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EffEct of DEformation of ti-3al-8V-6cr-4Zr-4mo alloy unDEr Varying thErmo-mEchanical conDitions 
on its microstructurE anD DEformation BEhaVior 

This paper analyses the impact of thermomechanical processing history on the microstructure and thermomechanical behavior 
of Ti-3Al-8V-6cr-4zr-4Mo titanium alloy. The alloy was deformed in compression at various temperatures and strain rates, and 
the flow stress curves were elaborated basing on the testing data. The analysis of the material behavior at different temperature and 
strain rate ranges was performed taking into account various criteria of stability and instability of the material flow  (semiatin-lahoti 
criterion and Murty’s criterion) under various thermomechanical conditions. it was shown, that the inhomogeneity of the alloy’s 
microstructure in the initial state, mainly due to its crystallization conditions, is also a significant factor that affects the inhomogene-
ity of deformation. The study indicates that the analyzed alloy needs to undergo heat treatment to homogenize its structure before 
it can be subjected to processing. The processing maps developed using both the semiatin-lahoti and Murty criteria were found 
to be effective in predicting flow instability and optimising hot forming parameters. The maps highlighted regions susceptible to 
adiabatic shear bands and strain localisation, while also identifying optimal conditions for dynamic recrystallisation and mate-
rial softening. The results of this study may have direct applications in the design of thermomechanical processing of the studied 
titanium alloy under industrial conditions.

Keywords: Titanium alloy; thermo-mechanical processing; processing maps

introduction 

Titanium alloys represent a particularly significant subset 
of engineering materials. distinguished from other materials 
by their remarkable properties, titanium alloys have found ap-
plications in a multitude of industries [1,2]. Titanium β alloys 
are frequently employed in the manufacture of aircraft land-
ing gear, fuselages, wings and other load-bearing or loaded 
components [3]. consequently, the alloy must possess excel-
lent workability and microstructure. it is noteworthy that the 
 Ti-3Al-8V-6cr-4zr-4Mo alloy exhibits high strength and rela-
tively high ductility. Furthermore, it is distinguished by its higher 
corrosion resistance compared to other high-strength titanium 
alloys, and maintains its strength properties at temperatures up to 
350°c. Furthermore, this β-Ti alloy displays a high susceptibil-
ity to forging above the β-transus temperature. Additionally, the 
 Ti-3Al-8V-6cr-4Mo-4zr alloy’s microstructure evolves signifi-
cantly during aging treatments, influencing both its mechanical 
properties and its resistance to deformation, which is critical for 
optimizing its performance in high-demand applications [4].

An extremely important processing method for titanium 
alloys is thermomechanical processing (TMP) [5,6] during 
which phenomena such as dynamic recrystallisation (dRX) 
[7], dynamic globalisation [8], dynamic phase transition [9], 
texture evolution [10] or dynamic recovery (dRV) occur. They 
have a significant effect on the deformation behaviour of the 
material during hot processes. Furthermore, the mechanical 
properties of titanium alloys are quite sensitive to the evolu-
tion of the microstructure, which depends on the processing 
parameters, including strain temperature, strain rate and defor-
mation. Therefore, in the pursuit of satisfactory microstructure 
and properties, the determination of reasonable hot processing 
parameters plays an essential role in the manufacturing process. 
microstructures formed during thermomechanical machining are 
not easily altered by subsequent heat treatment due to the strong 
microstructural inheritance of Ti alloys [11]. Traditionally, many 
materials researchers have made efforts to optimise the process-
ing parameters of alloys by conducting trial and error experi-
ments and developing a theoretical model that has been helpful 
in understanding the mechanism of hot deformation [12-15].
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Hot processing parameters cannot be easily controlled dur-
ing hot deformation processes. Therefore, an important element 
in the design and control of the material’s deformation behaviour 
is the use of processing maps [16].

a processing map is a representation of the material’s re-
sponse in terms of microstructural changes to imposed process 
parameters. Proposed by Prasad et al. [17,18], processing maps 
are constructed by superimposing the material flow instability 
map and the energy dispersion map, which are developed from 
the dynamic Material Model (dMM).

Power dissipation efficiency (η) describes the constitutive 
response of a workpiece in terms of the different microstructural 
mechanisms operating at a given temperature and strain rate. 
The variation of η with temperature and strain rate provides 
a power dissipation map depicting the different domains that can 
be directly correlated with specific microstructural mechanisms. 
The η parameter is expressed by the following eq. (1):
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where J is dissipator co-content (component related to power 
dissipation through structural changes, e.g. dynamic recrystalli-

zation, dynamic recovery, grain growth), max 2 2
PJ J 
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the ideal linear dissipator (m = 1), σ is stress, and ε· is strain rate.
in order to identify areas of plastic flow instability in the 

development of the processing maps, it is necessary to consider 
the flow instability criterion [19]. currently, the most commonly 
used instability criteria are those proposed by Prasad and Murty. 
in Prasad’s instability criterion, the exponent of sensitivity to 
strain rate m, which is an important parameter defining the power 
split between heat generation and microstructure changes and 
is expressed by the eq. (2):
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where T is temperature, ε is strain, and ε· is strain rate.
it is considered constant and independent of the strain rate. 

murty, on the other hand, suggested that the parameter m can-
not be considered as a constant value and therefore in his works 
[20-22] proposed a simpler and more stringent criterion for flow 
instability (ξ ) than Prasad, which is expressed as follows: 
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The variation of the ξ parameter with temperature and 
strain rate creates an instability map. Typical microstructural 
manifestations of flow instability are the formation of adiabatic 
shear bands, flow localisation, dynamic strain ageing, mechanical 
twinning and flow collapse or rotation. 

Processing maps have been used to study the hot machina-
bility and deformation mechanism of many other β-alloys, and 
it has been confirmed that dRV and dRX are the dominant 
deformation mechanisms in stable areas [23]. 

A phenomenological criterion was proposed by semiatin 
and lahoti for predicting flow localization phenomena [24,25]. 
Flow localization may occur during hot deformation in the 
absence of frictional and chilling effects, resulting from flow 
softening. in axisymmetric deformation states (such as upset-
ting), flow localization manifests as localized bulges on the 
workpiece. The phenomenon of flow softening, also known as 
negative work hardening, can be attributed to several factors, 
including structural instabilities such as adiabatic heating, the 
development of a softer texture during deformation, grain coars-
ening, and spheroidization. The appearance of flow localisation 
is typically characterised by curved or wavy macroscopic bands 
oriented at approximately 35-45° with respect to the principal 
stress axis. The flow localization parameter (α) is a function of 
material properties and can be expressed as:

 m
     (4)

where: m – the strain rate sensitivity parameter, γ – the normal-
ized flow softening rate expressed as:
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This flow localization parameter can be utilized to estimate 
the tendency of a material to form pronounced or catastrophic 
strain concentrations. The semiatin and lahoti criterion is an 
empirical formula that shows good agreement with experimental 
results in titanium alloys. Flow localization will occur when the 
parameter α is greater than or equal to 5.

The instability parameter based upon the flow localization 
concepts could be expressed as:

 
1 1 0

5
      (6)

The processing map is an effective tool for predicting flow 
instability, optimising process parameters, assessing the mate-
rial’s susceptibility to hot working and controlling microstructure 
evolution [26], therefore, the present study investigated the ef-
fect of thermomechanical processing history on microstructure 
changes in Ti-3Al-8V-6cr-4zr-4Mo titanium alloy. The alloy was 
deformed over a wide range of temperature and strain rates, and 
then process maps were constructed based on Murty’s criterion. 
For characterizing material instability in thermomechanical 
deformation process in the case of titanium alloy, the analysis 
of the flow localization parameter a for a true strain in the range 
of 0.1-0.9 was also conducted. The maps of distribution of the 
parameter a, based upon the flow localisation concepts of semi-
atin and lahoti, were presented only for the cases in which α > 5.

Experimental procedures

The chemical composition of the investigated alloy (wt.%) 
is shown in TAble 1. Ti-3Al-8V-6cr-4Mo-4zr alloy, also 
known as beta c or AsTM Grade 19, which is a high-temperature 
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alloy containing β-phase stabilising elements (V, cr, Mo, Fe) [2], 
was investigated in the study. 

uniaxial compression tests were carried out using a Gleeble 
thermomechanical simulator to determine the influence of the hot 
processing parameters and the microstructural changes in the in-
vestigated Ti alloy being a result of hot processing. Axisymmetric 
specimens of 10 mm in diameter and 12 mm in height were cut 
out parallel to the axis of the rolled Ti alloy bar, which was the 
starting material. The specimens were then heated at the heating 
rate of 2.5°c/s for 10 s. uniaxial compression tests were carried 
out over a wide temperature range of 800-1100°c at different 
strain rates in the range of 0.01-100 s–1 up to true strain of 0.9. 

A detailed examination and analysis of the microstructures 
was undertaken, with particular attention paid to the verification 
of the processing maps. The microstructure was analysed using a 
leica dM4000M light microscope. The specimen’s subsequent 
state, resulting from the deformation tests conducted under vary-
ing thermo-mechanical parameters, was then subjected to the 
analysis. The microstructures of tested samples were observed 
within the central area of the cross-sections of the specimens, in 
a plane aligned with the direction of compression.

results

The investigated alloy at as-delivered condition was in 
a form of a rod of diameter of 100 mm (cast, rolled, solution 
treated and aged). The initial microstructure of the investigated 
material, as illustrated in Fig. 1, is characterised by the presence 
of a narrow, finely-crystallised zone of frozen crystals, and two 
distinct regions of dendrites and an interdendritic zones. The 
formation of the frozen crystal zone can be attributed to the rapid 
cooling and solution heat treatment and ageing resulted in the 
dispersion of α precipitates.

Fig. 1. Microstructure of Ti-3Al-8V-6cr-4Mo-4zr alloy in delivery 
condition

TAble 2 illustrates the stress values for strain rates be-
tween 0.01 and 100 s⁻¹ within the specified temperature range 
of 800 to 1100°c.

as can be seen in TAble 1, a decrease in stress is ob-
served when the strain temperature increases and the strain rate 
decreases. The initial increase in stress in all tasted temperatures 
is due to strain hardening, while the subsequent decrease is due 
to material softening. This suggests an increase in dislocation 
density during the initial phase of deformation [27].

it should be noted that the reduction in the level of stress 
during the material flow may be attributed to mechanisms such 
as dynamic recrystallisation (dRX), dynamic recovery (dRV), 
and superplasticity [28]. However, it may also be linked to un-
stable material flow.

TAble 1
chemical composition of Ti-3Al-8V-6cr-4Mo-4zr alloy

composition c V cr mo Zr al fe o n y ti
content, % 0.014 8.2 6.4 4.2 4.1 3.5 0.08 0.08 0.009 0.005 bal.

TAble 2

stress values for strain range of 0.1-0.9, strain rates of 0.01 s–1 and 100 s–1 and temperatures in the range of 800-1100°c

ε 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
T (°c) ε· = 0.01 s–1

800 141.9 141.2 137.3 134.5 130.8 127.8 119.8 113.8 111.7
900 74.1 72.1 70.5 68.3 67.0 64.8 62.6 62.6 63.7
950 54.6 51.6 51.0 51.5 54.0 53.9 53.8 55.1 58.2
1000 41.4 39.0 38.1 38.3 37.3 37.4 38.4 40.9 43.4
1100 29.1 28.7 27.5 26.9 25.3 26.9 26.9 26.7 26.8

T (°c) ε· = 100 s–1 

800 567.5 588.3 601.8 607.2 603.3 589.3 555.5 507.7 460.4
900 436.1 429.4 428.0 428.0 425.5 422.5 410.8 386.3 366.9
950 365.6 359.2 357.3 356.7 354.8 350.2 341.1 323.8 298.5
1000 327.7 322.9 317.6 319.1 317.1 312.1 302.8 289.1 266.6
1100 267.1 259.5 256.3 254.8 253.2 250.2 244.0 232.4 220.7
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Processing maps in accordance with semiatin-lahoti 
criterion

The characterisation of material instability in the thermome-
chanical deformation of Grade 19 titanium alloy was achieved 
through the analysis of the flow localisation parameter α for true 
strains ranging from 0.1 to 0.9. The Fig. 2 presents the α distribu-
tion maps, based on the flow localisation concepts of semiatin 
and lahoti, for cases where α > 5. The isocline distribution of 
parameter α indicates that the material deforms non-uniformly 
across the entire cross-section.

The map of the flow localisation parameter a for the 
true strain of 0.9 shown one irregular area of instability. Area 
is situated within the following contour of the parameters: 
T =  800-1075°c, ε· = 0.6-100 s–1, and it includes parameter α > 5. 
The configuration and disposition of the isoclines of parameter 
α may indicate a deficiency in technological plasticity, accom-

panied by a high degree of deformation and a growing level of 
strain rate within the specified temperature range. The character 
of the instability can be analysed to idenitfy that no softening 
of the metal occurs. However, the only phenomenon that does 
occur is that of strain, and the results of dynamic recrystallisa-
tion can also be observed. The observations of microstructures 
demonstrate the complete development of dynamic recrystal-
lisation throughout the entire volume of the sample, as well as 
the reconstruction of the internal crystal structure.

The observations presented allow us to conclude that the 
formation of adiabatic shear bands is not a defect of flow insta-
bility in the entire range of process temperatures (800-1100°c) 
and strain rates (0.01-100 s–1). in order to fully comprehend the 
occurrence of adiabatic shear bands and the subsequent formation 
of cracks, it is essential to consider the underlying mechanisms 
and conditions that differentiate them from those observed in the 
context of dynamic recrystallization and dynamic recovery. The 

Fig. 2. Maps based upon flow localisation criterion (parameter a) for the Ti-3Al-8V-6cr-4Mo-4zr alloy at the true strain of: 0.9, 0.8, 0.7, 0.5, 
0.2, 0.1; purple colour – instability area
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deformation process may be applicable to conventional condi-
tions, where the regions of intensive deformation (for example, 
a high strain rate and the gradient of temperature) and the pro-
duced adiabatic deformation heat will include the boundaries of 
phases between the adjacent areas of discontinuous deformation. 
This may result in the formation of a two-phase structure of alloys.

The map of the flow localization parameter a for ε = 0.8 
shows the two most likely areas of instability. Area I is situated 
within the following contour of the parameters: T = 800-925°c, 
ε· = 3.2-100 s–1. The analysis of the character of that instabil-
ity does not demonstrate the effect of flow softening of metal 
in the case of an excessively low process temperature. it may, 
however, indicate the non-uniform material flow resistance in dif-
ferent directions, together with an increase in strain rate. Area II 
includes process parameters: T = 975-1050°c, ε· =  3.2-31.6 s–1 
and includes parameter α > 5. simultaneously with a decrease 
in strain, no areas of process instability occur only for the true 
strains of 0.6, 0.4, 0.3 (α < 5). in the case of the true strain of 
0.7, 0.5 and 0.2 on the flow localization map in one area situated 
in the case of the following parameters: the temperature range 
is 850-925°c, with a strain rate of 5.6-17.8 s–1 (ε = 0.7) and for 
ε = 0.5 – the temperature range is 800-875°c, ε· =  3.2-31.6 s–1, 
and for the true strain 0.2 – the with a strain rate of 1.86-56.2 s–1. 
The parameter α is greater than 5. This area is composed of 
arranged isoclines, which have the shape of an arc in the direc-
tion of increasing temperature and decreasing strain rate. The 
presented observations provide confirmation that the maximum 
material flow softening occurs in the case of very slow deforma-
tion and the longtime of material exposure at a high temperature. 
The flow localization map at ε = 0.1 illustrates the stability 
area, which is characterized by a highly dense arrangement of 
isoclines. These isoclines exhibit the shape of an arc. Addition-
ally, the map depicts the two small areas of instability, which is 
described by the parameters T = 890-910℃ and ε· = 6.3-25 s–1 
and T = 990-1040℃ and ε· = 17.8-100 s–1, for α > 5.

Moreover, the locations of strains can be correlated with 
both high strain rates and low thermal conductivity of titanium 
alloys. Metal forming at high strain rates results in low heat 
dissipation due to the deformation of the alloy, which has a low 
thermal conductivity, and the short process time. consequently, 
the deformation process carried out under such conditions leads 
to a reduction in local flow stresses and may result in the oc-
currence of strain localisation bands (adiabatic shear bands). 
conversely, high strain rates result in the accumulation of energy 
due to the lack of time for dissipation or the continuous genera-
tion of dislocations.

Processing maps in accordance with murty's criterion

The determination of the parameters associated with metal 
forming requires a high level of precision, as these exert a pro-
found influence on the mechanical properties and microstructure 
of the resulting products. during hot metal forming, alterations 
in the material’s microstructure have a significant impact on the 

quality of the finished product. The control of the microstructure 
and the prediction of the material’s behaviour with respect to 
temperature, strain rate and true strain value during hot forming 
are of the utmost importance when designing the optimal condi-
tions to implement metal forming processes. The distribution of 
power dissipation efficiency (η) is represented as a map, which 
is dependent on the change in strain rate, temperature and strain. 
Such a map illustrates the changes in energy dissipation result-
ing from the evolution of the microstructure. Higher values of 
η correspond to favourable parameters of hot deformation, as 
they reflect the large amount of energy dissipated due to the 
evolution of the microstructure. The variation of the instability 
parameter with temperature and strain rate led to the creation 
of an instability map, which can be superimposed on the power 
dissipation map to obtain a processing map. a negative value 
of this parameter may be indicative of the potential for flow 
instabilities to occur during deformation. These instabilities 
may be associated with the formation of strain-localised zones, 
adiabatic shear bands, cracking, or lüders bands. 

The processing maps were constructed in accordance with 
murty’s criterion. The isolines illustrate the distribution of the 
power dissipation efficiency parameter, η, while the shaded 
areas of instability are associated with a negative value of the 
parameter, ξ. The true strain values were 0.1, 0.2, 0.5, 0.7, 0.8 
and 0.9 (Fig. 3). Maps generated by semiatin’s criterion, which 
exhibited areas of instability, were constructed for identical true 
strain values. The distribution of isolines suggests that a reduc-
tion in strain rate correlates with an increase in the efficiency of 
energy dissipation. it can be observed that the maximum values 
of power dissipation efficiency (η) are concentrated in the areas 
with the lowest strain rates analysed. Areas with high values 
for the power dissipation efficiency parameter (also referred to 
as the η parameter) are often considered to describe favourable 
metal forming parameters of a material, as they are character-
ised by the occurrence of dynamic recrystallisation, dynamic 
recovery, and superplasticity. dynamic recrystallisation, which 
is a mechanism that increases the plastic formability of a mate-
rial, can be referred to as the phenomenon whereby the material 
exhibits the ability to recrystallize under dynamic conditions. 
The values of power dissipation efficiency that are necessary 
for the occurrence of dynamic recrystallisation are considered 
to be in the range of 30-50%, while values above 60% can be 
related to superplasticity. The values of η (20-30%) are often 
associated with dynamic recovery. The maximum values of the 
energy dissipation efficiency (η = 52-64%) are concentrated 
in the areas with the lowest strain rate (0.01 s–1), which cor-
responds to a significant portion of the energy dissipated due to 
microstructural changes. The figure for true strain of 0.9 indi-
cates that for the lowest strain rate of 0.01 s–1 and for the entire 
range of temperatures analysed, two regions with high energy 
dissipation efficiency values can be distinguished. in one of the 
ranges under investigation, a peak in the maximum value of the 
energy dissipation efficiency parameter is observed. The area 
with the maximum energy dissipation efficiency, equal to 64%, is 
observed at 900°c and a strain rate of 0.01 s–1. This may suggest 
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that this alloy can be shaped under superplastic conditions. The 
second area can be distinguished for temperatures in the range 
950 to 1100°c, where the energy dissipation efficiency parameter 
takes values equal to or greater than 52%. These regions can 
be interpreted as representing dynamic recrystallization of the 
β-phase. The energy dissipation efficiency values are typically 
observed to range between 18 and 34% in the areas corresponding 
to the lowest temperatures analysed (800°c and 900°c) and the 
highest strain rates of 10 and 100 s–1. This type of deformation 
behaviour can be associated with dynamic recovery.

A processing map for a true strain of 0.9 was created, with 
the differentiation of four processing windows. The processing 
windows that were identified as the most optimal were those 
that displayed significant parameters of the process and that 
included design recommendations for thermomechanical forg-
ing processes. The process window i occurs within the range of 
strain rates 18-100 s–1 and temperatures 800-925°c. in this area, 

the energy dispersion parameter assumes values within the range 
24-34%. This area can be associated with dynamic recovery. 
This is the most optimal area for hot deformation during hammer 
forging. in the context of the second process window, strain rates 
are observed to be relatively low, with values ranging from 0.01 
to 0.03 s−1. Furthermore, the plastic forming temperatures were 
found to be within the range of 800 to 950°c. it is noteworthy 
that the energy dissipation efficiency (η) exhibits values within 
the range of 50 to 64%. This observation can be interpreted as 
reflecting the highest susceptibility of the material to plastic 
deformation. it can thus be concluded with a high degree of 
probability that material deformation within the aforementioned 
range is likely to result in the occurrence of dynamic recrystal-
lization or superplasticity. The third processing window may be 
identified within a temperature range of  950-1100°c and a strain 
rate of 0.01-0.03 s–1. it is important to note that the efficiency 
of this process is approximately 58%. This phenomenon can be 

Fig. 3. The processing map of the Ti-3Al-8V-6cr-4Mo-4zr alloy at true strain of 0.1, 0.2, 0.5, 0.7, 0.8 and 0.9 as a function of temperature and 
strain rate, with shadowed unsafe domain
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attributed to the considerable dissipated energy involved in the 
evolution of the microstructure. The fourth process window for 
a true strain of 0.9 is distinguished by relatively low energy dis-
sipation efficiency (η) values, with a range of  22-36%. The pro-
cessing window can be identified at temperatures ranging from 
950 to 1100°c and strain rates of 5.6 to 32 s–1. in order to assess 
a material’s hot formability based on processing maps, it is neces-
sary to consider its hot deformation characteristics across a broad 
spectrum of applied strain values. This is particularly relevant in 
the context of the complex geometry of shaped parts, which gives 
rise to significant variations in the deformation values observed. 
Furthermore, it is important to note that as the strain values de-
crease, the positions and sizes of the processing windows also 
change. with regard to process windows i and iV, it should be 
noted that these disappear for strain values below 0.5. The results 
may be verified by analysing the microstructure of the materials 
deformed in accordance with the corresponding process maps. 

Additionally, the two areas of instability (purple colour) for 
a true strain of 0.9 were identified. The extent of deformation is 
contingent upon the magnitude of the strain. consequently, the 

areas of flow instability exhibit a change in size and position 
as the strain changes. This phenomenon may be indicative of 
the material undergoing unstable deformation. For the smallest 
strain values, extensive areas of flow instability are observed, 
where ξ ≤ 0. it is advisable to avoid deformation parameters 
corresponding to areas of plastic flow instability. 

based on the processing maps of the investigated titanium 
alloy, it can be observed that the degree of deformation has 
a significant influence on the identification of the processing 
windows and the area of instability. This may be due to the 
continuous development of a microstructure during thermome-
chanical processing. For the true strains analysed, the processing 
maps constructed according to Murty’s criterion clearly show 
increasingly larger areas of instability.

analysis of microstructures

An examination of the microstructure of the investigated 
alloy after hot compression tests (Fig. 4) revealed that recrys-

Fig. 4. The microstructure of the Ti–3Al–8V–6cr–4zr–4Mo alloy after plastic deformation at strain rate 0.01 s–1and 100 s–1 and for temperatures 
of 800, 900, 950, 1000 and 1100°c
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tallisation occurred during deformation for the majority of the 
parameters employed (at deformation temperatures exceeding 
800°c). The formation of new equiaxial grains at the boundaries 
of the existing grains is evident. Furthermore, it can be observed 
that at both investigated strain rates at 800°c and 900°c, the 
grains display elongation in the direction transverse to the ap-
plied compressive force. in materials deformed at higher tem-
peratures, the orientation of the grains is leveled as a result of 
the microstructural remodelling processes that occur (dynamic 
recrystallisation). 

conclusions

This study provides a comprehensive analysis of the 
impact of strain history and deformation conditions on the 
microstructure and deformation behaviour of the titanium alloy 
Ti-3Al-8V-6cr-4zr-4Mo. The findings offer valuable insights 
for optimising its processing. The research yielded the follow-
ing conclusions:
• The study demonstrated that deformation at varying 

temperatures and strain amplitudes exerts a pronounced 
influence on the microstructure. in particular, dynamic 
recrystallisation (dRX) and dynamic recovery (dRV) 
mechanisms were observed to be significant during high-
temperature deformation, exerting a considerable influence 
on the material’s behaviour.

• The investigation corroborated the hypothesis that elevated 
deformation temperatures (exceeding 800°c) facilitate 
recrystallisation, thereby promoting the formation of new 
equiaxed grains. lower strain rates and higher temperatures 
have been found to enhance microstructural uniformity, 
while higher strain rates have been observed to increase 
the probability of microstructural instability.

• The initial microstructural inhomogeneity of the alloy, 
largely attributable to the crystallisation conditions, was 
identified as a pivotal factor influencing the non-uniformity 
of deformation. The aforementioned inhomogeneity thus 
requires heat treatment prior to plastic processing, with 
the objective of achieving structural homogenisation and 
enhanced deformation consistency.

• The processing maps developed using both the semiatin-
lahoti and Murty criteria were found to be effective in 
predicting flow instability and optimising hot forming 
parameters. The maps highlighted regions susceptible to 
adiabatic shear bands and strain localisation, while also 
identifying optimal conditions for dynamic recrystallisation 
and material softening.

acknowledgements

The research was funded by the Ministry of education and science through 
the AGH research subvention under contract number 16.16.110.663 (task 3 
and 13).

ReFeRences

[1] Q. zhao et al., High-strength titanium alloys for aerospace en-
gineering applications: A review on melting-forging process. 
Materials science and engineering: A 845, 143260, Jun. (2022). 
doi: https://doi.org/10.1016/j.msea.2022.143260

[2] F.n. Ahmad, H. zuhailawati, A brief Review on the Properties of 
Titanium as a Metallic biomaterials. iJeM 8, 63-67, sep. (2020).

[3] s.k. kar, A. Ghosh, n. Fulzele, A. bhattacharjee, Quantitative 
microstructural characterization of a near beta Ti alloy, Ti-5553 
under different processing conditions. Materials characterization 
81, 37-48, Jul. (2013). 

 doi: https://doi.org/10.1016/j.matchar.2013.03.016
[4] s.-w. lee, H.-M. kim, y.-J. lee, J.-G. lee, d.-G. lee, effect of 

Aging Treatment on the Microstructure and Mechanical Proper-
ties of Ti-3Al-8V-6cr-4Mo-4zr Alloy. Appl. sci. 14, 14, 6192, 
Jul. (2024). 

 doi: https://doi.org/10.3390/app14146192
[5] c. wu, l. Huang, c.M. li, experimental investigation on dy-

namic phase transformation and texture evolution of Ti55531 high 
strength titanium alloy during hot compression in the α+β region. 
Materials science and engineering: A 773, 138851, Jan. (2020). 
doi: https://doi.org/10.1016/j.msea.2019.138851

[6] H. yang et al., some advances in plastic forming technologies of 
titanium alloys. Procedia engineering 81, 44-53 (2014). 

 doi: https://doi.org/10.1016/j.proeng.2014.09.127
[7] X. chen et al., dynamic recrystallization and hot processing map 

of Ti-48Al-2cr-2nb alloy during the hot deformation. Materials 
characterization 179, 111332, sep. (2021). 

 doi: https://doi.org/10.1016/j.matchar.2021.111332
[8] s. long et al., constitutive modelling, dynamic globularization 

behavior and processing map for Ti-6cr-5Mo-5V-4Al alloy during 
hot deformation. J. Alloys compd. 796, 65-76, Aug. (2019). 

 doi: https://doi.org/10.1016/j.jallcom.2019.05.031
[9] y. li, s. ni, y. liu, M. song, Phase transition induced high strength 

and large ductility of a hot rolled near β Ti-5Al-5Mo-5V-1cr-1Fe 
alloy. Scr. mater. 170, 34-37, sep. (2019). 

 doi: https://doi.org/10.1016/j.scriptamat.2019.05.031
[10] J. krawczyk, Ł. Frocisz, M. Goły, s. Tomasik, T. Śleboda, The 

Analysis of changes in the crystal structure of near-beta Tita-
nium Alloy in the solution-Treated and Aged conditions after 
static Tensile Testing. crystals 13, 8, 1223, Aug. (2023). 

 doi: https://doi.org/10.3390/cryst13081223
[11] G. lütjering, J.c. williams, Titanium. berlin, Heidelberg: springer 

berlin Heidelberg (2003).
[12] X. bao, w. chen, J. zhang, y. yue, J. sun, Achieving high strength-

ductility synergy in a hierarchical structured metastable β-titanium 
alloy using through-transus forging. Journal of Materials Research 
and Technology 11, 1622-1636, Mar. (2021). 

 doi: https://doi.org/10.1016/j.jmrt.2021.02.012
[13] s. shi, J. Ge, y.c. lin, X. zhang, k. zhou, High-temperature 

deformation behavior and recrystallization mechanism of a near 
beta titanium alloy Ti-55511 in β phase region. Materials science 
and engineering A 847, 143335, Jul. (2022). 

 doi: https://doi.org/10.1016/j.msea.2022.143335



333

[14] c. li, l. Huang, M. zhao, s. Guo, y. su, J. li, systematic analysis 
of the softening mechanism and texture evolution of Ti–6cr–
5Mo–5V–4Al alloy during hot compression in α+β phase region. 
Materials science and engineering A 850, 143571, Aug. (2022). 
doi: https://doi.org/10.1016/j.msea.2022.143571

[15] T. lu et al., Flow softening and microstructural evolution of near 
β titanium alloy Ti-35421 during hot compression deformation 
in the α+β region. Journal of Materials Research and Technology 
19, 2274, Jul. (2022). 

 doi: https://doi.org/10.1016/j.jmrt.2022.05.144
[16] R.J. immanuel, s.k. Panigrahi, J.c. Malas, Materials develop-

ment for sustainable manufacturing. in Sustainable manufacturing 
Processes, elsevier, 2023, p. 155-194.

[17] y.V.R.k. Prasad, Processing maps: A status report. J. Mater. eng. 
Perform. 12, 6, 638-645, dec. (2003). 

 doi: https://doi.org/10.1361/105994903322692420
[18] y.V.R.k. Prasad, T. seshacharyulu, Processing maps for hot work-

ing of titanium alloys. Materials science and engineering: A 243, 
1-2, 82-88, Mar. (1998). 

 doi: https://doi.org/10.1016/s0921-5093(97)00782-X
[19] M. Xiong, z. weidong, s. yu, z. yongqing, w. shaoli, z. yigang, 

A comparative study of various flow instability criteria in process-
ing map. Rare Metal Materials and engineering 39, 5, 756-761, 
May (2010). 

 doi: https://doi.org/10.1016/s1875-5372(10)60096-3
[20] s.V.s.n. Murty, b.n. Rao, on the development of instability 

criteria during hotworking with reference to in 718. Materials 
science and engineering A 254, 1-2, 76-82, oct. (1998). 

 doi: https://doi.org/10.1016/s0921-5093(98)00764-3
[21] s.V.s. narayana Murty, M.s. sarma, b.n. Rao, on the evaluation 

of efficiency parameters in processing maps. metall. and mat. 
Trans. a 28, 7, 1581-1582, Jul. (1997). 

 doi: https://doi.org/10.1007/s11661-997-0219-y

[22] s.V.s.n. Murty, b.n. Rao, instability map for hot working of 6061 
Al-10 vol% metal matrix composite. J. Phys. d Appl. Phys. 31, 
22, 3306-3311, nov. (1998). 

 doi: https://doi.org/10.1088/0022-3727/31/22/020
[23] z. Hu, X. zhou, H. liu, d. yi, The formation of microtextured 

region during thermo-mechanical processing in a near-β titanium 
alloy Ti-5Al-5Mo-5V-1cr-1Fe. J. Alloys compd. 853, 156964, 
Feb. (2021). 

 doi: https://doi.org/10.1016/j.jallcom.2020.156964
[24] y.H. Mozumder, k.A. babu, s. Mandal, compressive Flow behav-

iour and deformation instabilities of Fe-Mn-Al-ni-c lightweight 
duplex steel. Trans. indian natl. Acad. eng. 5, 3, 465-474, sep. 
(2020). doi: https://doi.org/10.1007/s41403-020-00105-x

[25] M. wan, F. li, k. yao, G. song, X. Fan, Theory, method and 
practice of metal deformation instability: A review. Materials 
(basel) 16, 7, Mar. (2023). 

 doi: https://doi.org/10.3390/ma16072667
[26] s. liu, Q. Hu, F. zhao, X. chu, utilization of steel slag, iron 

tailings and fly ash as aggregates to prepare a polymer-modified 
waterproof mortar with a core–shell styrene–acrylic copolymer 
as the modifier. constr. build. Mater. 72, 15-22, dec. (2014). 

 doi: https://doi.org/10.1016/j.conbuildmat.2014.09.016
[27] e. Ghasemi, A. zarei-Hanzaki, e. Farabi, k. Tesař, A. Jäger, 

M. Rezaee, Flow softening and dynamic recrystallization behavior 
of bT9 titanium alloy: A study using process map development. 
J. Alloys compd. 695, 1706-1718, Feb. (2017). 

 doi: https://doi.org/10.1016/j.jallcom.2016.10.322
[28] J. sieniawski, M. Motyka, superplasticity in titanium alloys. Jour-

nal od Achievements in Materials and Manufacturing engineering 
24, 1, 123-130 (2007).


	A. Djordjević￼1, M. Zečević￼1*, D. Minić￼1, M. Kolarević￼2, L. Balanovic￼3, 
D. Manasijevic￼3, M. Petrović￼1
	Characterization of the Gu-Ge-In: Microstructural, Mechanical, 
Electrical Properties, Scheil and Lever Simulation 

	Y.-H. Hai￼1,2, X. Zhang￼1,2*, G.-J. Ma￼1,2, D.-L. Zheng￼2,3, J. Xu￼2,3, M.-K. Liu￼1,2*
	Thermodynamic Study on the Sn Removal from Molten Steel by CaO-SiO2-Al2O3 Slag

	B.K. Kipsang1, K. Wacławiak￼1*, Wim De Waele￼2
	Implementation of Recent Advances in Fracture Toughness Testing 
to Investigate Tearing Resistance of Heat-Resistant Steel 14MoV6-3

	S. Tomasik￼1*, A. Łukaszek-Sołek￼1, T. Śleboda￼1, Ł. Lisiecki￼1
	Effect of Deformation of Ti-3Al-8V-6Cr-4Zr-4Mo Alloy under Varying Thermo-Mechanical Conditions on its Microstructure and Deformation Behavior 

	J. Liu￼1,2*, J. Liu￼3, X. Wang￼3
	Microstructural Characterization of as-Cast and Cold Deformed Precipitation 
Strengthened Cu-3Ti-3Ni-0.5Si Alloy

	Y. Tajunnisa￼1*, A.K. Apsari￼2, R. Bayuaji￼1, Moh. Safi’i Mansur￼2
	The Impact of Longitudinal and Stirrups Reinforcement Ratio to Shear Strength Capacity 
of Geopolymer Concrete Beam

	S. Paulsingarayar￼1*, S.J.D.V. Kumar￼2, S. Marichamy3, K. Anandavelu3
	Machining Behaviors and Surface Investigation on Udimet L-605 Alloy

	S. Shanmugasundaram￼1*, R. Suresh￼2, B. Gopi￼3, K. Anandavelu4
	Investigation on Machining Parameters of Titanium Alloy in NMQL Environment

	R. Arivumani￼1,2*, P. Ilamathi￼1, K. Balamurugan￼3
	Fatigue and Fractography Analysis of Al2016-T6 Artificial Age Hardened Aerospace 
High Strength Alloy

	M.A.O. Mydin￼1*, M.M. Al B. Abdullah￼2, S.S. Majeed￼3, R. Omar￼4, 
W.M. Wan Ibrahim￼5, S. Ishak￼6
	Foamed Concrete Durability Properties Reinforced 
with Agave Cantala-Based Fibre

	K.A. Abdul Halim￼1,2*, M.A.A. Mohd Salleh￼1,2, M.M.A. Abdullah￼1,2, F. Badrul￼1,2, 
W.A.N.W.M. Zahid￼1,2, A.F. Osman￼1,2, M.F. Omar￼1,2, M.S. Zakaria￼1,2, M. Nabiałek￼3
	The Effect of Carbon Black Loadings on The Electrical Percolation Threshold 
of Linear Low-Density Polyethylene (LLDPE) And Liquid Silicone Rubber (LSR) 
Conductive Polymer Composites 


