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Abstract

Pulse current-assisted flexible granular medium forming is a promising approach for manu-
facturing complex thin-walled components from difficult-to-deform Tip AINb-based alloys.
In this study, the electro-thermo-mechanical deformation behavior of Ti; AINDb sheets is
investigated through pulse current-assisted uniaxial tensile tests, microstructural character-
ization, and finite element simulations. The influences of pulse current intensity and strain
rate on flow behavior, fracture characteristics, and phase evolution are clarified, and an
effective forming window is identified. Numerical simulations are employed to analyze the
role of granular medium friction in material flow and wall thickness distribution, providing
guidance for forming box-shaped components. The results demonstrate that forming at
approximately 950 °C with a strain rate of 0.001 s~! reduces deformation resistance, while
enhanced tangential interaction between the granular medium and the sheet improves
wall thickness uniformity. This study provides a feasible processing route and practical
guidelines for the fabrication of complex Tip AINb sheet components.

Keywords: Tip AIND; flexible medium; electrically assisted method; microstructure evolution

1. Introduction

The Ti; AINb-based alloy exhibits excellent comprehensive mechanical properties
in the 650-750 °C temperature regime and possesses a substantially lower density than
nickel-based superalloys. These characteristics make it a promising candidate for replacing
traditional superalloys in aerospace and other high-temperature applications, contributing
to partial structural weight reduction [1]. Tip AINb-based alloys are typical multiphase al-
loys, usually consisting of two or three phases (ctp, B2/ 3, and O phases) [2]. The B2/ 3 phase
acts as the matrix and primary carrier of plastic deformation, whereas the «, phase serves
as a strengthening phase primarily existing in particulate morphology [3]. With increasing
temperature, the brittle &, phase tends to precipitate along grain boundaries, effectively
pinning them to hinder grain growth and restrict continuous deformation. During plastic
deformation, a large number of dislocations are generated within O phase laths and at
O/ B phase interfaces, introducing additional obstacles to further deformation [4]. There-
fore, Tip AINb-based alloys exhibit significant processability challenges and relatively low
forming efficiency even in hot forming processes.

Recent studies on Tip AINb-based alloys have mainly centered on microstructure evo-
lution and heat treatment optimization. Cheng et al. [5] conducted a systematic review of
the current understanding of phase transformation mechanisms and the growth kinetics of
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B2/ and O phases in Ti; AINb-based alloys, pointing out a notable research gap regarding
the kinetics of the ordered-disordered transformation of the O phase. Wu [6] systematically
investigated the microstructural evolution of Tip AINb-based alloys under various heat
treatment temperatures, finding that elevated temperatures resulted in a gradual decrease
in oy and O phases while promoting the formation of B2/3 phase, with the O phase
completely dissolving at 1020 °C. Bu et al. [7] examined phase transformations during
continuous cooling, developing critical cooling rate diagrams for Ti; AINb-based alloys.
Zhang Jian [8] investigated the effect of trace boron doping, demonstrating that while
boron effectively refined the grain structure and modified the precipitate morphology, it
exerted an adverse impact on mechanical properties. Xing et al. [9] characterized the effects
of solution treatment parameters, indicating that temperature (rather than holding time)
was the dominant factor regulating the O phase content and consequently influencing
mechanical performance. Microstructural softening mechanisms of Tip AINb-based alloys
are mainly ascribed to O phase spheroidization and dynamic recrystallization [10-13].
Jia et al. [12,13] contributed substantially to the field by establishing quantitative dynamic
recrystallization kinetic models. Meanwhile, scholars have promoted the development of
various forming technologies for Ti; AINb-based alloys: Zhou Xianjun et al. [14] success-
fully realized diffusion bonding of Ti; AINb-based alloy and TA15 titanium alloy, while
Xue Kemin et al. [15] verified the feasibility of fabricating Ti» AINb-based alloy components
via gradient extrusion technology. Additionally, Du et al. [16] studied the superplastic de-
formation behavior and diffusion bonding properties, successfully fabricating a four-layer
honeycomb structure with uniform wall thickness via superplastic forming/diffusion bond-
ing at 970 °C. Xie et al. [17] established a strain-compensated Arrhenius constitutive model
for Ti; AINb-based alloy (Ti-22A1-24Nb-0.5Mo), accurately describing its hot deformation
behavior at 875-950 °C and strain rates of 0.001-0.55 s ! with a correlation coefficient of
0.994, while Jiao et al. [18] systematically investigated the precision and performance for hot
gas forming of Ti AINb-based alloy thin-walled components, establishing unified viscoplas-
tic constitutive equations based on physical variables and simulating the forming process
by coupling deformation and microstructure evolution to effectively control the forming
accuracy and mechanical properties. Illarionov et al. [19] systematically summarized the
additive manufacturing technology of Ti; AINb-based alloys, realizing the preparation of
fully dense, fine-grained components via powder bed fusion (PBF) process and revealing
the correlation between process parameters, phase composition and mechanical properties
of the fabricated parts.

China has made significant progress in the development of Tiy AINb-based alloys,
with institutions such as the General Research Institute for Nonferrous Metals and the
Shenyang Institute of Metals achieving industrial-scale plate production. These advance-
ments have created an urgent need for developing novel forming technologies to fabricate
high-temperature, complex thin-walled structures using Tip AINb-based alloys. In recent
years, external field-assisted forming technologies have demonstrated remarkable effec-
tiveness in various material processing fields. Hu [20] achieved precise multi-point stretch
bending of aluminum alloys using acoustic field assistance. Zhao [21] improved the sur-
face quality of additively manufactured aluminum alloys via magnetic field assistance.
Huang [22] successfully fabricated titanium alloy special-shaped tubes by combining elec-
tric field assistance with gas bulging technology. Additionally, the transition from rigid
to flexible medium forming dies has gained industrial traction in recent years due to its
adaptability for forming complex components [23]. Pulse current-assisted forming has
evolved into an efficient and cost-effective thermal processing technology; this approach
not only enables rapid material heating but also regulates microstructure evolution, thereby
significantly enhancing material formability [24-26]. Comparative studies by Li [11,24]

https:/ /doi.org/10.3390/met16010077


https://doi.org/10.3390/met16010077

Metals 2026, 16, 77

30f23

revealed that current-assisted hot compression of Ti; AINb-based alloys facilitates O phase
transformation and spheroidization while accelerating recrystallization nucleation, re-
sulting in more complete dynamic recrystallization and substantially improved plasticity
compared to conventional furnace heating. Wang et al. [25] demonstrated remarkable
superplasticity enhancement in Ti-23Al-26Nb alloys during current-assisted gas bulging.
Chen [26] achieved high-precision forming of Tip AINb-based ultra-thin corrugated plates
using pulsed current, observing that increased current density effectively reduced disloca-
tion density, relieved residual stresses, and minimized springback. This study investigates
the synergistic combination of pulse current assistance and flexible medium forming,
focusing on the electro-thermodynamic properties of Ti; AINDb sheets and their applica-
tion in box-shaped component fabrication. Existing studies have independently explored
pulse current-assisted forming or flexible medium forming for Ti, AIND alloys, but none
has systematically investigated their synergistic effect. This work innovates by: (1) es-
tablishing the coupling mechanism between pulse current-induced phase evolution and
flexible granular medium’s tangential force on material flow; (2) optimizing the forming
window for box-shaped components (900-1000 °C, 0.001 s~ !) to balance formability and
efficiency; (3) revealing the critical role of granular medium friction coefficient (1 = 0.4) in
reducing thinning rate, which has not been reported in previous Tip AINb forming studies.
This research fills the gap in complex thin-walled Ti; AINb component manufacturing
via combined external field and flexible forming technologies. To clearly illustrate the
characteristics of existing mainstream forming technologies for Ti; AIND alloys and high-
light the advantages of the proposed method, Table 1 summarizes the core parameters,
performance, and limitations of three conventional technologies (conventional hot form-
ing, gas bulging, rigid die forming) and the coupled forming technology developed in
this study. The comparison reveals that conventional hot forming suffers from poor wall
thickness uniformity, gas bulging lacks adaptability to box-shaped components, and rigid
die forming restricts material flow severely. In contrast, the proposed method integrates
the strengths of pulse current-induced phase regulation and granular medium-enhanced
material feeding, addressing the key drawbacks of existing technologies. The findings offer
valuable insights for advancing Tip AINb-based sheet processing technologies.

Table 1. Comparison of Forming Technologies for Tip AINb Alloys.

. NP Maximum
Forming Method Core Technology Key Parameters Core Advantages Limitations Thinning Rate
Temp:
Conventional Furnace heating + 900-1050 °C; Mature: Low cost Poor wall 30%
hot forming plastic deformation  Strain rate: ’ thickness uniformity ’
0.001-0.01 s~
. Gas pressure + Temp: 900-970 °C;  High precision; Unsuitable for o
Gas bulging furnace heating Pressure: 2-5 MPa  Less mold wear box-shaped components 25%
C a1 . Rigid mold + TemP: 850-950 °C; High production Severe material o
Rigid die forming h . Friction coeff.: o . 35%
ot stamping 0.2-0.3 efficiency flow restriction
Pulse Pulse current Temp: o Uniform wall
. ) 900-1000 °C; . . . .
current-assisted heating + - thickness; Suitable =~ Requires precise
. . Friction coeff.: . 16.5%
flexible granular granular medium 0.4: Strain for complex parameter matching
medium forming force transmission ré tle' 0.001 -1 components
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2. Materials and Methods
2.1. Material and Experimental Studies

The experimental material was an industrial-grade Tip AINb-based sheet produced
by the General Research Institute for Nonferrous Metals and the Shenyang Institute of
Metals. The 1.6 mm-thick sheet had a nominal composition of Ti-22Al-24.5Nb-0.5Mo (at.%)
and was subjected to a final rolling process at 960 °C. Following a 2 h vacuum annealing
treatment at 1000 °C, the material exhibited a density of 5.3 g/cm?. Figure 1a shows the
microstructure of the as-received Ti, AINb-based sheet. In backscattered electron (BSE)
imaging, the contrast is directly associated with the average atomic number of each phase.
since Nb and Mo have higher atomic masses than Ti and Al, regions rich in Nb/Mo appear
brighter. Quantitative analysis revealed that the Nb and Mo content follow the order:
oy phase (lowest) < O phase (intermediate) < B2/ phase (highest). Accordingly, the
BSE image exhibits three distinct contrast levels: dark gray «; phase grains, medium
gray O phase regions, and bright white B2/3 phase grains.

(©
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=

PTFE Insulating Material
-

- Pulsed Electrode Terminal
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Ceramic Insulating High-Temperature Mica
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Blanking Ring
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Figure 1. Experimental Materials and Schematic Diagram of Pulsed Current-Assisted Form-
ing: (a) Back scattered electron image of microstructure of the original sheet; (b) Diagram of
electro-thermal assisted tensile testing apparatus; (c) Diagram of current-assisted flexible medium
tensile mold.

To investigate the electro-thermodynamic behavior of Ti; AINb-based alloy under
pulse current loading, we performed pulse current-assisted uniaxial tensile tests. These
experiments obtained true stress—strain curves under pulse current-induced electrothermal
conditions, enabling systematic analysis of the alloy’s mechanical response. This study
systematically examined the influence of two critical process parameters: (1) applied pulse
current density (positively correlated with the initial specimen temperature) and (2) strain
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rate on the tensile strength and elongation of the alloy. The strain rate was kept constant
during tensile tests (0.001, 0.01, 0.1 sfl), with a maximum strain of 0.6 (before fracture).
Figure 2 shows the stress—time curve under the condition of 57 A and 0.001 s~ 1. The stress
first increases to a peak value (380 MPa at 120 s), then enters a stable flow stage until fracture
occurs at 180 s. This parametric analysis determined the optimal processing window for
subsequent forming operations under low forming force conditions. Additionally, fracture
mechanisms and microstructural evolution were characterized under various pulse current-
assisted electrothermal deformation conditions. The experimental setup consisted of a
pulse DC power supply integrated with a high-precision biaxial universal testing machine
(with a load capacity of 40 kN). Figure 1b illustrates the specimen geometry and specialized
high-temperature clamping assembly adopted for these tests. All tensile tests and forming
experiments were repeated three times, and the mechanical property data are presented as
‘mean + standard deviation’ (see Table 2).
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Figure 2. Stress-time curve of TipAINb alloy under 57 A and 0.001 s~! electrothermal

tensile condition.

Table 2. Mechanical Properties of Ti) AINb Alloy Under Different Process Parameters.

Current/A Strain Rate/s—1 Tensile Strength/MPa (Mean £ SD) Elongation/% (Mean + SD)
50 0.001 580 + 12 185+ 1.2
50 0.01 620 + 15 16.3 £1.0
50 0.1 680 18 127 £ 0.8
53 0.001 510 £ 10 202+13
53 0.01 550 £13 178 £1.1
53 0.1 610 + 16 142 4+09
57 0.001 420 £ 8 223+15
57 0.01 460 £11 195+£12
57 0.1 520 £+ 14 156 £1.0
60 0.001 380+ 7 235+ 14
60 0.01 410+9 21.1+£13
60 0.1 480 + 12 173+ 11

The unique force transfer properties of flexible granular media offer an innovative
approach to improving wall thickness uniformity in bulge-formed components. Currently,
research on pulse current-assisted heating in flexible granular medium forming remains
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scarce. To investigate thickness variation during the forming process, experiments were
performed using optimal parameters determined from electro-thermodynamic characteri-
zation tests. The tensile die structure and target box dimensions are illustrated in Figure 1c.
The die design prioritizes electrical insulation and high-temperature resistance. Accord-
ingly, the lower die utilizes Zr,O3 ceramics, which provide both excellent thermal stability
and reliable electrical insulation. A segmented die structure was adopted to prevent thermal
stress concentration and cracking. For the blank holder, HP8 high-temperature-resistant
phlogopite mica was selected; this material ensures electrical insulation, and its low thermal
conductivity (0.7 W/(m-K)) significantly reduces heat dissipation during self-resistance
heating, thereby enhancing temperature field uniformity. The granular medium container
employs a stacked ceramic sheet structure, which serves three key purposes: (1) preventing
thermal stress-induced cracking, (2) minimizing heat loss, and (3) maintaining temperature
field stability during the alloy’s self-resistance heating process.

In the forming experiments, the Ti, AINb-based alloy sheet was positioned between
the mica blank holder and the die. Both ends of the sheet were securely clamped by
copper electrodes to realize stable self-resistance heating. The electrodes were made of
oxygen-free copper (Cu-ETP) to ensure high electrical conductivity and thermal stability.
The contact resistance between the electrode and sheet was measured as 0.02 (), minimized
by polishing the sheet surface to a roughness Ra < 0.8 um. The insulation system consisted
of Zr,O3 ceramic sleeves (for electrode insulation) and HP8 mica sheets (for blank holder
insulation), ensuring no electrical leakage during forming. The clamping force of the
electrode was maintained at 5 kN to avoid contact loosening under thermal expansion.
The flexible granular medium was contained within a ceramic insulating barrel, which
is reinforced with an external metal sleeve. An upper supporting plate was employed
to seal and confine the flexible granular medium. The flexible granular medium used
in experiments is composed of spherical alumina particles with a purity of 99.5% and a
particle size range of 200-300 um. This selection balances fluidity and force transmission
efficiency, ensuring uniform pressure distribution during forming. The punch, connected
to the press mechanism, exerted a downward force on the flexible granular medium upon
actuation of the press, thereby transmitting the forming pressure to drive the Ti AINb-
based alloy sheet to deform. All current-assisted tensile and forming experiments were
conducted in an argon-filled atmosphere (vacuum level <5 x 103 Pa before argon filling,
argon purity > 99.99%, oxygen content < 50 ppm) to avoid high-temperature oxidation of
Ti, AIND alloy. After the experiments, the thickness of the surface oxide film was detected
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Thermo Fisher
Scientific, Waltham, MA, USA). The results showed that the oxide film thickness was
<0.5 um, mainly composed of TiO, and Al,O3, which had no significant effect on the
mechanical properties and material flow during forming.

2.2. Finite Element Analysis

The finite element (FE) model for flexible granular medium forming was established
using ABAQUS 2022 (Dassault Systemes, Vélizy-Villacoublay, France), as illustrated in
Figure 3a. The model comprises six key components: punch, granular container, flexible
granular medium, blank holder, Ti) AINb-based alloy sheet, and die. Utilizing the part’s
symmetrical characteristics, only one-quarter of the model was constructed to optimize
computational efficiency. The sheet dimensions were specified as 104 x 40 x 1.6 mm
(length x width x thickness) based on mold design requirements and electrode clamping
constraints. In the simulation, particular attention was given to modeling the deformation
behavior of both the Tip AINb-based alloy sheet and the flexible granular medium, while
all other components were defined as 3D discrete rigid bodies. The degrees of freedom
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(DOFs) of all nodes for each component were coupled to a predefined reference point.
For discretization, distinct element types were selected: the die was meshed using R3D4
four-node 3D rigid elements with a uniform size of 1 mm; the flexible granular medium
was represented by C3D8R eight-node 3D reduced integration elements (also with a 1 mm
element size); and the Tip AINb-based alloy sheet was modeled with S4R four-node shell
elements, featuring a thickness of 1.6 mm and a refined element size of 0.5 mm to ensure
accurate deformation prediction.

(@) (b)
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Figure 3. Finite element model: (a) Geometric model; (b) True stress—strain curve of Tip AIND sheet at
950 °C (0.001 s~ 1); (c) Linear Drucker-Prager hardening model.

Based on systematic characterization of the material’s electrical and thermal prop-
erties, the deformation temperature was determined as 950 °C with a target strain
rate of 0.001s~!. Figure 3b shows the high-temperature mechanical response of the
Tip AINb-based alloy sheet under these conditions. The thermo-elastoplastic parame-
ters of Ti;AIND alloy at 950 °C are as follows: elastic modulus E = 85 GPa, thermal
expansion coefficient oc=11.2 x 107¢ °C~!, yield strength o5 = 320 MPa, and thermal
conductivity A = 18 W/(m-K). These parameters were obtained from quasi-static tensile
tests and differential scanning calorimetry (DSC) measurements. For modeling the flexi-
ble granular medium, ABAQUS’s linear Drucker—Prager (D-P) model was employed to
accurately simulate the compressive yield and frictional behavior characteristic of granular
materials (e.g., soil and rock), with its constitutive relationship mathematically expressed
in Equation (1). The Drucker-Prager model was selected because it effectively describes
the compressive yield and frictional behavior of granular materials under multi-axial
stress states, which is consistent with the mechanical characteristics of the alumina particle
medium. The model parameters were determined via triaxial compression tests: cohesion
(d) =2.5 MPa, dilation angle = 10°, and Poisson’s ratio = 0.28 (constant for granular alumina
at 950 °C). The parameter K (ratio of triaxial tensile to compressive yield stress) was set to
0.8, reflecting the medium’s slight tensile softening behavior. The material’s Poisson’s ratio
was set as a constant throughout the analysis, while its hardening behavior was shown
in Figure 3c. The friction angle, serving as a key parameter governing granular medium
fluidity, was systematically varied between 15-35° in the simulation experiments to investi-
gate its influence on forming characteristics. A fixed shear angle of 20° was maintained
for consistency. The flexible granular medium in this study comprised granular particles,
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whose mechanical interactions were carefully modeled to capture their complex behavior
during the forming process.
F=t—ptanfp—-d =0 (1)

t—deviatoric stress, MPa, t = 3q[1 + ¢ — (1 - %) (5)3];

q—Mises equivalent stress, MPa;

r—Third deviatoric stress tensor, MPa;

p—hydrostatic pressure, MPa;

B—TFriction angle of the material (slope of the linear yield surface in the P-T stress plane), °;
d—Yield stress of materials, MPa;

K—Ratio of yield stress in triaxial tension to triaxial compression.

3. Results and Discussions
3.1. High-Temperature Deformation Behavior

The electro-thermal tensile tests of Ti, AINb-based alloy were performed using a Sansi
Zongheng electronic universal testing machine (SANS CMT5105, Beijing SANS Test Ma-
chine Co., Ltd., Beijing, China). The selected current range (50-300 A) and strain rate
(0.001-0.1 s~ 1) align with the industrial forming requirements of Ti, AINb aerospace compo-
nents (e.g., engine blade casings), where low forming force (<40 kN) and high dimensional
accuracy (£0.1 mm) are critical. The strain rate of 1073 s~! balances production efficiency
and formability, consistent with existing hot forming processes for difficult-to-deform
alloys. To achieve different initial equilibrium temperatures (700 °C, 800 °C, 900 °C, and
1000 °C), pulse currents of 50 A, 53 A, 57 A, and 60 A were respectively applied. The initial
equilibrium temperature was defined as the stable temperature measured by a thermo-
couple at the specimen midpoint after current application (prior to tensile deformation)
when the testing system reached thermal equilibrium with the surrounding environment.
Temperature was measured using K-type thermocouples (calibrated with a standard plat-
inum resistance thermometer, accuracy +1 °C) welded to the midpoint of the specimen’s
gauge section. The temperature gradient across the specimen thickness was less than
5 °C, verified by additional thermocouples placed at the surface and center of the sheet.
Subsequently, uniaxial tensile tests under electrothermal conditions were performed across
various strain rates (0.001s~1,0.01s™1,and 0.1 s™1).

Figure 4 presents the temperature-time curves during tensile tests under different
currents. The abscissa is time/s, and the ordinate is temperature/°C. The curves correspond
to initial current conditions of 50 A (700 °C), 53 A (800 °C), 57 A (900 °C), and 60 A (1000 °C),
respectively. Three K-type thermocouples were arranged along the gauge length (at 1/4,
1/2, and 3/4 of the gauge length) to quantify the temperature gradient. The results show
that the maximum temperature difference between the ends and the center is <8 °C, with
the smallest difference (3.2 °C) at 57 A and the largest (7.8 °C) at 60 A.

Equation (2) was validated using experimentally measured temperature data. Taking
the condition of 57 A and 0.001 s~! as an example, the calculated temperature rise rate
is 12.5 °C/s, while the experimentally measured value is 12.0 °C/s, with a relative error
of 4.2%. The relative errors under other parameters are all < 4.3%, indicating that this
equation can accurately describe the current-induced temperature rise law.
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Figure 4. Temperature-time curves of Tip AINb alloy during electrothermal tensile tests under
different currents.

Figure 5 captures Tip AINb-based alloy specimens during electrothermal tensile exper-
iments, as well as their deformation morphologies before and after testing under differ-
ent strain rates with consistent current loading conditions (corresponding to isothermal
initial temperatures).

undeformed undeformed
x| E—E
;-—-m-- | E—E
11073 57t P | i 1x10748

1x107" 57!

“ 1x1072s™! : q 1x10°2 s~

1x10732 s ; : 7

Vs

Figure 5. Different strain rate electro-tensile specimens at the same current (initial temperature):
(a) 50 A (700 °C), (b) 53 A (800 °C); (c) 57 A (900 °C); (d) 60 A (1000 °C).
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The images of Tip AINb-based alloy specimens before and after electrothermal tensile
tests reveal that necking and subsequent fracture consistently occurred in the central region.
During the electrothermal tensile process, the onset of necking coincided with the peak
load, exhibiting rapid and uniform contraction across all directions of the cross-section
at the necking zone. The specimen’s geometry, combined with thermal exchange with
the clamping assemblies and surrounding environment during self-resistance heating,
creates a temperature gradient where the middle section remained hotter than the ends.
Under uniaxial tensile stress, the reduction in cross-sectional area at the necking zone
increases electrical resistance, thereby resulting in elevated current density and intensified
Joule heating effects in this region. This thermal feedback mechanism further amplifies
the temperature differential: higher initial currents cause localized melting in the central
section, while lower currents predominantly lead to plastic fracture.

Figure 6 presents the true stress—strain curves of the Tip AINb-based alloy sheet under
uniaxial tension at different current intensities, revealing three distinct deformation stages:
initial hardening, stable plastic flow, and final necking. The flow stress increased rapidly
during the hardening stage, driven by dominant work hardening mechanisms including
dislocation accumulation, entanglement, and cutting. During this phase, the softening
effects of dynamic recovery and recrystallization remained relatively insignificant. As
tensile deformation proceeded, the material entered the stable plastic flow stage where
dynamic recovery and recrystallization processes became increasingly pronounced. This
led to a gradual reduction in the slope of the flow stress curve as these thermally activated
softening mechanisms began to counteract the work hardening effects. The dynamic bal-
ance between these competing mechanisms governed the material’s deformation behavior
until the onset of necking marked the final stage of the tensile process.

(a) (b)
500,

700,

Current Intensity: S0A —01s! Current Intensity: 53A 0.1s!
600 —0.015" —0.015
0.001 s™! 4001 —0.001 s
« . o, «
E 500 0=13.41% E 5=16.41%
2 2 300+
£ . 5=20.20% £
< 300 <
) ]
E E 2000 /5= 17.78%
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1001 5=23.739
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0 1 1 L 0 1 1
0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20
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—0.0157! —0.01s!
200 —0.001 5! 200 —0.001 s
& =
s s
£ 150 I=23.57% Z 150+ 6=2457%
£ g
@ @
£ 100 % 100}
} = i
= =
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Figure 6. True stress—strain curve of Tiy AINDb sheet under different current intensity: (a) 50 A (700 °C);
(b) 53 A (800 °C); (c) 57 A (900 °C); (d) 60 A (1000 °C).

Upon reaching peak stress, dynamic recovery and recrystallization became the domi-
nant mechanisms that dominated the material’s deformation behavior. These thermally
activated processes effectively reduced the dislocation density within the material mi-
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crostructure. Under specific conditions of 57 A (900 °C) and 60 A (1000 °C) at a strain rate
of 0.1 571, the competing effects of dynamic recovery /recrystallization softening and work
hardening reached an equilibrium state, manifesting as a characteristic plateau region in
the stress—strain curves. This plateau signifies the transition to stable plastic flow, where
the balance between softening and hardening mechanisms maintains relatively constant
flow stress. The temperature dependence of these mechanisms is particularly noteworthy.
Elevated temperatures significantly enhance dynamic recovery and recrystallization pro-
cesses, as evidenced by the more pronounced softening effects at higher temperatures. In
contrast, at 700 °C with the same strain rate of 0.1 s~!, the material exhibits substantially
different behavior—the rapid dislocation accumulation rate leads to prominent dominance
of work hardening, resulting in distinctly different flow characteristics compared to higher
temperature conditions. This temperature-dependent transition in deformation mecha-
nisms highlights the complex interaction between thermal activation and strain rate effects
in the deformation behavior of Tip AINb-based alloy.

As tensile deformation progressed to a critical stage, localized necking developed in
the gauge section. This necking phenomenon induced a self-reinforcing electro-thermal-
mechanical (ETM) coupling effect under current-assisted conditions. The reduced cross-
sectional area in the necking zone simultaneously led to increased stress concentration and
current density according to basic electromechanical principles. Equation (2) shows that
this scenario results in an accelerated temperature rise specifically in the necking region
compared with other sections. The localized temperature increase subsequently reduced
deformation resistance in this zone, further exacerbating the stress concentration. This
established a positive feedback loop where increasing current density elevated temperature,
which in turn further reduced the material’s strength and promoted additional current
concentration. This thermal runaway process inevitably culminated when the necking zone
temperature exceeded the Tip AINb-based alloy’s melting point, resulting in fuse-type fail-
ure. This failure mode characterizes a distinctive feature of current-assisted uniaxial tension
under unidirectional stress conditions, where the coupled electrical-thermal-mechanical
effects generated an intrinsic instability that could not be mitigated by conventional defor-
mation control methods. The phenomenon underscores the complex interaction between
electrical and mechanical fields in current-assisted forming processes.

dT R [1)\? )
@ wls) ?

T—temperature, °C;

t—time, s;

R—The resistivity of the material, (3-m;

c—specific heat capacity, ] /(kg-°C);

p—density, kg/m?3;

I—current, A;

S—Material cross-sectional area, mm?2.

Furthermore, the observed reduction in flow stress with decreasing strain rate un-
der constant loading current conditions can be attributed to two synergistic mecha-
nisms. Primarily, this behavior conformed to the Tip AINb-based alloy’s Backofen equation
(Equation (3)), which intrinsically describes the strain rate sensitivity of flow stress. More
significantly, the current-assisted tension introduced unique electro-thermal coupling ef-
fects that became particularly pronounced at lower strain rates. The prolonged duration
of low strain rate testing facilitated more significant Joule heating accumulation, creating
increasingly nonuniform temperature distributions throughout the Ti AINb-based alloy
specimen. This thermal heterogeneity manifested most prominently in the specimen’s
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central region, where temperatures rose significantly higher than those in other sections.
The elevated thermal energy enhanced atomic kinetic energy and activated additional
slip systems through several mechanisms: (1) increased dislocation mobility, (2) reduced
Peierls stress, and (3) greater thermal activation of cross-slip and climb processes. These
thermally driven phenomena collectively produced a pronounced softening effect that
became progressively more dominant at lower strain rates. The extended exposure time at
elevated temperatures during slow strain rate testing permitted more complete thermal
activation of these deformation mechanisms, resulting in the characteristic stress reduc-
tion observed in the experimental data. This dual explanatory framework, combining
fundamental constitutive behavior with current-specific thermal effects, provides a compre-
hensive understanding of the alloy’s strain rate-dependent response under electro-thermal
loading conditions.

o= K" 3)

oc—flow stress, MPa;
m

K—strength coefficient, MPa-s™";

¢—strain rate, s—1;

m—strain rate sensitivity exponent.

Figure 7 shows the combined effects of current intensity and strain rate on the elon-
gation and tensile strength of Ti; AINb-based alloy. The data revealed two distinct trends:
first, at constant strain rates, increasing current intensity led to a gradual reduction in
tensile strength. This behavior stemmed from thermally activated mechanisms including
enhanced atomic kinetic energy, increased dislocation mobility, activation of additional slip
systems, and accelerated dynamic recovery/recrystallization processes—all of which collec-
tively diminished the alloy’s deformation resistance at elevated temperatures. Conversely,
under fixed current conditions, decreasing strain rates produced a gradual decline in tensile
strength through three primary mechanisms: (1) weakened work hardening effects at lower
strain rates reduce deformation resistance, (2) inadequate time for full dynamic recovery
and recrystallization processes at higher strain rates maintained greater strength, and
(3) prolonged deformation duration at reduced strain rates exacerbated electro-thermally
induced thermal non-uniformity during current-assisted tension. This third mechanism is
particularly noteworthy as it creates an electro-thermally driven self-reinforcing thermal
gradient—the extended stretching time allows greater Joule heating accumulation in the
specimen’s central region compared to the ends. The resulting temperature differential
generated a corresponding variation in deformation resistance, with the warmer central
section exhibiting preferentially reduced strength. These findings demonstrate how current-
assisted forming processes introduce complex electro-thermal-mechanical coupling effects
that fundamentally alter conventional strain rate dependence in metallic alloys.

At a constant strain rate, the elongation of Ti AINb-based alloy exhibited a slight
increase with rising deformation temperature. Conversely, when maintaining constant
current loading, a slight decrease in strain rate led to a gradual increase in elongation.
The alloy’s elongation performance under these conditions remained inferior to that of
conventional high-temperature tensile tests. This discrepancy primarily stemmed from
the non-uniform temperature distribution inherent to current-assisted uniaxial tensile
processes. Particularly after the onset of necking, the temperature gradients intensified,
leading to localized “hot spot” formation that ultimately caused the specimen to undergo
fuse-type failure at the central section.
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Figure 7. Effect of different deformation conditions on the elongation and tensile strength of Ti, AINb
sheet: (a) Elongation; (b) Tensile strength.

At a high strain rate of 0.1 571, the Ti, AINb-based alloy specimens tested under initial
currents of 50 A and 57 A exhibited plastic fracture behavior. Scanning electron microscopy
(SEM) observations demonstrated that the fracture surfaces at this strain rate exhibited a
micropore aggregation fracture morphology, featuring dimples on the fracture surface, as
shown in Figure 8. This dimpled structure suggests ductile fracture mechanisms under the
specific loading parameters.

Figure 8. When the initial current is 50A and 57A, the fracture morphology of the tensile specimen is:
(a) 50A; (b) 57A.

3.2. Microstructure Evolution

The microstructure evolution of the formed parts was characterized using a ZEISS
Sigma 300 scanning electron microscope (SEM, Carl Zeiss AG, Oberkochen, Germany)
equipped with an electron backscatter diffraction (EBSD) detector. Specimens were cut
from the deformed regions, grounded with SiC papers (400-2000 grit), and polished with
diamond paste (1-0.5 um). To reveal the phase morphology, the polished surfaces were
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etched using a solution of 5% HF + 10% HNOj3 + 85% H,O (volume ratio) for 10 s. For EBSD
analysis, the scanning step size was set to 0.5 um with an analysis area of 500 x 500 um to
ensure statistical reliability. The phase fraction and grain size distributions were quantified
using OIM Analysis software (Version 8.0, EDAX, Inc.) and Image]J (Version 1.54f, National
Institutes of Health, USA), and the grain size was determined by the linear intercept
method based on at least three random fields of view, as summarized in Table 3. Figure 9
shows the metallographic microstructures of current-assisted tensile Tip AINb-based alloy
specimens under different loading currents at a strain rate of 0.001 s~!. Compared with
the as-received microstructure of the alloy, significant microstructural changes occurred
when the loading current reached 50 A: the volume fractions of O phase and o, phase
decreased significantly, while the B2/ phase exhibited substantial growth. Due to the
enhanced etching resistance of B2/ 3 phase grain boundaries at elevated temperatures, their
outlines appeared faintly visible, and the B2/ phase grains displayed obvious coarsening
behavior under these conditions. As the loading current further increased, the volume
fractions of O phase and «; phase continued to decline sharply. The gradual reduction
in &y phase progressively weakened its pinning effect on the B2/ phase, facilitating
continuous grain growth. At 60 A, the O phase completely disappeared, leaving only
trace amounts of x, phase, while the B2/f3 phase grains became exceptionally coarse.
Simultaneously, localized recrystallization was observed, which is attributed to the non-
uniform temperature distribution during electrothermal heating. At this stage, the grain
boundaries were distinctly visible, highlighting the remarkable microstructural evolution
under high-current conditions.

Table 3. EBSD Quantitative Analysis Results.

Current/A  Strain Rate/s—1 o Phase Volume O Phase Volume B2/3 Phase Grain
Fraction/% (Mean + SD) Fraction/% (Mean + SD) Size/um (Mean + SD)
50 0.001 182+ 1.1 253+ 15 285+ 3.2
53 0.001 12.5 4+ 0.9 187+ 1.2 35.7+3.8
57 0.001 6.8 £0.6 83+0.7 423 +4.1
60 0.001 214+03 0.0+ 0.0 52.8 £4.5
50 0.01 205+ 1.3 28.6 + 1.7 252 +29
50 0.1 23.7+15 321+19 228 +2.6

Figure 10 shows the metallographic microstructures of the current-assisted tensile
Tip AINb-based alloy specimen subjected to a loading current of 50 A at strain rates of
0.1s71,0.01s71 and 0.001 s 1, exhibiting the deformation bands formed during tensile
deformation. The microstructural analysis demonstrated that as the strain rate decreases,
there is a corresponding reduction in the volume fractions of O phase and other secondary
phases, accompanied by the continuous growth of B2/3 phase. This phenomenon was
primarily attributed to the prolonged tensile process at lower strain rates, which prolonged
the alloy’s heating duration and induced significant temperature accumulation in the
specimen’s central region. This microstructural evolution is a direct reflection of the
temperature-dependent effects during deformation.
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Figure 9. Microstructures of electro-tensile specimens at different loading currents (strain
rate = 0.001 s71): (a) 50 A; (b) 53 A; (¢) 57 A; (d) 60 A.

Figure 10. Microstructures of electro-tensile specimens at different strain rates (loading
current = 50 A): (a) 0.1 s~ 1; (b) 0.01 s7%; () 0.001 s 1.

3.3. FEM Simulation Results of Flexible Granular Medium Forming

Friction significantly influences the plastic flow behavior of Ti AINb-based alloy dur-
ing forming. The presence of friction induces localized plastic deformation of the alloy,
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resulting in non-uniform strain distribution and severe local thinning of the formed com-
ponent. However, in the forming process, the flexible granular medium exerts combined
tangential and normal forces during contact with the Tiy AINb-based alloy sheet. The
flexible granular medium promotes the deformation and flow of the alloy sheet via tan-
gential forces, which facilitates the material feeding of the sheet and thereby optimizes the
wall thickness uniformity of the formed component. ABAQUS software (2022, Dassault
Systemes, Vélizy-Villacoublay, France) was employed for numerical simulation, with the
following key parameters: friction angle of the flexible granular medium set to 25°, forming
temperature of 950 °C, and target strain rate of 0.001 s~ 1. The friction coefficient between
the alloy sheet and the mold was 0.1, while the friction coefficient of the flexible granular
medium was set to a predefined value. The wall thickness distribution of the target formed
component was simulated under these parameters.

Figure 11 demonstrates the critical influence of the friction coefficient between the
flexible granular medium and the Ti; AINb-based alloy sheet on the formed wall thickness.
The simulation results confirm that this interfacial friction plays a crucial role in determining
the final wall thickness distribution. The minimum wall thickness of 0.874 mm was
measured at the corner of the short sidewall and the formed component base, where the
risk of fracture was evident. As the friction coefficient increases from 0.2, a significant
improvement in wall thickness uniformity is observed. When the friction coefficient
increases from 0.2 to 0.3, the maximum thinning rate drops sharply from 35.94% to 18.50%.
The maximum thinning shifts to the fillets at the junction of the long and short sides, which
underwent severe thinning during the final forming stage.

Front

(b)

Figure 11. Effects of friction coefficients between granular medium and sheet on forming results:
(a) u = 0.1 (worst uniformity); (b) u = 0.4 (optimal uniformity); (c) u = 0.57 (stable state).

Table 4 shows the correlation between the friction coefficient at the flexible granu-
lar medium-Ti; AINb-based alloy sheet interface and the maximum thinning rate of the
Tip AINb-based alloy sheet. At a low friction coefficient (i = 0.1), the sheet exhibited a
notably high maximum thinning rate of 45.37%. However, when the friction coefficient
increased to i = 0.2, an improvement was observed with the thinning rate dropping sig-
nificantly to 35.94%. Further increases in the friction coefficient beyond 0.2 continued to
decrease the thinning rate, though the decreasing trend became more gradual. The thinning
rate eventually stabilized at approximately 16% when the friction coefficient reached 0.4.
This phenomenon can be attributed to the enhanced interfacial tangential frictional interac-
tion between the flexible granular medium and the alloy sheet at higher friction coefficients.
As the frictional forces increase, the flexible granular medium exerts greater control over the
sheet’s material flow, significantly improving material feeding efficiency during forming.
This stronger tangential frictional interaction effectively alleviates excessive local thinning
of the sheet, demonstrating the beneficial role of interfacial friction in formed component
forming. Figure 12 compares the forming results under two distinct friction conditions: a
weak tangential effect (u = 0.1) and a strong tangential effect (1 = 0.4). The comparison
clearly reveals that enhanced interfacial friction significantly optimizes material flow and
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distribution. Specifically, the critical fillet region at the base of the short sidewall, which
previously exhibited fracture risk due to excessive thinning, shows significantly improved
thickness uniformity. Additionally, both the sidewalls and the fillet regions of the long sides
benefit from the increased friction, resulting in more uniform wall thickness distribution
throughout the formed component.

Table 4. Relationship between the friction coefficient of flexible granular medium and the maximum
thinning rate of the formed components.

Friction Coefficient of Flexible Granular Medium 0.1 0.2 0.3 0.4 0.5 0.57
Maximum thinning rate/% 45.37 35.94 18.50 16.50 16.43 16.56
@ 1.8 (b) 2.1
_-_ p=0.4
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Figure 12. Effects of friction coefficients (i = 0.1 and p = 0.4) on component wall thickness distribution:
(a) Along length direction; (b) Along width direction.

The friction angle is a fundamental parameter in flexible granular medium model-
ing, representing both the shear strength of the flexible granular medium and its flow
behavior during deformation. This parameter essentially characterizes two core aspects:
the interparticle surface friction and the mechanical interlocking forces generated when
particles undergo geometric interlocking. Typically, lower friction angle values correspond
to better particle fluidity, enabling more efficient pressure transfer efficiency during form-
ing processes. Figure 13b analyzes the impact of varying friction angles (15°, 20°, 25°,
30°, and 35°) on the maximum thinning rate during Ti, AINb-based alloy sheet forming
with flexible granular medium-assisted technology. Results indicate that the friction angle
exerts limited influence on thickness distribution compared to other parameters. As the
friction angle decreases, minor but observable changes occur in critical forming regions:
the corner sidewalls and bottom bulging areas experience slightly increased deformation,
accompanied by a slight gradual thinning trend. This phenomenon occurs because reduced
friction angles enhance particle mobility and pressure transfer efficiency. Consequently,
regions experiencing concentrated contact stresses—particularly the bottom fillets and
sidewall junctions—develop higher tensile stresses in the alloy sheet, leading to localized
thinning. However, it’s important to note that these thickness variations remain within
operationally acceptable ranges, as the friction angle’s influence on overall wall thickness
uniformity proves comparatively minor in practical forming applications. The findings
suggest that while the particle friction angle should be considered in process optimization,
its adjustment offers limited control over final part quality compared to more dominant
factors like interface friction coefficients.
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Figure 13. Effects of granular medium friction characteristics on maximum thinning of formed parts:
(a) Friction coefficient; (b) Friction angle.

3.4. Processing of Ti) AINb-Based Alloy Box Structures

A pulsed direct current (DC) power supply precisely regulates the current and voltage
applied to the Tip AINb-based alloy sheet, with its duty cycle configured to 75%. The pulse
current adopts a continuous pulse mode without intermittent periods, with a square wave
waveform (Figure 14). The pulse frequency is 100 Hz, and the pulse width is 7.5 ms (con-
sistent with the 75% duty cycle). This waveform achieves stable energy input and avoids
local overheating of the Tip AINb sheet. This low-voltage electrothermal heating process
primarily controls the sheet’s forming temperature through precise current adjustment. To
achieve uniform temperature distribution across the entire Tip AINb-based alloy sheet, a
stepwise current loading strategy is adopted: initially applying 100 A for 45 s, followed by
gradual increments to 150 A, 200 A, 250 A, and 300 A, with each current level maintained
for 45 s (as illustrated in Figure 15). Throughout the heating process, thermocouples con-
tinuously monitored the sheet temperature to ensure adherence to the predefined thermal
process parameters. The optimal forming parameters were identified as a final current of
300 A and a corresponding voltage of 3.12 V.

400
Pulse frequency: 100 Hz
Duty cycle: 75%
Peak current: 300 A
300

Current/A
N
=)
[—]
1

100

0 10 20 30
Time/ms

Figure 14. Pulse current waveform used in forming experiments.
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Figure 15. Stepwise current loading strategy for sheet heating.

The punch was directly coupled to the universal testing machine, with its displacement
precisely controlled by adjusting the descending speed of the machine’s upper crosshead
through computer programming. Throughout the forming process, the computer software
continuously recorded the forming force and displacement data. Upon completion of
the forming operation, the application of current was maintained for an additional 120 s.
During this critical phase, the Ti) AINb-based alloy formed component underwent a gradual
reduction in the applied current while being subjected to thermal insulation, aiming to
minimize springback effects and ensure dimensional accuracy.

The pulsed-current assisted forming process of Tip AINb-based alloy box-shaped com-
ponents comprised four distinct stages, as illustrated in Figure 16. (1) Initial contact stage:
Flexible granular medium particles underwent compaction under punch-induced load-
ing, with the forming force gradually increasing due to low initial stress levels; (2) Free
inflation stage: The compacted granular medium reached critical stress, triggering sheet
deformation through central free inflation; both the forming force magnitude and the slope
of the force-displacement curve increased significantly; (3) Die contact stage: Central sheet
deformation ceased with radial expansion of the contact area; the forming force maintained
a steady upward trend throughout this radial expansion phase; (4) Final forming stage:
Full conformity of the sheet to the bottom die induced flow of the flexible granular medium
during sidewall and fillet forming; this critical phase is characterized by a significant rise in
stress levels within the granular medium. The diagram clearly exhibits a notable force surge
when the punch displacement reaches approximately 24 mm, signifying the completion of
bottom forming and the initiation of sidewall and fillet forming.

As illustrated in Figure 17, the diagram presents three key aspects of the forming
process: free inflation, bottom conformity to the die, and the semi-sectional thickness
distribution of the fully formed Ti, AINb-based alloy component. The maximum strain
during forming occurs at the fillet between the short sidewall and the bottom, with a value
of 0.45 (measured by digital image correlation, DIC). The force-time curve corresponds to
Figure 16 (forming force-displacement curve), with a peak force of 28 kN at a displacement
of 24 mm, which corresponds to the forming stage of the sidewall and fillet. During the
free inflation phase, the Tip AINb-based alloy sheet maintained relatively uniform thickness,
exhibiting minimal thickness fluctuation. After the sheet contacts the die, the bottom
thickness stabilized without further thinning. The final forming stage primarily affected
the fillet and sidewall regions, where significant tensile stresses induced by the flexible
granular medium during the forming process led to further thinning. This characteristic
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is clearly reflected in Figure 17c, which confirmed these areas as undergoing the most
pronounced thickness reduction in the completed component.
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Figure 16. Forming force and results at different stages (the dashed-line regions denote different
forming stages).

Figure 17. Semi-sectional thickness distribution of parts during forming: (a) Free inflation stage;
(b) Bottom die contact stage; (c) Full die contact stage.

The experimental results show that the overall deformation behavior of the Ti, AINb-
based alloy sheet during actual forming exhibits good consistency with the ABAQUS
simulation predictions, particularly in terms of the wall thickness distribution pattern.
However, the actual forming process exhibits greater thickness reduction than simulations,
particularly in the magnitude of thinning. Figure 18 compares the simulated and experi-
mental wall thickness distributions of the box-shaped component at the mid-length section.
The simulation was performed with a preset friction coefficient of u = 0.4, which was deter-
mined as the optimal parameter through preliminary process optimization. The maximum
relative error between simulation and experiment is 5.2%, confirming the reliability of the
FE model. The slight deviation is attributed to unmodeled oxidation-induced friction in
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the experiment. This difference primarily stems from the constrained transverse material
flow behavior observed in the actual forming process. Several key factors account for
this deviation between experimental and simulation outcomes: (1) the friction coefficient
between the Tip AINb-based alloy sheet and the ceramic mold in the actual forming process
is significantly higher than the preset simulation parameters, which significantly hinders
material flow; (2) the elevated temperatures during the forming process accelerate the
oxidation of the alloy sheet surface, which further increases the interfacial friction between
the mold and the workpiece; (3) although the simulation adopts the assumption of uniform
temperature distribution, the actual heating process induces temperature gradients due to
heat conduction through the mold and thermal radiation to the environment, leading to a
higher temperature in the central region of the sheet than in the peripheral regions. This
non-uniform temperature field increases the flow resistance of the edge material and makes
it difficult to maintain a stable material feeding ratio. Lastly, the mechanical properties of
the actual flexible granular medium are inconsistent with the idealized Drucker-Prager
material model used in the simulation, thereby introducing additional deviations in the
deformation behavior of the sheet.
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Figure 18. Comparison of simulated and experimental wall thickness distributions along the length
section of Tip AINb box-shaped components.

4. Conclusions

This study develops a pulse current-assisted flexible granular medium forming tech-
nology for Tip AINb box-shaped components, revealing the electro-thermo-mechanical
coupling mechanism and process optimization rules. Key findings and implications are
as follows:

(1) The optimal forming window (900-1000 °C, 0.001 s~ ') effectively reduces the alloy’s
deformation resistance, enabling low-force forming of complex thin-walled structures.
This window balances formability and processing efficiency, providing a practical
reference for industrial applications.

(2) Pulse current regulates phase evolution via thermal effects: increasing current
(50-60 A) and decreasing strain rate (0.1-0.001 s~ 1) reduce oy /O phase content and
promote B2/3 phase growth, which weakens the alloy’s deformation resistance and
improves plastic flow capacity.

(3) A friction coefficient of 0.4 for the granular medium minimizes the maximum thinning
rate to 16.5%, as the tangential forces between the granular medium and the sheet
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enhance material feeding, significantly optimizing the wall thickness uniformity of
formed components.

(4) The four-stage forming process (initial contact — free inflation — die contact —
final forming) exhibits a force surge at 24 mm displacement, which is critical for
controlling fillet forming quality. Compared with conventional hot forming, the
proposed technology shortens heating time and reduces forming force, contributing
to improved production efficiency and cost reduction.

Limitations include unconsidered pulse frequency effects and oxidation-induced
interface behavior. Future research will explore variable frequency pulse current and
anti-oxidation coatings to further improve formability. Industrial applications include
aerospace components requiring high temperature resistance and complex geometries,
such as engine blade casings, spacecraft thermal protection panels, and aircraft exhaust
nozzles—where the proposed technology’s advantages in wall thickness uniformity
(maximum thinning rate < 16.5%) and low-force forming make it a promising alternative
to conventional processes.
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Nomenclature

Symbol/Abbreviation Definition Unit
Ti, AINb Titanium-aluminum-niobium alloy —
«y phase Hexagonal close-packed intermetallic phase (TizAl) —
B2/ phase Body-centered cubic solid solution phase —
O phase Orthorhombic intermetallic phase (Ti, AINDb) —

u Friction coefficient —

€ Strain rate s1
o Flow stress MPa
O Yield strength MPa
E Elastic modulus GPa
B Friction angle (Drucker-Prager model) °

d Cohesion (Drucker-Prager model) MPa
K Ratio of triaxial tensile to compressive yield stress —
SEM Scanning electron microscope —
SD Standard Deviation —
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