Available online at www.sciencedirect.com
-y

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 29(2019) 546—557

Transactions of
Nonferrous Metals
Society of China

|
e

ELSEVIER

Science
Press

www.tnmsc.cn

Establishment of a novel constitutive model considering dynamic
recrystallization behavior of Ti—22AI-25Nb alloy during hot deformation
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Abstract: The hot deformation behavior of Ti—22A1-25Nb alloy fabricated by hot compressed sintering was investigated under
various conditions of compression tests in the deformation temperature range of 975—1075 °C with 20 °C intervals and the strain rate
range of 0.001—1.0 s '. Based on the experimental data, a novel constitutive relation combining a series of models was developed,
including Zener—Hollomon parameter (Z), DRX critical model and kinetics model. The results show that the hot-deformed activation
energy Q is calculated to be 410.172 kJ/mol, the ratio of critical strain (&) to peak strain (g,) is a constant value of about 0.67. The
predicted stress obtained by the established constitutive equations matches well with the true stress from experimental data. Despite
large errors occur at the stage where strain rate is 0.1 s~ and the values of true strain are less than 0.1, the stage of large strain should
be more concerned during plastic forming. Furthermore, the predicting accuracy with the DRX kinetics model was testified by an

electron back-scattered diffraction (EBSD) technique.
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1 Introduction

The Ti,AINb-based alloy is considered to be a
ternary intermetallic based on the stoichiometry Ti,AINb
which was designated the O phase on the basis of its
orthorhombic structure [1]. A Ti,AINb-based alloy with
the composition of Ti—22AI-25Nb (at.%), developed
independently by Beijing Iron and Steel Research
Institute (China), possesses higher combinations of
specific strength, toughness and creep resistance than
conventional titanium aluminides such as TiAl-based and
TizAl-based alloys [2,3]. Ti—22A1-25Nb alloy possesses
desired mechanical properties at elevated temperature,
which has
engineering practice [4]. In spite of the advantages
mentioned above, the industry application of Ti,AINb-
based alloy, however, is still restricted due to its limited

excellent potential to be applied in

plastic deformation ability at ambient temperature and

narrow hot working temperature range. Therefore, it is
imperative to carry out the secondary manufacturing
process at elevated temperature to convey excellent
workability to material by studying the effects of thermo-
mechanical parameters (deformation temperature, strain
rate and strain) regarding hot deformation behavior.
Complex deformation mechanisms, such as work
hardening (WH), dynamic recovery (DRV) and dynamic
recrystallization (DRX), often occur in the metals or
alloys with low stacking fault energy during hot
deformation [5,6].
deformation is a competitive process of the strain

Generally, the high-temperature

hardening and dynamic softening mechanisms. Hence,
developing the appropriate constitutive relationship to
present the complex strain hardening and dynamic
softening behavior of metals or alloys is fairly paramount
[7,8]. Recently, most of constitutive models have been
developed or improved to present the hot deformation
behavior in terms of various kinds of materials, including
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steels [9-12], magnesium alloys [13—16], aluminum
alloys [17,18] and titanium alloys [19-22]. The
Arrhenius constitutive model and the Johnson—Cook
material model, as common phenomenological
constitutive models, have been extensively applied to
predicting the flow stress of machining process.
Conversely, a physical-based constitutive model
considering material microstructure feature and flow
softening mechanism has advantages in conditions of
high temperature and high strain rate. In addition, the
constitutive model defining the meaningful physical
material constants is more suitable for finite element
simulations. The public reports regarding the constitutive
relationship model for Ti,AINb-based alloys are also
quite few. WEI et al [23] studied the flow stress of
coarse-grained Ti—22A1-25Nb alloy within the
temperature range of 1213—1263 K and the strain rate
range of 3.3x107*-3.3x10% ' by establishing Arrhenius
constitutive equations of hyperbolic sine. YANG
et al [24] investigated the hot deformation behavior of
Ti—22A1-25Nb—1.0B alloy at the temperature of
1000—1200 °C and the strain rates of 0.001—1 s~' through
developing constitutive model based on the hyperbolic-
sine equations. The relationship of deformed
microstructure evolution with the InZ value was
established subsequently. ZHANG et al [25] conducted
isothermal compression tests of Ti—22Al— 25Nb alloy
prepared by quadruple consumable vacuum arc remelting
at the temperature of 930—1080 °C with strain rates of
0.001-1s'. The flow behavior of the alloy was
researched via establishing a hyperbolic-sine constitutive
equation. A hot processing map was built to expound the
microstructure evolution in hot processing too. Based on
the analysis above, it can be known that the previously
established constitutive relationship models of Ti,AINb-
based alloy do not explain the flow stress softening
mechanism or still are not advanced sufficient to account
for the whole complex dynamic mechanisms, especially
for the powder metallurgy (P/M) Ti—22A1-25Nb alloy.
Therefore, in the present work, the research aim is to
study the flow softening behavior of a special P/M
Ti—22A1-25Nb alloy by isothermal constant strain-rate
compression tests over wide ranges of deformation
temperature and strain rate. Generally, flow stresses
influenced by various mechanisms can be described via
different constitutive relations. A novel constitutive
model is developed to characterize the flow stress
softening behavior of Ti—22Al-25Nb alloy during hot
compression, and the work hardening and dynamic
recrystallization softening behavior are also included.
Furthermore, the prediction accuracy of the developed
models is discussed in terms of statistical theory and
microstructure evolution.

2 Experimental

The experimental material employed in the present
research was Ti—22A1-25Nb (at.%) pre-alloyed powders
obtained by argon gas atomization. The pre-alloy
powders were high-energy milled by a planetary
ball-milling machine, and subjected to sintering at
1100 °C and 50 MPa for 1 h in high vacuum followed by
furnace cooling. Rotation speed of 400 r/min, ball-to-
powder mass ratio of 40:1 and milling time of 2 h were
applied to the ball-milling process. The XRD patterns
and initial microstructure of the sintered billets are
exhibited in Fig. 1. It can be depicted that the billets are
typical three-phase microstructure where a large number
of lamellar O phases participate in B2 grains and a small
amount of a, phases distribute along B2 grain
boundaries.

(@)

a—B2
o—q,
° —Ti,AINb

Fig. 1 XRD pattern (a) and initial microstructure (b) of sintered
Ti—22AI-25Nb alloy billets

The cylindrical specimens with a diameter of 6 mm
and a height of 9 mm for hot compression tests were cut
from the hot-pressed billet uniformly to ensure the
homogeneous performance. The axial of cylindrical
specimens is parallel to the hot pressing direction.
Subsequently, the isothermal compression tests were
carried out on a Gleeble—1500 thermal simulator
machine in a temperature range of 995—1075 °C with
20 °C intervals and a strain rate range of 0.001-1.0 s .
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The specimens were heated up to 900 °C with the rate of
15°C/s firstly, continuously heated to the selected
temperature at a rate of 10 °C/s, held for 3 min to
eliminate thermal gradients, and finally deformed at a
constant strain rate. After the true strain reached 0.65, the
specimens were water quenched immediately to retain
the deformed microstructure. It should be noted that
graphite lubricant was used to minimize the friction. The
stress—strain curves were recorded automatically during
isothermal compression. In order to investigate the
microstructure of isothermally compressed Ti—22Al-
25Nb alloy, the deformed specimens were cut parallel to
the longitudinal compression direction for the
microstructure observation by an electron back-scattered
diffraction (EBSD) technique. Specimens for EBSD
were mechanically polished and then electrobrightening
tests were conducted with a solution of HCIO,,
N-butanol and methanol.

3 Results and discussion

3.1 Flow behavior

The flow curves of the Ti—22A1-25Nb alloy at
deformation temperature of 995—1075 °C and strain rate
of 0.001-1.0 s ' are presented in Fig. 2. It can be
observed that the effects of the deformation temperature
and strain rate on the flow behavior of Ti—22A1-25Nb
alloy are quite significant. Flow stress increases to the
peak sharply at a very small strain. In the subsequent
deformation period, the stress decreases gradually until a
relatively stable stress appears, showing a dynamic flow
softening effect. Generally, the true stress—true strain
curve is available to indicate the intrinsic relationship of
the flow stress with thermal-dynamic behavior. During
the first stage of deformation, the work hardening, which
is induced by dislocation reproduction and tangles, leads
to the rapid increase of the flow stress when softening

effect of dynamic recovery (DRV) is comparatively weak.

With the augment of the deformation degree, dynamic
recrystallization (DRX) occurs at a critical strain,
resulting in softening effect strengthened and increase
rate of flow stress slowing down. Then, the peak stress
appears when the work hardening and dynamic softening
reach the equilibrium. Thereafter, as strain increases
further, the DRX degree increases and the dislocation
density reduces. Thus, softening effect including both
DRV and DRX exceeds work hardening, making flow
stress decrease. Meanwhile, the nucleation and growth of
new grains occur, i.e., sub-grains develop. Finally,
steady-state flow stage appears at a large strain, resulted
from dynamic equilibrium between the strain hardening
and dynamic softening.

In addition, it can be indicated that stress level
decreases with the temperature and increases with the

strain rate from Fig. 2. Such characteristic of flow stress
curves can also be observed in other TiAl alloys [26—28].
Since lower strain rate can provide longer time for
activation  energy  accumulation, while  higher
temperature is capable of supplying higher mobility for
nucleation and growth of DRX grains and dislocation
annihilation at grain boundary [29].
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Fig. 2 True stress—strain curves of Ti—22AI-25Nb alloy under
various conditions: (a) &=0.01s"; (b) 7=1015 °C

3.2 Establishment of novel constitutive model
3.2.1 Zener—Hollomon parameter

Generally, the Arrhenius-type constitutive equations
(Egs. (1)—(3)) can characterize the relationship between
deformation parameters and flow stress state. As a
temperature-compensated strain rate factor, Zener—
Hollomon parameter (Z) is able to reveal the combined
influences of temperature and strain rate on the stress,
which is employed in this work [30—32]:

£=Aoc" exp(—R%) (a0<1.2) (1)
£ = A, exp(fo) exp(—%) (ac>1.2) )
¢ = A[sinh(aro)]" exp(—%) (ao for all) ?3)
Z=¢ exp(%) = A[sinh(ao)]" (4)

where o is the flow stress (MPa), & is strain rate (s ),
0 is the hot-deformed activation energy (kJ/mol), R is
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the universal gas constant (8.314 J/(mol-K)), T is the
thermodynamic deformation temperature (K), and 4,, 4,,
A, n; and n are material constants. Moreover, a can be
obtained by Eq. (5):

dlné dlné
o= 5
( Jdo j/[alnaj %)
By taking the natural logarithm of both sides of

Eq. (3), the deformation activation energy O can be
represented and calculated through Egs. (6) and (7):

. 0 .
Iné=In4 RT + nIn[sinh(ao)] (6)
Q:Rnb:]{ §1ng } [aln(sinh((){a))} )
dIn(sinh(ao)) |, o(1/T) ;

According to the peak flow stress data at different
strain rates and temperatures, the value of a can be
calculated to be 0.005864 from Figs. 3(a) and (b). In
addition, the relationships of In & —In(sinh(ac)) and
In(sinh(a0))—1/T were plotted, and then the values of n
and b are confirmed: n=2.78 and bh=17.755, as shown
in Figs. 3(c) and (d), respectively. Thus, O=Rnb=
410.172 kJ/mol and the precise formula for Z parameter
can be ascertained.
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3.2.2 DRX critical model

In this study, the true stress—strain curves are
supposed to be the result of synchronization function of
DRV and DRX in the approach typified by the schematic
curves of Fig. 4 [33]. The yield stress (op), at the
beginning of curves, is obtained using the method of
yield strength (oy,) corresponding to a total strain offset
about 0.002. The highest curve (o) represents the
consequence from the operation of DRV alone, where
there is no DRX in the process. The lower curve (oprx) is
regarded as a true stress-strain curve with existence of
DRX. Evidently, the data from both curves are the same
prior to critical strain (¢;) and critical stress (o.), after
which DRX occurs and thereby softening effect
strengthens resulting in increasingly obvious difference
between ooy and oprx curves. The difference of both
curves is identified as Ao, resulting from the softening of
DRX directly. At saturation, the asymptotic stress is
obtained by oy, which indicates the most dislocation
density attributable to work hardening as well as the
driving force for constant ongoing of DRX. The
maximum of Ay is 05,0y, Where oy is the steady-state
stress of oprx curve. Finally, the fractional softening of
arbitrary conditions is calculated by Xprx=A0cy/(Gs—0ss)-
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Fig. 3 Relationships of o, T'and £ : (a) In & —In o; (b) In € —0; (c) In & —In(sinh(ao)); (d) In(sinh(ac))—1/T
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In order to determine the characteristic parameters
of critical values and at peak values applicable to all flow
curves studied in this work, work-hardening rate 6=do/de
versus ¢ curves should be prepared. An example is
shown in Fig. 5(a). The method proposed in Ref. [34]
was used to confirm o, at the point where the second
derivative of 0 relative to o, i.e. 6°0/06°, is 0. Moreover,
o, is defined as the point at which =0. Subsequently, the
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values of critical stress and peak stress were gained
correspondingly according to o—¢—8 curves in Fig. 5(b).
Additionally, the §—¢ curves at various conditions were
plotted, as shown in Fig. 6. It can be observed that the
values of o, increase with the increasing strain rates and
decreasing temperature.

For more readily achieving the information at
critical and peak points, the relationships among critical
points, peak points and Z parameter were constructed in
Fig. 7. The critical DRX model for the Ti—22A1-25Nb
alloy was developed:

& =0.67¢,
g, =0.000112""" |5, =0.01762°>

o, =0.0.9630, ®

3.2.3 DRX kinetics model

Considering plastic strain (¢) in terms of dislocation
density (p), the dependence of p on & can be given
by [35]
D hrp ©)
de
where / represents the athermal work-hardening rate
and 7 is the coefficient of dynamic recovery at a constant

Fig. 5 60 (a) and 6—¢—0 (b) curves of studied Ti—22A1-25Nb alloy deformed at 1015 °C and 0.01 s
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Fig. 6 6—c curves under various conditions: (a) 995 °C; (b) 0.001 s '
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Fig. 7 Relationships among critical points, peak points and Z parameter: (a) In e—In Z; (b) In 6—In Z

temperature and strain rate. As shown in the appendix of
Ref. [33], the following description for the ..., curve
can be derived:

0=[0% +(0; — 00y exp(—r(e —£))]"° (10)
do
O'E=0.5r0'52at —-0.5r0° (11)

In order to ascertain the values of oy, and r, 0o—d”
curves were plotted. The way to determine oy, and r is
demonstrated in Fig. 8. It should be noted that the slope,
the value of the derivative d(fo)/d(¢?), is obtained
through the experimental data before the onset of DRX.
Besides, oy, is defined using the extrapolation of the
fo—a” curves to Oo=0.

Thus, according to Xprx=A0y/(0s—0ss), the Xprx in
each increment can be calculated. The modified Avrami
equation [36,37] is usually expressed as
Nppx = 1—exp{—k[(g—gc )/gp]”} (12)
where Xpryx is the recrystallized volume fraction, £ and n
are constants, g represents the critical strain and ¢, is the
strain at peak stress. Taking the natural logarithm of both
sides of Eq. (12), the following formula is gained:

1n[_1n(1_XDRX)]=lnk+nln[(e—ec)/£pJ (13)

The relationships between In[—In(1-Xprx)] and
In[(e—¢.)/ep] were built under all test conditions, where n
and Ink represent the slope and the intercept,
respectively. Utilizing the method for all data, the
average values of n and k£ were obtained, 74=0.91265 and
k4=0.25345. The DRX kinetics model which is specified
in the following form can be developed:

Xprx =0 (e<¢,)
Xprx = 1-exp{-0.25345[(e —¢£,)/£,1""1*7} (e 2 €,)
(14)

10 F
0 Temperature: 1015 °C
Strain rate: 0.01 s™
8 -
&
=
: L
S|
Slope m=-0.5r=—67.29
2 .
0 Ugat
9000 9500 10000 10500 11000 11500

o ?/MPa?
Fig. 8 0o—o” curves of Ti—22A1-25Nb alloy at 1015 °C and
0.01s"

For the sake of analyzing the Xprx evolution of
Ti—22A1-25Nb alloy as strain increases under various
conditions, the Xprx—o curves were plotted in Fig. 9. It
can be apparently observed that DRX did not start until
strain exceeded the critical strain (g;). Moreover, the
volume fraction of DRX grains increases with the
increasing strain and the evolution of Xprx—0o curves
shows “firstly-quick and then slow” trend. Compared
with the value of Xprx at a constant strain under different
temperatures and strain rates, it is also found that the
Xprx decreases at higher strain rates and increases with
rising temperature. The phenomenon is contrary to the
change of flow stress, as mentioned in Section 3.1.
Besides, the prediction results of DRX kinetics model
have a good agreement with the Xprx values from
experiments.

3.3 Validation of constitutive equation

For the purposes of modeling constitutive relation
of Ti—22A1-25Nb alloy during hot compression, it is
necessary to formulate the obtained oy, oy, 0y and o, as
functions of ¢, where the latter is more conveniently and
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Fig. 9 Xprx evolution of Ti—22A1-25Nb alloy with strain under
various conditions: (a) 995 °C; (b) 1 !

accurately measurable. The parameters for every flow
curve derived from experiments are illustrated in Fig. 10.
Obviously, the reasonably satisfactory matching results
to the data are acquired:

Oy =1.0360,
0,=0.6130,
o, =0.9630,
0,=0.1880, +39.8

(15)

Another parameter 7 is displayed in a similar way in
Fig. 11. It can be found that the value of » decreases with
the increase of o, which is in accordance with increasing
Z parameter. This case occurs as the recovery rate is
deemed to raise with rising deformation temperature and
decreasing strain rate.

As a result, the constitutive equations including a
series of models were developed completely to expound
the flow behavior of the Ti—22A1-25Nb alloy during hot
compression, as demonstrated as Eqs. (16)—(20). It can
be used to plot true stress—true strain curves of the
studied alloy at each temperature and strain rate which
are not simply achievable under the practical experiment
conditions:

so0F @ .
O =1.0360,
400F ® T O
Q:S O_O-SS
S 300l
N
&
o L o O’/,—’ o
= 200 s 0, ~06130,
kK
100}
0 100 200 300 400 500
400
£ 300
e
bo
£ 200
2
S
100
& 07=0.1880,+39.8
0 100 200 300 400 500
o,/MPa

Fig. 10 o, and oy data (a) as well as o, and o, data (b)
determined on flow curves from compression tests

4
lg =-0.0003 a'p+2.2
3t
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[ n
" . " .
m_u n
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— .l a [
1+
0 100 200 300 400 500
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Fig. 11 Dependence of dynamic recovery coefficient » on o,

o=[02, +(0F —02)exp(-r(e—g))]"° (e<¢,)

o=[02, + (02 — 02, exp(-r(e— &))" - (16)
Xprx (O —0s) (€2 &)

O =1.0360,

0,=0.6130,

0,=0.1880,, +39.8

lgr=-0.000030, +2.2
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Xprx =0 (e<€,)
Xprx =1-exp{-0.25345[(e —¢£,)/£,1""1*7} (e 2 €,)

(18)
0.=0.9630, £.=0.67¢,
0.266 0.15 (19)
0,=0.0176Z" g, =0.000112™
Z=£exp[410172/(RT)] (20)

In order to verify the constitutive equations
established in the present work, the comparison results of
calculated and experimental o—e curves at different
temperatures are shown in Fig. 12. Due to the complexity
of stress evolution at small strains and gentle stress later,
the collected data for calculation show the “first dense
and then sparse” characteristic. Overall, it is supposed

553

that the prediction results match well with the true stress
values. It is also observed that the data with large error
occur at the stage where strain rate is 0.1 s ' and the
values of true strain are less than 0.1. With regard to the
plastic forming, it is beneficial that the large strain stage
is better to be more concerned. Error statistical analysis
is also illustrated according to Fig. 13. It can be found
that the linear fitting coefficient (R) equals 0.992 in
Fig. 13(a) and most of differences between calculated
values and experimental values are pretty little in
Fig. 13(b). Therefore, the constitutive equations
developed in the present work are effective and can be
performed to characterize deformation behavior of the
studied Ti—22AI1-25Nb alloy with reliability during hot
compression, especially for the DRX behavior.
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Fig. 12 Comparison of calculated and measured o—¢ curves at various temperatures: (a) 995 °C; (b) 1015 °C; (c¢) 1035 °C;

(d) 1055 °C; (e) 1075 °C
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More importantly, EBSD analyses with different hot fraction with strain, strain rate and deformation
processing parameters were exhibited to confirm the temperature were also studied. Figure 14 shows Xprx
DRX kinetics model. The variations of DRX grain change with various strains at 995 °C and 0.001 s while

500 350
(a) 74.16% (b)
© . 300
& 400 - o Dgta points o
% Linear fit . 250
) 2
2 300 £ 200
g ° 4 R=0992 =
= 200 Slope: 1.0363 | & 190
o m
g 100
3 L
100 50
0 100 200 300 400 500 0 60 80 100
Experimental flow stress/MPa Oerro/ MPa

Fig. 13 Evaluation of constitutive model: (a) Linear fitting of calculated and measured flow stress; (b) Error statistics
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Fig. 14 Change of DRX grains (a, ¢, ) and grain misorientation distribution (b, d, f) at 995 °C and 0.001 sk (a, b) &=0.1; (c, d) &=0.2;
(e, ) =03
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A0 .

300pm

Fig. 15 DRX grain distributions under various conditions: (a) 7=995 °C, ¢=0.2, £=0.01 st (b) T=995 °C, &=0.2, £=0.1 st

(c) T=995 °C, e=0.2, £=1s";(d) I=1075°C, =02, £=1s"

the variations with strain rate at 995 °C and strain of 0.2
and those with temperature at strain rate of 1 s ' and
strain of 0.2 are illustrated in Fig. 15. The grain
misorientation distributions at strains of 0.1, 0.2 and 0.3
are shown in Figs. 14(b), (d) and (f), respectively. It is
explicitly observed that low-angle (0°-10°) boundary
(sub-boundary) fraction lessens with increasing the strain
while 30°-40° and 90°-100° high-angle boundary
proportion According to Metallkunde
dislocation theory, dislocation pile-up and tangle result in
generating lots of sub-boundaries during the deformation.
However, there hardly exist sub-boundaries inside DRX
grains with smaller deformation. Therefore, as the strain
increases, the volume fraction of deformed grains
decreases but DRX grain proportion rises. The Xpgrx
values with various thermomechanical parameters can be
visually described on the basis of the undeformed
material. It can also be found that DRX grain volume
fraction reduces with increasing strain rate at low
temperature and a constant strain, as shown in Fig. 15.
These results are in consistence with the analysis of
Fig. 9, where the Xprx values from experiments show a
good agreement compared with the established DRX
kinetics model.

Increases.

4 Conclusions

(1) The hot-deformed activation energy Q for the

studied alloy was obtained, where Z function can express
the coupled effects of deformation temperature and strain
rate on the flow stress. And, the DRX critical model
revealing the relationships between critical points and
peak points are established as

{gc =0.67¢, {ac =0.0.9630,

£, =0.000112""" |G, =0.01762"%%

(2) The Xprx evolution was analyzed based on the
modified Avrami equation. Moreover, the DRX kinetics
model is validated well via the EBSD observation:

2 +(0p —02, ) exp(—r(e—g,))]"”
Xprx =0 (e<¢,)
Xppx =1-exp{-0.25345[(e — £,)/¢,1"°*"} (e 2 &,)

0=[0'2

(3) The constitutive relationship equations to
illuminate the deformation behavior of the P/M
Ti—22A1-25Nb alloy are constructed. Through contrast
of calculated values and experimental values, the
applicability of complete model are verified well with
the average error of 2.8 MPa and the average relative
error of 0.9%.
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EToSBERRHIELR
Ti—22A1-25Nb & & FTBI Ky RIRHY

FL k!, mEM AwWm 2, HEE!

1. WARIETL KRS @S Hun TEKHE AL, BIRIE 150001;
2. RERZ T =@ BAERAR, JE50 101300

W OE R AUR R G Ti22A1-25Nb & & AL R 45 Fr /3 SEAR 50805 , 1 0 & & AE VTR IRE Y 975~1075 °C.
NAFIRFEA 0.001~1 s & 1F FRRERAT . @ HIR ST, B Z SR, ShAFELS IG5
S5 ERE M) I FBEB MR AR RBEE . seI0E TER W Ti-22A1-25Nb & 4 (1) #8068 K
410.172 kJ/mol, ELIF S48 50448 NAF 2 BRI AR A 0.67. R4k, BT ST ARG 5% ZO TR (1 T 01 78 B A8 1 %N
0.1 s NAE/NT 0.1 405 T 59508 2B, BB FFR S0 KT PS5 SER AR ¥ A e 4F . 9% ] EBSD
FEAKT )25 45 B o SRR TS FE 34T 4307

KA Ti—22A1-25Nb; #VETE; A5 FKR; EBSD HiAR

(Edited by Bing YANG)



