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Abstract—Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis are used to study the
structure, phase composition, and deformation behavior of a titanium Ti–10V–2Fe–3Al alloy with different
carbon contents. It is shown that as the carbon content in the alloy increases to the maximum carbon solu-
bility, the dispersity of the secondary α-phase increases and, therefore, the strength of the alloy increases.
After reaching the carbon solubility limit, titanium carbide particles are observed in the alloy structure; the
morphology of the particles and their sizes are similar to those of the primary α-phase. The titanium carbide
particles do not affect the strength and plasticity characteristics of the alloy during tensile tests and retain their
initial shape after deformation. At the stage of strain localization, titanium carbide particles are sites of micro-
pore nucleation.
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INTRODUCTION
Owing to the combination of mechanical proper-

ties (specific strength, fracture toughness, and fatigue
strength), transition-class titanium (α + β)-alloys, the
Ti–10V–2Fe–3Al alloy among them, are widely used
in aircraft industry for manufacturing high-strength
structural elements of airframe and landing gear [1, 2].
Specification requirements for the chemical composi-
tion of the alloy strictly limit the contents of light ele-
ments in the alloy, namely, the content of oxygen,
nitrogen, carbon, and hydrogen is no more than 0.13,
0.05, 0.05, and 0.015 wt %, respectively [3]. The radius
of the oxygen, nitrogen, carbon, and hydrogen atoms
are 60, 71, 77, and 46 pm, respectively. Because of this,
they occupy interstices in the titanium crystal lattice
(the radius of octahedral pores in α-Ti is 61 pm; the
radius of tetrahedral pores in α-Ti and β-Ti is 33 and
44 pm, respectively). Similarly to oxygen and nitro-
gen, carbon in titanium alloys is the α-stabilizer and
extends the temperature range of α-phase stability
[4, 5]. The carbon solubility in titanium is substan-
tially lower than the nitrogen and oxygen solubilities;
the maximum solubility of carbon in the α-phase is
~0.48 wt % (2 at %). The carbon solubility in titanium
alloys depends on the chemical and phase composi-
tions of the alloy [6]. For example, the solubility limit of
carbon in the widely used Ti6Al4V alloy is ~0.35 wt %;
the solubility limit in β-titanium alloys is substantially
lower and is 0.006 and 0.023 wt % in the Ti15Mo and

Ti16Nb alloys, respectively [7]. When the carbon con-
tent in the crystal lattice exceeds the solubility limit,
carbon and titanium form a new phase that is titanium
carbide [8]. The TixCy phase can have different stoi-
chiometry and, therefore, different physico-mechani-
cal properties. The TiC titanium carbide has a high
melting temperature (3140°С) and a substantially
higher modulus of elasticity (440 GPa) compared to
that of structural titanium alloys (115 GPa).

Some of the first data on the effect of carbon on the
properties of titanium were reported in 1955 [4]. It was
found that the effect of carbon on the properties is
substantially lower than that of oxygen and nitrogen,
although the radius of carbon atom is higher [4]. The
lower strengthening effect of carbon compared to that
of nitrogen and oxygen is explained by lower bonding
forces of carbon atoms with dislocations compared to
those in the Ti–O and Ti–N systems. Strength char-
acteristics of titanium enhance as the carbon content
increases to 0.3 wt %; after that, they are almost inde-
pendent of the carbon content. In the range of low car-
bon concentrations (to 0.3 wt %), the 0.01 wt % car-
bon addition increases the ultimate tensile strength
and yield strength of α-titanium by ~7 MPa [9]. The
similar effect of carbon is also observed for alloyed
titanium compositions [10]. However, the high carbon
content, of more than 0.5 wt %, substantially decreases
the plasticity, fracture toughness, and fatigue resis-
tance. Nevertheless, studies investigating the effect of
154
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Table 1. Chemical composition of the Ti–10V–2Fe–3Al alloys under study

Carbon content, wt % Oxygen content, wt % Alstr.eq Mostr.eq

0.008 0.11 4.3 11.10
0.034 0.10 4.49 11.30
0.063 0.10 4.73 11.27
carbon on the mechanical properties and deformation
behavior of titanium alloys are continuing [11–17]. In
particular, new data on the process-related plasticity
of the Ti6Al4V alloy with 0.77 wt % С in a temperature
range of 900–1100°С were obtained in [11]. It was
found in [12] that carbon and boron additions in meta-
stable β-alloys (Ti-15333, Ti-1023, Ti-5553) decrease
the size of β- and fine α-phase grains; the effect of
these additions on the strength and plasticity was
determined. The favorable effect of carbon (0.23 wt %)
on the strength and creep resistance of the Ti–8Al–
1Mo–1V alloy was demonstrated in [13]. Data on the
effect of carbon on the deformation behavior of alloys
were reported in [16–20]; changes in the microstruc-
ture of samples in the plastic strain range were studied
after tensile testes. However, there are few studies
related to the effect of carbon, whose content is close
to its maximum solubility, on the deformation behav-
ior of transition-class (α + β)-titanium alloys. In our
previous study [16], it was found that, as the carbon
content increases to the carbon solubility limit, the
strength of the Ti–10V–2Fe–3Al alloy increases.

The aim of the present study is to investigate the
deformation behavior of the Ti–10V–2Fe–3Al alloy,
whose carbon contents are lower and higher than the
carbon solubility limit in the alloy, and to determine
the nature of variations of mechanical properties.

EXPERIMENTAL
As the material for the investigation, we used Ti–

10V–2Fe–3Al (wt %) alloy rods 22 mm in diameter,
which were manufactured at the PSC VSMPO-
AVISMA Corporation. We studied three compositions
differing in carbon content; the carbon content deter-
mined by atomic emission spectroscopy was 0.008,
0.034, and 0.063 wt % (Table 1). The mechanical
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Fig. 1. Electron micrographs (SEM) of the Ti–10V–2Fe–3A
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properties of samples were studied for the heat-treated
state. The first stage of heat treatment included water
quenching from the (α + β)-region from a temperature
below the polymorphous transformation temperature
by 45°С; the second stage is aging at 500°С for 8 h.

Tensile tests were performed at room temperature
in accordance with the ASTM E8 Standard [20] using
a Zwick Z600 tension testing machine. Two samples
were studied for each state.

The microstructure of longitudinal sections of rods
was studied using microsections, the mirror surface of
which was prepared by polishing with colloid silicon
oxide. A Quanta 3D FEG scanning electron micro-
scope equipped with a back-scattered electron detec-
tor (BSED, Z contrast), an electron backscatter dif-
fraction (EBSD) detector, and an EDAX Genesis
2000 electron microprobe analyzer was used.

X-ray diffraction (XRD) analysis of samples was
performed at a step of 0.01° and 0.5-s exposition per
point using a Bruker D8 Advance diffractometer
equipped with a LynxEye detector; the operating volt-
age was 40 kV and the current was 40 mA.

The JMatPro software was used to simulate struc-
tural and phase transformations in the alloy under
study.

RESULTS AND DISCUSSION

The microstructure of the quenched and aged Ti–
10V–2Fe–3Al alloy is characterized by the presence of
the primary α-phase (αI) with globular morphology
and an average particle size of 2–3 μm and the fine
secondary α-phase (αII) with lamellar morphology
(Fig. 1). Subgrains of the β-phase 2 to 5 μm in size are
observed, which were formed at the stage of deforma-
22  No. 2  2021
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Fig. 2. X-ray diffraction patterns and profiles of reflections
of some phases in samples with (а) 0.008, (b) 0.034, and
(c) 0.063 wt % С.
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tion of rods in the (α + β)-region and are decorated by
the secondary α-phase during aging.

The study of the microstructure of the aged sam-
ples with different carbon contents allowed us to find
difference in the dispersity of the secondary α-phase
present in the alloy structure; this is related to the
effect of carbon on the intensity of the decomposition
of the metastable β-phase. The increase in the disper-
sity of products of the decomposition of the supersat-
urated β-solid solution was observed in adding carbon
in a number of works [12, 23]. The secondary-phase
plate thickness was estimated by Full Profile analysis
of XRD patterns [24].

Figure 2 shows X-ray diffraction patterns with fit-
ting profiles for some phases. According to the data
PHYSICS OF META

Table 2. Lattice parameters of the Ti–10V–2Fe–3Al alloys u

Carbon content, wt %
β-phase Primary α-ph

aβ, Å a, Å c, Å

0.008 3.190 2.930 4.675
0.034 3.190 2.930 4.677
0.063 3.193 2.932 4.680
obtained, the secondary α-phase plate thickness in the
samples with 0.008, 0.034, and 0.063 wt % carbon is
47, 27, and 33 nm, respectively. In turn, the increase in
dispersity of the secondary α-phase affects the alloy
properties, namely, leads to the enhance in the
strength characteristics at the expense of increasing
amount of interphase boundaries and decreasing the
dislocation movement path [25, 26]. Table 2 gives the
results of the XRD analysis of the samples.
The increase in the content of interstitial element, car-
bon, leads to the extend of crystall lattice; in particu-
lar, the lattice parameter с of the α-phase increases.
The data obtained agree with the literature data [9].

After heat treatment of samples with a carbon con-
tent of 0.063 wt %, globular particles of a third phase
(with a volume fraction of less than 5%) were found
within β-grains and at β-grain boundaries. The mor-
phology of the particles is identical to that of the pri-
mary α-phase. However, when studying the particles
in the backscattered electron mode, they are charac-
terized by dark contrast; the study of the particles in
the secondary electron mode demonstrates their vol-
ume contour (Figs. 3a, 3c). As is known, when a struc-
ture is studied using the backscattered electron mode,
the higher the difference between the densities of
structural elements (between the numbers of chemical
elements), the more substantial the difference in the
contrast of structural elements. This is related to the
higher amount of electrons reflected from an area hav-
ing the higher density (the higher atomic number of
chemical elements). This leads to the formation of the
brighter image of this area. The density of β-phase is
higher than that of the α-phase, since the β-phase is
characterized by the higher content of β-stabilizers
(elements with the high atomic number) and the lower
aluminum content compared to that in the α-phase.
Therefore, in images taken with the backscattered
electrons, the β-phase has a brighter contrast com-
pared to that of the α-phase. Since the carbon content
in the titanium carbide is higher and its density is lower
as compared to that of the α-phase, titanium carbide
particles are characterized by darker contrast com-
pared to that of the α-phase.

The chemical composition of third phase particles
(Fig. 3a) was studied by electron microprobe analysis.
The intensity of spectrum lines in the energy range
corresponding to carbon is higher than that for the
neighboring area of metal (Fig. 3b). However, no
LS AND METALLOGRAPHY  Vol. 122  No. 2  2021

nder study

ase Secondary α-phase

c/a a, Å c, Å c/a d, nm

1.595 2.935 4.662 1.588 46.7
1.596 2.934 4.664 1.590 27.4
1.596 2.934 4.670 1.591 33.3
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Fig. 3. (a) Areas of chemical analysis, (b) X-ray diffraction patterns, and (c) Kikuchi line pattern taken with EBSD analysis of
titanium carbide particles in the Ti–10V–2Fe–3Al alloy with 0.063 wt % C.
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Fig. 4. Stress-strain curves measured during tensile tests of
the Ti–10V–2Fe–3Al alloy.
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Table 3. Mechanical properties of the Ti–10V–2Fe–3Al
alloys

Carbon content, wt % σ0.2, MPa σu, MPa δ, %

0.008 1121 1213 12.6

0.034 1194 1280 11.3

0.063 1164 1238 13.5
additional reflections in X-ray diffraction pattern,
besides the reflections of the α- and β-phases, were
found (Fig. 2c). The absence of reflections typical of
the titanium carbide in the X-ray diffraction pattern is
explained by the low volume fraction (less than 5%) of
third-phase particles in the structure. The study of the
microstructure of samples using EBSD analysis
allowed us to take the diffraction pattern for the third-
phase particles (Fig. 3c), which is characterized by
Kikuchi lines; the found third-phase particles are
identified to be the TiC titanium carbide; however, its
chemical composition should be refined.

The computer simulation of structural and phase
transformations using the JMatPro software allowed
us to calculate the limit of carbon solubility in the Ti–
10V–2Fe–3Al alloy, which is 0.053 wt %. Thus, the
presence of observed titanium carbide particles in the
structure of alloy with 0.063 wt % carbon is confirmed
by the computer simulation data.

Figure 4 shows stress–strain curves which were
measured during tensile tests of the Ti–10V–2Fe–3Al
samples. Three characteristic areas can be selected in
all these curves: these are the elastic strain area, of the
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
abrupt stress enhance with increasing strain, and uni-
form elongation area, in which the stress changes
insignificantly, and the area corresponding to the for-
mation of neck in the sample, when the stress begins to
decrease abruptly.

Table 3 shows the strength and plasticity character-
istics of the Ti–10V–2Fe–3Al alloys with carbon con-
tents of 0.008 to 0.063 wt %. The obtained range of
mechanical characteristics is typical of the Ti–10V–
2Fe–3Al alloy subjected to the aforementioned heat
treatment. However, it should be noted that the final
combination of mechanical properties of the alloy,
among other things, is affected by the deformation
route of half-product [27]. As the carbon content
increases from 0.008 to 0.034 wt % (by 0.026 wt %),
the yield strength increases by 73 MPa (see Table 3).
However, at a carbon content of 0.063 wt %, the yield
strength decreases by 30 MPa, whereas the relative
elongation is higher by 2% compared to that for a car-
bon content of 0.034 wt %. This is likely to be related
to the precipitation of titanium carbide particles, the
formation of which leads to the decrease in the disper-
sity of the secondary α-phase. The analysis of the data
given in Table 2 allows us to state that the carbon con-
tent in the primary and secondary α-phases of the
alloy with 0.063 wt % carbon is higher than that in the
alloy containing 0.034 wt % carbon.

Using the Hall–Petch equation [28], we calculated
the yield strength of the alloy as a function of d:

(1)−σ = σ + 1 2
0 ,kd
22  No. 2  2021



158 ZHELNINA et al.

Fig. 5. (a, b) Fracture and forming surface of the sample with 0.063 wt % C after tensile tests and the morphology of fractures of
samples with (c) 0.008 and (d) 0.063 wt % C.
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Fig. 6. Microstructure of longitudinal section of sample with 0.063 wt % C after tensile tests: (a) uniform elongation area and
(b, c, d) neck area.
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where σ0 is the strain stress without the strengthening
by secondary α-phase (in calculating, it is taken to be
unchanged); k is the constant; and d is the secondary
α-phase plate thickness determined by XRD analysis.

The calculated difference between the values of
yield strength of the alloys with 0.008 and 0.034 wt %
C and 0.034 and 0.063 wt % C was found to be 77 and
31 MPa, respectively. Thus, the change in the strength
of the alloy, which is observed as the carbon content
increases from 0.008 to 0.063 wt %, first of all is
related to, changing the dispersity of the secondary
α-phase.

The fractography of transverse fractures of samples
indicates that no effect of the carbon content on
changing the fracture surface of the Ti–10V–2Fe–3Al
alloy is found (Fig. 5). No substantial differences
between the samples were found; fractures of all sam-
ples are classical and typical of ductile cup-and-cone
fracture with characteristic equiaxed fracture pits
(Figs. 5a, 5c, 5d). No carbide particles were found in the
fracture of the sample with 0.063 wt % carbon. Figure 5b
shows the forming surface of this sample in the neck
area, in which numerous steps, parallel slip lines (on
the surface), and outlines of elongated strained struc-
tural elements are observed. This indicates the high
plasticity of the metal, the main deformation mecha-
nism of which is the intragrain dislocation glide.

Figure 6 shows the microstructure of the longitudi-
nal section of the sample with 0.063 wt % carbon con-
tent, which was subjected to tensile tests, in the uni-
PHYSICS OF META
form strain region (Fig. 6a) and near the fracture
(Figs. 6b–6d). In the strain localization region, the
formation of micropores near carbide particles is
observed (Figs. 6b–6d). Hard titanium carbide parti-
cles are characterized by substantially higher stiffness
compared to that of the matrix and are the barriers for
the dislocation motion, accumulate dislocations and,
as a result, micropores form at the interface with the
matrix upon deformation. When studying carbide par-
ticles in the uniform elongation region of samples
(Fig. 6a), no micropore formation was found. This
indicates a sufficiently high adhesion force between
the particles and matrix. The formation of micropores
and their subsequent growth during deformation
depend on a great number of the parameters of mate-
rial and deformation. Grain and subgrain boundaries,
inclusions, interfaces, i.e., regions characterized by
the high number density of dislocations are the most
common places for micropore nucleation [29, 30].
After significant growth of pores, when a certain vol-
ume fraction of pores is reached, they begin to merge,
and a crack forms, which results in the sample failure.
The effect of inclusions and pores on peculiarities of
the deformation behavior of the 10V–2Fe–3Al alloy
was studied in [31]. It was found that, to a certain spac-
ing between particles, micron-sized inclusions do not
participate in the fracture process, i.e., at a certain dis-
tribution of inclusions and pores in the material, they
can form nuclei which become sites for the nucleation
of main crack and affect the failure upon deformation.
In the case of the considered sample of the 10V–2Fe–
LS AND METALLOGRAPHY  Vol. 122  No. 2  2021
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3Al alloy with 0.063 wt % carbon, which is character-
ized by carbide particles in the structure, the combina-
tion of their size and volume fraction do not affect
substantially the deformation behavior of the Ti–
10V–2Fe–3Al alloy. Thus, the obtained data demon-
strate the mechanism of the effect of carbon on the
microstructure and deformation behavior of the Ti–
10V–2Fe–3Al alloy.

CONCLUSIONS
The effect of carbon on the mechanical properties

and structure of high-strength titanium Ti–10V–
2Fe–3Al alloy was studied in this work. As the carbon
content in the alloy increases to the maximum carbon
solubility, which, according to the simulation data, is
0.053 wt %, the increase in the alloy strength takes
place at the expense of increasing dispersity of the sec-
ondary α-phase. After heat treatment under the stud-
ied conditions, the structure of alloy with a carbon
content of 0.063 wt % is characterized by titanium car-
bide particles, whose morphology is similar to that of
the primary α-phase. In this case, the dispersity of the
secondary α-phase decreases; this leads to the decline
in the strength of the alloy compared to that of the
alloy containing 0.034 wt % carbon. The found cor-
relation between the strength and dispersity of the sec-
ondary α-phase is described adequately by the Hall–
Petch equation. During deformation of the alloy with
0.063 wt % carbon, titanium carbide particles are sites
for the micropore nucleation at the stage of strain
localization. The volume fraction of titanium carbide
particles in the alloy structure is relatively low; because
of this, the carbide particles do not affect the plasticity
and strength characteristics of the Ti–10V–2Fe–3Al
alloy during tensile tests.
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