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Abstract. This study employs a thermo-mechanical coupled simulation to investigate the tapping process, an-
alyzing the mechanical behavior, thermodynamic characteristics, and variations in the tap pressure field during
thread formation. The simulation results reveal that tapping constitutes a progressive material removal process
accompanied by severe plastic deformation and friction. The three-dimensional cutting force curves indicate
that the axial force follows a three-stage variation pattern, whereas the radial force exhibits periodic alternat-
ing loads, reflecting the dynamic nature of multi-edge cutting. Furthermore, contact pressure fields and torque
curves demonstrate that friction between the tap and the machined surface accounts for a substantial portion of
the overall torque. Temperature field analysis further identifies localized high-temperature zones at the cutting
edges. Through multiphysics simulation, this research elucidates the stress and temperature distributions within
the tap, providing a theoretical foundation for optimizing tap geometry, selecting suitable process parameters to
reduce cutting loads, control machining temperatures, and enhance tool life and thread quality.

1 Introduction

Ti6Al4V alloy is renowned for its exceptional strength-
to-weight ratio, corrosion resistance, and high-temperature
performance, making it a critical material for high-stakes
aerospace fasteners used in engines and airframe structures
(Brandão et al., 2020; Patel et al., 2012). Despite these ad-
vantages, its inherent characteristics – including low ther-
mal conductivity, high chemical reactivity, and a propensity
for work hardening – classify it among the most difficult-to-
machine materials (An et al., 2020; Chen et al., 2021). In the
aerospace industry, Ti6Al4V is widely used for threaded fas-
teners in high-temperature, high-pressure environments, such
as aircraft engines, thereby significantly enhancing structural
stability and safety (Pawar and Joshi, 2016).

The tapping process, essential for creating internal threads
in these components, is particularly challenging (Barooah
et al., 2021). It involves complex, multi-edge cutting under

confined conditions, leading to intense thermo-mechanical
loads, severe tool wear, and frequent failures such as chip-
ping or fracture. These issues are dramatically exacerbated
in small-hole applications (e.g., sub-M6 diameters), where
limited space hinders chip evacuation and heat dissipation,
directly impacting production efficiency, cost, and the struc-
tural integrity of the final assembly (Saito et al., 2016).

Numerical simulation, particularly the finite-element
method (FEM), has become an indispensable tool for decon-
structing the intricate mechanics of machining processes, of-
fering insights often unattainable through experiments alone
(Davoudinejad et al., 2015). While significant simulation re-
search exists for operations like turning and milling, ded-
icated FEM studies for tapping are comparatively limited.
Early and recent contributions have laid important ground-
work. For instance, studies have developed models for torque
prediction using segmented workpieces to reduce computa-
tion time (Oezkaya and Biermann, 2018), analyzed stress
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distributions in taps of different geometries (Demirel et al.,
2022), and even employed computational fluid dynamics
(CFDs) to optimize internal coolant channel design (Bier-
mann and Oezkaya, 2017). Other research has integrated sys-
tem elements like tapping chucks to predict thread quality
(South Ural State University, Chelyabinsk, Russian Federa-
tion et al., 2023) or modeled chipless thread-forming pro-
cesses (Mathurin et al., 2009). Collectively, these works val-
idate FEM’s capability to capture key aspects of tapping,
from macro-level forces to micro-scale tool–workpiece in-
teractions.

However, a critical gap persists in the application of high-
fidelity, multiphysics simulation to the specific problem of
small-hole tapping in Ti6Al4V alloy. Existing tapping mod-
els frequently focus on common steels or larger diameters,
failing to address the unique confluence of challenges pre-
sented by this material and geometry. The extreme pressures,
concentrated heat generation, and dynamic chip flow in a
confined space create a physical scenario distinct from con-
ventional tapping. Consequently, there is a notable absence
of detailed, thermo-mechanically coupled FEM analyses that
can elucidate the transient evolution of cutting forces, the dis-
tribution of contact pressure and friction (a major contribu-
tor to torque), and the localized temperature fields that dic-
tate tool wear mechanisms and thread surface integrity in this
specific context.

Therefore, this paper establishes a finite-element model
for small-hole (2.8448 mm diameter) tapping based on the
constitutive model, chip separation criterion, and friction
model of Ti6Al4V. Model accuracy is verified by a compara-
tive analysis of axial force and torque with experimental data.
Furthermore, the model results reveal the thread formation
mechanism and analyze the behavior of tap temperature and
pressure fields, as well as chip morphology during tapping.

2 3D numerical model establishment for Ti6Al4V
alloy small-hole tapping

2.1 Spiral point tap geometric model

Figure 1 shows the 3D model of the spiral point tap, com-
prising the threaded section, shank, and holder. The threaded
section is divided into the cutting zone, calibration zone, and
back taper zone. The cutting zone features a helical structure
responsible for material removal and is the primary region
for torque generation. The calibration zone trims the thread
profile to ensure dimensional accuracy. The back taper zone
at the tail does not participate in cutting and has a slightly
smaller major diameter than the calibration zone to reduce
workpiece friction (Dos Santos Siqueira et al., 2019). The
tap material is cobalt-containing high-speed steel, treated as
a rigid body in the model. The rake angle is 21.9°, the taper
angle is 8.1°, and the relief angle is 4.3°.

To enhance computational efficiency, the workpiece model
is simplified to a 12 mm× 12 mm× 10 mm rectangular block

Figure 1. Geometric model of the spiral point tap.

with a through-hole of 2.4 mm diameter and 10 mm depth at
its center. No chamfer is applied to the hole entrance as it is
not the focus of this study.

2.2 Material parameters and constitutive model

Third Wave AdvantEdge software is employed for sim-
ulation, specifically designed for metal-cutting processes.
AdvantEdge utilizes the Lagrange explicit time integration
method combined with adaptive remeshing technology. The
solver employs a dynamic explicit algorithm, integrating a
centralized mass matrix with central difference time integra-
tion, making it particularly suitable for high-strain-rate and
large-deformation problems. The tapping process involves
material plastic deformation and separation, necessitating ad-
equate consideration of high-strain and thermo-mechanical
coupling effects in the material model (Li et al., 2002). This
study uses the Johnson–Cook constitutive model to describe
the mechanical behavior of Ti6Al4V under high strain, high
strain rate, and elevated temperatures. Its expression is as fol-
lows:

σ = (A+Bεn)
(

1+C ln
(
ε̇

ε̇0

))
×

(
1−

(
T − Troom

Tmelt− Troom

)m)
, (1)

where A represents the material’s initial yield stress
(MPa), B is the material’s strain hardening modulus (MPa),
C represents the material’s characteristic coefficient, m de-
notes the material’s thermal softening coefficient, n is the
material’s strain hardening exponent, σ is the equivalent flow
stress (MPa), ε is the equivalent elastic strain, ε̇ is the equiv-
alent plastic strain rate (s−1), ε̇0 is the reference equivalent
elastic strain rate (s−1), T represents the workpiece deforma-
tion temperature (°C), Tmelt is the workpiece melting point
(°C), and Troom represents room temperature (°C). Specific
constitutive parameters for the model are listed in Table 1.

The equivalent plastic strain at failure is calculated using
Eq. (2) (Wu and Zhang, 2014). This model defines the equiv-
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Table 1. Constitutive model parameters (Miguélez et al., 2013).

Parameter A B C m n Tmelt Troom ε̇0

Value 782 498 0.028 1 0.25 1560 25 0.001

Table 2. Failure parameters of Ti6Al4V alloy (Wu and Zhang,
2014).

Parameter D1 D2 D3 D4 D5

Value −0.09 0.25 −0.5 0.014 3.87

alent plastic strain at failure as a function of triaxial stress,
strain rate, and temperature:

ε
p
fi =

[
D1+D2 exp

(
D3
p

q

)][
1+D4 ln

(
ε̇

ε̇0

)]
× (1+D5), (2)

where p is hydrostatic pressure, q is von Mises stress, and
D1–D5 is the failure parameter; see Table 2 for details.

Accurate simulation of chip behavior is crucial for ensur-
ing simulation precision in tapping. Selecting a reasonable
chip separation criterion helps improve consistency between
simulation results and the actual cutting process. This study
adopts a physics-based chip separation criterion, determining
whether stress, strain, and other parameters at nodes ahead
of the tool tip reach the material failure threshold to achieve
chip separation. The specific expression of this criterion is as
follows:

D =
∑
i

1ε
p
i

ε
p
fi

, (3)

where D is the damage factor, fracture occurs when D ≥ 1,
1ε

p
i is the equivalent plastic strain increment, and εp

fi is the
failure strain.

The friction model comprehensively considers sliding-
and adhesive-friction behavior. In the sliding zone, the fric-
tion stress is proportional to the normal stress, while, in the
adhesive zone, it remains constant. According to friction and
wear experiments conducted by Li et al. (2026) on Ti6Al4V
alloy, the coefficient of friction between the tool and work-
piece was determined to be 0.5. The friction coefficient in
the model is set to 0.5, with the specific expression being as
follows:

τf =

{
µσn, (µσn < τs) sliding-friction zone

τs(µσn ≥ τs) adhesive-friction zone
(4)

2.3 Meshing and boundary conditions

The ALE (adaptive Lagrange–Euler) adaptive mesh refine-
ment method was adopted. This allows the mesh to be in-

dependent of material flow, dynamically adjusting the mesh
structure during each iterative calculation, maintaining cou-
pling between nodes and physical fields, thereby avoiding
excessive mesh distortion and improving result accuracy.
To further enhance model precision, user-defined meshing
is employed, calculating the workpiece’s minimum mesh
length and refinement zone radius based on tap feed rate and
radial depth of cut. After importing the tap STP file, the min-
imum mesh size and meshing level for the tap need adjust-
ment (as shown in Fig. 2).

To ensure numerical objectivity and to verify mesh-
independent results, a systematic mesh convergence study
was performed. Specifically, the minimum element size in
the tapping region was varied (0.025, 0.020, 0.015, and
0.010 mm), and the corresponding maximum torque and
maximum thrust force were calculated under identical pro-
cess parameters, as shown in Fig. 2. As the mesh was refined,
both torque and thrust force exhibited a monotonically de-
creasing trend with gradually diminishing variations. From
0.025 to 0.020 mm, the torque decreased by 6.7 %, and the
thrust force decreased by 3.3 %. From 0.020 to 0.015 mm,
the torque decreased by 4.1 %, and the thrust force decreased
by 1.1 %. From 0.015 to 0.010 mm, the torque changed by
only 0.2 %, and the thrust force changed by 2.9 %. This in-
dicates that, once the element size falls below 0.015 mm,
the computational results stabilize and satisfy the require-
ments for mesh independence. Considering both computa-
tional accuracy and efficiency, a minimum element size of
0.015 mm was selected for subsequent analyses. Compared
to the 0.010 mm mesh, the predictions obtained with this
mesh show a torque deviation of less than 0.3 % and a thrust
force deviation of less than 3 %, while the number of ele-
ments is reduced by approximately 40 %, significantly low-
ering computational cost.

The workpiece was meshed using linear tetrahedral ele-
ments, which were automatically generated by the software’s
built-in mesher. The tap was modeled as a rigid body and dis-
cretized with surface elements for contact interaction. During
the cutting process, the adaptive meshing technique (ALE
method) was applied to the workpiece, with a refined mesh
around the pilot hole and coarser elements in non-cutting re-
gions, as illustrated in Fig. 3. The maximum element size
was set to 5 mm, and the minimum element size was set to
0.015 mm. A mesh refinement factor of 2 was used, and adap-
tive remeshing was performed every five time increments.

As shown in Fig. 3, the workpiece rotates around its axis
with fixed orientation and moves along the positive Z-axis
to simulate the tap’s downward feed. The tap is fully con-
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Figure 2. Verification of grid convergence.

Figure 3. The 3D numerical model for Ti6Al4V alloy tapping.

strained in axial translation and rotation about its axis. The
tapping speed is set to 420 rmin−1. For tap motion duration,
the software’s built-in tapping setting function is used, re-
quiring only the definition of the tap rotation angle. To en-
sure complete entry of tap-cutting teeth into the pilot hole and
considering the tap-cutting section length, the rotation angle
is set to 4320° (12 revolutions). Establishing the Ti6Al4V
alloy small model involves five steps: first, create and sim-
plify the 3D models of the tap and workpiece; second, define
the workpiece constitutive model and tap material proper-
ties; third, determine tapping parameters; fourth, set tapping
boundary conditions and constrain the tap and tool; and, fi-
nally, mesh and verify accuracy.

3 Ti6Al4V alloy small-hole tapping experiment

3.1 Workpiece material and tool details

The Ti6Al4V alloy material was supplied by the manufac-
turer (BAOJI JIEMUTAI). After ultrasonic cleaning and met-
allographic sectioning, its chemical composition was deter-
mined using energy-dispersive spectroscopy (EDS), with re-
sults shown in Table 3. The alloy’s mechanical properties are
listed in Table 4. It should be noted that all material param-
eters listed in Table 4 are currently treated as temperature-

Table 3. Chemical composition of Ti6Al4V alloy.

Element Ti Al V Fe O N

wt % Bal. 4.85 3.58 0.17 0.15 0.04

Table 4. Thermo-mechanical properties of Ti6Al4V alloy (Li et al.,
2023).

Parameter Value Symbol

Density (kgm−3) 4510 ρ

Thermal conductivity (Wm−1 K−1) 6.7 K

Specific heat capacity (Jkg−1 K−1) 611 C

Poisson’s ratio 0.33 I

Elastic modulus (GPa) 118 E

independent constants. This simplification is based on the
observation that the maximum temperature in simulations re-
mains below approximately 250 °C, within which range ma-
terial parameter variations are relatively minor. Furthermore,
employing temperature-independent properties is a widely
accepted simplification in cutting simulations (Zhang et al.,
2012, 2011). For ease of operation and observation, the ma-
terial was cut into 130 mm× 114 mm× 10 mm plate spec-
imens, and a specialized fixture was designed to securely
clamp them to the worktable.

Due to low rotational speeds and small cutting velocities in
small-diameter tapping, carbide tools are typically not used
(Gill et al., 2012). This study selects uncoated powder metal-
lurgy high-speed steel (M42 HSS-E-PM) spiral taps provided
by Oiz. Pre-drilling pilot holes matching the tap specification
are necessary before tapping; this experiment used carbide
twist drills for this operation. The tap thread specification is
0.112-48UNJF, indicating a major diameter of 2.8448 mm)
and 48 threads per inch. According to ISO 2306:1972, a
2.4 mm diameter drill was selected for the pilot hole. TiAlN-
coated carbide drills have proven to be effective for obtaining
high-quality holes in Ti6Al4V alloy (Saini et al., 2016). Ad-
ditionally, to place a thermistor, a 1.5 mm diameter TiAlN-
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Figure 4. Ti6Al4V alloy-tapping experimental platform.

coated carbide drill was used to create an 8.5 mm deep blind
hole 0.2 mm from the pilot hole center.

3.2 Ti6Al4V alloy small-sole tapping experimental
platform

To validate the finite-element model accuracy, tapping exper-
iments under dry conditions were conducted on a Hanchuan
XK714D machine tool, with the experimental setup shown in
Fig. 4. Before tapping, a through-hole was machined on the
same machine as the pilot hole, and a blind hole was drilled
for embedding the thermistor. Referencing previous research
on Ti6Al4V drilling (Zhu, 2017), pilot hole drilling used a
spindle speed of 6000 rpm and a feed rate of 15 mmmin−1.
To minimize thermal influence between adjacent holes, the
center distance was set to 6 mm. All drilling and tapping op-
erations were performed dry on the same milling machine.
The machined pilot holes had a diameter of 2.4 mm and a
depth of 10 mm. Each new drill was used only three times,
and H7 hole gauges verified that hole diameters were within
the 2.400–2.410 mm range. A Kistler 9257A dynamometer
collected axial force and torque signals during tapping at a
sampling frequency of 20 kHz. The output signals were am-
plified by a Kistler 5070 charge amplifier, transmitted via
a data acquisition card to a computer, and processed using
Dynoware software.

4 Validation and analysis

Based on experimentally measured tapping-force signals, the
simulated torque and axial force values were verified through
comparison. In the simulation, axial force and torque data
were extracted throughout the entire 4320° rotation of the
tap, and experimental measurements from the correspond-
ing time interval were selected for comparison. Figure 5 dis-
plays the peak axial force and torque values from both exper-
iments and simulations. The experimentally measured peak
axial force was approximately 90 N, while the simulation

Figure 5. Comparative validation of experiment and finite-element
model.

result was approximately 84 N, representing a relative error
of 6.7 %. This error falls within an acceptable range. The pri-
mary causes of the discrepancy include the simulation’s ide-
alized neglect of machine tool vibration and impact effects,
as well as room for improvement in the mesh refinement ac-
curacy.

Torque is a key parameter that reflects the interaction be-
tween the tap and the workpiece during tapping. Torque re-
sults were validated experimentally; simulation data were
extracted during post-processing and fitted into curves, as
shown in Fig. 5. Simulation and experimental trends are con-
sistent. The experimental peak was 1.00 Nm, and the simula-
tion result was 0.92 Nm, showing an error of 8 %. Comparing
the peaks and trends of axial force and torque validates the
model’s accuracy.

5 Finite-element analysis results

5.1 Thread formation mechanism

During tapping, thread formation is a typical progressive pro-
cess combining material plastic deformation and cutting. In
the initial stage (e.g., step 150), the front cutting teeth of
the tap begin to penetrate the workpiece material, with sig-
nificant local stress concentration. Von Mises stress can ex-
ceed 1000 MPa, indicating that the material is undergoing in-
tense plastic yielding. As the tap advances further (step 300–
step 600), the thread profile gradually becomes clear; the
stress field expands from the front backwards; and stress in
the formed thread region gradually releases but remains rel-
atively high, suggesting continuous plastic flow and work
hardening during forming. At higher step numbers (step 750–
step 900), the thread morphology stabilizes, and stress distri-
bution becomes more uniform, but stress concentration per-
sists at the thread root and tap edge contact areas, reflect-
ing the combined effects of material shearing, extrusion, and
elastic recovery during formation.
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5.2 Tapping-force analysis

Figure 7 shows the force curves in the X, Y , and Z direc-
tions obtained from the finite-element simulation. TheX and
Y direction force curves exhibit strong, similar-amplitude pe-
riodic fluctuations centered around the zero line. This is one
of the most significant dynamic characteristics of the tap-
ping process because the tap itself has multiple flutes (cut-
ting edges), and its structure is not axisymmetric. As the tap
rotates, each cutting edge engages the material sequentially,
generating an instantaneous radial-impact force whose direc-
tion changes with the tap angle. The forces in theX and Y di-
rections are essentially the decomposition of this periodically
varying radial force into two orthogonal directions. Within
one complete rotation cycle, the radial forces in various di-
rections theoretically cancel each other out, resulting in a net
(average) radial force of zero. The curves fluctuate symmetri-
cally around the zero axis, consistently with the force charac-
teristics of a rotating cutting tool under ideal conditions. The
fluctuation amplitude reflects the impact intensity of single-
tooth cutting.

The Z-direction force curve shows a typical three-stage
characteristic: “rapid rise–stable fluctuation–rapid decline”.
This corresponds to the initial engagement of the tap’s front
cutting cone with the workpiece, where the engaged cutting-
edge length and material contact area increase rapidly, caus-
ing a sharp rise in axial force. After full engagement, the
working part (cutting cone and calibration cone) reaches a
stable contact state with the workpiece (Zhang et al., 2026b).
Here, the axial force fluctuates around a high average value.
This fluctuation stems from two main factors: first, the tap’s
rotation, which causes each cutting tooth to cyclically engage
and disengage the material, and, second, the inhomogeneity
of the workpiece material and the continuous process of chip
formation and fracture.

5.3 Tap temperature field analysis

Tap tapping involves severe plastic deformation and friction,
inevitably accompanied by significant heat generation. Ana-
lyzing the simulated temperature field contour (Fig. 8a) and
the temperature–time curve (Fig. 8b) provides deep insight
into the process’s thermodynamic characteristics. The high-
est temperature is consistently concentrated at the tap’s cut-
ting edges and contact regions with the machined thread sur-
face. Figure 8a displays the temperature distribution contour
map of the workpiece area surrounding the threaded hole and
the tap surface. It can be observed that heat is primarily con-
centrated near the hole wall and gradually attenuates radially
towards the interior of the workpiece, forming a distinct tem-
perature gradient. This indicates that the cutting heat primar-
ily originates from the intense friction and plastic deforma-
tion between the cutting edge and the workpiece material. As
tapping progresses, heat accumulates and conducts outwards,

gradually expanding the “heat-affected zone” around the tap
itself and the workpiece thread hole.

During the initial tap engagement stage (0–0.1 s), the tem-
perature curve rises steeply. This corresponds to the tap’s cut-
ting cone beginning to contact and compress the material,
where plastic work and friction work instantly convert into
substantial heat, causing a sharp temperature increase. After
full engagement and entry into stable cutting (0.1–1.5 s), the
temperature reaches a relatively stable high plateau (around
200 °C) with minor fluctuations. This is due to a dynamic
balance between heat generation and dissipation (via chip,
workpiece, and tool conduction), and fluctuations arise from
the periodic engagement and disengagement of cutting edges
during rotation, causing cyclic changes in heat source inten-
sity.

5.4 Tap pressure field analysis

Figure 9a and b show the tap pressure field and torque curve
obtained from the finite-element model. Extremely high con-
tact pressures (up to 1000 MPa) are concentrated on the tap’s
cutting edges and the contact areas between the tap margin
(calibration section) and the machined thread flank. This in-
dicates that the material withstands extreme pressure not only
at the instant of cutting but also continuously on the formed
thread surface due to elastic recovery and tool extrusion. As
tapping proceeds, the pressure in the formed thread section
stabilizes but remains high, indicating that the tap calibra-
tion section sustains extrusion and friction throughout the
process.

The torque–time curve, as shown in Fig. 9b, quantitatively
describes the rotational moment required throughout tapping,
with its growth trend resembling the axial force. It is worth
noting that the torque curve represents the sum of the tan-
gential forces acting on all cutting edges of the tap (Zhang
et al., 2026a). During initial engagement, torque increases
sharply with the rapid increase in contact area between tap
and workpiece. Torque in this stage primarily overcomes ini-
tial material shear resistance and friction at the front cutting
edges. After full engagement, torque enters a relatively sta-
ble high plateau with noticeable periodic fluctuations. The
curve’s periodic fluctuations directly relate to the number
of tap flutes. Each cutting edge cyclically engages and dis-
engages the material, causing regular variations in instanta-
neous torque. These fluctuations directly manifest the multi-
edge cutting characteristic of the tap.

5.5 Chip analysis

Chip morphology is a key indicator for assessing cutting state
and tap performance (Bai et al., 2017) as its shape, size, and
surface condition directly influence tapping stability, friction
heat distribution, and tool life. From the cross-sectional stress
contour of the tap and workpiece (Fig. 10), particularly the
enlarged view near the tool tip, the key physical process of
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Figure 6. Thread formation mechanism in Ti6Al4V alloy tapping.

Figure 7. Tapping-force analysis.

material removal during tapping can be clearly observed. The
core mechanism involves continuous shear and slip of the
workpiece material under high pressure by the tap’s cutting
edge. Stress values are highest on the tool tip and rake face
(surface contacting the chip), as indicated by the red areas.
This shows that the tool tip is the forefront for material extru-
sion and penetration, while the rake face withstands immense

friction and pressure from chip formation and flow. The ro-
tating, advancing tap-cutting edge first compresses the work-
piece material, causing elastic deformation. When stress ex-
ceeds the material’s yield strength, concentrated plastic shear
slip occurs in the primary deformation zone ahead of the tool
tip. Continuous shear slip eventually completely separates a
portion of the material, forming the chip, which is evacu-
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Figure 8. Tap temperature field variation.

Figure 9. Tap pressure field variation.

ated upwards along the tap’s rake face and flute. Figure 11a–
c show chips obtained at different times. Since the tap has
three chip evacuation channels, three separate chip sections
are formed. Figure 11d and e compare and verify the chip
morphology obtained from experiments and simulations. The
chips are predominantly “strip-like” and “cluster-like”, with
consistent morphological features, indicating good predictive

reliability of the established finite-element model. The curled
chips shown in Fig. 11d exhibit a continuous and regular
morphology consistent with the stable cutting phase simu-
lated. The disordered, tangled chips in Fig. 11e primarily oc-
cur during chip removal difficulties or accumulation, reflect-
ing the complexity of chip flow in actual tapping processes
(Liu et al., 2024).
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Figure 10. Stress on the tap-cutting edge.

Figure 11. Chip morphology.

6 Conclusion

This paper conducts a comprehensive numerical simula-
tion study of the tapping process via finite-element analysis,
yielding the following main conclusions:

1. The formation of threads is essentially a continuous
shearing process performed by the cutting edges of a tap
under high pressure. Stress contour plots clearly reveal
the stress concentration zone ahead of the cutting edge,
where concentrated plastic slip occurs in the material.
This ultimately leads to separation and chip formation,
progressively shaping the thread profile.

2. During tapping, the tap undergoes significant tri-axial
loads. The axial force (Z direction) is the primary re-
sistance, with the largest steady-state value; due to tap
rotation and multi-edge structure, radial forces in the X

and Y directions manifest as periodic alternating forces,
a dynamic load contributing significantly to tap fatigue.

3. Extremely high contact pressure concentrates on the
cutting edges and tap margin areas. This pressure field
is the root cause of substantial frictional torque, making
the total driving torque comprise both “cutting torque”
and “frictional torque”. The periodic fluctuations in the
torque curve directly reflect the intermittent nature of
multi-edge cutting.

4. Heat generated during cutting leads to localized high
temperatures at the cutting edges, forming steep temper-
ature gradients. High temperatures can induce material
thermal softening; affect flow stress; and, collectively
with high stress and friction, create an extreme thermo-
mechanical coupled environment.
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7 Limitations and future work

Although the finite-element model established in this study
has been experimentally validated and provides valuable in-
dustrial insights for the tapping process, certain limitations
must be acknowledged, and relevant future research direc-
tions are proposed.

Modeling limitations and uncertainties. First, although a
mesh convergence study was conducted, the selected mesh
size represents a compromise between computational cost
and accuracy. Second, the use of a constant friction coeffi-
cient and temperature-independent material properties sim-
plifies the complex interface behavior during tapping. Actual
interface behavior and material properties vary with tempera-
ture. Additionally, the model neglects thermal boundary con-
ditions involving convective and radiative heat transfer.

Future work. Subsequent research will focus on opti-
mizing the mesh size and developing a temperature- and
pressure-coupled friction model to more accurately de-
scribe interfacial behavior. A tapping model incorporating
precise convective boundary conditions will be developed.
Furthermore, a finite-element model for tapping consider-
ing progressive tap wear will be established, incorporating
temperature-dependent material properties to accurately pre-
dict tap life.
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