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In this paper, the Widmanstätten microstructure in an extruded near-a titanium alloy (Ti-5.5Al-2Zr-1Mo-
2.5V) pipe was changed effectively by solid solution treatment at 920 �C for 2 h. The treatment produced
intermittent lamellar a and discontinuous a grain boundaries (aGB), and aging at 450 �C for 2 h introduced
a high density of nanosized secondary a (as). The microstructure consisted of the lamellar a, aGB and
transformed b demonstrated a good combination of yield strength 1064 MPa and elongation 10.5%. Severe
plastic deformation occurred inside the lamellar a during the tensile process, resulting in high-density
dislocation tangles and dislocation cells. Furthermore, the stretching imposed on the tensile sample before
aging generated dislocations, which piled up near the a/b interface. Thus, a coordinated deformation
between lamellar a and transformed b, and the resultant strain partition contributed to an improvement in
the ductility. Moreover, dislocation motion was effectively obstructed near the a/b interfaces, which dra-
matically strengthened the alloy. A solid solution at a middle temperature in the a + b region and aging at a
low temperature provided an effective way to improve the strength and ductility simultaneously in titanium
alloys with Widmanstätten microstructure.

Keywords aging, near-a titanium alloy, secondary a phase, solid
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1. Introduction

Titanium and its alloys are candidate materials for the
petroleum, gas and chemical industries because of their high
specific strength, high thermal stability, good weldability and
excellent corrosion resistance (Ref 1-4). Due to the increasing
difficulties encountered in drilling processes and the rapid
development in the modern petroleum industry, there are
increased requirements for drilling tools and materials. Some
conventional drilling tools fail to satisfy the drilling require-
ments, and a range of drilling tools are designed to fulfill the
demand for specific and complex wells. Titanium alloy drill
pipes are a type of newly developed product that obtains the
unique combination of the high strength and durability of a
steel, as well as good flexibility, lightweight and good
corrosion resistance (Ref 5-7). Due to the development of
horizontal directional wells, extended-reach wells, deep-water
wells, ultradeep wells and other critical projects, an increased
yield strength for titanium alloy drill pipes is required (Ref 6-8).

The mechanical properties can be effectively and favorably
controlled by alloying and the microstructure tailored by heat
treatment (Ref 4, 9, 10).

Generally, there are four typical microstructures for titanium
alloys: equiaxed, bimodal, basket weave and Widmanstätten.
These microstructures are distinguished by the morphology and
content of the a phase (Ref 11, 12). The a phase shows three
typical morphologies, namely equiaxed, lamellar and very fine
acicular secondary a (as), which play a specific role in the
mechanical properties. The equiaxed a that forms after plastic
deformation and subsequent recrystallization annealing con-
tributes to a high ductility and high cycle fatigue resistance. The
lamellar a obtained from slow cooling in the b phase region has
very good fatigue crack propagation resistance, fracture
toughness and creep strength. The as precipitated during aging
exhibits a strengthening effect because of an increase in the a/b
interface (Ref 4, 13-15).

The most popular titanium alloy used for drill pipes is the
Ti-6Al-4V alloy, which not only possesses the same high
strength as steel drill pipes but also has a lightweight and good
corrosion resistance; nevertheless, an increased strength is
required due to increasing harsh drilling processes. Near-a
titanium alloys possess a higher strength than Ti-6Al-4V alloy
with a relatively high ductility (Ref 16). When titanium alloy
ingots are extruded into pipes, they are often not plastically
deformed to a large degree, so the strengthening measure
generally involves a subsequent heat treatment, such as solid
solution and aging treatments. The typical microstructure of an
extruded Ti-6Al-4V or near-a titanium alloy consists of large
lamellar a colonies and a continuous grain boundary a phase
(aGB) that shows Widmanstätten microstructure features. Some
investigations demonstrated that a combination of high strength
and high ductility can be achieved by generating a bimodal
microstructure composed of an equiaxed a and transformed b
matrix (bT matrix) (Ref 17-19), and a large plastic deformation
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is essential prior to heat treatment to induce equiaxed a (Ref
20). A large plastic deformation deviates from the typical post-
extrusion treatment of pipes, and thus, this is not a feasible
route. For near-a titanium alloys, a fully lamellar microstructure
can be obtained through b heat treatment. Wu (Ref 19) found
that controlling the cooling rate from the b phase region can
produce lamellar a with different thicknesses. Lütjering (Ref
21) found that a fully lamellar microstructure in an IMI834
titanium alloy had a very high fracture toughness but low
ductility. Additionally, thick lamellae in fully lamellar
microstructures improve the fracture toughness of Ti-6Al-4V
alloys since the rough profile at the crack front in a
microstructure incorporating coarse a colonies and thick
discontinuous aGB triggers a higher crack growth resistance
than that in microstructures with a thin aGB (Ref 22). The
coarse lamellar structure has a similar role in the deformation
behavior as the equiaxed structure. In titanium alloys produced
with powder metallurgy methods, coarse lamellar structures
have been traditionally adopted to improve the ductility, but
these structures sacrifice the strength (Ref 23, 24). The
morphology and size of the as are very sensitive to the aging
temperature and time. The size of as increased with increasing
aging temperature, which led to a decrease in strength and an
increase in ductility (Ref 25). Dispersed fine as precipitates in
the b matrix exhibited an increased tensile strength due to the
enormous a/b interfaces that decreased the effective slip length
of the dislocations (Ref 14, 26, 27). Mantri (Ref 28) reported a
very high tensile strength (UTS 1200-1810 MPa) in beta
titanium alloys but a low elongation of 4-6.5% using solid
solution and duplex aging treatments. Jia (Ref 29) reported an
ultrahigh strength (UTS 1421 MPa) Ti-6Al-4V alloy with a
relatively low elongation to fracture of 7.2% and a high oxygen
level of 0.52 wt.%; the alloy was produced by powder compact
forging, a solid solution treatment and aging. Hence, solid
solution and aging treatments are a possible way to achieve a
balance between strength and ductility for near-a titanium alloy
pipes.

The aim of this work is to obtain an improved combination
of strength and ductility for a near-a titanium alloy pipe
comprising Ti-5.5Al-2Zr-1Mo-2.5V through a solid solution
treatment in the a + b phase region and aging at a decreased
temperature. Prestretching with a small deformation degree

before aging was applied to increase the dislocation density.
The microstructure evolution during heat treatment was inves-
tigated using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM), according to which the
origin of the good combination between strength and ductility
was determined and is explained in detail.

2. Materials and Methods

The as-received near-a titanium specimen was an extruded
pipe with an outer diameter of 89 mm, inner diameter of
69 mm and wall thickness of 10 mm, as shown in Fig. 1. Its
chemical composition (wt.%) was 5.57 Al, 1.8 Zr, 0.83 Mo,
2.5 V, 0.038 Fe and the balance Ti. The b-transus temperature
was measured as 970 �C by the metallographic method similar
to Ref. 30; the value estimated by equation (Ref 31, 32) is
949 �C while not including the oxygen and other impurities.
The value was 972 �C acquired by differential scanning
calorimetry (DSC). Based on our experiments results, calcula-
tion and other research institutes, the a + b fi b transformation
temperature (Tb) was 970 �C.

Considering the b-transus temperature and the influence of
the holding temperature on the volume fraction and size of the
lamellar a, a two-stage heat treatment including a solid solution
treatment (ST) and aging stage (STA) was selected to tailor the
microstructure. As shown in Fig. 2, a ST at 950, 930 and
920 �C was selected to control the content and size of the
lamellar a phase through transformation of the a phase into the
b phase. To reach the equilibrium of the a and b phases, a 2-h
holding time was chosen. Water quenching after the solid
solution treatment was done to avoid the precipitation of
lamellar a and as. To generate additional nucleation sites for as
precipitation, a prestretch of 2.5% was employed before the
aging treatment. For the STA, the specimens were isothermally
held at 450 �C to precipitate as. The heat treatment processing
routes and the corresponding samples are illustrated in Fig. 2
and Table 1, respectively.

Cylindrical samples were machined from the pipe with
5 mm gage diameters and 25 mm gage lengths for heat
treatment (Fig. 1b) (Ref 11). Prestretching before aging was

Fig. 1 Schematic of the specimen: (a) extruded pipe, (b) illustration of tensile specimen machined from pipe and (c) illustration of TEM foils
machined from the part that experienced necking along the stretching direction
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performed at room temperature using a strain rate of
2.5 9 10�4 with an extensometer on an MTS Landmark
system. The yield strength (YS), ultimate tensile strength (UTS)
and elongation (EL) were also determined on the MTS
Landmark system at a strain rate of 6.67 9 10�4.

The samples for metallographic analysis with optical
microscopy (OM) and SEM examination were chemically
etched in a solution of 10% HF + 10% HNO3 + 80% H2O for
5 s after grinding and polishing. The volume fraction of the
lamellar a phase was quantified by Image-Pro Plus software.
TEM (Tecnai G2 F20 TEM system operating at 200 kV) was
also employed to observe the microstructures. The thin foils for
TEM observation were machined from the necked part along
the stretching direction (Fig. 1c) and thinned to 60 lm in
thickness. A twin-jet electropolisher was adopted to prepare the
TEM foils with a chemical solution of 6% perchloric acid and
34% n-butyl alcohol and 60% methanol at � 30 �C and 30 V.

3. Results

3.1 The Extruded Microstructure

Figure 3 shows the as-extruded microstructure of the Ti-
5.5Al-2Zr-1Mo-2.5V alloy pipe. As shown in Fig. 3(a) and (b),
the microstructure contains large lamellar a colonies and
continuous aGB phases. The primary lamellar a directly trans-
formed during slow cooling from the b phase region or a + b
phase region. Obasi (Ref 33) reported that 12 possible a
orientations transformed from a single b grain following the
Burgers orientation relationship 0002f ga == 110f gb and
11�20h ia// 111h ib, so a colonies with diverse orientations
appeared. Figure 3(c) and (d) shows the TEM microstructure

details of the lamellar a and residual b phase, which confirms
that no as existed in the extruded alloy. Moreover, dislocations
can be observed inside the coarse lamellar a, and dislocations
slipped inside the coarse lamellar a grain interior, possibly
producing a relatively good plastic deformation ability.

3.2 Evolution of the a Phase During the Solid Solution
and Aging Treatments

Figure 4 displays the microstructure of the alloy sample
after solid solution treatment at 920 �C for 2 h and water
quenching that contained intermittent lamellar a and acicular a¢
martensite. As shown in Fig. 4(a) and (b), large lamellar a
colonies dissolved and changed to the intermittent lamellar a
during the high-temperature soaking stage, which was gov-
erned by the transformation of the a fi b phase to reach
phase equilibrium. During the heating and holding stages, the
tip of the lamellar a and thin lamella originated from
the decomposition of the branched lamellar a transformed into
the b phase with the diffusion of the alloying elements (Ref 34,
35). Additionally, as the temperature increased, the activated
dislocations gradually developed into planar arrays and sub-
grain boundaries to decrease the total energy, and some sub-
grain boundaries dissolved due to the transformation of the
a fi b phase as the solution time was prolonged, resulting in
the splitting of the lamellar a (Ref 36, 37). The initiation of
lamellar splitting occurred at the junction of the sub-grain
boundaries, which caused grooves in the lamellar a, as shown
by the yellow arrows in Fig. 4(a) and (b). Then, the initial
lamellar a broke, and the a colonies transformed into intermit-
tent lamellar a. The morphology of the lamellar a was
preserved at high temperatures, mainly due to the lack of
sufficient time for the lamellar a to grow and coarsen. However,
the b phase transformed to a¢ martensitic after water quenching.

Figure 5 and 6 shows typical microstructures of the sample
after solid solution treatment at 920 �C for 2 h and aging at
450 �C for 2 h (ST920A450) and also after solid solution
treatment at 920 �C for 2 h, prestretching 2.5% and aging at
450 �C for 2 h (ST930S2.5A450). As shown in Fig. 5(a) and
(b), some of the intermittent lamellar a was approximately
parallel, indicating that these lamellar a exhibited the same
orientation and belonged to the same initial a colony.
Moreover, after holding at 920 �C for 2 h, the original
continuous aGB formed a zigzag shape and discontinuous
morphology. The discontinuous aGB also arose from the
a fi b phase transformation. Through STA treatments, the
original Widmanstätten structure changed to large lamellar a,
discontinuous aGB and as. For the ST920A450 sample, the
mean width of the lamellar a was 1.3 lm, the aspect ratio was
7.2:1, and the volume fraction of the a phase was approxi-
mately 27%. The volume fraction of the lamellar a decreased

Fig. 2 The processing routes performed on the Ti-5.5Al-2Zr-1Mo-
2.5V alloy

Table 1 Samples heat-treated under different conditions

Sample Solid solution treatment Prestretching amount Aging treatment

Extruded … … …
ST920A450 920 �C/2 h/WQ … 450 �C/2 h/AC
ST920S2.5A450 920 �C/2 h/WQ 2.5% 450 �C/2 h/AC
ST930A450 930 �C/2 h/WQ … 450 �C/2 h/AC
ST930S2.5A450 930 �C/2 h/WQ 2.5% 450 �C/2 h/AC
ST950A450 950 �C/2 h/WQ … 450 �C/2 h/AC
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from 93% in the extruded sample to 27% in the ST920A450
sample after the solid solution and aging treatments. With an
elevated solid solution temperature, the volume fraction of the
lamellar a in the ST930A450 sample was reduced to 20%,
whereas little change occurred in the ST920S2.5A450 and
ST930S2.5A450 samples, as displayed in Table 2. The higher
the solid solution temperature was, the lower the volume
fraction of the lamellar a.

After the solid solution treatment and water quenching, the b
matrix was filled with acicular a¢ martensite that decomposed
into as during the subsequent aging treatment; however, they
could not be visibly distinguished from the SEM image mainly
because of their small size relative to the primary a grains and
low contrast with the matrix. However, through the TEM image
shown in Fig. 5(c), it can be seen that a large amount of as was
dispersed in the matrix. The secondary a phases had a long
strip-like shape. Some of them were black and some were
white, from the different colors arose from the different
orientation relationships. After measuring more than 200 as
phases, as shown in Fig. 5(e), the width of as was conformed to

be a normal distribution, and the mean value was 140 nm; this
result implied that there were many nucleation sites for as
precipitates during the aging treatment.

Figure 6 displays the microstructure of the ST930S2.5A450
sample, which consisted of lamellar a, discontinuous aGB and
as. Compared to the microstructure of the ST920A450 sample,
the lamellar a showed a scattered distribution, the volume
fraction was lower, and aGB became more discontinuous. After
the STA treatment, the width and aspect ratio of the lamellar a
slightly decreased to 1.22 lm and 6.7:1, respectively, while the
volume fraction of the a phase dropped by 20% due to the
elevated solid solution temperature. A fine and uniform needle-
like as precipitate is observed in Fig. 5(c), the mean width
dropped by 51% to 68 nm, and the corresponding mean values
of the ST920S2.5A450 and ST930A450 samples were 78 nm
and 132 nm, respectively, as shown in Fig. 7(b) and (d),
respectively. The average value of the as precipitate in the
ST930A450 sample was marginally lower than that in the
ST920A450 sample, whereas it was reduced markedly after the
2.5% prestretching process for the ST930S2.5A450 sample.

Fig. 3 As-extruded microstructure of the Ti-5.5Al-2Zr-1Mo-2.5V alloy pipe: (a) and (b) microstructure observed with OM, (c) and (d)
morphology of the lamellar a and dislocations observed with TEM
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This result indicated that the prestretching was effective and
generated a substantial number of defects that induced fine and
uniform as precipitates during aging treatment. The more
nucleation sites there are, the more as phase there is, and the
smaller the size is. In contrast, there was a much smaller change
between the ST920A450 and ST930A450 samples. Moreover,
as shown in Fig. 7(f), the average width of the as precipitate of
the ST950A450 sample was 177 nm, which is in good
agreement with the strength decrease compared to that of the
other samples. The solution treatment at the top of the a + b
region or b region brought about a stable transformed b matrix
and provided a high driving force for the subsequent decom-

position. In that case, the as precipitate was easier to nucleate
and grow and resulted in an increased size (Ref 38).

3.3 Tensile Properties

The room temperature tensile curves of the extruded and
heat-treated samples from the pipe specimens are presented in
Fig. 8(a). The serration characteristics are visible in the stress–
strain curves of the ST930S2.5A450 sample, ST920S2.5A450
sample, ST930A450 sample and ST920A450 sample, which
were mainly derived from the different sizes of the as
precipitates, prestretching history and shearing of the as
precipitates. First, as mentioned in Sect. 3.2, different samples
had different widths of the as precipitates. Dynamic strain aging
(DSA) took place preferentially on the grain boundaries where
local obstacles to dislocation motion formed. Moreover, in the
coarse-grained samples, such as the ST920A450 sample, the
dislocation density was low, and thus, the average dislocation
velocity was higher in these samples than in the fine-grained
samples at the same strain; thus, the serration characteristics
occurred at elevated strains. Second, the dislocation density
induced by prestretching exhibited a tendency to form a typical
tangle structure, which helped to form the Portevin–Le-
Chatelier (PLC) band and cause the serrated flow. Third, the
as precipitates were sheared by the substantial pileup of
dislocations with an increase in the applied stress, and then, a
subsequent stress relaxation occurred after a definite duration.
The repetition of this sequence led to successive stress drops
and then to visible serrations (Ref 39).

The YS, UTS and elongation of the extruded sample with a
lamellar a microstructure were 820, 950 MPa and 12%,
respectively. The ST930S2.5A450 sample with a lamellar a
and needle-like as microstructure exhibited an elevated YS that
increased 56% to 1279 MPa; the increase was mainly induced
by the large as/b interfaces. However, with increasing strength,
the ductility decreased to 6.6%. The ST920A450 sample with a
lamellar a, discontinuous aGB and as microstructure achieved a
good combination of strength (YS of 1064 MPa and UTS of
1256 MPa) and elongation of 10.5%; the YS was 242 MPa
higher than that of the extruded sample, and the ST920A450
sample experienced a small decrease in the ductility. These
results confirmed that the high strength mainly originated from
dislocations that were hindered by the as/b interface; this
finding is presented and discussed in the TEM images in an
upcoming section. The decreased volume fraction of the
lamellar a and fine dispersed as contributed an increased
strength and good ductility. As shown in Fig. 8(b), in light of
the requirement of ASTM B861 grade 5 for Ti-6Al-4V alloy
drill pipe (YS of 828 MPa, UTS of 895 MPa and EL of 10%)
(Ref 40), there is a great improvement in the strength in this
work.

4. Discussion

4.1 High Ductility of the Extruded Sample and Ultrahigh
Strength of the Aged Sample

The resultant plastic deformation during the tensile process
generated parallel dislocation lines inside the coarse lamellar a,
as indicated by the arrow in Fig. 9(a). With an additional
applied strain, the dislocations became tangled through their
interaction and rearrangement and gradually formed dislocation

Fig. 4 Microstructure of the Ti-5.5Al-2Zr-1Mo-2.5V alloy after
solid solution treatment at 920 �C for 2 h and water quenching: (a)
SEM-BSE image showing the intermittent lamellar a and acicular a¢
martensite and (b) enlarged image of the red rectangle in (a) (Color
figure online)
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cells and walls, as shown in Fig. 9(b), which was observed after
tensile testing of pure titanium (Ref 41, 42) and some titanium
alloys (Ref 43, 44). Moreover, the dislocation density appeared
decreased inside the dislocation cells, which implies that the
dislocation walls and cell structure experienced an obstruction
during dislocation motion. However, the existing mobile
dislocations inside the dislocation walls and cells can still slip,
and the slip length is the width of the dislocation walls and cell
structure. The number of cell structures increased as the strain
increased until fracture. Therefore, the successive occurrences
of dislocation slip were beneficial to the ductility, and the
formation of dislocation cells and wall structures resulted in an
increase in the tensile strength.

Furthermore, a great deal of lamellar a coordinated the
deformation, inhibiting the stress concentration in favorable
grains, which possibly induced crack initiation. As presented in
Fig. 3(a) and (b), the prior b interior incorporated a multitude

of a grains with different sizes. The accommodation of a grains
also contributed to the good ductility.

The high strength (UTS 1328 MPa) of the ST930S2.5A450
sample mainly resulted from the nanosized dispersed as. The
volume fraction of lamellar a decreased from 27 to 20% due to
the higher temperature of the solid solution treatment at 930 �C
than that of the ST920A450 sample; moreover, the width of the
lamellar a decreased to 1.22 lm, which further constrained the
dislocation motion inside lamellar a. Also, the 2.5% prestretch-
ing produced many additional defects, such as dislocations,
which provided nucleation sites for the as precipitates (Ref 45,
46). With an increase in the number of nucleation sites, the a�
martensite decomposed into fine and uniform as after the
sample was aged at 450 �C, as shown in Fig. 6(b) and (d).
The width of the as decreased from 140 nm to 68 nm in the
ST920S2.5A450 sample, resulting in an increase in the
interface between the a and b phases, which played a similar
role as the grain boundaries in constraining the dislocation

Fig. 5 Microstructure of the ST920A450 sample: (a) SEM image showing primary b grains, lamellar a and discontinuous aGB; (b) TEM image
of the as; (c) SAD pattern along the 1�210½ �a direction taken from the area within the red circle in (b); and (d) width distribution histogram for
the as (Color figure online)
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motion. Therefore, the high strength of the ST930S2.5A450
sample was obtained from the fine and uniform as precipitates
(� 68 nm), but the ductility decreased to 6.6%.

4.2 A Promising Combination of Strength and Ductility

A good combination of strength and ductility in the
ST920A450 sample is displayed in Fig. 8. The enhanced
UTS (1256 MPa) was achieved through the high-density and
fine as. The UTS was improved by 300 MPa compared to that
of the extruded sample. The microstructure of the ST920A450
sample contained lamellar a, nanosized as and discontinuous
aGB, as shown in Fig. 5.

It is well known that solid solution strengthening, grain
boundary strengthening and precipitation strengthening are the
main strengthening mechanisms in alloys. In most titanium
alloys, a/b interface strengthening is the dominant mechanism
(Ref 47, 48), and precipitation strengthening controlled by the
Orowan mechanism is weak. Figure 8(a) shows 244 MPa
improvement in the YS for the ST920A450 sample in
comparison with that of the extruded sample. A reasonable
explanation is that the strength increase was dominated by the
a/b interface. The interface strengthening mechanism is similar

Fig. 6 Microstructure of the ST930S2.5A450 sample: (a) SEM image showing the primary b grains, lamellar a and discontinuous aGB; (b)
TEM image of the as; (c) SAD pattern along the [0001]a direction taken from the area within the red circle in (b); and (d) width distribution
histogram for the as (Color figure online)

Table 2 The volume fractions of lamellar a

Sample Amount of lamellar a, %

Extruded 93
ST920A450 27
ST920S2.5A450 26.5
ST930A450 19
ST930S2.5A450 20
ST950A450 8
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Fig. 7 Microstructure of samples: (a) TEM image of as in the ST920S2.5A450 sample; (b) width distribution histogram of the corresponding
as in (a); (c) TEM image of as in the ST930A450 sample; (d) width distribution histogram of the corresponding as in (c); (e) TEM image of as
in the ST950A450 sample; and (f) width distribution histogram of the corresponding as in (e)
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to the fine grain effect, where the a/b interfaces played the same
role as the grain boundaries, where dislocations piled up at the
grain boundaries. The Hall–Petch relation ry ¼ r0 þ kd �1=2ð Þ

(Ref 49) was employed to estimate the strength, where r is the
yield strength of tested samples, r0 is the friction stress of a
single crystal, and kd�1/2 represents the grain boundary
strengthening (k is the Hall–Petch slope and d is the average
size of the lamellar microstructure) (Ref 50). The value of ‘‘d’’
dramatically decreased from the width of coarse lamellar a
(5.4 lm for the extruded sample) to the mean width of as
(0.14 lm for the ST920A450 sample, 0.078 lm for the
ST920S2.5A450 sample, 0.132 lm for the ST930A450 sam-
ple, 0.068 lm for the ST930S2.5A450 sample and 0.177 lm
for the ST950A450 sample), as shown in Fig. 10. The yield
strength increased with decreasing as width, which demon-
strated that the width of the as played a critical role in the
strength improvement. Figure 10 displays the plot of measured
YS (ry) versus d

�1/2; the relationship is approximately linear,
which validates the Hall–Petch-type analysis. From this
relationship, the ro is found to be � 754 MPa and the Hall–
Petch strengthening coefficient k could be estimated to be about
4140 MPa nm1/2. This is in close agreement with the coeffi-

cient value of 4490 MPa nm1/2 for Ti-6Al-4V alloy in Ref 43;
another value of k can be found 16,316 MPa nm1/2 for Ti-6Al-
4V alloy in Ref 51, but it was subjected to multidirectional
isothermal forging (MDIF). Other estimations of k can be
estimated as 54,000 MPa nm1/2 for Ti-35Nb-2Zr-0.5O alloy
(Ref 52), 11,400 MPa nm1/2 for pure Ti (Ref 53) and
2615 MPa nm1/2 for b-21S alloy (Ref 28). In general, equiaxed
and lamellar a is softer than a b-transformed structure, where a
high density of nanosized as transformed from a¢ martensite
and b, resulting in an increased number of a/b interfaces. As
shown in Fig. 11(a), a high density of tangled dislocations piled
up at the a/b interface with additional tensile deformation; thus,
dislocation motion in the b-transformed structures was con-
strained into a large number of small regions. The effective slip
length sharply dropped to the spacing of the nanosized
precipitates (140 nm); generally, the yield strength increases
with a decrease in the effective slip length (Ref 21), which in
turn significantly strengthens the alloy.

Fig. 8 Tensile properties of the Ti-5.5Al-2Zr-1Mo-2.5V alloy: (a)
engineering stress–strain curves of the extruded and heat treated
samples and (b) UTS and EL of the samples compared with those in
the ASTM B861 standard Fig. 9 Typical bright-field TEM images of the extruded

microstructure after tensile testing at the part that experienced
necking: (a) dislocation lines within the lamellar a phase and (b)
highly tangled dislocations inside the lamellar a phase and near the
grain boundaries
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Dislocation slip was believed to initiate from the soft
lamellar a compared to the hard b-transformed structures.
Figure 11(b) shows the characteristics of the dislocations inside
the lamellar a after tensile deformation. The lamellar a interior
consisted of a great number of tangled dislocations and
dislocation cells, which demonstrated that severe plastic
deformation occurred inside the lamellar a during tensile
deformation, as discussed in Sect. 4.2. Furthermore, tilting the
foil from the electron beam direction of 1�210½ � in Fig. 11(b) to
0002½ � in Fig. 11(d), it can be observed that highly tangled
dislocations were distributed throughout the lamellar a, which
implied that the lamellar a exhibited a good plastic deformation
capability during tensile deformation. Additionally, the wavy
dislocation configuration indicated that frequent cross-gliding
occurred (Ref 54, 55). To some extent, these highly tangled
dislocations hindered further gliding, leading to a strength
improvement. On the other hand, the original aGB changed

Fig. 10 The dependence of r on d�0.5 in the samples

Fig. 11 Typical TEM morphologies of the lamellar a in the necked part of the ST920A450 tensile sample: (a) BF image of b-transformed
structures displaying highly tangled dislocations piled up at the as/b interface; (b) BF image inside the lamellar a; (c) diffraction spot of the
lamellar a along the 1�210½ �a zone axis; and (d) morphology of the dislocation cells through the [0002] diffraction spots, circled by red circles in
(c) (Color figure online)
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from continuous to discontinuous in the ST920A450 sample
(Fig. 5a), and some dislocations could glide or penetrate easily
across the grain boundary rather than piling up, which reduced
the back stress and stress concentration along the grain
boundary and simultaneously prohibited premature crack
initiation and fracture (Ref 56, 57). Moreover, the propagation
of cracks was more difficult through the discontinuous aGB than
for the continuous case.

A great deal of tangled dislocations provided good
deformability for the lamellar a during the tensile process.
Owing to the soft lamellar a, at the initial stage of strain, the
initiation of plastic deformation commenced at the favorable
lamellar a and then switched on the rest of the lamellar a. A

great number of dislocations in the tangled configuration and
dislocation cells formed inside the lamellar a, which led to
work hardening of the lamellar a, and hardened lamellar a
boundaries were formed. With an increase in the applied stress,
dislocations emerged in the transformed b structure and became
piled up near the phase boundary, as shown in Fig. 12(a),
which led to the plastic strain partitioning hierarchically.
Afterward, at the onset of macroscopic deformation, both the
lamellar a phases and transformed b structures deformed
compatibly. Such deformation behavior and inhomogeneous
strain partitioning are schematically illustrated in Fig. 12. Thus,
the resultant inhomogeneous strain partition between the
lamellar a and transformed b structures effectively improved

Fig. 12 Schematic of the microstructure evolution during tensile testing of the ST920A450 sample: (a) the initial tensile testing stage showing
deformation feature inside lamellar a, (b) the following tensile testing stage showing deformation in the relatively soft lamellar a and work
hardening resulting from dislocation accumulation and (c) the final tensile stage of the compatible deformation in the lamellar a and residual b
phases
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the ductility. Therefore, a promising combination of strength
and ductility was accomplished through a high density of
nanosized as, lamellar a and discontinuous aGB.

5. Conclusions

In this paper, solid solution and aging treatments were
performed on Ti-5.5Al-2Zr-1Mo-2.5V alloy pipe samples to
tailor the microstructure and achieve good tensile strength and
ductility. The conclusions are as follows.

(1) The microstructure composed of lamellar a, discontinu-
ous aGB and b-transformed structures containing a high
density of nanosized precipitates was obtained after so-
lid solution and aging treatments.

(2) The YS of the ST920A450 sample was improved signif-
icantly to 1064 MPa, and the EL remained at 10.5%. A
promising combination of strength and ductility was
achieved compared to those of the extruded alloy and
requirements of ASTM B861. The highest UTS of
1328 MPa herein was obtained in the ST930S2.5A450
sample, yet the ductility dropped to 6.6%.

(3) The high strength of the ST920A450 alloy was mainly
derived from the resistance of the as/b interface to dislo-
cation movement, while the excellent ductility was at-
tributed to the effective strain partitioning and
discontinuous aGB.
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