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Abstract
This study investigates the dynamic mechanical behavior and microstructural evolution of commercially pure 
titanium (CP-Ti) under high-strain-rate loading at subzero temperature. Using a Split Hopkinson Pressure Bar 
setup equipped with a cryogenic environmental chamber, CP-Ti specimens were dynamically compressed at 
− 100 °C across strain rates of 1 × 103 s−1 and 2 × 103 s−1. The results show a significant increase in flow stress at 
− 100 °C compared to room temperature, with peak true stresses reaching approximately 825 MPa at 2 × 103 s−1 
and 730 MPa at 1 × 103 s−1 representing ~ 25–30% higher values than those observed at 22 °C. Electron backscatter 
diffraction analysis revealed a transition in deformation mechanisms with increasing strain rate and decreasing 
temperature. At room temperature, plastic deformation was predominantly accommodated by dislocation slip 
and deformation twinning. At low temperature, while twinning activity intensified, it was eventually superseded 
by shear band formation, indicating the onset of strain localization. A physically based viscoplastic constitu-
tive model incorporating dislocation density evolution and thermally activated mechanisms was developed and 
calibrated against experimental data. The model accurately captured the stress–strain behavior across all tested 
conditions, with deviations below 5%, demonstrating its suitability for predictive simulations of low-temperature 
forming processes in HCP metals.

Keywords  CP-Ti · Split Hopkinson Pressure Bar · Low temperature · Deformation twinning · Shear bands · 
Constitutive modeling

1  Introduction

Titanium alloys are widely utilized in high-performance industries such as aerospace, automotive, and biomedical 
sectors due to their exceptional strength-to-weight ratio, corrosion resistance, and high-temperature stability [1, 
2]. However, their limited formability at room temperature presents a major challenge in manufacturing processes 
[3]. Unlike aluminum or steel alloys, which can be readily formed at ambient conditions, titanium alloys exhibit 
poor ductility and high flow stress at low and moderate temperatures, often requiring elevated temperatures to 
facilitate deformation [4]. This constraint significantly impacts industrial forming efficiency, energy consumption, 
and overall production costs. One of the promising solutions to overcome these limitations is Fast Alloy Stamping 
Technology (FAST), an advanced thermomechanical processing technique designed to enhance the formability 
of lightweight alloys by optimizing strain rate and temperature conditions [5]. Extending the forming window of 
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titanium alloys to lower temperatures while maintaining desirable mechanical properties is crucial for advancing 
industrial-scale applications [6].

Despite extensive research on the high-temperature deformation of titanium alloys, relatively little attention has 
been given to their mechanical behavior and microstructural evolution under high-strain-rate loading at subzero 
temperature. Understanding how titanium alloys respond to rapid deformation at low temperatures is critical for 
optimizing industrial forming processes and developing materials with superior mechanical performance. In par-
ticular, high-strain-rate deformation in the subzero regime can lead to unique strengthening mechanisms, includ-
ing strain hardening, deformation twinning, and stress-induced phase transformations, which can significantly 
influence material behavior. The study [7] investigates the impact toughness and deformation mechanisms of the 
near-α titanium alloy CT20 at temperatures ranging from 20 to − 196 °C. The results show that impact toughness 
remains relatively high down to − 100 °C but decreases significantly at − 196 °C, where brittle fracture occurs. 
Crack propagation becomes less tortuous with decreasing temperature, as cracks cut through α lamellae rather 
than being deflected at grain boundaries. At higher temperatures, deformation is characterized by severe plasticity, 
lamellar α kinking, and extensive deformation twinning. As temperature decreases, twin density increases near 
the crack path, but fewer twins and lower geometrically necessary dislocation (GND) densities are observed in 
regions farther from the fracture surface, indicating reduced plasticity. The combination of crack path tortuosity, 
dislocation slip, and deformation twinning enhances impact toughness at 20 °C, while at − 196 °C, reduced plastic 
deformation capacity leads to brittle fracture with a small plastic zone. Another study [8] examines the impact 
behavior of Ti6Al4V alloy at 298 K, 223 K, and 77 K, revealing a decrease in impact toughness with temperature 
reduction. The toughness drops from 53.3 J/cm2 at 298 K to 21.2 J/cm2 at 77 K, with a shift in energy distribution 
favoring crack initiation over propagation at lower temperatures. Microstructural analysis shows that {1012}α 
twins form under impact at 298 K and 223 K but are absent at 77 K, indicating that twinning enhances toughness 
at higher temperatures. At 77 K, reduced plasticity, a straighter crack path, and minimal twin formation lead to 
brittle fracture. The findings highlight the role of twinning and dislocation slip in maintaining toughness and 
provide insights for optimizing Ti6Al4V alloy for low-temperature applications.

A key experimental approach for studying the dynamic response of materials is the Split Hopkinson Pressure 
Bar (SHPB) technique, which allows for precise characterization of high-strain-rate deformation in a controlled 
environment [9]. SHPB testing at low temperatures provides critical data on how strain rate sensitivity, adiabatic 
heating, and thermal softening affect the stress–strain response of titanium alloys [10]. In addition, microstruc-
tural changes such as grain refinement, dynamic recrystallization, and twin formation can be investigated through 
electron backscatter diffraction (EBSD) offering insights into the underlying deformation mechanisms [11]. These 
findings are essential for optimizing forming techniques such as FAST, where precise control over strain rate and 
temperature is necessary to achieve enhanced formability without compromising mechanical integrity.

To accurately describe the deformation behavior of titanium alloys at low temperatures, advanced mechanism-
based viscoplastic constitutive models are required [9, 10]. Traditional empirical models often fail to capture the 
complex interplay between strain rate sensitivity, thermal activation, and microstructural evolution. In contrast, 
physically based constitutive equations incorporate fundamental deformation mechanisms, such as dislocation 
motion and phase transformations, enabling more accurate predictions of material response under dynamic 
loading [12]. Jeon et al. [12] proposed an elasto-visco-plastic self-consistent polycrystal model to represent 
the temperature-dependent plastic deformation behavior of CP-Ti. The model successfully reproduced various 
experimental behaviors, including stress vs. strain curves, diffraction lattice strains, twin volume fraction, and 
crystallographic texture. The development and validation of such models using experimental data are crucial 
for improving finite element simulations of industrial forming processes and optimizing process parameters for 
large-scale manufacturing.

This study aims to systematically investigate the mechanical response and microstructural evolution of tita-
nium alloys subjected to SHPB testing at a temperature of − 100 °C. By integrating experimental results with 
mechanism-based constitutive modeling, the work aims to enhance the understanding of how CP-Ti behaves under 
extreme conditions and explore new possibilities for expanding their forming window in industrial applications. 
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The findings will contribute to the advancement of FAST and other high-strain-rate forming techniques, ultimately 
leading to more efficient and cost-effective manufacturing of titanium components with superior mechanical 
properties.

2 � Materials and methods

2.1 � Microstructural characteristics of the as‑received CP‑Ti

The microstructure of the as-received, commercial CP-Ti tested in this research is presented in Fig. 1 in the form 
of an Inverse Pole Figure (IPF) maps. The undeformed material exhibits equiaxed grains with preferred grain 
orientation of [0001].

2.2 � 2.2 Mechanical testing

Dynamic testing was carried out using the SHPB stand equipped with low-temperature environmental chamber. 
It is the most used technique for material testing at high strain rates [21]. Typical SHPB consists of a striker bar, 
input, and output bars, between which a cylindrical specimen is placed, Fig. 2. All bars of the SHPB device are 
made of the maraging steel (heat-treated MS350 grade: yield strength—2300 MPa; elastic wave speed—4960 m/s) 
with diameter of 12 mm. The lengths of the striker bar and input bar, as well as the output bar, were 250 and 
1200 mm, respectively. The striker bar is driven by a gas gun with a barrel length of 1200 mm and inner diameter 
of 12.1 mm. To minimize the wave dispersion and to facilitate stress equilibrium, the pulse shapers were used. 
They had a shape of a disc made of copper and were placed on the impact end of the input bar. Trial tests were 
conducted to find the appropriate size of the pulse shaper. It was found that for a given SHPB test condition (i.e., 
mainly for given level of striker bar impact velocity), the copper pulse shaper with the diameter of 3 mm and 
thickness of 0.1 or 0.2 mm ensures damping of the high-frequency oscillations. Dynamic compression curves 
were plotted using the well-known formulas according to the classical Kolsky theory based on the single-wave 
analysis method, which assumes stress equilibrium for specimen under given testing conditions. The strain and 
strain rate in the specimens were calculated applying the reflected wave profile (ɛr), whereas the plastic flow 
stress in the specimen was determined from transmitted wave profile (ɛt). Wave signals were measured by pairs of 
strain gages (gage length—1.5 mm; resistance—350 Ohm) located at the half-length of the input and output bars 
(Fig. 2). The signals from the strain gages were conditioned by the data-acquisition system including a Wheatstone 

Fig. 1   IPF map of the as-
received CP-Ti
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bridge, signal amplifier of the cut-off frequency equal to 1 MHz and digital oscilloscope. The dynamic tests at low 
temperature were conducted in the insulated chamber inside which the specimens machined from the extruded 
bar to cylindrical specimens of 5 mm × 5 mm were cooled down using liquid nitrogen. The chamber made of 
high-density polystyrene foam was divided into two parts, upper and lower, to facilitate its assembly on the Hop-
kinson bars and the placement of specimen between the bars. The chamber was equipped with a window through 
which the liquid nitrogen vapors were introduced. A thermocouple feedback processing controller was used to 
control the flow liquid nitrogen vapors using the cryogenic electrovalve. The thermocouple was in contact with 
the specimen from its upper side, i.e., on the side opposite to the specimen surface, which was cooled with liquid 
nitrogen vapors. In this way, the amount of liquid nitrogen vapors introduced into the chamber was controlled to 
keep a constant temperature for a long time. Based on the preliminary tests with reference specimen (specimen 
with a small hole in which the thermocouple was placed in the center of the longitudinal specimen axis), it was 
found out that after reaching the desired level, the temperature was held constant for at least 5 min to ensure no 
temperature gradient throughout the specimen. The mechanical property of the CP-titanium was characterized at 
strain rates ranging from 1 × 103 1/s to 2 × 103 1/s and a temperature of − 100 °C. The additional tests under the 
same conditions, however, at room temperature were performed for the comparative studies.

2.3 � Microstructural observations

The microstructure of deformed specimens was characterized by SEM. Prior to the study, the specimens were first 
cold-mounted, and then polished using Struers MD-Largo disc dedicated to soft materials of 40-150HV and 9 μm 
diamond suspension. The polishing was performed using Metrep® MD-Chem cloth and 0.04 μm Colloidal Silica 
solution. The microstructural characterization was performed on high-resolution Quanta 3D FEG (SEM/FIB) 
scanning electron microscope system equipped with an integrated EDS/EBSD system (EDS—energy dispersive 
X-ray detector, and EBSD—electron backscatter diffraction analysis system) operated at 20 kV. The average grain 
size was calculated using NIS Elements software on the image magnification of 500×.

3 � Results and discussion

3.1 � Mechanical testing

The true stress–strain curves presented in the figure illustrate the dynamic mechanical response of commercially 
pure titanium (CP-Ti) subjected to high-strain-rate loading at two different temperatures, 22 °C (room tempera-
ture—green curves) and − 100 °C (blue curves), and two strain rates, 1 × 103 s−1 and 2 × 103 s−1 (Fig. 3). The 

Fig. 2   Scheme of the SHPB system equipped with the environmental chamber for low-temperature testing
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figure clearly demonstrates that CP-Ti exhibits significant strain rate sensitivity, as the flow stress increases with 
increasing strain rate. At both temperatures, the curves corresponding to the higher strain rate (2 × 103 s−1) show 
higher peak stresses than those at the lower strain rate (1 × 103 s−1). This behavior is characteristic of titanium 
and other hexagonal close-packed (HCP) metals, where deformation mechanisms such as dislocation motion 
and twinning are strongly influenced by strain rate [13]. Higher strain rates reduce the time available for thermal 
relaxation processes, leading to increased dislocation accumulation and work hardening, thereby raising the overall 
flow stress of the material [14]. A comparison of the stress–strain curves at 22 °C and − 100 °C reveals that CP-Ti 
exhibits higher flow stresses at lower temperatures for both strain rates. This temperature-dependent strengthening 
effect is a result of reduced dislocation mobility and thermal activation at subzero temperatures [15]. At lower 
temperatures, dislocations face greater resistance to movement, leading to higher stress levels required to sustain 
plastic deformation [9]. Furthermore, the suppression of dynamic recovery mechanisms, such as cross-slip and 
climb, contributes to increased strain hardening at − 100 °C. The initial stress–strain curves shows a steep rise in 
stress, indicating the elastic and early plastic deformation stages. As plastic deformation progresses, strain hard-
ening becomes prominent, particularly at − 100 °C, where the material exhibits a more pronounced hardening 
rate before reaching peak stress. At room temperature, CP-Ti primarily deforms through dislocation slip, while at 
− 100 °C, deformation twinning is likely activated as an additional deformation mode due to the limited mobility 
of dislocations at low temperatures [16]. The activation of twinning can enhance strain hardening, contributing 
to the observed increase in flow stress and altering the material’s plasticity [17–19].

3.2 � Microstructural observations

The EBSD IPF maps presented in Fig. 4 illustrate the microstructural evolution of commercially pure tita-
nium subjected to dynamic compression at varying strain rates and temperatures. At a moderate strain rate of 𝜀̇ 
= 1 × 103 s−1 and room temperature (Fig. 4a), the microstructure retains a predominantly equiaxed grain structure 
with limited evidence of severe distortion. Numerous well-defined deformation twins (yellow arrows) are vis-
ible within grains. These twins exhibit a sharp contrast in IPF orientation maps and span significant portions of 
grains, indicating that twinning plays a primary role in accommodating plastic strain under these conditions. The 
preservation of grain morphology and relatively homogeneous orientation distribution suggests that dislocation 
slip and twinning act synergistically to distribute strain without substantial strain localization. In contrast, the 
corresponding condition at − 100 °C (Fig. 4b) reveals a markedly different microstructural response. Although 
twinning activity is still prevalent—evident from the presence of thick and intersecting twin bundles—the micro-
structure exhibits signs of increasing orientation fragmentation and intragranular misorientation. This is seen as 
more complex and irregular IPF color patterns within grains, indicating significant crystallographic reorientation. 
At the subzero temperature, dislocation mobility is reduced, which favors the activation of deformation twin-
ning as a compensatory mechanism. However, the higher resistance to dislocation slip also promotes the early 

Fig. 3   Dynamic response of CP-Ti compressed under differ-
ent values of strain rate and temperature
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a) = 1x103 / RT

3

c) = 2x103 / RT

d) = 2x10 / -100°C3

Fig. 4   IPF maps of CP-Ti deformed under various strain rate and temperature conditions: 𝜀̇ = 1 × 103 at room temperature (a) and at − 100 °C (b); 𝜀̇ = 
2 × 103 at room temperature (c) and at − 100 °C (d) with marked twins (yellow arrows) and shear bands (red arrows)
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development of shear bands as strain progresses [19]. These bands manifest as elongated, highly misoriented 
zones that truncate existing twins and cross multiple grains, indicating the onset of localized plasticity and dam-
age evolution.

At the higher strain rate of 𝜀̇ = 2 × 103 s−1, the room temperature response (Fig. 4c) displays increased twin 
activity compared to the lower strain rate, with more densely packed and intersecting twins. The higher density 
of twinning features suggests a greater demand for strain accommodation, with twinning operating more exten-
sively in grains oriented favorably with respect to the loading direction [17]. However, several regions exhibit 
fragmented grain structures and abrupt orientation changes, indicative of incipient shear localization. This implies 
that while twinning remains dominant at room temperature, the higher strain rate promotes the transition toward 
more localized deformation mechanisms. Under the most extreme condition—high strain rate and low tempera-
ture (Fig. 4d)—the IPF maps show extensive deformation twinning in conjunction with pervasive orientation 
fragmentation and disrupted grain structures. Twins are often intersected or terminated by bands of misoriented 
regions, which are consistent with shear band formation. These features suggest that twinning is rapidly acti-
vated at early stages but is ultimately insufficient to accommodate the full extent of imposed strain, especially 
under low-temperature conditions where dislocation slide is severely restricted. The dominance of shear bands 
(red arrows) under these conditions reflects the material’s tendency to localize strain when both temperature 
and strain rate hinder homogeneous deformation mechanisms. Collectively, these observations indicate a clear 
interaction and competition between deformation twinning and shear banding in dynamically compressed CP-Ti, 
governed strongly by temperature and strain rate. Twinning is the primary mechanism at room temperature across 
strain rates, while at − 100 °C, despite an initial increase in twin activity, shear band formation appeared with 
rising strain rate. The IPF maps, thus, provide direct evidence of a temperature- and rate-dependent transition 
in deformation mode, with significant implications for the dynamic ductility and failure resistance of hexagonal 
close-packed metals.

3.3 � Shear‑twining competition during dynamic deformation

At room temperature, IPF maps revealed widespread activation of deformation twinning across the microstructure. 
The presence of twins was evident through the occurrence of sharp, elongated domains within grains, exhibiting 
the characteristic ~ 85° reorientation relative to the parent orientation. These twins were distributed in grains that 
were favorably oriented for twinning, as indicated by the change in color contrast in the IPF maps corresponding 
to crystallographic rotation along the loading direction. The overall grain structure remained relatively intact, and 
although localized orientation changes were observed near grain boundaries and within some grains, the micro-
structure was still dominated by twin-related features (Fig. 5a). Shear bands, while occasionally present, appeared 
as narrow, linear regions of intense orientation gradients often cutting across multiple grains and disrupting prior 
twin structures. However, their occurrence was relatively limited, suggesting that at room temperature, twinning 
remained the primary mode of accommodating dynamic plastic deformation.

On the other hand, the IPF maps of specimens compressed at − 100 °C showed a marked increase in twinning 
activity, with significantly thicker and more numerous twin lamellae observed throughout the microstructure 
(Fig. 5b). The contrast changes in IPF orientation colors indicated more extensive crystallographic reorientation 
due to twinning. However, as strain increased, regions of abrupt and severe orientation discontinuities became 
more prominent, appearing as sharply misoriented zones that extended across grains and twins alike. These fea-
tures are characteristic of shear bands and reflect intense localized deformation that surpasses the accommodation 
capability of twinning alone. The IPF maps clearly showed instances where shear bands pass through twin lamel-
lae or altered their propagation paths, indicating that at low temperature, while twinning initiates deformation, it 
is increasingly overtaken by shear band formation as strain progresses.

The comparative analysis of IPF maps, thus, highlights a temperature-dependent evolution of deformation 
mechanisms in CP-Ti under high-strain-rate loading (Fig. 5c, d). At room temperature, deformation twinning is 
the dominant response, effectively accommodating strain in combination with dislocation slip, while shear bands 
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appear only at more advanced stages of deformation. At − 100 °C, twinning is more extensively activated due 
to reduced slip activity, but the early onset of severe orientation fragmentation suggests a stronger contribution 
from shear localization. The IPF evidence indicates that twinning and shear bands coexist and interact, with shear 
bands ultimately prevailing as the dominant mechanism of plastic flow under low-temperature dynamic loading 
conditions.

The evolution of Low-Angle Boundaries (LABs) and High-Angle Boundaries (HABs) during dynamic defor-
mation of CP-Ti shows a clear dependence on both strain rate and temperature, as evidenced by EBSD grain 
boundary analysis and quantified misorientation data (Table 1; Fig. 6). At room temperature and lower strain 
rates (Fig. 6a, c), deformation is primarily accommodated by dislocation slip, allowing for the formation of LABs 
through sub-grain development. This is reflected in the highest LAB fraction (0.252) under the 1 × 103 s−1 and 
22 °C condition. As the strain rate increases at room temperature (Fig. 6c), LABs decrease (0.146), while HABs 
increase (0.830), indicating more severe orientation gradients and enhanced grain subdivision. This trend sug-
gests that the increasing strain rate imposes greater mechanical energy, surpassing the accommodation capacity of 

   

   

a) = 1x103 / RT b) = 1x103 / -100°C

c) = 2x103 / RT d) = 2x103 / -100°C

Fig. 5   IPF maps of CP-Ti deformed under various strain rate and temperature conditions: 𝜀̇ = 1 × 103 at room temperature 
(a) and at − 100 °C (b); 𝜀̇ = 2 × 103 at room temperature (c) and at − 100 °C (d) with marked twins (yellow arrows) and 
shear bands (red arrows)
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dislocation mechanisms and leading to elevated twinning activity and possibly incipient shear localization. Under 
low-temperature conditions, the LAB fraction is consistently lower than at room temperature, with the lowest value 
(0.124) observed at − 100 °C and 2 × 103 s−1 (Fig. 6b, d). This reduction reflects the restricted dislocation mobil-
ity and diminished capacity for sub-grain formation. Concurrently, HAB fractions increase with both decreasing 
temperature and rising strain rate, peaking at 0.846 under the most extreme conditions. This indicates a strong 
dominance of twinning and shear banding, which introduce abrupt orientation changes, leading to substantial 

Table 1   Misorientation 
angle values for different 
strain rates

ε̇ = 1 × 10
3 1/s ε̇ = 2 × 10

3 1/s

2°–5° 5°–15° 15°–180° 2°–5° 5°–15° 15°–180°

Deformed at 
room tempera-
ture

0.252 0.027 0.721 0.146 0.024 0.830

Deformed at 
− 100 °C

0.173 0.029 0.798 0.124 0.030 0.846

Fig. 6   Grain boundary maps of CP-Ti deformed under various strain rate and temperature conditions: 𝜀̇ = 1 × 103 at room 
temperature (a) and at − 100 °C (b); 𝜀̇ = 2 × 103 at room temperature (c) and at − 100 °C (d)
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grain fragmentation and misorientation. The transition from LAB to HAB dominance under high strain rate and 
low temperature reflects a shift in the primary deformation mechanisms—from dislocation-mediated slip toward 
twinning and localized shear. This evolution aligns with EBSD IPF map observations, which show increasingly 
disrupted grain structures and pervasive orientation fragmentation at − 100 °C.

3.4 � Mechanical–microstructure interplay

The mechanical response of CP-Ti under dynamic compression, as shown in the true stress–strain curves (Fig. 3), 
correlates well with the microstructural evolution observed in the EBSD IPF maps. At both strain rates, defor-
mation at − 100 °C results in significantly higher flow stresses compared to room temperature, reflecting the 
increased resistance to plastic deformation at lower temperatures. This is attributed to the suppression of dis-
location mobility, which in turn enhances the role of alternative deformation mechanisms such as deformation 
twinning and promotes earlier onset of shear localization. At the lower strain rate 𝜀̇ = 2 × 103 s−1, the material 
deformed at room temperature shows moderate yield and flow stresses, accompanied by a relatively steady hard-
ening response. This is consistent with the EBSD observations (Fig. 5a), which show widespread but controlled 
twinning activity, with limited evidence of grain fragmentation or shear banding. Twinning accommodates plastic 
strain effectively without inducing strong strain localization, allowing for sustained strain hardening. In con-
trast, the sample tested at the same strain rate but at − 100 °C (Fig. 5b) displays a higher yield stress and a more 
pronounced initial hardening rate, followed by a plateau or slight softening at larger strains. The corresponding 
IPF maps reveal a much more heterogeneous microstructure with dense twinning and signs of emerging shear 
bands. The elevated strength and reduced ductility under low-temperature conditions reflect the transition from 
homogeneous deformation by twinning to more localized strain accommodation through shear band formation, 
which ultimately limits strain hardening capacity.

At the higher strain rate of 𝜀̇ = 2 × 103 s−1, the differences between the two temperatures become even more 
pronounced. At room temperature (Fig. 5c), the material exhibits increased flow stress relative to the lower strain 
rate, along with evidence of strain hardening, but the onset of flow softening is more abrupt. The IPF maps show 
intensified twinning and early stage shear localization, indicating that the elevated strain rate begins to exceed the 
capacity of twinning alone to accommodate strain, leading to localized deformation. Under the combined effect 
of high strain rate and low temperature (Fig. 5d), the material shows the highest yield stress. The EBSD maps 
correlate with this behavior, showing a heavily deformed microstructure dominated by both extensive twinning 
and pervasive shear banding. While twinning contributes significantly to strain accommodation across all condi-
tions, its effectiveness diminishes at high strain rates and low temperatures. In these regimes, twinning becomes 
insufficient to homogenize deformation, and the formation of shear bands leads to premature flow softening and 
reduced ductility.

4 � Material modeling and model calibration

Accurate modeling of material behavior necessitates the formulation of representative equations that capture the 
fundamental mechanisms governing deformation. In metal stamping processes, flow stress can be characterized 
by Hooke’s law as follows:

where εT—total true strain, εp—plastic strain, and E—Young’s modulus. When considering viscoplastic flow, 
the rate of plastic deformation is influenced by the instantaneous flow stress, the initial yield stress, and isotropic 
dislocation hardening. This relationship can be expressed as:

(1)� = E
(
�T − �P

)
,
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where 𝜀̇p—plastic strain rate, σ—flow stress, R—stress due to dislocation hardening, k—initial yield stress, and 
K, n1—material constants. Given that dynamic deformation at low temperatures does not significantly alter grain 
size (Fig. 8), the proposed model does not incorporate grain size evolution or softening mechanisms associated 
with dynamic recrystallization.

According to classical work-hardening theory [20–22], the hardening parameter in Eq. (2) is a function of the 
dislocation density �:

where B is a material-dependent coefficient. The evolution of dislocation density, transitioning from an initial 
value of zero to a saturated state, results from the interplay of dislocation accumulation due to plastic deformation 
and annihilation driven by recovery processes. This evolution is governed by the following equation:

where �—normalized dislocation density, and A and C are the material parameters.
Under low-temperature conditions, the yield stress is influenced not only by plastic deformation caused by 

dislocations but also by thermally activated mechanisms. The evolution of this process can be described as:

where D—temperature-dependent diffusion parameter, n2—material constant. It has to be emphasized that K, n1, 
n2, B, A, C, and D depend on the instantaneous temperature, which can be well expressed using the Arrhenius 
equation:

where X0—coefficient of the applied parameter, k—universal gas constant of 8.31 J/mol/K, T—absolute tempera-
ture and QX—activation energy. The temperature-dependent parameters are listed in Table 2.

The developed constitutive model, represented by Eqs. (1)–(6), provides a comprehensive description of the 
flow behavior of CP-Ti under low-temperature conditions. The material constants are then calibrated and opti-
mized using a Genetic Algorithm, as outlined in the flow chart shown in Fig. 7, resulting in the predicted solid 
lines presented in Fig. 8 and finally shown in Table 3.

The experimental data and corresponding numerical results obtained using the developed material model are 
illustrated in Fig. 8, where the symbols denote the experimental measurements, and the solid lines represent the 
model predictions. As observed, the model demonstrates a high level of agreement (~ 5%) with the experimental 
data, validating its accuracy. Notably, the strain-rate sensitivity of titanium allows for the application of a classical 
viscoplastic model to effectively capture its deformation behavior under low-temperature conditions. Therefore, 
the proposed model serves as a reliable tool for predicting material behavior in finite element simulations. This 
predictive capability is particularly important to industrial forming processes, wherein precise control over stress 

(2)𝜀̇P =

(
𝜎 − R − k

K

)n1

,

(3)R = Bρ
0.5
,

(4)𝜌̇ = A
(
1 − 𝜌

)
𝜀P − C

−

𝜌,

(5)k̇ = D𝜀̇
n2
P
,

(6)X = X0exp

(
QX

kT

)
,

Table 2   List of 
temperature-dependent 
parameters

k = 8.31 J/mol/K; T is absolute temperature in K

n1 = n10exp(Qn10/kT) B = B0exp(Qb/kT) E = E0exp(Qe/kT)
n2 = n20exp(Qn20/kT) C = C0exp(Qc/kT)
K = K0exp(Qk/kT) D = D0exp(Qd/kT)
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state, material flow, strain localization, and failure initiation is paramount to ensuring process robustness and 
component performance [23, 24].

5 � Conclusion

The main findings of this research were as follows:

•	 CP-Ti exhibits pronounced strengthening under dynamic compression at − 100 °C, with flow stresses increas-
ing by up to ~ 30% compared to room temperature at equivalent strain rates. This is attributed to reduced 
dislocation mobility and suppressed dynamic recovery.

•	 At room temperature, deformation is primarily governed by dislocation slip and extensive {10–12}⟨ 10−11 ⟩ 
tensile twinning. Under low-temperature conditions of − 100 °C, twinning is initially intensified but is pro-
gressively supplanted by the formation of shear bands as strain increases and strain rate rises.

•	 EBSD analysis demonstrated that while room temperature deformation preserves equiaxed grain morphology 
with uniform twinning, low-temperature deformation leads to significant orientation fragmentation and shear 
localization.

•	 The mechanism-based viscoplastic constitutive model successfully reproduced the experimental stress–strain 
response across all conditions. Calibration using a strain-rate-sensitive, thermally activated formulation ena-
bled accurate prediction with < 5% error, validating its use for finite element simulations in low-temperature 
forming applications.

•	 The observed enhancement in strength and alteration of deformation mechanisms at − 100 °C support the 
potential for low-temperature, high-rate forming of titanium components, such as in the Fast Alloy Stamping 
Technology (FAST) framework, providing improved mechanical performance without compromising micro-
structural integrity.

Fig. 7   The flow chart of Genetic Algorithm to calibrate and optimize the viscoplastic constitutive equations
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Fig. 8   Comparison of the stress–strain curves obtained from the experiments (points) and numerical (line) calculations at 
room and low temperature: 𝜀̇ = 1 × 103 at room temperature (a) and at − 100 °C (b); 𝜀̇ = 2 × 103 at room temperature (c) 
and at − 100 °C (d)

Table 3   Material 
parameters of the model

Constant E0 QE K0 QK A0 QA B0 QB

Value 36,221 − 249.3 492.75 − 5401.5 300.8 − 4384.9 0.48 6648
Unit MPa J/mol MPa J/mol – J/mol MPa J/mol
Constant C0 QC D0 QD n10 Qn10 n20 Qn20

Value 0.272 3192.1 897.8 1246.5 22.19 − 3549 1.1 − 237.5
Unit – J/mol MPa J/mol – J/mol – J/mol
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