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Abstract: After homogenization, forging, cold rolling, and recrystallization of V-5Cr-5Ti alloy, universal testing machine, scanning
electron microscopy, and transmission electron microscopy were used to study the effect of precipitates on the mechanical properties
of the alloy and to estimate the strengthening effect. Results show that as-cast V-5Cr-5Ti alloy has a dendritic structure characterized
by lamellar phase. After homogenization, the precipitates are transformed from a lamellar to a needle-like dendritic structure. The
precipitates are broken into a short-bar or spherical phase during forging and cold rolling. The average tensile strength, yield strength,
and elongation of the as-cast alloy are 505.0 MPa, 415.0 MPa, and 8.2%, respectively, with the brittle cleavage fracture as the
dominant fracture mechanism. The fracture mechanism is transformed into a mixed fracturing mode of intergranular and quasi-
dissociative fractures after homogenization. After 80% cold rolling and 1000 °C/1 h annealing, the average tensile strength, yield
strength, and elongation of the alloy are 487.3 MPa, 382.7 MPa, and 26.2%. The alloy plasticity is greatly improved due to the
refinement of the grain and precipitates. The fracture mechanism of the alloy after cold rolling and annealing is microporosity
fracture. The precipitates enhance V-5Cr-5Ti alloy by Orowan strengthening mechanism. Taking the alloy after 80% cold rolling and

annealing at 1000 °C/1 h as an example, the yield strength increment obtained by precipitate strengthening is about 50.1 MPa.

Key words: V-5Cr-5Ti alloy; microstructure; precipitate; tensile property; fracture mechanism; precipitation strengthening

As an important candidate structural material for fusion
reactors, V-based alloy has low activation properties'’, good

high-temperature strength®™, low-temperature toughness'”,

antineutron irradiation swelling[7'9]

[10,11

, and resistance to liquid
metal corrosion"*', Worldwide research on V-based materials
is mainly focused on V-(4-5)Cr-(4-5)Ti alloys. In comparison
with V-4Cr-4Ti alloy, V-5Cr-5Ti alloy has higher room-
temperature/high-temperature strength due to higher contents
of Cr and Ti elements. However, as the content of Cr element
increases, the antineutron swelling performance of the alloy
decreases. The resistance to liquid metal (Li or Li-Pd)
corrosion increases with the increase in Ti element content!'”.
China Academy of Engineering Physics has investigated the
performance, including mechanical properties, welding proper-
ties, and corrosion resistance of V-5Cr-5Ti alloy""". This

alloy has excellent comprehensive properties and is expected
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to become a key material for China’s nuclear industry.

The mechanical properties of V-base alloys have been
studied in detail. Most research is focused on the effects of
alloying elements, irradiation, and the precipitates on the
7231 whereas few are reported on the
strengthening mechanism of V alloys. Chen et al® believed

mechanical properties

that Ti(CON) is precipitated during aging, showing an evident
strengthening effect, but the alloy plasticity does not change
significantly. Nishimura et al*”’ concluded that the plasticity
reduction caused by aging strengthening is within the
tolerance range for engineering application of V alloys. Fu et
al emphasized that severe deterioration of V alloy
precipitates occurs at the grain boundary during aging. Nano-
sized precipitates can be obtained only through multiple
thermal mechanical treatments, and the strengthening effect of
the alloy is good.
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In the present study, the mechanical properties of V-5Cr-5Ti
alloy were evaluated at room temperature via tensile test, and
changes in the strength and plasticity of the alloy under
different states were studied. Through microscopic
observation, the influence of precipitates on the mechanical
properties of V-5Cr-5Ti alloy was analyzed, and the

strengthening effect of the precipitates was estimated.
1 Experiment

V-5Cr-5Ti alloy was prepared by vacuum melting of high-
purity V, Cr, and Ti. The V-5Cr-5Ti alloy used in this work
was processed by the following steps: homogenization
annealing, hot forging, and cold rolling. The homogenization
was conducted at 1200 °C for 3 h in a vacuum (< 2x107 Pa).
To prevent the oxidation of vanadium alloys and to avoid
environmental pollution during the hot working process,
vanadium alloys must be protected under a vacuum better
than < 2x107 Pa. The vacuum canning material comprised 3
mm thick 1Cr18Ni9Ti stainless steel. The canning billet was
heated in a furnace at 1080 °C for 100 min and then die forged
in 10000 kN forging hydraulic machine until ~50% of the
height reduction. The thickness reduction was 40% and 80%
for cold-rolling. Fig.1 is the microstructure of as-cast V-5Cr-
5Ti alloy. Table 1 shows their chemical composition of V-5Cr-
5Ti alloy after hot forging.

Tensile samples were cut from as-cast V-5Cr-5Ti alloy, V-
5Cr-5Ti alloy plates were subjected to homogenization, hot
forging+1020 °C/1 h annealing and 40%, 80% cold rolling.
Part of the cold-rolling sheet was subjected to recrystallization
annealing at 1000 °C/1 h in a vacuum (<2x10” Pa). The V-
5Cr-5Ti alloy was sampled along the rolling direction for
tensile test, as shown in Fig.2. The tensile test was conducted
on an electronic universal testing machine with a gauge length
of 20 mm and tensile rates of 0.5 mm/min before yield point
and 2 mm/min after yield point.

The microstructure and tensile fracture morphology of V-
5Cr-5Ti alloy were observed using scanning electron
microscope (SEM, model JSM-7001F). The sample for
microstructure observation was subjected to electrolytic

Fig.1  As-cast microstructure of V-5Cr-5Ti alloy

Table 1 Chemical composition of V-5Cr-5Ti alloy (wt%)

Cr Ti C O N Al Fe \Y%
4.86 498 0.0102 0.038 0.0037 0.041 0.026 Bal.
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Fig.2 Drawing of the tensile test sample

etching with solution HF: H,0=1: 10 (volume ratio) under a
voltage of 15 V and current of 0.6~1.0 A for 30 s.

The microstructure of the precipitates of V-5Cr-5Ti alloy
was analyzed using FEI Tecnai F20 field transmission electron
microscope (TEM). The MTP double-electrolytic jet apparatus
was adopted for sample preparation, with 5vol% H,SO,+
95vol% CH,OH as electrolyte, under a voltage of 10 V and
electric current of ~20 mA at —10 °C.

2 Results and Discussion

2.1 Microstructure

V-5Cr-5Ti alloy ingots were prepared via secondary
vacuum electron beam melting. Microsegregation of the
ingots easily occurs due to the high temperature of vacuum
electron beam melting, fast cooling rate, poor fluidity, and
thermal conductivity of the V-5Cr-5Ti alloy. Fig.3 shows the
as-cast microstructure of the V-5Cr-5Ti alloy. The grain size
of the V-5Cr-5Ti alloy ingots is large, a large component
segregation area exists in some grains, and the morphology of
the alloy precipitates present a dendritic structure and small
granular phase (Fig. 3a). The precipitates are stratified and
stacked into a lamellar curve, with a lamella thickness of
approximately 100 nm and width of 1~2 um (Fig.3b). After
homogenization, the morphology of the precipitates changes
from a lamellar to a needle-like dendritic structure (Fig. 3c).
The needle-like phase is stacked into a dendritic structure via
a certain orientation (parallel or vertical), as shown in Fig.3d.
The thickness of the needle-like phase is less than 100 nm,
and the length is less than 4 pm.

After forging and 1020 °C/1 h annealing, the grain of V-
5Cr-5Ti alloy is a type of equiaxial grain structure, with a
grain size of approximately 80 pum. The precipitates are in
zonal distribution (Fig.4a). The precipitates mainly exist in the
form of short-bar phases (~1 pm) and distributed irregularly at
the grain boundary and surrounding area (Fig.4b). Fig.4c and
4d present the SEM images of 40% cold-rolled V-5Cr-5Ti
alloy. The grains are stretched along the rolling direction,
forming fibrous structures. The precipitates change into
banded structures with rolling deformation, and most of
precipitates are arranged along the rolling direction. The short-
strip phases can be attained after cold rolling. Some small
round phases are distributed sporadically in the matrix
(Fig.4d). Fig.4e and 4f display the SEM images of 80% cold-
rolled V-5Cr-5Ti alloy. The grains are stretched into a fibrous
structure along the rolling direction. The precipitates are in
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Fig.4 SEM images of microstructures and precipitates of V-5Cr-5Ti alloy after deformation processing: (a, b) hot forging+1020 °C/1 h; (c, d)

40% cold rolling; (e, f) 80% cold rolling

banded pattern, as shown in Fig. 4f. After cold rolling, the
short-bar phases are broken into spherical phases.

Fig.5 exhibits the microstructures of V-5Cr-5Ti alloy after
annealing at 1000 °C/1 h. The fibrous structure of 40% cold-
rolling alloy disappears, with isoaxial recrystallization grains
as main characteristics. However, recrystallization occurs
slowly in the precipitate concentration area, because the
precipitates impede the recrystallization. The recrystallization
grains in this region are small (Fig.5a). The observation of the
precipitate concentration area reveals that a large number of
precipitates exist at the grain boundary, the number of short-
bar phases is greatly reduced, and the number of granular

phases is increased. The precipitates have an uneven size and
are in irregular arrangement (Fig.5b). The fibrous structure of
80% cold-rolling alloy fully disappears, with isoaxial
recrystallization grains as characteristics, as shown in Fig. 5c.
A large number of precipitates are observed in the grain
boundary, and the spherical phases have a uniform size and
are dispersedly distributed in banded structures, as shown in
Fig.5d.
2.2 Precipitate

Fig. 6 shows the precipitates and SAED patterns in V-5Cr-
5Ti alloy. There are lamellar phases in as-cast alloy. During
homogenization, there are needle-like phases in the alloy.
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Fig.5 Microstructures and precipitates of cold-rolled V-5Cr-5Ti alloy after annealing: (a, b) 40% cold rolling+1000 °C/1 h; (c, d) 80% cold
rolling+1000 °C/1 h
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Fig.6 TEM images and SAED patterns of precipitates in V-5Cr-5Ti alloy: (a) as-cast; (b) homogenization; (c) forging+1020 °C/1 h; (d) 40%
cold rolling; (e) 80% cold rolling; (f) EDS spectrum of the precipitate marked in Fig.6d

After forging, the short bar phases are found. Under precipitates. The results show that the precipitates are titanium
deformation, the spherical phases disappear in the matrix. oxycarbonitride, in which V and Cr elements are alloyed.
Table 2 is the results of SAED and EDS analysis of the They have fce structure, and can be expressed as (TiV) (CON).



Li Zengde et al. / Rare Metal Materials and Engineering, 2022, 51(8):2745-2753

2749

Table 2 SAED and EDS results of the precipitates in V-5Cr-5Ti alloy

State V/at% Ti/at% Cr/at% Clat% O/at% N/at% Structure Lattice constant/nm
As-cast 20.24 452 2.6 8.37 13.71 9.83 fee 0.418~0.423
Homogenization 11.25 34.72 1.01 15.41 9.88 27.71 fee 0.419~0.426
Forging+1020 °C/1 h 3.79 59.88 - 8.99 15.57 11.74 fee 0.425~0.435
40% cold rolling 39.2 30.4 - 15.8 14.6 - fee 0.433~0.443
80% cold rolling 11.43 52.66 0.55 11.29 6.16 17.88 fee 0.436~0.441
40% cold rolling+1000 °C/1 h 11.67 46.59 0.72 8.58 7.47 24.94 fee 0.433~0.438
80% cold rolling+1000 °C/1 h 11.43 42.39 1.07 13.71 7.32 24.05 fee 0.431~0.439

2.3 Fracture morphology

Fig.7 illustrates the tensile fracture morphologies of the as-
and homogenized V-5Cr-5Ti
morphology is mainly characterized by cleavage steps turning
into a “river” pattern, accompanied with scattered elongated

cast alloy. The fracture

dimples. After homogenization, the fracture morphology
presents two characteristics: one is that there are a large
number of precipitate particles and holes left by particle
shedding on the grain boundary surface; the other is that there
are “cleave-like” small planes, micropores and tearing edges.
Fig. 8 shows the fracture morphologies of V-5Cr-5Ti alloy
after forging and cold rolling. After forging, the fracture
shows a large number of equiaxial dimples, and shear planes
appear locally. After 40% cold rolling, the fractures are mainly
characterized by elongated dimples, and some large dimples
contain several small dimples. The sliding surface is separated
into undulating and curved stripes, forming a serpentine
pattern. After 80% cold rolling, the fractures are mainly
characterized by elliptical pits and reticular dimples. Elliptical
pits are composed of a large number of dimples and have a
considerably smaller depth than plastic holes. Reticular
dimples are smooth and shallow at the bottom. The precipitate

is found in the dimple center.

Fig. 9 presents the fracture morphology of cold-rolling V-
5Cr-5Ti alloy after annealing at 1000 °C/1 h. The fracture of
the 40%
characterized by large plastic holes and equiaxial dimples.

cold-rolling alloy after annealing is mainly
Precipitates exist in the center of the equiaxial dimple
(Fig.9b). The fracture of the 80% cold-rolling V-5Cr-5Ti alloy
after annealing is mainly characterized by equiaxial dimples,
and elongated dimples are distributed in a serpen-tine pattern.
Precipitates also exist in the center of the equiaxial dimple
(Fig. 9d).
2.4 Room-temperature tensile property

Table 3 shows the tensile test results of V-5Cr-5Ti alloy in
different states at room temperature. Fig. 10 exhibits the
histogram drawn from the tensile results of Table 2. The
microstructure and tensile fracture morphology indicate that
the dendritic structure results in high brittleness, with a
minimum elongation of 5.0%. After homogenization, a needle-
like dendritic structure forms, the strength and plasticity of the
alloy are improved, and the average elongation reaches
17.8%. After hot forging+1020 °C/1 h, the needle-like phase
is broken into a short-bar phase, the strength increases, and
the elongation decreases slightly. The fracture mechanism

i LB

Fig.7 Fracture morphologies of V-5Cr-5Ti alloy in as-cast state (a, b) and after homogenization (c, d)
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Fig.8 Fracture morphologies of V-5Cr-5Ti alloy after deformation processing: (a, b) forging+1020 °C/1 h; (c, d) 40% cold rolling; (e, f) 80%

cold rolling

Fig.9 Fracture morphologies of cold-deformed V-5Cr-5Ti alloy after annealing: (a, b) 40% cold rolling+1000 °C/1 h; (c, d) 80% cold rolling+

1000 °C/1 h

changes from a cleavage fracture of the as-cast alloy into

intergranular and quasi-cleavage fractures after
homogenization and then a microporosity fracture after
forging.

After cold rolling, the precipitates of V-5Cr-5Ti alloy are
broken into short bars or spheres, and the banded structures
form. During cold rolling, slipping, dislocation, entanglement,
and proliferation occur, resulting in grain elongation,
fragmentation, and fibrosis. The

dramatically, but the plasticity remains higher than that of the

strength  increases

as-cast alloy. The average tensile strength and elongation of
80% cold-rolling V-5Cr-5Ti alloy are 752.3 MPa and 8.3%,
respectively. After annealing at 1000 ° C/1 h, the strength
decreases sharply due to recrystallization, the plasticity
increases rapidly, the strength is decreased by 35.2% and the
elongation is increased by 215.7%. In contrast, the strength of
alloy after 40% cold rolling+1000 °C/ 1 h annealing is not
significantly increased, but the elongation is sharply
increased. The strength and ductility of alloy after 80% cold
rolling+1000 ° C/1 h annealing are improved, exhibiting
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Table 3 Tensile test results of the V-5Cr-5Ti alloy
State Tensile strength/MPa Yield strength/MPa Elongation/%
495 475 545 405 400 440 10 5.0 9.5
As-cast
Ave.=505.0 Ave.=415.0 Ave.=8.2
o 390 403 411 339 325 346 16.5 22.0 15.0
Homogenization
Ave.=401.3 Ave.=336.7 Ave.=17.8
421 473 455 348 392 374 21.5 11.5 14.5
Forging+1020 °C/1 h
Ave.=449.7 Ave.=371.3 Ave.=15.8
) 649 653 647 639 652 646 13 11 13
40% cold rolling
Ave.=649.7 Ave.=645.7 Ave=12.3
) 757 752 748 755 745 745 9 8 8
80% cold rolling
Ave.=752.3 Ave.=748.3 Ave.=8.3
462 463 459 314 326 311 31 34 32
40% cold rolling+1000 °C/1 h annealing
Ave.=461.3 Ave.=317.0 Ave.=32.3
) ) 488 486 488 382 384 382 26 23 29.5
80% cold rolling+1000 °C/1 h annealing
Ave.=487.3 Ave.=382.7 Ave.=26.2
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Fig. 10 Tensile properties of V-5Cr-5Ti alloy at different states
excellent comprehensive properties. The fracture mechanism
of the alloy after cold rolling and annealing is microporosity
fracture.
In comparison with as-cast V-5Cr-5Ti alloy, the alloy after
cold rolling and annealing at 1000 °C/1 h has similar strength
Fig.11 TEM images of microstructures of V-5Cr-5Ti alloy after cold

but considerably improved plasticity. Therefore, the dendritic
structure of the precipitates deteriorates the plasticity. After
80% cold rolling, the precipitates are broken into a spherical
phase. During the material deformation, the dislocation
movement is blocked by the precipitates, enhancing the
strength.
2.5 Precipitation strengthening

Fig. 11 displays the TEM images of the precipitates of V-
5Cr-5Ti alloy after cold rolling. Fig. 11a presents the pin
dislocation of the precipitate particles, in which the
dislocation line is piled up in the precipitate particles. Fig.11b
exhibits the dislocation pileup around a single precipitate
particle. Due to the addition of Cr and Ti elements, the
strengthening methods of V-5Cr-5Ti alloy include solution
dislocation
strengthening.  The

strengthening, fine grain  strengthening,

strengthening, and  precipitation

rolling: (a) dislocation pileup and (b) precipitate

precipitates in V-5Cr-5Ti alloy are oxycarbonitrides, which
belong to the non-deformable ceramic reinforcement phase.
According to the Orowan strengthening mechanism, after the
moving dislocations bypass the precipitate, they will leave
dislocation rings around the particle. With the increase of the
number of dislocation rings, the resistance of dislocation
movement increases. Therefore, the work hardening rate of
Orowan strengthening mechanism is higher, and the plastic
deformation can be evenly distributed in the grain.

The precipitates adopt the Orowan mechanism to strengthen
the alloy matrix. The critical shear stress can be obtained

using the Orowan equation”*:
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Fig.12 TEM image of precipitates in 80% cold-rolled V-5Cr-5Ti
alloy

T:T (1)

where 7 is the critical shear stress, b is the dislocation Burgers
vector, G is the shear modulus of alloy, and 4 is the second-
phase particle spacing. Eq. (1) can only simply estimate the
critical shear force. The parameters in the Orowan equation
need to be modified to obtain accurate intensity increment of
the second-phase strengthening effect.

If the effective spacing, line tension, dislocation pair, and
other influencing factors of the second-phase particles are
considered, then a further accurate Orowan expression of

shear stress 7 can be obtained:
_ 0.81Gbh In (7r/2b)

T(Orowan) 27[(1 — V)l/z p [(21‘[/3]‘;)1/2 _ 7[/2]

On the basis of the relationship between shear and yield
stresses in the reference,

=Mt 3
the incremental expression of the yield stress generated by the

Orowan mechanism is as follows:
_ 0.81MGb In (7r/2b)

O (Orowan) 27'[(1 — v)]/z B [(2ﬂ/3ﬂ,)1/2 _ TC/2]

where M is the Taylor factor (M=3.1), G is the shear modulus,
v is Poisson’s ratio, b is the Burgers vector, f; is the volume
fraction of the second phase, and r is the average radius of the
second-phase particle.

The strengthening effect of the precipitates is calculated by
using the 80% cold rolling+1000 ° C/1 h annealing treated
alloy as example. The interstitial atoms (C, O, N) in the alloy
are supposed to form the precipitate (TiV) (CON), and the
volume fraction f, of the precipitates can be calculated with a
TiC density of 4.93 g/cm’ and £,=0.3156v0l%. The size of the
precipitate particles observed in Fig. 12 is 100 nm, and the
average radius 7 is calculated to be 50 nm. On the basis of the
crystal lattice constant of the V-5Cr-5Ti alloy matrix, the
Burgers vector b of the alloy is 0.5260 nm. For the V-5Cr-5Ti
alloy, the shear modulus G is 45.9 GPa, and Poisson’s ratio v
is 0.367%\. These data are integrated into Eq. (4), and the
increment of yield stress produced by the Orowan mechanism
is calculated to be approximately 50.1 MPa.

2

“4)

3 Conclusions

1) The as-cast V-5Cr-5Ti alloy has a dendritic structure

characterized by  lamellar  second  phase.  After
homogenization, the precipitates are transformed from a
lamellar to a needle-like dendritic structure. The precipitates
are broken into a short-bar, short-strip or spherical phase
during forging and cold rolling.

2) The average tensile strength, yield strength, and
elongation of the as-cast alloy are 505.0 MPa, 415.0 MPa, and
8.2%, respectively, with brittle cleavage fracture as the
dominant fracture mechanism. After homogenization, the
fracture mechanism is transformed into a mixed fracturing
mode of intergranular and quasi-dissociative fractures. After
80% cold-rolling and 1000 ° C/1 h annealing, the average
tensile strength, yield strength, and elongation of the alloy are
487.3 MPa, 382.7 MPa, and 26.2%. The plasticity is greatly
improved due to the morphological change in the grains and
precipitates. After deformation processing, the fracture
mechanism of the alloy after cold rolling and annealing is
microporosity fracture.

3) During 80% cold rolling, the precipitates are broken into
a spherical phase. The precipitates enhance V-5Cr-5Ti alloy
by Orowan strengthening mechanism. Taking the alloy after
80% cold rolling and annealing at 1000 °C/ 1 h as an example,
the yield strength increment obtained by precipitates
strengthening is about 50.1 MPa.
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