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Abstract: In this article, the structural and nanoscale
strain field of the α/β phase interface layer in Ti80 alloy
were studied by using high-resolution transmission elec-
tron microscopy (HRTEM) and geometric phase analysis
(GPA). The α/β interface layer was observed in forged and
different annealed Ti80 alloys, which is mainly composed
of lamellar face-centered cubic (FCC) phase region and
α′ + β region. The FCC phases between α and β phases
show a twin relationship, and the twinning plane is ( )11̄1 .
The orientation relationship of the β phase, the α phase,
and the FCC phase is (110)β//(0001)α//( )11̄1 FCC and [1̄11]β//
[21̄1̄0]α//[011]FCC. The nanoscale strain field of FCC + α
and β + α′ regions was analyzed by using the GPA tech-
nology. The FCC + α region shows more significant strain
gradient than the α′ + β region, and εFCC > εα, εα′ > εβ. The
influence of element addition on the formationmechanism

of the FCC phase was discussed. The addition of Zr pro-
motes the formation of the FCC phase by inducing lattice
distortion and reducing the stacking fault energy of the α
phase. In addition, the Al element forms an obvious con-
centration gradient around the interface layer during the
cooling process of the alloy, which provides a driving force
for the formation of the FCC phase.
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1 Introduction

Titanium and titanium alloys are widely used in aero-
space, biomedicine, shipbuilding, and other fields due
to their high specific strength, excellent corrosion resis-
tance, and high-temperature mechanical properties [1–4].
The mechanical properties of titanium alloys are mainly
controlled by phase composition [5,6], such as the α phase
with hexagonal close-packed (HCP) structure, the β phase
with body-centered cubic (BCC) structure, non-close-packed
hexagonal ω phase, and so on. Recently, the α/β interface
layers were observed in pure titanium and titanium alloys
[7], which mainly composed of the face-centered cubic (FCC)
phase [8]. However, currently, there is no systematic study on
the interface layer and the FCC phase of near α titanium alloy.
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Early scholars proposed that the interface layer and
the FCC phase may be an artificial product formed during
the preparation of thin foils examined for transmission
electron microscopy [9,10]. However, soon after, Aguayo
et al. [11] proposed the possibility of the FCC phase in a
certain pressure based on first-principles investigations.
Moreover, Zhu et al. [12] proved that the existence of the
interface layer and the FCC phase by using in situ heating
based on the high-temperature instability of Ti-hydride.
Hong et al. [13] observed the stress-induced FCC phase in
pure titanium and considered that the stress-induced phase
transformation was attributed to the gliding of Shockley
partial dislocations, which provides a new plastic deforma-
tion martensite transformation mode. In general, most
stress-induced HCP → FCC phase transitions are caused
by severe plastic deformation conditions, such as cryo-
genic channel-die compression, high energy shot peening,
and cold rolling [14].

Recently, Zhao et al. [15] reported that the α/β inter-
face layer hindered dislocationmotion and formed deformed
twins, which significantly decreased the mean free path for
dislocation slip to improve the strength of Ti–6Al–4V tita-
nium alloy. Bai et al. [16] observed that the FCC phase has
undergone various deformation modes such as shearing,
bending, kinking, and their combinations in the rolling pro-
cess, and considered that the kinking of the FCC band struc-
ture could lead to grain refinement and improve ductility. In
sum, the interface layer and the FCC phase have a significant
effect on the microstructure and properties of titanium and
titanium alloys.

In addition, alloying elements always have a signifi-
cant effect on the phase stability and microstructure con-
trol of alloy. Sahara et al. [17] reported that the hcp phase
was more stable than the bcc phase when V, Cr, and Nb
were added, whereas the bcc phase was stabilized when
Fe, Co, and Mo are added. Lu et al. [18] found that some
metastable β phases began to appear, when 3 or 5 wt%
Mo was added to Ti–6Al-based alloys. Jiang et al. [19]
found that the microhardness, mechanical strength, and
plasticity of Ti–Zr alloy were increased concurrently as the
Zr addition increased, observed that the interactions of
twins caused the brittle fracture of Ti20Zr alloy, and pro-
posed that the FCC phase impeded dislocation slip effec-
tively, thereby improving the strength plasticity of Ti30Zr
alloy. It can be concluded that optimizing the type and the
content of alloying elements is a significant way to design
high-strength various alloys to meet the strict require-
ments of modern industry.

Currently, the studies on the α/β interface layer and
the FCC phase of titanium alloys are mainly focused on
pure titanium and Ti–6Al–4V titanium alloy. Moreover,

the investigation on the formation mechanism of the FCC
phase is also mainly concentrated on plastic deformation.
As a significant method to strengthen the properties of
titanium alloys, element addition also should have a com-
plex influence on the α/β interface layer and the FCC
phase. However, few scholars pay attention to the α/β
interface layer and the FCC phase of multi-element near
α titanium alloys. Moreover, the influence mechanism of
the alloying elements on the formation of the FCC phase in
titanium alloys is still unclear.

Multi-element near α titanium alloys always have
more complex alloying elements andmore excellent welding
performance and impact toughness than pure titanium and
Ti–6Al–4V titanium alloys. Studying the interface layer and
the FCC phase of the multi-element near α titanium alloy is
beneficial to control the microstructure and improve the
comprehensive properties of near α titanium alloy. In addi-
tion, explaining the influencemechanism of elements on the
FCC phase can be conducive to the design of titanium alloy
with better properties by optimizing the composition of alloy
elements. Therefore, it is necessary to study the interface
layer and the FCC phase of the multi-element near α tita-
nium alloy.

In this article, near α Ti80 titanium alloy with a nom-
inal composition of Ti–6Al–3Nb–2Zr–1Mo was selected as
the study material, which is developed by adjusting the
element type of Ti–6Al–4V alloy [20,21]. The structure of
the α/β interface layer of Ti80 alloys was studied by using
TEM, and the orientation relationship of the α phase, the
β phase, and the FCC phase of the alloy are determined.
In addition, a nanoscale strain analysis of the interface
layer and the FCC phase of the titanium alloy was first
studied by using the geometry phase analysis (GPA).
Finally, the element distribution of the α/β interface layer
was observed by using scanning transmission electron
microscopy (STEM), and the influence of alloying ele-
ments on the formation of the FCC phase was discussed.
This study can provide a new idea for optimizing the
microstructure and properties of titanium alloys.

2 Experimental procedure

The as-received material used in this investigation is
forged Ti80 titanium alloy, which is prepared by vacuum
arc melting and forging processes. The chemical compo-
sition of Ti80 alloy is presented in Table 1. The β-transus
temperature of the alloy is 1,000°C± 7°C [22]. The annealing
treatment temperature was selected at 20°C above and
below the β-transus temperature and at a lower temperature
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of 900°C to obtain three typical structures of titanium
alloys: equiaxed, bimodal, and lamellar structures. The
cooling method was air cooling (AC). The specific heat
treatment process is 900°C × 1 h/AC (equiaxed structure),
980°C × 1 h/AC (bimodal structure), and 1,020°C × 0.5 h/AC
(lamellar structure).

The samples for metallographic observation were cut
15 mm × 15 mm × 15 mm from forged and annealed Ti80
alloy by using electric discharge wire-cutting technology.
The specimens were polished and etched with a Kroll’s
reagent (2%HF + 8%HNO3 + 90%H2O). Subsequently,
some square sheets with a thickness of 0.3 mm and a
side length of 10mm were cut from the sample for TEM
observation. The discs with a diameter of 3mm were
punched out after being mechanically thinned to 80 μm.
The discs were further polished by twin-jet electropol-
ishing technique. The electropolishing solution is com-
posed of 5% perchloric, 35% butanol, and acid 60%
methanol. The microstructure of Ti80 alloy was observed
by using Zeiss axiovert A1 optical microscope (OM) and

JEM-2100 transmission electron microscope, and then,
the element distribution was analyzed by JEM-200F scan-
ning transmission electron microscopy.

3 Results

3.1 Microstructural characteristics of Ti80
alloy with different states

Figure 1 shows the metallographic images of Ti80 alloy
with different states. Light-colored blocks, light-colored
needles, and dark-colored strips represent the primary
α phase, secondary α phase, and residual β phase,
respectively. Figure 1(a) shows the metallographic micro-
structure of the initial forged state. It can be observed
that the grains are elongated, indicating the microstruc-
ture still retains the characteristics of forging defor-
mation. In addition, some regions surrounded by the
primary α phase have complex structures, which may
include β phase, α′ phase, interfacial layer, and so on,
which cannot be clearly observed under the metallurgical
microscope, as marked by the white circle. Figure 1(b)–(d)
shows the metallographic images of the alloy after
900°C × 1 h/A, 980°C × 1 h/AC, and 1,020°C × 1 h/AC,

Table 1: The chemical composition of Ti80 alloy (mass fraction, %)

Sample Ti Al Nb Zr Mo N H O

Ti80 Bal. 6.50 3.18 2.04 1.17 0.0016 0.0060 0.113

Figure 1: Metallographic images of Ti80 alloy: (a) as-forged, (b) 900°C × 1 h/AC, (c) 980°C × 1 h/AC, and (d) 1,020°C × 0.5 h/AC.
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which present three typical microstructures of titanium
alloys: equiaxed, bimodal, and lamellar state, respectively.
Obviously, as the annealing temperature increases, the
proportion and the thickness of the lamellar grains gradu-
ally increase and decrease, respectively, which should
be attributed to the α → β phase transition of the alloy.
In addition, there are also some complex α + β phase
regions that cannot be clearly observed in Ti80 alloys
with equiaxed, bimodal, and lamellar structures, which
may contain the α/β interface layer, as shown by the
red circle. In general, there may be an interface layer
in the four Ti80 alloys, but it cannot be cleared from the
metallographic images. Therefore, the TEM was used
to observe the microstructure of Ti80 alloy with four
different states.

Figure 2 shows the TEM micrographs of Ti80 alloy
with different states in different microstructure regions.
It can be observed from Figure 2(a) that the interior of the
α phase of forged Ti80 alloy comprised many disloca-
tions. In addition, there is a short strip of β grain between
two α grains, and a very narrow interface layer with a
thickness of less than 200 nm (represented by J in figure)
was observed between α phase and β phase. Figure 2(b)
shows TEMmicrographs of the trigeminal grain boundary
region between α grains of equiaxed Ti80 alloy. It can be
seen that the needle-like α′ phase is evenly distributed in
the β phase, and there are interface layers with a thick-
ness of about 200 nm between the trifurcated region and

α grains. Figure 2(c) shows the TEM structure at the
boundary between the α phase and the (α + β) region in
Ti80 alloy with a bimodal structure. It also can be seen
that the interface layer with a thickness of about 150 nm
between α and β grains, which manifested as high-den-
sity dislocations. Figure 2(d) shows the lamellae α + β
region of Ti80 alloy with a lamellar structure. An obvious
interface layer with a thickness of about 80 nm between
the lamellar α grain and the β grain can be found, which
have a crystal structure different from matrix α and β
phases. In addition, in various annealed Ti80 alloys,
the dislocations in α phase almost disappear, but the
interface layer and the β phase remain high-density dis-
locations. In general, it can be summarized that there are
always interface layers between α and β in different
microstructure regions of the alloy with different states.
Moreover, the interface layer shows different thicknesses
in different microstructure regions and is mainly mani-
fested as high-density dislocation stripes.

3.2 Structural characterization of α/β
interface layer

Figure 3 shows the TEM micrographs of the forged Ti80
alloy and the selected area electron diffraction (SAED)
pattern. Figure 3(a) also shows that there is an interface

Figure 2: TEM micrographs of Ti80 alloy: (a) forged state (α and α grain region), (b) equiaxed state (trigeminal grain boundary region
between equiaxed α grains), (c) bimodal state (α and α + β region), and (d) lamellar state (lamellar α + β region).
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layer with a thickness of about 280 nm between the α
phase with some dislocation lines and the β phase with
high-density dislocations. Figure 3(b) shows the SAED
pattern in the red rectangle region. After calibration, it
can be known that this region is mainly composed of
body-centered cubic (BCC) structure β phase, hexagonal
close-packed (HCP) structure α phase, and face-centered
cubic structure FCC phase. At the same time, it can be
known that the orientation relationship of the β phase,
the α phase, and the FCC phase is (110)β//(0001)α//
( )11̄1 FCC and [1̄11]β//[21̄1̄0]α//[011]FCC. Figure 3(c) shows
the enlarged image of the yellow rectangle region in
Figure 3(a). It can be seen that the FCC phase has high
dislocation density. Previous studies have shown that the
α/β phase interface layer has the function of hindering
the movement of dislocations [15], which would lead to
the accumulation of considerable dislocations at the α/β
interface layer. Figure 3(d) shows the dark field image of
Figure 3(a). It can be seen that these FCC phases mainly
show lamellar, which are perpendicular to the β phase,
and there may be a twinning relationship between these
lamellar FCC phases. In addition, it can also be seen that
the boundary between the lamellar FCC phase and the α
phase is zigzag, and the junction with the β phase is
relatively straight. To sum up, the α/β interface layer is

mainly composed of lamellar FCC phases, which may
have a twin relationship.

To further study the lamellar FCC phase of the inter-
face layer, HRTEM observation was carried out on the J
region in Figure 3(a), as shown in Figure 4. Figure
4(a)–(c) shows the HRTEM image, the partial fast Fourier
transformation (FFT) and the local inverse Fourier trans-
form (IFFT) image. It can be confirmed that the lamellar
FCC phases does have twin relationship, and the zone
axis and the twin plane are [011] and (11̄1), respectively.
It can be seen that the twin boundary exhibits ladder, and
some interfaces have a coherent relationship. Figure 4(c)
and (d) shows lattice fringes of the twin FCC phase region
obtained by filtering, and it can be found that the twin
lamellar FCC phases have high dislocation density, which
indicates that there may be considerable phase transition
stress during the formation process of the FCC phase. The
value of measured (11̅1) crystal plane spacing d is 0.2494nm,
and subsequently, the lattice parameter a of the FCC phase

calculated is 0.4319 nm ( = + +a d h k l2 2 2 ). The formation
of ladder FCC twins in the forged Ti80 alloy indicates that
there may be a new deformation mechanism in the forging
process.

Figure 5 shows the TEM micrographs of the disor-
dered interface layer region in the forged Ti80 alloy.

Figure 3: TEM micrographs of forged Ti80 alloy: (a) bright-field image, (b) selected area electron diffraction (SAED) in the red rectangle of
(c), (c) partial magnification images of yellow rectangle of (c), and (d) the dark field image of (c).
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Figure 5(a) and (b) show a bright-field image and the
partial SAED pattern. It can be observed from that the
interface layer with a thickness of about 200 nm between

the left of the stripe β phase and α phase, which is mainly
composed of lamellar FCC phases. In addition, there is a
500 nm thick interface layer between the right of the

Figure 4: The partial HRTEM images of the J region of Figure 3(a) of: (a) HRTEM image of FCC phase, (b) FFT of orange rectangle in ©, (c)
partial IFFT of (a), (d–f) (11̄1)FCC, (200)FCC, and (2̄00)FCC lattice fringes of (a) obtained by filtering.

Figure 5: TEM micrographs of the disordered region in the forged Ti80 alloy: (a) bright-field image, (b) the SAED pattern in blue rectangle of
(a), and (c) and (d) dark-field image of (a).
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stripe β phase and α phase has a different morphology
and structure. The right interface layer is mainly com-
posed of needle-like α′ phase and β phase with high-
density dislocation. At the same time, the partial SAED
pattern confirms that the orientation relationships among
β phase, FCC phase, and α′ phase are (110)β//(11̄1)FCC//
(0001)α′ and [001]β//[011]FCC//[21̄1̄0]α′, which is consis-
tent with the aforementioned calibration results. Figure
4(c) is the dark-field image of (a). It can be observed the
lamellar FCC phases in the interface layer are perpendi-
cular to strip the β phase, which shows a structure similar
to Figure 3(d). Figure 4(d) shows the g110-β dark-field
image. The bright region is the stripe β phase and the β
phase of the right β + α′ mixed zone. It can be found that
lots of dislocations accumulate in the β phase after for-
ging deformation, which may cause the distortion of β
phase crystal lattice and induce the formation of the α′
phase.

Figure 6(a) shows the HRTEM image and local lattice
fringes of β and α′ phases. It can be seen that the lattice
fringes of the β phase are relatively regular, while the
lattice fringes of the needle-like α′ phase are arranged
in a disorderly manner, indicating α′ phase has a high
dislocation density. Generally speaking, the lattice para-
meter a and c of α′ phase are 0.308 and 0.47 nm, slightly
higher than the lattice parameter of α phase (a = 0.2944 nm
and c = 0.4678 nm), respectively. The generation of α′ phase
is mainly related to the β → α phase transition during the
cooling process [23]. Figure 6(b) shows the HRTEM image,
FFT pattern, and local lattice fringes of the FCC phase and
the α phase. It can be seen that the FCC phase located at the
α/β interface layer gradually grows into α phase matrix
along the [01̄10]FCC. In addition, obviously, there are lots

of dislocations at the interface between the FCC phase and
the matrix α phase in the interface layer. The growth of the
FCC phase into the α phase destroys the atomic arrangement
of the matrix α phase, which leads to a higher dislocation
density at the junction of FCC and α phases. The orientation
relationship calibrated between the FCC phase and the α
phase are (11̄1)FCC//(0001)α and [011]FCC//[21̄1̄0]α, which
are consistent with the aforementioned calibration results.

Elements have a significant influence on the formation
of the phase in titanium alloy [24]. Therefore, it is neces-
sary to observe the element distribution of the alloy and
study its influence on the formation of the interface layer.
Figure 7 shows the elemental analysis of the lamellar α/β
phases and the interface layer between the two phases. It
can be found that Ti and Al elements are considerably
concentrated in the α phase, and the distribution of Ti
and Al elements in the α phase, the β phase, and the inter-
face layer has a concentration gradient. Moreover, the gra-
dient distribution of Al is more significant. The distribution
of both Mo and Nb has a concentration in the β phase,
especially the Mo element is more obvious. In addition,
there is no obvious difference in the distribution of Zr ele-
ments in the α phase, the β phase, and the interface layer.

4 Discussion

4.1 Nanoscale strain field analysis

A nanoscale strain field will be formed in the FCC + α and
α′ + β regions due to the difference in their lattice con-
stants. The strain field has a significant effect on

Figure 6: TEM micrographs of the yellow and red rectangle region in Figure 5(a): (a) the HRTEM image FFT pattern, (01̄10)α′ and (1̄10)β lattice
fringes of (α′ + β) region, (b) the HRTEM image, FFT pattern, and (11̄1)FCC lattice fringes obtained by filtering of (FCC + α) region.
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hindering the movement of dislocations and the forma-
tion and the growth of precipitates [25]. In this study, the
geometric phase analysis (GPA) was introduced to ana-
lyze the strain field of the α/β interface layer. GPA is an
image-processing technique for measuring atomic displa-
cements recorded in HRTEM images, and the displace-
ment as small as 0.003 nm can be detected [26]. The
principle of GPA is that the HRTEM images formed on a
certain zone axis can be regarded as a series of interference

fringes corresponding to the atomic plane, subsequently,
the relevant strain information can be obtained by ana-
lyzing these interference fringes. Figure 8(a) and (e) shows
HRTEM images of FCC + α and α′ + β regions, respectively.
Figure 8(b)–(d) shows the strain fields of εxx, εxy, and εyy
corresponding to Figure 8(a), and Figure 8(f)–(h) show the
strain fields of εxx, εxy, and εyy corresponding to Figure
8(e). The positive value in Figure 8 represents tensile strain
and vice versa represents compressive strain. It can be

Figure 7: STEM element distribution diagram of forged Ti80 alloy.

Figure 8: The strain fields of FCC + α and α′ + β regions obtained by the geometric phase analysis: (a) and (e) HRTEM images corresponding
to FCC + α and α′ + β, (b–d) the strain component εxx, εxy, and εyy of (a), and (f)–(h) the strain component εxx, εxy, and εyy of (e).
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observed that the overall strain gradient of the FCC + α
region is larger than the α′ + β region. Furthermore, it can
be seen from Figure 8(a)–(d) that the internal of the FCC
phase shows the considerable strain compared with the
surrounding α phase matrix, indicating that the FCC phase
undergoes severe lattice distortion during the formation
process. In addition, the strain field components εxx and
εxy of the FCC phase are mainly tensile strains, while the
strain component εyy is mainly compressive strain. It can
be seen from Figure 8(e)–(f) that the internal strain of the
α′ phase is larger than the β phase, the latter exhibits lower
strain. In addition, the strain field components εxx and εxy
of α′ phase are more significant than εyy, and the high
strain region of the component εyy is mainly concentrated
at the junction of α′ phase and β phase. In general, FCC + α
region show more significant strain gradient than α′ + β
region, and εFCC > εα, εα′ > εβ.

4.2 Formation mechanism of FCC phase of
the α/β interface layer

After the aforementioned analysis of the characterization
and orientation relationship of the interface layer, the
schematic diagram of microstructure morphology and
orientation relationship of the interface layer was con-
structed, as shown in Figure 9. Currently, deformation-
induced FCC phase formation has been clearly studied
and mainly attributed to the sliding of Shockley partial

dislocations [12]. However, in this study, it can be seen
that not only the FCC phase appears in the forged Ti80
alloy but also in the annealed state, which proves that
there should be other reasons leading and facilitating the
FCC phase besides the deformation-induced phase trans-
formation. Ti80 titanium alloy has more complex element
types than pure titanium and Ti–6Al–4V alloy. To improve
the mechanical properties of the alloy, Zr was added to
Ti80 titanium alloy as a strengthening element. As gener-
ally known, the atomic radius of Zr is 0.162 nm larger than
titanium (0.147 nm) [27], which will cause lattice distor-
tion, and leads to a nanoscale strain field around the dif-
ferent atoms and interfaces/interphases. The interaction
between the two strain fields may provide a driving force
for the formation of the FCC phase. In addition, since Zr
has lower the basal plane stacking fault energy than Ti
[28], the addition of Zr may decrease the basal stacking
fault energy of the α phase, thereby promoting the forma-
tion of the FCC phase. On the other hand, previous studies
[29] have proposed that the interface FCC phase can be
regarded as the intermediate phase in the β → α transfor-
mation process during the cooling of titanium alloy. The β
phase-stabilizing elements such as Mo and V will generate
a concentration gradient distribution due to its asymmetric
diffusion during cooling [30], which will provide a che-
mical driving force for the FCC phase. However, in this
study, it can be found from Figure 7 that there is no
obvious concentration gradient of β phase stable elements
(Mo and Nb), indicating that the FCC phase in this study
should not be related to the concentration distribution of
Mo and Nb. Moreover, it is interesting that there is an
obvious concentration gradient of α phase-stabilizing ele-
ment Al around the interface layer, which will cause the
existence of stress around the α/β phase interface layer.
The α/β interface layer will arise complex shear deforma-
tion under the effect of the chemical driving force, which
leads to the formation of FCC twins. So, the concentration
gradient of the Al element around the interface layer pro-
vides a chemical driving force for the formation of the FCC
phase.

5 Conclusion

(1) The α/β interface layer was found in the forged,
equiaxed, bimodal, and lamellar Ti80 alloy. The inter-
face layer mainly exhibits high-density dislocations
and is mainly composed of the lamellar FCC phase
region and β + α′ region. The thickness of the FCC
phase region of the interface layer is within the range

Figure 9: Schematic diagram of interface layer and FCC phase: (a)
microstructure morphology and (b) orientation relationship.
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of 300 nm, and the β + α′ region shows a larger thick-
ness, approximately 500 nm.

(2) There is a twin relationship between the FCC phases
in the interface layer, and the twin plane is (11̅1). In
addition, the FCC phase can grow into the matrix α
phase. The positional relationship of the β phase, the α
phase, and the FCC phase is (110)β//(0001)α//(11̄1)FCC;
[1̄11]β//[21̄1̄0]α//[011]FCC. FCC + α region shows more
significant strain gradient than α′ + β region, and
εFCC > εα, εα′ > εβ.

(3) The addition of elements has a significant effect on
the formation of the FCC phase. The addition of Zr
promotes the formation of the FCC phase by inducing
lattice distortion and reducing the stacking fault energy
of the α phase. In addition, the Al element forms a
significant concentration gradient around the FCC
phase of the α/β interface layer during the cooling
process, which provides a driving force for the for-
mation of the FCC phase.
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