]. The resulting IPF maps of the 
reconstructed β phase, derived from the EBSD maps 
of the αs phase over different regions, are shown in 
Fig. 6. These reconstructed maps delineate the grains 
of the β phase against the background of the lamellar 
αs phase. Notably, the case maps highlight only high-
angle boundaries > 15° of the β phase grains, repre-
sented by black lines.

The β phase grains within region A exhibited 
the highest strain values as shown in Fig. 6a. The 
increased strain rate intensity observed in this region 
may have hindered the progress of recrystallization. 
Notably, despite the significant elongation of β phase 
grains along the flow direction due to the high strain 
value, they maintained their structural integrity and 

Figure 4   Local microstruc-
tural observations in the 
form of EBSD-BC maps of a 
Ti-6246 alloy forging in the 
areas A (a), B (b), and C (c). 
The microstructures represent 
the distribution of αs colonies 
in the β phase grains as a 
function of the strain param-
eters corresponding to these 
areas.
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exhibited cohesion without fragmentation. In addi-
tion, these grains exhibited significant local gradi-
ents in disorientation, indicating a strongly deformed 
microstructure.

In region B (Fig. 5b), the αs phase exhibits an opti-
mal structure, which is a direct result of the develop-
ment of the β phase microstructure and the applica-
tion of an optimal cooling rate. The local deformation 
conditions, which include temperature, strain rate, 
and strain value during forging, have created a favora-
ble environment for dynamic recovery processes. As 
a result, an non-reinforced axisymmetric β phase 
grain morphology has emerged. At the same time, the 
dynamic recovery process under these conditions has 
precluded recrystallization due to insufficient momen-
tum for nucleation.

In Fig. 6a, a slowdown in the formation of recrys-
tallization nuclei within the β phase was observed in 
region A, correlating with the minimum strain rate 
and intensity there. This observation finds its ration-
ale in the small strain intensity and the associated 

dynamic recovery process that occurs under these 
circumstances. Singular nuclei manifest exclusively, 
resulting from the collapse of curvature along the β 
grain boundaries, particularly where the steepest 
gradient of crystallographic orientations within the β 
grain prevails. Thus, it can be concluded that only the 
nascent stage of β phase recrystallization is evident 
in the region under investigation, which is particu-
larly constrained by the conspicuous presence of large 
grains.

For a more in-depth analysis, distinct subregions 
were selected within each examined area across the 
forging cross section (A1, B1, C1). Pole figures were 
then constructed for both the αs phase and the recon-
structed β parent phase (Fig. 6 a1, a2, b1, b2, c1, c2). 
Examination of the presented pole figures reveals 
a conspicuous adherence to the Burgers relation 
between the inherited phase (αs) and the parent phase 
(β), with all poles of the {0001} and {110} planes per-
fectly coinciding. This phenomenon clearly demon-
strates that within the subregions studied, αs phase 

Figure  5   EBSD-IPF maps of the distribution of αs colonies in 
the matrix of the β phase for the areas A (a), B (b), and C (c) 
observed on the cross section of the Ti-6246 alloy forging. EBSD 
analyses in the form of histograms of grain boundary distribu-

tions of the αs phase (a1, b1, c1) are also presented. The com-
bined band contrast (BC) map with a superimposed IPF map for 
the β phase from the IPF map areas is shown in Figures a2, b2, 
c2. LD is the loading direction, while ND is the normal direction.
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grains originate from a single β phase grain. Further-
more, the persistence of the Burgers crystallographic 
relationship in all cases studied supports the occur-
rence of deformation exclusively within the β phase 
during forging, which occurs at the temperature where 
only the β phase is present and susceptible to deforma-
tion. Conversely, in regions of the forging exposed to 
temperatures below the termination point of the phase 
transformation, where deformation would include 
the α phase, the Burgers crystallographic relationship 
would not apply.

Discussion

The analysis of Grade 2 titanium during in situ testing 
provides a benchmark for understanding the response 
of α phases under extreme thermal conditions. The 
microstructural changes observed, particularly the 
transformation of fine α phase grains upon heat-
ing (Fig. 2), highlight the susceptibility of the alloy 
to rapid atomic diffusion [36] and subsequent grain 
growth of β phase grains (Figs. 1b, 2a). This phenom-
enon, which culminates in the formation of large α 

Figure  6   IPF maps after high-temperature β phase reconstruc-
tion for the areas A (a), B (b), and C (c). Comparative analysis 
of pole figures of αs phase (a1, b1, c1) and reconstructed β phase 

(a2, b2, c2) from selected areas A1, B1, C1 grains. The analysis 
developed to confirm BOR {0001}α || {110}β.
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grains after cooling, underscores the intricate interplay 
between temperature, phase transformation kinetics, 
and microstructural evolution. The cooling process 
reduces the mobility of dislocations, although they 
remain as mobile entities capable of interacting with 
grain boundaries [37]. In addition, the study of Grade 
2 titanium serves as a basis for calibrating β phase 
reconstruction software, which is essential for accurate 
interpretation of microstructural data in more complex 
alloy systems. By leveraging the unique characteristics 
of Grade 2 titanium, such as its homogeneous micro-
structure [38] and known phase transformation end-
points, researchers can validate and refine software 
algorithms, increasing their application in the analysis 
of more complex alloy systems.

The BOR remains a cornerstone of the analysis, 
facilitating the accurate reconstruction of β phase ori-
entations from α phase maps derived from EBSD data. 
An assessment of the forged alloy’s quality within 
the single phase region (β phase) was conducted by 
employing EBSD analysis across three distinct regions 
(Fig. 4). The absence of detectable manifestations of 
plastic flow instability (Fig. 5), sometimes observed 
in other titanium alloys [39–41], confirmed previ-
ous analyses (see Fig. 4). The investigation revealed 
that the deformation during forging occurred within 
the temperature regime where only the β phase was 
dominant and thus underwent only plastic deforma-
tion (Fig. 6). The behavior of the high-temperature β 
phase highlights the remarkable ability of the alloy to 
withstand severe deformation conditions while main-
taining structural integrity. In particular, the β phase 
exhibits elongation along the flow direction, indicating 
significant plastic deformation (Fig. 6a). This resist-
ance to fragmentation underscores the robust mechan-
ical properties of the alloy, which are critical for appli-
cations requiring high strength and durability [42].

A key finding is the inhibition of recrystallization 
[43] within regions of intense deformation, which 
is attributed to elevated strain values (Fig. 6a). The 
phenomenon of high strain rates is known for its pro-
pensity to induce dislocation stacking and accelerate 
phase transformation due to the substantial accumula-
tion of deformation storage energy [44]. Conversely, 
regions experiencing optimal deformation conditions 
facilitate dynamic recovery processes [45], promot-
ing the emergence of an unreinforced axisymmetric β 
phase grain morphology.

Central to the analysis is the Burgers relation-
ship, which remains strikingly evident in all regions 

examined. This crystallographic orientation between 
the αs and β phases explains the exclusive deformation 
that occurs within the β phase during forging, testi-
fying to the alloy’s unique response to thermal and 
mechanical parameters [46]. By elucidating the intri-
cate mechanisms that drive microstructural evolution, 
this study lays the groundwork for improved alloy 
design and process optimization, with far-reaching 
implications for industries that rely on high-perfor-
mance materials, such as aerospace [47], medicine, and 
automotive.

Conclusion

The studies of the high-temperature reconstruction of 
the parent β phase for Grade 2 titanium and titanium 
alloy Ti-6246 provide conclusive findings. The follow-
ing key conclusions can be drawn as follows:

1.	 The in situ calibration process performed on Grade 
2 titanium provided concrete evidence of the soft-
ware’s effectiveness, demonstrating its ability to 
accurately reconstruct the high-temperature β 
phase microstructure in Ti-6246 alloy.

2.	 Examination of Grade 2 titanium’s phase transfor-
mation dynamics revealed significant grain growth 
within the β phase upon surpassing the β-transus 
temperature. This observation highlights the mate-
rial’s sensitivity to the temperature variations and 
underscores the importance of precise temperature 
control in industrial forging processes to achieve 
desired microstructural properties and mechanical 
performance.

3.	 Detailed analysis of the EBSD maps revealed dis-
tinct microstructural features, in particular the 
presence of elongated colonies of secondary αs 
phase precipitates. These observations were par-
ticularly pronounced in regions subjected to ele-
vated local effective strain and temperature inten-
sities, indicating facilitated dislocation motion and 
accelerated nucleation kinetics.

4.	 The observed adherence to the Burgers relation-
ship across different forging regions underscores 
the predominant influence of β phase deformation 
during hot working. These results show the criti-
cal role of precise temperature and strain intensity 
control in controlling the microstructural evolution 
of the Ti-6246 alloy, providing invaluable insights 
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for optimizing industrial hot forging processes and 
ensuring superior product quality.
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