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Abstract. Over the years, induction heating has become a widely used method
for heat treating fasteners because it delivers heat quickly and exactly where it's
needed. This localized control is critical in a production environment. Heat can
be applied to the heads of bolts or threads (or both) in seconds with significantly
less energy waste than other methods like furnace heat treating. However,
generating a consistent temperature across a threaded part (like a bolt) is much
more complicated than it appears. Factors such as the grooves of the threads, the
presence of sharp edges near the head of the bolt, and the fact that
electromagnetic currents like to be near the surface increase the complexity of
heating the part. When an induction coil heats a small steel bolt, there is a
noticeable difference in heating rates between different areas of the bolt. This
difference in heating rates will lead to differences in hardness or microstructure
within the bolt.

Due to these complexities, researchers have been examining the heating of small
cylindrical parts (i.e., fasteners) in more detail. Several variables, such as
frequency of the excitation source, affect how deeply the induced current will
penetrate into the part. Likewise, other factors like power density and time will
affect how quickly the surface temperature increases, sometimes before the heat
has reached the center.

Keywords: Induction heating; Fasteners; Surface hardening; Temperature
uniformity; Coil design; Process optimization

1 Introduction

Although fasteners such as bolts, screws, studs, and nuts typically do not garner much
praise on their own, they also carry a significant amount of responsibility on other com-
ponents. For example, a suspension bolt in an automobile or a structural stud in a steel
frame undergoes repeated loading, vibration, and sometimes exposure to harsh external
conditions. If either of these components fails, the consequences can be severe. Because
of this, the mechanical reliability of these fasteners is strongly dependent on many char-
acteristics including surface hardness, fatigue resistance, wear characteristics, and di-
mensional stability. Most of these characteristics are not initially provided by the metal
but rather develop, or fail to develop, through the heating process of heat treatment [16—
19].
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Induction heating has been gaining popularity as the preferred method of heat treatment
for many of these types of fasteners. [30—33]. The advantages of induction heating are
clear. Induction heating allows components to be heated in seconds (mainly only at the
areas that require hardening) compared with conventional ovens and typically results
in much lower energy loss during the process and is more compatible with modern
production lines. [42,43]. However, despite the clear advantages, the process is far more
complicated than what is described in textbooks. Achieving a uniform temperature pro-
file in a threaded fastener is very difficult due to the interruption of the thread geometry
along the length of the fastener. It is also extremely difficult to achieve a uniform tem-
perature profile at the underside of the head and at the shoulder of the fastener [22,26].

Table 1. Typical industrial applications of induction heating for fasteners and small components

(compiled from Refs. [2-5, 8, 10]).

Process Purpose Temperature range Notes
Wear & fatigue re- Rapid heating &
Surface hardening . 800-950 °C .
sistance quenching
) Reduce brittleness, sta- Lower power, longer
Tempering 150-650 °C
bilize structure hold
Stress relief after cold Local, controlled heat-
Band annealing ) 550-700 °C )
forming ing
Solution/precipita- For alloy/stainless fas- . ) High precision re-
Material-specific .
tion heat treatment teners quired

Figl. Schematic of an induction heating system




396 R. Chauhan and N. K. Chavda

Command
Control
Electronics Induction
Coil
2 AC to DC DC to AC Load
Input DC AC .
Line Converter Inverter Matching

Fig 2. Block diagram of induction heating process

Fig 3. Typical industrial induction billet heating system (75 kW, 10 kHz), commonly used
in forging and heat-treatment applications

Induction billet heater systems are used in various industrial processes, such as steel produc-
tion, forging, and heat treatment. They utilize electromagnetic induction to heat billets (small,

rectangular blocks of metal) efficiently and uniformly.

A 75 kW/10 kHz induction billet heater system is a specific type of induction heating system
used for heating billets (small, rectangular blocks of metal) in various industrial processes. Here
are some key points about this system:

- Power output: 75 kW (kilowatts)

- Frequency: 10 kHz (kilohertz)- Type: Induction heating system
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- Application: Heating billets in various industrial processes such as steel production, forging,

and heat treatment

Eddy Currents

Induced Heat

Copper
Induction Coil

Quenching
Zone

Fig4. Schematic illustration of coil-fastener arrangement highlighting electromagnetic cou-
pling and geometric effects during induction heating

3. Influences on Process Variables

Usually, when having uniform heating during induction heating there isn’t just one setting that
gives you uniformity on the machine. Usually many of the process variables are required to work
together, and sometimes they don’t work together, in making up the total temperature profile.
Many times, engineers will find that changing a variable to correct one area creates an issue in
another area. Therefore it can be just as important to understand how the process variables inter-
act with each other, as it is to understand what each process variable does in an individual manner
[1,2,3,4].

3.1 Frequencies used for excitation

How deep the induced currents penetrate into the material, and therefore how much heat is trans-
ferred throughout the workpiece is primarily dependent upon the frequency used to excite the
workpiece [12,18]. Higher frequencies typically result in a location of heat closer to the surface.
For example, for threaded components, the peaks of the threads are usually heated faster than the
bottoms or roots of the threads [17,18]. You can think of a bolt in an induction coil, using a high
frequency of excitation, the sharp ridges should ignite first before the valley regions; therefore,
creating localized areas of extreme heat instead of a uniform temperature field. Lower frequencies
penetrate the current deeper into the material; therefore, they will produce a greater depth of
penetration into the material. However, sometimes depth of penetration may result in less than
anticipated improvements [22,26].

4. Critical Review of Experimental and Numerical Studies

Table 2. Summary of representative review and research articles on induction heating.[22],
[26], [28], [29], [30], [33], [35], [37]
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Compo-
Valida- Limitation
Study nent geome- Method Key findings
tion level || for fasteners
try
Rathinasuri- Improved hard- No
Smooth Experi- . ) Hard-
yan et al. ness with opti- threaded ge-
EN8 rods mental ness only
(2023) mized power ometry
Coil geometry )
Yamag et al. || AISI 4340 FEM + || ) ) Axisym-
improves uni- Partial
(2023) cylinder exp. ) metric model
formity
Shi et al. Improved axial Numeri- Not fas-
Camshaft 3D FEM . .
(2024) uniformity cal tener-scale
Gao et al. ) Experi- Feed path affects Thermal No metal-
Spot heating )
(2020) mental hotspots only lurgical data

Critical Assessment:

Most studies rely on simplified geometries and indirect validation metrics such as hardness.
Thread-level electromagnetic concentration and axial end effects relevant to fasteners are rarely
addressed experimentally. Numerical predictions often overestimate achievable temperature uni-
formity due to geometric simplifications [11,13,37].

Table 3. Summary of representative studies on optimization of induction heating parameters

Ref. Authors  Objective Input Param- Output Param- Methodology / Published
No. eters eters Technique Source
1 Jakuboviova Optimization Current (A), Material den-  Numerical modeling Procedia En-
etal. of induction  frequency sity, specific using Euler method gineering,
heating pro-  (Hz), heating heat, thermal and geometrical op- Elsevier, Vol.
cess to time (s), in-  conductivity, timization 136 (2016)
achieve uni- ductor size  electrical resis- 125-131

form surface

temperature

(m), initial
temperature
(K), model
length

tivity, relative

permeability
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Ref. Authors  Objective Input Param- Output Param- Methodology / Published
No. eters eters Technique Source

2 Lietal. Investigation Heating Temperature Taguchi method, Applied Sci-
of synergis-  depth, current, variation and analysis of variance ences, Vol. 13
tic effects of  frequency uniformity (ANOVA), Re- (2023) 555
induction sponse Surface
heating pa- Methodology
rameters on (RSM)
heating effi-
ciency

3 Kohli &  Optimization Feed rate Hardness in ANOVA and Re- Sadhana, Vol.

Singh of processing (mm/s), dwell rolled and nor-  sponse Surface 36, No. 2
parameters  time (s), cur- malized material Methodology (2011) 141-
in induction  rent (A), coil- conditions (RSM) 152
hardening workpiece
gap (mm)
4 Metage & Optimization Power (kW), Case hardness Response Surface  International
Sidhu of process feed rate (HRC), effective Methodology Journal of Me-
parameters (mm/s), dwell case depth (mm) (RSM) chanical Engi-
in induction  time (s), neering Re-
hardening of quench flow search, Vol. 7,
41Cr4 steel  rate (L/min) No. 2 (2017)
83-97

Table 4. Additional representative studies on induction heating system design and parameter

optimization
Ref. Input Parame- Output Parame- Methodology /
Authors Objective Published Source

No. ters ters Technique

5 Durukan Investigation of ~ Coil power, con- Resultant billet Factorial design ~ M.Sc. Thesis, Middle
induction heating veyor speed, temperature of experiments (2> East Technical Univer-
parameters on coil box hole di- DOE) and multi-  sity, Turkey
forging billet tem- ameter ple linear regres-

perature sion
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Ref. Input Parame- Output Parame- Methodology /
No. Authors Objective ters ters Technique Published Source
6 Limon Leyva Parametric optimi- Number of coil Temperature (°C), Design of experi- Preprints.org, 2024
etal. zation of inductor turns, turn sepa- current consump- ments (DOE), Re- (not peer-reviewed),
design for heating ration (mm), tion (A) sponse Surface doi:10.20944/pre-
metallic materials coil size (mm), Methodology prints202410.1813.v1
supply voltage (RSM), analysis
(V), heating of variance
time
7 Baldan et al.  Development of  Heating time (s), Hardening depth ~ Hierarchical and  Proc. 9th Int. Symp. on
hierarchical opti- frequency (kHz) multi-objective Electromagnetic Pro-
mization ap- optimization cessing of Materials
proaches for sur- (EPM 2018)

face hardening in-

duction systems

8 Scepanskis & Evaluation of sim- Induction coil ~ Cost reduction, ~ Numerical simula- CENOS Platform (In-
Geza ulation software in design, process time efficiency,  tion using CENOS dustrial application re-
induction heat parameters process effective- software port)
treatment ness
9 Karpushkin et Modeling of in-  Inductor power, Heating time with Finite integral Transactions of TSTU,
al. duction heating  heat-transfer co- +10% accuracy  transformation Vol. 17, No. 1 (2011)
devices for vul-  efficient method and ther-
canization press mal calculation
platens
10 Fang et al. Parameter optimi- Current, fre- Outer-wall and in- Orthogonal test ~ Mathematical Prob-

zation and predic- quency, current ner-wall tempera- design and linear lems in Engineering,
tion modeling for density (A/m?), ture (°C) regression model- Hindawi, 2018, Article
induction heating air gap (mm) ing ID 8430578

of large-diameter

pipes
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Table 5. Additional studies on numerical modeling, optimization, and induction-assisted heat-

ing processes

Ref.
Authors
No.

Objective

Input Pa-

rameters

Output Pa-

rameters

Methodology
Published Source
/ Technique

11 Kranjc et al.

12 Heinrich

13 Hirono et al.

14 Wang &
Zhang
15 Liuetal

Optimization of in-
duction heating pro-
cess using numerical
modeling and evolu-

tionary algorithms

Analysis of efficient
excitation frequency
in induction heating

systems

Design optimization
of primary core in in-

duction heating rolls

Characterization and
optimization of tem-
perature field distribu-
tion in electromag-
netic induction-based
pipe lining processes
Finite element inves-
tigation magnesium

alloy internal threads

Coil position,
excitation
current am-
plitude, fre-
quency
Excitation

frequency

AC current,
material vol-

ume

Frequency,
travel speed,
coil-to-work-

piece gap

Hole diame-
ter, machine
speed, heat-
ing tempera-

ture

Target temper-
ature distribu-

tion

Longitudinal
and transverse
magnetic flux
heating behav-
ior

Heating rate,
surface tem-
perature uni-

formity

Temperature
fluctuation of

lining layer

Thread defor-
mation layer,
strength and
hardness im-

provement

Numerical mod- ResearchGate preprint, 2014
eling coupled

with genetic al-

gorithm optimi-

zation

Finite Element ~ Technische Universitidt Wien
Method (FEM)  (Doctoral research)

simulations

2D level-set IEEJ Journal of Industry Ap-
method combined plications, Vol. 7, No. 1, pp.
with 3D coupled 64-72

magnetic—ther-

mal FEM

Response Surface Elsevier journal (Science Di-

Methodology rect)
(RSM)

Finite Element ~ Materials, 13 (2020) 2170
Analysis (FEA)

4.1 Experimental Investigations

Much of the experimental research on induction heating has concentrated primarily on deter-
mining quantitative values that could be measured after the heat treatment, such as hardness dis-
tribution and case depth. These parameters are feasible to analyse and relatively easy to measure.
For instance, in one experimental procedure, a steel sample is heated and then cut into sections,
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and the hardened layer is subjected to microscopy. This technique allows for a good comparison
of different process conditions. One of the most significant limitations of the experimental results
is that the samples used in these types of experiments are typically cylindrical bars and not actual
threaded fasteners. Although this simplification makes it relatively easy to control the setup for
experimentation, one must ponder how accurately it reflects the true geometry of real compo-
nents. The presence of threads creates additional ridges, valleys, and abrupt changes in geometry
that can modify the electromagnetic field in subtle ways. In comparison, a smooth rod exhibits
predictable behaviour throughout the coil.

Another area of concern is measuring temperature. In most laboratory studies, temperatures
are typically taken only on the surface of the sample (via either infrared sensors or thermocou-
ples) and usually near the outer surface. This technique is logical because of the difficulty in
obtaining internal temperature readings while performing rapid induction heating experiments.
However, by taking only surface measurements, the researcher cannot fully appreciate the com-
plete structure of heat distribution because the internal heat distribution may be significantly dif-
ferent than what is measured on the surface of the sample, especially when the parts being ana-
lyzed possess complex geometries, such as bolts and studs.[22], [26], [35],[38].

4.2 Some Testing Has Been Carried out in Industry

Fig 5. Hardness Testing Machine Fig 6. Mechanical Testing Setup
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Fig 7. Hardness Testing Setup

Sample:1 Nut Test Piece
Identification of Sample M27 Nut (Class 8); Lot B1
Material Specification IS 1367(PART 6):2018 Property Class 8

Discipline : Mechanical, Group : Mechanical Properties of Metals
Proof Load Test

Test Method : IS 1367-6:2018
Equipment : CTM-200T Cal. Dt: 20-Feb-2024 Due DI.: 19-Feb-202S

Sr.no Parameter Obtained Value Requirement Value

1 Proof Load Heavy Hex 422300 422300 min.

Remark: The above result(s) meets the specified requirements of IS 1367 (Part 6):2018 Property
Class 8 with respect to test(s) carried out.

Sample:2 Nut Test Piece
Identification of Sample M27 Nut (Class 8); Lot Bl
Material Specification IS 1367(PART 6):2018 Property Class 8

Discipline : Mechanical, Group : Mechanical Properties of Metals
HARDNESS TEST

Test Method : IS 1586-1:208

Equipment : HTM-1 Cal. DI: 05-May-2024 Due Dt.: 04-May-2025

Brinell Hard- Reading Reading Reading Average Requirement
ness Value 1 2 3 At Surface
237 240 237 237.33 233-353
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Remark: The above result(s) meets the specified requirements of IS 1367 (Part 6):2018 Property
Class 8 with respect to test(s) carried out

Sample:3 Nut Test Piece
Identification of Sample M27 Nut (Class 8); Lot Bl
Material Specification IS 1367(PART 6):2018 Property Class 8
TEST REPORT
Discipline : Mechanical, Group : Mechanical Properties of Metals
HARDNESSTEST

Test Method : IS IMAI-1:2019

Equipment : HTM-1

Remark: The above result(s) meets the specified requirements of IS 1367 (Part 6):2018 Prop-
erty Class 8 with respect to test(s) carried out.

Vickers Hardness Value Reading 1 Reading2 Read- Average Requirement

(HV) ing3
1) At Surface 238 242 239 239.67 233-353
2) At Surface 237 235 238 236.67 233-353
3) At Surface 240 242 245 242.33 233-353
4) At Surface 243 238 240 240.33 233-353
5) At Surface 245 240 241 242.00 233-353

Sample:4 Test Piece
Identification of Sample B16 Round Bar-200 mm length
Material Specification ASTM A193/A193M-2023 Grade B16
TEST REPORT

Discipline : Chemical, Group : Metals and Alloys Spectro Chemical Analysis
Test Method : IS 8811:1998(RA2018)
Equipment :SPM-2

Element Result Requirement
% Carbon 0.407 0.36-0.47
% Manganese 0.513 0.45-0.70
% Phosphorus 0.0159 0.035 max.
%Sulphur 0.0069 0.040 max.
%Silicon 0.251 0.15-0.35
%Chromium 0.894 0.80-1.15
%Molybdenum 0.516 0.50-0.65
%Vanadium 0.284 0.25-0.35
%Aluminium 0.009 0.015 max.
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Sample:S

Test Piece

Identification of Sample

B16 Round Bar-200 mm length

Material Specification

ASTM A193/A193M-2023 Grade B16

Discipline : Mechanlcal. Group: Mechanical Properties of Metals

TENSILE TEST

Test Method : ASTM A370:2023

Equipment : UTM-1

Test Parameters Result Requirement
Diameter (mm) 12.48

Cross- sectional area (mm*) 122.33

Original gauge length (mm) 50

0.2% Proof load (N) 103491

0.29a Proof strength (N/mm*) 846.00 725 min
Ukimate tensile load (N) 119643

U.T.S (N/mm’) 978.03 860 min
Final gauge length (mm) 61.07

Elongation (36) 22.14 18 min
Final diameter (mm) 7.23

Reduction of area (%) 66.44 50.00 min
Result Satisfactory
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EXCELLENT INSTRUMENTS
Records for MET TEST LABORATORIES From 2024/10/4 10:25:0 To 2024/10/4 17:31:59
Channell

900

“ad / v " 7

800 + b

750 + 5

700 A 1

650 + + +
04-10-24 09:00:00 04-10-24 12:00:00 04-10-24 15:00:00 04-10-24 18:00:00

Time

»  The figure presents the results of the hardening test conducted at a temperature of 860

°C for a duration of 6 hours.”

EXCELLENT INSTRUMENTS
Records for MET TEST LABORATORIES From 2024/10/6 21:16:0 To 2024/10/6 4:45:59
[ Channeli ]

670 ~ - - .

660

650

640

630 e e

620

610

600 B

590

580 . —— —————————————————f—————————
05-10-24 20:00:00 05-10-24 23:00:00 06-10-24 02:00:00 06-10-24 05:00:00

Time

»  The figure presents the results of the tempering test conducted at 630 °C for a duration

of 6 hours.”

5. Numerical Modeling and Temperature Uniformity

Most researchers will attempt to understand how the heat spreads throughout an ob-
ject via numerical modeling. In general, numerical modeling will combine electromag-
netic and thermal calculations so that the model is able to create an accurate represen-
tation of both how the induced currents are generated by the magnetic field and how
the temperature increases in the material due to the generated heat. Theoretically, this
can be depicted as; Generated magnetic field produces induced current, which then
produces generated heat, and the generated heat causes the material to have different
properties based upon its temperature, and finally, the material will create a different
generated field due to the change in material properties. Therefore, this whole process
continuously feeds into all of the previous elements.




Induction Heat Treatment of Fasteners: Process Parameters, ... 407

The difficulty with this entire process is that the electrical resistivity, magnetic per-
meability, and thermal conductivity of the material do not stay the same as the temper-
ature of the material rises. As an example, the way that steel behaves when it is at room
temperature is much different than when it is very close to / at the austenitizing tem-
perature range. If the model does not take these changing properties of the material into
play, the simulation results will quickly move away from reality. Because of this, the
majority of all accurate simulations/models will use material properties that are tem-
perature variable, even though they may be more complex and time-consuming to cal-
culate.

The geometry of the object (geometry introduces additional complexity) adds to the
amount of time necessary to model and simulate; for example, threaded fasteners have
tight grooves and repeating ridges, and they create a very complicated electromagnetic
environment for the model to calculate and simulate. If all aspects of the geometry are
modeled (i.e. small detail, threads, grooves, dihedral angles, etc.), a very fine computa-
tional mesh is required, which very quickly creates extremely long simulation times.
For this reason, most [8,11,12,22,37].

6. Microstructural and Mechanical Property Outcomes

The role uniform heating plays during heat treatment is quiet yet significant in de-
termining how steel transforms. When heat is applied uniformly across the surface and
near-surface of the part being heated, the martensitic transformation is more likely to
occur uniformly. A hardened layer will also form at a reasonably predictable depth;
thus, the hardness profile from one area of the part to another will be relatively similar
and stable. So, an adequately heated fastener will have similar hardness readings
whether measured at or near the thread crest or slightly deeper into the root.

Heating inconsistently makes achieving this kind of uniformity much more difficult.
For example, local hot spots or cold spots can disrupt the transformation process. One
area of the part may achieve austenitizing temperature while some other area has not
reached it, and the temperature difference may only be tens of degrees. Still, this dif-
ference may cause case depth or hardness distribution to be different than it otherwise
would. The effects of inconsistent heating differences become exacerbated in threaded
components due to the fact that the geometry of threads creates natural stress concen-
trations. Furthermore, the potential for additional localized stresses will occur at the
transition between crest and root when stress is applied to the thread (including during
heat treatment). [34,46,47,48,52].

Table 6. Microstructural and Mechanical Property Outcomes

Parameter Effect on properties
Heating uniformity Controls case depth & hardness distribution
Quenching conditions Residual stress & distortion
Tempering Fatigue strength & toughness
Surface condition Influences corrosion & coating behaviour
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7. Research Gaps

There are many problems with the current body of research that cannot be over-
looked. First, current research shows that there are very few instances of detailed mod-
eling of geometries with threading. Most of the current simulations use smooth, simpli-
fied geometries, as they are easily computable; however, this decision is acceptable due
to the nature of numerical computations and the fact that anyone who has handled bolts
or studs can attest that there are small-ridges and valleys introduced by the thread pro-
file that will not behave like a smooth cylinder inside a coil when subjected to induction
heating. The simplification of these geometries increases the speed at which the model
can run, but likely restricts the investigation of some of the more interesting thermal
behavior.

Another problem with validating experimental evidence; laboratory tests only con-
firm the hardness/case depth of the fastener after the fact, which does tell us something
about the end result of the treatment process. However, there is still no way to truly
observe what is happening inside of a small fastener while it is rapidly heating, they are
essentially still a black box. Observing directly what is occurring inside the fastener
will be difficult due to sensor interference with the electromagnetic field and most of
the non-contact measurements will only capture surface temperatures; therefore, many
of the models appear to be ahead of the experimental evidence supporting the models.

Another area in which development has been slow is in real-time temperature meas-
urement. In an industrial heat treatment process, fasteners can be processed very
quickly through the system.

8. Research Framework for Fastener-Scale Induction Heat Treat-
ment

Going forward, it would seem necessary to combine experimental studies and nu-
merical or computer model studies much more so than they currently are; that is, they
now exist as two separate and distinct areas of research, with both having their own
advantages and disadvantages, and questions that remain unanswered by either method
individually. On one hand, numerical models allow one to explore the influence of nu-
merous parameters on a rapid basis, thus assisting one in understanding how coil con-
figuration and/or frequency might affect the heating of the specimen. On the other hand,
empirical testing of the sample provides the necessary experimental data to validate the
numerical predictions.

Testing will be performed on different types of specimens over time. For example,
the initial specimen used in most studies will be a smooth cylindrical specimen. This
makes sense because from both production and modeling perspectives, it is a relatively
easy item to create and will tend to behave predictably when inductively heated. How-
ever, the actual components of a product manufactured using induction heating (e.g. in
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industry) are not typically designed in such a simplistic manner, and by gradually in-
creasing the geometric complexity of the specimen (e.g. from smooth cylindrical spec-
imens to fully-threaded bolted or stud type samples), it is likely that further important
elements of inductive heating will be determined that cannot be discovered in a simpli-
fied specimen type.

In addition to changing specimen geometric configurations, also critical to the suc-
cess of testing will be the effectiveness of the experimental design used to generate
data. Therefore, rather than altering one parameter at a time, developing structured ex-
perimental designs would assist researchers in identifying the effects of multiple vari-
ables simultaneously. [8,13].

9. Conclusions

The induction heating of fasteners heavily depends on several process parameters. The key
parameters include frequency, power density, and coil design. When one of these parameters
is altered, the temperature distribution in a fastener can change, in sometimes unexpected
ways. For example, a small difference in frequency could cause heat to be concentrated more
on the crests of the threads rather than the roots of the threads. The temperature change in a
smooth laboratory specimen might seem small, but for a bolt, these subtle differences may
be significant.

The geometry of fasteners is another factor to consider. Especially when they have threads,
fasteners have extreme changes in geometry, many narrow valleys and repeating ridges
which change the way the fasteners interact with the electromagnetic field (EMF). In a per-
fectly smooth, round metal cylinder the induction field is quite gentle to the cylinder. In a
threaded stud, the field has less respect for the physical boundaries of the fastener, and the
temperature distribution across the fastener’s surface will also be nonuniform. This differ-
ence between the experimentally defined (idealized) geometry of fasteners and actual geom-
etries can often be difficult to identify in simulation-based analyses.To bridge this gap more
experimental validation could be beneficial to the field. While modeling of fasteners is val-
uable, it gives an insight into the trend and helps narrow the search for acceptable parame-
ters.
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