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Abstract: A series of Ti-XV-15Cr (X=20, 25, 30, 35, wt%) alloys were prepared by directed energy deposition (DED) technique,

where pure Ti, pure V, and pure Cr powders were used as raw materials. The effects of V content on grain morphology,

microhardness, elastic modulus and the flame-resistant properties of Ti-XV-15Cr alloys were investigated. It is found that the

microstructures of Ti-20V-15Cr, Ti-25V-15Cr and Ti-30V-15Cr alloys are composed of columnar grains growing epitaxially and

fine equiaxed grains at the top region, and the aspect ratio of the columnar grains decreases gradually with increasing the V content.

The microstructure of Ti-35V-15Cr alloy is composed of near-equiaxed grains except at the very top region, which is very different

from the microstructure of Ti-20V-15Cr, Ti-25V-15Cr and Ti-30V-15Cr alloys. The formation mechanism of microstructure is

explained by combining the columnar to equiaxed transition (CET) model and the relationship between the height of the columnar

grains layer and Z axis increment (AZ). The average microhardness of Ti-XV-15Cr alloys increases slightly with increasing the V
content, and the elastic modulus is between 123.8 and 137.6 GPa. Flame-resistant test shows that Ti-35V-15Cr alloy exhibits the best

flame-resistant properties.
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Titanium and its alloys are vital materials with low density,
high specific strength and high heat resistance'!, which are
suitable for use in the aerospace, chemical and medical
industries. However, once the titanium alloy parts on the
engine are burned, they will burn out within 20 s, which
means that there is no time to extinguish the fire, eventually
leading to serious titanium fire accident, restricting the
promotion and application of titanium alloys in advanced
aeroengines”. Considerable efforts have been devoted to
designing flame-resistant titanium alloys, which are based on
the following methods. (1) Reduce oxygen input in the
material. The addition of V and Cr reduces the adiabatic
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combustion temperature of titanium, and forms a dense oxide
film to inhibit further oxidation of titanium, while the
volatilization of V,0s removes excess heat in the combustion
area, preventing heat accumulation. (2) Reduce friction. The
addition of Cu”* forms the Ti,Cu phase which has a low
melting point, so the titanium alloy parts experience wet
friction with liquid lubrication instead of dry friction, which
reduces friction heat to the point where it prevents the
localized temperature increase’™. The addition of V and Cr for
preventing oxygen diffusion is more widely used for this
purpose, and a series of alloys have seen developed, including
alloy C (Ti-35V-15Cr), alloy C* (Ti-35V-15Cr-XSi-YC) and
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Ti40 (Ti-25V-15Cr-0.2Si). Zhao et al'®® systematically
analyzed the super-high temperature oxidation behavior,
deformation and fracture mechanism of Ti40 under hot com-
pression. Zhang et al®'" reported a special recrystallization
mechanism in Ti-35V-15Cr-0.3Si-0.1C alloy and elucidated
the influence of TiC on microstructural evolution, describing a
relationship between grain size and deformation parameters.
Novovic et al'''"! studied the effect of surface and subsurface
condition on the fatigue life of Ti-25V-15Cr-2A1-0.2C alloy,
emphasizing on the mechanism of fatigue crack initiation,
indicating that the fatigue life depends largely on the carbides
and microstructure of the material. Although the Ti-V-Cr
series alloys have been widely studied, the preparation of
flame-resistant titanium alloy parts using traditional methods
faces problems such as low material utilization, high cost
(mainly due to the high content of V element) and long
processing cycles. Near net shape manufacturing technique
provides an effective method to address these problems due to
its unique advantages.

Directed energy deposition (DED) is based on the idea of
rapid prototyping, which extends the solidification micro-
structure obtained by laser cladding to 3-D space to achieve
high performance and near-net forming of complex parts
without using dies!"”. In the DED process, the substrate or the
previously deposited layer melts by laser beam to form a
molten pool, and the raw material powders enter the molten
pool via a nozzle, and then the specific geometry is fabricated
layer-by-layer. The technical advantages of DED are to
provide a novel approach for the design, preparation, and
formation of flame-resistant titanium alloys. Wang et al'"”
used the direct laser fabrication (DLF) to deposit Ti-25V-
15Cr-2A1-0.2C on the surface of Ti697 (Ti-11Sn-5Zr-
2.25A1-0.258Si), and the small size of the columnar grains and
suitable tensile properties were obtained, confirming its

suitability as tip blades. Wu et al'*"! investigated the
microstructure, high temperature tensile and creep properties
of Ti-25V-15Cr-2A1-0.2C by DLF, and reported that equiaxed
grains form in a wide range. In addition, the factors affecting
the formation of equiaxed and columnar grains were discussed,
and the effect of the oxygen content on the microstructure of
the flame-resistant alloy in air was examined. Zhang et al''®!
detailed the influence of process parameters on the
morphology of Ti-25V-15Cr by DED, which confirmed the
feasibility of Ti-V-Cr flame-resistant alloys by DED.

In summary, progress of the research about Ti-V-Cr flame-
resistant alloys has been made, and the present work focused
on the compositions of 25wt%~35wt% V content. However,
there are only a few reports on the effect of V on the solidifi-
cation microstructure and combustion behavior of the flame-
resistant titanium alloys by DED. Considering the high cost of
V and that adding a large amount of S-stabilizing elements
will precipitate a few a phases on the grain boundaries at high
temperature, which is not conducive to the thermal stability of
the alloy!'”, this work attempts to reduce the V content and
analyze its effect on the microstructural evolution and flame-
resistant properties of Ti-XV-15Cr (X=20, 25, 30, 35, wt%)
alloys. The mechanical properties were measured using
microindentation, providing the basis for performance control
and optimization of Ti-V-Cr flame-resistant alloys by DED.

1 Experiment

1.1 Materials and processing methods

Ti-XV-15Cr (X=20, 25, 30, 35) alloys were prepared by
melting commercially pure Ti powder, V powder and Cr
powder. The purity of the elemental powders exceeds
99.7wt%, and their morphologies and particle sizes are shown
in Fig.1. Before the DED process, the powder materials were
premixed in a planetary ball mill at a rotation speed of 200
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Fig.1 SEM morphologies of Ti (a), V (b), Cr (c) elemental powders and Ti-25V-15Cr blended elemental powders (d); the particle size

distribution of different powders (e)
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r/min and a ball-to-powder mass ratio of 4:1 for 2 h, and then
the mixture was dried under the vacuum condition of 120+5
°C to reduce the impact of moisture absorption on the
formation quality. The substrate used here was pure Ti plate
with a geometric size of 140 mm»50 mmx6 mm, the surface
of which was polished using a sandpaper to remove oil and
oxide scales, and then it was cleaned by ethanol and acetone
before the experiment.

This experiment was conducted through the DED system,
consisting of a ~6 kW diode laser with the wavelength of 1.06
pum, a five-axis linkage numerical control working table, an
inert atmosphere protection chamber and a coaxial powder
feeder nozzle. In order to prevent oxidation and pollution of
the alloy during the DED process, the powder carrier gas and
protective gas used in the experiment were both high-purity
argon, and the oxygen content in the processing chamber was
less than 100 pg/g. During the experiment, a reciprocating
scanning strategy was used, and the laser beam was incident
on the surface of the substrate to form a moving molten pool.
The powder particles underwent melting, alloying, and
solidification to form a deposited layer which grows along the
Z-axis with the scanning direction along the X-axis. The
deposition stopped for 5 s after forming each layer to decrease
the accumulated heat during the forming process. The used
process parameters are presented in Table 1.

1.2 Composition and microstructural characterization

The metallographic samples were cut into 10 mmx1.5
mmx10 mm parallel to the scanning direction along the central
line (XOZ-plane), and then inlaid, ground, and polished. Kroll
reagent (1vol% hydrofluoric acid and 3vol% nitric acid in water)
was used to etch each sample for 10 s. An OLYMPUS optical
microscope (OM) and energy dispersive spectroscopy (EDS)
were used to image the as-deposited microstructure and
characterize the composition distribution. The selected test
points were vertically upward from the bottom to the top along
the deposition direction, and the sampling point was chosen
every 1 mm. The phase structure was acquired by D8-Advance
X-ray diffraction (XRD) with a Cu-Ka radiation operated at 40
kV and 40 mA. The grain size involved in this study was
measured using Image-Pro Plus. The thermo-physical properties
of Ti-XV-15Cr (X=20, 25, 30, 35) alloys were obtained using
the Jmat-Pro software, while the length and depth of the molten
pool were quantitatively calculated using Mathematica.

1.3 Evaluation of microindentation and flame-resistant
properties

The microindentation of the deposited samples was
conducted using the TUKON 2100 Vickers hardness tester.
The indenter used in this work is a standard (diamond)

Berkovich indenter, with a maximum load of 0.196 N and a
dwell time of 10 s. The distance between two adjacent test
points should be at least three times longer than the diagonal
length of the indentation to avoid the influence of deformation
near the indentation. From the bottom to the top of the sample,
there are sampling points every 2 mm along the deposition
direction in this experiment.

The flame-resistant properties of deposited Ti-XV-15Cr
alloys were investigated in accordance with GIJB 323A-96!"%.
The test was conducted in the atmosphere with a mixture ratio
of oxygen and acetylene at 1.35. The distance between the
sample and nozzle was 10 mm, and the ignition time was
controlled for 10 s. After combustion, the mass of the samples
was measured and calculated to obtain the combustion rate
and reflect the flame-resistant properties of the samples.

2 Results and Discussion

2.1 Composition analysis and phase identification

Fig.2a shows the average chemical compositions of
Ti-XV-15Cr (X=20, 25, 30, 35) alloys at different positions
from the EDS. The results indicate that the V and Cr contents
of the samples are basically consistent with the target
compositions, and the fluctuation of element contents is less
than 10%.

Fig.2b shows the XRD patterns of Ti-XV-15Cr alloys. It can
be seen that the alloys are all mainly composed of body-
centered cubic (bcc) single-phase f, and the a phase is not
found. This is due to the high content of S-stabilizing elements
V and Cr in Ti-XV-15Cr alloys, resulting in the molybdenum
equivalent in the alloys exceeding the critical concentration'"”,
which completely inhibits the transition from p-Ti to a-Ti.
Therefore, the control and optimization of alloy performance
depend more on the morphology of the S grains. The
following research focuses on the f grain morphology of
Ti-XV-15Cr alloys by DED.

2.2 Grain morphology and solidification mechanism

Fig.3 shows the morphologies of S grains of Ti-XV-15Cr
(X=20, 25, 30, 35) alloys by DED. It can be seen that the
microstructures of the deposited samples are dense with a few
defects. The deposited layer of the alloy consists of bright and
dark interlaced grains, and a fine equiaxed grain layer can be
seen at the top region (Fig.4). With the process parameters
shown in Table 1, the bottom and middle deposited layers of
Ti-20V-15Cr, Ti-25V-15Cr, Ti-30V-15Cr alloys are com-
posed of irregular columnar grains growing epitaxially. The
average width of the columnar grains of Ti-20V-15Cer,
Ti-25V-15Cr, and Ti-30V-15Cr alloy is ~476, ~358 and ~319
um, respectively, while the average length of those alloys is

Table 1 Process parameters of Ti-XV-15Cr (X=20, 25, 30, 35) alloys prepared by DED
Laser power/ Scanning velocity/ Powder feed rate/ Carrier gas flow/ AZ/ Spot diameter/
\\% mm-min’’ g'min” Lh! mm mm
2000 600 12 450 0.3 3
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Fig.2 Composition analysis and phase identification of Ti-XV-15Cr
(X=20, 25, 30, 35) alloys by DED: (a) EDS point scanning
results and (b) XRD patterns

~2118, ~1600 and ~1526 pum, respectively. It shows clearly that
Ti-25V-15Cr and Ti-30V-15Cr by DED exhibit very similar
grains characteristics except Ti-20V-15Cr, but the columnar
grains size and aspect ratio significantly reduce. When the V
content increases to 35wt%, except the top layer made up of
fine equiaxed grains, the middle and lower parts of the
deposited sample are almost all near equiaxed grains, which is
very different from the microstructure of Ti-20V-15Cr, Ti-25V-
15Cr and Ti-30V-15Cr alloys by DED. The average grain width
and height of equiaxed grains layer are shown in Fig.5.

Lin et al®*?!

established a columnar to equiaxed transition
(CET) model of multicomponent alloys, which is well-used in
the prediction of solidification microstructure of titanium alloys
by DED™. Fig.6 presents the CET curves of Ti-XV-15Cr alloys
as a function of temperature gradient G and solidification
velocity Vs, assuming that the solidification velocity Vs is
parallel and equal to the scanning velocity V" at the end of the
solidification. It shows that except for Ti-35V-15Cr alloy, the
CET curves of Ti-20V-15Cr, Ti-25V-15Cr and Ti-30V-15Cr
alloys almost coincide, indicating that the equiaxed layer height
of Ti-35V-15Cr is different from that of Ti-XV-15Cr (X= 20, 25,
30) alloys, which is consistent with the measurement results in

Fig.3 OM images of Ti-20V-15Cr (a), Ti-25V-15Cr (b), Ti-30V-
15Cr (c), and Ti-35V-15Cr (d) alloys by DED

Fig.5. However, this does not explain that Ti-35V-15Cr by
DED is composed of almost all near equiaxed grains. Actually,
DED is a layer-by-layer deposition process. The final grain
morphology depends not only on the microstructure formed in
a single molten pool, but also on the cumulative results of
multiple molten pools, and it is closely related to the remelting
of the previous layer during subsequent layer deposition.
Although the solidification behavior of those four alloys is
similar under the same process parameters, the different
thermal physical properties of the alloys may lead to different
geometries of the molten pool and further affect the remelting
of the subsequent deposited layers, which may be the key
factor to influence formation of grains morphology. So the
length and depth of the molten pool for Ti-XV-15Cr (X=20, 25,
30, 35) by DED are calculated using a 2-D thermal model
(Eq.(1)), and the equation is described in Ref.[23].

T(x,z,t)=é va exp[—v(x_m)]

2miwD 2a
| N o (1
-m) +
LAY B Gl I | P
t 4a dat

where x, z are the coordinates of the point in the moving
coordinate system; 7 is time; m is the x-coordinate of any line
heat source in moving coordinate system (m varies from —D/2
to D/2); other parameters and thermo-physical properties of
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Fig.4 OM images of equiaxed grain layer at the top region of Ti-20V-15Cr (a), Ti-25V-15Cr (b), Ti-30V-15Cr (c),

and Ti-35V-15Cr (d) alloys by DED
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Fig.5 Average grain width and height of equiaxed grain layer of
Ti-XV-15Cr (X=20, 25, 30, 35) alloys by DED

Ti-XV-15Cr alloys for the calculation are shown in Table 2. For
the convenience of calculation, the laser spot is assumed to be
square, and the laser beam side length is equal to the laser spot
diameter and the thickness of the thin-wall structure. The
thermo-physical properties at 1000 K are selected for
calculation, which is based on Ref.[24]. The calculation results
of the length and depth of the molten pool are shown in Fig.7.

It can be seen from Fig.7 that the molten pool of Ti-XV-
15Cr alloys by DED becomes shorter and shallower with
increasing the V content due to the different thermo-physical
properties, indicating the lower deposition efficiency with
increasing V content. Assuming that the maximum depth of
molten pool is equal to the height of deposited layer, the data
such as the height of the deposited layer and the height of the
equiaxed grain layer are listed in Table 3 through the results
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Fig.6  CET curves for Ti-XV-15Cr (X=20, 25, 30, 35) alloys demon-
strating the areas of columnar and equiaxed grains as a
function of solidification parameters G (temperature gradient)

and Vs (solidification velocity)

of Fig.5 and 7. In order to explain the formation mechanism of
microstructure more clearly, the deposition process is
illustrated in Fig.8. It can be seen that the final grain mor-
phology of the deposited samples depends on the relationship
between the height of columnar grain layer and Z axis
increment AZ. When the height of columnar grain layer is
greater than AZ, the equiaxed grains completely remelt to
obtain the full columnar grain morphology, such as Ti-20V-
15Cr alloy. However, during the deposition process of Ti-30V-
15Cr alloy, the equiaxed grain layer of the previous layer
remains only about 40 pm, indicating that the equiaxed
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Table 2 Process parameters and thermo-physical properties of Ti-XV-15Cr (X=20, 25, 30, 35) alloys

Parameter Ti-20V-15Cr Ti-25V-15Cr Ti-30V-15Cr Ti-35V-15Cr
Laser power, P/W 2 000 2 000 2 000 2 000
Thermal conductivity, /W-mm™-K" 0.022 3 0.023 1 0.023 9 0.024 8
Thermal diffusivity, a/mm?s™ 7.27 7.43 7.62 777
Laser beam diameter, D/mm 3 3 3 3
Thickness of thin-wall, w/mm 3 3 3 3
Scanning velocity, v/mm-s™ 10 10 10 10
Absorptivity for diode laser, 0.14 0.14 0.14 0.14
Density, p/g'mm™ 0.005 11 0.005 18 0.005 24 0.005 32
Melting point, 7,/K 1787.7 1788.1 1792.0 1799.4
Substrate temperature, 7o/K 573 573 573 573
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Fig.7 Length and maximum depth of the molten pool for Ti-XV-

grain layer may not completely melt in some of the deposited
layers and interrupt the growth of columnar grains, resulting
in the aspect ratio of the columnar grains of Ti-30V-15Cr
smaller than that of Ti-20V-15Cr. When the V content
increases to 35wt%, the previous equiaxed grain layer can
retain 203 pm, and then alternate with the columnar grain
layer, so the morphology is almost all near equiaxed.
2.3 Discussion on microindentation

Fig.9a shows the load-displacement curves of Ti-XV-15Cr
(X=20, 25, 30, 35) alloys under the same loading conditions.
The indentation depth of Ti-35V-15Cr is the smallest, while
the indentation depth of Ti-20V-15Cr is the largest before
reaching the holding stage, indicating that the former has the

15Cr (X=20, 25, 30, 35) alloys by DED highest surface hardness. Using the Oliver-Phar™® model to
Table 3 Calculated and measured results of Ti-XV-15Cr (X=20, 25, 30, 35) deposited layer (mm)
Parameter Ti-20V-15Cr Ti-25V-15Cr Ti-30V-15Cr Ti-35V-15Cr

Height of deposited layer, H 0.794 0.764 0.717 0.675

Height of equiaxed grain layer, /4, 0.445 0.426 0.453 0.578

Height of columnar grain layer, 4. 0.349 0.338 0.264 0.097

Z axis increment, AZ 0.3
Remaining height of equiaxed grain layer, /i, 0 0 0.036 0.203

Ti-20V-15Cr

he— Height of equiaxed area ~ H — Height of deposited layer

h— Height of columnar area  4— Depth of remelting area

AZ — Z axis increment

Fig.8 Schematic diagram of the microstructure formation of Ti-20V-
15Cr (a) and Ti-35V-15Cr (b) alloys by DED

analyze the unloading part of the load-displacement curves,
the average hardness and elastic modulus are obtained and
shown in Fig.9d. It can be seen that with increasing V content,
the hardness of Ti-XV-15Cr increases from 4.18 GPa to 4.77
GPa due to the lattice distortion caused by the dissolution of V.
The elastic modulus is between 123.8 and 137.6 GPa.

The load-displacement curves can be used to determine the
initial plastic deformation behavior of materials. The first

2 events in the loading stage are related to the elastic-

“pop-in
plastic transformation of materials. It is generally believed that
the reason for the “pop-in” phenomenon of the load-
displacement curve is that the shear stress of the material reaches
a critical value under the action of the indenter, and a lot of
nucleation and proliferation of dislocations lead to microstru-
ctural changes. As shown in Fig.9a, the four loading curves are
smooth without the pop-in phenomenon, indicating that the
deformation at this stage is purely elastic, and there is no crack
or brittle fracture in the materials during the loading process.
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Observing the enlarged drawing (Fig.9a) of the holding
stage, it can be found that the creep depth of the samples with
various V contents is different, and the creep depth of
Ti-20V-15Cr sample is the largest, while that of Ti-35V-15Cr
is the smallest, and between them the creep depth of
Ti-25V-15Cr and Ti-30V-15Cr falls with little difference.
Simultaneously, there are fluctuations in the creep depth-time
curves (Fig.9b), which may be due to the large temperature
difference between the sample and indenter. The creep
rate-time relationship curves of Ti-XV-15Cr alloys shown in
Fig.9c can be used to better analyze the creep behavior of the
samples. The results show that the creep process of the
materials can be divided into two stages: rapid creep and
stable creep. It is generally believed that the period of rapid
creep at the beginning is relatively short, mainly dominated by
strain hardening, and then it reaches to the dominant stage of
viscous deformation caused by dislocation migration, which is
the stable creep stage of materials, where there are no
significant differences in the creep rate of Ti-XV-15Cr alloys,
confirming that the creep mechanism of Ti-XV-15Cr alloys
with different V contents is similar at room temperature.

2.4 Analysis of flame-resistant mechanism

The combustion rate of Ti-XV-15Cr (X=20, 25, 30, 35)
alloys is calculated to reflect the flame-resistant properties.
The combustion rate is defined as follows:

Zhang Fengying et al. / Rare Metal Materials and Engineering, 2021, 50(2): 0380-0388

where v is the combustion rate of the sample (mg-s™); m, is the
mass of sample after combustion (mg); m, is the mass of sample
before combustion (mg); 7 is the combustion time (s).

The combustion rate of Ti-XV-15Cr alloys can be calculated
by Eq.(2), and the results are shown in Table 4. In combustion,
oxygen enters the substrate and reacts with elements, so the
greater mass gain indicates a more violent reaction and a
higher combustion rate. It can be seen from Table 4 that the
flame-resistant properties of Ti-XV-15Cr alloy by DED are
gradually enhanced with increasing the V content. Although
the combustion rate of Ti-20V-15Cr is the highest among the
four alloys, its combustion rate is still a little lower than that of
forged Ti40 under the same experimental conditions (the
combustion rate of forging Ti40 is 8.2 mg-s') due to the
formation of subgrains in the local region of Ti-25V-15Cr alloy,
which makes V and Cr easily diffuse to the surface under
heating conditions, thereby inhibiting the reaction of Ti and O\
The more in-depth mechanism still needs further study.

The combustion process of titanium alloy is similar to the
oxidation process, which is the reaction of matrix metal or
alloying elements with oxygen. It can be seen from the oxygen
potential diagram®® (Fig.10) of Ti-O, V-O and Cr-O that the
Gibbs free energy of Ti reacting with O, to produce TiO, is the
smallest, followed by V, and Gibbs free energy of Cr is the
highest. Therefore, Ti takes precedence over V and Cr to form
oxides, and the oxidation of Ti is the main process of com-
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Fig.9 Microindentation results of Ti-XV-15Cr (X=20, 25, 30, 35) alloys by DED: (a) load-displacement curves, (b) creep depth-holding time

curves, (c) relationship between creep rate and holding time, and (d) average hardness and elastic modulus
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Table 4 Combustion rate of Ti-XV-15Cr (X=20, 25, 30, 35) alloys by DED

Samples Ti-20V-15Cr

Ti-25V-15Cr

Ti-30V-15Cr Ti-35V-15Cr

Combustion rate/mg-s” 7.3

7.0 6.1 5.8
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Fig.10 Oxygen potential diagram of Ti-O, V-O and Cr-O™"

Cr (the electronegativity of Ti, V and Cr is 1.54, 1.63 and 1.66,
respectively), and the affinity of these elements with O
decreases in turn, which further indicates that Ti is the most
likely to react with O.

The diffusion activation energy of Ti, V and Cr in titanium
alloy is 293.2, 134.8, and 167 kJmol”’, respectively™.
Therefore, the probability of V and Cr atoms being activated
and migrated is greater than that of Ti. According to the
oxygen potential diagram, the surface combustion product is
mainly dense oxides of Ti and V, which prevent the diffusion
of oxygen into the matrix. At the same time, the enrichment of
V and Cr elements in the inner surface layer hinders the
diffusion of Ti to the combustion product area. In conclusion,
the formation of dense oxides in the combustion area and the
enrichment of V and Cr slow down the further reaction
between Ti and O, which improves the flame-resistant
properties of Ti-XV-15Cr alloys with increasing the V content.

3 Conclusions

1) The microstructures of Ti-XV-15Cr (X=20, 25, 30) alloys
are composed of columnar grains growing epitaxially and fine
equiaxed grains at the top region, while Ti-35V-15Cr alloy is
composed of near-equiaxed grains except at the very top region.
This can be explained by the columnar to equiaxed transition
(CET) model and the relationship between the height of the
columnar grains layer and Z axis increment (AZ).

2) With increasing the V content, the microhardness, elastic
modulus and creep resistance of Ti-XV-15Cr alloys increase
gradually mainly due to the lattice distortion caused by the
solution of V. There is no “pop-in” phenomenon on the
load-displacement curves, indicating that no cracks or brittle
fractures occur during loading.

3) When the content of V is between 20wt%~35wt%, the

flame-resistant properties of Ti-XV-15Cr alloys by DED
improve gradually due to the low diffusion activation energy
and high Gibbs free energy of V and Cr, and the flame-
resistant properties of Ti-20V-15Cr are better than those of
forged Ti40.
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BHIEREE T Ti-XV-15Cr (X=20, 25, 30, 35)& & HILA LA FNPE LR 14 BE

skRZE, EOREY, ol Al oM, EREL BER, B OR, E BT, Mok
(1. KR MPRRLE L TREERE, BV P42 710064)
2. PHAbTNVRAE BER R K S s s, B 142 710072)

OE: A EEREVIIREIR, DS TiL 20V RISl CroBy ARk JsURHEI % — R 3 Ti-XV-15Cr (X=20, 25, 30, 35)& 4. W7 V &=hf
Ti-XV-15Cr &4 M mATESL. BORERE , b KR IERER . 45 KW, Ti-20V-15Cr. Ti-25V-15Cr # Ti-30V-15Cr & 411
TR L M AR AR SR TG A0 /N e S5l SR AR, BB VS i (K3, RIR R PR/ 98 LI/ o T Ti-35V-15Cr A4 1) 2
215 Ti-20V-15Cr, Ti-25V-15Cr # Ti-30V-15Cr AR KIIARE, BR T TS 240N R4S, JUT-4 i Sl i dl s, 455 R i 254
EndEAE (CET) BBUA KA ZE M S Z dhdaTHa (AZ) ZIIKRER, R T O AL B LB . Ti-XV-15Cr & & 1038 S i fil
FEBE VS BRR s A Behn, JCEE AR 123.8 155 137.6 GPa Z ). BHIAMIRE B, Ti-35V-15Cr &4 HAT fe i 1B it
KR Ti-V-Cr &4 DML BHBERERUUR: HURMEE

EZT A skRTE, 2o, 1980 4FE, T, #0%, K REMERlES TR0, BVG V54 710064, Hi%: 029-82337340, E-mail:
zhangfengying@chd.edu.cn



