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Abstract: Titanium alloys are characterized by insufficient ductility. One of the parameters affecting
their ductility is their crystal structure and texture. The present study characterizes the changes in the
crystallographic texture of the Ti-3Al-8V-6Cr-4Zr-4Mo alloy in solution-treated and aged conditions
on the basis of texture intensity indices and pole figures. Analysis of crystal structure changes was
performed before and after tensile testing. The investigated alloy in the solution-treated condition
showed a single-phase β-solution structure with a body-centered cubic (BCC) crystal structure. The
process of β phase aging affected the result of the tensile test, affecting the parameters of the texture
of the β phase. The analysis of the texture intensity indices for each set of planes (hkl) related to the
intensity for the plane (110) indicated that the highest texture intensity occurs for β titanium alloy aged at
550 ◦C both before and after tensile test. After plastic deformation, the largest difference with respect to
the benchmark value was observed for the (220) and (310) planes. The least amount of texture intensity
occurred after aging at 450 ◦C. The most varied values of diffraction peak intensity in relation to the
benchmark were obtained for the alloy aged at 450 ◦C for the (310), and (200) and (211) planes, indicating
the dominance of the (211) orientation, where an elongation of 10.4% was achieved. For the highest
elongation of 14.2%, achieved for the sample solution-treated at 550 ◦C, the diffraction peak intensities
were intermediate with the dominance of peaks from the planes (200) and (310).

Keywords: near-β titanium alloy; supersaturation; aging; tensile test; crystallographic texture

1. Introduction

Titanium alloys, due to their unique properties, have found applications in various
industries. They are used in the aerospace industry [1], for components for the automotive
industry, structural elements in the chemical and petrochemical industries, and for the
manufacturing of fasteners [2]. In particular, β titanium alloys compete with the widely
used α + β alloys due to the possibility to control their properties resulting in their higher
strength properties at a lower Young’s modulus [3]. Titanium alloys with a body-centered
cubic (BCC) crystal structure are characterized by numerous variants of deformation mecha-
nisms. Both dislocation slip, twinning, strain-induced phase transformations and numerous
combinations of the above mechanisms are observed. Deformation at the room temperature
of a β titanium alloy confirms formation of {−1011}〈101-2〉α twins. Twinning may occur
either through atomic displacement in (1-101) planes along the twinning direction [1-10-2]
or due to stress concentration at the α/β interface. Additionally, the formation of the
{112}〈111〉β and stress-induced α′ ′ martensitic transformation can be observed. Formation
of the twins both in α and β phases can result in the formation of high dislocation density
areas, which during further deformation can develop into new grain boundary, promoting
the dynamic recrystallization processes. In the case of the quasi-static deformation, the
TWIP mechanism can be observed in the metastable titanium alloys. On the other hand, the
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increase of strain rate promotes the TRIP effect, essential to maintain the sufficient ductility
of titanium alloys [4–12]. Deformation of the near-beta titanium alloys due to their low
ductility is mostly performed by hot deformation and the control of the microstructure by
continuous recrystallization mechanisms. The continuous formation of new grains during
the deformation enables obtaining more complex shapes at higher strain rates during
processing. Hot deformation processes of metastable beta titanium alloys at different equiv-
alent strain ranges reveal the strong role of this parameter in the strain hardening of these
alloys. High strain rates result in significant strain instability influencing the microstructure.
Dynamic recrystallisation is observed in areas of stable deformation, with shear bands
mainly observed in areas of higher strain instability. Additionally, dynamic recrystallisa-
tion is mostly located at the grain boundaries of the deformed phase, due to the strong
accumulation of strain in this area of the material. The energy accumulated in the material
provides the driving force for the process of annihilation of linear defects. Continuous
dynamic recrystallisation is realized by progressive subgrain rotation, while discontinuous
recrystallisation only results in a change in the curvature of the grain boundaries. Continu-
ous recrystallisation processes mainly occur in the material deformed under high strain
rates. These processes are related to the dissipation of energy in the material, indicating its
correlation to the strain parameters [13–16]. Some researchers point out the main role of
dynamic recrystallisation as a factor promoting grain fragmentation in β phase titanium
alloys. Dynamic recrystallisation is observed in the areas near the grain boundaries of the β
phase. Weakening of the texture intensity in the material associated with this phenomenon
was also observed [17–23]. Deformation of titanium alloys below the recrystallization
temperature is characterized by the recovery mechanism, while a temperature increase
favoring greater mobility of grain boundaries promotes material recrystallisation. The
advance of recrystallisation processes also depends on the size of the primary grains in
the material before plastic deformation. This is determined by the small number of areas
of large change in the crystallographic orientation between grains characteristic of areas
of strain inhomogeneity, which is favored by a small amount of grain boundaries. In
addition, in the case of the rolling process under larger strains, recrystallisation occurs both
at grain boundaries, interfacial boundaries, or inside the grains [24–29]. A non-negligible
aspect of the deformation of titanium alloys is the relationship between plastic deformation
processes and crystallographic structure. In the case of titanium alloys, it is possible to
encounter local perturbations of crystallographic orientation when obtaining a structure
that is considered to be mono-dimensional. Certain areas of the material characterized by a
distinct crystallographic texture mostly correspond to the orientation of the β phase from
which they separated. They preserve the Burgers orientation (BOR) between the grains
of the α phase and the β phase in the case of two-phase alloys [30–32]. The occurrence of
areas of clearly extreme crystallographic orientation with respect to the rest of the material
significantly lowers the material’s resistance to fatigue wear [7,33,34]. In titanium alloys,
the main crystallographic studies are focused on the study of crystallographic relationships
in multiphase systems. The study of deformation of two-phase alloys has indicated that as
the strain intensity increases, areas with homogeneous crystallographic orientation are frag-
mented. In addition, this is positively influenced by intense cooling during heat treatment
of these alloys, affecting fragmentation of the original structure before deformation [32].
In contrast, the formation of “<001> and <111> double fiber texture” is observed during
the deformation of β titanium alloys [33]. The analysis of changes in the crystallographic
structure of near-β titanium alloys is an issue that is still new and requires further research.
Hence, this paper focuses on the analysis of changes in the crystallographic structure of
near-β titanium alloy under tensile stress and strain during cold deformation. In addition,
the effect of heat treatment involving solution treatment and aging on changes in the
crystallographic structure of the material, both before and after deformation, was analyzed.
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2. Materials and Methods

The test material was a beta C titanium alloy Ti-3Al-8V-6Cr-4Zr-4Mo (designated in
the work as TBe). The chemical composition of the alloy is shown in Table 1.

Table 1. The chemical composition of β titanium alloy (wt.%).

Elements Al V Cr Zr Mo

Nominal content 3.0–4.0 7.5–8.5 5.5–6.5 3.5–4.5 3.5–4.5
Actual content 3.46 8.19 6.41 4.15 4.17

The tested alloy was subjected to solution treatment at 950 ◦C for 1 h, and then
rapidly cooled in water. Due to the heat treatment, a single-phase microstructure (β phase)
was obtained due to the dissolution of the non-equilibrium α phase. The alloy was then
subjected to aging at different temperatures. The designations of the test specimens with
the corresponding heat treatment parameters are listed in Table 2. The heat treatment was
carried out in an FCF 8 M chamber furnace produced by CZYLOK Company (Poland).

Table 2. Heat treatment parameters and the sample notation.

TBe Alloy Sample Solution Treatment Aging

TBe-S 950 ◦C/1 h -
TBe-A450 950 ◦C/1 h 450 ◦C/2 h
TBe-A500 950 ◦C/1 h 500 ◦C/2 h
TBe-A550 950 ◦C/1 h 550 ◦C/2 h

The mechanical tests were carried out on 5-fold specimens having rectangular cross-
section. The test material was cut by EDM on a wire EDM machine (AG200L, Sodick,
Soditronk, Warsaw, Poland) providing precise cutting of any shape. The prepared samples
were ground on sandpaper. Cutting the machined material and grinding it allowed to
remove microstructural changes in the surface layer of the sample. Static tensile testing was
conducted on a Z250 hydraulic press (Zwick/Roell, Wroclaw, Poland). Macroscopic obser-
vations of the fracture surfaces were carried out using a Leica Stereozoom S9i macroscope
(Leica, PIK–Instruments, Piaseczno, Poland).

Diffraction studies were performed on a D8 Advance diffractometer from Bruker
corporation using filtered cobalt anode lamp radiation (λCoKα = 0.179 nm). Measurements
were performed in the angular range 2θ = [40–130◦] in step mode with a step of ∆2θ = 0.04◦

and an exposure time per step of 10 s. The phase analysis was performed using PDF
(powder diffraction file) patterns from the ICDD (International Center for Diffraction Data)
database. A line profile analysis was also carried out. The obtained parameters made it
possible to determine texture coefficient (TC), given in Equation (1), which was calculated
based on specific intensities of individual diffraction peaks [35]:

TC(hkl) =
I(hkl)
I0(hkl)

{
1
n∑

I(hkl)
I0(hkl)

}−1
(1)

where:
I—relative intensity measured for the diffraction line measurement for a given (hkl),
I0—benchmark relative intensity for the diffraction line for a given (hkl) for the non-

textured state.

3. Research Results

The static tensile test conducted allowed the determination of parameters such as
tensile strength (TS), yield strength (YS) for equal values of elongation, elongation at break
(ε), yield strength ratio (YS/TS), reduction of area (RA), Young’s modulus (E), as well
as elastic admissible strain (δ) for individual specimens, all of which are summarized in
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Table 3. The elastic admissible strain is defined as the yield strength to Young’s modulus
ratio (δ = YS/E)

Table 3. Tensile test results for the investigated samples.

TBe Alloy TS (MPa) YS (MPa) YS/TS (%) E (GPa) δ (%) EL (%) RA (%)

TBe-S 853 849 99.5 182 0.47 9.9 60.2
TBe-A450 879 873 99.3 168 0.52 10.4 53.3
TBe-A500 869 865 99.5 171 0.51 9.6 43.7
TBe-A550 865 864 99.9 163 0.53 14.2 52.9

Based on the data shown in Table 3, it can be observed that the tensile strength of the
tested materials changes slightly with the aging process of the samples. A slight increase
in the value of this parameter can result from the aging process, relative to the solution
treated material, with an increase in the aging temperature causing a decrease in the value
of tensile strength. A similar relationship can be observed for the yield stress. The yield
strength ratio expressed by the YS/TS ratio remains extremely unfavorable. In every case,
the value of the yield strength is practically equal to the tensile strength of the material. The
aging process of the samples reduced the Young modulus. For β titanium alloy that was
not aged, the Young modulus was 181 GPa, while for β titanium alloy aged at 500 ◦C the
Young modulus was 171 GPa, and for β titanium alloy aged at 450 ◦C the Young modulus
value was 168 GPa. The lowest value of 163 GPa was noticed for β titanium alloy aged at
550 ◦C. A slight increase in the elongation of the sample after the test was also observed. As
a consequence of aging, the highest elongation value was obtained for the sample aged at
the highest temperature. The values for the solution-treated samples and the samples aged
at lower temperatures were similar. The tensile curves obtained during the tests are shown
in Figure 1. Three stages of the sample deformation can be observed. Initially, the samples
deformed elastically, then after exceeding the yield point, a stage of homogeneous plastic
deformation occurred. The last stage involved deformation accompanied by a decrease in
stress until rupture. Similar to the data presented in Table 3, it can be observed that the first
three samples exhibited a similar character of the flow curve. However, in the case of the
sample aged at the highest temperature, the curve showed significantly greater ductility.

Crystals 2023, 13, x FOR PEER REVIEW 5 of 11 
 

 

 

Figure 1. Tensile stress–strain relationship for the investigated alloy. 

The next stage of the study was the macroscopic examination of the fractured 

samples (Figure 2). 

  
(a) (b) 

  
(c) (d) 

Figure 2. Macroscopic images of the fractured Ti3Al8V6Cr4Zr4Mo alloy samples, (a) after solution 

treatment at 950 °C/1 h, (b) after solution treatment at 950 °C/1 h and aging at 450 °C/2 h, (c) after 

solution treatment at 950 °C/1 h and aging at 500 °C/2 h, (d) after solution treatment at 950 °C/1 h 

and aging at 550 °C/2 h. 

Figure 1. Tensile stress–strain relationship for the investigated alloy.



Crystals 2023, 13, 1223 5 of 10

The next stage of the study was the macroscopic examination of the fractured sam-
ples (Figure 2).
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Figure 2. Macroscopic images of the fractured Ti3Al8V6Cr4Zr4Mo alloy samples, (a) after solution
treatment at 950 ◦C/1 h, (b) after solution treatment at 950 ◦C/1 h and aging at 450 ◦C/2 h, (c) after
solution treatment at 950 ◦C/1 h and aging at 500 ◦C/2 h, (d) after solution treatment at 950 ◦C/1 h
and aging at 550 ◦C/2 h.

It can be observed that there are no significant differences in the fracture surfaces. It
can be seen that the sample cross-section reduction and fracture occur fairly parallel on both
sides of the samples. Macro images show relief on the surface of the specimen especially in
the area of the neck forming. After tensile tests, diffraction studies were performed. The
results of X-ray phase analysis of the tested samples are shown in Figure 3.

A slight increase in the intensity of the line (211) for the β phase can be observed as
the aging temperature increases. For aging at 550 ◦C, the peaks from the (220) and (310)
planes decrease noticeably. No reflections from the α phase were recorded in any of the
analyzed variants. For the reflections from the crystallographic planes observed on the
main diffraction lines, the values of TC were determined based on Equation (1). The results
of these analyses are shown in Figure 4.

If the TC value significantly deviates from the benchmark value, this allows us to
determine which crystallographic planes play a significant role in the deformation process.
We can see that the smallest texture was exhibited by β titanium alloy after aging at
450 ◦C, as indicated by the TC values that were closest to the benchmark value. The largest
differences from the benchmark value for β titanium alloy aged at 550 ◦C (TBe-A550) were
noticed. The dominant plane is the (200) plane, with all sets of planes having values greater
than the benchmark sample. In the case of the sample aged at 500 ◦C (TBe-A500), only the
reflection from planes (310) showed the highest TC value. On the other hand, as for the
reflections from the other planes, they remain at a much lower level than in the case of the
benchmark sample (Figure 3a).
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Figure 4. Variation of TC for different diffraction peaks with varied aging temperature (black line
signifies TC value for nontextured material): (a) after heat treatment, (b) after heat treatment and
tensile test.

After tensile test, an increase in TC values for planes (211) was observed in the
case of solution-treated samples. Other values of the TC parameter were similar to those
determined before deformation. An increase in the degree of texture intensity was observed
for the aged samples. For the lowest aging temperature, a decrease in the degree of texture
intensity was observed. Only reflections from planes (200) showed a higher degree of
texture intensity. For the aging temperature of 500 ◦C, the degree of texture intensity
increased for all sets of planes. However, for the sample aged at the highest temperature,
the texture intensity for the reflections from all planes decreased. Yet, a reflection from a set
of planes (310) appeared, which was not observed for the sample before deformation.

In order to illustrate changes in the crystallographic structure of the material as a
consequence of deformation processes, it was decided to make polar figures showing
changes in the crystallographic texture of the material. The results of this analysis are
shown in Table 4.
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Table 4. Measured and calculated polar figures for reflection (110) for the test material, rotated by 20◦.

Material Condition Before Plastic Deformation After Plastic Deformation

Pole Figures Measured Calculated Measured Calculated

Supersaturation
950 ◦C/1 h
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Polar figures obtained during the test show that the material was only slightly textured
after the heat treatment process. The appearance of texture components for the reflection
plane (110) was observed especially in the case of the samples aged at the temperatures of
500 ◦C and 550 ◦C.

The analysis of the calculated polar figures allowed to indicate greater differences in
the texture components. For the (110) plane, a new component enhanced by the aging
process became apparent. A similar component remained after deformation of the aged
samples. Stronger textures were obtained for the samples aged at 500 ◦C and 550 ◦C. Plastic
deformation of the solution-treated sample resulted in texture components similar to those
obtained for samples aged, undeformed samples.

4. Discussion

The results obtained established that the tested material during cold deformation
under tensile stresses was characterized by a very low ratio of yield strength to tensile
strength. It can be concluded that the material did not show a range of steady-state flow,
where gradual slippage in the material’s crystalline structure could occur. In addition, heat
treatment showed no significant effect on the strength properties. In the case of this material,
the heat treatment did not result in significant changes in the phase composition, and
hence the activation of deformation mechanisms associated with sliding along interfacial
boundaries or deformation within α phase could be expected [34]. The heat treatment,
however, had a significant effect in terms of elastic properties, affecting the reduction of
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Young’s modulus values. As the aging temperature increased, a gradual decrease in this
parameter was observed. This is probably related to the gradual disappearance of the
supersaturation of the β phase with alloying elements and the relaxation of stresses in
the material, which makes it possible to achieve higher amount of strain in the elastic
range. Another important aspect is the increase in sample elongation at the highest aging
temperature. It can be supposed that aging at 550 ◦C resulted in insignificant local increase
in grain size. This conjecture coincides with the results of diffraction analysis, where the
tested materials for both solution-treated material and the aged material did not show clear
texture. However, in the case of aging at 500 ◦C and 550 ◦C, higher texture intensity was
observed for the (310) and (200) planes, respectively (Figure 3a). Yet, the high values of
crystallographic indices for these planes were not conducive to obtaining high strain for
this material. The (110)<110> systems supported by slippage along interfacial boundaries
are conducive to the high strain values in titanium alloys [36]. No texture oriented in
this system was observed in the studied material. On the other hand, after deformation,
it was observed that the degree of texture of the material decreased, and the TC value
increased mainly for reflections from planes with low texture indices (Figure 3b). However,
the small amount of deformation only caused the appearance of new components for
planes (110), which confirmed the deformation by sliding along these planes (Figure 4).
Nonetheless, high values of tensile stress at low ductility resulted in the activation of
deformation mechanisms also in the area of high crystallographic indices, resulting in the
appearance of reflections from planes (310) for the material aged at 550 ◦C also, where
previously these reflections were not observed. Strong deformation and the activation of
multiple slip systems can also be inferred from the nature of the samples after fracture,
where pronounced relief indicates strong deformation and flow of the material, but only in
a small volume of the material as the activation of high-index slip systems is associated with
strong strain accumulation, without significant deformation of other parts of the material.
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