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� A new b reconstruction method by
filling restrained b phase with
denoising technique.

� The reconstruction method is suitable
for both lamellar and globularized a
microstructures.

� Multi-axial hot compression can
achieves well globularization
microstructure.
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In this study, a denoising method of smoothing spline is proposed to reconstruct parent b grain of tita-
nium alloys as a supplement to the past literatures. The b mean orientation of the sample with bimodal
microstructure can be well reconstructed with similar grain size and negligible misorientation (<1�) com-
pared with traditional reconstruction result. The second test case deals with globularized a grains after
multi-axial hot compression. Obvious b recrystallization happens inside the large prior b grain during
deformation, which can facilitate the homogeneous globularization process. The mean orientation recon-
struction of recrystallized b grain by smoothing spline is performed and further compared with the ori-
entation calculated from one a colony by orientation-trace method. The maximum 20� misorientation
exists due to the local orientation deviation inside both a and b grains during globularization processing.
In addition, the globularization mechanism under multi-axial hot compression is analyzed. Despite the
appearance of local heterogeneity between different a colonies, high globularized efficiency around
71.2% can be easily achieved by the multi-directional deformation.
� 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Titanium alloys, especially two – phases Ti-6Al-4V, offer a range
of combinations of strength, toughness and high temperature
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properties (e.g. superplasticity) that make them attractive in wide
ranging aerospace and chemical industries [1]. It is usually
processed by hot forging involving series of plastic deformations
followed by rotations. Indeed, thermomechanical processing is
the most common method to break down the lamellar microstruc-
ture of a phase (known as globularization) and achieve favorable
mechanical properties of Ti-6Al-4V. An new experimental method
proposed in [2] includes multiaxial forging combined with
heterogeneous temperature and intermediate delay between
deformation steps, which offers the opportunity to get closer to
industrial open die forging conditions. The well globularization
microstructure obtained by the above method will be involved in
this work.

b phase can influence the dominant deformation mechanism of
Ti alloy during hot working, because it is considerably softer than a
during hot working with higher diffusivity and more active slip
systems [3]. When the volume fraction of b is large enough at high
temperature (>850 �C), the grain boundary sliding can be accom-
modated by the deformation of b instead of a phase [4]. The forma-
tion of subgrain and dynamic recrystallization in a occurs when
the b volume fraction is lower at a temperature lower than
850 �C. b phase plays an important role in the deformation compat-
ibility between a lamella. Under large deformation, the Burgers
Orientation Relationship (BOR, (0001)a // {110}b and h11�20ia
// h111ib) followed by alpha lamellae and beta matrix is destroyed,
which can accelerate the formation of inter-a boundaries and the
wedging of b phase into a lamellae along intra-a boundaries, fur-
ther separate a lamellae [5,6]. In addition, a post-dynamic trans-
formation of a to b phase was also found during interrupted
holding in two phase region driven by stored energy and stress
[7,8].

According to the above mentioned phenomenon, the distribu-
tion of parent b grain is important to the orientations and sizes
of the inherent a colonies, but the microstructure of these parent
b grains cannot be easily characterized directly at room tempera-
ture. The Electron Back-Scattered Diffraction (EBSD) technique in
a Scanning Electron Microscope has been used to study b – a phase
transformation by in situ experiment [4,9] and parent b phase
reconstruction from inherent a orientations [10,11]. The post-
processing reconstruction was developed by Humbert et al.
[10,11]. The strategy to determine the parent b orientation is based
on a misorientation criterion between neighboring a variants. In
fact, only a limited number of misorientations exist between a
variants inherited from the same b parent [12]. Triple junctions
of a grains that have misorientations compatible with a common
parent orientations are identified first and used to compute the
parent orientation. This model has been widely used to explore
the texture of high-temperature parent b phase [13], variant selec-
tion of inherent a phase [14] and macrozone formed by processing
[15]. However, after subtransus deformation, due to that the for-
mation of subgrain and orientation deviation inside a grains breaks
the misorientation criterion, traditional reconstruction method is
invalid. To obtain the parent b grains of globularized sample, a
denoising method is proposed in this work, which can directly
reconstruct the b grains based on the restrained b phase not a
grains. The orientation of the reconstructed b grains can be further
used to analyze the heterogeneous globularization mechanism of a
colonies.

In the present work, two samples with and without globulariza-
tion processing were prepared for the parent b reconstruction. The
new method to reconstruct b grain was performed by filling the
restrained b phase with a EBSD denoising technique in MTEX tool-
box [16], which was verified by comparing with the traditional
reconstruction methods. Finally, the globularized microstructure
was analyzed and the globularization mechanism was discussed
with the help of the reconstructed b grain orientation.
2

2. Methonology

2.1. Materials

In the current work, the material used was Ti-6Al-4V alloy with
a b-transus temperature of 995 �C. Two samples (Sample A and
Sample B) were prepared to explore the grain reconstruction, of
which the initial microstructures were shown in Fig. 1. Sample A,
comprised of globular a with the size of approximately 20 lm,
was obtained by the forging in a – b phase region. Sample B was
achieved by heat treatment above b transus followed by air cool-
ing, which consists of colonies of lamellar-a (around 4 lm) inher-
ited from millimetric equiaxed prior b grains.

To obtain different microstructures with a lamellas inside small
parent b grains and globularized a grains inside larger parent b
grains, following experimental processes were performed on the
two samples. Sample A was annealed at 850 �C for 2 h followed
by air cooling, while Sample B was performed under multiaxial
hot cross-forging process by the Gleeble 3800 with MaxStrain II
device. The preparation details of Sample B and MaxStrain test
can be found in the previous work of Saint Jalme et al. [2]. The ther-
momechanical routine is presented in Fig. 2. The compression was
carried out at the set temperature of 800 �C and the strain rate of
0.1 s�1. After a pre-deformation of 20%, two repeated compressions
(first and second compressions) were interrupted at reduction
ratios of 40% together with 90� rotation of the sample. The first
and second compression axes are denoted respectively FCA and
SCA. The specimen was cut along the central axis with the metal-
lographic observation surface parallel to SCA.

Before EBSD characterization, the sample was mechanical
ground until MASTERMET 2 colloidal silica, followed by electrolytic
polishing using a solution of 5% perchloric acid, 35% butan-l-ol and
60% of methanol at 35V for 20 s at temperatures lower than 5 �C.
The characterization was performed using Zeiss Supra-40 (Sample
A) and JSM-F100 (Sample B) scanning electron microscope
equipped with an EBSD camera with an accelerating voltage of
20 kV, a working distance of 15 mm and a step size of 0.2 lm.
2.2. Reconstruction methods

MTEX and add-on software suite ORTools [17] were used to
reconstruct the b grain based on inherited a lamellas by traditional
method [10,11]. The parent b grain of globularized a microstruc-
ture was also reconstructed by filling the remnant b phase with
denoising method. Smoothing spline method in MTEX toolbox is
a denoising technique adapted from mathematical image analysis
to the setting of orientation data [16], which consists of approxi-

mating noisy data O xð Þ by orientations bOðxÞ that minimize an
energy functional

J Ô
� �

¼
X
x

d eO xð Þ; Ô xð Þ
h i2

þ aDÔ xð Þ2 ð1Þ

It is appropriate to separately apply the approximation for each
grain and choose as the reference orientation the mean orientation
of the grain.

The traditional reconstruction method based on a lamellas has
been widely used in the past few decades. It is usually very effec-
tive, because the a phase can be well identified under EBSD. How-
ever, it still have some limitations: at least three types of a variants
with typical misorientation between them. Thus, the globularized
or deformed a microstructure is normally difficult to recon-
structed. The new reconstruction method with denoising tech-
nique can be taken as a supplement to traditional method. Only
mean orientations of reconstructed b grains can be obtained. In



Fig. 1. Initial microstructures of (a) Sample A and (b) Sample B.

Fig. 2. Thermomechanical cycle on MaxStrain device (e = 40%, _e = 0.1 s�1).
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order to achieve this, enough remnant b phase need to be guaran-
teed in the EBSD measurement.
3. Results

3.1. b grain reconstruction of Sample A

The annealing process of Sample A initiates the globular a into
bimodal microstructure, globular primary a grain (ap) and sec-
ondary a colonies (as), as shown in Fig. 3a. Normal direction
(ND) axis was projected with the shown color bar. The correspond-
ing inverse pole figure (IPF) map of b phase can be found in Fig. 3b.
The residual b phase is located at a boundaries and holds BOR in
the lamella structure. The indexed phase fractions are respective
76.7% for a, 0.8% for b phase and zero solutions of 22.5%.

The b grain reconstruction is performed based on the EBSD
maps. First, the b grains are reconstructed by traditional method
and shown in Fig. 3c with mean orientations. Most of the primary
ap grains are not considered into the reconstruction process and
defined by non-indexed particles. Fig. 3d presents the reconstruc-
tion map obtained by filling b phase in Fig. 3b with smoothing
spline denoising method. Although Fig. 3d cannot separate the ap

grains, it shows good match on both grain size and orientation
between these two reconstruction methods. It can be concluded
that, with smoothing spline method, the 0.8% restrained b phase
in the EBSD map of Sample A is enough to reconstruct the parent
grains. Moreover, the b phase reconstructed by misorientation cri-
terion (Fig. 3c) can be regarded as high-temperature b phase, while
by smoothing spline method (Fig. 3d) room temperature b phase is
obtained. The matched results between them means that the ori-
entation of high-temperature b phase can be maintained during
cooling.
3

To further evaluate the correctness of denoising method, the
orientations and grain sizes of 17 selected grains in Fig. 3c and d
are calculated and compared in the histograms. Fig. 4a shows the
distribution of disorientation angles between the grain orienta-
tions obtained by two reconstruction methods. As an example,
for Grain 1, the Euler angles in Fig. 3c are (267.2�,101.7�,113.8�)
and (202.0�,26.5�,152.8�) in Fig. 3d, which can be directly obtained
from the reconstruction procedures. The disorientation angle
between them is 0.15�. In general, all the disorientation values
are lower than 1� within the allowable error range, although the
distribution of disorientation angles in Fig. 4a shows some fluctu-
ations. In addition, the grain sizes (lm2) in both reconstruction
maps are compared in Fig. 4b. The size of each grain calculated
by denoising reconstruction method is slightly larger than that
by traditional method, because primary ap grain in Fig. 3c is
excluded when calculating the grain area in traditional method.
Although there is a certain gap between the grain area calculated
by these two methods, the denoising method can still be consid-
ered accurate to determine the parent b grain orientation and
microstructure.

3.2. b grain reconstruction of Sample B

The microstructure of Sample B after multi-axial compression
test is presented by forward scatter detector (FSD) image in
Fig. 5a. The observation surface is parallel to the second compres-
sion axis (SCA//Y and FCA//Z). In the figure, the grain boundary a
(GBa) formed along prior b boundary is marked by a red dotted
line. It can be found in the FSD image that the deformation modes
are different above and below the prior b boundary. Numerous dis-
torted and thick a lamellas appear at the upside of the b boundary
to relax the stress concentration. However, below the boundary,
many finer GBas can be found, which indicates that the recrystal-
lization of the large prior b grain occurs during hot compression.
The magnification image of a recrystallized b grain labeled in the
yellow box (Fig. 5a) is presented in Fig. 5b, where the boundary
is marked by a solid red line. Inherent a lamellas can be also
observed inside the b grain.

In fact, most of the a lamellas have been broken up into globu-
larized grains after the thermomechanical cycle, which are not
clear under FSD map but can be better observed in Fig. 6a (corre-
sponding IPF map of Fig. 5a). The a and b phase fractions are
around 91.4% and 2.0%, respectively. The a globularization will
be discussed in Section 4. The IPF map of residual b phase is shown
in Fig. 6b. Below the prior b grain boundary (dotted black line), the
recrystallized b boundaries (solid black lines) are drawn by the
combination of GBa in FSD image (Fig. 5a) and the orientation of



Fig. 3. IPF maps of Sample A, (a) a phase and (b) b phase. ap is globular primary a grain and as represents secondary a colony. (c) and (d) are IPF maps of parent b grains
reconstructed by misorientation criterion and denoising method, respectively. The numbers of 17 grains in (c) and equivalent grains in (d) are labeled.

Fig. 4. Distributions of (a) disorientation angle and (b) grain size. The orientations and sizes of the 17 grain are calculated by traditional and denoising reconstruction method.
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remained b phase in Fig. 6b. A total of 13 parent b grains are drawn.
The magnification image of the area in the red box (Fig. 6b) is pre-
sented in Fig. 6c. It can be seen that, inside each recrystallized b
grain, the orientations are close but there also appears local b
recrystallization due to stress concentration. Based on the EBSD
map of remnant b phase (Fig. 6b), parent b grains can be generally
reconstructed by smoothing spline denoising method and colored
by mean orientations, as shown in Fig. 6d. The local recrystalliza-
tion inside each b grain is considered during the calculation of
mean orientation. It can be found that the grain shapes of most
of the reconstructed b grains can well match with that labeled by
black lines in Fig. 6b. However, some b grains (Grain 3 and Grain
11) cannot be correctly reconstructed due to severe internal
4

recrystallization. Besides, above the prior b boundary, there is not
b recrystallization observed in Fig. 5a, thus the reconstruction
result does not make sense.

Due to the heterogeneous stress during deformation, the local
orientation of b grain can deviate from the mean orientation calcu-
lated by denoising method. Thus, to verify the accuracy of the
reconstruction results, the deviation between local and mean ori-
entations of each grain should be calculated. To do this, the
orientation-trace method of Zhao et al. [18] is used, which can
determine the local b orientation from one a variant orientation
with interface trace direction. The interface boundary structure
between transformed a lath and parent b grain has been estab-
lished previously [19]. The interface results from regularly spaced



Fig. 5. (a) FSD image of Sample B. (b) The higher-magnification FSD image of the area in the yellow box. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. IPF map of Sample B, (a) a phase and (b) b phase. (c) The higher-magnification IPF map of the area in the red box of (b). (d) IPF map of parent b grains reconstructed
from (b) by denoising method. The b grain boundaries are marked by black lines. The numbers of 13 grains in (b) and equivalent grains in (d) are labeled. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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The b orientation of Grain

8 is calculated with this method as an example and then compared
with the reconstruction result in Fig. 6d. Fig. 7a shows the EBSD
5

map (IPF map plus band contrast) of Grain 8. The globularized
grains make it difficult to determine the orientations of a colonies.
So the a grains are detected by the critical misorientation of 15�
and colored by mean orientation. According to the research of
Fan et al. [6], the grain boundaries with 2�-15� are subgrain/low
angle boundaries (LAGBs) and those of > 15� are high angle grain
boundaries (HAGBs). After that, the mean orientation of a variant



Fig. 7. (a) EBSD band contrast image overlaid with an IPF map colored by the shown color bars. (b) FSD image. The boundary of Grain 8 is labeled by red line. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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can be obtained. The lamella trace is not clear in EBSD map due to
the globularization process, but can be better determined under
FSD image. Two a colonies with clear traces in Fig. 7b are chosen
with the mean orientations of Colony A (24.4�, 128.6�, 38.2�) and
Colony B (29.7�, 50.6�, 48.1�). The interface traces of a lamellas
in Colony A and Colony B are labeled by solid yellow lines, which
are respective �6.2� and �49.2� from horizontal direction (X axis).

Using the method of [18], six potential parent b orientations of
Colony A and Colony B are calculated and shown in Table 1. The
interface plane normals of the a variants corresponding to the
six b variants are expressed in terms of the sample coordinates

(Y//SCA and Z//FCA). Then, the 11 11
�

13
� �

b
interface trace angles

can be obtained. Comparing the calculated trace directions with
the measured ones (�6.2� and �49.2�), the trace angle of respec-
tive V4b (�9.9�) and V6b (�58.4�) are the closest. Thus, the local b
orientations of Colony A and Colony B can be obtained with the
Euler angles of (243.7�, 134.1�, 74.7�) and (265.3�, 55.5�, 185.4�).
The disorientation angles between the two local b orientations
and mean orientation of Grain 8 (254.4�, 54.8�, 90.3�) are 14.8�
and 14.4�, which are larger than the disorientation angles for Sam-
ple A in Fig. 4a (lower than 1�). It is reasonable for Sample B sub-
jected to large deformation. Due to the accumulated
misorientations and substructures inside a lamellas of Sample B,
the orientation of a colony used to calculate parent b grain is the
mean orientation of a grains with the 15� critical misorientation.
Besides, the local recrystallization of b grain can also lead to the
deviation of mean orientation during b reconstruction.

As for the other b grains, the selected a colonies (1 or 2 colonies
for each grain) and corresponding interface traces are shown in
Fig. 8a and Fig. 8b, respectively. Grain 3 and Grain 11 are excluded
due to non unique reconstructed orientations inside the grains
(Fig. 6d). The orientations and trace angles of each colony can be
Table 1
Possible b orientations and corresponding interface directions of Colony A and Colony B.

Colony A (24.4�, 128.6�, 38.2�)

b variant b grain orientation a trace ang

V1b (327.8�, 55.4�, 265.8�) 35.0�
V2b (243.7�, 134.1�, 74.7�) �9.9�
V3b (285.9�, 100.5�, 275.6�) �40.7�
V4b (292.6�, 92.3�, 96.4�) 74.7�
V5b (229.8�, 138.5�, 244.6�) �80.7�
V6b (338.3�, 49.0�, 79.3�) �61.3�

6

found in Table 2. Based on the orientations and the trace directions,
the local orientations of all the b grains can be obtained. Then, the
reconstructed b grain orientations in Fig. 6d are compared with the
calculated results by the values of disorientation angles. The distri-
bution of disorientation angle is shown in Fig. 9. It can be seen that
all the disorientation angles between mean and local orientations
are lower than 20�. The minimum and maximum disorientation
angles are respective 6.0� and 17.3� for Grain 10 and Grain 12.
The large orientation deviation below 20� inside parent b grains
is acceptable because of the accumulated dislocation inside both
a and b phase during hot deformation process in the two-phase
region. Therefore, the b grain reconstruction by smoothing spline
method is feasible for a globularized sample.

4. Discussion

The globularized microstructure produced by hot deformation
in the a + b two phases region can lead to a better balance between
strength and ductility as well as a high fatigue strength. The glob-
ularization level during thermomechanical treatment significant
depends on process parameters, such as strain rate, temperature
and holding time. Kim et al. [20] proposed that the strain rate of
0.1 s�1 results in the highest level of flow softening behaviors,
which corresponds to globularization. The deformation below
900 �C generally leads to better globularization by dynamic recrys-
tallization mechanism [21]. Besides, all of the interrupted strain,
holding time and loading pass can increase the globularization effi-
ciency [6].

In this work, Sample B is deformed under the strain rate of
0.1 s�1 at 800 �C (around 850 �C at the sample center measured
by thermocouple). During deformation, both grain boundary distri-
bution and grain aspect ratio can be changed. The a-a boundary
misorientation angle distribution of the initial and deformed Sam-
Colony B (29.7�, 50.6�, 48.1�)

le b grain orientation a trace angle

(274.4�, 62.5�, 0.7�) 34.8�
(3.8�, 137.6�, 205.2�) 75.3�
(315.0�, 107.8�, 356.8�) �78.0�
(307.9�, 99.9�, 175.1�) �9.1�
(19.3�, 140.1�, 37.0�) �37.7�
(265.3�, 55.5�, 185.4�) �58.4�



Fig. 8. (a) EBSD band contrast image overlaid with an IPF map colored by the shown color bars. (b) FSD image. The parent b grains are labeled by the white or red lines. The
interface traces of selected colonies are marked by yellow lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 2
The details of the orientations and trace angles used to verify the reconstruction results.

Grain number Mean b orientation Actual a trace angle Selected a colony orientation Local b orientation Calculated a trace angle

1 37.4�, 44.1�, 91.2� �17.3� 154.4�, 127.5�, 14.3� 38.1�, 120.0�, 90.3� �24.2�
2 77.3�, 38.3�, 4.7� 6.1� 81.3�, 81.0�, 28.1� 350.2�, 83.0�, 144.1� �0.4�
4-1 351.8�, 14.5�, 57.6� �69.4� 139.9�, 30.9�, 42.2� 55.9�, 93.6�, 194.3� �77.2�
4-2 72.0� 53.0�, 153.4�, 45.2� 314.1�, 94.4�, 71.3� 85.8�
5 102.7�, 13.5�, 76.5� �38.8� 18.0�, 47.1�, 22.1� 279.0�, 80.4�, 178.7� �44.9�
6 317.6�, 38.9�, 352.6� 59.9� 70.2�, 134.2�, 31.9� 293.6�, 126.8�, 74.5� 46.8�
7 46.3�, 5.3�, 122.9� 23.0� 72.6�, 45.0�, 30.1� 338.9�, 86.4�, 180.1� 17.8�
8-1 254.4�, 54.8�, 90.3� �10.2� 24.4�, 128.6�, 38.2� 243.7�, 134.1�, 74.7� �9.9�
8-2 �49.2� 29.7�, 50.6�, 48.1� 265.3�, 55.5�, 185.4� �58.4�
9-1 218.9�, 46.5�, 356.3� �55.4� 90.6�, 63.7�, 28.9� 31.6�, 136.2�, 174.8� �60.5�
9-2 69.9� 162.5�, 116.4�, 13.4� 45.7�, 132.3�, 278.1� 73.1�
10 218.7�, 31.2�, 30.0� �15.3� 112.5�, 81.6�, 30.4� 34.3�, 144.3�, 149.5� �5.7�
12-1 71.1�, 24.2�, 20.7� 58.2� 109.0�, 150.3�, 31.5� 12.4�, 94.3�, 252.4� 58.0�
12-2 8.3� 138.0�, 116.8�, 14.0� 100.2�, 32.6�, 258.2� 11.0�
13 357.0�, 50.7�, 45.5� �8.8� 91.9�, 150.5�, 27.4� 302.6�, 115.9�, 239.6� �9.1�

Fig. 9. Statistics of disorientation angle between the reconstruction and calculated
results.
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ple B are compared in Fig. 10a and b, respectively. As shown in
Fig. 10a, three sharp and intense peaks appear at misorientation
angles of �10�, 55–65� and �90�. Haghdadi et al. [22] studied grain
boundary plane characteristics of the a-a intervariant interfaces.
The peaks correspond to different intervariant boundaries, pro-
duced by the self-accommodation during the b to a phase transfor-
mation. After hot compression, the peaks become so weak in
7

Fig. 10b, which indicates that the accumulated stress in the
deformed sample can influence the accommodation behavior dur-
ing phase transformation and deviate the intervariant boundaries
angles. The discrete misorientation distribution finally leads to
the failure of traditional reconstruction method. Besides, the LAGBs
fraction of deformed Sample B (43.4%) is much higher than the ini-
tial sample (3.9%). Therefore, the accumulated crystal defects and
the formation of subgrains during compression increase the frac-
tion of LAGBs.

It can be found directly from Fig. 6a, that obvious a globulariza-
tion process has been obtained after multi-axial compression test.
Fig. 10c and d show the area fraction as a function of the grain
shape aspect ratios of the initial and deformed samples. The grain
shape aspect ratio (k) is defined as the length of the major axis (a)
divided by the length of the minor axis (b) of the ellipse fitting to a
certain grain.
k ¼ a=b ð2Þ
The a grains with aspect ratio less than 2 are taken as a sign of

globularization. Indeed, the globularization fraction significantly
increases from 28.1% before deformation to 71.2% after hot com-
pression. Fan et al. [6] explored the acceleration of globularization
during interrupted compression. The globularization fraction
increases to 77.9% after sextuple-hit deformation with the accu-
mulated reduction ratio of 60%. In this work, the multi-axial com-
pression can also effectively improve the globularization similar to



Fig. 10. Distributions of (a) a-a boundary misorientation angle of initial Sample B, (b) a-a boundary misorientation angle of deformed Sample B, (c) grain shape aspect ratio
of initial Sample B and (d) grain shape aspect ratio of deformed Sample B.
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the increase of the number of deformation pass. In fact, the globu-
larization efficiency is not only related to the relative crystalloga-
rphic orientation but the geometrical orientation of the alpha
colony as well [23]. The geometrical orientation (h) was calculated
by the angle between long axis of a lath on the observation surface
and compression axis. The deviated angle of c-axis from compres-
sion axis (u) represents crystal orientation. The inclined colonies
with respect to the loading direction together with special crystal
orientation are more favorable for both prism and basal slip sys-
tems and thus can improve the globularization efficiency. Under
multi-axial compression, more slip systems can be activated inside
a colonies, leading to the higher globularization fraction. In addi-
Fig. 11. EBSD maps of the heterogeneous area of Sample B, (a) Band contrast image ove
colored grain boundaries. The red and blue lines represent HAGBs and LAGBs, respectiv
referred to the web version of this article.)

8

tion, according to Fig. 6b, significant b recrystallization happens
inside the large prior b grain, which can be facilitated by multi-
axial deformation. In fact, the BOR can be maintained during defor-
mation due to the fact that the ap/b interface can accommodate
some slip systems of ap and adjacent b grain [15]. Thus, the
deformation-induced rotation of the ap and b grain can be synchro-
nized. The weakened b texture due to the recrystallization can fur-
ther improve the a globularization homogeneity and restrain the
formation of macrozone.

Although the globularization fraction is higher after multi-axial
compression, heterogeneity from colony to colony still exists. The
soft colonies undergo larger deformation and they get better glob-
rlaid with an IPF map colored by the shown color bars. (b) Band contrast map with
ely. (For interpretation of the references to color in this figure legend, the reader is
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ularized than the hard ones [24]. An example of heterogenous
globularization will be briefly discussed with the help of the recon-
structed b orientation by denoising technique.

An area with heterogeneous microstructure near the boundary
between Grain 7 and Grain 9 (Fig. 6) is shown in Fig. 11. Fig. 11a is
the band contrast image overlaid with IPF map. The Colony A is
globularized with similar orientations, while globularized Colony
B has large orientation spread. Both geometrical and crystallo-
graphic orientations [23,24] should be considered as the reason
for the less globularized fraction of Colony A. The mean orientation
of parent b grain (Grain 7) for Colony A is (46.3�, 5.3�, 122.9�) as
shown in Table 2. Then, by combining the local orientation and

the trace direction of Colony A, the direction of 11 11
�

13
� �

b
inter-

face of a variant can be quickly determined. The interface plane
normal of a variant in Colony A is (4.2, �6.3, �6.5) under the sam-
ple coordinates (Y//SCA and Z//FCA). The trace direction of the
interface plane on X-Y and X-Z surfaces are (6.3, 4.2) and (6.5,
4.2). Then, the geometrical angles (h) between trace direction and
SCA/FCA can be obtained. The angles (u) are between the c-axis of
Colony A and compression axes. Therefore, the (h, u) of Colony A
with respected to SCA and FCA are respective (56.3�, 79.9�) and
(57.1�, 49.5�). In addition, 50� < h < 60� and 15� < u < 75� are the
favorable conditions for globularization [23,24]. The angle u of Col-
ony A with respected to SCA is 79.9� > 75�. Therefore, during the
second compression, the a lath in Colony A is unfavorable for strain
partitioning, and it is also difficult to activate both prism and basal
slip systems for efficient breakdown.

Fig. 11b shows the band contrast map with colored grain
boundaries. The red lines represent the HAGBs (>15�), while the
blue lines are LAGBs (2�-15�). Due to the lower globularization effi-
ciency, the microstructure of Colony A can be regarded as the
beginning of globularization process. During deformation, the
accumulated crystal defects in a/b can finally lead to the collapse
of stable BOR, which results in the LAGBs (more inter-lamellar
boundary than intra lamellar boundary). With the continuous dis-
location absorption, the intra-lamellar boundary increases. Finally,
significant reticulate substructure can be observed with most of
HAGBs like Colony B.

5. Conclusions

This work proposes a new idea to reconstruct b grain of tita-
nium alloy with the restrained b phase by the method of MTEX
smoothing splines. Two samples with a lamella and globularized
microstructures are presented and discussed. The reconstruction
results are compared with the orientation calculated by the usual
reconstruction methods. The following conclusions can be drawn
from this work:

(1) The mean orientations of parent b grains of the sample with
bimodal microstructure are reconstructed by both the tradi-
tional misorientation criterion and smoothing spline meth-
ods. By comparing the microstructures obtained by these
two methods, both the grain sizes and orientations corre-
spond well. Thus, the smoothing spline method also shows
a good ability to reconstruct the parent b phase of bimodal
or lamella-shaped sample as traditional reconstruction
method.

(2) The second sample with globularized a grains is deformed
by multi-axial hot compression. Obvious b recrystallization
also happens inside the large prior b grain during deforma-
tion. The mean orientation of recrystallized b grain is well
reconstructed by smoothing spline, and it is further vali-
dated by the calculation of local b grain orientation with
orientation-trace method. There appears maximum 20�
9

misorientation inside parent b grains due to the accumu-
lated orientation deviation inside both remnant b and a
grains during hot deformation.

(3) The multi-axial hot compression test can effectively achieve
high globularized fraction around 71.2%. Although there also
appears local heterogeneity between different a colonies,
the change of deformation direction and the appearance of
b recrystallization can well suppressed the formation of
macrozone and facilitate homogeneous globularization
process.
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