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Abstract
Recently developed thermally hardenable medium-level alloyed titanium alloy T110 was studied from the viewpoint of 
microstructure influence on the mechanical behavior under quasi-static and high-strain rate deformation. The globular micro-
structures of two types differing in aspect ratio of α-globules were formed under thermomechanical processing conditions 
with different reductions (εtotal = 2, and 3) and final annealing at 850 °C, 3 h. The thermally hardened state was formed by 
conventional solid-solution treatment at a temperature of two-phase α+β field (880 °C, 45 min), water quenching, and final 
aging (550 °C, 5 h). Stress–strain dependencies were estimated on tension with strain rates varied from 8·10−4 to 4·10−2 
s−1, as well as compression with a strain rate of 10−3 s−1 (quasi-static) and under high-strain rates varied from 870 s−1 to 
3520 s−1; the deformation with high-strain rates has been achieved using split Hopkinson pressure bar (SHPB) technique. 
The tested material was also assessed using strain energy (SE) parameter. A parallel study of the microstructure and crystal-
lographic texture formed during testing allowed to propose a reliable deformation and fracture mechanisms, depending on 
the stress state (tension, compression) and strain rate. A special role of the initial microstructure is noted, which determines 
the plasticity of the tested alloy, the sites of pore nucleation, features of crack growth, as well as the localization of deforma-
tion, which is determined by the mode and rate of loading. It is established and explained why the best balance of strength 
and ductility, and thus, the highest SE values in the all tests carried out were ensured by the alloy in the state with a more 
uniform microstructure of globular morphology (after the rolling with reduction εtotal =3), which, in turn, provided general 
superiority over the widely used Ti-6Al-4V alloy.

Keywords  Titanium alloy · Microstructure · Mechanical properties · Tension · Quasi-static compression · High-strain rate 
compression · Split Hopkinson pressure bar

Abbreviations
Ti64	� Commercial titanium alloy containing 6 (wt.)% 

Al and 4 % V
Ti64GL	� Ti64 alloy with globular microstructure
T110	� Titanium alloy with nominal composition

α, αI, αII	� H.c.p. alpha phase in the initial state; rem-
nants of primary alpha phase, and secondary 
alpha phase formed on different treatments, 
respectively

β	� B.c.c. beta phase
α′	� Alpha prime martensite
AN	� Annealed state of T110 alloy after annealing at 

850 °C, 3 h
STA	� Solution treated and aged state after corre-

sponding strengthening heat treatment
FH	� Furnace heating
FC	� Furnace cooling
AC	� Air cooling
WQ	� Water quenching
XRD	� X-ray Diffraction
SE	� Strain energy
QSC	� Quasi-static compression
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SHPB	� Split Hopkinson pressure bar (testing method, 
apparatus)

OM	� Optical microscopy
SEM	� Scanning electron microscopy
SEl	� Secondary electrons (image)
BSE	� Backscattered electrons (image)
EBSD	� Electron backscattering diffraction
OIM	� Orientation image map
BF TEM	� Bright field transmission electron microscopy
ASB	� Adiabatic shear band
RD	� Rolling direction of T110 plates in pole figures 

and for cutting out specimens for compression 
tests

TD	� Transverse direction of T110 plates in pole 
figures and for cutting out specimens for com-
pression tests

εtotal	� Total reduction on rolling
𝜀̇
max

	� Maximal strain rate at which specimens did not 
fracture during SHPB tests

𝜀̇
Cr

	� Critical (minimal) strain rate at which speci-
mens started to fracture during high-strain rate 
SHPB tests

SEmax	� Maximal strain energy value obtained on 
SHPB impact tests at maximal strain rate

YS	� Yield strength (on tension)
UTS	� Ultimate tensile strength (on tension)
El	� Relative elongation (on tension)
RA	� Reduction in area (on tension

Introduction

Titanium alloys are one of most important structural mate-
rials employed for different applications due to the unique 
combination of high specific strength, fracture toughness, 
crack propagation resistance, creep, corrosion resistance, 
and non-magnetism [1–3]. Since these alloys are more and 
more widely used in critical products of aerospace and mili-
tary technologies, higher requirements are being put forward 
to their physical, mechanical, and service properties [4, 5]. 
In order to improve the balance of service properties or some 
specific characteristics, continuous work is carried out on 
both obtaining new compositions of titanium-based alloys 
and developing advanced methods for their production and 
treatment [5, 6]. In particular, titanium alloy T110 (Ti-Al-
V-Mo-Fe-Zr-Nb system) was designed as a new weldable 
and hardenable material. Heat treatments of this alloy in the 
two-phase α+β field allow to achieve strength above 1100 
MPa in welded joints. Besides, a good balance of various 
mechanical properties of the alloy can be obtained after a 
number of processing routes, which can be employed for 
critical products, including aerospace and military applica-
tions [6–8]. For instance, ballistic testing of T110 sheets 

with the use of various type of live ammunition showed at 
least 20–25% higher ballistic resistance compared to the 
commonly used for this purpose Ti-6Al-4V alloy [6, 9, 10]. 
However, the dependence of the mechanical properties of 
the T110 alloy on the various types of processing and the 
structure-phase state created by them has been studied to a 
very limited extent, mainly by standard tensile tests. There 
is practically no information on the mechanical behavior of 
the T110 alloy under various stress modes and strain rates. 
Therefore, the present work is devoted to the study of the 
effect of the stress mode (tension or compression) and the 
loading condition (quasi-static and high-strain rate) on the 
mechanical behavior of the T110 alloy stabilized by anneal-
ing, as well as after standard (furnace heating followed by 
quenching and final aging) strengthening heat treatment.

Materials and Experimental Procedure

The T110 alloy with actual composition Ti-3.9(wt.%)
Al-0.8V-1.5Mo-2.1Fe-0.7Zr-3.8Nb was melted in Scien-
tific & Production Centre “Titan” (Kyiv, Ukraine [11, 12]) 
using double-melting Electron Beam Cold Hearth method; 
cylindrical ingot with diameter 110 mm and length 200 mm 
was produced. The ingot was stripped and then subjected to 
multi-step thermomechanical processing followed by heat 
treatments (Fig. 1a). Thermomechanical treatment includes: 
firstly, 3D pressing with total reduction not less than 70% at 
temperature above beta-transus temperature (Tβ—the tem-
perature of α+β0→β polymorphous transformation complet-
ing under equilibrium conditions of furnace heating [1, 2]), 
and then cross-rolling at temperature about 50 °C below 
Tβ.1 This rather conventional processing was described in 
more details in.[5, 9] To study the effect of the degree of 
the microstructure transformation (formation of as more as 
possible homogeneous microstructure of globular type with 
aspect ratio close to 1), the final cross-rolling of pressed 
semi-product was carried out with different reductions of 
plate thickness (h) to 15 mm (εtotal = 2, including 3D press-
ing stage, Fig. 1a), and 10 mm (εtotal = 3). After hot deforma-
tion, heat treatment (annealing at 850 °C, 3 h, slow cooling 
with furnace) was applied to stabilize phase composition 
and microstructure. To assess the effect of heat hardening 
on the mechanical behavior in various stress modes, some 
specimens after the rolling with εtotal = 2 were subjected to 
the following heat treatment: solid solutioning at 880 °C, 45 
min, water quenching, and final aging at 550 °C, 5 h.

The mechanical properties of the T110 alloy in all micro-
structural states mentioned above were determined in ten-
sile and compression tests. Tensile tests were performed on 

1  For the above mentioned actual composition Tβ = 910 °C.
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cylindrical specimens with gage diameter 4 mm and length 
25 mm (cut out of the plate as shown in Fig. 1b, #1) using an 
INSTRON 3376 machine according to ASTM E8 standard. 
Tension rates were varied from 8·10−4 s−1 to 3.6·10−2 s−1. 
In turn, quasi-static and high-strain rate compression tests 
were conducted on cylindrical specimens of 5 mm diameter 
and 5 mm length, which were cut of the plate in rolling 
(RD) and transverse (TD) directions as shown in Fig. 1b, 
#2 and #3, respectively. The high-strain rate compression 
tests were performed by means of the classical split Hop-
kinson pressure bar (SHPB) technique [13–15] using the 

system schematically shown in Fig. 2. The compression 
rate was 10−3 s−1 for the QSC tests, whereas for the SHPB 
experiments varied from 870 s−1 to 3520 s−1. More details 
on the applied SHPB setup are given in our previous work 
[16]. The structure of all materials was studied with optical 
microscopy (OM) at an XL70 (Olympus, Japan) and scan-
ning electron microscopy (SEM) at VEGA3 and MIRA3 
microscopes (both TESCAN, Czech Republic). The micro-
structure of tensile tested specimens was also analyzed on 
sections cut perpendicular to the fracture surface in lon-
gitudinal direction of the specimens close to the fracture 

Fig. 1.   Schemes of: (a) thermomechanical and heat treatments 
employed for the T110 ingot processing; (b) cutting out of rolled 
plates test specimens for: (1) tension in RD, and compression in 
(2) RD and (3) TD; (c) sample sectioning for SEM and TEM stud-

ies of fractured zone after tensile tests; (d) representation of specific 
zones distinguished in the longitudinal section of compression tested 
cylindrical specimens: the capital letters indicate the locations where 
microstructure was studied in detail.

Fig. 2.   The scheme of the split Hopkinson pressure bar (SHPB) system used in the study.
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site (Fig. 1c). The microstructure of compression tested 
specimens was studied on samples cut and polished in lon-
gitudinal direction [16]. The maps of local orientations of 
some specimens in different states were obtained by electron 
backscatter diffraction (EBSD) technique at SEM MIRA3. 
The phase composition and crystallographic texture were 
examined by x-ray diffraction analysis at an ULTIMA IV 
(RIGAKU, Japan) diffractometer. Fine substructure was 
investigated with transmission electron microscopy (TEM) 
at a JEM-2000FXII microscope (JEOL, Japan) at accelerat-
ing voltage of 200 kV. The foils for TEM studies (3 mm in 
diameter) were prepared by double-jet electro-polishing in 
the electrolyte consisting of 60% methanol, 35% butanol, 
and 5% perchloric acid at − 40 °C. Metallographic speci-
mens for OM, SEM, and EBSD study after standard grinding 
and polishing were prepared using Saphir Vibro polishing 
machine (ATM, Germany).

Results

Initial Microstructure, Phase Composition, 
and Crystallographic Texture

As for all titanium two-phase α+β alloys [5], the micro-
structure of the T110 alloy is mainly determined by the 
deformation-force and temperature conditions of thermo-
mechanical treatment. The basics of the influence of the 
thermomechanical treatment mode on the evolution of the 
T110 microstructure were considered in [9]. The thermo-
mechanical treatment regimes used in this study in combi-
nation with the subsequent annealing allowed to transform 
the initial coarse-grained lamellar structure (Fig. 3a) into an 
almost fully globular one (Fig. 3b, c, h). The higher defor-
mation (εtotal = 3) ensured the formation of more uniform 
and perfect globular microstructure in comparison with the 
lower one (εtotal = 2) (compare Fig. 3h with 3b, c). After 
the lower deformation, the microstructure of the T110 alloy 
had not completely transformed (recrystallized) morphol-
ogy of phase constituents, and the majority of α-lamellas 
were elongated in rolling direction (Fig. 3b, c). It should be 
also noted that the employed thermomechanical processing 
and subsequent cooling led to appearance of small amount 
of rather fine secondary αII-lamellae, which did not disap-
pear even upon final annealing (Fig. 3c). The differences in 
the degree of applied deformation and the completeness of 
the transformation from lamellar to globular microstructure 
are also accompanied by changes in the intensity of x-ray 
peaks (Fig. 4a, b) and in crystallographic texture of the sam-
ples (Fig. 4c–f). The presence of all possible reflections of 
both α- and β-phases in the specimens cut out of 15 mm 
and 10 mm thick plates (Fig. 4a, b, respectively) indicates 
the absence of too sharp crystallographic textures in them. 

Nevertheless, a comparison of the intensities of reflections 
for 15 mm and 10 mm thick plates allows to reveal some 
essential difference in their texture conditions, which is con-
firmed by the features of the pole figures (Fig. 4c–f). The 
comparison clearly shows that the higher degree of plastic 
deformation (10 mm thick plate) applied by rolling in the 
two-phase α + β field has led to the formation of more sharp 
and pronounced textures for both basal (002) planes in the 
α-phase and (200) planes of β-phase (Fig. 4d, f versus c and 
e, respectively).

Application of STA strengthening heat treatment at the 
temperatures of two-phase α+β field, commonly used for 
titanium alloys with similar content of alloying elements 
[1, 17], caused decrease in the number and size of the par-
ticles of primary α-phase after solid-solution treatment and 
quenching (Fig. 3d). The final microstructure after aging is 
sometimes named as “heterogeneous” because it consists of 
abovementioned remnants of primary α-phase (denoted as αI 
in Fig. 3e–g) and fine secondary αII-particles which precipi-
tated inside the β-phase matrix during isothermal exposure at 
aging temperature (Fig. 3e–g). Exactly this finer αII+β mix-
ture provides the hardening effect [1]. Since the high-tem-
perature stage of heat-strengthening treatment was carried 
out in the two-phase α + β field (i.e., the α + β → β → α′(α″), 
phase transformation was uncompleted, that ensured rem-
nants of primary αI-particles), the crystallographic texture 
of the material remained practically unchanged.

Quasi‑static Mechanical Properties

Tension Testing

Typical examples of tensile curves (the specimens for test-
ing were cur out in rolling direction (RD)) are presented in 
Fig. 5. In both as-annealed conditions, the alloy had yield 
strength of about 1000 MPa and high ductility—true strain 
reached 0.15 and 0.18 for 15 mm and 10 mm thick plate, 
respectively, although yield stress at strain rates 8·10−4 s−1 
was slightly lower than at 3.6·10−2 s−1 (Fig. 5a, c). STA 
hardening caused essential increase in yield strength—up 
to 1500 MPa (Fig. 5b), while true strain dropped by about 
half. The increase in the tension rate for all structural states 
was accompanied mainly by a noticeable decrease in duc-
tility, while the strength remained practically unchanged. 
If we compare these characteristics with the Ti-6-4 alloy 
tested in a similar way [1, 18, 19], it should be noted that 
the T110 alloy has noticeably higher strength, especially 
after STA hardening. This superiority in strength is associ-
ated with higher content of β-stabilizing alloying elements 
and, hence, higher volume fraction of the β-phase which 
contributes into strengthening processes during STA hard-
ening heat treatment as compared to less alloyed Ti-6-4 
alloy. Comparing 10 mm and 15 mm thick plates, it should 
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be noted that the first of them, due to the more homoge-
neous structure of more equiaxed α-globules, has higher 
plasticity at the same strain rates (Fig. 5c vs. a), while 
the strength level is approximately the same because of 
rather similar size of microstructure constituents, first of 

all α-particles (Fig. 3g vs. b). Both materials demonstrate 
rather low work hardening on tension (Fig. 5a, c); at the 
same time, STA-hardened specimens did not show visible 
work hardening effect in tension (Fig. 5b).

Fig. 3.   Microstructure of the T110 alloy in (a) as-cast and (b-h) 
deformed conditions. Plates (b–g) 15 mm thick, (h) 10 mm thick, at 
heat treatment conditions: (b, c, h) annealed (850 °C, 3  h, furnace 
cooling (FC)), (d–g) STA (880 °C, 45  min, water quenched (WQ), 

and then aged 550 °C, 5  h). (a, b, d) OM, (c, e, h) SEM, SEl; (f) 
SEM, BSE, (g) TEM. (i) Designation of RD and TD directions on 
microstructures (b–f, h).
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Compression Testing

The QSC tests (as well as high-strain rate SHPB compres-
sion tests) were performed in two parallel directions: along 
rolling direction (RD) and in transverse direction (TD). The 
results of QSC tests are shown in Fig. 6. First of all, it is 
worthwhile to note that the annealed 15 mm thick material 
showed more than two times higher fracture strain when 
tested in rolling direction compared with transverse one, 
despite the fact that both stress-strain curves had rather 

similar shapes (Fig. 6a). The T110 alloy in this annealed 
microstructural state showed an intensive work harden-
ing during compression: plastic flow stress increased from 
approximately 1000 MPa to 1300 MPa and 1600 MPa for 
the specimens tested in TD and RD directions, respectively 
(curves 1 and 2 in Fig. 6a). STA-hardened 15 mm thick mate-
rial reached such a high strength (above 1600 MPa) already 
at the stage of elastic deformation, and further increase in 
strength was moderate (Fig. 6b). It can be explained by 
comparatively small amount of primary αI-phase which 

Fig. 4.   XRD patterns (a, b) and pole figures of (c, e) (002)α- and (d, f) {200}β-phases of T110 in annealed condition; plate thickness—(a, c, d) 
15 mm and (b, e, f) 10 mm.

Fig. 5.   True stress-strain curves of the T110 alloy tested at quasi-static strain rate regime: (a, b) 15 mm thick plate, (c) 10 mm thick plate, in (a, 
c) annealed and (b) STA-hardened conditions. Specimens were cut out, machined, and tested in RD direction.
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significantly contributes to work hardening during plastic 
deformation (Fig. 3d–g). Due to the high strength of the α+β 
matrix, strain-hardening capability is greatly reduced—the 
values of fracture strain are reduced by about three times in 
comparison with the annealed material state, both for tests 
in RD and TD direction (Fig. 6b vs. Fig. 6). The mechani-
cal behavior of the specimens cut out from annealed 10 
mm thick plate was similar to those cut out from annealed 
15 mm thick plate (compare Fig. 6c, a). However, fracture 
strain values were noticeably higher for both RD and TD 
directions, whereas the difference in fracture strain values 
for these two directions was much smaller as compared to 
annealed thicker plate. The difference in the mechanical 
properties along RD and TD directions for annealed 15 mm 
thick plate can be explained by both structural (Fig. 3a, c) 
and crystallographic (Fig. 4a, b) textures being different in 
these directions. The specimens made of 10 mm thick plate 
had more homogeneous microstructure (Fig. 3h) and almost 
symmetric crystallographic texture (Fig. 4c, d) in both direc-
tions; hence, the difference in fracture strain values between 
RD and TD directions was smaller (Fig. 6c).

High‑Strain Rate (SHPB) Compression

Typical examples of stress-strain curves obtained with 
dynamic compression SHPB tests for all three microstruc-
tural types of the T110 alloy for cutting RD and TD direc-
tions are shown in Fig. 7. As for most metals [16], high-
strain rates cause certain increase in strength and more 
pronounced decrease in plasticity. Similar to the results of 
quasi-static compression considered above, high-strain rate 
tests showed significant difference both between individual 
structural conditions and between RD and TD cutting direc-
tions. For example, the specimens cut out from annealed 15 
mm thick plate in RD direction reached a true strain of 0.27 
without fracture at a strain rate of 3360 s−1, but it fractured 
at the strain rate of 3520 s−1 (Fig. 7a). In turn, the specimens 

cut out in TD direction fractured already at a strain rate of 
2570 s−1, and the maximal true strain without fracture was 
0.17 only at a strain rate of 2570 s−1 (Fig. 7b). The strength 
level in both RD and TD directions was almost the same and 
equals approximately 1520 MPa without noticeable strain 
hardening effect (Fig. 7a, b).

STA hardening of 15 mm thick material caused a notice-
able increase in strength (up to almost 2000 MPa) and 
decrease in fracture strain; however, it was also more pro-
nounced for TD cutting direction (Fig. 7c, d). Maximal true 
strain achieved in RD direction was equal 0.11 for a strain 
rate 1520 s−1, whereas at strain rate of 1670 s−1 specimen 
already fractured (Fig. 7c). For TD cutting direction speci-
mens, fracture occurred already at 1230 s−1, and maximal 
strain was 0.08 only at a strain rate of 1220 s−1 (Fig. 7d).

The specimens cut out from annealed 10 mm thick plate 
showed the best balance of strength and plasticity as com-
pared to other structural states (Fig. 7e, f). For example, 
the specimens tested in the RD cutting direction showed 
the maximum strain value of 0.3 at a strain rate of 2810 s−1 
and did not fracture during the tests (curve 6 in Fig. 7e). For 
comparison, the specimen cut out from annealed 15 mm 
thick plate in RD direction had true strain of 0.21 at approxi-
mately the same strain rate (2710 s−1), and even at strain rate 
of 3360 s−1 true strain of specimen was only 0.27 (Fig. 7a, 
curves 3 and 4, respectively). The specimens cut out from 
annealed 10 mm thick plate in TD direction fractured at a 
strain rate of 2410 s−1, whereas at 2200 s−1 material was 
still ductile, and it reached maximum strain of 0.24 that is 
much higher than maximum strain of the specimens cut out 
from annealed 15 mm thick plate in RD cutting direction 
(compare curve 6 in Fig. 7f with curve 2 in Fig. 7a). Thus, 
the annealed specimens cut of a 10 mm thick plate not only 
had a better balance of strength and ductility than the similar 
ones cut of a 15 mm plate, but also noticeably less differ-
ence in ductility between specimens tested in mutually per-
pendicular TD and RD directions. The latter fact is clearly 

Fig. 6.   Quasi-static compression stress-strain curves of (a, b) T110 15 mm thick plate, (c) 10 mm thick plate in (a, c) annealed, and (b) STA-
strengthened conditions at strain rate 10−3 s−1.
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related to the differences in the crystallographic texture of 
these plates (see Fig. 4).

Discussion

Strain Energy

As shown earlier [16, 18, 19], strain energy parameter allows 
to analyze an influence of the strain rate effect on the stress-
strain response, taking into account influences of chemical 
and phase compositions, as well as microstructure of the 
samples before and after tests. The T110 alloy has sufficient 
plasticity properties, especially when the phase composition 
and microstructure are stabilized by annealing. Therefore, 
values of SE parameters obtained from tensile tests are com-
paratively high for annealed material state, especially for the 
samples cut out from the 10 mm thick plate. They exceed 
even the best values for Ti64GL at strain rates 8·10−4–8·10−2 
s−1 (Fig. 8a). Under quasi-static compression, the advantage 
of the T110 alloy in the annealed state over Ti64GL material 
becomes more visible (Fig. 8b) for both RD and TD cutting 
direction. It should also be noted that the scatter in the SE 
values measured in QSC tests for TD cutting direction was 
noticeably larger as compared to RD one (hatched areas of 
rectangles in Fig. 8b). Likewise, the scatter in SE values 

was visibly lower for the specimens cut out from annealed 
10 mm thick plate as compared to those cut out from 15 mm 
thick plate (Fig. 8b). It can be explained by more uniform 
size and morphology of the α-phase, as well as by more pro-
nounced crystallographic texture in both RD and TD cutting 
directions in the 10 mm thick plate.

The results of both types of quasi-static experiments for 
specimens in the STA-hardened state it showed significantly 
lower SE values in comparison with both the same T110 
alloy in annealed state and Ti64GL alloy. Decrease in SE 
values is mainly related with decreasing plasticity of the 
T110 alloy in the STA-strengthened state (Fig. 8a, b). It is 
also worthwhile to note that in the case of the most homo-
geneous annealed globular microstructure (the 10 mm thick 
plate, Fig. 3h), the SE level of the samples with the RD cut 
direction was almost twice as high as in the case of a similar 
structural state of the Ti-6Al-4V alloy (compare in Fig. 8b 
the height of the "10 mm, AN, RD" rectangle with the posi-
tion of the dotted line.

The most complicated and interesting results were 
obtained from high-strain rate SHPB experiments (Fig. 8c). 
First of all, it should be noted that comparing the test results 
in two mutually perpendicular directions (RD and TD), it 
is clearly seen that for each structure, the dependences of 
the SE’s on the strain rate are initially almost the same for 
strain range until fracture occurred. For instance, for the 

Fig. 7.   True stress-true strain SHPB curves of the T110 alloy speci-
mens cut out from (a–d) 15 mm thick plate, and (e, f) 10 mm thick 
plate in (a, b, e) annealed, and (c, d) STA-hardened conditions tested 

in directions (a, c, e) (RD), and (b, d) (TD) directions. Arrows above 
the curves of corresponding color indicate the specimen cracking.
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specimens cut out of the 10 mm thick plate, the SE-strain 
rate dependencies were parallel to each other for both speci-
mens of the RD and TD cutting directions up to a strain rate 
of 2910 s−1, at which the TD specimens began to fracture, 
whereas the RD specimens remained un-cracked throughout 
the range of strain rates used (compare curves 1 and 2 in 
Fig. 8c). The same situation is observed in the specimens cut 
out from annealed 15 mm thick plate tested at 2830 s−1, and 
in STA-hardened ones tested at 1230 s−1 (curves 3, 4, and 5, 
6, respectively, in Fig. 8c). The SE-strain rate curves for the 
annealed 15 mm thick plate lie much lower than curves of 
annealed 10 mm thick plate. It is most likely the result of a 
much lower plasticity of the former material. The difference 
between the two annealed states (in 10 mm and 15 mm thick 
plates) is caused mainly by the above-described features of 
their crystallographic textures (Fig. 4). The STA-hardened 
specimens when compared to annealed ones are character-
ized by essentially lower both SE values and strain rates at 
which fracture occurred (curves 5 and 6 in Fig. 8c). At the 
initial stage, the behavior of STA-hardened alloy actually 
coincided with that of the annealed 10 mm thick material, 
but the former began to crack at much lower strain rates. It 
can be explained by the fact that, despite of higher strength 
of strengthened matrix, the cracking initiated at the earlier 
stages of plastic flow due to comparatively low plasticity.

It is important to note that the best results obtained for 
the annealed 10 mm thick material tested in the RD cut-
ting direction almost completely coincided with the earlier 
data [16] obtained from the same tests of the Ti64 alloy 
with a similar type of globular microstructure (curves 
1 and 2 vs. curve 7 in Fig. 8c). This result is somewhat 

unexpected because the T110 and Ti64 alloys differ each 
other in many parameters: namely, chemical composition, 
the ratio of α- and β-phases, and conventional mechanical 
characteristics. In addition, they also showed different bal-
listics resistance against different types of ammunition [6, 
9]. Probably, regardless of the above noted differences, both 
alloys with a well-formed globular microstructure provide 
such a combination of strength and plasticity under high-
strain rate loading that a somewhat lower strength of Ti64GL 
is compensated by a slightly higher fracture strain. It also 
should be underlined that the specimens of Ti64GL tested in 
[16] had almost ideal microstructural state for the cast and 
wrought Ti64 alloy—they were machined from 10 mm rods 
and tested in the RD cutting direction that provided optimal 
mechanical properties for Ti64 alloy.

Fracture and Microstructure Features of Tested 
Specimens

An analysis of the microstructure of materials after plastic 
deformation is a primary step to evaluate the difference in 
their mechanical behavior and deformation mechanisms [16, 
18, 19].

Tensile Tests

Figure 9 presents typical examples of fracture surfaces of 
specimens after tensile tests. First of all, it is worthwhile 
to note that despite the microstructure has been partially 
transformed from coarse-grained into near-globular (com-
pare Fig. 3b, c, h with 3a), the delamination (crack opening) 

Fig. 8.   (Since the numerical results of the SHPB tests are very 
dependent on a number of characteristics of both the equipment itself 
and the size of the specimens, SE was calculated as “pure” energy 
required for the deformation of the specimens with identical size: 5 
mm in diameter and 5 mm in height, like in the previous work [16]. 
Thus, obtained the values directly in Joules, which for dynamic 
SHPB compression correspond to certain strain rates, and for quasi-
static—a certain level of strain. For tension Strain Energy was cal-
culated in MJ/m3.) Strain energy vs. strain rate for (a) quasi-static 

tension, (b) quasi-static compression, and (c) high-strain rate SHPB 
compression. Data for Ti-6-4 alloy with globular microstructure 
(similar to the T110 alloy—Fig.  1g), curve 4 in (a), horizontal line 
in (b), and curve 7 in (c), and horizontal line in (b) are adopted from 
[16, 18]. Hatched areas indicate: (b) the range of strain energy values 
variation for at least 3 specimens tested, and (c) the SE increase for 
10 mm material as compared with 15 mm one. Colored arrows in (c) 
indicate the specimens of the corresponding states, which fractured 
on testing.



848	 Metallography, Microstructure, and Analysis (2021) 10:839–861

1 3

between layers formed in annealed specimens by previous 
rolling2 was observed; it was more pronounced in the speci-
mens cut out from the 15 mm thick plate (compare Fig. 9a, 
d, g). Obviously, this effect related to the structural and crys-
tallographic textures, which were more pronounced in the 
specimens cut out from the 15 mm thick plate (Figs. 3b, 4a, 
b). In the STA-hardened condition (Fig. 9d), the strength-
ened αII+β matrix (interlayers of 5–15 µm thickness, Fig. 3e) 
between primary αI-phase particles caused comparatively 
finer fragmentations on the fracture surface (Fig. 9e vs. b). 
However, at the micro-level the fracture in all three cases 
(after annealing and after STA hardening) was rather ductile 
(fine ductile dimples in Fig. 9b, c, e, f, h).

The microstructure close to the fracture surfaces evi-
dences high ductility of the annealed material—there are 
traces of intense plastic flow in both α- and β-phases in 
Fig. 10a, b, e, f (compare with the relevant initial states in 
Fig. 3c, h without traces of plastic deformation). Very few 
voids indicating the starting stages of crack initiation were 
observed just under the fracture surface (Fig. 10b, f). Pores 
formed as a result of a localized shear deformation at an 
angle of 45° to the applied load direction (Fig. 10a, e). It can 

be also noted that in the annealed T110 material, the char-
acter of fracture surfaces at the macro- and micro-level was 
the same both for the specimens cut out from 10 mm thick 
plate (more uniform and globular microstructure) and from 
15 mm thick one (compare Fig. 10e, f with a, b). The α- and 
β-phases particles near the fracture surface are elongated in 
the tension direction. Some layers indicated by arrows in 
Fig. 10e became more stretched in the tension direction than 
others—they are obviously related to the initial β-grains with 
specific orientations, which did not completely recrystal-
lize under thermomechanical processing and final anneal-
ing. From Fig. 10f, it can be concluded that the size of the 
smallest dimples (indicated by “A”) clearly corresponds to 
the size of the initial α-particles (Fig. 3c, h), while the size 
of coarser dimples (indicated by “B”) can be obviously asso-
ciated with the size of a cluster of adjacent α-crystals with 
similar crystallographic orientations (Fig. 10e).

The T110 alloy in the STA-hardened condition contained 
a slightly more amount of voids in the deeper inside zone 
of intensive deformation near the fracture surface. Some 
of these voids formed chains along the line inclined at 45° 
to the tension direction (Fig. 10c, d). This is obviously 
explained by much higher strength of the αII+β matrix that 
caused higher localization of stress and plastic deformation 
as compared to the more ductile annealed material. It is also 
worthwhile to note that these voids nucleated on the inter-
phase boundaries between relatively softer remnants of the 

Fig. 9.   Fracture surfaces of the tensile tested T110 specimens made of: (a–f) 15 mm, and (g, h) 10 mm thick plates in: (a–c, g, h) annealed, and 
(d–f) STA-hardened states. SEM, SEl.

2  This affects the mechanical behavior of the material in different 
ways, when it is tested along other directions, or when other loading 
patterns are applied (for instance, flexure) [18–21].



849Metallography, Microstructure, and Analysis (2021) 10:839–861	

1 3

primary αI-phase and strengthened αII+β-matrix (Fig. 10c, 
d), that is also typical for the α+β titanium alloys strength-
ened by the same route [1, 22].

The additional information on the features of the defor-
mation mechanisms can be obtained from a comparative 
study of the changes in the crystallographic micro-texture 
after plastic deformation.3 Figure 11 shows the results of 
the EBSD study of an annealed T110 specimen cut out from 
the 15 mm thick plate in the initial (not deformed) state. As 
seen from Fig. 11a, b, there are some parallel bands specially 
oriented along rolling direction. This is most evident for the 
α-phase (blue, green, and red colored bands in Fig. 11c). 

These bands with similar crystallographic orientation are 
clear evidence of incomplete recrystallization of initial 
as-cast coarse-grained lamellar structure during thermo-
mechanical processing [1, 5, 22]. As for the β-phase, it is 
possible to distinguish small areas that presumably are the 
remnants of the primary β-grains (the areas of similar colors 
in Fig. 11d) which mainly underwent the polymorphic β→α 
transformation upon cooling. In other words, after rolling 
and annealing (i.e., after phase recrystallization and globu-
larization), the recrystallized phase constituents at least par-
tially inherited the orientation of the coarse β-grains and 
colonies of α-lamellas in as-cast condition.

Thus, in the initial condition, the majority of the α-phase 
particles have rather homogeneous orientation, except some 
fragments (subgrains or cells)—compare the areas marked 
by the rectangles in Fig. 11a, c. Subsequent tension, in addi-
tion to the above-described changes in the microstructure in 
the zone of intense plastic flow (Figs. 10a, b, 12a), caused 
crucial changes in the local crystallographic orientations 

Fig. 10.   Microstructure of the T110 alloy (a–d) 15 mm and (e, f) 10 
mm thick plate in locations near the fracture surface after tension 
with rate 8·10−2 s−1. (a, b, e, f)—annealed (c, d)—after STA harden-
ing. Arrows in (a) indicate shear line, in (e)—most stretched grains, 

in (f)—shear band. “A” and “B” in (f) with relevant arrows indicate 
the edges of smaller and coarser dimples, respectively. SEM, (a–e) 
SEl, (f) BSE.

3  The measurements of the macroscopic texture of the alloy after 
mechanical tests did not show any noticeable changes in comparison 
with the initial state due to the fact that the XRD method, on the one 
hand, is integral and covers various zones of specimens (see Fig. 1c, 
and, on the other hand, provides information for a very thin surface 
layer only.
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(first of all for α-phase crystallites, Fig. 12b, c). As seen 
from Fig. 11b, c (initial state) and Fig. 12b, c (deformed 
material), there are zones with different crystallographic 
orientations inside almost all α-particles elongated in the 
tension direction (Figs. 12a vs. 11a). The size of these zones 
is almost an order of magnitude smaller than that of the par-
ticles in the initial condition before deformation (Figs. 12b, 
c and 11b, c). Since the size of the α-particles has changed 
insignificantly (except for a certain elongation), the evolu-
tion of the pole figures is supposedly a consequence of the 
formation of a developed cellular substructure with high (up 
to a few degrees) misorientation between adjacent subgrains. 
In other words, the EBSD studies of the annealed and then 
deformed T110 specimens revealed essential defragmen-
tation of the primary α-phase particles near the fracture 
surface, with less noticeable changes in the boundaries of 
these particles—i.e., the α-phase particles with similar ori-
entation consist of noticeably misoriented cells (fragments) 
formed during intense plastic flow. In turn, the β-phase has 
not undergone significant changes in orientation (compare 
Figs. 12d with 11d).

Changes in the internal crystallographic orientation of 
the subgrains formed inside the α-phase particles upon 

tension are clearly seen in Fig. 13 where the misorientation 
angles between adjacent α-particles in the initial annealed 
state and after tension (A and B, respectively) are shown. 
Plastic deformation significantly increased the amount of 
high-angle boundaries inside the initial α-particles.

In the STA-hardened material, it was only possible to 
determine the orientation of the residual primary αI-phase 
particles, whereas the αII+β matrix around them was not 
indexed because of too fine dimensions of the αII-needles 
and β-interlayers between them (not more than tens of 
nanometers in cross-section—see Fig. 3g). Upon the ten-
sion these remnants of αI-phase formed parallel stripes 
of approximately the same crystallographic orientation 
like in as-annealed state (Fig. 14a, b, where αII+β matrix 
is shown in light grey color). TEM studies of the micro-
structure in the zone near to the fracture surface revealed 
highly deformed state with enhanced density of disloca-
tions and tweens in the remnants of primary αI-particles. 
The substructure of the αII+β matrix was difficult to dis-
cern (Fig. 14d). Nevertheless, taking into account that 
STA-hardened material demonstrated rather poor plastic 
flow due to hard (α+β) matrix, it can be assumed that the 

Fig. 11.   (a) SEM BSE image of the annealed T110 sample cut out 
of 15 mm thick plate; (b) corresponding EBSD OIM of the α- and 
β-phase related to rolling direction (RD); (c) EBSD OIM of the 
α-phase related to normal direction (ND); (d) EBSD OIM of the 

β-phase related to normal direction (ND); (e1) represents the inverse 
pole figure for h.c.p. α-phase; (e2) represents the inverse pole figure 
for b.c.c. β-phase.
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deformation mainly localized inside the αI-globules, that 
caused their fragmentation into misoriented subgrains.

Microstructure Features of Specimens After Compression

Quasi‑static Compression  Typical examples of the micro-
structure of the T110 specimens after QSC tests are shown 
in Figs.  15, 16 and 17 for all studied annealed and STA-
hardened materials. The microstructure of the specimens 
cut out from 15 mm thick plate in as-annealed condition 
and QSC-tested along the rolling direction (i.e., compressed 
in longitudinal direction) changed in the zones indicated in 
Fig. 1c in different ways (Fig. 15a–e). In the top layer near 
the contact surface between specimen and input bar (zone 
“A” in Fig. 15a), the microstructure changed insignificantly 
in comparison with initial state (compare Figs. 15b with 3b, 
c). More noticeable changes were observed in the top cor-
ner (Fig. 15c—zone “B” in Fig. 15a) and in bottom zone 
(Fig.  15d, zone “A1” in Fig.  15a), where the main crack 
started and ended, respectively. It is quite obvious that in 
these zones, especially in “B,” the localized stresses from 
the zones “A” and “C” superimposed that led to a complex-
stressed (both in magnitude and directions) state. As a 
result, in these zones, the particles of the α- and β-phases 
distorted their form and rotated. The relatively narrow bands 

Fig. 12.   The T110 material cut out from annealed 15 mm thick plate 
after tension with a rate of 8·10−4 s−1 near to the fracture surface: (a) 
SEM BSE image; (b) EBSD OIM of the α- and β-phase related to 
rolling direction (RD) close to the fracture surface indicated by the 

rectangular in (a); (c) EBSD OIM of the α-phase; (d) EBSD OIM of 
the β-phase; (e1) represents the inverse pole figure for h.c.p. α-phase; 
(e2) represents the inverse pole figure for b.c.c. β-phase.

Fig. 13.   Misorientation between adjacent α-particles in the speci-
mens cut out from 10 mm thick plate of the T110 alloy in as-annealed 
condition (the view field is shown in Fig. 11a) and after tensile test 
(the view field is shown in Fig.  12a). “A” and “B” mark initial and 
deformed conditions, respectively.
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of localized plastic deformation (up to ASB appearance), 
some of which were parallel to the main crack (Fig. 15d), 

were observed. In the central zone, a specific microstructure 

Fig. 14.   (a) SEM BSE, (b) SEM+EBSD OIM of α-phase, (c) represents the inverse pole figure for h.c.p. α-phase and (d) TEM of the T100 alloy 
(15 mm thick plate) in STA-hardened state after tension with a strain rate of 8·10−4 s−1. TEM foil was taken from the zone shown in (a).

Fig. 15.   Microstructure of the T110 specimens cut out from annealed 
15 mm thick plate and QSC tested in the cutting directions: (a–e) 
RD and (f–k) TD. The letters in (b–e) and (g–k) indicate the loca-

tions marked in (a) and (f), respectively, and correspond to the zones 
shown in Fig.  1c. Compression was performed along vertical axis. 
SEM, BSE.
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with turned and fragmented particles of both phases was 
detected (Fig. 15e).

Microstructures of different types were identified in the 
annealed specimens tested by QSC method in transverse 
direction (Fig. 15f–k). The most intense deformation also 
occurred in the zone “B” due to the multidirectional forces 
action (Fig. 15g). Compressed layers of more flattened 
and stretched parallel to RD direction particles of α- and 
β-phases were observed away from the main crack (“D” and 
“E” in Fig. 15i, k, respectively), whereas in the areas close 
to the main crack the phase constituents were curved along 
the direction of crack propagation (Fig. 15h).

In the STA-hardened T110 material (Fig. 16a), compres-
sion along rolling direction caused visible changes in the 
shape and orientation of primary αI-particles in different 
locations (Fig. 16b–d), which were more evident close to the 
main crack surface (Fig. 16c) and specimen top (Fig. 16d), 
than in its center (Fig. 16b). In the corner of the sample 
(zone “B”), no microstructural changes different from those 
observed in the zone “A” were found out. Presumably, this 
was due to the fact that the hardened specimen cracked rela-
tively earlier compared to more ductile annealed specimens. 
In turn, in the case of compression in the transverse direc-
tion, the changes in the microstructure were observed mainly 
near the crack (zone “C”; compare Fig. 16e–h). The fact that 
the αI-phase in the STA-hardened state had fewer signs of 
plastic deformation is a consequence of the presence of a 

hardened αII+β-matrix (Fig. 3d–g) that reduced the mate-
rial plasticity by more than two times (compare Fig. 6a, b).

The microstructure of the T110 specimen cut out from 
annealed 10 mm thick plate and QSC tested is shown in 
Fig. 17. In general, the features of deformed microstructure 
are rather similar to those described above for the specimens 
cut out from 15 mm thick plate. Evident signs of plastic 
deformation were observed in the thin surface zone “A” 
(Fig. 17b). More intense deformation occurred in the cor-
ners of specimen (zone “B,” Fig. 17c) and along the main 
crack (zone “C,” Fig. 17d). Besides, the evidences of intense 
deformation were observed in the zone of secondary crack-
ing (zone “D,” Fig. 17e). However, it should be taken into 
account that the specimen in this metallurgical condition 
had the highest plasticity and underwent maximum deforma-
tion under applied loading (Fig. 6c). In addition, no ASBs 
were observed, and the regions of localized plastic flow were 
much narrower than in the annealed specimens cut out from 
15 mm thick plates (e.g., compare Figs. 15d and 17c or d).

The same material had somewhat lower plasticity when 
tested by QSC method in the transverse direction. It under-
went earlier fracture (Fig. 6c), so the microstructural changes 
were less pronounced compared to the tests along the roll-
ing direction (Fig. 17f–k). It is worthwhile to note that the 
maximum deformations were observed along the main crack 
in the zone “C1” (Fig. 17i). In other locations, for example 
“C” and “D,” visible signs of deformation were observed in 
the form of fragmentation of separate relatively long (not 

Fig. 16.   Microstructure of the STA-hardened T110 material (15 mm 
thick plate) after QSC in the cutting directions: (a–d) RD; (e–h) TD. 
The letters in (b–d) and (f–h) indicate the locations marked in (a) and 

(e), respectively, and correspond to the zones shown in Fig. 1c. Com-
pression was performed along vertical axis. SEM, BSE.
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globularized during annealing) α-particles (marked with 
arrows in Fig. 17k).

Comparison of QSC-tested specimens cut out of 15 mm 
(Fig. 15) and of 10 mm (Fig. 17) thick plates allows to con-
clude that the latter material was more ductile and cracked in 
the very last stages of deformation (e.g., compare Figs. 17f, 
15f). There were no fundamental differences in the micro-
structure features between the specimens tested along (RD) 
and across (TD) rolling direction; the difference was only in 
the deformation level—it was higher in RD.

Thus, all the above results allow to conclude that the 
mechanical behavior of the T110 alloy under quasi-static 
compression, as well as tension conditions is determined 
by the peculiarities of the plastic flow of an ensemble of 
the α- and β-phases. The largest reserve of plasticity and 
the maximum values of strain energy are achieved when the 
morphology of the α-phase (the main phase constituent in 
the equilibrium state) is close to the equiaxial globular one, 

and microstructure and crystallographic texture of alloy are 
close to isotropic in the macroscopic scale. Such material 
can be easily deformed by the simultaneous plastic flow of 
both α- and β-phases in the direction of applying the acting 
stresses. After reaching the stage of localization (necking 
under tension, and inside zones "B" and "C" under compres-
sion), pores nucleate inside of tested material, which cracks 
then. Compression tests are also characterized by the forma-
tion of bands of intense flow (up to the formation of ASB) 
at the stage before voids nucleation and cracking develop-
ment. After thermal hardening, the alloy contained fine αII-
particles that caused significant strengthening, which in turn 
led to high localization of stresses at the interfaces between 
the hardened αII+β-matrix and more ductile remnants of αI-
particles. As a result, the plasticity of the alloy significantly 
reduced, and the reserve of strain energy also dropped down.

Fig. 17.   Microstructure of specimens cut out of the annealed T110 
10 mm thick plate after QSC tested for cutting directions: (a–e) RD; 
(f–k) TD. The letters in (b–d) and (f–h) indicate the locations marked 

in (a) and (e), respectively. Arrows in (k) indicate unrecrystallized 
α-lamellas fragmented by deformation. Compression was performed 
along vertical axis. SEM, SEl.
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Fig. 18.   Microstructure of the T110 material cut out from the 
annealed 15 mm thick plate tested under SHPB loading condition 
with strain rates (a–d) 2710 s−1, (e–i) 3520 s−1, (k–n) 2570 s−1, (o–s) 

2970 s−1 in (a–i) longitudinal and (k–s) transverse cutting directions. 
Specimens were loaded along vertical direction. SEM, BSE.
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High‑Strain Rate SHPB Tests  15 mm Thick Plate The 
microstructure features of the dynamically tested T110 
are significantly affected, among other factors, by the rate 
of deformation, i.e., higher strain rates cause earlier frac-
ture. At the strain rates below critical value 𝜀̇Cr, the most 
evident microstructural change in the annealed specimens 
tested in RD cutting direction (Fig. 18a) was the fragmenta-
tion of elongated αI-particles into chains of finer particles 
(Fig. 18b). Similar behavior was observed in various parts 
of the specimens, that was caused by complex stress state 
of different magnitude and direction have acted (Fig. 18c, 
d). The changes in orientation (slight rotation) of separate 
αI-particles were observed mainly in the edges of the speci-
mens, which were subjected to more complicated stresses 
(zone “B” in Fig.  18b). At higher strain rates (when the 
specimens fractured—Fig.  18e–i), apart from local inten-
sive distortion of α-particles in the narrow near-surface 
zone (zone “A” in Fig. 18f), ASBs appeared also in zones 
the “B” and “C,” inside which cracks nucleated (Fig. 18g, h, 
respectively). Moreover, the microstructure changes similar 
to those locally observed at lower strain rates (fragmentation 
and distortion of the primary αI-phase), appeared in various 
zones of the specimen tested at higher rates (Fig. 18f–i).

In the case of the transverse cutting direction specimens, 
in contrast to both high-strain rate tests and QSC tests in the 
longitudinal cutting direction, the main evidences of plas-
tic deformation (Fig. 18k–s) appeared predominantly as the 
fragmentation of elongated plates/chains of the α-phase 
particles at all strain rates (Fig. 18l, n). It should also be 
emphasized the formation of localized shear bands at lower 
strain rates compared to the specimen compression in the 
rolling direction in zone "B" (Fig. 18m). At higher strain 
rates, the specimens fractured (Fig. 18o), and the ASBs and 
related cracks formed in various zones (Fig. 18p–r), except 
“D” (Fig. 18s). Evidently, these areas of highly localized 
deformation were initiated in the zone “B” and then crossed 
the sample along the zone “C” at an angle of 45° in accord-
ance with Schmid’s law. Already at short distances from 
these zones of localized deformation, there were no visible 
traces of plastic deformation, unlike QSC tests (compare 
Fig. 18l, m, p, and especially 18s with Fig. 15k). Thus, the 
high-strain rate deformation is characterized by much higher 
localization of plastic flow in comparison to the quasi-static 
compression, possibly due to the lack of time for relaxation/
redistribution of applied stresses.

It should be also underlined that the difference between 
SHPB behavior of the specimens loaded in RD and TD 
directions consisted in earlier cracking the TD specimens, 
i.e., at lower strain rates. It can be explained by earlier devel-
opment of above-described features of the microstructure 
and crystallographic texture of the material loaded in the 
TD direction.

In the case of the STA-hardened T110 material tested 
at the SHPB conditions (Fig. 19a, e, i, n), the noticeable 
signs of plastic deformation were observed exclusively on 
the contact surface with the SHPB bars or close to it (input 
bar; the zones “A” and “B” in Fig. 19b, f, k, l, o), or near 
the main crack itself (Fig. 19g, p, q). In other locations, 
the microstructure looked practically unchanged (compare 
Figs. 19d, h, m with 3e). As at quasi-static tests, both for 
tension (Figs. 10c, 14a) and compression (Fig. 16), the rem-
nants of the primary αI-phase in the areas far from the above-
mentioned locations remained practically unchanged during 
high-strain rate deformation. Therefore, it can be concluded 
that in the thermally hardened condition, in contrast to the 
annealed one, the plastic flow is restricted by the αII + β 
matrix, which has very low plasticity. Like in the annealed 
condition with essentially higher plasticity, the hardened 
T110 alloy fractured at much lower strain rates when tested 
in TD (1220 s−1) as compared to RD (2430 s−1) direction.

10 mm Thick Plate Typical examples of the microstruc-
ture of the specimens cut out from 10 mm thick plate in 
annealed condition after high-rate strain SHPB tests are 
shown in Fig. 20. The main microstructural changes are quite 
similar to those observed after the same tests of the speci-
mens cut out from annealed 15 mm thick plate. It mainly 
concerns the localization of plastic deformation in the zones 
“A” and “B” with the highest local stresses (Fig. 20b, c). In 
the latter case (zone “B”), the bands of intense localized 
deformation similar to the ASBs were observed (Fig. 20c). 
In other locations, including the zone “C,” the signs of plas-
tic deformation were less obvious, except some α-lamellas 
which were not transformed by recrystallization (Fig. 20b, 
d). Nevertheless, particles with typical martensite morphol-
ogy were observed in the zone “E,” where the lowest stresses 
were acted (Fig. 20e). Local chemical analysis (Table 1) con-
firmed this observation and allowed to suggest that it was a 
joint result of the heating at high-strain rate compression and 
local depletion of the β-phase with β-stabilizing elements—
compare the composition of the stable region of the β-phase 
(p. #2 in Table 1) with the transformed one (p. #1). This is 
in the good agreement with the well-known dependencies 
between the content of β-stabilizing elements and β → α′(α") 
decomposition upon rapid cooling [23–25].

The specimens tested in TD direction (Fig. 20f–i) showed 
approximately similar changes of microstructure in the zone 
“A” like all others annealed T110 specimens tested at com-
pression. The phase constituents were distorted by intensive 
plastic flow within very narrow (less than 10 micrometers) 
top layer (compare Figs. 20g with 17b and g, 18f, 19f, and 
20b). As with other specimens, a shift of neighboring areas 
at an angle of about 45° was observed in the zone “B” 
(Fig. 20h); a “flattening” of the α- and β-phase particles in 
the middle part of the specimen (zone “C”) was observed 
(Fig. 20i).
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Fig. 19.   Microstructure of the STA-hardened T110 specimens cut out 
from 15 mm thick plate tested under SHPB loading condition with 
strain rates (a–d) 1240 s−1, (e–h) 2430 s−1, (i–m) 1170 s−1, (n–s) 

1220 s−1 tested in directions: (a–h) RD, (i–s) TD. Specimens were 
loaded in vertical direction. SEM, BSE.
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Several attempts to obtain EBSD data after QSC or high-
strain rate SHPB tests were mostly unsuccessful due to sig-
nificant residual stresses and high density of defects present 
in the specimens after intense deformation. One of most 
representative results obtained on an annealed specimen 
compressed in the rolling direction with a rate of 2810 s−1 
is shown in Fig. 21. As can be seen, the high-rate deforma-
tion resulted in the fragmentation of the majority of initial 

α-phase particles into subgrains (compare Figs. 21b with 
11b).

The main difference in comparison to quasi-static com-
pression consists in that with the increase in strain rate the 
time for stress distribution over the sample volume and 
relaxation decreases multiple times, resulting in more and 
more localization of the deformation. Dynamic course of 
deformation also causes an intensive increase in local-
ized temperature by adiabatic heating, which, in turn, has 

Fig. 20.   Microstructure of specimens cut out from the annealed T110 10 mm thick plate tested under SHPB loading condition with strain rates 
(a–e) 2810 s−1, 2200 s−1 in (a–e) RD, and (f–i) TD directions. Specimens were tested in vertical direction. SEM, (a, c–i) SEI, (b) BSE.

Table 1.   Comparison of the 
chemical composition of the 
T110 alloy in areas marked in 
Fig. 20e with average content of 
alloying elements

Point # Chemical elements, wt.%

Al V Cr Fe Zr Nb Mo Ti

1 2.61 0.67 0.04 5.14 0.78 4.48 1.44 Balance
2 2.23 0.82 0.11 5.46 0.65 5.44 2.42
3 4.83 0.00 0.06 0.40 0.39 1.83 0.43
Average composition

3.90 0.8 0.14 2.10 0.70 3.80 1.50 Balance
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a significant effect on deformation processes in these local 
volumes due to material softening.

Generalizing obtained data, it should be underlined that 
the T110 is a very promising titanium alloy—in well-pro-
cessed condition it has a uniform and relatively fine globular 
microstructure that ensures a good balance of mechanical 
properties on tension and compression in a wide range of 
strain rates. These T110 alloy properties are higher than 
the wide-spread Ti-6Al-4V alloy in the same microstruc-
tural state. This explains the previously established fact 
that plates of different thickness made of the T110 alloy 
showed essentially better terminal ballistic resistance than 
the plates of similar thickness made of Ti-6Al-4V. It makes 
possible to replace the latter alloy with the T110 alloy in the 
most responsible parts, for which price [26] is not a limit-
ing factor.

It is obvious that the improved balance of mechanical 
properties of the T110 alloy in comparison with Ti-6Al-4V 
is provided due to its more complex alloying system. The 
same approach was applied, for example, in the development 
of new titanium high-strength weldable alloys and welding 
wire. Due to the content of various β-stabilizing elements, 
it ensured their mutual substitution in the weld metal, which 
in turn provided their sufficient uniform total distribution [7, 
8, 27–29]. Similar cooperative effect of alloying elements 
was observed in the multi-component titanium alloys during 
phase transformations (upon interphase movement [30]), and 
during homogenization of high-temperature β-phase [31] 

under non-equilibrium conditions upon continuous high-rate 
heating. Higher content of β-stabilizing elements expressed 
in terms of molybdenum equivalent [32] in the T110 
(CMo ≥ 4.5 mas. % vs. ≈ 3 mas. % for Ti-6Al-4V) caused in 
higher amount of β-phase in annealed condition—approxi-
mately up to 20% (see Fig. 3c, h) vs. 7% in Ti-6-4 [1]. Due to 
this tensile strength of the annealed T110 exceeds 1100 MPa 
(Fig. 5a, c), while for the best annealed state of Ti-6Al-4V, it 
is not more than 950 MPa at approximately the same ductile 
characteristics [1]. It is this combination of strength and duc-
tility in quasi-static tests that ensures the superiority of T110 
over Ti-6Al-4V in terms of strain energy (see Fig. 8ab, b).

Additionally, the special role of niobium in titanium 
alloys should be mentioned. Being relatively “weak” β-phase 
stabilizer [23, 33, 34], niobium has a particularly beneficial 
effect on the plasticity of titanium alloys [35, 36]. The effect 
of niobium can be explained by the peculiarities of its inter-
action with the atoms of titanium matrix from the viewpoint 
of electron structure [37, 38].

Conclusions

The features of the mechanical behavior of the new ther-
mally hardenable medium-level alloyed two-phase α+β tita-
nium alloy T110 under conditions of quasi-static tension and 
compression loading conditions, as well as high-strain rate 

Fig. 21.   The T110 specimen cut out from annealed 10 mm thick 
plate after high-strain rate (2810 s−1) SHPB test in RD: (a) SEM BSE 
(zone “C” shown in Fig.  20d) with superposed OIM; (b, c) EBSD 

OIMs of (b) both α- and β-phase; (c) β-phase; (c1) represents the 
inverse pole figure for h.c.p. α-phase; (c2) represents the inverse pole 
figure for b.c.c. β-phase.
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compression, were studied for several initial microstructural 
states. It was established the following:

1.	 The approach based on the determination of strain 
energy parameter allowed to compare both annealed and 
thermally hardened states in terms of their resistance to 
an applied external load.

2.	 It is established that the annealed state with a more uni-
form microstructure of globular morphology has essen-
tially better balance of strength and ductility in all types 
of tests carried out. Good balance of mechanical prop-
erties is explained by both the uniformity of the phase 
structure and crystallographic texture.

3.	 Application of conventional solution treatment, water 
quenching, and final aging strengthening led to a sig-
nificant increase in strength, but drastically decreased 
plasticity of the alloy. As a result, the strain energy 
parameter in the annealed states was essentially higher, 
especially for quasi-static tests.

4.	 The morphological texture in the form of remnants of 
incompletely recrystallized lamellas of the α-phase and 
grains of the β-phase elongated along the rolling plane 
has a greater effect on the mechanical behavior, espe-
cially in dynamic tests, than the crystallographic tex-
ture of even the hexagonal close-packed α-phase. In this 
sense, a more globularized annealed state formed at a 
higher degree of deformation at the temperatures of the 
two-phase field (εtotal = 3) has a noticeable superiority 
over the less perfect one (εtotal = 2). Under high-strain 
rate loading, the increased plasticity reserve provided 
by the globular microstructure is more important from 
the viewpoint of the overall durability/reliability of tita-
nium alloys, than the strength achieved by hardening 
heat treatment.

5.	 Detailed study of microstructure and local crystallo-
graphic texture (EBSD method) allowed to find out some 
specific features of deformation mechanisms. Upon 
quasi-static tension of the alloy in the annealed state, 
the zones of localized intense plastic deformation in the 
region of neck formation were observed, where the α- 
and β-phase particles were pulled out in the direction of 
tension stresses. In the necking zone voids were formed, 
followed by cracking at the α/β interphase boundaries. 
In the thermally hardened state material, due to the high 
strength of the αII+β matrix, voids formed exactly at the 
boundaries between this matrix and the remnants of the 
primary αI-phase at earlier stages of plastic deformation. 
During compression, deformation occurred in different 
ways in various zones, depending on the magnitude and 
direction of local stresses. The highest stresses, and 
hence the maximum plastic deformation, were observed 
in the zone crossing the sample at an angle of 45°, as 
well as in the corners of the sample, where the zone 

intersected with the surface layer severely deformed 
under contact with input and output bars of the SHPB 
system. The annealed and hardened state materials dif-
fered in the same way as in tension, i.e., the main defor-
mations were localized at the boundaries between the 
αII+β matrix and the remnants of the primary αI-phase. 
The main difference between quasi-static and dynamic 
compression tests was that with increase in strain rate 
increase the time for stress distribution over the speci-
men volume and relaxation decreased, that resulted in 
higher and higher localization of deformation. Besides, 
the local adiabatic heating under high-strain rate com-
pression played additional role in deformation processes.

6.	 Comparison with the data previously obtained for the 
Ti-6Al-4V alloy with similar microstructure and tested 
at the similar test conditions shows that the T110 with 
well-processed uniform globular microstructure is evi-
dently superior in the case of quasi-static tests and dem-
onstrates almost the same high-strain rate mechanical 
response under compression.
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