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Abstract: This study comprise of a comprehensive computational
framework is developed using Python programming to simulate the
residual stress distribution and phase transformation behavior in Wire
Electrical Discharge Machining (WEDM) of Ti-6Al-4V ELI alloy. The
proposed model integrates dynamic spark energy input, heat conduction,
thermo-mechanical coupling, and phase kinetics to capture the complex
interplay of thermal, metallurgical, and mechanical phenomena that define
surface integrity in WEDM. A multi-physics, time-dependent approach is
adopted, accounting for rapid melting and quenching cycles, latent heat
effects, thermal dilation, and microstructural evolution, including
martensitic (o) and w-phase transformations. A multi-spark thermal
model is employed to realistically simulate dynamic discharge behavior
and predict heat deposition. The framework solves the transient heat
conduction equation coupled with convective and radiative boundary
conditions, phase transformation kinetics, and residual stress evolution by
considering thermal stress, transformation-induced stress, plastic
deformation, and volumetric strain effects. Material properties, including
temperature-dependent thermal and mechanical characteristics, are
incorporated into the simulation for high-fidelity modeling. The proposed
computational approach provides a physics-based understanding of
residual stress generation in WEDM at high, medium, and low energy
levels, enabling improved control over residual stresses and
microstructural properties in precision manufacturing of Ti-6Al-4V ELI
components.
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Nomenclature:

Symbol Description

a alpha hexagonal close-packed (HCP)

B Beta phase body-centered cubic (BCC)

o Martensitic alpha prime phase (needle-like HCP)

o’ Martensitic alpha double-prime phase (orthorhombic)
® Omega phase (metastable)

€ Emissivity (for radiation)

€ Strain rate

v Poisson’s ratio

p Density of material

c Stress or Stefan—-Boltzmann constant (context-dependent)
\Y Gradient operator

G Specific heat capacity

T Temperature (K)

AT Temperature Change
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Te Ambient temperature

M; Martensite start temperature (K)

M., Critical transformation temperature for omega-phase (K)
A Latent heat of martensitic transformation (J/kg)
Ao Latent heat of omega-phase transformation (J/kg)
Yo Stabilizing/destabilizing coefficient for w-phase
(0T/or) Radial temperature gradient

h Heat transfer coefficient

N Total number of sparks in a given time

P, Power input of each spark

ol Standard deviation for heat distribution

I Radial distance from the center of each spark

t

Qwepm(x y, )
Q phase (T)
Qdilation (T: fw)

QCOI’IV

Pulse duration (s)

Heat source term representing localized energy input
Latent heat term due to phase changes

Thermal dilation due to phase changes

Heat loss due to Convective

QRrad Heat loss due to radiation

k(T) Thermal conductivity (W/m-K),

OResi Residual stress

OTh Thermal stress

Oph Phase transformation stress

Opl Plastic deformation stress

Ovol Volumetric Strain

E Young’s modulus

% Volume change due to phase transformation

f,r(T) Martensite fraction

k Material hardening coefficient

Epl Plastic Strain

f,(T) Fraction of omega phase at temperature

Yo Stabilizing/destabilizing coefficient for omega phase
€th Thermal strain rate

Oy Phase transformation stress due to omega

€w Thermal strain rate associated with omega transformation
K, Kinetic constant for omega phase

1. Introduction

Titanium alloys are predominantly determined by the chemical composition as well as the
corresponding microstructure(Wagner & Wollmann, 2013). With a density of 4.51 g/cms3, titanium
is the heaviest of the light metals. At elevated temperatures, particularly above 649°C (1300°F),
titanium reacts with atmospheric oxygen and nitrogen, leading to the formation of brittle interstitial
compounds with carbon and hydrogen. To prevent contamination and ensure quality, reduction,
melting, and other process operations should be carried out in a controlled environment. WEDM
shown in Figure 1 provides a precise and efficient method for machining Ti-alloys to achieve specific
surface properties. The successful application of WEDM requires a comprehensive understanding of
how WEDM parameters affect the resulting surface properties.

The dielectric fluid, which is composed of hydrocarbons and polar substances like deionized water,
can sometimes contaminate the surface of fatigue-sensitive components. During rapid cooling leads
to the formation of martensitic structures, which alter the alloy's mechanical properties (Daniel Das
etal., 2022). This cutting method can cause oxidation and other surface reactions, resulting in visible
color changes that can be linked to surface chemistry and phase evolution. The diffusion kinetics of
Ti-alloys in o and B phases exhibit significant differences, affecting its mechanical behavior under
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thermal loads. Hydrocarbon-based dielectrics can leave behind residues that compromise fatigue
performance(Mishra et al., 2020).
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Figure 1. Schematic Wire Cut Electrical Discharge Machining Diagram

This leads to anisotropic mechanical responses due to uneven residual stresses that develop during
manufacturing. To overcome these challenges and better understand the thermo-mechanical
phenomena during WEDM, a physics-based computational model becomes essential. To better
understand and predict these complex phenomena of cutting of Ti-6Al-4V ELI alloy, a Python-based
simulation program has been proposed in this study. This program models the dynamic discharge
behavior, localized heat transfer, and the resulting residual stress during WEDM. By incorporating
temperature-dependent material properties, thermal gradients, and phase transformation kinetics, the
simulation provides detailed insights into the evolution of surface and subsurface features. Such
computational approaches not only support experimental observations but also enable the
optimization of process parameters to enhance surface quality, reduce residual stresses, and improve
overall machining performance.

2. Ti-6Al-4V ELI Alloy and phase transformations Overview

The Ti-6Al-4V ELI alloy is renowned for its outstanding combination of high strength-to-weight
ratio and superior corrosion resistance. The "ELI" designation indicates reduced interstitial elements
like oxygen, nitrogen, and carbon, which enhance its mechanical properties and ductility, especially
at cryogenic temperatures. The material's low thermal conductivity characterizes its capacity to
restrict heat transfer. With a low thermal conductivity of approximately 6.7 W/m-K at room
temperature, the alloy acts as an effective thermal insulator. This property make it high-performance
alloy that is widely used in critical applications where biocompatibility, strength, and corrosion
resistance are required. A schematic B-stabilizer isomorphs phase diagram in Figure 2 illustrates a
typical schematic phase diagram of titanium alloys with increasing p-stabilizer content along the X-
axis. Since, the base microstructure of Ti-6Al-4V alloy primarily consists of the a-phase HCP and -
phase BCC in the a+p region at room temperature (Boyer, 2010). The diagram captures phase
separation, the emergence of the o-phase, and metastable transformations into HCP o' or
orthorhombic a” martensite. Upon quenching from temperatures above the p-transus, the B — o’
martensitic transformation is promoted by the high cooling rates. Bignon et al., 2019 observed that
after rapid cooling from above the B-transus, conventional Ti-6Al-4V predominantly forms o’
martensite, with no retained pB-phase.

However, the formation of the a” orthorhombic phase is not solely explained by rapid cooling but is
influenced by the alloy's B-stabilizer concentration. Ti-alloys rich in B-stabilizers are more susceptible
to forming the o” phase (Tarin et al., 2021) (Bignon et al., 2019), though traces may also appear in
conventional grades. At 600—700°C, in-situ neutron diffraction studies indicate that the intensity of
a-martensite reflections increases with aging time, reflecting ongoing redistribution of V and Al
between coexisting a and § phases — a phenomenon linked to o” formation. Thermal cycling induces
localized heating and cooling within material regions. During heating, inner zones can reach
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temperatures typical of the o+f region (e.g., between T1 and T3 in Fig. 2), causing the decomposition
of o’ into equilibrium o and 3 phases.
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Figure 2. A schematic p-stabilizer isomorphs phase diagram showing various metastable
reactions products and related phase fields(Banerjee & Williams, 2013).

Upon rapid cooling, the resulting martensitic structure depends on B-stabilizer concentration within
the B-phase, At T1 (B-stabilizer content = C1), o martensite forms. And at T2 (B-stabilizer content =
C2), a mixture of o' and o” martensite is observed. Whereas, at T3 (B-stabilizer content = C3), o”
orthorhombic martensite is predominantly formed. The a-p phase transformation in this alloy is
extremely sensitive to temperature and cooling rates. The maximum operating temperature of
titanium alloys is not primarily limited by insufficient strength, but by their relatively poor oxidation
behaviour (Abd-Elaziem et al., 2024), B-phase is more susceptible than a-phase. High reactivity with
oxygen and hydrogen from the ambient environment — a drawback for alloys — can cause the alloy to
brittle.
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Figure 3. Concentration dependence of Ms Temperature for the Ti—X binary systems (X = Fe,
Cr, Mo, V, Nb, Zr and Al) (Neelakantan et al., 2009)

The transformation into o'-martensite — a needle-like acicular structure — initiated at the
martensite start temperature, depending on the concentration of B-stabilizing elements. This
temperature range marks the threshold for complete B-phase stability. Precise values depend on
factors including Fe, Cr, Mo, V, Nb, Ta, and W content and the alloy's thermo-mechanical processing
history (Tarin et al., 2010). For Ti-6Al-4V ELI, the B-transus temperature varies between 980°C and
1010°C (Kazantseva et al., 2018). The chemical composition of alloy is presented in Table 1.

Table 1: The chemical composition of Ti-6Al-4V ELI

Element Titanium Aluminium  Vanadium Iron  Oxygen Carbon Hydrogen

(Ti) (Al) V) (Fe) (O) ©) (H)

Content  90.0-940 5568 3545 < <0.13 <008 <0015
(wt. %) 0.25
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Unlike steels, the prediction of martensite start (Ms) temperature in titanium alloys remains relatively
underexplored. Upon cooling, martensite begins to form via a diffusion less, athermal transformation
mechanism (Ghosh & Olson, 1994). A prominent hump observed in dilatometric curves during
guenching corresponds to the formation of thermal martensite temperature. The M; Temperature
tends to decrease with increasing concentrations of alloying elements such as Fe, Cr, Mo, V, Nb, Ta,
and W as shown in Figure 3. The binary predictions for Ms exhibit a smooth trend and tend to
converge near the 3-transus temperature of pure titanium (Ghosh & Olson, 1994). The Ms in titanium
alloys can be approximated by an additive rule equation (1) across the contributing elements
(Mukherjee et al., 2024; Neelakantan et al., 2009) . Whereas, Al is a-stabilizer, increases Ms, O and
N interstitial elements, decrease M; significantly (Aniotek et al., 2024).

M, (°C)=950-40 (%V)—10 (%Fe)—70 (%0)-50 (%N)+30 (%Al) Q)

Depending on the alloy's chemistry, martensitic transformation results in either orthorhombic a” or
hexagonal o' structures the final Mg(°C) Temperature is 951.9°C. The w-phase also plays a pivotal
role in titanium alloy transformations, especially in Ti-6Al-4V ELI. It functions both as a precursor
to martensite and as a modulator of B-phase stability. Formation of w-phase occurs through a
displacive collapse of alternating B-planes, resulting in Athermal ®, forming during rapid quenching,
with a complete hexagonal collapse that destabilizes B-phase and facilitates o' nucleation or
Isothermal @, forming under slower cooling or aging, leading to a partial collapse that stabilizes the
B-phase by rejecting PB-stabilizers like vanadium, potentially suppressing martensite formation
(Banerjee & Williams, 2013; Litjering & Williams, 2003). The o-phase profoundly influences the
kinetics and driving forces of martensitic transformation. It increases the nucleation rate of o’
martensite and creating localized compositional gradients that either promote or hinder martensitic
transformation based on thermal history and alloy chemistry (Enzinger et al., 2023). The w-phase
complete collapse accelerates o’ formation whereas Partial collapse overly stabilizes B-phase,
delaying martensitic transformation (Malinov et al., 2000).

3. Simulation and computational methodology using Python programing

This study presents a Python-based computational framework simulating residual stress distribution
and phase transformation behavior in Ti-6Al-4V ELI alloy during WEDM. The model combines heat
conduction, spark energy input, stress-strain coupling, and phase kinetics in a dynamic thermo-
mechanical simulation. WEDM involves complex interactions of thermal, metallurgical, and
mechanical phenomena that influence the final surface integrity. This study aims to develop a refined
thermo mechanical model that accounts for dynamic multi-spark behaviour at high, medium and low
energy level. The melting and re-solidification of molten metal at surface in WEDM is very fast due
to the heating and quenching of spark by surrounding dielectric during spark ‘‘OFF” off cycle at heat
affected zone. The author adopts a modular, time-resolved, and physics-based approach to accurately
simulate the complex phenomena. Together, these components form a comprehensive framework for
understanding and controlling the thermo-physical behavior.

3.1. Phase Transformation and Thermal Dilation Kinetics:

During the spark "ON" phase, localized temperatures in the heated zone exceed 1500°C—well above
the B-transus temperature (~995-1010°C for Ti-6Al-4V ELI) (Kazantseva et al., 2018). This rapid
heating completely transforms the initial o + § microstructure into a single f-phase. When the spark
is turned "OFF," rapid quenching occurs due to the surrounding dielectric fluid. This cooling cycle
leads to solidification of the molten metal and phase transformation of the f-phase into different
martensitic structures. Upon rapid heating during welding or similar thermo-mechanical processes,
the B-phase begins to grow as the temperature exceeds the B-transus temperature (typically around
995°C), leading to a complete transformation of the a-phase into -phase(Wagner & Wollmann,
2013). Recrystallization of the 3-phase occurs near this temperature, refining the grain structure and
boundaries. During rapid cooling (quenching), the B-phase does not have sufficient time to revert to
the equilibrium o+ mixture. These complex interactions highlight the ®-phase's crucial role in
controlling the microstructure and mechanical properties of Ti-6Al-4V alloys, particularly where
precise phase control is essential for engineering applications. The Phase Transformation and
Thermal Dilation can be represented as of latent heat during martensitic and w-phase transformations
can be expressed as (Bonisch et al., 2016; Mukherjee et al., 2024). The heat terms related to phase
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transformation and thermal dilation are expressed in equation (2). The phase transformation heat
terms includes the latent heat released or absorbed during martensitic (o), (o) phase transformations.
The thermal dilation heat term accounts for stress and strain rates during phase changes, given by
equation (3) (Ballor et al., 2023), where thermal strain rates equation (4),(6) and phase
transformation stress equation (5).

(df,n) df,,

QPhase(T) =2 dT + Yolro aT 2)

Qdilation(T' fw) = Oph-€Th T Y0 0wéw (3)

Where:

. dT

€Th = O(a (4)
AV

Oy = Evfw (T (5)

. dT

€y = (X(Da (6)

In this cases, the transformation involves the w-phase acting as an originator, an extended form
considering its influence can be expressed as (Tarin et al., 2021)(Bignon et al., 2019). The martensitic
a'-phase fraction evolves equation (7) the M, and an exponential relation influenced by the w-phase
fraction equation (8) (Li & Min, 2020). Similarly, the w-phase fraction grows with decreasing
temperature below its critical transformation temperature (M,,). Both transformations follow kinetics
modeled by JIMAK theory (Lekoadi et al., 2023), where the martensitic transformation rate equation
(9) depends on temperature difference, material constants, and time.

fo (T) = 1 — exp(— k(T — M) — yf,,) T < Mg (7
fo(T) =1 —exp(— koo (T—M,,)), T < Mg (8)
= k(M — )" exp(—k(M; — T)") ©)

3.2.  Multi-spark and dynamic effects thermal Model for WEDM:
A multi-spark thermal model, adapted from Shahane & Pande (2016) (Shahane & Pande, 2016) and
validated experimentally by lIzquierdo et al. (2012), is used to characterize discharge behavior and
material removal. Each spark generates a Gaussian-distributed heat flux to model localized WEDM
heat energy input and power input (P;) of each spark as in equation (10).

2

Qwepm(x,y,t) = &1%e_m (10)

The sparks are applied at intervals determined by the wire speed and pulse frequency, enabling
accurate simulation of continuous heat deposition during the machining process. This dynamic
discharge data drives the temperature and stress field evolution over time. The multiple spark models

predict results closer to the experimental values by about 50% which is quite significant (lzquierdo

etal., 2012).
dI(®) _ Veap —I(O)Rpis
dt - Lpis (11)

Ee = f(;cVGap(t)- I(t)- dt = fJ(Rdis(t)z + VGap(t) - I(t)- Rdis)l(t)- dt ~ Vavg- Ip-t (12)

The electrical behaviour of the WEDM process is governed by the relationship between current
I(t), voltage V,p (1), and inductance-resistance effects as in equation (11). As the energy equation
incorporating dynamic Effects may be consider as in equation (12). This formulation accounts for
the real-time variations in voltage and current during WEDM.

3.3.  Heat Transfer Governing Equation in Discharge Gap:

In WEDM, thermal gradients refer to the temperature variations across the work piece. It is rapidly
cyclic spark ON/OFF of each discharge that creates a localized high-temperature region and then
rapid cooled by surrounding dielectric medium that affect. These steep temperature gradients create
internal stresses that can lead to distortion, warping, and cracks. It's important to understand and
control thermal gradients to avoid thermal shock or excessive thermal expansion and contraction.
The transient heat conduction equation (15) represents the localized energy input from each WEDM
spark, phase transformation heat, thermal dilation effects and heat losses (convection and radiation)
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typically modeled as a function of time and spatial position. The latent heat term accounts for the
heat absorbed or released during phase transformations, such as solid-liquid transitions or martensitic
transformations. The dielectric fluid removes heat via convection equation (13). The heat loss due
to radiation equation (14) from exposed surfaces of the work piece as the dielectric fluid circulate
only in the discharge gap the rest of the surface area remained exposed to environment set to ambient
temperature (e.g., 25°C).

Qconv = h(T — Tg,) (13)

Qrad = €0(T* — Tg) (14)

These terms depend on temperature and are essential for accurately simulating phase changes.
Finally, the velocity vector of the material (u) may also be considered in this, although in many static
or quasi-static cases, this term can be neglected.

aT
PCp ot + pCu.VT = V. (k(T).VT) + Qwepm (X, ¥, t) + Qphase(T)
+Qdilation(T: fw) - Qconv - QRad (15)

3.4.  Simulation framework for Residual Stress Calculation:

In this section, a simulation framework proposed to model residual stress calculation. The primary
objective of this simulation is to predict the residual stress distribution along depth for High, Medium
and low Power. The equation (16) for Residual stress on the WEDM-cut surface arises from the
combined effects of thermal stress (equation 17), a’-phase transformation stress (equation 18), plastic
deformation stress (equation 19), volumetric strain (equation 20), and stress due to w-phase
transformation. The volumetric strain contribution accounts for the volume changes associated with
both martensitic and m-phase formations. Boundary conditions in the simulation include the heat flux
at the spark impact point, internal heat conduction within the workpiece, and surface cooling through
convection and radiation. The initial condition assumes that the workpiece starts with a uniform
temperature distribution and no pre-existing residual stress before the WEDM process. Total residual
stress is:

OResi = OTh + Oph + Op] + Oyo1 + 0y (16)

Orh = T GAT (17)
opn = E (3) for (T) (18)
Op) = k. gpl (19)
Ovor = E () for (T) + £ (T) (20)

3.5.  Boundary and Initial Conditions:

The heat flux at the WEDM spark zone is modeled by setting the conductive heat flux equal to the
localized heat input at the spark centre radius of spark r = r, as in equation (21). Heat conduction
within the workpiece follows the transient heat equation (22), capturing the effect of repeated spark
heating. Convective and radiative cooling at the dielectric-fluid interface is imposed using the
boundary condition equation (23), accounting for heat loss to the surrounding environment.

k (Z_Z)rzr = QwepmM(x, ¥, t) (21)

oT
KA2T = pCp ot + QwepMm (X, Yy, t) (22)
oT
—k (E) + h(T - Tfluid) + EG(T4 - Tf%uid =0 (23)

The initial temperature condition is set uniformly as the ambient temperature (T(r,t =10) =
Tambient) @cross the workpiece. This thermal boundary and initial conditions forms the basis for
subsequent simulation of residual stresses through thermo-mechanical analysis of the WEDM-cut
surface.

3.6. Material Properties (Ti-6Al-4V ELI) and data input in Python:
All material properties used in the simulation are considered temperature-dependent and organized
into a Python dictionary for efficient access during computations. The engineering date and Material
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Properties (Ti-6Al-4V ELI) include thermal conductivity etc. (Table 2) used for programing in
Python and express their variation with temperature.

Table 2: Material Properties of Ti-6Al-4V ELI Alloy

Property Symbol Value
Density p 4.43 g/lcm?
Thermal Conductivity (k) k(T) 6.60 W/m-K (20 °C)

10.6 W/m-K (315 °C)
17.5 W/m-K (650 °C)

Specific Heat Capacity Co 0.5263 J/g-°C
Thermal Expansion Coefficient o} 8.60 pm/m-°C
Young’s Modulus E 113.8 GPa
Poisson’s Ratio v 0.342

The numerical model is discretized on a uniform 2D Cartesian grid (Ax,Ay) with time-variation based
on stability criteria. The computational algorithm involves initializing material properties and mesh,
applying initial conditions, applying heat fluxes, solving heat conduction, updating phase fractions,
computing stresses, and post-processing results. Python libraries such as NumPy, SciPy, Matplotlib,
and Numba are used. The simulation is developed using Python 3.12 within the PyCharm integrated
development environment (IDE) for fast numerical computations, differential equation solving, and
visualization.

3.7.  Selection of Process Parameters for Controlled Power Levels in WEDM:

In this study, controllable parameters such as Pulse ON time (Ton), Pulse OFF time (To), Servo
Voltage (Vs), and Peak Current (lI,) were selectively varied to control the discharge energy, while
other parameters were kept constant to observe changes in residual stress for Ti-6Al-4V ELI (Table
3).

Table 3: WEDM Parameters for Ti-6Al-4V ELI

Parameter Low Power Medium Power High Power
Cut Cut Cut

Pulse ON 2.5 us 5 us 9 us

Time

Pulse OFF 24 us 14 ps 7 us

Time

Peak Current 25A 5A 10 A

Servo Voltage 45V 3BV 271V

A zinc-coated brass wire was used with a wire feed rate of 5 mm/min and wire tension of 1000 gf.
Distilled water with a dielectric pressure of 12 g/cm? was used as the coolant. The purpose of using
high, medium, and low power cutting parameter settings was to maximize the material removal rate
for rough cuts and finished cuts through controlled spark energy.

Figure 4: Temperatubre distribution for Low Power
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This can be achieved by controlling the discharge power for each spark. The parameters sets are
designed after pilot run to optimize WEDM. High power maximizes material remove rate and
decrease machined surface quality by enhancing thermal distribution. To maintain a balance between
material removal rate and surface roughness medium power parameters were adjusted. Low power
parameters were selected to prioritize precision and minimal thermal damage of machined surface.

4, Results and Discussion

Residual stress was computed by superimposing contributions from thermal expansion mismatch,
martensitic phase transformation-induced volumetric expansion, and simplified plastic deformation.
The residual stress profile indicates high surface stresses decreases with depth, consistent with
expected behavior in HAZ. The model captures transient heat diffusion and cooling effects over a
defined.

ernpecature Ditrbaston for Medusm Power -

Figure 5: Temperature distribution for Medium Power

4.1. Thermal response of Ti-6Al-4V ELI under low-power :

Low power settings for WEDM are chosen to obtain high precision and superior surface finish of
machined surface. The lower discharge energy produces minimal thermal gradient, yielding a very
uniform temperature distribution.

-I

Figure 6: Temperature distribution for Medium Power

During this a slower material removal rate and this significantly reduces the risk of thermal damage.
At lower discharge power, the temperature distribution still remains localized around the Heat
affected Zone (HAZ), similar to other power. The maximum deviation is approximately +0.00038°C
above 20°C and HAZ is smaller with the temperature gradient (Figure 4). The lower thermal gradients
imply that residual stresses generated at low power are lower compared to other.

4.2.  Thermal response of Ti-6Al-4V ELI under medium-power :
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Simulation was conducted at a medium discharge power level for WEDM and temperature variations
are extremely localized near HAZ, with maximum deviation of around +0.0007°C above 20°C . The
localized spark heat input causes sharp but limited heating (Figure 5). Effective heat dissipation is
observed through the workpiece surface and the dielectric medium. The extremely localized
temperature rise and the sharp thermal gradients generated at surface induce significant residual
stresses. Medium power serves as a balanced compromise between the extremes of high and low
power operations. The discharge energy is moderated to provide a more uniform thermal profile,
reducing the size and intensity of hotspots evident in the temperature plots. This allows for a
controlled material removal rate while improved control over thermal effects.

Figure 7: Temperature Distribution along Depth

4.3. Thermal response of Ti-6Al-4V ELI under High power:

At high discharge power, the temperature rise near the spark impact zone is significantly higher
compared to both medium and low power conditions. The maximum temperature deviation reaches
approximately +0.001025°C that is roughly 50% higher than medium power and almost three times
higher than low power (Figure 6). The HAZ appears slightly larger and more intense, showing a
broader spread of thermal influence. The temperature distribution plots typically display more
pronounced hotspots and also indicated by larger red zone, which highlight higher localized thermal
loads and residual stress.

1w
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Figure 8. Phase Transformation Distribution along Depth

4.4. Temperature Distribution:

The temperature distribution (Figure 7) varies exponential decay from the surface. Peak surface
temperature reaches nearly 975°C due to WEDM discharge and dielectric fluid rapidly decreasing to
ambient conditions (25°C) within 0.8 mm. This distribution is similar to practical WEDM process.
The exponential decrease of this temperature defines the depth of thermal and phase transformation
zones along the depth from the machined surface of the Ti-6Al-4V ELI alloy. This behavior
highlights that the thermal influence of the WEDM process is confined very close to the surface,
emphasizing the formation of a narrow HAZ and responsible for surface residual stresses and phase
transformations.

4.5. Phase Transformation Fractions:
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The Figure 8 shows the variation of martensite o'-phase fraction and w-phase fraction with depth
from the Wire EDM-cut surface of Ti-6Al-4V ELI alloy. The fraction of o’-martensite was computed
using an experimentally Ms temperature of 951.9°C. The transformation began strongly at the surface
and tapered off around 0.6 mm depth. The w-phase fraction calculation is based on a transformation
temperature threshold of 650°C and a kinetic constant of 0.03. The w-phase fraction was lag behind
o' in the low subsurface (0.2-0.5 mm), where moderate thermal energy favored its diffusion-
controlled growth. These transformations are critical because they induce significant volumetric
changes and alter mechanical response. But it is observed that martensitic transformation becomes
the primary mechanism, stabilizing the microstructure at HAZ.

4.6. Residual Stress Components:

The residual stress graph (Figure 9) displays the evolution of thermal, (o’ and w)-phase, volumetric,
and plastic stresses across the depth of workpiece. It is observed that the intensity of variation is
different of different stress components with WEDM-cut surface of Ti-6Al-4V ELI alloy.

Figure 9. Residual Stress Distribution along Depth

The residual stress s near the surface is primarily influenced by volumetric, phase transformation (a’
and ®), and plastic stresses. Thermal stress is initially increases but decreases rapidly with depth,
indicating the cooling effect post-spark. VVolumetric stress due to phase expansion remains dominant
and relatively constant beyond the near-surface region. Both (o’ and w)-phase stresses contribute
significantly near machined surface but decreased deeper into the material. Plastic stress develops
near the surface due to high localized temperatures and strain, contributing to the residual stress
profile. This complex stress indicates the mechanical behavior of the recast and HAZ after WEDM.

5. Conclusion

To examine the thermal, phase transformation, and residual stress behavior of Ti-6Al-4V ELI during
WEDM cutting, this study developed a Python-based simulation framework. Precise high, medium,
and low power conditions were established by adjusting discharge energy, pulse duration, and pulse
interval, while keeping wire tension, spark voltage, dielectric pressure, wire material, and feed rate
constant. The simulation showed a rapid temperature drop from ~1000 °C at the surface to near-
ambient within 1 mm depth. Phase transformation analysis revealed significant o' and w- phase
formation within the top 0.2 mm. Evaluation of residual stresses revealed that volumetric expansion,
phase transformation effects, and plastic deformation dominated near-surface tensile stresses. Using
Python programming enabled detailed, flexible, and accurate prediction of surface integrity
outcomes. In Wire EDM-processed Ti-6Al-4V ELI, the findings show that thermal and phase
transformation phenomena have a significant impact on the evolution of residual stress. These
insights can be used to improve cutting parameters in precision applications. Python simulation
methodology provides effective methodology in predicting surface integrity and a powerful tool for
optimizing WEDM parameters in precision-critical applications such as aerospace, biomedical
implants, and advanced engineering systems.
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