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Abstract: The effect of hot deformation on a-phase precipitation during the subsequent heat treatment, as well as the mechanical
properties of TB18 Ti-alloy, was investigated. Results show that the round bar obtained by the dual-phase field forging of the cast
ingot exhibits uniform composition distribution on its cross-section. However, various degrees of deformation are detected at different
positions on the cross-section, which is attributed to the characteristics of the forging process. Under the forging condition, the
microstructure is mainly composed of f-phase matrix and coarsened discontinuous primary a-phases. After solution and following
artificial aging treatment, the primary a-phases disappear, while needle-like secondary a-phases precipitate in the matrix. Additionally,
dispersed white zones are observed in the samples after aging, which are analyzed to be the precipitation-free zones of secondary
a-phase. Despite a uniform compositional distribution among various regions, these dispersed white zones exhibit higher content and
larger size in the positions that have undergone lower forging deformation. It indicates that the insufficient forging deformation
inhibits the precipitation of the secondary a-phase, ultimately resulting in the lower strengthening effect by heat treatment. Thus,
consistent with the characteristics of the forging process, a periodic variation of sample in strength is detected along the

circumferential direction of the forged round bar.
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1 Introduction

Titanium alloys have been widely employed in aerospace,
aviation, marine and other industries for many years owing to
their attractive comprehensive properties like high specific
strength, superior toughness, excellent corrosion resistance

1 Compared to near- o Ti-alloys

and superior compatibility
and a+p Ti-alloys, metastable § Ti-alloys exhibit superior cold
formability and enable the optimization of both high strength
and high toughness, owing to the variety of complex
microstructures achievable through aging treatments™”.
Therefore, metastable f alloys have emerged as the preferred
material for fabricating ultra-high-strength and high-toughness

titanium alloys, gradually supplanting a+/ titanium alloys as
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the primary material for large-scale aviation backbone
forgings™® .

During the hot deformation of the metastable f Ti-alloys, as
well as the following heat treatment, the a-phase precipitates
in the f-phase matrix. The morphology, volume fraction, size
and distribution of a -phase precipitation in the alloy vary
depending on the cooling rate and other heat treatment

11-15]

parameters’ ™. For example, Wang et al™” found that the
volume fraction of a -phase decreased under solution heat
treatment, accompanied with the decrease in tensile strength.
The size and volume fraction of a-phase increased during the
aging heat treatment after solution, accompanied by an
increase in both strength and fracture toughness. With the

increase in size and decrease in amount of the a-phase, the
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strengthening effect of a-phases decreased. The volume frac-
tion of primary «-phase in Ti-1023 alloy plays the primary
role in influencing the mechanical properties.

The f — o phase transformation and the precipitation
behavior of the a-phase are also impacted by the deformation
process!'®
markedly influences the aging behavior and mechanical
properties of Ti-1300 alloys. The microstructures of the pre-
deformation samples, which were aged at 550 ° C, contain

. Wan et al" found that cold pre-deformation

o-phases in f matrix regardless of cold deformation reduction
after solution treatment. Fine/uniform and coarse/needle-like o
precipitates are formed in the slightly and heavily deformed
zones, respectively. Hua et al'” found that the a -phase
globularization and the improved kinetics of the f—a phase
transformation occurred due to the thermo-mechanical
processing under the hot compression of Ti-5553 alloy. The
significant influence of deformation on the phase
transformation could be attributed to the formation of
defects such as
deformation bands and dislocations. Song et al"” found that
a variant of parallel a plates was generally observed in the
prestrained and aged Ti-10Mo-8V-1Fe-3.5A1 alloy samples.
During the aging process, the a platelets randomly nucleated
in f matrix in the unstrained samples, while in the prestrained

samples, the a-phases precipitated along slip bands and grain

nucleation sites by microstructural

boundaries where dislocation density was high, resulting in
web-like structures at early aging stage. Morita et al®"
reported that the cold rolling after the solution treatment
accelerated the aging kinetics in Ti-20V-4Al-1Sn alloy.
Especially when the sample subjected to 70% rolling
reduction, the a-phase precipitation occurred in only 6 s at
773 K.

The provided information suggests that in near-# titanium
alloys, the transformation of the f -phase into a needle-like
o.-phase constitutes the primary mechanism for alloy streng-
thening. The preceding deformation behaviour plays a crucial
role in the subsequent f — a transformation during heat
treatment. However, most of the research has focused on
the formation of the a-phase during the deformation process.
Moreover, the precise mechanisms governing the influence of
deformation on a-phase precipitation and its correlation with
mechanical properties remain elusive. The purpose of this
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study is to investigate the effect of hot deformation during the
forging process on the f— a transformation and the mecha-
nical properties of a novel near-f titanium alloy TB18 (Ti-4Al-
5Mo-5V-5Cr-1Nb).

2 Experiment

TB18 (Ti-4Al-5Mo-5V-5Cr-1Nb, wt% ) alloy was fabri-
cated by a vacuum consumable arc melting furnace. The S
transus temperature (7)) of this TB18 alloy is 800+5 °C. The
ingots were remelted three times to ensure compositional
homogeneity and the elimination of impurities. Subsequently,
the forging-processed bars with a diameter of 400 mm were
obtained through several times of duplex forging at S region
and a+p region. The parameters of the forging process are
shown in Fig.1.

Fig.2 shows the schematic diagram of the forging process.
In the forging process, a cylindrical ingot underwent initial
shaping into a quadrilateral form, as depicted in Fig.2a, in
which four distinct planes labeled A, B, C and D (referred to
as the large surfaces) were produced, as illustrated in Fig.2b.
The following forging produced a cylindrical bar with a
diameter of @400 mm as the final state. For experimental
purposes, two pieces with the specified thickness were cut
from the forged bar to serve as samples.

Considering the inherent characteristics of forging, it is
known that the large surfaces exhibit minimal deformation
due to the restricted fluidity of the metal during forging. In
contrast, significant deformation is expected at the corners.
Consequently, four samples were selected from both the large

p forging
atp forging

Temperature/°C

Forging Steps

Fig.l Schematic diagram of forging process and parameters

Fig.2 Schematic diagram of forging process (a), quadrilateral shape of rod after first forging (b), and selected positions for analysis (c)
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surfaces and the corners, denoted by positions 1, 2, 3 and 4, as
shown in Fig.2c. The four-position sampling strategy aimed to
cover approximately a quarter of the entire specimen, thereby
representing the overall performance of the specimen blank.
The four positions of the two pieces were divided into two
groups: one group referred to forging state (R state), while the
other underwent the following heat treatment (HT state). The
HT state samples were solution treated at 870 °C for 1 h and
subsequently air cooled (AC), followed by the aging process
at 525 °C for 4 h. Details pertaining to the heat treatment
system and sample information are presented in Table 1.
this experimental design systematically
investigates the impact of forging and heat treatment on

In summary,

samples extracted from different positions within a forged bar.
The focus is on assessing variations in deformation and
performance, with specific attention to differences between
the large surface and edge corner positions.

Samples taken from all positions under each state were pre-
pared for microstructural examinations. These samples were
ground to 2000# abrasive paper, mechanically polished, and
then etched in the solution of HF: HNO,: H,0=5:20:75. The
microstructures and composition were examined and analyzed
by optical microscope (OM, Olympus GX71) and scanning
electron microscope (SEM, JSM-IT700HR). Electron back-
scatter diffraction (EBSD) observations were conducted on
JSM-IT700HR to characterize the microstructural features.
The samples used for EBSD observation were prepared by ion
sputtering polishing method. The samples for tensile tests
were cut into tensile samples with the gauge length of 25 mm
and a diameter of 5 mm, as presented in Fig.3. Then, they
were stretched on a Zwick Universal Testing Machine (Zwick
330 KN) at a strain rate of 0.2 s at room temperature.

3 Results

3.1 Phase component and microstructure of forged sample

The metallographic microstructures of the four samples

under the forged state are shown in Fig.4a—4d. All samples are
primarily composed of continuous f-phase matrix in gray and
discontinuous blocky a -phase in black. In the high-
magnification microstructure of the same samples presented in
Fig.4e—4h, the a-phase is observed to be spherical or short rod-
shaped, with no significant differences among the four
samples. It is evident that the R2C sample exhibits a smaller
quantity of a-phase compared to the other three samples.

According to the metallographic microstructures of the
forged samples in Fig.4, R1F and R2C, which were cut from
two typical position of the forged rod, show the most
significant differences. Thus, these two samples were selected
for the following analyses as the representatives.

Fig.5 presents energy-dispersive X-ray spectroscope (EDS)
element mappings of RI1F and R2C samples. The elemental
contents from the EDS result for each sample are summarized
in Table 2. The result reveals that the elemental distribution
maintains a uniform state in the samples after forging, with no
noticeable element segregation. Furthermore, there are no
discernible differences in elemental distribution at different
positions of the forged billet.

To determine the phase composition of samples from
different positions, X-ray diffraction (XRD) tests were
conducted on samples from all four positions, and the results
are presented in Fig.6. The diffraction peaks in Fig.6 indicate
that the phase composition of samples in the R state from
different positions is primarily composed of o -Ti, f -Ti,
NbTi39 and MoNb. Among these phases, a -Ti and S -Ti
constitute the majority of the composition. Consequently, in
the subsequent EBSD characterization process, two distinct
analytical phases, a-Ti and S-Ti, were established. The results
of EBSD characterization demonstrate a uniform distribution
of components in both samples. For the R1F sample, the a-Ti
content is 14.8%, and the #-Ti content is 82.5%. In the R2C
sample, the a-Ti content is 15.7%, and the S -Ti content is
81.1%. According to XRD analysis and EBSD characteri-

Table 1 Details pertaining to heat treatment system and sample information

Designation State Position Heat treatment parameter
RIF, R4F Forged Large surfaces 1, 4 /
R2C, R3C Forged Corners 2, 3 /
HTI1F, HT4F Heat treated Large surfaces 1, 4 870 °C/1 h, AC, 525 °C/4 h
HT2C, HT3C Heat treated Corners 2, 3 870 °C/1 h, AC, 525 °C/4 h

zation results, it is evident that in the R state, the a-Ti content
in R2C sample is higher than that in R1F sample.

Due to the restrictions of OM and SEM in providing clear
grain information of the forged samples, EBSD was employed
for crystallographic orientation mapping, grain boundary
characterization and inverse pole figures (IPFs), as depicted in
Fig.7. From Fig.7, it is evident that both samples consist of
large and small grains, with the R2C sample exhibiting
smaller average grain size and a higher proportion of smaller

D5

25+0.1

70+0.3

ry
N

Fig.3 Schematic diagram of tensile sample
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Fig.5 EDS element mappings of forged samples: (a) R1F; (b) R2C

grains. In the R1F sample, the proportion of small-angle grain account for 40.8%. In contrast, the R2C sample has a higher
boundaries is 59.2%, while large-angle grain boundaries proportion of small-angle grain boundaries (63.7%) and a
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Table 2 Elemental contents of forged samples in Fig.5 (wt%)

Sample Ti Mo v Cr Al Nb
RIF 71.56 5.10 4.96 5.17 3.42 0.93
R2C 71.16 4.95 4.74 4.84 3.79 0.90

®MoNb ANbBTI39 W o-Ti * A-Ti
*
n
. ™ A‘
2| rer = AX a4 x A
B
£| RiC A ; )
E
R2C A A
Y
20 40 60 80 100

20/(°)

Fig.6 XRD patterns of forged samples

lower proportion of large-angle grain boundaries (36.3%). The
R2C sample displays a higher percentage of small-angle grain

Grain boundaries
—5°-15°:59.2%
>15°:40.8%

g /P Grain boundaries
g — 5°-15° 63.7%

boundaries. Analyzing the IPF maps of both samples for the
p-Ti phase, it is observed that in the z-direction, a majority of
grains exhibit a {001} texture, indicating that the axial
direction of the rod-shaped sample is perpendicular to the
{001} crystal planes of these grains. The other two directions
show less pronounced textures. In comparison, the R2C
sample exhibits a more distinct texture in IPF maps than the
RI1F sample.

Fig.8 and Table 3 depict the kernel average misorientation
(KAM) values and area proportion obtained through EBSD
analysis for the two samples. KAM values are the
measurement results of local misorientation angles within the
sample. They serve to characterize the geometric dislocation
density within the sample, reflecting the degree of plastic
deformation. Higher KAM values indicate a greater degree of
plastic deformation or higher defect density™. Upon
statistical analysis of KAM values and their distribution for
both samples, it is evident that the R2C sample exhibits a
higher average KAM value. Additionally, the proportion of
regions with high KAM values is larger in the R2C sample.
This observation indicates that the R2C sample underwent
more significant deformation and experienced a higher degree

>15°:36.3%

i

Fig.7 EBSD maps with IPFs (a—b) and distribution of grain boundaries (c—d) of forged samples: (a, ¢) R1F; (b, d) R2C
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KAM Value/(°)

KAM Value/(°)

Fig.8 KAM mappings (a—b) and distribution of KAM values (c—d) of forged samples: (a, ¢) R1F; (b, d) R2C

Table 3 Area proportion of KAM values for forged samples (%)

Sample 0°-1.2° 1.2°-2.5° 2.5°-3.7° 3.7°-5.0°
RIF 50.6 40.1 8.7 0.8
R2C 47.5 41.8 10.0 0.8

of plastic deformation during the forging process compared to
the R1F sample.
3.2 Phase component and microstructure of heat treated

sample

The microstructures of the two selected samples under the
heat treated state are shown in Fig. 9. The metallographic
microstructures reveal significant differences between HT1F
and HT2C samples. In the HT1F sample, a substantial amount
of white region is observed, as illustrated in the magnified
view of the white rectangle in Fig.9a. The white dashed circle
delineates the white region within that area, as shown in
Fig.9b. In the HT2C sample, as shown in Fig.9d—9e, there is a
much less presence of white regions. For both samples, the
distribution of the white regions is relatively uniform.

SEM observation was conducted on the white regions and
other regions except the white regions inside the grain, as
shown in Fig.9c and 9f for HT1F and HT2C, respectively.
From these figures, it is evident that the £ matrix, containing
supersaturated stabilizing elements, is transformed from a
body-centered cubic structure (f-phase) to a densely packed
hexagonal structure (a-phase) in most region of the samples
after solution heat treatment and aging. The resulting a-phase
exhibits a needle-like morphology, as pointed by the black
arrow in Fig.9f. In the HT2C sample, the secondary a-phase
precipitates in a finer and more uniformly distributed manner

near grain boundaries and within the grains. However, no
o -phase is detected in the white regions, referring to the
precipitates-free region, as pointed out by the white arrows in
Fig.9c and 9f.

Fig.10 presents EDS element mappings of HT1F and HT2C
samples. The elemental content from EDS for each sample is
summarized in Table 4. Combining the information from
Fig. 10 and Table 4, it is evident that the elements in both
samples maintain a uniform state after forging and heat
treatment, with no noticeable element segregation.
Furthermore, there are no discernible differences in elemental
distribution at different positions, even between the white
regions and other regions of the grain.

XRD results of the heat treated samples, as illustrated in
Fig. 11, show that apart from a significant reduction in the
a-phase content in the HT2C sample, there is minimal change
in the other major phases compared to the R state. Consistent
with EBSD characterization in the R state, two analytical
phases, a-Ti and £-Ti, were defined during EBSD characteri-
zation process. The analytical results from the characterization
of the two samples reveal that the HT1F sample has the a-Ti
content of 4.6% and the f-Ti content of 94.6%, while the
HT2C sample has the o -Ti content of 0.3% and the g -Ti
content of 99.4%. The higher a-Ti content in HT1F indicates a
more substantial presence of the o -phase, whereas HT2C
sample exhibits nearly negligible a -phase, suggesting that
during the heat treatment process, the original a -phase has
completely dissolved into the matrix and reprecipitated in the
form of needle-like structures.

From EBSD maps of the heat treated samples shown in
Fig.12, it can be observed that the grain sizes are uniform and
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Fig.10 EDS element mappings of heat treated samples: (a) HT1F; (b) HT2C
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Table 4 Elemental contents for heat treated samples in Fig. 10

(wWt%)
Sample Ti Mo v Cr Al Nb
HTIF 71.16 4.95 4.74 4.87 3.79 0.90
HT2C 70.64 4.63 4.74 4.89 3.82 0.94
#MoNb A NbTi39 W o-Ti * f-Ti
u A
* *
31 HT4F J’t A X o AL
=
é HT3C o "
=
HT2C
HTIF \ ,“ A A
20 40 60 80 100
260/(°)

Fig.11 XRD patterns of heat treated samples

the grains exhibit significant recrystallization after heat
treatment. In the HT1F sample, a portion of subgrains is still
present, while in the HT2C sample, the grain sizes are more
uniform. Disregarding the presence of subgrains, the average
grain size in HT2C is finer, indicating a more pronounced
recrystallization. In the HTIF sample, small-angle grain
boundaries account for 5.55%, while large-angle grain
boundaries account for 94.5%. In the HT2C sample, small-
angle grain boundaries account for 4.96%, and large-angle

Grain boundaries
— 5°=15% 5.55%
>15°:94.5%

grain boundaries account for 95.0%. The proportion of small-
angle grain boundaries is lower in HT2C, further indicating
more recrystallization. No significant texture for the f-phase
is observed in both samples.

3.3 Analysis of mechanical properties

The tensile test results of the 46 samples from all posi-
tions of the circular piece cut from the forged rod under heat
treated condition, and the four selected samples (positions 1,
2, 3, 4 mentioned in section 2) under both forged and heat
treated conditions are presented in Fig. 13b and 13c,
respectively. The data from the 46 tests are color-coded and
plotted in Fig. 13a, where red represents samples with higher
strength, yellow represents samples with lower strength and
orange represents samples with strength between the higher
and lower strength ranges. Three samples with dashed lines
experienced tensile fracture outside the gauge length,
rendering their experimental results invalid. The tensile
strength profile in Fig. 13b exhibits a noticeable fluctuating
trend with peaks and valleys at the positions indicated by
yellow and red markers in Fig. 13a, respectively. Upon
investigating the positions corresponding to these points, it is
observed that samples with higher strength, located at peak
values, are positioned at the edges formed after forging, while
samples with lower strength, located at valley values, are
positioned on the large forged surface.

From Fig.13a, it is apparent that the strength of samples at
different positions transitions from high strength at the edges
to low strength at the large surface. Extracting the values of
two peaks and two valleys and plotting them in Fig. 13c
provide a more intuitive view of the strength changes after

It Grain boundaries
., = 5°=15° 4.96%
. >15°:95.0%

Fig.12 EBSD maps (a—b) and distribution of grain boundaries (c—d) of forged samples: (a, ¢c) HT1F; (b, d) HT2C
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Fig.13 Schematic diagram of 46 samples from different positions of circular piece (a); tensile test results of 46 samples under HT
state (b) and selected positions 1, 2, 3, and 4 under both R state and HT state (c)

heat treatment. In Fig. 13c, black hollow symbols represent
samples in R state, while black solid symbols represent
samples in HT state. Table 5 presents the mechanical
performance results for samples in both states after tensile
testing, indicating higher mechanical performance in HT state.
Among HT samples, sample number 2 and 3 at the edges
exhibit higher strength, while sample number 1 and 4 at the
large surface exhibit lower strength.

4 Discussion

4.1 Relationship of microstructure and position on forged
billet

In the forged state, as shown in Fig.4, the R2C samples
exhibit a higher content of soft primary o-phase, resulting in
lower strength in the forged condition. During the forging
process, the material flow in the large surface area is
restricted, leading to reduced deformation. In contrast, at the
edges formed by forging extrusion, the material flow is
increased, resulting in higher deformation. In this region, a sig-
nificant number of fine dispersed plate-like a-phases precip-
itate in the f matrix after heat treatment. These a -phases,
appearing as fine needles, effectively impede dislocation
movement, thereby enhancing the strength.

4.2 Effect of deformation on precipitation and its

mechanism

The precipitation characteristics of the a-phase depend on

the deformation heat treatment process of materials.
Particularly during hot compression simulation, the nucleation
position, morphology, size and orientation relationships of the
a-phase are more complex compared to conditions involving
sole heat treatment. Thermal deformation significantly
influences the precipitation characteristics of the a-phase, and
the morphology and precipitation locations of the o -phase
may change due to the presence of external stress. Under the
combined action of heat and force, the a-phase and f-phase
may no longer follow the Burgers orientation relationship.

A large number of crystallographic defects (dislocations,
subgrain boundaries, slip bands, etc.) generated during alloy
hot deformation provide preferential nucleation sites for the
precipitation of the a-phase, promoting its precipitation**.
The alloy undergoes continuous dynamic recovery and
recrystallization during the thermal deformation process, and
it is influenced by the dual effects of kinetics and thermody-

namics™

. With increasing deformation or temperature, the
distortion energy increases, leading to the redissolution of
primary o -phases into the S matrix. As the temperature
the body-
centered cubic structure of the § matrix is transformed into

the densely packed cubic structure of the a-phase.

decreases and the distortion energy decreases,

When the alloy undergoes a certain amount of deformation,
crystal defects are introduced, which assist the nucleation of
the a -phase. With the increase in deformation, a larger

Table 5 Tensile strength of samples in R state and HT state (MPa)

Sample

RIF

R2C R3C R4F HTIF

HT2C

HT3C

HT4F

Tensile strength

1272

1247 1282 1258 1315 1369

1338

1317
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number of defects in the alloy reduce the nucleation barrier
required for heterogeneous nucleation, resulting in the
formation of the dense continuous « -phase in regions with
high dislocation density, as well as in areas with small-grain
thickness and at grain boundaries.

From the analysis of EBSD results in this experiment and
the knowledge of the position of R2C sample at the forged
edges, it is evident that R2C sample undergoes significant
deformation. Therefore, during the aging process, the
precipitation of secondary o -phases provides more energy,
promoting the precipitation of the secondary a -phases.
Additionally, in EBSD observations of the amples in HT state,
it is found that the grain size of the HT2C sample is smaller
than that of the HT1F sample. During the aging process,
oversaturated a-stabilizing elements undergo continuous f—«
phase transformation with atomic diffusion. Larger grain sizes
inevitably increase the diffusion distance, causing the a-phase
to precipitate continuously along strip-like patterns, ultimately
increasing its final length. Simultaneously, due to factors such
as diffusion distance, larger areas of the unprecipitated region
appear.

4.3 Relationship between microstructure and mechanical

properties under HT condition

The primary a-phases formed in the R state often exhibit a
coarse spherical (or elongated rod-shaped) morphology,
coexisting with the f matrix, resulting in poor overall
performance. After solution treatment, a single f -phase is
formed with the appropriate cooling rate. This not only
eliminates the uneven structure caused by dynamic processes
during hot working, but also effectively controls the content of
primary a-phases.

Following solution treatment, the f matrix undergoes
further aging, during which the « -stabilizing elements in
the f -phase are gradually segregated, leading to the phase
transformation and the precipitation of fine dispersed
strengthening « -phases. This significantly enhances the
strength of the alloy. In the process of plastic deformation,
the precipitation phases in f -Ti alloys strengthen the ma-
terial. Its principle is that the hindrance of secondary
o -phases to dislocation movement increases the strength of
the alloy.

The relationship between the volume fraction of secondary
a-phases, their geometric dimensions and the mechanical pro-
perties can be expressed by Eq. (1)*":

o=r (k) (M

where ¢ is the yield strength, f'is the volume fraction, d is the
size of the precipitated phase, and a, is the secondary a-phase.
It is evident that as the volume fraction of secondary a-phases
increases, their size decreases, and the yield strength of the
alloy increases. In Fig. 10, post-heat-treatment analysis of
samples HT1F and HT2C reveals that sample HT2C exhibits
higher strength owing to a more uniform and finer distribution
of secondary a-phases.

5 Conclusions

1) After dual-phase field forging, the ingot of the forged
Ti-4Al-5Mo-5V-5Cr-INb alloy obtains a round bar with
uniform composition distribution on the cross-section. The
microstructure is primarily composed of f-phase matrix and
rod-like or spherical a -phase. The forging process induces
varying degrees of deformation at different positions on the
cross-section.

2) After solution and aging treatment, the microstructure is
primarily composed of f -phase matrix and needle-like
secondary a-phase. Additionally, all samples exhibit dispersed
precipitate-free regions of a -phases, although there is no
difference in composition among various regions.

3) In regions with lower degree of forging deformation,
the content and size of precipitate-free regions after heat
treatment are larger, suggesting that increasing forging
deformation enhances the precipitation of the needle-like
secondary a-phases.

4) Samples with lower forging deformation exhibit lower
strength after heat treatment. Along the circumferential
direction of the forged round bar, the strength distribution
demonstrates periodic fluctuations.
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