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Taking three titanium commercial alloys: commercial purity titanium (c.p.Ti), Ti-6-4 (Ti-6(wt.%)Al-4V)
and TIMETAL-LCB (Ti-1.5Al-4.5Fe-6.8Mo) as program materials, the influence of phase composition,
microstructure and strain rate (varied from 83 1024 to 1.8131021) on the mechanical behavior was
studied. The size of the matrix phase (a- or b-grains) and size of a + b intragranular mixture were varied.
Such parameter such as tensile toughness (TT) was used for analysis of the mechanical behavior of the
materials on tension with different rates. It was found that the TT values monotonically decreased with
strain rate, except Ti-6-4 alloy with a globular type of microstructure. In single-phase a-material (c.p.Ti),
tensile deformation led to the formation of voids at the intragranular cell substructure, and merging of
these voids caused the formation of main crack. In two-phase a + b materials, the deformation defects were
localized upon tension predominantly near the a/b interphase boundaries, and subsequent fracture had
different characters: In Ti-6-4 globular condition fracture started by formation of voids at the a/b inter-
phase boundaries, whereas in all other conditions the voids nucleated at the tips of a-lamellae/needles.
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1. Introduction

The titanium alloys are a unique class of structural materials
for many applications, and first of all—aerospace and military,
due to their high specific strength, fatigue endurance, crack
growth and corrosion resistances (Ref 1-3). In some cases,
these materials are employed in parts working at high stresses
and tough operating conditions, particularly in parts subjected
to high-rate deformations and high strengths. For instance,
similar service conditions will take place upon operations of
aircrafts� landing gears and all types of supersonic aircrafts,
including the new generation of civil ones (Ref 4, 5), as well as
in a wide range of products for military use (Ref 6, 7).
Unfortunately, there are scarce data in the literature on the
behavior of titanium alloys under these conditions. The effect
of strain rate on the mechanical properties of some alloys in
coarse-grained metastable b states was studied in (Ref 8, 9). In
our previous work, we investigated the influence of b-grain
size, crystallographic texture and presence of strengthening a-
particles on the mechanical behavior of several high-strength
metastable b titanium alloys (Ref 10-12). At the same time,
aerospace designers now demand for a new strength level
above 1500 MPa for such titanium parts as fasteners, springs
and chassis components, which usually work below the yield

stress. However, as it was shown by our previous studies (Ref
11, 12), such high-strength states do not provide a sufficiently
high level of tensile toughness [TT, also known as deformation
energy (UT) (Ref 13)] under loading with high rates that may
take place under emergency conditions. Since these results
were obtained only for titanium alloys of metastable b class in
two structural conditions, namely single-phase b and aged
high-strength a + b, it was principally important to establish
the influence of strain rate during deformation on the mechan-
ical behavior of another widely used commercial titanium
alloys, first of all a and a + b types. Also, it was important to
clarify the role of microstructure in these processes. The present
work was focused on answering these questions.

2. Materials and Experimental Procedures

Three different commercial titanium alloys were chosen as
program materials: commercial purity titanium (c.p.Ti), the
‘‘working horse’’ of titanium industry two-phase alloy Ti-
6(wt.%) Al-4V and high-alloyed metastable b-alloy TIMETAL-
LCB (Ti-1.3Al-4.5Fe-6.8Mo). All alloys were received in the
form of rod with the following diameters: 18 mm (c.p.Ti),
14 mm (Ti-6-4) and 12 mm (LCB). These rods were cut in a
way to obtain six batches of specimens (55 mm long each)
which were subjected to heat treatments listed in Table 1. The
heat treatments ##1, 3 and 6 (annealing) were aimed on
stabilization of the initial phase composition and microstructure
in studied materials. In c.p.Ti obtained after annealing
microstructure was characterized by relatively fine equiaxed
a-grains (Fig. 1a), while in Ti-6-4—coexistence of primary a-
globules and fine b-crystals between them (Fig. 1c). Other heat
treatments were performed to form another types of microstruc-
ture, namely: #2—with coarser a-phase (Fig. 1b), #4—with
microstructure of bimodal type, wherein instead of initial
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b-phase appeared zones of b-transformed microstructure con-
taining fine lamellae of a-precipitates (Fig. 1d), #5—with
completely b-transformed microstructure characterized by
coarse b-grains and large packets of a-lamellae inside with

very fine layers of b-phase between a-lathes (Fig. 1e). Con-
cerning the microstructure of LCB formed upon annealing (heat
treatment #6), it should be mentioned that it is a result of a-
phase precipitation in relatively fine-grained b-structure

Table 1 Program alloys, applied treatments and obtained microstructural states

## Alloy Treatment Designation Microstructure type

Microstructure features, lm

a-Phase size b-Phase size

1 c.p.Ti 800 �C, 1 h, cooling
5 �C/min

cpTiFG Equiaxed finer Average diameter �80 …

2 c.p.Ti 950 �C, 1 h, cooling
5 �C/min

cpTiCG Equiaxed coarser Average diameter �200 …

3 Ti-6Al-4V 800 �C, 1 h, cooling
10 �C/min

Ti64GL Globular Primary:
Average diameter �2

Particles with average
size �0.2-0.59 1-3

4 Ti-6Al-4V 880 �C, 1 h, water
quenching + 700 �C,
1 h, cooling 10 �C/min

Ti64BM Bimodal Primary:
Average diameter �2;
secondary: �0.59 1.4

Colonies with average
size �0.1-0.49 0.3-1.5

5 Ti-6Al-4V 1100 �C, 1 h, cooling
10 �C/min

Ti64LM b-transformed
lamellar

Thickness of grain
boundary �10;
intragrain �8

Average b-grain size
�400; thickness of

lamellae �1
6 TIMETAL-LCB 700 �C, 1 h, cooling

10 �C/min
LCB b-transformed

lamellar
Thickness of grain

boundary �0.3;
intragrain �0.19 0.6

Average b-grain size �6

Fig. 1 Microstructure of program materials: (a) cpTiFG, (b) cpTiCG, (c) Ti64GL, (d) Ti64BM, (e) Ti64LM and (f) LCB. (a, b) LM; (c-f) SEM

3432—Volume 26(7) July 2017 Journal of Materials Engineering and Performance



obtained evidently during dynamic recrystallization under hot
rolling at high temperatures near the beta-transus [Tb—tem-
perature of finishing of a + b0 fi b polymorphous transfor-
mation (Ref 2, 14)].

The microstructure was examined with standard light,
scanning and transmission electron microscopy (LM, SEM
and TEM, respectively) in the initial and deformed conditions.
Phase composition was determined with x-ray diffraction
analysis. The tensile specimens with gage of 4 mm diameter
and 25 mm length were machined and tested in accordance
with the ASTM E8M standard for all conditions. Tensile tests
were carried out at INSTRON-3376 unit. Basing on the results
of previous studies (Ref 10-12), we chose four strain rates:
8.009 10�4, 4.009 10�3, 3.629 10�2 and 1.61910�1. Also it
should be noted that peak temperature of specimens strained
even with higher rate 3.69 10�1 was not exceeded 90-105 �C
(Ref 10) (heating as a result of intensive plastic deformation);
therefore, this factor can be neglected in the present study.
Tensile toughness [TT, or deformation energy (Ref 13)] was
calculated for every studied state on the base of results obtained
for three specimens for each strain rate. Fracture surfaces of
tested specimens, as well as details of deformed state nearby
fractured surfaces, were examined with SEM and in the last
case on the samples cut and polished in longitudinal direction

along tensile axis as it is shown in Fig. 2(a). After that, foils for
TEM study were cut and electrolytically polished. Integral and
local chemical compositions of the fractured and polished
surfaces of specimens were studied at SEM equipped with EDS
analysis system.

3. Experimental Results and Discussions

3.1 Single-Phase a-(hcp) Alloy (c.p.Ti)

Typical engineering stress-strain curves of two types of
commercial purity titanium specimens that differ in the size of
equiaxed a-grains (Fig. 1a and b; ##1 and 2 in Table 1) are
presented in Fig. 3. The curves are dome shaped at all strain
rates. As can be concluded from analysis and comparison of
Fig. 3(a) and (b), general tendency for tensile properties of
these materials is rather common—increase in strain rate causes
some decrease in elongation and a little increase in strength.
The differences in mechanical behavior between these two
microstructural states of c.p. Ti were insignificant. As a result,
the dependencies of tensile toughness on strain rate were rather
similar (Fig. 4).

Fig. 2 (a) Scheme illustrating preparation of specimens for SEM and TEM studies; (b) general view of cpTiFG specimens tested with strain
rates: (A) 8.009 10�4; (B) 4.009 10�3; (C) 3.629 10�2; and (D) 1.81910�1. Arrows show locations where disks for TEM study were cut

Fig. 3 Typical engineering tensile stress-strain curves of (a) cpTiFG and (b) cpTiCG tested with different strain rates
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It is important to note that, despite the increase in strain rate,
the input of separate different TT components into total one
(Fig. 4) remains the same for all studied strain rates. In other
words, only plastic deformation component gradually de-
creased, whereas two other components remained actually on
the same level (Fig. 4). Also it is worthwhile to mention that
traces of plastic flow were seen over the entire lateral surface of

fractured specimens (Fig. 2b), that indicates on the develop-
ment of uniform plastic deformation through the whole volume
of the samples even at the highest strain rate.

Typical examples of fracture surfaces of cpTiFG and
cpTiCG are shown in Fig. 5. It is seen that both microstructural
types for all straining rates are characterized by ductile
character of fracture. Regardless of strain rate, the size of

Fig. 4 Tensile toughness of (a) cpTiFG and (b) cpTiCG states tested with different strain rates

Fig. 5 Typical fracture surfaces of c.p.Ti in (a, c, e) cpTiFG and (b, d, f) cpTiCG states tested with strain rates: (a, b) 8.009 10�4, (c, d)
3.629 10�2, (e, f) 1.81910�1. SEM. Arrows indicate: (a) a-grain contour; (d, f) cracks propagation along a-grain boundary
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ductile dimples in both materials varied within the range of 8-
15 lm. Taking into account that the size of initial a-grains was
essentially different (80 and 200 lm for cpTiFG and cpTiCG,
respectively—see Fig. 1a and b; ##1 and 2 in Table 1), it is
possible to conclude that the formation of voids (voids) was not
related to the grain boundaries, and evidently they were
initiated at intragrain substructure which readily develops in
this material during plastic deformation (Ref 15). This allows to
assume that the nucleation of voids and cracks is not associated
with high-angle a-grain boundaries. At the same time, some
dished fragments are seen with size comparable to the size of a-
grains (Fig. 5a, c and e). While for the cpTiFG state significant
changes in fracture surface character with increase in strain rate
were not observed, in cpTiCG separate flat areas appeared with
strain rate increase (Fig. 5d and f). Taking into account that the
size of these areas is rather close to the size of some grain
boundaries (Fig. 1b), this fact can be related to crack propa-
gation along these boundaries.

Typical microstructure of cpTi in the area of intensive
deformation near the fracture surface is shown in Fig. 6. It is
clearly seen that the plastic deformation leads to the transfor-
mation of initial equiaxed a-phase globules into the set of
elongated along strain direction grains with a lot of voids
(Fig. 6a) which are not related to microstructural elements

(Fig. 6b). In all examined locations, the smallest voids had size
less than a few micrometers. Figure 6(c) shows that these voids
grew and merged, forming eventually ductile dimples on the
fracture surface.

Measurements of local chemical composition on various
areas of fractured surface, as well as on the bottoms of dimples,
did not show any visible enrichment in impurities, which would
allow to suggest that the dimples were formed on dislocation
tangles accompanied by Cottrell atmospheres. TEM study of
fine microstructure in the zones located close to the fracture
surfaces (see Fig. 2) showed that the substructure formed on
straining had different nature (Fig. 7). For instance, it was
found a number of relatively small cells (Fig. 7a) with
dislocation loops inside (Fig. 7b), as well as a limited number
of typical for h.c.p. titanium twins (Fig. 7c) (Ref 16). At the
same time, it should be noted that the TEM images (for cpTi
and other alloys studied) were obtained for locations at some
distance (3-4 mm) from the fracture surface, because upon
electropolishing pores and places with high concentration of
defects were etched out too quickly, which did not allow to
obtain high-quality foils. Nevertheless, these microstructures
allow to illustrate the formation of substructure of alloy at the
stage preceding the formation of pores. Comparison of such
substructures formed on straining with different rates did not

Fig. 6 Microstructure of cpTiCG specimen tested with strain rate 3.629 10�2 near the fracture surface polished in longitudinal direction. SEM

Fig. 7 Typical TEM images of cpTiCG specimens tested with strain rate (a) 3.629 10�2 and (b, c) 1.81910�1 near the fracture surface. TEM
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reveal noticeable differences. Probably, increase in strain rate
caused in narrowing of the zone of localized deformation, in
which the pores formed.

So, taking into account the above mentioned, it is possible to
assume that, regardless of the a-grain size and strain rate, the
void initiation, growth and merging may be associated with the
formation of intragrain dislocation substructure, whereas the
crack propagation at a sufficiently high strain rates and larger
grain sizes can develop along some long grain boundaries in
microstructure having coarser a-grains (Fig. 5d and f).

3.2 Low-Alloyed Two-Phase a + b Alloy Ti-6Al-4V

Unlike cpTi, the engineering stress-strain curves of Ti-6-4
alloy were characterized by a sharp transition from elastic to
plastic deformation (Fig. 8). Ti64GL and Ti64BM states have
very close characteristics of strength and ductility (Fig. 8a and
b), whereas Ti64LM, as expected, was characterized by lower
tensile properties (Fig. 8c). Strain rate increase caused visible
reduction in elongation for all three microstructural states.

The TT data showed essential difference in strain rate
dependencies (Fig. 9). First of all, it should be noted that in
globular condition the material showed unusual very weak
strain rate dependence of total TT, as well as its components
(Fig. 9a). Two other microstructural states were more sensitive
to strain rate mainly due to decrease in the plastic deformation
to necking (Fig. 9b and c).

Figure 10 illustrates typical examples of fracture surfaces of
Ti-6Al-4V alloy with different microstructures tested with
various strain rates. First of all, it should be noted that two

conditions with globular primary a-phase, Ti64GL and
Ti64BM, are characterized by completely ductile fracture after
strain with all applied rates (Fig. 10a, b, c, e, f, h and i). The
size of the majority of dimples corresponds to the size of initial
a-globules; at the bottom of the dimples, a lot of voids are
visible (Fig. 10b, c, f and h). The fracture surface of Ti64LM
has principally different characters—it consists of two different
areas: flat facets and relatively ductile regions with traces of
lamellar packets (Fig. 10d, g and j).

Typical TEM microstructures of all studied states in Ti64
alloy (also observed on the distance 3-4 mm from the fracture
edge) are presented in Fig. 11. In globular condition (Ti64GL),
an increased density of dislocations was observed mainly
nearby a/b boundaries, and the shape of separate a-particles
changed from globular to faceted one (Fig. 11a). In bimodal
condition (Ti64BM), an increased density of deformation
defects was found predominantly in the secondary a-lamellas
and b-layers between them (Fig. 11b). In the lamellar Ti64LM
specimens, TEM study revealed localization of deformation
defects mainly in a-lathes, whereas b-interlayers looked
relatively free of defects (Fig. 11c). The principal difference
in the deformation substructure of all these structural states with
increasing strain rate was not detected, probably because
investigated locations were at some distance from the hearth of
the most intense deformation near the fracture surfaces.

Study of microstructure on longitudinal polished sections
near the fracture surfaces revealed multiple voids formation in
Ti64GL and Ti64BM materials (Fig. 12a-d). In the first case,
this process can be associated with b-phase particles (or likely

Fig. 8 Typical engineering tensile stress-strain curves of Ti-6Al-4V in (a) Ti64GL, (b) Ti64BM and (c) Ti64LM states tested with different
strain rates

Fig. 9 Tensile toughness of Ti-6Al-4V in (a) Ti64GL, (b) Ti64BM and (c) Ti64LM states tested with different strain rates
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Fig. 10 Typical fracture surfaces of Ti-6-4 alloy in (a, b, e, h) Ti64GL, (c, f, i) Ti64BM and (d, j, j) Ti64LM conditions after tension with
rates: (a-d) 8.009 10�4, (e-g) 3.629 10�2 and (h-j) 1.81910�1. Arrows in (d) show traces of lamellar packets. SEM
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with a/b interphase boundaries, Fig. 12b), whereas in the
second case—with tips of fine secondary a-particles in the
transformed b regions (Fig. 12d). In both cases, these particles
were tilted and elongated in the direction of plastic flow. Strain
rate influence appears in that fact that its increase reduced both
the number of voids and the depth of the area where they form.
In Ti64LM material, the number of voids is very restricted,

their appearance can be associated with the tips of a-lamellae
inside the b-grains (Fig. 12f), and cracks can propagate along
coarse a-lamellas coating b-grain boundaries (Fig. 12e), which
evidently leads to the formation of facets on the fracture
surfaces (Fig. 10d, g and j). These observations are in a good
agreement with the data from a number of works, which
established that spall in rapidly deformed Ti64 alloy occurs due

Fig. 11 Typical TEM images of (a) Ti64GL, (b) Ti64BM and (c) Ti64LM specimens tested with strain rate (a) 3.629 10�2 and (b, c)
1.81910�1 near the fracture surface. TEM

Fig. 12 Typical microstructure of Ti-6-4 specimens polished in longitudinal direction under the neck in different microstructural states tested
with different strain rates: (a, b) Ti64GL, (c, d) Ti64BM, (e, f) Ti64LM. Arrows show: (b) voids initiated at a/b boundaries in Ti64GL; (d) voids
initiated at fine a-precipitates in Ti64BM; (f) voids and crack initiated at coarse a-lamellae. SEM
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Table 2 Local chemical compositions on fracture surfaces of Ti-6Al-4V alloy with different microstructures (two-phase
a + b states)

## Strain rate

Chemical composition, wt.%

LocationAl V Fe

Globular
1 8.009 10�4 5.09 3.37 NA Ductile
2 7.83 3.43 NA
3 5.16 3.30 0.39
4 4.32 3.42 0.16
5 6.09 3.39 0.50
6 7.10 3.78 0.44
Average 5.94 3.45 0.38
7 3.629 10�2 3.28 4.11 0.24 Ductile
8 5.61 4.14 0.44
9 4.80 4.00 0.28
10 5.21 8.11 1.47
11 5.84 3.11 0.27
12 4.74 3.06 0.27
Average 4.91 4.42 0.50
13 1.81910�1 6.56 3.61 0.53 Ductile
14 6.55 3.60 0.35
15 6.45 4.96 0.62
16 5.79 5.95 0.89
17 6.08 4.29 0.54
18 7.43 3.40 0.36
Average 6.48 4.30 0.55

Bimodal
19 8.009 10�4 4.57 5.18 0.72 Ductile
20 8.34 2.66 0.20
21 6.65 2.74 0.31
22 5.05 4.11 0.41
23 5.40 3.20 0.27
24 4.77 2.45 0.00
Average 5.80 3.39 0.32
25 3.629 10�2 5.60 3.43 NA Ductile
26 1.40 5.67 0.48
27 7.57 3.65 NA
28 1.90 4.92 NA
29 3.56 4.34 NA
30 7.19 5.33 0.70
Average 4.54 4.56 0.59
31 1.81910�1 6.86 4.47 0.34 Ductile
32 5.82 2.10 0.00
33 4.61 2.43 0.00
34 2.90 2.84 0.24
35 5.92 2.49 0.00
36 3.35 3.43 0.00
Average 4.92 2.96 0.29

Lamellar
37 8.009 10�4 7.64 3.89 0.43 Brittle
38 4.03 13.19 0.00 Brittle
39 6.96 5.00 0.37 Ductile
40 5.54 3.80 0.29 Brittle
41 7.54 3.75 0.25 Brittle
42 6.12 4.74 0.56 Ductile
Average 6.31 5.73 0.32
43 3.629 10�2 7.42 5.03 0.61 Brittle
44 7.28 4.51 0.46 Brittle
45 7.49 4.48 0.58 Brittle
46 5.21 4.47 0.38 Brittle
47 7.80 4.30 0.44 Brittle
48 4.27 3.60 0.48 Ductile
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to the nucleation of voids at grain boundaries (as a result of
localization of defects), followed by void growth and coales-
cence into facets and the subsequent coalescence of those facets
in shear bands and cracks (Ref 17, 18). Also this corresponds to
the scheme proposed in (Ref 19), which illustrates the evolution
of substructure during high-strain deformation of Ti-6Al-4V
alloy.

Local chemical compositions of the fractured surfaces of Ti-
6Al-4V alloy in three different microstructural states are listed
in Table 2. In the case of totally ductile fracture of Ti64GL, the
chemical composition on various sites was very close to the
nominal one (except some points: ##2, 4, 7 and 18), and there
was no difference for different strain rates. In Ti64BM
specimens, a wider scatter of local composition was obser-
ved—for instance, aluminum content varied from 1.40 to
7.19 wt.%, and vanadium content varied from 2.10 to
5.33 wt.%. In Ti64LM material, the scatter of local chemical
composition became much higher: Aluminum content changed
from 1.50 to 7.64 wt.% and vanadium—from 3.49 to
13.19 wt.%. The largest scatter in alloying elements content
corresponds to the brittle areas of fracture surfaces, whereas in
ductile areas it is rather similar to the above cases of globular
and bimodal microstructures (compare ##39, 42, 48 and 51
with ##1-36 in Table 2).

To explain these data, we have to consider the results of the
analysis of chemical composition of this alloy on flat samples
(Table 3), and the general character of alloying elements
redistribution in a- and b-phases (Fig. 13). As shown in
Fig. 13(a) and (b) and pp. ##1 and 2 in Table 3, the b-alloying
elements (vanadium and iron) are allocated predominantly in b-
phase, while aluminum—in a-phase. The boundary between a-

and b-phases is clearly seen and rather sharp [within the limits
of EDS accuracy (Ref 20)]. Comparing the data presented in
Tables 2 and 3 and keeping in mind the foregoing discussion on
the microstructure influence on fracture, it is possible to assume
that voids and then rapture dimples form predominantly near
the a/b interphase boundaries, where the content of alloying
elements is close to the nominal composition of the alloy.

As for Ti64BM material, the situation looks very similar to
the Ti64GL, except the fact that by the concentration profiles it
is impossible to distinguish accurately a- and b-phases
compositions inside the b-transformed regions which consist
of fine lamellar a + b mixture (Fig. 13c and d). As the data
shown in Table 2 (p 19–36) and Table 3 (p 3 and 4), for this
microstructural state it also can be assumed that fracture
occurred predominantly at a/b interphase boundaries, but it is
difficult to assert the type of these boundaries—whether they
are between the primary a-phase globules or within the b-
transformed zones (i.e., between the a- and b-lamellae).
However, taking into account the size of dimples which is
close to the diameter of primary a-globules, the first version
looks more preferable. At the same, as it was noted above,
formation of pore was found near the tips of fine particle of
secondary a-phase (Fig. 12d). Taking into account these, two
points become possible to assume that tips of secondary a-
particle nucleate initial pores, but then their growth reaches the
interfaces with the primary a-globules and after intensive
propagation along these interfaces finally forms dimples on
fracture surface.

The fracture of Ti64LM material is characterized by
pronounced features. In the regions of brittle fracture, chemical
composition varies widely—for instance, in zone p 38 (Table 2)

Table 2 continued

## Strain rate

Chemical composition, wt.%

LocationAl V Fe

Average 6.58 4.40 0.49
49 1.81910�1 5.05 3.87 0.39 Brittle
50 1.50 4.13 0.15 Brittle
51 4.77 9.92 1.72 Ductile
52 0.55 3.49 0.26 Brittle
53 6.79 3.09 0.28 Brittle
54 7.82 2.18 0.00 Brittle
Average 4.41 4.45 0.45

Table 3 Local chemical compositions of Ti-6-4 alloy in different initial microstructural states

##

Average chemical composition, wt.%

PhaseAl V Fe

Ti64GL
1 7.34 2.00 0.00 a
2 3.22 18.96 4.81 b

Ti64BM
3 7.55 2.24 0.00 a
4 2.92 18.27 3.02 b

Ti64LM
5 7.89 1.52 0.00 a
6 4.27 14.88 3.06 b
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it is very close to the composition of b-phase (p 6 in Table 3),
whereas in p 54 (Table 2)—to the a-phase (p 5 in Table 3). At
the same time, the majority of both brittle and ductile zones
have chemical composition rather similar to the nominal
content of alloying elements in this alloy, which allows to
assume the same general character of fracture at the a/b
interphase boundaries. Under these conditions, the previously
mentioned special cases of increased content of alloying
elements can be explained by local brittle fracture of speci-
mens, which occurred by tearing along the edge of the a/b
interfaces, thereby ‘‘baring’’ the surface of a- or b-phase.

3.3 Metastable b Alloy LCB in Annealed Two-Phase a + b
Condition

This alloy was subjected to a detailed study in previous
works (Ref 10, 11) in single-phase metastable b condition and
two-phase aged a + b condition; the latter was characterized by
high strength (because of very fine a-precipitates inside b-
grains) and low ductility. Present material has rather similar to
aged fine-grained [as a result of special rapid heat treatment
(Ref 11)] microstructure, namely relatively small b-grains with
boundaries covered by lamellar a-phase and a-phase precipi-
tates inside, but due to higher temperature of annealing a-
particles were coarser (Fig. 1f), which resulted in lower
strength and much higher ductility (Fig. 14). The influence of
strain rate on the mechanical properties is absolutely typical for
all studied alloys and microstructural conditions—strength
became higher and elongation lower at higher strain rates. At
the same time, it is necessary to mention the specific features of
this alloy. First of all, all stress-strain curves have yield tooth

(yield drop) that is usually associated with the intensification of
the process of formation of new dislocations or their escaping
from Cottrell atmospheres which hinder their sliding (Ref 21,
22). Moreover, the elevation of strain rate resulted in a change
in inclination of uniform deformation region from positive to
negative one. The last effect was discussed earlier for aged
microstructural conditions of this alloy (Ref 11): It was
suggested that at lower strain rates tension is controlled by
deformation in the b phase, whereas at higher strain rates
plastic flow is governed by processes in the a phase.

The TT dependencies on strain rate for LCB are presented in
Fig. 15. Total TT decreased with strain rate, like in other
microstructural conditions of this alloy, as well as in other

Fig. 14 Typical engineering stress-strain curves of LCB in an-
nealed a + b state tested with different strain rates

Fig. 13 Chemical composition measured on polished specimens in initial (not tested) state: (a, b) Ti64GL, (c, d) Ti64BM and (e, f) Ti64LM.
(a, c, e) correspondence between microstructures and concentration profiles, (b, d, f) concentration profiles. SEM, EDS
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titanium alloys of metastable b-class (Ref 10-12). In this case,
the main input into TT values is provided by uniform plastic
deformation to necking that hardly varies with straining rate
increase, while localized plastic deformation after necking
comes down. It can be mentioned that in all other studied b-
alloys the dependencies of these constituents on strain rate were
opposite.

Typical examples of fracture surfaces of LCB specimens
tested with different strain rates are presented in Fig. 16. First
of all, it should be mentioned that the general character of
fracture for all strain rates investigated was ductile and the
diameter of dimples (2-5 lm) is comparable with average size
of b-grains (Fig. 1f; p 6 in Table 1). At the same time, it is
clearly seen at smaller magnifications (Fig. 16a, c and e) that
fine dimples form some ensembles, which, as can be assumed,
may be related to close crystallographic orientations of b-grains
in these areas. At higher magnifications, the holes in the bottom
of dimples are observed, which indicates the formation of voids
near the fracture surface (Fig. 16b, d and f).

Details of microstructure of the alloy after deformation are
shown in Fig. 17. Both a- and b-phases had increased density
of dislocations (Fig. 17a), which was approximately similar in
both phases. This fact means that both phases are characterized
by rather equal strength, or it took place due to relatively fine
size of a-lathes and b-interlayers. At higher magnifications, in
some a-particles separate stacking faults were found (Fig. 17b).

Microstructure of LCB in the region near fracture surface is
shown in Fig. 18. A comparison of Fig. 1f and 18 shows that
the majority of a-lamellae of both types (coarser along b-grain
boundaries and finer inside grains) tilted in the direction of
applied stress and plastic flow. Contrary to Ti-6-4 alloy, the
intragrain a + b microstructure in LCB material was much finer

Fig. 15 Tensile toughness of LCB in annealed a + b state tested
with different strain rates

Fig. 16 Typical fracture surfaces of TIMETAL-LCB in annealed a + b state tested with strain rates: (a, b) 8.009 10�4, (c, d) 3.629 10�2 and
(e, f) 1.829 10�1. Arrows in Fig. 10(a), (c), and (e) show the ensembles of dimples. SEM
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(compare Fig. 1c and d with f); therefore, the voids in tested
specimens under fracture surface were finer as well (Fig. 18a).
A higher-magnification image allows assuming that the small-
est voids were initiated at the tips of fine intragrain a-lamellae
(‘‘a’’ arrows in Fig. 18b), while the edges of dimples on the
fracture surface look like extensions of b-grain boundaries,
covered by somewhat coarser a-lamellae (‘‘b’’ arrows in
Fig. 18b). In (Ref 12), it was supposed that thin layers enriched
in b-stabilizers are formed near b-grain boundaries in other
titanium metastable b-alloys in aged (a + b) condition, and
these embrittled layers were considered as the weakest link that
causes fracture upon tension. Similar situation is possible in the
present material. Unfortunately, too fine intragrain microstruc-
ture did not allow to reveal correctly the distribution of
elements in the phase constituents (Fig. 19). Nevertheless, the
periodical fluctuations of titanium content allow to assume that
higher Ti concentrations correspond to a-phase, whereas lower
Ti concentrations may be associated with b-phase (Fig. 19b).
Indeed, more precise measurements of local composition
showed essential difference in alloying elements content in a-
and b-phases (Table 4), but these results are rather facultative
because of significant error due to fine microstructure.

The results of chemical analysis of fracture surfaces are
listed in Table 5. First of all, it should be noted that chemical
composition on the surface of different dimples varies in a very
wide range—from very low concentrations of all alloying
elements (aluminum, molybdenum and iron), p 6, 12 and 15, to
comparatively high concentrations of both b- and a-stabilizing
elements, p 3, 8, 9 and 13. Therefore, it can be assumed that
failure is likely to occur between enriched and depleted layers
present near the grain boundary a-phase. In general, the
mechanism of fracture is similar to the cases of Ti64BM and
Ti64LM, namely—the pores nucleated near the tips of intra-
granular a-phase plates (needles), then grew, merged and
reached the grain boundary a-lamellas, forming fracture
dimples.

4. Comparison of the Alloys

A comparison of tensile toughness dependencies on strain
rate for all studied alloys and microstructural states is shown in
Fig. 20, where some data for other titanium metastable b-alloys

Fig. 18 Typical microstructure of LCB specimens polished in longitudinal direction under the fracture surface (strain rate 1.81910�1): (a) ar-
rows indicate voids under the fracture surface; (b) ‘‘a’’ arrows show tips of fine a- lamellae at which voids formed and ‘‘b’’ arrows show the
correspondence between coarser grain boundary a-lamellae and dimple edges

Fig. 17 Typical TEM images of LCB specimens tensile tested with rate 1.81910�1 near the fracture surface. TEM
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from the previous works (Ref 11, 12) are added. First of all, it is
worthwhile to underline that for all materials and microstruc-
tures the TT level significantly drops with strain rate, except
Ti64GL material. The last fact is very unusual, but can be used
for explanation of the result obtained by J. Fanning (Ref 6) who

found out that Ti-6-4 alloy has the best antiballistic properties
among a wide range of commercial titanium alloys. However,
as can be seen from a comparison of curves ##3, 4 and 5, the
low sensitivity of this alloy to strain rate is peculiar to globular
condition only, whereas bimodal and lamellar microstructures

Fig. 19 Chemical composition of polished LCB sample (not tested). (a) Correspondence between microstructure and concentration profiles, (b)
concentration profiles

Table 4 Local chemical composition of TIMETAL-LCB in initial annealed a + b state

##

Average chemical composition, wt.%

PhaseAl Mo Fe

1 1.68 (4.15) 1.23 a
2 0.75 (9.53) 6.08 b

Table 5 Local chemical compositions on fracture surface of TIMETAL-LCB alloy after annealing (two-phase a + b state)

## Strain rate

Chemical composition, wt.%

LocationAl Mo Fe

1 1 mm/min (8.009 10�4) 0.43 3.76 3.42 Ductile
2 1.41 7.93 4.32
3 1.54 9.34 5.21
4 1.10 7.42 4.23
5 1.39 7.16 3.87
6 0.29 2.15 2.27
Average 1.03 6.30 3.89
7 50 mm/min (3.629 10�2) 0.88 5.44 3.82 Ductile
8 1.38 8.24 5.16
9 1.93 7.85 4.38
10 0.70 1.69 1.43
11 0.54 1.80 1.52
12 0.17 1.73 2.69
Average 0.94 4.46 3.17
13 250 mm/min (1.81910�1) 1.22 7.06 4.72 Ductile
14 0.64 1.91 1.13
15 0.53 0.84 0.93
16 1.22 7.08 3.92
17 0.65 3.60 2.64
18 1.16 5.91 3.75
Average 0.91 4.59 3.01
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have common TT dependencies on strain rate. It is also
noteworthy that Ti64LM condition is characterized by the worst
TT level (curve #4) which is even lower than that of the c.p.Ti
(curves ##1 and 2) which has much lower strength. Ti64BM

condition has higher TT level as compared to Ti64GL condition
at tension with slow rates, whereas at faster deformation the
situation is reversed (compare curves ##3 and 4). The results
for Ti64GL condition at high strain rates look even better in
comparison with the best results obtained for high-strength
metastable b-alloys LCB and VT22 in a fine-grained single-
phase b-state. Only LCB alloy in two-phase a + b condition
investigated in the present study has higher TT than Ti64GL at
all applied strain rates, but the strain rate dependencies for these
two materials are principally different, so it is likely that at
faster deformation any superiority of LCB can disappear.
Summarizing all the above, we can assume that the specific
behavior of Ti-6-4 alloy can be explained by its microstructure
only and may be associated with relatively fine size of primary
a-phase globules, large amount of high-angle a/a boundaries
and rather small amount of a/b interfaces. Better antiballistic
properties of globular type microstructure of Ti-6-4 alloy in
comparison with lamellar one were also established in (Ref 23,
24).

The dependencies of TT and elongation on UTS for the
alloys studied in this work and two previous ones are presented
in Fig. 21. It should be stressed that for all materials these

Fig. 21 Dependencies of elongation and tensile toughness on ultimate tensile strength for: (a) cpTiFG, (b) Ti64GL, (c) Ti64BM, (d) Ti64LM,
(e) LCB, (f) LCB in fine-grained single-phase b condition (Ref 11) and (g) VT22 in fine-grained single-phase b condition (Ref 12)

Fig. 20 Comparison of total tensile toughness of studied materials
(1-6) and two earlier investigated titanium alloys of b-
metastable type in a single-phase fine-grained b-state [7 LCB (Ref
11) and 8 VT22 (Ref 12)]
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dependences have similar character, and the differences
between alloys and microstructural states are minor. In general,
this allows to conclude that the main contribution to the tensile
toughness for these alloys and strain rates is provided by
uniform plastic deformation. For the cpTiFG, both TT and
elongation curves look rather similar, and the ratio between this
two parameters equals 10 (Fig. 21a). For all three microstruc-
tural states of Ti-6-4 alloy, there are good correspondences
between the dependencies of TT and elongation on UTS
(Fig. 21b, c and d); for Ti64GL and Ti64BM materials, the
ratio between TT and elongation is about 11-12, while for
Ti64LM it varies from 10 to 13.4 with increase in strength (i.e.,
with increase in strain rate). For studied in this work LCB (in
annealed two-phase a + b state), the ratio between these
characteristics is 12 (Fig. 21e) within the whole range of strain
rates investigated. At the same time, for the single-phase b-
condition of the same alloy the TT and elongation change with
increase in UTS (or strain rate) in different ways (Fig. 21f).
Contrary to all other cases, in this one the ratio between these
two characteristics changes with UTS (or strain rate) in a very
wide range, namely from 11.3 to 32. Another titanium
metastable b-alloy, VT22, in single-phase b-condition has
common curves (Fig. 21h), and the ratio between TT and
elongation is about 11 for all studied strain rates. The
significant difference between these two b-alloys can be
explained by the earlier found difference in their deformation
accommodation modes (Ref 25), as well as the noticeable
difference in UTS.

4.1 Influence of Microstructure and Phase Composition

4.1.1 cpTi. As can be concluded from the analysis of
experimental data, single-phase h.c.p. a-titanium at all studied
strain rates deforms uniformly, and local deformation occurs at
the last stages immediately before fracture. The main role in the
formation of voids and main cracks is played not by a-phase
grains, but by the elements of intragrain substructure formed on
plastic flow during uniform deformation, and this substructure
forms very easily throughout the whole volume of the metal
even at the highest strain rates used in this work. In the alloy
with coarse grains, main cracks partially propagate along the
grain boundaries at high strain rates only.

4.1.2 Ti64GL. Taking into account all the above, it can
be concluded that in the Ti64GL specimens the voids form at
the a/b interfaces (Fig. 11b), and first of all at the triple
junctions. Since the amount of such interfaces is relatively
restricted (Fig. 1c), and both phases are rather ductile (Ref 2,
14), probably this can explain the weak dependence of TT on
strain rate. Generally, the process of fracture evidently develops
through the merging of neighboring voids which finally form
the fracture dimples (Fig. 8a, b, e and h). This leads to the fact
that the final size of the dimples is equal to the distance between
the two closest a/b interfaces and meets the size of the primary
a-globules (or few neighboring globules, which have no b-
particles between them).

4.1.3 Ti64BM. In this microstructure, the voids and
cracks are initiated in the regions of b-transformed mixture of
a + b phases (Fig. 1d), and first of all—at stronger small
lamellar a-particles, namely at their tips (Fig. 13c and d).
During deformation, these a-particles tilt in the direction of
applied load and plastic flow of metal. Obviously, their
influence gets stronger with increase in strain rate, resulting
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in the decrease in TT with strain rate. The fracture process
occurs as mentioned above—by merging of neighboring voids;
due to comparatively uniform distance between the neighboring
b-transformed regions, the size of dimples corresponds to the
diameter of primary a-globules, or ensembles of few neigh-
boring globules not divided by a + b regions.

4.1.4 Ti64LM. In this case, the tips of a-lamellae play the
role of void initiation sites (Fig. 13f). Then, the neighboring
voids merge to form an initial crack, which looks on fracture
surface as ductile dimples (Fig. 8d, g and j). If during its
growth this crack reaches the a-lamellae covering b-grain
boundary, it spreads quickly through it (Fig. 13e), forming
cleavage facets on the fracture surface (Fig. 8d, g and j).

In order to identify the physical nature of the influence of
microstructure on the mechanical behavior of Ti-6-4 alloy, first
of all it is necessary to take into account that these properties
are controlled by dislocation motion, which in turn can slide
with a velocity up to speed of sound (Ref 22, 23). Therefore,
we measured the speed of sound and attenuation coefficients
and calculated all relevant parameters in Ti-6-4 material with all
three microstructures. As shown in Table 6, both longitudinal
and transverse speeds of sound slightly increase in the order
Ti64GL fi Ti64BM fi Ti64LM; similar changes are also
seen for all modules and Poisson�s ratio. At the same time, the
attenuation coefficients in the lamellar microstructure are
almost two times higher as compared to two other microstruc-
tures. This allows to conclude that the higher number of a/b
interphase boundaries (contrary to predominantly a/a bound-
aries in Ti64GL and Ti64BM materials) caused intensive
dispersion and absorption of sound. In our case, this obviously
means more hindered motion of dislocations, which resulted in
lower mechanical properties of this microstructure, including
tensile toughness. In other words, the presence of compara-
tively large number of planar interphase boundaries (2D) leads
to more efficient phonon scattering in comparison with a small
number of 3D boundaries in a globular microstructure. It
should be noted that upon realization of diffusion processes, the
reverse situation takes place; namely, in globular microstruc-
tures all diffusion processes proceed approximately �3 times
faster than in the lamellar one (Ref 26, 27).

4.1.5 LCB. Apparently, in this alloy the voids were also
initiated at small intragrain lamellar a-particles, and these
acicular particles also tilted in the direction of applied load and
plastic flow of metal (Fig. 15). However, as shown in
Fig. 15(b), fine voids in neighboring a-particles merge until
they reach the closest coarse a-plates at b-grain boundary,
finally forming on the fracture surface relatively coarse dimples
(Fig. 10). These dimples are somewhat smaller than the average
b-grain size, because during deformation the grains elongate in
tension direction and get narrower in transverse one.

4.2 Influence of Strain Rate

In general, in all alloys and microstructural conditions
increase in strain rate resulted in a reduction in uniform plastic
deformation stage (plastic flow to necking). At the same time,
faster tension makes thinner layer under the fracture surface
where pores nucleate. In Ti-6-4 alloy with all structural states
and in LCB, faster tension causes in appearance of yield tooth
(Fig. 8b and 14). As it was shown in (Ref 28, 29), stress drop
after start of yielding is associated with abrupt increase in the
density of mobile dislocations (e.g., due to their generation at
grain boundaries) and usually takes place at high-temperature

deformation. This phenomenon is also inherent to single b-
phase condition strained at room temperature at relatively high
strain rates (Ref 10-12, 30), whereas in two-phase a + b state
the presence of secondary a-phase and large number of a/b
interphase boundaries inside b-grains play more important role
in the mechanical behavior of material. Some softening (the
absence of strain hardening) of material was observed in Ti-6-4
and especially in LCB strained with rates above 3.629 10�2.
For the first alloy, the same effect of softening on tension at
room temperature was observed in Ti-6-4 alloy with micro-
crystalline and submicrocrystalline structures (Ref 31). Accord-
ing to the works (Ref 32, 33), this behavior is usually attributed
to plastic instability originating from the lack of an effective
hardening mechanism; this instability appears as either forma-
tion of shear bands or ‘‘early’’ necking. In our case in Ti64BM,
Ti64LM and LCB materials, this led to the localization of
plastic deformation near some fine stress concentrators inside
the materials—tips of fine a-phase particles. Obviously, the
tendency of deformation localization with increase in deforma-
tion (strain or any other kind) rate is rather common, and
beyond some critical level (Ref 34), it leads to the transition
from usual plastic deformation (associated with dislocations,
twinning, crystal lattice rotation, etc.) to the formation of
adiabatic shear bends (Ref 35). However, even in this case
some superiority of globular microstructure over lamellar one
was found for Ti-6-4 alloy (Ref 23, 24): The material with
globular microstructure had better ballistic properties as
compared to lamellar one for the same testing conditions.

The study of influence of strain rate on the mechanism of
pore formation and rupture initiation allows to conclude that
faster tension causes higher localization of deformation defects
near grain/subgrain boundaries (in single a- or b-materials) or
a/b interphase boundaries (in two-phase ones) and, as a result,
faster appearance of voids and their coalescence into initial
cracks (Ref 30).

5. Conclusions

1. All studied materials showed a decrease in tensile tough-
ness (deformation energy) with strain rate that apparently
was caused by a decrease in ability to uniform plastic
deformation, which is reflected primarily in the reduction
in relative elongation. In c.p.Ti at all studied strain rates,
the main part of plastic deformation realized via uniform
elongation that led to a high density of intragrain defects,
which acted as nucleation sites for voids and cracks; gen-
eral character of fracture was ductile. In c.p.Ti with
coarse-grained microstructure (diameter of a-grains not
less than 200 lm), the secondary cracks developed
through separate grain boundaries at stain rates higher
than 3.629 10�2.

2. In Ti-6-4 and LCB alloys in two-phase a + b conditions,
the uniform plastic deformation also made the main input
into tensile toughness at all strain rates applied. At the
same time, Ti-6-4 alloy with globular microstructure had
the lowest sensitivity of tensile toughness to strain rate,
apparently due to the fine globular microstructure of a-
phase, small amount of relatively soft second b-phase
and thus prevalence of a/a-grain boundaries over the a/b
interphase boundaries. However, exactly a/b interphase
boundaries are places of voids nucleation and formation
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of cracks. In the first alloy, the higher number of a/b
interphase boundaries in bimodal microstructure resulted
in a higher sensitivity to strain rate, and their 100% pres-
ence in lamellar condition led to the lowest level of ten-
sile toughness. In both cases, the voids and cracks were
initiated by a-phase particles at: (1) tips of fine intragrain
needles in bimodal microstructure and (2) tips of coarse
a lamellae further propagating along the top of the a + b
packet in lamellar one. In the first case, general character
of fracture remains ductile (like in case of globular
microstructure), while in lamellar microstructure fracture
begins ductile, but reaching b-grain boundary cracks
propagates along covering grain boundary coarse a
lamellae forming brittle cleavage facets. Basing on the re-
sults of speed of sound and attenuation coefficients mea-
surements, it was supposed that the higher number of a/b
interphase boundaries in lamellar microstructure hindered
motion of dislocations causing in worse mechanical prop-
erties.

3. In LCB alloy annealed for two-phase a + b condition,
the voids and cracks were initiated also at tips of intra-
grain (finer that covering b-grain boundaries) a-lamellae.
Despite relatively higher than in Ti-6-4 general level of
strength, but due to rather small size of b-grains, and
thus better ductility, fracture in this material was also
completely ductile. Generally, Ti-6-4 with bimodal and
lamellar microstructures, as well as LCB alloy having
two-phase a + b microstructure, has similar fracture
mechanism: Pores nucleated near the tips of intragranular
a-phase plates (needles), then grew, merged and reached
next a + b region (in Ti-6-4 with globular microstructure)
or grain boundary a-lamellas (in two other cases), form-
ing fracture dimples.

4. Comparison of difference in microstructure, chemical and
phase composition alloys allowed to conclude that the
better tensile toughness at all strain rates applied had an-
nealed for two-phase a + b condition LCB. At the same
time, only Ti-6-4 with globular microstructure was char-
acterized by very low sensitivity of tensile toughness to
strain rate.
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