
Introduction

Modern steel coil processing lines
(such as pickling and galvanizing) benefit
greatly from a continuous feed of steel
strip, a process that requires coil end join-
ing (Ref. 1). As is shown in Fig. 1, contin-
uous processing is achieved through the
combined use of an accumulator (Fig. 1B)
(Ref. 2) and a coil end welding machine

(Fig. 1C). Due to the finite capacity of the
accumulator, one main constraint on weld-
ing process selection is welding speed. Ad-
ditional constraints, such as material
thickness, result in a variety of welding
processes being used for coil end joining,
including gas tungsten arc welding
(GTAW), gas metal arc welding (GMAW),
flash welding (FW), resistance (mash)
seam welding (RSEW-MS), and laser
beam welding (LBW) (Ref. 3). Note that
the last two are mostly used on tin coating
and recoiling lines, where the sheet thick-
ness is less than 1 mm.

Joining of advanced high-strength
steel (AHSS) coil ends brings additional
challenges to coil end joining due to in-
herent high strength, prompting difficul-
ties in end shearing, and faying surface
alignment, and a propensity for localized
hardening in welding microstructures. In-
deed, excessive hardness in the fusion and
heat-affected zones has been reported in
the case of laser beam welding of dual-
phase (DP) and transformation-induced
plasticity (TRIP) steels (Ref. 4). The pres-
ence of such excessive hardness can pro-
vide a metallurgical notch, precipitating
joint failure during subsequent mill oper-
ations. To eliminate potential problems
stemming from the as-cast microstruc-
tures found in fusion welding, a solid-state
welding process is desired for joining
AHSS coil ends. While resistance welding
(RW) and flash welding (both solid-state
processes) are currently widely employed
in coil joining, RW is slow and is limited to
small thicknesses (Ref. 1) while FW can
be difficult to control because it is sus-
ceptible to irregular arcing and incom-

plete fusion on the strip edges. Even re-
sultant strip breaks of 0.2% are not ac-
ceptable, as equipment is damaged and
production lost. Therefore, an improved
solid-state joining process is desired for
joining AHSS coil ends.

Previous work has demonstrated that a
coupled high-frequency induction heat-
ing/pressure welding (termed hyper-inter-
facial bonding) operation can produce
faying surface coalescence in butt joint con-
figurations and minimize thermally induced
changes in grain size of ultrafine-grained
steel (Ref. 5). Heating times for 5 × 5 × 30-
mm specimens were shown to be very rapid
(0.2 s to 1600°C at 1 MHz and 50–59 kW)
(Ref. 5), indicating that high-frequency
welding can satisfy the time constraints as-
sociated with coil end joining.

Additionally, previous research
demonstrated that high-frequency welding
could produce good welds in AHSS speci-
mens (Fig. 2), as evidenced by successful
limited dome height formability testing
(Ref. 6). The long history of successful
high-frequency induction welding (HFIW)
of joints in tubular products and structural
shapes (Ref. 7) also suggests the useful-
ness of high-frequency welding for coil end
joining. 

This present work builds on this foun-
dation by developing numerical and ex-
perimental techniques for simulating
high-frequency welding of dual-phase
steel coil ends, thereby 1) providing insight
into fundamental high-frequency heat-
ing/material interactions, 2) establishing
operating parameters, and 3) demonstrat-
ing the feasibility of joining DP steel coil
ends with high-frequency welding.

Physical Simulation Overview

High-frequency induction heating/
pressure welding of dual-phase steels was
performed at small scale through induction
heating using a solid-state-controlled,
state-of-the-art 100-kW variable-frequency
(250–400 kHz) induction welding power
supply. After heating specimens to forging
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ABSTRACT
Continued development of ad-

vanced high-strength steel (AHSS) re-
quires a corresponding improvement
in joining technology. One promising
joining method is high-frequency butt
joint welding. Seeking to validate the
utility of this process for joining AHSS
flat sheet specimens for steel mill pro-
cessing lines, high-frequency butt joint
welding of flat sheet steel was investi-
gated through a combined numerical
and experimental simulation method-
ology. Simulated welds were produced
and pre-Curie and post-Curie temper-
ature heating rate differences were ob-
served with infrared radiation (IR)
imaging. Good correlations were
found between numerical predictions
and actual heating rates.  Final metal-
lographic analysis revealed complete
coalescence of faying surface, with
only minor hardening at the weld in-
terface. It was concluded that high-fre-
quency welding shows good potential
for coil joining in steel processing
lines.
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Fig. 1 — Schematic representation of accumulator and coil end welding ma-
chine utilized in continuous steel strip processing mills. A —  Strip to mill; B
—  accumulator — moving vertical rollers allow for a varying amount of strip
to be stored, enabling the stored strip to be fed to the mill line while keeping
the coil end stationary; C —  welding machine utilized to join the end of the
coil in the mill and the lead end of the next coil. (Fig. 1B reproduced after
Ref. 2 with permission from MetalForming/PMA Services, Inc.)

Fig. 2 — High-frequency welds made in advanced high-strength steels (dif-
ferent composition than the DP600 but still possessing near 600 MPa ulti-
mate tensile strength). A — As-welded specimens; B —  transverse micro-
graph. Previously published in Ref. 6. Used with permission from US Steel
Research Europe, Kosice, Slovak Republic.
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temperatures and turning off the induction
coil power supply, controlled deformation
was delivered by the hydraulic ram system
of a connected Gleeble 1500® thermome-
chanical simulator. All heating and defor-
mation timing was precisely controlled via
a LabVIEW control program connecting
the two systems. Small-scale welding spec-
imens (1.5 × 44 × 89 mm) were rigidly con-
strained in aluminum jaws and heated by a
water-cooled, copper induction coil — Fig.
3A. Atmospheric shielding was accom-
plished by flooding the welding chamber
with argon. 

As compared to the industry standard
high-frequency resistance welding
(HFRW) often employed in tube welding

(Ref. 7), the experimental simulation tech-
nique reported here is distinguished by 1) a
transient process unable to reach the
steady-state operating condition character-
istic of HFRW, 2) controlled relative mo-
tion between faying surfaces (i.e., not de-
pendent upon the speed or V angle of the
advancing pipe), and 3) variable frequency
between 250 and 400 kHz using the latest
solid-state power control technology.

Fundamentals of the Heating Mechanisms

Heating of welding specimen edges
prior to forging is the consequence of both
eddy current heating, accentuated by the
skin effect, and hysteresis heating (ferro-

magnetic materials only). Eddy current
heating occurs due to resistive heating
losses accompanying induced current flow
in a material. By consequence of the skin
effect, current distributions are restricted
to shallow penetration depths on faying
surfaces, leading to rapid heating and high
efficiencies (Ref. 8). For ferromagnetic
materials, hysteresis heating also occurs, a
direct consequence of inelastic magneti-
zation/demagnetization (represented by
the area enclosed by the BH curve of a
material) (Ref. 9). Naturally, hysteresis
heating ceases when the Curie tempera-
ture (approximately 1033 K for ferromag-
netic materials) (Ref. 10) is reached and
materials become paramagnetic. 

A

Fig. 3 — A — Physical simulation setup. Note results reported in this present
investigation utilized a single-turn induction coil and did not use the two-turn
coil shown above; B —  electromagnetic model simulation geometry with rep-
resentative mesh density; C — thermal model simulation geometry with repre-
sentative mesh density.

B

C
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Fundamentals of the Deformation 
Mechanisms

Weld quality in high-frequency weld-
ing is strongly dependent upon the nature
of deformation at the faying surface. Pre-

vious research in-
dicates that control
of deformation
input parameters
of total faying sur-
face upset, defor-
mation strain rate,
and forging opera-
tion temperatures
can improve coa-
lescence of faying
surfaces during
high-frequency
welding of high-
performance steels
(HPS) (Ref. 11).
While the signifi-
cance of these
mechanisms is cer-
tainly recognized
in this present re-
search, neither

total upset nor deformation rates were
considered as primary variables in this
initial process development, as funda-
mental heating parameters were of pri-
mary concern.

Objectives

The purpose of this numerical and
physical simulation study was to under-
stand and characterize the thermal phe-
nomena governing the bond quality in
transient high-frequency joining of DP
steels. The study was also intended to val-
idate the concept of designing a steel coil
joining prototype and provide means to
link parametric effects found at small scale
to future full-scale implementation.

Methodology

Induction Heating Simulation Overview

Induction heating is modeled by solv-
ing both the electromagnetic response to
current flow through the heating coil and
the thermal response of the specimen to
eddy current and hysteresis heating. The
electromagnetic regime is described by
Maxwell’s equations and associated con-
stitutive relations (as given by Ref. 15)

(1)
� �
∇ ⋅ =B 0
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Fig. 4 — A — Comparison of numerical and experiment temperatures; B — heating rates vs. time at the faying surface (weld interface center). Numerical sim-
ulation results for DP600 heated with a 1750-A induction coil current input (315 kHz). Physical experimental results shown for DP600 welded at 315 kHz and
40 kW.

Fig. 5 — Comparison of numerical and experiment temperature distributions.
Experimental data obtained through static heating trials of DP600.

A B

Table 1 — Material Input Parameters for Numerical Simulations of High-Frequency Induction Heating of DP600 Sheet Steel

Temp. Thermal Temp. Specific Temp. Resistivity Magnetic B H 293 K 523 K 773 K 1023 K
K Conductivity Κ Heat K μΩ⋅m Loss Field Amp⋅m-1 μr μr μr μr

W⋅m–1⋅Κ−1 J⋅kg–1⋅Κ−1 W⋅kg–1 T

273 59.5 323 450 273 0.3 0.00 0 0 0.0 0.0 0.0 0.0
373 57.8 473 520 373 0.38 5512 0.015 100 11.0 9.2 6.7 1.9
473 53.2 573 565 473 0.44 22050 0.03 200 16.6 13.8 10.0 2.9
573 49.4 623 590 573 0.42 49612 0.045 300 20.3 17.0 12.3 3.6
673 45.6 723 650 673 0.65 88200 0.06 400 23.2 19.4 14.1 4.2
773 41 823 730 773 0.78 137812 0.075 500 25.5 21.3 15.5 4.7
873 36.8 973 825 873 0.92 198450 0.09 1000 35.2 29.5 21.6 6.8
973 33.1 1023 1100 973 1.11 270112 0.105 2000 44.8 37.7 27.9 9.4

1073 28.5 1073 875 1073 1.34 352800 0.12 3000 50.7 42.9 31.9 11.4
1273 27.6 1123 846 1173 1.55 446512 0.135 4000 55.2 46.8 35.2 13.2

Note: Thermal conductivity values were taken from SAE 1008 carbon steel (Ref. 18); specific heat capacity values were taken from SAE 1010 (323–1023 K) and SAE 1008 (1073
–1123 K) (Ref. 16). Resistivity values were determined using DP980 (Ref. 17). Magnetic loss was determined at 280 kHz using Equation 9. Relative magnetic permeability was
determined using Equation 10. 
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(2)

(3)

(4)

(5)

(6)

(7)

where B is magnetic induction, D is elec-
tric flux density, E is electric field strength,
H is magnetic field strength, µ is magnetic
permeability, ε is dielectric constant, and
σ is conductivity.  

Solutions in the electromagnetic
regime yield eddy current and hysteresis
power losses, which comprise the thermal
generation term in the generalized heat
equation (Refs. 12, 15)

(8)

where Q is internal heat generation (in this
problem, coming from hysteresis and eddy
current power losses), k is thermal con-
ductivity, ρ is density, and C is specific
heat. 

Solving the heat equation yields the re-
sulting temperature distribution in the spec-
imen. Due to the temperature dependence
of all material properties, coupling between
the governing equations is highly nonlinear,
requiring a numerical solution method.
(Refer to Refs. 9 and 12–15 for detailed ex-
planations of the governing equations and
associated numerical solutions.)

In this present work, a systematic nu-
merical simulation of induction heating of
flat sheet DP steels was conducted using
the commercial finite element analysis
(FEA) software MagNet and ThermNet
from Infolytica Corp. MagNet enables a
user to model components and current-
carrying conductors (using a CAD-type in-
terface) and solve for the resulting elec-
tromagnetic field interaction between the
two via an FEA-based solution method.
Solutions include static, time-harmonic,
and transient responses in two or three di-
mensions. Similarly, ThermNet provides

an FEA-based solution to the transient
thermal response of a component subject
to heating or cooling phenomenon. Solu-
tions include static and transient responses
in two or three dimensions. Induction
heating is modeled by solving electromag-
netic and thermal systems together.

Numerical Simulation: Specimen 
Geometry, Mesh, and Boundary 
Conditions

Model geometry was defined in two di-
mensions only, operating under the as-
sumption that edge heating effects were
negligible. Dual-phase steel welding spec-
imens were each said to be 1.6 mm thick
and 43.5 mm in length, with a 1-mm root
opening between faying surfaces. The in-
duction coil was modeled as a solid copper
conductor of 6.35 mm diameter with a
liftoff of 4 mm. Aluminum jaws utilized to
contain specimens during physical trials
were also included in the model — Fig.
3B. Simulations were conducted in a sim-
ulation cell (referred to as the AirBox) of
dimensions 176 × 176 mm.  

Following the definition of specimen

� �
∇ ⋅ =D 0

� �
�
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Fig. 6 — Sample 18: DP 600, 42 kW, 315 kHz, 4 s heating. A — Welded sample; B — base metal; C — grain-refined zone; D — weld interface.

A B

C D

.
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geometry, the second step in FEA imple-
mentation was spatial discretization. In the
electromagnetic model, due to the rapidly
changing electromagnetic fields, the maxi-
mum element size (MES) in the sample was
to be no larger than 0.25 mm. No MES was
specified for the AirBox or the coil, and the
computer generated one appropriate to the
geometry — Fig. 3C. For the thermal
model, no maximum element size was set
for any part of the model, and an appropri-
ate mesh was automatically generated —
Fig. 3C. A polynomial order of two was set
for all element equations. 

The electromagnetic boundary condi-

tions were set to have flux lines tangential
to the AirBox perimeter and at the inter-
section of the AirBox with the sheet spec-
imen. This facilitated the approximation
that the sheet specimen was being induc-
tively heated in an infinitely large volume.
In the thermal regime, the adiabatic
boundary condition was applied to all sur-
faces, assuming that radiative and convec-
tive heat losses were small compared to
conduction of heat within the specimen. 

Numerical Simulation: Material Properties

Material properties requiring defini-

tion for successful FEA simulation of in-
duction heating are mass density, thermal
conductivity, specific heat, electrical resis-
tivity (or conductivity), magnetic loss (hys-
teresis loss), magnetic permeability, and
electric permittivity. Mass density was
taken to be 7600 kg.m3. Thermal conduc-
tivity and specific heat were determined
through handbook data for low-carbon
steel (Ref. 16), with the values defined as
shown in Table 1. Electrical resistivity as a
function of temperature was measured
through a modified form of ASTM B-193
(Ref. 17) (Table 1). While simulations
were based on resistivity data collected on
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Fig. 7 — A — Temperature evolution at the weld interface for DP600; B — temperature evolution at the weld interface for SAE 1018; C — temperature distri-
bution at time of maximum temperature (immediately prior to upset) of DP600; D — temperature distribution at time of maximum temperature (immediately
prior to upset) of SAE 1018.

A

Table 2 — Representative Physical Simulation Input Parameters for DP600 and SAE 1018

Material Frequency Power Gap Liftoff Upset Disp. Trial Time
kHz kW mm mm mm Rate s

mm s–1

SAE 1018 316 42 1 4 –1 10 4
DP 600 315 42 1 4 –2 100 4

SAE 1018 403 42 1 4 –2 20 4
DP 600 398 42 1 4 –2 20 4

Note: See Appendix 1 for all data.
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DP980, additional resistivity testing of
DP600 demonstrated the values to be
nearly identical — Fig. 8. Magnetic loss
was determined through the empirically
based Steinmetz equation (Ref. 18):

(9)

where <P v(t)> is the average power loss
per volume; C, α , and γ are constants (set
equal to 87500, 1, and 2, respectively); f is
frequency; and B is the peak magnetic in-
duction. Magnetic permeability was found
through the following equation

(10)

where μr is the relative magnetic perme-
ability, k1 and k2 are constants (set equal
to 10 and 100, respectively); and Tc is the
Curie temperature. Magnetic induction
(B-field) was subsequently determined by
treating μ as the first derivative of the B-H
curve and performing numerical integra-
tion (Ref. 15).  

In the initial stages of material property
definition, experimentally obtained heat-
ing profiles of DP steel at low powers (1
kW) were utilized to optimize the correla-
tion between numerical and experimental
simulation heating profiles. Assuming that
hysteresis heating dominates the heating
mechanism before the Curie temperature,
hysteresis loss was treated as a correction
factor and the constants of Equation 1
were iteratively adjusted until an optimal
correlation was obtained with experimen-
tal heating curves. Following material
property definition, high-power simula-
tions were conducted (1000–1750 Arms coil

current input, 250–400 kHz, and 4.5 s heat-
ing time). A complete list of material input
properties for DP600 is provided in Table
1. Electromagnetic models were solved
using the time-harmonic approximation
(material nonlinearities were still consid-
ered) while the thermal mode was solved
for the transient solution. A time step of
0.25 s was used in the electromagnetic
model, while a 0.10 s time step was utilized
in the thermal model. 

Experimental Simulation Methodology

Dual-phase steel and SAE 1018 carbon
steel specimens (1.5 mm thick) were water
cut to 1.75 × 3.5 in. (44.45 × 88.9 mm), sand-
blasted, and painted with high-
temperature HiE-Coat™ 840-M paint (Ref.
19), designed to ensure consistent material
emissivity and corresponding infrared radi-
ation (IR) camera accuracy. Welds were
made on both DP and carbons steel, with
the primary operating parameters being 4-
mm coil liftoff, 42 kW, 315 kHz, and a 1-mm
root opening (Table 2). During heating, the
transient thermal response was collected
via two digital IR cameras, which provided
(when operated together) an accurate
measure of a range of temperatures be-
tween 298 and 1733 K. Data collected with
these two cameras enabled temperature
evolution at the weld interface and tem-
perature distributions transverse to faying
surfaces to be measured. Following weld-
ing, metallurgical analysis was performed
using optical microscopy and Vickers mi-
crohardness indentation (1000-g load and
12-s dwell time). Selected specimens were
cross sectioned transverse to the weld in-
terface, mounted, prepared to a 1.0 μm
final polish, and chemically etched using
2% Nital etch.

Results

Numerical Simulation

Temperature evolution profiles for the
faying surface of DP600 specimens (FEA
simulation at 1750 Arms input current and
315 kHz) clearly indicated the distinct
heating mechanisms occurring before and
after the Curie temperature — Fig. 4A.
Before the Curie temperature (~1033 K),
heating rates are as high as 1000 K s–1.
After the Curie temperature, heating rates
drop to approximately 225 K s–1, a de-
crease of approximately 75% — Fig. 4B.
Comparison with physical simulation re-
sults indicates that the numerical values
fall within approximately 10% of the ex-
perimental data, emphasizing that the dra-
matic decrease in heating rate after the
Curie temperature observed in our nu-
merical simulations is indeed a real result. 

While heating profiles at the faying sur-
face correspond well between the numer-
ical and physical simulations, temperature
distribution comparisons (sampled at the
peak temperature in static heating trials)
reveal a growing divergence (with increas-
ing distance from the weld interface) be-
tween the numerical and experimental
temperature distributions — Fig. 5. Di-
vergence between numerical and experi-
mental simulations in the transverse
heating profiles suggests that our material
property values could be further refined.
We consider Equations 9 and 10 to be the
most likely source of this divergence, es-
pecially since Equation 10 deviates some-
what from formulations given in the
literature (Refs. 13, 15). However, the ac-
curate temperature evolution profiles in-
dicate that our general methodology is
sound, and we anticipate that future re-
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Fig. 8 — Resistivity vs. temperature profiles for DP600, DP980, and SAE
1025. Resistivity data for SAE 1025 taken from Ref. 16. Resistivity of DP
steels determined through a modified form of ASTM B193-02 (Ref. 17).

Fig. 9 — Hardness data on DP600 high-frequency welding simulation 
specimens.
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finement of model material properties
(particularly magnetic loss and permeabil-
ity) could improve results. 

Physical Simulation

Both SAE 1018 and DP600 steel sheet
specimens (1.6 × 44 × 89 mm) were welded
at the parameters in Table 2, successful
welds being produced in all cases  — Fig.
6. During welding, IR thermal imaging of
specimens was obtained, enabling the de-
termination of temperature evolution of
the weld interface and temperature distri-
butions transverse to the weld interface
(measured right before the weld plunge).

Curie Temperature Effect on Heating Rate

Analysis of the continuous heating pro-
files (Fig. 7) indicates a striking difference
in heating rate before and after the Curie
temperature (inflection point in the heat-
ing curve), similar to the results obtained
through numerical simulations. This dif-
ference was the expected result due to the
sudden change in heating mechanism
upon reaching the Curie temperature. The
magnitude of the heating rate differences
was significant, with the post-Curie tem-
perature heating rate being nearly 75%
less than the pre-Curie temperature heat-
ing rates (~225 K s–1 vs. ~900 K s–1).

Heating Rate Comparisons between DP600
and SAE 1018

In addition to a difference in heating

rate before and after the Curie tempera-
ture, comparison of continuous heating
profiles between DP600 and SAE 1018
welding specimens revealed a noticeable
difference (also observed qualitatively
during experiments) in induction heating
response. Statistical analysis performed
using a one-sided t-test (data assumed to
be normally distributed and variances as-
sumed to be unequal) indicated a statisti-
cally significant difference between the
mean heating rates for DP600 and SAE
1018. For mean pre-Curie temperature
heating rates, DP600 was shown to be
7.6% greater than SAE 1018 at a 96% con-
fidence level (Table 3). However, post-
Curie temperature heating rates and
maximum temperatures were not shown
to have any statistically significant 
differences. 

The lack of a statistically significant dif-
ference in heating rate after the Curie tem-
perature indicates that heating arising from
resistive losses is essentially the same in the
two materials, prompting the supposition
that the difference in heating rate between
DP600 and SAE 1018 must arise from a dif-
ference in the magnetic response of each
material. Support for this conjecture is sup-
ported first by the similarity in resistivity vs.
temperature profiles for dual-phase and
carbon steel (Fig. 8) (Refs. 16, 17). Sec-
ondly, such an explanation is bolstered by
the reported sensitivity of the magnetization
response of materials to their composition
and microstructural differences (Refs.
20–22). Considering that compositions
(Table 4) (Refs. 23, 24) and microstructures

(by definition of a dual-phase vs. plain car-
bon steel) are different between DP600 and
SAE 1018, the magnetization response
ought to be different between the two ma-
terials, as was observed experimentally.

Metallography

Microstructure analysis of the DP600
specimens revealed grain coarsening at
the weld interface, indicating that upset
was not sufficient to expel the thermally
affected base metal completely from the
weld interface — Fig. 6. Microhardness
profiles across the welding zone indicated
a slight hardening at the weld interface  —
Fig. 9. However, in an extreme case of fail-
ure to upset the cast microstructure, hard-
ness at the weld interface was double
those values found in other specimens, un-
derscoring the importance of sufficient
upset to displace unwanted material from
the faying surfaces. 

Deformation Response

A maximum force of approximately
275 kN was measured at the faying sur-
faces, indicating that a maximum pressure
of 20 MPa ensured faying surface coales-
cence and upset. 

Conclusions

1) Fundamental induction heating
mechanisms were revealed through a com-
bined numerical and physical simulation
effort. Specifically, in both DP600 and
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Table 3 — Summary of Statistical Analysis

Pre-Curie Temp Post-Curie Temp Max. Temp.
Heating Rate Heating Rate K

Ks–1 Ks–1

Mean DP 600 SAE 1018 DP 600 SAE 1018 DP 600 SAE 1018
Mean 904.9 786.0 227.6 225.6 1697.6 1692.5
St. Dev. 62.8 68.0 25.1 42.2 8.9 27.2
Observations 8 9 25.1 42.2 7 3
df 15 13 2
Hypo. Dif. 60 0 0
t Stat 1.856 0.122 0.317
t Stat-Critical 1.753 1.77 2.920
1 Tail P Value 0.04 0.45 0.390
DP 600>SAE 1018 by 7.6% 0% 0%
with Confidence 96% — —

Table 4 — Composition Information

C Mn P S Si Cr Mo Al N Ti Other

1.52 mm DP 600 0.084 1.50 0.009 0.0073 0.010 0.032 0.315 0.054 0.017 <0.002 V = 0.003
GN (Ref. 23) Cu = 0.037
AISI 1018 (Ref. 24) 0.15–0.20 0.60–0.90 ≤0.04 ≤0.05 0.15–0.30 — — — — — Cu ≥ 0.20
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SAE 1018 (ferromagnetic) materials, heat-
ing rates were found to be significantly dif-
ferent before and after the Curie
temperature. Additionally, induction heat-
ing rates were found to be dependent on
the ferromagnetic material type. 

2) Satisfactory simulated welds can be
produced in sheet steel specimens at 42
kW, 315 kHz, and heating for 4 s with 1-
mm root opening (gap) between faying
surfaces. This result demonstrates that
high-frequency induction heating/pressure
welding could serve as an excellent solid-
state joining process for use in joining steel
coil ends in continuous coil processing
mills. 

3) The usefulness of the coupled nu-
merical and experimental simulation tech-

nique was clearly evidenced by the insights
gained into the high-frequency induction
heating process. 

Additional study of this new process is
certainly warranted and successful realiza-
tion of a full-scale prototype of the joining
process is optimistically anticipated. 
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◆ What was found?
◆ What is the significance of your results?
◆ What are your most important conclusions?
With those questions in mind, most authors can log-

ically organize their material along the following lines,
using suitable headings and subheadings to divide the
paper.

1) Abstract. A concise summary of the major ele-
ments of the presentation, not exceeding 200 words, to
help the reader decide if the information is for him or her.

2) Introduction. A short statement giving relevant
background, purpose, and scope to help orient the
reader. Do not duplicate the abstract.

3) Experimental Procedure, Materials, Equipment.
4) Results, Discussion. The facts or data obtained

and their evaluation.
5) Conclusion. An evaluation and interpretation of

your results. Most often, this is what the readers remem-
ber.

6) Acknowledgment, References and Appendix.
Keep in mind that proper use of terms, abbreviations,

and symbols are important considerations in processing
a manuscript for publication. For welding terminology, the
Welding Journal adheres to AWS A3.0:2001, Standard
Welding Terms and Definitions.
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