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Abstract: The effects of pre-deformation on the aging behavior and mechanical properties of Ti-6Al1-4V alloy were studied.

Results show that the pre-deformation after the solution process at 940 and 955 °C is beneficial for promoting the precipitation

of the secondary a phase during the aging of Ti-6Al-4V alloy. When solution temperature is 940 °C, the content of the

secondary a phase increases with the increase of pre-deformation amount, and the size of o phase decreases. The strength and

hardness of the alloy increase monotonously after aging. The tensile strength and hardness of Ti-6Al-4V alloy after aging with

pre-deformation are evidently higher than those without pre-deformation. Simultaneously, excellent plasticity is maintained.

Compared with solution treatment at 955 °C with pre-deformation, the strength and hardness of Ti-6Al1-4V alloy are evidently

improved after solution treatment at 940 °C. Scanning electron microscopy examination indicates that the fracture modes of all

aged alloys with various pre-deformation degrees are ductile fracture.
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Titanium alloys have been widely used in the aerospace
industry, marine resource exploration and development,
medical orthopedic implants, and drilling equipment for oil
and gas fields because of their high specific strength, excel-
lent corrosion resistance, high and low temperature resistance,
and high fatigue strength"*. Among these alloys, Ti-6A1-4V
(wt%) alloy is first developed and successfully applied; this
dual-phase titanium alloy is also the most widely used at
present”!. However, given the inadequate strength and hard-
ness of Ti-6Al1-4V alloy, it cannot satisfy the performance
requirements of some components under certain special cir-
31 At present, Ti-6Al-4V alloy is typically
strengthened via the conventional process of solution heat
treatment and aging. The tensile strength of Ti-6Al-4V alloy

cumstances
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strengthened via conventional heat treatment can reach ap-
proximately 1100 MPa; however, this value cannot satisfy
the requirements of some high-strength structural compo-
nents'®®. Therefore, a mechanical heat treatment process has
been applied by related scientific and technological workers
to enhance the strength of Ti-6A1-4V alloy. This process at-
tempts to promote the precipitation of the secondary o phase
during aging by defects, such as dislocations, generated dur-
ing deformation''”. However, the deformation stage of me-
chanical heat treatment is performed at extremely high tem-
peratures; hence, dynamic recovery and recrystallization will
occur during deformation, which reduce or even eliminate
dislocations and other crystal defects. Thus, the defects that
remain at room temperature after cooling slightly affect the
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precipitation of the second phase in the subsequent aging
process, and the mechanical properties of the alloy cannot be
improved considerably. In addition to heat treatment
strengthening, the strength of Ti-6Al-4V alloy can be im-
proved by severe plastic deformation and alloying. However,
the plasticity of the alloy is simultaneously reduced to vari-
ous degrees, resulting in the poor toughness of the alloy,
which cannot satisfy the performance requirements of high
strength and toughness for the structural components of tita-
nium alloy"""*!

Several researches have reported that the solution method
and subsequent pre-deformation and aging (deformation and
aging synergism) can be adopted to strengthen metal materi-
als. In the study of metastable p-titanium alloy, pre-de-
formation can promote the precipitation of a phase and make
it selective in its growth direction. The strengthening effi-
ciency of the deformation and aging synergism is better than
that of the conventional heat treatment. At the same strength
level, the toughness of the alloy strengthened by the former is
higher than that strengthened by the latter, and the peak aging
time of the former is shorter than that of the latter! "', Thus,
the solution process with subsequent pre-deformation and
aging is a promising technique for improving the strength of
titanium alloys. For the widely used Ti-6Al1-4V alloy, the ef-
fects aging
microstructure evolution and mechanical properties have
Therefore, the effects of
pre-deformation after the solution process on the aging pre-

of pre-deformation and synergism on

seldom been reported.
cipitation behavior and mechanical properties of Ti-6Al-4V
alloy were investigated. The results are highly significant in
improving the safety of Ti-6Al-4V alloy and broadening its
application field.

1 Experiment

A typical dual-phase titanium alloy, namely, Ti-6Al-4V,
was selected. The chemical composition of the as-received
Ti-6A1-4V alloy is provided in Table 1. After solution treat-
ment at 940 and 955 °C for 30 min and cooled in water,
Ti-6Al-4V alloy rods were made into tensile samples with a
gauge length of 32 mm and a diameter of 7 mm. The tensile
samples solution-treated at 940 °C were drawn to 0.00, 0.03,
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0.05, and 0.07 engineering strain, whereas the tensile sam-
ples solution-treated at 955 °C were drawn to 0 and 0.07 en-
gineering strain at a rate of 2 mm/min at room temperature,
as shown in Fig.1. All the pre-deformed and un-pre-deformed
specimens were aged at 500 °C for 4 h and cooled in air. The
final samples by processing the
pre-deformed and aged test pieces into 12 mm gauge length
and 5 mm diameter, as shown in Fig.2. Tensile tests were

tensile were made

conducted on a WDW-1000 computer-controlled electronic
universal experiment machine at a rate of 1 mm/min.

Specimens for metallographic, X-ray diffraction (XRD)
analysis, and microhardness examinations were cut from
the pre-deformed section. Metallographic samples were
prepared and etched in a reagent containing 5 vol% HF+10
vol% HNO;+85 vol% H,O0. A DME-300M optical micro-
scope was used to observe microstructural characterization.
Vickers hardness experiments were performed on an
HXD-2000TM/LCD microhardness instrument with a load
of 5 N and a holding time of 10 s. Phase analyses were im-
plemented on a DX-2700 X-ray diffractometer using a Cu
Ko radiation source with an accelerating voltage of 40 kV
and a current of 30 mA. Tensile fracture surfaces were ob-
served using a ZEISS EV0 MA15 scanning electron micro-
scope with an accelerating voltage of 20 kV. The static
toughness values of the aged alloys were determined using
Origin software to calculate the area surrounded by their
tensile stress-strain curve.

2 Results and Discussion

2.1 Phase analysis via XRD

Fig.3a shows the XRD patterns of the samples after solu-
tion treatment at 940 and 955 °C for 30 min and water
quenching. As shown in the diagram, the samples after so-
lution treatment at the two aforementioned temperatures
are composed of the a, f, and o' (martensite) phases. The
XRD patterns of these samples aged at 500 °C for 4 h after

Table 1 Chemical composition of the as-received Ti-6Al-4V
alloy (wt%)

Al \Y Fe C N 0) H Ti
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solution treatment at 940 and 955 °C with various

pre-deformations are summarized in Fig.3b and 3c, respec-

tively. The XRD patterns show that the microstructure un-

der different heat treatment conditions consists only of «

and f phases.

2.2 Effect of pre-deformation on microstructure of
Ti-6Al-4V Alloy

Fig.4 compares the optical microstructures of the
Ti-6Al-4V samples that were solution treated at 940 °C and
aged at 500 °C for 4 h with various pre-deformations. The
figure shows the following characteristics. (1) The micro-
structure of all the samples consists of the equiaxed primary
o phase, lamellar secondary a phase and S phase. (2) The
diameter of the primary o phase in the pre-deformed sam-
ples is evidently reduced compared with the sample that
was aged directly after solution treatment (without
pre-deformation). (3) The amount of the lamellar secondary
o phase considerably increases as the pre-deformation
strain increases from 0.00 to 0.07, and its size decreases
gradually. Thus, the pre-deformation for Ti-6AI1-4V alloy
after solution treatment can promote the precipitation of the
secondary a phase during the aging process.

Fig.5a and 5b illustrate the optical microstructures of
Ti-6Al-4V specimens that were aged at 500 °C for 4 h with
0.00 and 0.07 pre-deformation, respectively after solution
treatment at 955 °C. The microstructures with 0.00 and 0.07
pre-deformations consist of a spot of the equiaxed primary
o phase, lamellar secondary a phase and  phase. Compared
with the optical microstructure of the sample without
pre-deformation, the size of the secondary a phase in the
pre-deformed samples is gradually reduced. Evidently, after
solution treatment at 955 °C, the promoting efficiency of
pre-deformation on the precipitation of the secondary a
phase is weaker than that at 940 °C.

In the pre-deformation process, dislocations, distortion
energy, and vacancy-type defects are produced in the solu-
tion-treated When the
pre-deformed Ti-6A1-4V alloys were subjected to aging, the
lamellar secondary o phases may nucleate in the regions

alloys. solution-treated and

with high dislocation density to reduce the energy barrier of

1 Therefore, the defect produced during

nucleation
pre-deformation provides more nucleation positions for the
precipitation of the secondary a phase during the subse-
quent aging process, i.e., the pre-deformed sample exhibits
a high nucleation rate. The secondary a phase easily nucle-
ates in the defect position, and the a phase gradually occu-
pies the dislocation position, thereby decreasing the dislo-
cation density of these components, and the strain energy
stored in the original dislocation is gradually released when
the dislocations disappear. The released energy reduces the
energy barrier of the nucleation and growth of the secon-
dary a phase, which is beneficial for the decomposition of
the supersaturated solid solution and is a driving force of
phase transition''”!. The decomposition of metastable phases
(a' martensite or metastable ) in titanium alloy belongs to
diffusive transformation. The diffusion-type phase trans-
formation requires channels, and defects, such as vacancies
and dislocations, produced during pre-deformation provide
channels for the diffusion of atoms, which are conducive to
the precipitation of the secondary a phase during the aging
process”.
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Fig.3 XRD patterns of Ti-6Al-4V: (a) solution treatment at 940 and 955 °C for 30 min and water cooling, (b) solution treatment at 940 °C

for 30 min and aging at 500 °C for 4 h with various pre-deformations, and (c) solution treatment at 955 °C for 30 min and aging at

500 °C for 4 h with various pre-deformations
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Fig.4 Optical micrographs of Ti-6Al-4V samples aged at 500 °C for 4 h after solution treatment at 940 °C with different pre-deformations:

(a) 0.00, (b) 0.03, (c) 0.05, and (d) 0.07

40 um

Fig.5 Optical micrographs of Ti-6Al-4V samples aged at 500 °C for 4 h after solution treatment at 955 °C without (a) and with 0.07

pre-deformation (b)

The existence of dislocations reduces the diffusion bar-
rier of solute atoms and facilitates the diffusion of atoms.
Thus, the kinetic process of phase transition in the secon-
dary a phase is accelerated'”). Therefore, more defects ap-
pear in the crystal of the solution-treated alloy when
pre-deformation is large, and the secondary a phase after
aging is small under the same conditions. The microstruc-
tures of the lamellar martensite obtained after solution
treatment at 955 °C are larger than that after solution
treatment at 940 °C, which results in poor plasticity. During
subsequent pre-deformations, deformation is conducted by
the equiaxed primary a phase, and fewer dislocations and
other defects are observed in martensite. Thus, when the
solution temperature is 955 °C, the promoting efficiency of

pre-deformation on the precipitation of the secondary a
phase is weaker than that at 940 °C. The metastable phase
obtained from the solution-treated Ti-6Al1-4V alloy is
mostly the o' phase, and the metastable f phase is rare. Us-
ing the decomposition process of the o' phase as an exam-
ple, the schematic of the nucleation and growth of the sec-
ondary a phases of Ti-6Al-4V alloy without and with
pre-deformation is shown in Fig.6.
2.3 Effect of pre-deformation on mechanical prop-
erties of Ti-6Al1-4V Alloy
Fig.7a and 7b show the effect of pre-deformation after
solution treatment at 940 °C on the mechanical properties
of Ti-6Al1-4V alloy. The results indicate that the yield
strength (oy,), ultimate tensile strength (o,), and hardness
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Fig.6 Schematic of nucleation and growth of secondary a phase

in Ti-6Al-4V alloy without and with pre-deformation

gradually increase with the increase of pre-deformation
value; simultaneously, excellent plasticity is maintained.
Strength considerably increases when pre-deformation in-
creases from 0.00 to 0.03. The increments of o, and o, are
approximately 11.73% and 8.93%, respectively. Strength
increases slowly under the same aging treatments as
pre-deformation continues to increase from 0.03 to 0.07.
When pre-deformation increases to 0.07, the maximum
values of strength and hardness are obtained. The g, , and oy
of the pre-deformed samples increase by approximately 136
and 114 MPa, respectively, compared with that of the
un-pre-deformed samples with the same aging treatments.
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Fig.7 Static toughness (a), microhardness (b), and strength and plasticity (c) versus pre-deformation of Ti-6Al-4V alloy after solution

treatment at 940 °C for 30 min (Ux denotes total static toughness, U, denotes static toughness before necking, and U, denotes the

static toughness of the plastic deformation stage)

Evidently, the strength of the pre-deformed samples is lar-
ger than that of the samples without pre-deformation. The
tensile strength of the pre-deformed alloy can reach more
than 1200 MPa, which is close to the level of ultrahigh
strength (0,>1250 MPa). This result cannot be achieved via
conventional heat treatment including solution and aging.
Fig.7c presents the relationship between pre-deformation
and static toughness. As shown in the figure, all the static
toughness values of Ti-6A1-4V alloy with pre-deformation
increase due to the increase in strength, and plasticity re-
mains excellent.

Fig.8a and 8b illustrate the effects of pre-deformation
after solution treatment at 955 °C on the strength, micro-
hardness, and ductility of Ti-6Al1-4V alloy. The two dia-
grams show that the tensile strength and microhardness of
the pre-deformed and aged samples are higher than those of
the aged pre-deformation. When
pre-deformation is conducted, the yield strength o, and ul-
timate tensile strength o, increase by approximately 25 and

sample  without

18 MPa, respectively, but the increment in strength is con-
siderably lower than that of the sample that is solu-
tion-treated at 940 °C (Fig. 7a). No evident change in the
elongation J and reduction of the area y of the
pre-deformed samples are observed compared with the

un-pre-deformed samples with the same aging treatments.
As presented in Fig.8c, the static toughness values of
Ti-6Al1-4V alloy increase with pre-deformation.

As shown in Fig.4 and Fig.5, dislocations and distortion
energy are produced in the solution-treated alloy during
pre-deformation, which increase the nucleation rate of the
secondary a phase during aging. When the supersaturated
solid solution has numerous defects, the secondary a phase
after aging is small under the same conditions. Moreover,
when the content of the secondary a phase is high, the pre-
cipitation enhancement triggered by secondary a phase is
strong; thus, the strength of Ti-6Al1-4V alloy increases with
pre-deformation. In addition, given that the diameter of the
primary a phases in the pre-deformed samples is smaller
than that in the un-pre-deformed samples, the effect of fine
grain strengthening can be increased, which also increases
the strength of the pre-deformed samples'* *'

As shown in Fig.5, when solution temperature is 955 °C,
the promoting efficiency of pre-deformation on the precipi-
tation of the secondary a phase is weak; thus, the micro-
structure of the aged sample with 0.07 pre-deformation is
slightly different from that of the sample without
pre-deformation. In addition, the increments in strength are
relatively small, and the elongation J and reduction of the



Wang Shuliang et al. / Rare Metal Materials and Engineering, 2020, 49(7): 2198-2206 2203

400 =
1200 F i o c
7 @ 350+ (I v, 334
1000 [ =, % % S0 B Saof 20 NNuo
& -, |7 S x 5 > B v,
= 8001 N\ % i g 250
ED 600 m'/’ % g‘ ; 300+ ‘:20: 5,200 -
5 / g 8 g
Z 4001 % H S = 150F
% S250F B £ 100F
0 - 200 0

(=}

Pre-deformation/%

Pre-deformation/%

Pre-deformation/%

Fig.8 Strength and ductility (a), microhardness (b), and static toughness (c) of Ti-6Al-4V alloy after solution treatment at 955 °C for

30 min

area y present no evident change. When pre-deformation
increases from 0.00 to 0.07, the elongation and reduction of
the area remain under excellent condition in the Ti-6Al-4V
samples solution treated at 940 and 955 °C with the same
aging treatments (Fig.7a and 8a), even if strength markedly
increases (Fig.7a). This finding may be attributed to the fine
microstructure of the pre-deformed samples. Thus, more
grains bear deformation, and stress does not concentrate
locally, which causes cracks to appear prematurely. More-
over, dislocation density in the solution-treated and
pre-deformed samples decreases with the precipitation of
the a phase during aging. This condition is another reason
for the excellent plasticity of the pre-deformed and aged
samples. Song et al'”!
of the aged samples with pre-deformation may be related to

reported that the excellent plasticity

the formation of massive fractions of parallel o platelets. As
schematically shown in Fig.9, a dislocation cannot easily
slip into the matrix with interlaced a platelets (Fig.9a), but
it can easily slip into the matrix with parallel a platelets
(Fig.9b). Therefore, the formation of parallel a platelets
during aging may be beneficial for improving the ductility
and static toughness of Ti-6Al1-4V alloy. In the current

o platelets b

aw/
=

Fig.9 Schematic diagram of the effect of the variant selection of
a platelets on dislocation evolution: (a) without effect and
(b) with variant selection effect (DS denotes dislocation

source) (i

study, a large number of parallel a platelets are not ob-
served in the aged samples with pre-deformation compared
with the microstructure of the aged samples without
pre-deformation. Therefore, the contribution of parallel a
platelets to plasticity improvement may be insignificant.

2.4 Fracture morphology

Fracture surfaces were observed via scanning electron
microscopy (SEM) to gain an insight into the influence of
pre-deformation on fracture behavior after stretching in
Ti-6A1-4V alloy. Fig.10 shows the macroscopic fracture
morphology of Ti-6A1-4V samples after solution treatment
at 940 °C and aging at 500 °C for 4 h with various
pre-deformations. At room temperature, the tensile fracture
surfaces of all the specimens are cup-cone shaped. The
fracture surfaces are composed of the fiber region at the
center and the shear lip region at the edge (Fig.10b), but the
radiation zone cannot be observed clearly. The fiber region
is separated from the shear lip by a distinct boundary. This
region is dark gray without metallic gloss, and does not ex-
hibit a granular appearance. These characteristics indicate a
ductile fracture. The shear lips of all the specimens are
smooth at 45° in the direction of the tensile axis and ac-
count for a small proportion of the total fracture area
(Fig.10b). These characteristics indicate a typical severed
fracture.

Fig.11 illustrates the microscopic fracture morphology of
the fiber region of the Ti-6Al-4V samples after solution
treatment at 940 °C and aging at 500 °C for 4 h with vari-
ous pre-deformations. The figure clearly shows that the fi-
ber region of all the samples consists of a large number of
dimples, indicating that the fracture modes of all the sam-
ples are primarily ductile fracture. The dimples of the sam-
ples with 0.05 pre-deformation are shallower and denser
than those of other samples, indicating that the ductility of
this sample is poor. This result is consistent with that shown
in Fig.7a and may be attributed to the large length-to-width
ratio of the lamellar a phase, which results in the poor plas-
ticity of the sample. The fractographs show that many holes
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Fig.10 SEM images of fracture surfaces of Ti-6Al-4V samples solution treated at 940 °C and aged at 500 °C for 4 h with different

pre-deformations: (a) 0.00, (b) 0.03, (¢) 0.05, and (d) 0.07

Holes

Fig.11

SEM images of fracture surfaces of fiber region of Ti-6Al-4V samples solution treated at 940 °C and aged at 500 °C for 4 h with

different pre-deformations: (a) 0.00, (b) 0.03, (¢) 0.05, and (d) 0.07

exist in the fiber region of all the samples due to the dislo-
cation accumulation at the interface between the a phase
and the f matrix, thereby leading to stress concentration
and the nucleation and formation of holes at the a/f phase
interface 2.

Fig.12a and 12b show the macroscopic fracture mor-

phologies of the Ti-6Al-4V samples after solution treatment

at 955 °C and aging at 500 °C for 4 h with 0.00 and 0.07
pre-deformation, respectively. Similar to the tensile fracture
surfaces of the specimens with a solution temperature of
940 °C, the tensile fracture surfaces of the two specimens
after solution treatment at 955 °C exhibit a cup-cone shape
after stretching at room temperature. The fracture surfaces
are also composed of the fiber region at the center and the
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800 um

Fig.12 SEM images of fracture surfaces of Ti-6Al-4V samples solution treated at 955 °C and aged at 500 °C without (a) and with 0.07

pre-deformation (b)

shear lip region at the edge. The fiber region is separated
from the shear lip by a distinct boundary, thereby indicating
ductile fracture characteristic.

Fig.13 illustrates the microscopic fracture morphology of
the fiber region of Ti-6Al-4V samples after solution treat-
ment at 955 °C and aging at 500 °C for 4 h with different
pre-deformations. Evidently, dimples prevail in the entire
fracture surface of the two specimens without and with
pre-deformation, which indicates that the fracture modes of

these samples are trans-granular ductile fracture. No sig-
nificant difference is observed in the depth and size of the
dimples in the fiber zone because the microstructures of the
two samples are similar (Fig.13). The fractographs also
show that numerous micro-holes exist in the fiber region of
the two samples probably due to the dislocation accumula-
tion at the interface between the a phase and f matrix,
which leads to stress concentration and the nucleation and
formation of micro-holes at the a/f phase interface'*.

Fig.13 SEM images of fracture surfaces of fiber region of Ti-6Al-4V samples solution treated at 955 °C and aged at 500 °C without (a)

and with 0.07 pre-deformation (b)

3 Conclusions

1) The size of the primary a phase decreases when
pre-deformation is conducted on Ti-6Al-4V alloy after so-
lution treatment, and the pre-deformation is beneficial for
promoting the precipitation of the secondary a phase during
the aging process. The increase in pre-deformation amount
increases the content of the secondary a phase but decreases
its size.

2) The strength, hardness, and static toughness of
Ti-6Al-4V alloy increase after aging with pre-deformation,
and the tensile strength and hardness of Ti-6Al1-4V alloy
with pre-deformation are evidently higher than those of
Ti-6Al-4V alloy without pre-deformation. Simultaneously,
excellent plasticity is maintained, and the fracture modes of

all the samples with different pre-deformations are ductile
fracture.

3) When the solution temperature is 940 °C, the promot-
ing efficiency of pre-deformation on the precipitation of the
secondary a phase is higher than that at 955 °C, and the in-
crement in the strength, hardness, and static toughness of
Ti-6Al1-4V alloy is considerably higher than that of the
sample solution-treated at 955 °C.
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T3 Ti-6A1-4V S & IT AT ZFEEERI R

TR DR, AP, RENGE !, T MRWE T, ) W, AP, SR, el HAMA
(1. VHRgA R, PU)IL @l 610500)
2. BITR% MAAMEERE S, i E] 361005)
(3. FEMRH TR KY: A S BRI E S =, T A 541004)
(4. BMMTRB I EBRAWITELAT, SN 18X 563003)
(5. PmgaCi@ 2%, Uil B#R 610031)

B OE: WU T RS TR BN Ti-6A1-4V & &I AT AR ) A ERE R . 25 KR W] . AR 940 FN 955 °C Il v Ak BE S AT il
B, A LAEE I SO AR A N o BONTHY . AE 940 CREVEAFLE, BEE HUSIE RN, WSS S M o SRR, o A
JOFIN B G SR B AN AT FE 8 0 o 76 B 28040 BT 2 7 HEAT TRAR T W] LA UE 4R i & S M Brhr AR sm B AR 2, b e A B R4 LU R A7 11
FITE . AEXFERE R 940 C, Ti-6Al-4V G 47E 955 CIHIEALHL G BAT PR TN T4 5 & 4 i BE R B I AOR A B3 . R
FEF48 E B K AR ) AR A0 2 A B S 1 A 4 ISR T T 40T

KHEIA: Ti-6Al-4V &G4 TARIE; B J1EMERe

fEF RN B2, Y, 1978 4F4:, 5, EIZUR, WM KEMER L TR, WU %# 610500, Hi%: 028-83037417,
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