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Abstract: The influence of pre-deformation on phase transformations, microstructures and hardening response in near £ Ti alloy Ti-

5AI-3Mo0-3V-2Cr-2Zr-1Nb-1Fe (wt% ) during aging treatment was studied. The results show that obvious a phase refinement and

stronger age hardening effect can be achieved when the alloy is slightly deformed before aging treatment. Because the formation of

intermediate phases (O', w and O") suppresses long-range stress induced martensitic transformation and mechanical twinning, the

alloy is mainly deformed via dislocation slipping during loading. Large numbers of crystal defects are generated during pre-

deformation. With increasing the pre-deformation, the number density of dislocations increases gradually. These crystal defects
generated by pre-deformation may partly annihilate upon early aging, but the precipitation of a can also be promoted, resulting in
refined o precipitates. In the sample with 5% pre-strain, the average thickness of a precipitates decreases by 57% after aging at 600 °C
compared with the sample without pre-strain, and the number density increases from 7.0£1 laths/um® to 22.0+3 laths/um® Some
platelet-shaped a phases form when the samples experience comparably large pre-strains such as 12% and 20%. It proves that the
refined o precipitates and better hardening effect can be achieved by pre-deformation plus aging treatment for titanium alloy.
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Near f Ti alloy has received considerable attention in
aerospace field due to its high specific strength, good corro-
sion resistance and excellent hardenability for manufacturing
landing gear, fasteners and other structural components’ .
These outstanding mechanical properties are primarily caused
by a precipitation in S matrix, which closely depends on
morphology, size, volume fraction and distribution of «
phase™® . Therefore, the influence of phase transformations
kinetics on microstructures and mechanical properties of
titanium alloy has become an attractive topic in recent years.

Numerous works are concentrated on controlling a precipi-
tation to achieve excellent mechanical properties by adjusting

[7-9

heat treatments, such as two-step aging treatments'” and slow

10-11]

heating to aging temperatures'®'". In comparison with con-
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ventional heat treatments, some investigations'
that refined microstructures and specific o variant can be
obtained via thermomechanical treatments, due to the effect of
grain boundaries and crystal defects. These crystal defects
generated by thermomechanical treatments, i.e., dislocations
and vacancies, can significantly promote a phase precipitation
upon aging""*
tion site for intragranular a precipitates and facilitate
growth. Dong et al® observed that plenty of dot-like a
precipitates are distributed non-uniformly nearby dislocations,
and argued that the dislocations play a key role in the

). They provide additional preferential nuclea-

formation of V-shaped or triangular « clusters. Liu et al®” also
reported the phenomenon of heterogeneous precipitation
along the dislocations, which serve as effective nucleation
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sites. Li et al®” discussed that the formation of ultrafine «
precipitates in cold-rolled and annealed sample is attributed to
the fact that the high density of dislocations and vacancies
accelerate o transformation. It has been well known that the
[ — o transformation involves atom diffusion and displacive
processes””. The diffusion of atoms insures required local
composition for o precipitation, and the displacive process
contributes to lattice structure reconstruction of a phase.
During the structure reconstruction, dislocations and apparent
transformation strains associated with a precipitation appear.
They can greatly affect the morphology characteristics of «
precipitates and variants selection™ ). Specific local micro-
structure can be formed to accommodate the external strain.
For example, the {112}, <111>; slip system is favor to the
selection of o variants with (1100), parallel to the slip plane
and the [1120], parallel to the slip direction™”. Hua et al®
found that in Ti-7Mo-3Nb-3Cr-3Al alloy, the o precipitates in
special regions have larger aspect ratio under isothermal
compression treatments. Therefore, it is reasonable to suspect
that the morphology characteristics of a can be remarkably
changed when pre-deformation is conducted before aging
treatment. The strategy of imposing external strain or pre-
strain prior to aging should be effective to control micro-
structures and to optimize mechanical properties.

Although the influence of crystal defects on a variants
selection has been investigated, the correlations between the
number density of crystal defects and a precipitate
characteristics are still unclear. The underlying mechanisms of
defectsassisted o precipitation and mechanical properties
improvement are not given. Hence, the objective of this work
is to elucidate the impact of pre-deformation on phase
transformations and microstructure evolution upon aging in
titanium alloy.

1 Experiment

Initial material was supplied by Northwest Institute for Non-
ferrous Metal Research, China®. The ingot was hot-rolled
in a+f zone temperature range into @20 mm bars. Detailed
chemical composition of this alloy has been reported””,
which is Ti-5.02A1-3.03M0-2.99V-2.06Cr-2.01Zr-1.37Nb-
0.99Fe (wt% ), named as Ti-5321. The f— a transformation
temperature of Ti-5321 alloy is 860+5 °C, and its [Mo] is 6.06.

Solution treatment was performed at 900 ° C for 0.5 h
followed by water quenching. The as-quenched samples were
slowly heated to 375 °C at 10 °C/min and water quenched.
The pre-deformation of samples was realized by tensile
deformation at a strain rate of 4.63x10* s', and different
number densities of crystal defects were developed through
changing the pre-strains, including 5%, 12%, 20% and 30%.
To record the strains, an extensometer was loaded upon tensile
tests. Electron back-scattered diffraction (EBSD) examina-
tions were carried out for these strained samples using Oxford
Nordly max3 system with HKL-Channel 5 software. The
micro-hardness of samples was measured by Vickers hardness
tester at a load of 0.98 N for 10 s. Ten points were tested to get
the average values and error bars. Phase constituents were

analyzed by X-ray diffraction (XRD). For the aging treatment,
pre-deformed samples were put into the furnace to preheat to
600 °C for 8 h followed by water quenching. Differential
scanning calorimetry (DSC) measurements were conducted on
Netzsch STA449F3 calorimeter at 10 °C/min to study phase
transformations. The reflections of intermediate phases in f
were simulated by CrystalMaker and SingleCrystal software.
After aging at 600 °C, these samples were ground, polished
and etched to reveal microstructures. Standard Kroll’s reagent
(10 mL HF+30 Ml HNO,+70 mL H,0O) was used to etch
samples. The microstructures of samples were observed by
JSM-6010 scanning electron microscope (SEM) and
transmission electron microscope (TEM). TEM foils were
prepared by twin-jet eletro-polishing under 30 V at —40 °C,
and TEM observations were performed on JEM 2100 at 200
kV. The size and number density of a precipitates were
calculated by Image-Pro-Plus software.

2 Results

2.1 Initial microstructure

The microstructure of the f -quenched sample has been
studied previously, in which plenty of equiaxed f grains with
an average size of 185 um are developed. Within these f
grains, intermediate phases O’ and w-embryos exist. When the
S -quenched sample is heated to 375 °C, a large number of
parallel striations appear in f matrix, as shown by black
contrast in bright field (BF) TEM image (Fig.1a). This should
be caused by S spinodal decomposition. Except for the
diffractions of # phase, obvious reflections of intermediate
phases are found in the selected area electron diffraction
(SAED) pattern recorded along [113], direction (Fig.1c). The
reflections located at 1/3 and 2/3 (211), positions belong to
isothermal @ phase, which is referred by white contrast. The
reflections located at 1/2 (21T)/, positions and highlighted by
yellow contrast come from the O’ phase. The isothermal @
phase is transformed by the {11 1}[11 1], collapse mixed with
solute diffusion, and the development of O’ is ascribed to the
{110} <1T0>[f shuffle mechanism. By selecting the circled
reflections, the dark field (DF) TEM image (Fig.1b) shows the
uniformly distributed isothermal e precipitates with average
diameter of 5 nm. It is noted that there are some additional
reflections at 1/3 and 2/3 (ITO)ﬂ positions, as highlighted by
red contrast. In SAED patterns viewed along [001], (Fig. 1d)
and [111], (Fig. 1e) directions, the reflections located at 1/3
and 2/3 (110), positions are also found. The phase diffraction
intensity profile (Fig.2) recorded along the dash line in Fig.1d
evidences clearly the existence of such additional reflections.
These reflections are thought to come from O” phase, and the
identification of O” phase is discussed in detail.

As reported in Ref.[31-33], the O” phase has ordered face
centered orthorhombic structure, and belong to Fmmm space
group. Ordering occurs every three {001}, atom planes. To
study the crystal structure of O” phase in this alloy, TEM
observations were performed, as shown in Fig. 3. Plenty of
ellipsoidal O” domains are uniformly distributed in 5 (Fig.3a),
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Fig.1 TEM images of Ti-5321 alloy slowly heated to 375 °C: (a) BF and (b) DF TEM showing the distribution of w particles; SAED patterns

recorded along [113], (c), [001], (d), and [111], (e) directions

=
<
B
&
Q
=
[0 ld o
(000)/, 1/3 . 2/3 (110)5
Location

Fig.2 Intensity profile along the dash line between (000), and (110),
marked in Fig.1d

and their average diameter is measured to be 3+0.6 nm. Based
on SAED patterns, the orientation relationships between O”
and f obey [100],//[100],,, [110],/[010],,, [111],//[110],. and
[113]//[310],, . Based on high-resolution TEM (HRTEM)
observation, it is noted that the lattice parameters of O" are
also closely related to that of S phase (Fig.3c), which obey a,,.
=a,, bo,,=«/§ b, and co,,=3ﬁ ¢;. The fast Fourier transformation
(FFT) of the area circled by yellow dash lines and their
corresponding inverse fast Fourier transformation (IFFT)
patterns are also shown in Fig.3d and 3e, respectively. Using
CrystalMaker and SingleCrystal software, the O" lattice
structure is constructed (Fig. 3b), and the simulated SAED
patterns along different directions are obtained (Fig.4). The O”
reflections are indicated by red contrast, and the £ reflections
are indicated by black contrast. As discussed in Ref.[33], the
formation of O” phase might be due to the Al atom
enrichment in local regions. In titanium alloys, the content of
Al elements should be lower than 6wt%, because short range

order and/or TiAl intermetallic compound will be formed once
the Al content exceeds 6wt%. In this work, the Al content is
Swt% in Ti-5321 alloy. When the O" domains are developed
accompanied by the O" and isothermal w precipitates, the Al
atoms are excluded from O’ and w precipitates during aging.
This will lead to the Al atom enrichment in neighboring local
regions, which is conducive to O"" domain formation.

2.2 Pre-deformation of samples

Tensile curve and corresponding strain hardening rate curve
of the sample heated to 375 °C are presented in Fig.5. It is
noticed that there should be no mechanical twinning or stress
induced phase transformations during deformation, because
the activation of mechanical twins and/or stress induced phase
transformations will result in abrupt increment of strain
hardening rate during early deformation stage. The sample
shows that typical dislocations slipping mechanism is
dominated deformation behavior upon loading. The yield
strength, ultimate tensile strength and fracture elongation of
sample are 862+5 MPa, 8734 MPa and 30%+2%,
respectively. During tensile deformation at 5% —20% strain,
the strain hardening rate is about 1 GPa.

Wu et al® has studied the deformation behavior of Ti-5321
alloy in f -quenched state, and argued that dislocations
slipping, crystal rotation and stress induced o' martensite
transformation mechanisms dominate its deformation
behavior. When slowly heated to 375 °C, three intermediate
phases O', O” and isothermal w are formed. The O" phase
with ordered structure can efficiently suppress the stress
induced " martensite transformation. Combined with the
effect of O’ and isothermal w, the sample should deform
primarily through dislocation slipping. The interactions of
these intermediate phases with dislocations upon loading are
unclear, which will be studied in future.
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DF TEM image of O"” domain distribution (a); schematic illustration of the structure of f with O” cell (b); HRTEM image of the lattice

structure in O” domains (c); FFT (d) and IFFT (e) patterns of the circled regions in Fig.3¢c
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Fig4 Simulated SAED patterns of O” in £ phase along [001], (a), [111], (b), [011], (c), and [113],(d) directions

To clarify the deformation mechanisms of this sample, the
microstructure in regions nearby fracture surface is carefully
studied. XRD patterns (Fig.6) show that there is only f phase
after fracture without o'" martensite. The phase constituents of
sample before tensile deformation are also given for
comparison. It evidences that the sample is actually deformed
via dislocations slipping mechanism. To investigate the
influence of dislocations on promoting « precipitation, the
samples were pre-deformed to various tensile strains, as
shown in Fig.7. At pre-strain of 5%, the dislocation traces in
two directions can be clearly found (Fig. 7b). With further

increasing the strain, the number density of dislocation traces
is greatly increased, as shown in Fig.7c—7d. These deformed
microstructures are further analyzed by EBSD, and it is found
that no twins or stress induced phase transformations appear
within f grains. In the sample with 5% pre-strain, parallel
dislocation traces are observed in the inverse pole figure (IPF)
and image quality (IQ) map, as shown in Fig.8a—8b, and the
phase map shows that there is only S phase without o
martensite (Fig.8c). Similar observations are also found in the
sample with 20% pre-strain (Fig. 9). Plenty of parallel

dislocation slipping traces are observed. Even though there is
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Fig.6 XRD patterns of tensile samples before and after deformation

larger number density of dislocations in the IPF and I1Q map
shown in Fig.9a—9b, no twins or o” martensite appear. The
corresponding phase map (Fig. 9¢) presents only /S phase
without o martensite. For the deformed samples, the local
strain is primarily accommodated by the dislocations slipping,
as indicated by their corresponding kernel average
misorientation (KAM) maps (Fig.8d and Fig.9d).
2.3 a precipitation upon aging

Fig. 10 shows the microstructures of samples with various
pre-strains after aging at 600 °C. A dense and uniform distri-
bution of a precipitates can be observed in all samples, and
slight deformation prior to aging treatment is beneficial to

Fig.7 Microstructures of samples with pre-strains of 0% (a), 5% (b), 12% (c), and 20% (d)

microstructures refinement. Compared with the undeformed
sample (Fig. 10a), a precipitates have smaller size and larger
number density in these deformed samples. With 5% pre-
strain (Fig. 10b), the average length and thickness of «a
precipitates drop from 0.67+0.23 and 0.14+0.02 pm to 0.25+
0.02 and 0.06+0.01 pm, respectively (57% reauction in
thickness). The number density of o precipitates greatly
increases from 7.0+l laths/um® to 22.0£3 laths/um®. The

features of a precipitates in samples with various pre-strains
are summarized in Table 1. It is worth noting that the
thickness and number density of a precipitates seem to be
unchanged, and the length and aspect ratio decrease
continually with increasing the pre-strain. To characterize the
morphology changing of o phase, the microstructures of
samples with 5% and 20% pre-strains are comparatively
studied, as shown in Fig.11. In the sample with 5% pre-strain,
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Fig.8 IPF map (a), IQ map (b), phase map (c), and KAM map (d) of sample with 5% pre-strain

Fig.9 IPF map (a), IQ map (b), phase map (c), and KAM map (d) of sample with 20% pre-strain

the aspect ratio of a phase is 4.2+1, and it is reduced to 2.3+
1.2 in the sample with 20% pre-strain. This suggests that the
pre-deformation facilitates a precipitate globularization upon
aging.

In the samples with 12% and 20% pre-strains, a large
number of platelet-shaped a phases with large aspect ratio are
noticed, as indicated by red arrows (Fig. 10c — 10d).
Dislocations of large number density should be generated in
such two samples after pre-deformation, and they can reduce
a phase nucleation energy barrier and facilitate a growth
along the dislocations direction. When the o phase nucleates

at dislocations during aging, it may grow up along the
dislocations, leading to formation of platelet-shaped a phase.
Therefore, the platelet-shaped a formation should be caused
by the number of dislocations upon pre-deformation.
Micro-hardness of the samples with various pre-strains after
aging at 600 °C is given in Fig.12. With increasing the strain,
the micro-hardness of alloy increases gradually, and the
minimum and maximum values are obtained when the pre-
strains are 0% and 30%, respectively. For the sample without
pre-strain, its micro-hardness is measured to be 2058.0+49.0
MPa. While the micro-hardness of sample with 30% pre-strain
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Fig.10 SEM images of samples with different pre-strains after aging at 600 °C: (a) 0%, (b) 5%, (c) 12%, and (d) 20%

Table 1 Features of a precipitates in samples with different pre-strains after aging at 600 °C

Parameter 0% 5% 12% 20%
Length/um 0.67+0.23 0.25+0.02 0.19+0.03 0.16+0.05
Thickness/pm 0.14+0.02 0.06+0.01 0.07+0.02 0.07+0.02
Aspect ratio 4.8+£2.5 4.2+1.0 2.7£1.3 2.3+1.2
Number density/laths-pm™ 7.0£1.0 22.0+3 21.0£2.0 24.0+£2.0

Fig.12

Fig.11

[=]

0o 5 12 20 30
Strain/%

Micro-hardness of samples with different pre-strains after

aging at 600 °C

Comparison of a precipitates in samples with pre-strains of 5% (a) and 20% (b)

increases up to 2616.6+88.2 MPa. This suggests that the
crystal defects induced by pre-deformation can actually result
in larger age hardening effect.

3 Discussion

DSC curves of the samples with different pre-strains during
slow heating at 10 °C/min are shown in Fig.13. It is noted that
these samples experience the same phase transformation
sequences. For the sample with 5% pre-strain, the «
precipitation occurs from 365 ° C to 457 ° C. Before the
exothermic peak of a precipitation, there is an endothermic
event at 319-362 °C, which should be caused by the recovery
of sample and dislocations annihilation. With increasing the
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Fig.13 DSC curves of samples with different pre-strains during
heating at 10 °C/min

strain, the a precipitation temperature range is not affected,
but the temperature of dislocations annihilation is obviously
reduced. When the strain increases to 12%, the temperature of
such endothermic peak decreases to 202 °C. For the sample
with 20% pre-strain, it is further reduced to 196 °C. The
enthalpy value of endothermic reaction in samples with 12%
and 20% pre-strains is apparently larger than that in sample
with 5% pre-strain.

It is argued that the nucleation of a phase is mainly via O'-
assisting mechanism upon aging in T-5321 alloy, and the O’
can also be transformed to a colonies directly™ ", Based on
the results above, it can be known that the dislocations can
effectively refine a precipitates during aging and result in
higher micro-hardness (Fig. 12). To study the precipitation of
o phase, TEM observations are performed. When the pre-
deformed sample is heated to 430 °C at 10 °C/min, a large

* .
(200)s

. ®
1‘10(m .

Fig.14 BF TEM image of the sample with 5% pre-strain heated to
430 °C with the inset SAED pattern along [100], direc-
tion (a); DF TEM image showing co-existence of O and o (b)

number of O" domains co-exist with a needles (Fig. 14). This
evidences that o precipitation is indeed via O'-assisted
nucleation mechanism. a needles tend to form at the O" phase
interfaces. It has been accepted that the intermediate phases do
not necessarily act as the precursor of @, which reduces the
energy barrier for o nucleation by acting as favorable
nucleation sites™.

As the pre-strain is increased from 0% to 5%, apparent
refinement of o precipitates occurs in the aged samples, the
average thickness of a precipitates decreases from 0.67+0.23
pum to 0.25+0.02 um, and the number density increases from
7.0+1 laths/um’® to 22.0+£3 laths/um’. This indicates that the
tensile deformation before aging treatment is actually
effective to refine microstructures and to improve mechanical
properties, which is consistent with other works"*'”. When
such pre-strain further climbs to 12%, the thickness and
number density of a phase have little changes. Detrimental
platelet-shaped a phase is formed, leading to mechanical
anisotropy in samples. It is thought that most dislocations
induced by pre-deformation will annihilate and disappear
before a precipitation during aging, leading to obvious
endothermic reaction prior to a transformation. Therefore, it is
thought that these dislocations might play both direct and
indirect roles in affecting a phase nucleation and growth. The
dislocations may promote the formation of intermediate
phases upon early aging and generate more heterogeneous site
for a precipitation. For the Ti-5321 alloy, it is suspected that
the dislocations promote the development of O’ domains
during early aging stage, and the o precipitation is promoted.
The influence of O’ phase on promoting a nucleation behavior
has been discussed in detail in other work®".

4 Conclusions

1) Since the development of intermediate phases O', w and
O" suppresses stress induced martensitic transformation and
mechanical twinning, the sample of Ti-5321 alloy deforms
mainly through dislocations slipping mechanism. With
increasing the prestrain, the amount of crystal defects
increases gradually. These pre-deformed samples experience
the same phase transformations during aging.

2) In comparison with sample without pre-deformation,
obvious a refinement and larger hardening effect are realized
by the pre-deformation plus aging treatment. For the sample
with 5% pre-strain, the average thickness of a precipitates is
reduced by 57% after aging at 600 °C, and the number density
is increased from 7.0+1 laths/um’ to 22.0+3 laths/pum’.

3) The a precipitates nucleate via the O'-assisted
mechanism during aging in Ti-5321 alloy. The crystal defects
generated by pre-deformation can effectively promote the
formation of intermediate phases upon early aging and
provide more heterogeneous nucleation sites for a precipitates.
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W OE. WA T AN LS 4 Ti-5A1-3Mo-3V-2Cr-2Zr-1Nb-1Fe TR0, %) FENS AL R A AHAR « 4RO 4E 29 % 58 Ak i N7 1) 5
M. ZEHRW, A &G TR S BT I O AT ASRAG I AN I o A S TR L I R BOR . BT RIAH O . o A ORI A

TARTER 7755 IRAARAZ L AT

AR R R B A ERE U] . TR 7 A KR A R, B TR T B

WK, U BB BT Ao K p TR TR 7 A 1 A SR S TE B I A K, AR AT SR BE S o ARATT HY . SERL e AHAIAL . 5
RINASTE HORE S AR L, TRASTE 2R 5% IR SLTE 600 C I 385 o HH 1K S35 56 B 2 N B8 57%, 1 AR %5 % 7.0 laths/pum’® b7 %5 22,043
laths/um’. TR BRI, U1 12% F120%, S IAR 2RI oAl X UEITAR & 448 TR J5 FE I 280 3 v] USRS AR 9 o 4 5 TR A
RIS .
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