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PATTERNS OF THE MECHANISMS OF DEFORMATION
AND STRAIN HARDENING OF TITANIUM ALLOYS
AND METAL MATRIX COMPOSITES BASED

ON THE ANALYSIS OF EXPERIMENTAL RESULTS

ON QUASI-STATIC AND DYNAMIC COMPRESSIONS

The deformation behaviour of titanium-based alloys and their composites during quasi-
static and high-strain-rate compressions is analysed based on the earlier method devel-
oped by V.F. Moiseev and his colleagues to analyse stress—strain curves obtained under
tension. The present overview approach is employed for the treatment and subsequent
analysis of numerous compression curves obtained from quasi-static and high-strain-
rate experiments with titanium-based alloys and their composites with varying compo-
sitions and initial microstructures. As shown convincingly, the Moiseev’s method can
also be successfully applied to analyse the behaviour of alloys under compression. A
comparison of the obtained data with structural studies made it possible, in most cas-
es, to identify the mechanisms of deformation and strengthening of titanium alloys in
a wide range of compression rates. As found, depending on the type and morphology of
the initial structure, deformation and strengthening under compression can be con-
trolled by either o- or B-phase, or both phases simultaneously. The influence of the
level of alloying with p-stabilizers and the introduction of strengthening dispersed
high-modulus particles into the titanium matrix are considered. As revealed, the
strengthening mechanism is often different under quasi-static and dynamic compres-
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sions. Moreover, in the case of high-strain-rate compression, the deformation behav-
iour can differ between the first stage and subsequent stages, which exhibit an oscil-
lating nature. A physical explanation is proposed for the effects discovered during
quasi-static and dynamic compressions of the considered titanium materials.

Keywords: titanium, titanium alloys, titanium-matrix composites, compression tests,
quasi-static and dynamic deformations, mechanism of deformation.

1. Introductory Points: Analysis
of the Deformation Mechanism
from Stress—Strain Curves in Tensile Tests

The question of the mechanism of the deformation of metallic materials is
one of the key issues both in purely scientific and practical terms. After
all, it determines the mechanical behaviour of these structural materials
in practical use because it ensures resistance against applied external
loads, and hence the reliability of the operation of machines and struc-
tures made from them [1-3]. At the same time, deformation mechanisms
also define the manufacturability of their processing by mechanical and
thermomechanical treatments [4—6]. In the first case, the mechanical be-
haviour of materials is important and therefore studied in a wide tempera-
ture range from cryogenic to relatively high temperatures, while in the
second case, predominantly at elevated temperatures.

The mechanical behaviour of metallic materials during deformation by
various methods and under different conditions has been intensively stud-
ied for many decades. Most aspects of the deformation of metals and al-
loys are well studied both at the micro and macro levels. However, some
special issues, such as the contribution/participation of individual phases
of a multiphase material in deformation processes, have been studied to a
lesser extent. However, for multiphase materials, this aspect is very im-
portant. When the constituting material phases differ in chemical compo-
sition and especially crystallographic structure (systems of easy slip direc-
tions and planes), the deformation in them occurs in different ways, de-
formation defects accumulate in different ways, and microcracks begin to
appear at different stages, leading to the destruction of the material as a
whole. In addition to differences in composition and crystallography, these
processes are also influenced in a certain way by the microstructure of the
material, as well as the test/loading scheme and the rate of application of
the external load. Among the works devoted to the experimental study of
the physical mechanisms of plastic deformation of pure metals, the works
of V.F. Moiseev and co-authors [7, 8] should be especially noted. In these
studies, mainly on metals with a b.c.c. lattice, it was shown that the ho-
mogeneous stage of tension of metals, represented in the co-ordinates
‘true stress o—true strain e’, can be qualitatively analysed from the point
of view of the phase-structural state of these metals. Namely, if the homo-
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Fig. 1. Scheme of gradation of strain hardening of b.c.c. metals at tension [7]

Fig. 2. Dependence of the strain hardening exponent n on the stacking fault energy y
for metals with different types of crystal lattice: b.c.c., f.c.c., and h.c.p. [9]

geneous stage of the tensile curve is presented in the form

G =0y, + Z:; K (e, —e, )" )

(o, is the stress that includes the quasi-elastic section of the hardening
curve and the stress corresponding to the plastic deformation of 0.2%, K,
is the strengthening coefficient, n is the strengthening index, s is the se-
quence number of the section of the strengthening curve), then the homo-
geneous stage in the coordinates c—e" is divided into a number of consecu-
tive rectilinear sections for a certain specific value of n (Fig. 1) In this
case, the deformation values e, and e, ; correspond to the end and begin-
ning of a specific section numbered s, which varies from 1 to m. As a re-
sult of numerous experiments, it was established that each of these areas
corresponds to a certain type of dislocation structure and is characterized
by its strengthening coefficient. As a rule, a homogeneous stage of an-
nealed metal with a low initial density of defects is divided into three rec-
tilinear sections. The initial region corresponds to randomly distributed
dislocations that control the deformation mechanism at this stage of de-
formation. The second section corresponds to the formation of heterogene-
ous dislocation clusters. The third section corresponds to the formation of
a cellular structure with virtually non-oriented cell boundaries. The ap-
proach of Moiseev and his colleagues was applied primarily to the initial
stages of strengthening [7, 8].

The undoubted advantage of such processing is its sensitivity to struc-
tural rearrangements that occur in the early stages of deformation, and
the ability to classify the laws of structure formation depending on the
stacking fault energy and the type of crystal structure (Fig. 2) [9].

A similar approach regarding f.c.c. metals, which well describes the
later stages of hardening, was developed in Ref. [10] by Cox and Meking,
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Fig. 3. Curves of strain hardening under compression of Armco-iron [10]

Fig. 4. Tensile strain hardening curves of Ti—8Al1-1.4Si—2.2Zr alloy: n = 0.93 (1) and
0.59 (2) [16]

who, in addition to tension, also considered hardening under quasi-static
compression (Fig. 3).

Studying the tension and compression curves of metals with different
crystal structures, it was established [7—10] that each crystal lattice has
its own value of the strengthening exponent n. Thus, the h.c.p. lattice is
characterized by the strengthening exponent n = 0.6—1; the b.c.c. lattice
is characterized by n close to 0.5.

This question also concerns such an important structural material as
titanium and its alloys. Most commercial titanium alloys are used in a
two-phase state, when the material consists of alpha (h.c.p.) and beta
(b.c.c.) phases that differ significantly in symmetry and the presence of
easy dislocation glide planes [11, 12]. In Refs. [13—-18], the above ap-
proach was also applied to titanium two-phase alloys, where the deforma-
tion mechanism, depending on the structural-phase state, can control both
alpha and beta phases.

For example, in Ref. [16], it was shown that tensile strain hardening
curves of Ti—8Al-1.4Si—2.2Zr alloy are characterized by different values
of n in dependence of in what phase, alpha (n = 0.93) or beta (n = 0.59)
this alloy was deformed and what structures were formed (Fig. 4). Curve
1 was obtained for alloy with lamellar structure with elongated a-grains
and B-layers. Curve 2 was obtained for an alloy with a fine-grained equi-
axed a-Ti structure. Tangents on the curves corresponded to the s sections
with different kinds of structures in accordance with Eq. (1).

Compressive testing of metal materials is no less important than ten-
sile tests since, in most cases, the compressive component of the loads also
occurs in the actual operating conditions of products. Considerable atten-
tion was paid to such tests of metals and the study of deformation mecha-
nisms, especially at high temperatures, since this was the scientific basis
for optimizing the modes of their thermomechanical treatment [19-23].
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As for compression tests at lower temperatures (primarily room tempera-
ture), conclusions about the features of the deformation mechanism were
made mainly based on the microstructure of metals formed as a result of
the test [24—26]. In addition, special attention was paid to the influence of
the strain rate since the transition from quasi-static conditions to dynam-
ic ones significantly affects the change in the nature of the deformation
processes occurring in this case.

For titanium and alloys based on it, a fairly large number of works
have been carried out to date, devoted to studying the effect of strain rate
during compression tests [27—-30]. Particularly, this topic was devoted to
a series of works carried out together by scientists from G.V. Kurdyumov
Institute for Metal Physics of the N.A.S. of Ukraine (Kyiv, Ukraine) and
Jarostaw Dabrowski Military University of Technology (Warsaw, Poland)
[31-35]. In these studies, the influence of chemical and phase composi-
tions, the type of crystallographic lattice, and microstructure on the me-
chanical behaviour of various titanium alloys depending on the compres-
sion strain rate was systematically investigated. Our previous work made
a first step in the evaluation of peculiarities of the deformation mecha-
nism of Ti—6Al1-4V alloy with globular microstructure during compression
with different strain rates [36]. In this paper, an attempt to apply the
approach of analysis of strain hardening curves concerning several titani-
um alloys and metal matrix composites on their base at room temperature
under both quasi-static and high-strain-rate dynamic compression was
made. At the same time, for an adequate assessment of deformation mech-
anisms, the analysis of curves was performed in comparison with struc-
tural studies. It should be noted that such an analysis of the hardening
curves under dynamic compression was applied for the first time in world
practice.

2. Analysis of Deformation Mechanisms Based
on the Stress—Strain Curves in Compression Tests

2.1. Some Key Features of the Test Method Used

Deformation with different strain rates makes it possible to reveal most
fully the mechanisms of plastic deformation and their change depending
on the structural-phase factors that describe the material itself and on the
kinetic—force conditions of its external loading, which determine the
course of accommodation processes in the material. Deformation under
quasi-static conditions (in this case, quasi-static compression—QSC) can
be performed on standard machines for mechanical testing, produced in a
wide range and by various companies. But for dynamic tests, in addition
to the usual tests for crack resistance, the high-strain-rate compression
approach was proposed and realized in the form of a split Hopkinson pres-
sure bar (SHPB), also called a Kolsky bar technique [37—-39], which re-
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Fig. 5. The schematics of the split Hopkinson pressure bar (SHPB) system [31]

Compressor

quires the individual manufacture of each such installation, as a rule, by
the researchers themselves. The basic parameters of such an SHPB system
are shown in Fig. 5. The length of the input and output bars was 1200 mm,
the length of the striker bar was 250 mm, and the diameter of all bars was
12 mm. The bars were made of maraging steel (heat-treated MS350 grade).
The striker bar was driven by a compressed air system with a barrel length
of 1200 mm and an inner diameter of 12.1 mm. The impact striker bar
velocities applied during the experiments were in the range from 10 to
25 m/s, which ensures strain rates in the range of 1100-3320 s for the
dimensions of the used specimens. More details about equipment and basic
principles of the technique employed are described in Refs. [31-35].

2.2. Commercial Purity Titanium (c.p. Ti)

Commercial purity titanium is a single-phase metal with a minimum total
(not more than 0.4 wt.% ) impurity concentration and an h.c.p. crystal lat-
tice. The usual microstructure of industrial rolled products in the case of
stabilizing annealing is characterized by equiaxed grains of the a-phase,
which may have an internal substructure. For instance, Fig. 6, a illus-
trates the presence of numerous small cells and twins inside relatively
large (above 400—500 pm) a-grains. Interestingly, such a state is charac-
terized by almost similar curves of strain hardening under compression
both in quasi-static conditions (compression strain rate 102 s') and in
dynamic test conditions (strain rate >2200 s) (Fig. 6, b). The difference
is that the dynamic curves have fluctuations, while the quasi-static curve
is very smooth, and the plasticity of technically pure titanium under qua-
si-static conditions is significantly higher than the plasticity under dyna-
mic conditions. However, despite the similarity of the curves, the mecha-
nisms of strain hardening in these two conditions are significantly different.

For the initial stage of the strain hardening curve of pure titanium in a
quasi-static state, the most likely value is n = 0.7 (Fig. 6, c¢), which, in prin-
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Fig. 6. Deformation behaviour
and change in the microstruc-
ture of c.p. Ti. Those after
quasi-static and dynamic com-
pression tests: a — initial mi-
crostructure; b — deformation
curves during quasi-static and
dynamic tests; c—processing
of a quasi-static curve; d, e —
microstructure after quasi-sta-
tic test in zone IV; f — dynamic curve processing at a deformation rate of 3170 s!;
(g, h) — microstructure after dynamic testing in zones I (g) and II (%) [31]

ciple, is more characteristic of the simultaneous influence of the a- and -pha-
ses (the latter is absent in this alloy). However, as is known, titanium with
a single-phase h.c.p. lattice can be easily deformed at rather low temperatu-
res due to twinning [1, 30, 31], which may even dominate the dislocation
contribution. The microstructure of c.p. Ti after mechanical compression
tests in quasi-static mode (Fig. 6, d) looks uniform in all zones. It is modi-
fied by plastic deformation, which causes a higher density of deformation
defects and a smaller size of cells and twins. Numerous traces of plastic defor-
mation in the form of slip bands, twins, and well-developed substructure
within the a-phase are observed throughout the specimen. It should be noted
that the representation of the deformation curve in c—e” co-ordinates is
characterized by the presence of only one (the first) straight section (Fig. 6, c).

632 ISSN 1608-1021. Prog. Phys. Met., 2025, Vol. 26, No. 3



Patterns of the Mechanisms of Deformation and Strain Hardening of Ti Alloys

The rest of the curve shows a non-linear character in these coordi-
nates. This may mean the extraordinary nature of strain hardening at the
homogeneous stage. The reason for this effect is not clear. However, it can
be assumed that it may be related to secondary twinning within primary
twins, which can be distinguished in Fig. 6, e. From this point of view,
the presence of a linear section in Fig. 6, ¢ may indicate that secondary
twinning does not begin at the very beginning of homogeneous deforma-
tion, but a little later. At the same time, the deformation twins differ
from those in the initial state (Fig. 6, a), and the dislocation cells signifi-
cantly decrease in size during compression. However, the changes in the
dislocation structure, as we can see, are reflected in the strain-hardening
curve within our current understanding of the physics of compression de-
formation: an increase in the total density of dislocations leads to a slow-
down in the rate of strength growth. Regarding the value of the strength-
ening index n = 0.7, which is characteristic of the strengthening mecha-
nism associated with the action of interphase o/p-boundaries, when both
o- and B-phases act as a strengthening factor to an approximately equal
extent, an important assumption must be made. It is very likely that in
this case, when only the a-phase exists, the role of the other phase is
played by the volume of the twin, and the boundary of the twin plays the
role of an interphase boundary.

During the dynamic compression, there is a significant increase in the
density of deformation defects, while the general nature of the substruc-
ture (Fig. 6, g, h) remains approximately the same as in the initial unde-
formed state (Fig. 6, a) in all zones, i.e., close to the contact surfaces of
the specimen with the rod (Fig. 6, g), as well as throughout the specimen
(Fig. 6, k). Given that titanium with a single-phase h.c.p. lattice could be
easily deformed due to twinning at rather low temperatures [1, 30, 31], it
was expected that the defect areas should contain mostly twins. However,
bearing in mind the possibility of a significant local-temperature increase
during deformation [32, 40, 41], several other scenarios should not be ex-
cluded, namely the formation of a well-developed dislocation substructure
and the possibility of phase transformations, even the formation of mar-
tensite, as reported in Ref. [31], where c.p. Ti was subjected to rapid heat-
ing and cooling. Finally, due to the high plasticity of c.p. Ti the introduc-
tion of some deformation defects for this alloy as a result of specimen
preparation (even after delicate ion polishing and/or etching) could not be
completely ruled out, although their presence creates a ‘background’ ef-
fect in all specimens of this alloy. Nevertheless, zones of localized defor-
mation and ASB were not detected in specimens c.p. Ti, even when tested
at the highest strain rates (Fig. 6, g, c).

At the same time, the mechanism of strain hardening during the pro-
cess of ultra-high strain rate compression (Fig. 6, ¢) is significantly dif-
ferent from the case of quasi-static compression. The stage of uniform
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deformation is characterized by a constant exponent of n = 0.9, but two
areas with different coefficients of strain hardening. Most likely, the first
section is related to the deformational development of the cellular struc-
ture due to the sliding of dislocations (shear), and the second to the rota-
tional mode of deformation caused by the movement of twins. The strength-
ening index n = 0.9 indicates that, and this is natural, the mechanism of
strain hardening is controlled only by the a-phase, since twins in this case
cannot perform the role of the second phase.

2.3. Two-Phase o + B Ti-6(wt.%) Al-4V (Ti64) Alloy

Ti64 is an alloy most widely used for different applications in comparison
with other commercial titanium alloys, due to which it even received the
name ‘workhorse’ of the titanium industry [12]. Different methods and
regimes of thermomechanical and heat treatments form a rather wide
range of microstructural states, which significantly differ in mechanical
properties. It is generally accepted that the best balance of strength and
plastic properties occurs when tensile-tested material has a dispersed mi-
crostructure with a globular morphology of the a-phase [12, 42].

2.3.1. Tié4 Alloy with Globular Initial Microstructure (Ti64GL)

It was shown in many studies that the globular microstructure of Ti64 al-
loy has significant superiorities over other microstructural states in many
properties, firstly tensile ductility, which is well balanced with strength
[12, 42]. Moreover, some ballistic investigations of this material also
showed its better resistance as compared with the lamellar state that is
characterized by better crack propagation resistance [43]. In our previous
work, it was found that the globular microstructure of the Ti64 alloy has
a significant superiority not only over the lamellar microstructure of the
same alloy but also over many other titanium alloys in mechanical charac-
teristics and in dynamic tests [31, 36]. Moreover, taking into account the
specific weight, and over some other structural metal materials, in par-
ticular, even over armoured steels of the ARMOX type. In Refs. [31, 44]
it was hypothesized that the advantage of the globular microstructure
over the lamellar microstructure of the same material, as well as over
single-phase a- or B-titanium alloys, may be associated with the peculiari-
ty of the interphase boundaries: both their type and the geometry and
crystallographic misorientation of neighbouring crystals. However, this
hypothesis has caused some criticism from experts. Therefore, in Ref. [31],
the first attempt was made to evaluate from the point of view of the anal-
ysis of compression strain curves at different strain rates in their direct
connection with a detailed analysis of the post-deformation microstruc-
ture of the compression-tested Ti64 alloy with a globular microstructure.
The general evolution of the microstructure during such tests is shown in
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Fig. 8. Analysis of homogeneous sections of compression curves of Ti64GL alloy de-
formed at different strain rates: a — output curves in true stress—true compression
strain [381]; b — the result of presentation of quasi-static compression curves with a
strain rate of 10 s'; c—f — the result of presentation of dynamic compression curves
with different strain rates [36]

Fig. 7. Now we present not only the data from the above works, but also
supplement them with a new detailed analysis.

First of all, the phase-structural state obtained by preliminary harden-
ing and characterized by a clear globular structure was chosen as the ob-
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ject of compression deformation tests and further microstructure research:
a-grains are surrounded by layers of B-phase (Fig. 7, a). In this state, the
Ti64GL alloy has the highest strength with good plasticity. This structure
was the starting point for further quasi-static and dynamic compression
tests. Figure 7, b—g shows how it changes during compression at different
strain rates. It should be noted that one of the main features of the struc-
ture after dynamic tests is the appearance of twins in the a-phase (Fig. 7,
d—g) of different densities depending on the compression velocity. That is,
at very high compression rates, twinning is manifested as one of the mech-
anisms of deformation. In turn, this means that one of the components of
deformation is the rotational mode of deformation.

Some true stress—true strain curves for compression of these Ti64GL
samples are shown in Fig. 8, a. Figure 8, b presents the result of the ana-
lysis of the hardening curve of the Ti64GL alloy with a globular structure
under quasi-static compression at a rate of 102 s! at different values of n.
It turned out that the most adequately homogeneous stage of the harden-
ing curve is described by three straight sections at n = 0.5. By analogy
with tension, it can be assumed that the mechanism of strain hardening in
compression is most likely controlled by the B-phase, in contrast to ten-
sion, when the a-phase is decisive [13, 14]. Comparison of this fact with
the results of scanning electron microscopy (SEM), namely with the origi-
nal structure (Fig. 7, b) and the structure formed during compression
(Fig. 7, b, ¢), confirms the determining role of the B-phase in the mecha-
nism of strain hardening of the Ti64GL alloy under quasi-static compres-
sion. Moreover, the B-phase is, in fact, the boundary of the globules both
in the initial state (Fig. 7, a) and after deformation by compression
(Fig. 7, c). Moreover, the nature of the dislocation structure after com-
pression indicates that the main deformation occurred in the a-phase
(Fig. 7, d), and the B-phase was an effective barrier to dislocation slip
from the a-phase. In addition, by analogy with tension, it can be assumed
that at the initial stage, randomly distributed dislocations act; at the sec-
ond stage, tangles and clusters of dislocations are formed, and at the third
stage, a cellular substructure with non-oriented cell boundaries is formed
in the a-phase (Fig. 7, ¢).

A completely different picture and other regularities of compression
deformation are revealed during dynamic tests (Fig. 8, ¢—f). First, we note
that the strain hardening curves under dynamic compression have an os-
cillating character with fairly clear minima and maxima (Fig. 8, a). It is
quite likely that during a dynamic impact, both a deformation wave asso-
ciated with plastic deformation and a sound wave associated with elastic
oscillations of crystal lattices occur. In line with the above, an analysis
of the deformation curves of the Ti64GL alloy under dynamic compres-
sion was performed (Fig. 8, c—f). The straight lines on the sections of
the curves in the c—e" co-ordinates were drawn according to the minima,
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which should correspond to the stress relaxation points during the de-
formation process.

First, we note that the decomposition of the curves for the strain rates
of 2100, 2220, 2500, and 3320 s! looks almost identical. For all rates of
hardening in the homogeneous stage, it is described in the same way with
the hardening exponent n in a wide range from 0.5 to 1, and in all cases,
two straight sections are distinguished. The observed fact of the simulta-
neous description of curves with different values of n is quite unusual and
differs from what happens for titanium alloys during quasi-static tension
[6—10]. In quasi-static tension, as well as in quasi-static compression, all
mechanisms that determine strengthening are associated with disloca-
tions, that is, with shear deformations. Therefore, in this case, a hierar-
chical change in dislocation structure types, when one strengthening
structure arises from another, is quite natural. Therefore, the strengthen-
ing mechanism is described, as a rule, by a single strengthening exponent
n associated with a certain phase that controls this strengthening. A simi-
lar pattern is observed in our case of quasi-static compression (Fig. 6, b).
In similar conditions of deformation in pure titanium, in addition to dis-
locations, twins were also observed [41]. In our alloys, active deformation
with a rotational mode (twins) appears only during dynamic compression.
Moreover, the density of twins increases very quickly with increasing
compression rate, and they are observed in both a- and -phases (Fig. 7, d).
It is obvious that along with the deformation provided by the twins, shear
deformation is carried out. This is evidenced by the presence of two
straight sections in all cases. It is clearly visible that the last second stage
of strengthening is associated with the formation of a dispersed cellular
substructure, which is very well manifested in both the a- and B-phase
(Fig. 7, g). Therefore, by analogy with the case of stretching, it can be as-
sumed that the previous first stage is associated with the formation of a
high density of dislocation clusters, which are transformed into dislocation
cells at the second stage. It follows from the conducted analysis that the
dynamic deformation, which is provided by both dislocations and twins, is
indicated by the same description of the homogeneous stage of the exponent
n in a wide range from 0.5 to 1. In connection with the above, the following
hypothesis is proposed. At high deformation rates, centres of high stresses
appear at the o/B-boundary due to the local accumulation of retarded dislo-
cations. These stresses relax due to the formation of twins. In turn, twins
provoke bulk rotational deformation, which causes the arrangement of b.c.c.
and h.c.p. lattices, similarly to the coherent one. As a result, conditions are
created for almost unimpeded slipping of dislocations from one phase to
another. Thus, both phases give practically the same contribution to the de-
formation. Future research is needed to confirm or refute this hypothesis.

It should be noted that with an increase in the strain rate, the first
minimum constantly approaches the first straight section and coincides
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with it at strain rates of 2500 and 3320 s!. We still do not have an expla-
nation for this fact.

Thus, the dynamic compression of the Ti64GL alloy with a globular
structure is characterized by the fact that both a- and B-phases control
strain hardening simultaneously (as evidenced by the values of the hard-
ening exponent n from 0.5 to 1). Deformation is provided by both disloca-
tions (shear) and twins (rotation). In the future, it will be clarified wheth-
er this situation is characteristic only of the globular microstructure or of
other structures as well.

2.3.2. Ti64 with Lamellar Initial Microstructure (Ti64LM)

This type of microstructure is usual for as-cast or heat-treated at tempera-
tures of single PB-phase conditions, and is characterized by worse than
globular one balance of strength and ductility, but has some superiority in
creep, and crack propagation resistances [12, 42]. The lamellar micro-
structure of the Ti64 alloy represents alternating a-plates and thin B-layers
appear on cooling from the temperatures of the single-phase B-field in the
form of colonies within rather coarse B-grains (Fig. 9, a). During dynamic
compression tests, stress distribution zones appeared in the samples that
were the same (Fig. 7, a), however, changes in the microstructure were
noticeably different. For instance, cracks at the stage of fracture at high
strain rate propagated across the plates in both zone IT and IV (Fig. 9, b, ¢).
This indicates that both a-plates and p-layers can be effective barriers to
both dislocation movement and crack propagation. It should also be noted
that some features in the course of the strain-stress curves (Fig. 10, a),
which, in comparison with the globular microstructure (Fig. 8, a), primar-
ily consist of a significant decrease in plasticity and destruction of the
samples at lower strain rates.

The typical true stress—true strain curves for Ti64 with lamellar mi-
crostructure compressed with different strain rates are shown in Fig. 10, a.
The homogeneous stage of the strain hardening curve of the Ti64LM alloy
under quasi-static compression is characterized, firstly, by a strain hard-

Fig. 9. Microstructure of the Ti64LM alloy specimen after dynamic tests of 1390 s':
a — general view; b — zone II; ¢ — zone IV in the Fig. 7, a [31]
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Fig. 10. Analysis of homogeneous sections of compression curves of Ti64LM alloy de-
formed at different rates: a — original curves in true stress coordinates—true compres-
sion strain [31]; b — the homogeneous part of the quasi-static compression curve at
different values of n; c—d — result of representation of dynamic compression curves
with different rates of deformation

ening exponent varied from 0.5 to 0.7, and secondly, by three straight
sections in 6—e” co-ordinates (Fig. 10, b). This means that the deformation
mechanism is controlled mainly by B-phase interlayers and is fundamen-
tally different from the mechanism when, during quasi-static tension,
strengthening is controlled by a-plates [5—10]. At the same time, the de-
formation process has a shear character, and the microstructure develops
sequentially from randomly distributed dislocations (stage I), then disloca-
tion clusters (stage II), and then dislocation cells (stage III).

A completely different mechanism of strain hardening is observed du-
ring dynamic tests with compression rates within the range 1250-1390 s
(Fig. 10, c). In this case, the strain hardening of the homogeneous defor-
mation stage is well described by the single exponent n = 1. This means
that compression deformation is controlled exclusively by dislocations
shear overcoming of the a-plate. It can be assumed that dislocations pass
through some substructure formed in a-plates during the dynamic relaxa-
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tion of high elastic stresses. Most likely, it is something similar to a cel-
lular substructure without any misorientations. However, this assumption
needs serious experimental confirmation, which has not been done yet.
However, the most interesting thing happens with a seemingly insig-
nificant increase in the strain rate by about 1000 s (up to 2230 s;
Fig. 10, d), when the strain hardening mechanism changes dramatically.
The values of the n exponent range from 0.6 to 0.9, which indicates the
equal probability of a-plates and B-layers acting as phases controlling
strain hardening. It should be noted here that n in the case of an alloy
with an LM structure does not reach the limiting values of 0.5 and 1.0,
which are characteristic of the twin-controlled mechanism described above
for the same material with a globular microstructure. This is evidence
that, in the case of flat interphase surfaces, no local stress concentration
occurs on them under dynamic compression, and stresses relax by inter-
phase slip. Most likely, such local stress concentrations will occur on
curved surfaces, such as the boundaries between o- and B-phases in a
globular microstructure. This is probably possible when the process is con-
trolled by interphase boundaries, where dislocations respond equally well
to thin o- and B-layers of nanometer thickness. In other words, in this
situation, it can be argued that there is a certain limiting rate of deforma-
tion, at which there is a transition from the mechanism of strain harden-
ing controlled by the bulk phase (o) to the mechanism controlled by the
interphase a/B-boundary. Available facts indicate that the mechanism of
slippage along the interphase boundaries is currently implemented.

2.3.3. Ti64 with Lamellar Initial Microstructure Manufactured
Using Blended Elemental Powder Metallurgy Approach (Ti64BEMP)

In general, the microstructure of the Ti64BEPM alloy (blending elements
powder metallurgy) is lamellar, similarly to the structure of the Ti64LM
alloy, with the difference that the alloy obtained by the powder metallurgy
method has smaller B-grains’ size (not more than 100 ym vs above 500 um
in Ti64LM material), and some amount of pores (about 2% ; Fig. 11).

At first glance, the stress-strain curves for a given structural state
(Fig. 12, a) are an intermediate option between the globular (Fig. 8, a)
and coarse lamellar (Fig. 10, a) structures, primarily in terms of plastic
properties. Obviously, these are the features of the microstructure, which,
in a certain way, affect the mechanical behaviour of the material and in-
fluence the strain hardening of the alloy under compression. Thus, in case
of quasi-static compression, only one initial stage of strengthening with
the most probable indicator n = 0.7 is found (Fig. 12, b). The rest of the
curve is not described by the usual strain hardening and is not divided
into a series of rectilinear sections for any values of n. Nevertheless, the
value of n = 0.7 may indicate that, in this case, the deformation mecha-
nism at the initial stage of deformation is equally controlled by both
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Fig. 11. SEM images of the fracture surface of the Ti64BEPM alloy tested at strain
rates of 10°% s! (a, b) and 2220 s (¢c—f): ¢ — zone I; d — zone II; e, f — zone IV in
Fig. 7, a [31]

o-plates and B-layers. We have already noted above that this situation
most likely occurs when the strengthening mechanism is controlled by in-
terphase boundaries. At the next stages of uniform deformation, a sub-
structure of 200—300 nm in size is formed within a-plates and B-layers
(Fig. 11, b). It can be assumed that a substructure of this type does not
obey the power law of strain hardening under quasi-static compression.
This is what is reflected in the curves (Fig. 12, b), when trying to process
them using Eq. (1). It is also impossible to exclude a certain influence of
pores as some third phase having specific properties, which are difficult to
take into account.

The transition to dynamic tests of the Ti64BEPM alloy changes the
situation with strain hardening. Thus, in the range of dynamic compres-
sion rates of 1600—2220 s!, hardening at a homogeneous stage of defor-
mation is characterized by a hardening exponent of n = 1 for all rates, and
is described by two coefficients of deformation hardening which differ
weakly each other (Fig. 12, ¢). This may indicate that, firstly, strain hard-
ening is controlled exclusively by a-plates, and secondly, the entire stage
is practically characterized by one type of substructure in these plates.
The type of substructure inside a-plates is needles of the martensite type
[31] (Fig. 11, e, f). That is, strain hardening at dynamic compression rates
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of 1600—2220 s! is determined by martensite needles distributed inside
a-plates. It was shown in Ref. [31] that martensite needles of submicro-
scopic size can be formed during rapid heating associated with high defor-
mation velocity and subsequent cooling. It should be noted that there is no
direct connection between the presence of residual pores and the forma-
tion of martensite. The collapse of pores during very rapid deformation
may cause the formation of local high stress gradients, which can contrib-
ute to the nucleation of martensite needles.

The transition to a higher level of dynamic compression (3170—
4030 s') does not change the mechanism that controls strain hardening
with an index of n = 1. However, this strain rate level is characterized by
two clearly seen stages of the strengthening coefficient (Fig. 12, d).
Moreover, as can be seen in Fig. 12, d, no strengthening occurs at the sec-
ond stage of strain hardening. In the absence of microscopic data, it is
difficult to judge what type of substructure controls second-stage strength-
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ening. One can only speculate that if the first stage is controlled by mar-
tensite needles, then perhaps a secondary o-phase is formed in the second
stage, which may be facilitated by a high rate of strain and, accordingly,
a higher level of unrelaxed mechanical stresses. However, this assumption
has not been confirmed.

2.4. Metal Matrix Composites Reinforced with TiB and TiC Particles

These metal matrix composites (MMC) reinforced with hard particles were
prepared using the BEPM approach with some specific modifications [34,
45, 46]. Such a metal matrix composite is a three-phase compound consist-
ing of a-, B-, and TiC or TiB phases, and was designed for the improve-
ment of some characteristics, like average hardness, wear resistance, etc.
Such a metal matrix composite is a three-phase compound consisting of a-,
B-, and TiC or TiB phases, and was designed for the improvement of some
characteristics, like average hardness, wear resistance, etc.

2.4.1. Ti64BEPM + xTiB
2.4.1.1. Ti64ABEPM + 5%TiB

The initial microstructure of metal-matrix composites (MMC) with micron-
sized TiB solid particles based on the Ti—6Al-4V alloy, also manufactured by
blended elemental powder metallurgy (BEPM), is shown in Fig. 13, a. The
matrix structure is a conventional lamellar structure consisting of alterna-
ting a-plates and B-layers. Most of the TiB particles have the character of
short, elongated bars or needles with a length varying from 5 to 50 pm.
Being sufficiently uniformly distributed in the volume of the titanium mat-
rix, these particles have a pinning effect that restricts the growth of mat-
rix B-grains. The surface of the particles looks quite smooth, at least at
the magnification presented. In addition, a sufficiently large number of
pores with an average size of 10—20 pum are observed in the structure.
True stress—true strain curves of quasi-static and dynamic compres-
sion of MMC Ti—6Al-4V material with 5% TiB particles (Ti64 + 5% TiB)
are presented in Fig. 13, b. The material subjected to a quasi-static com-
pression at a strain rate of 103 s! has a pronounced character of strain

Fig. 13. Microstructure (SEM) and compression curves of Ti64BEPM + 5% TiB alloy:
a—e — quasi-static compression; a — initial structure after synthesis from elemental pow-
ders and TiB powders (sintering); b — deformation curves after synthesis; ¢ — quasi-
static compression curve; d — processing of this curve according to Eq. (1) with n = 0.5;
e — microstructure after quasi-static compression; f — dynamic compression curve at
1430 s'; g, h — microstructure after dynamic compression at this strain rate; i, j —
representation of the first maximum of the dynamic compression curve compression at
a strain rate of 1430 s!; & — dynamic compression curve at a strain rate of 2930 s;
[, m — microstructure after dynamic compression at this strain rate; representation of
the first maximum of the dynamic compression curve with a strain rate of 2930 s [34]
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hardening. However, the strain hardening effect has an unusual appear-
ance. The transformation of the compression curve using Eq. (1) and a
hardening index n = 1 (Fig. 13, ¢) shows that only with a hardening index
of n = 0.5 (Fig. 13, d) can at least part of the uniform deformation curve
be brought closer to a form suitable for qualitative analysis. So, only the
final part of the curve can be approximately described using the smallest
possible hardening index n = 0.5. That is, it is likely that in the end, in
the presence of reinforcing particles, the work hardening is controlled by
B-layers. The microstructure changed significantly after the test: the la-
mellas became distorted, the TiB particles became much smaller, and the
pores became an order of magnitude smaller (Fig. 13, e¢). Such a structure
transformation should have been reflected in the deformation curve.
Initially, the hardening under quasi-static compression of Ti64BEPM +
5% TiB does not obey the exponential law. It can be assumed that, at the
initial stages of compression, TiB particles effectively prevent the slip of
dislocations, and the density of dislocations around them increases. Then,
when the limiting density of dislocations is reached, further hardening is
ensured by overcoming the accumulated dislocations of the B-layers very
close to the TiB particles. Figure 13, f indirectly confirms the stated as-
sumption. On the other hand, intensive pores collapse took place simulta-
neously, which probably, in principle, cannot be described by an exponen-
tial dependence of stress on strain. Perhaps this is due to the competition
between the change in volume energy with a decrease in the pore volume
and the surface energy with a reduction of the free surface of pores.

The dynamic compression curves at different strain rates are almost
the same (Fig. 13, b). Moreover, in this representation, it is not clear
whether they express hardening in the process of deformation or softening
since the resolution of the curves in Fig. 11, b is not enough. Figure 13, f
shows the deformation curve of the Ti64BEPM + 5% TiB alloy at a rate of
1430 s'. Unfortunately, this curve represents oscillatory changes in
stresses with strain; the location of the minima does not obey the law (1)
and does not decompose into straight sections for any values of the expo-
nent n. Therefore, the first thing that could be done was to determine the
general trend, whether the material is strengthened or weakened in the
process of deformation. To do this, it is necessary to designate the lowest
values of two of all minima on the curve and connect them with a straight
line, as is done in Fig. 13, f. The minima are taken because they represent
the values of stress relaxation during deformation. Since the straight line
in Fig. 13, e ascends, this means that the Ti64BEPM + 5% TiB alloy under
compressive deformation at the strain rate of 1430 s is generally hard-
ened. Since this is not enough to determine the strain hardening mecha-
nism, it was proposed to analyse the hardening curve of the first maxi-
mum of the general curve using the general scheme of Eq. (1). The result
is shown in Fig. 13, i, j. From this Figure, the best approximation is ob-
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tained at n = 0.9. This means that with a very rapid increase in strength,
the dislocations do not sense the hard TiB particles, and the hardening is
determined purely by the plates of the a-phase. The presence of three rec-
tilinear sections on the transformed hardening curve means that in the
case of superfast hardening, the microstructure undergoes a classical
transformation from a chaotic distribution through coils and tangles to a
cellular substructure. Comparison of strain hardening curves under quasi-
static and dynamic compression of BEPM alloys without hardening parti-
cles (Fig. 12) with curves for similar alloys with TiB particles (Fig. 13)
shows that the presence of particles does not give a significant gain in ei-
ther strength or ductility of the material. As will be shown below, the
presence of particles has a significant effect on the softening of alloys
during quasi-static and dynamic compression.

As already noted in Ref. [34], no significant evidence of plastic defor-
mation in the a + B-matrix, studied using SEM, is observed under dy-
namic compression of the alloy with 5% TiB. The only signs of deforma-
tion of MMC as a whole were cracks in the TiB particles (Fig. 13, h). At
the same time, the appearance of such cracks is a sign of stress relaxation.
On the other hand, the compression curve (Fig. 13, ¢) indicates that the
alloy (matrix) hardens during compression. The only way to eliminate this
contradiction is for stress relaxation by cracking TiB particles occurs with
a relatively small number of particles. Most of the particles fulfil their
strengthening function. This is seen in Fig. 13, h, where the bigger TiB
particles did not undergo cracking.

Increasing the strain rate to 2930 s! (Fig. 13, k) results in negligible
hardening throughout the compression process with a slightly lower hard-
ening rate if the first minimum is taken as the starting point. If we do not
take into account the first minimum, then the remaining three minima fit
well on a straight line, almost parallel to the x-axis. This means there is
no strain hardening effect. The reason for this is the significantly larger
number of particles that break under high-speed compression (Fig. 13, [, m)
compared to the lower strain rate loading (Fig. 13, g).

2.4.1.2. TI64BEPM + 10%TIB

Doubling the content of TiB reinforcing particles in the Ti64BEPM matrix
to the level of 10% (Fig. 14, a) at first glance does not change the nature
of the quasi-static and dynamic compression of the alloy (Fig. 14, b).
However, an in-depth analysis of the results suggests otherwise. The pro-
cessing of the quasi-static compression curve (Fig. 14, ¢) according to
Eq. (1) (Fig. 14, d) shows that the best result is obtained when the harden-
ing index n = 0.5. At the same time, only the initial and final sections of
the quasi-static compression curve are subject to the representation with
such a hardening indicator (Fig. 14, d). The middle portion of the curve is
purely non-linear. The value n = 0.5 reflects the fact that in the first and
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last sections of homogeneous compression, the deformation is controlled
by a phase whose crystal lattice differs significantly from the h.c.p. lattice.
In the first section, most likely, this is the p-phase, the interlayers of which
are visible in Fig. 14, g in the form of thin strips about 1 pm thick adjoining
the reinforcing TiB particles. The tight connection of the interlayers of
the B-phase with solid TiB particles creates conditions for the relatively soft
B-phase to serve as an obstacle to its complete overcoming by the rapidly
increasing dislocation density at the first stages of compression. Then,
when the dislocations reach the boundary between the B-phase and the TiB
particle, the B-phase becomes a factor that does not control the deforma-
tion. Now, there comes a period when, at the boundary between the -phase
and the TiB particle, the density of dislocations with compressive strain
increases to a certain limiting value. This period is described by the non-
linear part of the curve. When the density limit value is reached, a period
of formation in the a-matrix near the TiB particles of a cellular substruc-
ture begins, which is seen in Fig. 14, f, g. Taking into account the straight-
ness of the final section with n = 0.5 and the described course of events, it
can be assumed that the deformation mechanism at this stage is controlled
by TiB particles. In other words, n = 0.5 does not necessarily mean that
the mechanism-controlling phase is the pB-phase. Probably, such a phase
can also be a TiB particle, which has an orthorhombic lattice [45].

The curve of dynamic compression of the Ti64BEPM + 10% TiB alloy
at a strain rate of 1280 s! is shown in Fig. 14, k. This curve, as well as for
the case with 5% TiB (Fig. 13, f), represents oscillatory changes in stresses
with deformation; the location of the minima does not obey the law (1) and
does not decompose into straight sections for any values of the exponent n.
Its processing has shown that the mechanical behaviour of the alloy contai-
ning 10% TiB is fundamentally different from the behaviour of the alloy
containing 5% TiB. Namely, in contrast to the 5% TiB alloy, which exhibits
stable hardening at 1430 s™!, the 10% TiB alloy experiences slight soften-
ing during compression, bordering on no softening (Fig. 14, k). Analysis
of the microstructure (Fig. 14, i, j) shows that there are no significant
changes compared to the initial state (Fig. 14, a), except for the appear-
ance of small cracks, although it is most likely that these cracks appear at
the end of the deformation. The process of slight softening may be associ-
ated with rare cracks that are observed on TiB particles (Fig. 12, n, o).

Increasing the compression rate to 2510 s (Fig. 14, k) leads to more
significant softening throughout the compression process with a higher
softening rate. The nature of this difference in the behaviour of the mate-
rial during deformation is that an increase in the compression rate con-
tributes to the significant refinement of the TiB reinforcing particles,
which occurs as a result of their cracking (compare Fig. 14, i and j with [
and m). The fact that the particles are cracking is evidenced by the results
of the phase analysis presented in Fig. 14, n, o.

650 ISSN 1608-1021. Prog. Phys. Met., 2025, Vol. 26, No. 3



Patterns of the Mechanisms of Deformation and Strain Hardening of Ti Alloys

As in the case of the Ti64BEPM + 5% TiB alloy, the analysis carried
out above on the full curve is not able to determine the features of the
hardening mechanism at the stage of uniform deformation under dynamic
compression. It was proposed to analyse the hardening curve of the first
maximum of the general curve according to the general scheme of Eq. (1).
The results for the two strain rate levels are shown in Fig. 14, p, r. It can
be seen from the figure that for a lower strain rate of 1280 s, it is not
possible to expand the first maximum at all, since it is not described by a
smooth curve, but is an analogue of a low-yield tooth (indicated by an oval
in Fig. 14, p). As the dynamic compression rate increases to 2510 s, the
yield tooth turns into a sharp first maximum (Fig. 14, k). The expansion
of this maximum according to Eq. (1) leads to two straight sections with
n =1, and the last section of the curve is not described by law (1). This
means that, as in the case of compression of the alloy with 5% TiB, the
strain hardening of the Ti64BEPM + 10% TiB alloy at the earliest stages
(the first two sections of the first maximum) is controlled by the processes
of slip and dislocation accumulation occurring in the a-phase. At the last
stage of the first maximum, TiB particles are probably included in the
process. The result obtained indicates that an increase in the content of
TiB reinforcing particles in the alloy leads to an increase in the efficiency
of composite matrix hardening.

2.4.2 Ti64BEPM + xTiC

First, we will analyse the influence of strengthening TiC particles on the
mechanism of the strain hardening of MMCs based on the BEMP Ti—6Al—-
4V (Ti64) alloy under quasi-static compressive loading conditions. Figu-
re 15 shows the stages of homogeneous deformation of the hardening
curves treated according to Eq. (1) with different contents of TiC particles
and their corresponding microstructures before and after deformation at a
strain rate of 1073 s7%.

First of all, it should be noted that both before (Fig. 15, a, e, i) and
after compression, TiC particles are distributed inhomogeneously over the
volume, forming conglomerates of different densities. This is probably a
manifestation of thermodynamic features of the interaction of micronsize
TiC particles with the Ti64 matrix. It is also necessary to take into ac-
count the presence of residual pores, which can influence a significant
variation in particle sizes (10—50 pm). The curves of hardening under
quasi-static compression for alloys with different contents of TiC particles
at the stage of homogeneous deformation are most adequately described by
the strengthening index n = 0.5 (Fig. 15, b, f, j). In turn, these curves are
described not completely but only in the first two sections. The last sec-
tion is not in accordance with the usual exponential law, even if it is ap-
proximated by values n = 0.1-0.4, i.e., it is characterized by significant
nonlinearity. The reason for this, most likely, is in the specific nature
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Fig. 15. SEM-BSE microstructure of MMC alloys before testing for quasi-static com-
pression with different contents of TiC particles, 5% (a), 10% (e), 20% (i), correspon-
ding strain hardening curves under quasi-static compression at a strain rate of 1073 s!
(b, f, j) presented as Eq. (1) as well as SEM—BSE microstructure after compression (TiC
content 5% (¢, d), 10% (g, h), 20% (k)) [34]
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of the structure change during compression associated with the presence
of pores.

The initial microstructure before compression is shown in Fig. 15, a, e, i.
Careful analysis shows that at any content of TiC particles, they are sur-
rounded by a layer of B-phase. It is this B-phase, according to the value of
n = 0.5, which controls the mechanism of strengthening in the first two
areas of deformation and microstructure formation. At first, as usual in
alloys with a lamellar structure, dislocations slide before meeting with
particles of TiC. Since these particles are surrounded by the B-phase, this
phase plays the role of the factor controlling strengthening. Dislocations
accumulating on the boundary between the B-phase and the particle and in
the B-phase itself form clusters and intertwine at further deformation, as
evidenced by the presence of the second rectilinear section at n = 0.5.
However, this law of linearity is further violated with increasing strain.
The reason for this is that under the action of high compressive stresses
and with the assistance of accumulated dislocations, the B-phase is dis-
solved along the dislocation core by the corresponding diffusion mecha-
nism. This occurs almost at room temperature since the strain rate is not
so high that the material heats up strongly.

The fact that the p-phase resorbs is evidenced by the SEM BSE data
performed after deformation (Fig. 15, c, d, g, h, k). It can be seen that
the TiC particles are not surrounded by the B-phase and the particle bound-
aries are less clear than before compression. In addition, large particles
show a central, darker zone and a peripheral, lighter zone (Fig. 15, k).
This means that there is more carbon in the darker zone, and hence, there
is diffusion of carbon during compression, and some small amount of car-
bon may be transferred into the alloy matrix. Thus, in the process of
quasi-static compression of MMC based on BEPM Ti—6Al-4V (Ti64) alloy
with TiC particles, the B-phase surrounding TiC particles and controlling
strengthening at the beginning of homogeneous deformation, dissolves in
the matrix in the course of deformation. Further strain hardening is con-
trolled by TiC particles by the mechanism of dispersion hardening.

Next, we perform a general analysis of the dynamic compression curves
of MMC with micron-sized TiC particles (Fig. 16). First of all, the simi-
larity of deformation curves under dynamic compression attracts atten-
tion (Fig. 16, a) for alloys with different content of TiC particles but
tested at almost the same strain rates (except for the alloy without TiC). It
is the identity of the alternation and similarity of the positions of maxima
and minima of the hardening curves. Moreover, if we rearrange these
curves according to Eq. (1), this identity is even clearer (Fig. 16, b—i) both
for alloys with different content of TiC particles and for different com-
pression rates. The most surprising thing is that the identity of the curves
depends weakly on whether there are TiC particles in BEPM alloy Ti—6Al—-
4V or not.
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Fig. 16. Hardening curves under dynamic compression of Ti64 alloy (Ti64BEPM state)
and MMC on its base hardened with different content of TiC. General view of curves
with different content of hardening TiC particles (a), and curve analysis by Eq. (1):
general analysis of the alloy curve without TiC (b, ¢), with 5% TiC (d, e), with 10% TiC
(f, g), with 20% TiC (h, i); analysis of the first maximum of the alloy curve without
TiC (j, k), with 5% TiC (1), with 10% TiC (m), with 20% TiC (n, o) [34]
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Indeed, if we compare the dynamic compression curves of Fig. 16 b, ¢
with the rest of the curves of the same Fig. 16, we can see that all states
are, to some extent, equally well described by the strengthening indices of
both n =1 and 0.5. As has been shown above for other Ti64-based alloys,
this fact indicates that in this case, the dynamic compression strengthen-
ing mechanism is controlled by both a- and B-phases simultaneously. This
is possible in a lamellar structure only when the compressive strain is con-
trolled by slip along the o/p-interphases. The role of strengthening TiC
particles is reduced here to limiting this slip, i.e., inhibiting the slip of
dislocations along the o/B-interphase boundaries, which extend to the
boundaries of TiC particles. In other words, the limitation of slip along
interphase boundaries, in this case, plays a more important role than the
inhibition of dislocations sliding in their slip plane.

For almost all TiC contents and strain rate levels, two hardening sec-
tions are observed at the stage of homogeneous deformation. This indi-
cates that strengthening is associated with two stages of microstructure
development. The first one is probably related to the accumulation of dis-
locations in the interphase boundaries in the form of dislocation clusters,
and the second one is caused by the rearrangement of these clusters into
dislocation cells with non-misoriented boundaries. In this connection, it is
important to note that in the above strengthening mechanism, the prima-
ry section associated with the accumulation of chaotically distributed dis-
locations, which is characteristic of the most previously considered cases
of compression of titanium alloy Ti64, is most likely impossible.
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The approximation of the homogeneous stage of the curve by Eq. (1)
for the alloy without TiC at n = 0.5, which is represented by only one straight
line (Fig. 16, ¢), deviates from the general picture. This may mean that in
the case of the alloy without TiC particles, the controlling process of strain
strengthening in the interphase boundary is more related to the B-phase.
There is no explanation for this fact yet. Maybe, in this case, when there
are no strengthening particles, the influence of pores is affected.

Since there is practically no microstructural data for the curves pre-
sented in Fig. 16, we analyse the results for the first maxima using Eq. (1)
for additional information. The approximation results are presented in
Fig. 16, j—o. It should be noted that for almost all cases, the first maxima
of the dynamic compression curves are described by the hardening index
n =1 or close to it. It seems that, at very high hardening rates during dy-
namic compression, either dislocations do not feel the B-phase, which sur-
rounds TiC particles, or the B-phase is quickly destroyed. In this case, the
deformation mechanism is controlled either by the a-phase or by the TiC
particles, whose crystal structure is an octahedral lattice [14]. It is clear
that in the absence of B-phase surrounding TiC particles; only these parti-
cles can be an effective strengthening element. Note that all alloys with
TiC exhibit three classical areas of microstructure formation (Fig. 16, -0)
at a high strain rate of strengthening growth, which consistently charac-
terizes the accumulation of chaotically distributed dislocations, the for-
mation of dislocation thickenings, interweavings, and the formation of
non-misoriented dislocation cells. On the other hand, the alloy without TiC
shows only first two straight-line sections; the remaining section is not
described by the law (1). In this section, where there is a complete damp-
ing of strengthening at the first maximum, such rearrangements of the
structure likely occur, which are yet to be revealed.

The deformation curves of Ti64BEPM alloys with 5% of TiC (Fig. 17, a)
and with 10% of TiC (Fig. 17, f) tested at high strain rates are character-
ized by the presence of high first maxima. Analysis of these curves (both
the full curves and their first maxima) by Eq. (1) allows us to conclude
that strain hardening is described by an exponent n equal to or close to 1.
This means that both at the high rate of strengthening growth at the first
maximum and deformation at the rest stage of homogeneous deformation,
dislocations do not feel the influence of either TiC particles or the -phase
interlayer surrounding these particles. The latter is evidenced by the pres-
ence of the B-phase interlayer partially located in the vicinity of the TiC
particles (Fig. 17, e, [, m). Hence, it can be concluded that the 3-phase can
influence the deformation mechanism only when it completely surrounds
the TiC particles, where there are no areas of contact between the particle
and the a-phase. Since strengthening is characterized by the degree n = 1,
it is natural to conclude that the influence of TiC particles on the deforma-
tion mechanism is also described by exponent n = 1, as well as the a-phase.
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This means that there is no sharp boundary between the TiC particles and
the surrounding a-phase, and the crystal lattice of the particle seems to
grow into the crystal lattice of the a-phase. This is evidenced by the data
in Fig. 17, i, l. That is, these structures are in a certain sense conjugated.
This does not mean that the particles in this case do not have a strength-
ening effect. Dislocations slide freely in the o-phase and then penetrate
TiC particles, where they experience inhibition (the lattice is different
after all), and their velocity becomes significantly lower. At the same
time, the interaction between dislocations increases; they accumulate and
create conditions for the formation of cracks inside the particles, which is
visible in almost all the structures shown in Fig. 17.

The strain curves for the case of Ti64BEPM + 20% TiC rearranged by
Eq. (1) are presented in Fig. 17, h, i, n—p. As seen, in the case of not very
high strain rates (1470 s™') but high concentration of TiC particles, the
strengthening for the first maximum is equally well described by both
n = 0.5 and n = 1. For the full curve, the hardening index is close ton = 1.
Based on the above reasoning, we can conclude that there is a certain lim-
iting velocity of dynamic compression, above which the B-phase surround-
ing the TiC particles either dissolves or collapses during compression.
After that, the a-phase controls the dynamic compression mechanism.

2.4.3. Influence of the Pores

Pores in some quantities are always present in materials synthesized by
powder metallurgy methods [46—48]. With a certain assumption, they can
be considered as some additional phase, which, in quantities exceeding
1.5-2%, significantly reduces the mechanical properties of the synthe-
sized material in tensile and fatigue tests, serving as centres of crack ini-
tiation. However, during compression tests, the pores do not have a nega-
tive effect, since they are flattened and disappear [34]. On the contrary, if
the number of pores increases to such an extent that such material already
belongs to the category of highly porous, then under conditions of quasi-
static and dynamic compression, it becomes an effective absorber of the
applied energy [49-51].

2.5. High-Alloyed o + B Ti-5.5(wt.)%
Al-1.5V-1.5Mo-4Nb-2.0Fe—0.7Zr (T110) Alloy

Among all the titanium alloys studied for the regularities of their behav-
iour (see also Refs. [62—55]), the evolution of the microstructure, and the
determination of the phases that control strain strengthening under quasi-
static and dynamic compression, the T110 alloy occupies a special place.
First of all, because it was tested after a series of successive treatments:
annealing after casting, 3D-pressing in the B-region, deformation by roll-
ing below the temperature TP and subsequent heat treatment, which stabi-
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lized the phase composition and microstructure (annealing at 850 °C for
3 h, followed by cooling with a furnace). What is important to underline,
the microstructure of the T110 alloy in this state is characterized by a
mixed type, consisting equally of equiaxed and elongated a-phase particles
(Fig. 18, a), surrounded by approximately half of the volume by p-phase
interlayers, which are also elongated along the rolling direction (Fig. 18, b).
These layers are interspersed with equiaxed sections of the B-phase.
Approximate phase ratio o/p = 70:30 (Fig. 18, b). In addition, the struc-
ture is characterized by some amount of secondary a-phase of nanoscale
thickness, which has precipitated inside of B-phase (Fig. 18, b, inserted in
the top right corner). This type of microstructure leads to high strength
and especially high plasticity under quasi-static compression, especially if
the compression direction coincides with the rolling direction (Fig. 18, c).
Reconstruction of the strengthening curves in the oc—e" co-ordinates
(Fig. 18, d) shows that the homogeneous stage of deformation is described
by the exponent n = 0.7. This means that neither the a- nor the B-phase
individually controls the deformation/strengthening mechanism of the
T110 alloy in the annealed state after rolling. Since the direction of com-
pression coincides with most of the interphase boundaries, this behaviour
is most likely related to the deformation mechanism controlled by sliding
along the phase boundaries, when the influence of both a- and pB-phase is
equally likely to be manifested. This is facilitated by the large misorienta-
tion angles between the o- and B-phases, as can be seen from the scattered
texture patterns for samples rolled to a thickness of 15 mm [32]. At such
misorientation angles, the transfer of dislocation slip from one phase to
another is significantly difficult. Along with the secondary a-phase, this
is an important component of the high strength of the alloy. Dislocations
are inhibited at the interphase boundaries and form centres of stress,
which subsequently relax by sliding along the interphase boundaries. Such
a microstructure (in the annealed state after casting and after 3D-pressing
in the B-region) ensures extremely high plasticity of the alloy (almost 0.7)
under quasi-static compression in the rolling direction.

A comparison of the obtained results with the microstructural fea-
tures of the different locations in the sample deformed by quasi-static
compression in the annealed state along the rolling direction allows us to
conclude the following. The most likely part of the microstructure of the
sample, which is responsible for the mechanism that controls strain hard-
ening during quasi-static compression, is the microstructure of the section
identified by the letter A in Fig. 18, e. In this area, the interphase bound-
aries are stretched vertically in the direction of action of the applied load,
which corresponds to the direction of sliding along the interphase bounda-
ries. It should be noted that, according to Fig. 18, a, b, most of the vol-
ume of the sample deformed by compression is similar to section A in
terms of microstructure features.
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The homogeneous parts of the strain strengthening curves during dy-
namic compression of T110 alloy samples in the direction of rolling at the
strain rate range of 2030—3360 s have been shown in Fig. 19, a, b. At
first glance, most of the minima on these curves lie on straight lines that
correspond to the value of the strain-strengthening exponent in Eq. (2)
n = 1. Moreover, the first minima of samples compressed at higher strain
rates of 2710 and 3520 s also almost fit on these straight lines. But a
more thorough analysis shows that the majority of the minima, including
the first one, at a speed of 2710 s are placed on straight lines that cor-
respond to the value of n = 0.85 (Fig. 19, ¢). That is, it may mean that
during dynamic compression, the mechanism of strain hardening (com-
pared to quasi-static compression) is shifted towards the prevailing a-phase
control. To clarify the obtained results, let us compare the initial micro-
structures in Fig. 18, a, b, with the microstructure after dynamic com-
pression. The comparison shows that almost uniform elongated sections of
the a-phase in the initial state turn into a chain queue with links that are
separated from each other in some places (Fig. 19, e, inset). Such a trans-
formation can occur when strengthening at high strain rates is mainly
controlled by the a-phase (including the secondary one) with some contri-
bution of the B-phase. The observed structure is formed by a complex in-
teraction between slip in the a-phase and interphase slip. Because of the
given data, it can be stated that the main contribution to the strengthen-
ing is given by sample sections A and C (Fig. 19, e, g).

Increasing the strain rate level to 3520 s leads to a decrease in the
strain strengthening exponent to the value n = 0.7 (Fig. 19, h). For such a
value of the exponent n, the largest number of minima of the deformation
curve is superimposed on the straight line. The value of n indicates that
the role of the B-phase in the strain strengthening mechanism increases as
the strain rate increases. The microstructure (Fig. 19, I, m, o) definitely
demonstrates that the layers of the B-phase located between the sections of
the a-phase have practically no breaks in the direction of compression. At
the same time, such breaks can be observed in the microstructure of the
T110 alloy compressed with a strain rate of 2710 s (Fig. 19, e—g). The
value of n = 0.7 indicates the deformation mechanism associated with the
sliding of dislocations along the interphase boundaries. Then, it can be
concluded that in the case of a strain rate of 8520 s, the sliding of dislo-
cations is more limited by the B-phase than in the case of compression with
a strain rate of 2710 s™!. In other words, increasing the velocity of dy-
namic compression of the annealed T110 alloy in the rolling direction
causes a gradual increase in the role of the phase controlling the deforma-
tion mechanism, from a- to B-phase within one type of such a mechanism.

Compression of the annealed alloy in a direction perpendicular to the
rolling direction is marked by a completely different mechanism of strain
strengthening. Quasi-static compression is characterized by a strengthening
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Fig. 20. Curve of quasi-static compression and microstructure of annealed T110 alloy
in the direction perpendicular to the rolling direction: general view of the curve at the
stage of homogeneous deformation (a); SEM, SE after compression (b—f). The direction
of compression is vertical relative to the micrographs [32]

exponent n = 1 (Fig. 20, a), which indicates the leading role of the a-phase
in strengthening. This is not surprising since sections of the a-phase are
strongly elongated perpendicular to the direction of compression (Fig. 18, b),
and all other things being equal, the a-phase has a greater strengthening
effect compared to the B-phase. The first part of the hardening curve is
divided into three straight sections, which, according to the classics, suc-
cessively correspond to the accumulation of chaotic dislocations at inter-
phase boundaries (first), the transformation of these accumulations into
heterogeneously distributed clusters (second) and, finally, the transforma-
tion of such clusters into non-misoriented dislocation cells (third). The
last part of the curve is not described by any strengthening exponent. One
possible explanation for this fact may be a transition from the effect of

Fig. 19. Dynamic compression curves and corresponding microstructures of the T110
alloy after compression in the annealed state in the rolling direction: the general ap-
pearance of the curves (a); compression curves at a strain rate of 2710 s* at different
values of the indicator n (b, ¢); SEM, SE after compression at this strain rate (d—g);
compression curve at a strain rate of 3520 s (k); SEM, SE after compression at this
rate (k—o). The rolling and compression directions are vertical to the micrographs [32]

ISSN 1608-1021. Usp. Fiz. Met., 2025, Vol. 26, No. 3 663



O.I. Dekhtyar, J. Janiszewski, and P.E. Markovsky

dislocation inhibition by obstacles such as interphase boundaries to a
strong interaction between inhibited dislocations, in which partial annihi-
lation of dislocations occurs with the formation of misoriented cell bound-
aries and then grains. There is no confirmation of this at the moment.

Dynamic compression of the T110 alloy in the same annealed state in
the direction perpendicular to the rolling direction is characterized by
clear strengthening during compression (Fig. 21, a, g). Moreover, at a
strain rate of 2570 s7!, the strengthening exponent n = 0.8 indicates that
compression deformation is controlled by both o- and B-phases simultane-
ously. This looks rather strange since such a value of n is typical if the
deformation is controlled by sliding along the interphase boundaries when
the phases are elongated along the compression direction. As has already
been established, this is observed for the case when the directions of roll-
ing, along which sections of the a-phase are elongated, and dynamic com-
pression coincide. In this case, sections of the a-phase are elongated in the
direction perpendicular to the direction of compression. A detailed study
of the microstructure shows that after compression (Fig. 21, d—f) it has
the following features: many continuous sections of the B-phase are elon-
gated at 45° to the compression direction. This is especially noticeable in
Fig. 21, a, c, that is, in areas adjacent to the edge of the sample to which
the load was applied. In other words, in this case, deformation occurs by
sliding in the B-phase, although the main strengthening is provided by the
o-phase. Sliding in the p-phase occurs more easily than in the a-phase.

A slight increase in the strain rate to 2970 s leads to a hardening
exponent of n = 1 (Fig. 21, f) and a significant change in the deformation
mechanism, which becomes controlled by the o-phase. In addition, the
shape of the curve also changed: the number of maxima decreased from 6
to 3, and the hardening coefficient decreased (the slope of the straight line
describing the minima of the curve decreased). Such a significant change
in the behaviour of the alloy with a slight increase in the velocity of dy-
namic compression is associated with the peculiarities of the change in the
microstructure. First, continuous sections of the B-phase disappear, elon-
gated at small angles relative to the direction of compression, which were
observed at a strain rate of 2570 s™!. Secondly, the regions of the a-phase,
which are the main obstacles to the sliding of dislocations in the pB-phase
and which are elongated across the direction of compression, are 2—3 times
longer than in the case of a strain rate of 2570 s!. Thus, the probability
of dislocations bypassing the o-phase decreases several times. Therefore,
the strengthening exponent for the dynamic compression corresponds to a
deformation mechanism controlled by the a-phase.

The mechanical properties of the T110 alloy under compression after
STA hardening are a matter of particular interest. The microstructure of
this metallurgical state is presented in Fig. 22. There is a general elonga-
tion of the structural elements in the rolling direction (Fig. 22, a) and
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Fig. 21. Dynamic compression curves and microstructure of annealed T110 alloy in the
direction perpendicular to the rolling direction: general view of the curve at the stage
of uniform deformation at a strain rate of 2570 s! (a) and microstructure SEM, SE
after compression (b—e); general view of the curve at the stage of uniform deformation
at a strain rate of 2970 s (f) and microstructure SEM, SE after compression (g—m).
The direction of compression is vertical relative to the figure [32]
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Fig. 22. Microstructure T110 annealed 850 °C after rolling in horizontal direction and
STA-hardening: light microscopy (a), SEM BSE (b, c) [32]
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Fig. 23. Quasi-static compression curve and STA microstructure of hardened T110 al-
loy in the rolling direction: general view of the curve at the stage of homogeneous
deformation with its decomposition according to Eq. (1) (@) microstructure SEM, SE
after compression (b—e). The direction of compression is vertical relative to the micro-
graphs [32]

specifically, elongation of the a-phase sections (Fig. 22, b). However, the
main feature of the structure after STA hardening is the formation within
the B-phase of a finely dispersed, uniformly distributed secondary o;-
phase (Fig. 22, ¢).

Such a microstructure affects the nature of the quasi-static compres-
sion curves (Fig. 23, a), which differ from the same compression curves of
the non-hardened T110 alloy (Figs. 18, ¢ and 20, a). Firstly, and this is
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understandable, the hardened alloys have a significantly higher tensile
strength (more than 1600 MPa against 1400 MPa). Secondly, the strength-
ening exponent n =1 indicates that the deformation mechanism is con-
trolled by the o-phase. Judging by how curved the sections of the primary
a-phase become after compression (Fig. 23, c, d), it is clear that they,
along with the secondary a-phase, control the deformation and strength-
ening of quasi-static compression. Thirdly, the curve at n = 1 is well di-
vided into four straight sections. The first three sections correspond to
the usual standard types of microstructures that are formed on them dur-
ing deformation. However, the fourth section, where there is practically
no strengthening, is not quite ordinary. This means that dislocations that
form during compression annihilate with dislocations formed at previous
stages of deformation.

In addition, since at the third stage a structure of non-misoriented
dislocation cells is formed, we can assume that these cells at the fourth
stage turn into misoriented low-angle ones, after which a sharp softening
and destruction occurs.

Dynamic compression along the rolling direction of STA-hardened
samples is characterized by the virtual absence of a conditionally homoge-
neous strengthening stage. This is apart from the sharp first maximum
(Fig. 24, a), which demonstrates a significant increase in compression
strength compared to the same compression of an unhardened alloy (about
2000 MPa versus 1700 MPa). In the rest of the curve, strain softening oc-
curs up to the fracture.

An attempt was made to represent such compression curves with sof-
tening in the form of an exponential function, as was done for curves with
conditionally homogeneous stages of strengthening. The results for a
strain rate of 1240 s are presented in Fig. 24, b, c. It follows that the
representations are absolutely the same for both the case n =1 and 0.5.
That is, the symmetry of the curve relative to the approximating straight
line is also the same for these extreme cases of approximation. This means
that the formal transfer of the concept developed for compression curves
with pronounced, conditionally homogeneous stages of strengthening does
not work for hardened alloys when there is no pronounced stage of
strengthening. Obviously, in the case of softening, a completely different
approach must be developed for analysing stress-strain curves in general
and for dynamic compression in particular.

However, based on consideration of the microstructure, assumptions
can be made about an element of the structure controlling deformation
and softening. The structure after compression at a strain rate of 1240 s!
represents particles of the a-phase elongated along the rolling direction,
rather sparsely distributed in a volume consisting of the B-phase with dis-
persed sub-nanoparticles of the secondary a-phase (Fig. 24, e, f, g). From
this, it follows that the mechanism of deformation (and softening) by dy-
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Fig. 25. Quasi-static compression curves and microstructure of STA hardened T110
alloy in the direction perpendicular to the rolling direction: general view of the curves
(a); representation of the curve according to Eq. (1) for different values of n (b); mi-
crostructure, SEM SE after compression (c—f). The direction of compression is vertical
relative to the micrographs [32]

namic compression in this case is controlled either by the secondary
a-phase, or by sliding along interphase boundaries, or by their combined
action. Most likely, nanoparticles of the secondary a-phase near the inter-
phase boundaries dissolve under the influence of high stresses and disloca-
tion glide velocities. This creates a condition that promotes the softening
of the alloy by sliding along the interphase boundaries. However, this is
only an assumption, for which there is no evidence yet.

Increasing the strain rate by almost a factor of 2 (strain rate 2430 s!)
leads to a small intermediate short-term strengthening (Fig. 24, k), in
contrast to stable softening at a strain rate of 1240 s!. The most likely
reason for this behaviour of the alloy is the appearance of adiabatic shear
bands (ASB), which localize the deformation. The formation of ASBs is
precisely preceded by a short stage of slight strengthening, after which
intense softening occurs.

Fig. 24. Dynamic compression curves and microstructure of STA hardened T110 alloy
in the rolling direction: general view of curves for different strain rate levels (a); rep-
resentation of the compression curve at 1240 s according to Eq. (1) with n = 1 (b) and
n = 0.5 (¢); microstructure SEM, SE after compression at 1240 s (d—g); general view
of the compression curve at a strain rate of 2430 s! (#); microstructure, SEM SE after
compression at 2430 s (i—l). The direction of compression is vertical relative to the
micrographs (shown by arrows) [32]
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The STA-hardened T110 alloy exhibits very interesting deformation
properties under quasi-static compression in the direction perpendicular
to the rolling direction (Fig. 25). The deformation curves shown in
Fig. 25, a demonstrate stable strengthening at the homogeneous stage.
This stage, reconstructed according to Eq. (1), is best described by the ex-
ponent n = 0.5. It is interesting to note that after the first rectilinear sec-
tion, but, before the third, there is a section, which is not described by a
straight line and remains nonlinear. The same curve history is observed
after the third section, which is also rectilinear: the fourth section is
curved. The fifth section is strictly rectilinear. It is appropriate to assume
here that the rectilinear sections correspond to clearly visible formations
of the dislocation structure: the first section corresponds to the chaotic
distribution of dislocations, the third to the formation of dislocation tan-
gles and condensations, and in the fifth section, non-disoriented disloca-
tion cells are formed. The reason for the nonlinear transitions from a
chaotic distribution of dislocations to tangles and condensations, as well
as from tangles to cells, most likely lies in the formation of thin (-phase
interlayers free of the secondary o-phase during deformation, which de-
termines the deformation mechanism. Most likely, this occurs due to the
dissolution of secondary a-phase nanoparticles under the action of high
mechanical stresses created by dislocations that cannot overcome trans-
verse interphase boundaries. It can be assumed that most of these -phase
interlayers, free of secondary a-phase particles, appear in regions A and B
of the sample (Fig. 24, b). However, based on the available structural data,
confirmation of this cannot be found at present.

Dynamic compression of STA-hardened samples deformed transverse
to the rolling direction, as well as similar compression along the rolling
direction, is characterized by a general tendency toward softening after a
sharp initial stage of hardening (Fig. 26, a). However, there is a signifi-
cant difference. The curves with transverse compression versus rolling,
regardless of the strain rate, after a sharp initial maximum, are divided
into two large regions. The first demonstrates general softening, while the
second contains elements of strengthening. This is especially noticeable
with a separate increase in the curves, for example, with strain rates of
1170 and 1220 s! (Fig. 26, b, g). In the case of dynamic compression of
samples with longitudinal compression relative to the rolling direction,
softening is observed throughout the entire deformation after a sharp
maximum (Fig. 24, a—c).

It can be assumed that the main reason for both softening in the first
region and strengthening in the second is the appearance of small nano-
scopic areas of pure B-phase in the vicinity of the interphase boundaries.
This most likely occurs due to the dissolution of the secondary o-phase
under the action of high dynamic stresses at the interphase boundaries.
However, if relative to the first region of the deformation curve, it can be
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Fig. 26. Dynamic compression curves and microstructure of STA hardened T110 alloy
in the direction perpendicular to the rolling direction: general view of the compression
curves of samples at different strain rates (a); general view of the compression curve
at a strain rate of 1170 s (b) and the microstructure of the SEM, SE after compres-
sion at this strain rate level (c¢—f); general view of the compression curve at a strain
rate of 1220 s! (f) and the microstructure of the SEM, SE after compression at this
strain rate level (g—m); general view of the compression curve at a strain rate of
1510 st. The direction of compression is vertical relative to the micrographs [32]

assumed that such sections of the -phase have the form of nanospherical
formations, then during the deformation process in the second region,
such nanospheres merge into extended sections located along the o—f3-
interphase boundaries. Spheres are not effective obstacles since disloca-
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tions can freely bypass them. However, the linear nano-f-phase adjacent
to the interface can be such an obstacle. That is why softening is observed
in the second region. Moreover, with an increase in strain rate to 1220 s,
the second region appears in the form of several minima, which lie on a straight
line with the strengthening exponent n = 1 (Fig. 26, g). In other words, in
the second region, B-phase nanolayers are formed, which cause strengthe-
ning, but do not determine the mechanism of strain strengthening. The lat-
ter is determined by the primary o-phase. It is not yet possible to explain
this effect due to the lack of an available model of the observed behaviour
and the necessary experimental structural data. It is interesting to note
that with an increase in the strain rate to 1510 s, the region of primary
softening is completely absent (Fig. 26, n). There is an area of primary
strengthening and final softening. Conclusion: with an increase in the strain
rate of dynamic compression of STA-hardened samples of the T110 alloy
tested transverse to the rolling direction, there is a tendency towards par-
tial strain strengthening while maintaining the general nature of softening.

3. Conclusions

The features of deformation and strengthening during quasi-static and
high-strain rate compression of some titanium alloys with different initial
structural states and composites on the base of Ti64 alloy strengthened
with TiC and TiB particles were studied. Strain hardening curves have
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been processed according to the principle developed by V.F. Moiseev for
tension metals and alloys. According to this approach, exponents and coef-
ficients of strain hardening were determined. By comparing these features
with structural changes according to optical microscopy (OM) and scan-
ning electron microscopy (SEM), it was determined what structural ele-
ments (phases, defect structure) and how they control and influence the
mechanism of deformation and hardening at a homogeneous stage of com-
pression deformation. It was found for the first time that the approach
developed for the analysis of tensile deformation curves can be success-
fully applied to the analysis of curves not only of quasi-static compression
deformation but also for high-strain rate compression.

The peculiarity of the approach to the analysis of the curves of high-
strain rate compression of titanium alloys, which have an oscillating char-
acter at the stage of homogeneous hardening, is that the curves are ana-
lysed according to their minima since these minima correspond to the re-
laxation of elastic stresses in the process of dynamic deformation.

In most cases, the mechanisms of deformation and strengthening of tita-
nium alloys under quasi-static and high-strain rate compression (as well as
the types of curves) differ.

It was found that, depending on the metallurgical state and structural
features, in the two-phase o + B-titanium alloy based on Ti64 composition
the deformation and strengthening mechanism can be controlled either by
one of the phases, when slip and strengthening occur in one phase, or by
two phases simultaneously and equally, or when deformation and strength-
ening occur along the interphase boundary. In turn, in pure titanium, the
role of the second phase can be played by twins that arise during compres-
sion. In addition, twins also appear in the two-phase alloy. Twins provide
a rotational deformation mode, while in the a- and -phases, a shear defor-
mation mode takes place.

The introduction of micronsize TiB or TiC strengthening particles by
powder metallurgy into the Ti64 composition-based alloy forms a metal-
matrix (MMC) three-phase composite with a lamellar structure and resid-
ual pores. The deformation mechanisms of such composites under quasi-
static and dynamic compression are characterized by specific features. The
strengthening mechanism of the MMC at the homogeneous stage under
quasi-static compression is determined by the beta phase surrounding the
boride or carbide particles. Such an alloy under dynamic compression can
either strengthen or soften depending on the content of TiB or TiC parti-
cles and the compression rate.

Two-phase more alloyed titanium alloy T110, subjected to a series of
successive treatments, including rolling in the region below beta-transfor-
mation temperature (7), has microstructural features that determine the
mechanisms of deformation, strengthening, and softening during quasi-
static and dynamic compression. Such features are large angles of misori-
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entation of interphase boundaries and a secondary a-phase. Depending on
the orientation of the compression direction relative to the rolling direc-
tion and the compression rate, the mechanisms of deformation and hard-
ening determined from the compression curves can change dramatically.
In alloys subjected to additional STA-hardening, pronounced softening oc-
curs during dynamic compression, but with an increase in the strain rate,
areas of strain hardening appear.
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3AKOHOMIPHOCTI MEXAHI3MIB NEPOPMAIIIL

TA TE®OPMAIIIMTHOTO 3MIITHEHHSI TUTAHOBUX CIIJIABIB
I METAJIOMATPMTYHNX KOMIIO3UTIB HA OCHOBI AHAJII3Y
EKCIIEPUMEHTAJIBHUX PE3YJIBTATIB

KBASICTATMYHUX I ITUHAMIYHNX CTUCHEHDB

ITpoananiszoBaHo medopMalliiiHy IOBeAiHKY CIJIaBiB Ha OCHOBi TUTAaHy Ta iXHIX KOMIIO3U-
TiB 3a KBa3iCTaTUYHOT'O Ta BUCOKOIIBUIKICHOTO CTUCHEHb 3a METOIUKOIO, PO3POOIEHOIO
B.®. MoiceeBum Ta #oro KojeramMu AJs aHaNidy KpuBux aedopmariii, omep:kaHmX Ha
postar. OnucaHuii y 1bOMY OTJISAI HigXix 3acTOCOBAHO AJA O0OPOOJIEHHSA i IOZAJIBIIIOTO
aHaJIidy YMCJEHHUX KPUBUX BUIPOOYBAHb CTUCHEHHSIM, OJEPKAaHUX y KBasicTaTUMUHUX
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eKCIIepUMeHTaX Ta eKCIIepUMEeHTaX i3 BHCOKOI0 IIBHUAKICTIO AedopMyBaHHs CILJIaBiB Ha
OCHOBi THMTaHy i H1Or0 KOMHOBUTIB 3 Pi3HUMM! CKJAZOM Ta IIOUYATKOBOIO MiKPOCTPYKTY-
poro. IlepekoHINBO MOKAa3aHO, 110 MeTox 3a MoiceeBUM TaKOK MOKe OyTHU YCIiIITHO 3a-
CTOCOBAHUI IJIA aHAJiI3y HMOBEJIHKU CIIJIaBiB mif uac crucHeHHsA. [IopiBHAHHA omep:Ka-
HUX TaHUX 3 pesyabTaTaMU CTPYKTYPHUX AOCJIi:KeHb JajJ0 3MOT'y B 6iJbIIOCTi BUTTAAKiB
BUABUTHU MexXaHidMu ne)OpMyBaHHA Ta 3MIITHEHHA TUTAHOBUX CILJIABiB Y IMIMPOKOMY Jia-
asoHi IMIBUJIKOCTEM CTHUCHEeHHA. BcTaHOBJIEHO, IO 3aJIe’KHO Bixg Tumy Ta Mopdosorii
BUXiHOI CTPYKTYypU JedopMallid Ta 3MilTHEHHSA IIiJ yaC CTUCHEHHA MOXKYTb KOHTPOJIIO-
BaTtucd o- uu B-daszoio a6o o0omMa HUMU OJHOUYACHO. PO3IIIAHYTO BIJINB PiBHA JeTryBaHHSA
B-crabinizaTopaMu Ta BBeZeHHS B TUTAHOBY MATPUIIO 3MIITHIOBAJIbHUX JUCIEPCHUX BU-
COKOMOJYJIbHUX YACTUHOK. BUABIEHO, 110 MeXaHi3M 3MiIlHEHHSA YacTO BiApisHAETbCA 3a
YMOB KBasdiCTaTUYHOTO Ta AUHAMIUHOTO CTHCHEHL. KpiM TOro, 3a BUCOKOI HIBUIKOCTL
neopMyBaHHS CTUCHEHHAM BiH MO’Ke OyTU Pi8HUM [AJIS IEPIIOTO Ta HACTYIMHUX €TAIliB
neopMyBaHHs, SKe Ma€e KOJUBHUU XapakKTep. 3alIpPOIOHOBAHO (isWuHe ITOSCHEHHS
edeKTiB, BUABJEHUX IiJi YaC KBa3iCTaTUUYHOrO Ta AWHAMIUHOIO CTHUCHEHb PO3TISAHYTUX
TUTAHOBUX MaTepiasis.

KarouoBi croBa: TuTaH, TUTAHOBI CIJIaBU, KOMIIO3UTH 3 TUTAHOBOIO MATPUIEIO, BUIIPO-
OyBaHHS CTUCHEHHAM, KBadicTaTU4yHe Ta AUHaMiuHe ned)OpMyBaHHSA, MexXaHisM maedop-
marrii.
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