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Introduction

There are a wide range of important
applications for metal tube materials in
various fields. The production process of
high-frequency longitudinally welded pipe
includes first using a roller to coil the long
steel strips of a certain size into a cylinder
shape, and then join them by heating the
steel materials at the welding edge with a
high-frequency welding machine — Fig. 1. 

The processes include uncoiling, strip
straightening, end cutting, butt joint weld-
ing, loop storage, pipe sizing, passing a hy-
drotest, printing, and coating. High-
frequency welded pipes are widely applied
due to advantages such as no weld filler
needed, small heat-affected zone (HAZ),
high-precision pipe forming, and high-
efficiency continuous production. High-fre-
quency welded pipe quality mainly depends
on the quality of the weld, and the temper-
ature distribution of the high-
frequency induction heating is a key factor
affecting the quality. The competition focus
in the steel pipe industry has been gradually
formed in the development of high-end
welded tubes, equipment manufacturing,
and process innovation; thereby, the pri-
mary thrust in future development is im-
proving the quality of welded tubes. Pipe
production should first turn steel plate to tu-

bular, then use the coil with high-frequency
electric current transfer energy to the tube
edge to complete welding.

A science and technology key is to
solve the stability problem of weld quality.
In practice, the welding process is often
adjusted depending on the welder with
years of experience who will observe the
splash of weld sparks, weld glitch shape,
and color of a thermally affected zone.
However, this mode of production not
only requires a welder with a high techni-
cal level, but it is also unable to guarantee
continuous and stable weld quality. It is
often required to take samples of the
formed tubes so as to perform tests of met-
allurgical and mechanical parameters to
investigate whether the quality of the
welding area can meet the manufacturers’
requirements, not only increasing the
product cost, but also extending the pro-
duction cycle and reducing the production
efficiency.

With the increasing market demand for
high weld quality, the traditional method
of controlling the welded tube quality by

relying on postproduction tests and metal-
lurgical observation of the welding area
not only requires a great deal of man-
power, materials, and financial resources,
but is also inefficient, and more impor-
tantly, it is unable to guarantee precise
control of welded tube quality, a decrease
in the rate of waste pipes, and stable pro-
duction of high-quality welded tubes. The
welding process has been optimized to re-
duce power consumption and improve the
weld quality with computer simulation
technology so as to efficiently allocate
coils, magnetic bars, and rollers.

It is difficult to establish a multifield
coupling model during a heating process
of longitudinal welded pipe due to the spe-
cial form of magnetic flux distribution
under a complex V-shaped geometric area
of the pipes to be welded, and highly non-
linear changes of the physical properties
of material parameters and other factors.
In practice, either the edge is overheated
due to high power, or there is a cold weld
at the weld joint center due to low power
even though the edge is properly welded.

Wei et al. (Ref. 1) measured and ana-
lyzed the residual stress of joint welds in
high-frequency welded pipe with the
blind-hole method and an ANSYS finite
element analysis program. It was discov-
ered that the residual stress distribution of
high-frequency welded pipe is consistent
with that of general arc welding. However,
a general moving thermal source that is
similar to arc welding has been adopted to
obtain the temperature field without actu-
ally considering the characteristics of
high-frequency welding due to the restric-
tions of the computer hardware and soft-
ware at that time. Important factors influ-
encing temperature distribution such as
the special V-shaped geometric pipe area
were not considered, failing to obtain the
accurate hourglass-shaped temperature
distribution.

Asperheim and Grande (Ref. 2) con-
ducted two-dimensional finite element
analysis on a high-frequency induction
heating section of a longitudinal welded
tube, focusing on the study of the horizon-
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tal temperature distribution of the weld
zone, conducting qualitative analysis on the
importance of the weld quality of smaller V-
shaped angles, and a series of problems
caused by excessively large V-shaped angles
that lead to overheated plate edges and a
low temperature in the center of the tube
walls. However, only a two-dimensional
computational model was developed, and
an hourglass-shaped transverse tempera-
ture distribution of the temperature field
was approximately obtained with the con-
sideration of the complexity and computa-
tional cost of the electromagnetic, thermal,
and movement coupling with a great deal of
idealistic assumptions on the model.

Hyun-Jung et al. (Ref. 3) of South Korea
developed a three-dimensional model with
impeder and pointed out the importance of
a magnetic bar on the welding process.

Mathematical Model

The main basis for induction heating is
the three basic principles, namely electro-
magnetic induction, skin effect, and prox-
imity effect. Thermal conductivity has an
important impact on the formation of the
temperature field because induction heat-
ing studied in this paper is local heating,
and the wall thickness of steel pipe is large.
The entire induction thermal treatment
process is a combination of induction
heating and thermal conduction.

Maxwell’s equations according to the
described basic characteristics of electro-
magnetic fields are as follows:

Where H represents the magnetic field
intensity vector, A/m; j0 represents the
current intensity vector, A/m2; D repre-
sents the electric displacement vector,

C/m2; E represents the current intensity
vector, V/m; B represents the flux density
vector, Wb/m2; and ρ0 represents the
charge density, C/m3.

The electromagnetic field is solved
with the magnetic vector potential method
in ANSYS. It is inferred from the vector
analysis that the divergence result must be
zero after solving the rotation in any vec-
tor, that is, for any vector A, there is as fol-
lows:

∇ • (∇ × A) = 0 (2)

Comparing the above equation with
the third equation of the Maxwell equa-
tions, it can be inferred that

B = ∇ × A (3)

Substituting it into Maxwell’s equa-

tions, the finite element equation solving
alternating magnetic field in ANSYS soft-
ware can be inferred as the following:

[K + jωC] + {A} = {F} (4)

Where K represents the coefficient ma-
trix, j represents imaginary, j = √–1, ω rep-
resents a magnetic damping matrix, {A}
represents a node complex magnetic vector,
and {F} represents an external load vector.

The computational model of tempera-
ture field consists of two parts. The oper-
ation of tube welding in an induction heat-
ing zone is a nonstable thermal transfer
process with a nonuniform internal ther-
mal source. The conduction differential
equation is as follows:

∂2T/∂x2 + ∂2T/∂y2 + ∂2T/∂z2 + qv/k
= ρc/k × ∂T/∂t (5)
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Fig. 2 — A to D — Change of a pipe’s physical attributes as a function of temperature.

Fig. 3 — A and B — Tube model of 219 mm diameter × 8.94 mm thick.

Fig. 1 — The production process for high-frequency
longitudinally welded pipe.
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where Joule heat induced from current,
which is used as the intensity of the inter-
nal thermal source, is as follows:

qv = ρ1⎢j0⎢2 (6)

where T represents temperature, °C; qv rep-
resents the intensity of internal thermal
source, W/m3; k represents the thermal con-
ductivity of the materials with the same fea-
tures, W/m°C; ρ represents density, kg/m3; c
represents specific heat, J/kg°C; ρ1 repre-
sents the resistivity of tube materials, Ωm; j0
represents the induced current density,

A/m2; and t represents time, s.
In the application of ANSYS software,

the used cylindrical coordinate and the
form of the heat conduction differential
equation is as follows:

(rk×∂T/∂r) + 1/r2×∂/∂θ (k×∂T/∂θ)
+ ∂/∂z (k×∂T/∂z) + qv = ρc×∂T/∂t (7)

The complex vector differential equa-
tion of the eddy current field is as follows:

∇ × 1/μ ∇ × Ā = – σ×∂Ā/∂t + J (8)

where σ = 5.67 × 10–8 W/m2K4 that is the
Stephen-Boltzmann constant, μ repre-
sents magnetic permeability, and Ā is the
magnetic vector potential, which is an aux-
iliary quantity introduced only for conven-
ience of analysis.

The heat exchange conditions due to
convection and radiation at the tube sur-
face is defined by the Neumann boundary
conditions

– ∂T/∂n ⎢ r = αc (TS – Tα)
+ αR (TS – Tα) ⎢r (9)

where TS represents surface temperature
of a steel pipe, °C; Tα represents ambient
temperature around the steel pipe, °C; αc
represents a convection heat transfer co-
efficient, W/(m2·°C); αR represents a co-
efficient of thermal radiation; and n rep-
resents the normal direction of the
boundary surface.

Based on the Stefan-Boltzmann law,
the following formula is inferred:
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Fig. 4 — A — Overall distribution of temperature; B — cross section of the highest temperature point.

Fig. 5 — Cross section of a metallographic corrosion. Fig. 6 — Distribution of heating time and temperature difference with a
different magnetic bar radii.

Table 1 — The Main Parameters under the Initial Conditions

Impeder radius (mm) 35 Horizontal distance of coil (mm) 180
and the V-shaped point

Impeder length (mm) 800 Pipe length (mm) 260
Coil inside diameter (mm) 260 Pipe outside diameter (mm) 219
Coil outside diameter (mm) 264 Pipe thickness (mm) 8.94
V-shaped angle size (deg) 4.5 Current (A) 1800
Impeder with V-point distance (mm) 0 Frequency (kHz) 290

-
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αR = cRε [(TS + 273/100)4

– (Tα + 273/100)4] (TS – Tα)–1 (10)

where ε represents an emissivity coeffi-
cient of the steel tube surface and cR rep-
resents a constant.

Finite Element Simulation Model
of Longitudinal Welded Pipe

As shown in Fig. 2, resistivity, relative
permeability, thermal conductivity, and
specific heat capacity are highly nonlinear
with temperature changes. It is difficult to
find a law, and there is no appropriate func-
tion equation for an accurate expression. In
order to more accurately simulate the
change of materials’ physical properties
with temperature, a look-up table has been
adopted; that is, a table corresponding to
the physical property parameter values and
temperatures within the range of calculated
temperatures has been defined, and the
physical parameter values corresponding to
each node temperature are calculated auto-
matically by interpolation tables with the
use of software in every step of the iteration
(Ref. 3). Taking the 219-mm-diameter ×
8.94-mm-thick longitudinal welded pipe
made by a factory for analysis, the model
shown in Fig. 3 was established by the
ANSYS finite element software. The phys-

ical attributes of the parameters in the ini-
tial temperature are shown in Table 1.

Finite Element Simulation of
High-Frequency Induction
Welding of Longitudinal
Welded Pipe

Calibration of the Model

The ANSYS finite element model pro-
vides a forecast in a welding temperature
field. However, according to actual opera-
tion conditions (mainly differences of
heat-radiating conditions in actual opera-
tion), it is necessary to have a small range
of adjustment of certain parameters, so as
to make the simulation results more con-
sistent with the observation values.

In this paper, the upper surface of a weld
is selected and tested with an infrared ther-
mometer to adjust the convective heat

transfer coefficient of the model until the
simulated and measured values of a pipe-
billet surface temperature are consistent.
The convective heat transfer coefficient of
the selected steel pipes is 6 W/(m2·°C).

Distribution of Temperature Field

As shown in the Fig. 4A distribution
graph of a high-frequency induction heat-
ing temperature field, the pipe’s tempera-
ture increase range is of a symmetrical
zonal distribution on both sides of the
opening angle with a small temperature
increase in other areas. The center of high
temperature appears near the V point,
shifting a short distance to the opening of
the V angle, which is due to arc crossing
caused by high density current. The
smaller the V angle, the more the shifted
location of the arc crossing moves toward
the V point.
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Fig. 7 — Distribution of heating time and tem -
perature difference with different magnet posi-
tions.

Fig. 9 — Graph of heating time required under dif-
ferent coil locations.

Fig. 8 — Graph of heating time required under
different coil sizes.

Fig. 10 — Distribution of heating time and tem-
perature difference with different frequencies.

Table 2 — Microhardness Values at Different Locations

Location of simulation points O A B C D E

Temperature/°C 42 1300 1100 900 700 986
Microhardness/HV 209 247 229 215 206 219
Test specimens F G H L
Microhardness/HV 249 226 212 204

Fig. 11 — Graph of edge milling shape. Fig. 12 — Graph of temperature difference distri-
bution of the cross section with different plate edge
shapes.

Yi Supplement October 2012_Layout 1  9/6/12  3:05 PM  Page 273



The obtained cross section shown in
Fig. 4B matches the hourglass-shaped
cross section referred to in Ref. 2. The
cross section of the weld center tempera-
ture field exhibits the temperature phe-
nomenon of the upper and lower surface
is higher than the center. In fact, this phe-
nomenon is easy to cause edge overburn-
ing, as shown in Fig. 5.

Effect of Main Parameters on Heating Time
Required

Effect of Magnet Radius on Heating Time
Required

As shown in curve B of Fig. 6, the ef-
fective magnetic flux concentrated inside
the pipe increases with an increase of the
magnetic bar radius, the time required for
the minimum temperature in the direction
of wall thickness at the V-shaped weld
cross section to reach the welding temper-
ature of 1350°C is gradually reduced, and
the heating efficiency gradually increases.

Effect of Magnet Position on Heating Time
Required

Curve B of Fig. 7 is the time required
for the minimum temperature in the di-
rection of wall thickness at the V-shaped
weld cross section to reach the welding
temperature of 1350°C.

It is point 0 when the front end of the
magnetic bar is aligned with the V point,
and it is a negative direction when it ex-

ceeds point 0 (i.e., shifting toward the di-
rection of tube movement) and vice versa.
Because there are many magnetic field
lines accumulated inside the pipe at the
magnetic bar end, the end should be
aligned with the cross section having the
most efficient heating pipe in order to ob-
tain the best heating effect. When the pipe
is heated statically, it has been found that
the highest temperature point is not at
point 0, but rather it is 4 mm in the direc-
tion of the V-shaped point opening with
the proximity effect, where the magnetic
flux density distribution of the pipe is most
concentrated with the strongest electro-
magnetic heating effects. The heating effi-
ciency is the highest when the magnetic
bar end is placed there, and the weld
droplets do not easily drip onto the mag-
netic bar at the V point such that the life
of the magnetic bar is extended compared
to the traditional position at the V-shaped
point (Ref. 4).

Effect of Coil Diameter on Heating Time Required

In actual working conditions, because
a high-frequency current will also lead to
heating of the coil itself and even reduced
efficiency, a hollow multiturn copper
pipe coil or single-turn copper plate coil
is generally used as the induction coil for
cooling with water. Only the inner coil is
selected for model building because
there is a ring effect in the coils with a
high-frequency current, causing the cur-
rent to mainly concentrate inside the
coils. An effective inner cross-sectional
area of the coils is used to calculate the
current density.

As can be seen from Fig. 8, as the coil be-
comes smaller, the distance between the
coil and pipe is reduced, and the missing
magnetic flux between the coil and tube is
reduced such that the effective conversion
rate between the magnet and power will in-
crease, thus increasing the heating effi-
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Fig. 15 — A to F — Microstructure of high-frequency welding test specimens.

Fig. 13 — Distribution of heating time and tem-
perature difference with different current.

Fig. 14 — Schematic diagram of observation points
in the test specimen.
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ciency. But taking the coil cooling condi-
tions, production adjustment, and other fac-
tors into account, the coil cannot be made
with too small a size. The specific size
should be based on actual production while
minimizing the opening between the induc-
tion coil and steel pipe.

Effect of Coil Position on Heating Time Required

It can be seen from Fig. 9 that the closer
the coil is to the V point, the stronger the
proximity effect becomes, and the higher
the heating efficiency becomes. However,
the coil work environment is deteriorated.
It cannot be placed too close to the V point
considering the constraints of splashed
sparks at the V-shaped area and squeezing
roll size.

Effect of Frequency on Heating Time 
Required

As shown in curve C of Fig. 10, with the
increase in welding frequency, the skin ef-
fect becomes more intense, the energy is
more concentrated in the range of the
HAZ, the required heating time is less,
and the heating efficiency is higher.

Effect of Current on Heating Time Required

The current is given in the model, and
1800 A refers to the valid AC value. Tak-
ing the ring effect between the coil and
pipe into account, it is assumed that the
excitation current is concentrated within 2
mm of the inner coils, then the effective
current density JS of induction heating
under the current of 1800 A is

where Imax represents the peak current,
and S is the slit area inside the coil.

In summary, if the site conditions
allow, in order to improve the heating ef-
ficiency of high-frequency welded pipe,
magnetic bars with a larger radius should
be used; the horizontal distance between
the magnetic bar and pipe V point should
be reduced; the magnetic bar should be

shifted toward the pipe entrance side; the
coil diameter and distance between the
coil and V-shaped point should be re-
duced; and there should be an attempt to
increase the welding frequency and
loaded current so as to shorten the heat-
ing time and obtain the highest possible
heating efficiency.

Effect of the Main Parameters on
Temperature Difference

There are many factors that affect the
weld quality, and high-frequency welding is
the most important process to determine
the pipe quality in pipe manufacturing. In
the high-frequency welding process, the
most critical issues constraining the quality
of high-frequency welding and pipe yield
rate are the overheated edges and poor cold
weld in the center of the joint wall thickness
due to the unique skin effects and ring ef-
fect in electromagnetic fields. The key to
solving this problem is to eliminate the ex-
cessive temperature difference in the direc-
tion of weld wall thickness, that is, to try to
minimize the temperature difference at the
weld cross section when passing the V-
shaped welding point through the pipe, and
ensure that the minimum temperature in
the direction of the cross section of weld
thickness reaches welding temperature so
as to avoid the undesirable phenomena of
overheated sheet metal edges under the
premise of ensuring that the center weld is
penetrated. Therefore, the temperature dif-
ference in the direction of weld wall thick-
ness ΔT can be a measure of steel pipe weld
quality, which can be improved by reducing
the temperature difference in the direction
of weld wall thickness.

Effect of Magnet Radius on Temperature
Difference

As shown in curve C of Fig. 6, magnetic
field lines gathered at the downstream edge
of the weld joint increase with the increase
in magnet radius, the increase rate of the
surface temperature under the weld is
higher with the same heating time, the tem-
perature difference between inner and
outer surfaces is reduced in a certain range,
and the temperature difference between
the sections becomes slightly lower. With

the continuous increase of magnetic bar ra-
dius, the surface temperature rate becomes
excessively high and the heat of the inner
surface can’t be transferred to the weld joint
center in time, resulting in a progressive in-
crease in the wall temperature difference,
thereby reducing the weld quality.

Effect of Magnet Position on Temperature
Difference

As shown in curve C of Fig. 7, the tem-
perature difference is a minimum when the
magnetic bar end is placed about 4 mm from
the V-shaped point. As described previ-
ously, heating efficiency of magnetic field
lines is a maximum here. The heating effect
of the downstream surface is the most obvi-
ous if the magnetic bar end is placed at the
location, reducing the temperature differ-
ence between inner and outer surfaces in a
certain range, and also reducing some of the
temperature difference in the wall thickness
direction.

Effect of Shape and Size of Plate Edge on
Temperature Difference

As shown in Fig. 11, the edge milling
amount δ0 is taken as 0.1 mm, and point O
is a sharp point formed after milling. Be-
cause the extrusion is very small, it will be
squeezed out in welding. The proximity ef-
fect can be used in controlling the point O
location to change the edge temperature
distribution, increase the temperature of
the weld joint center, and improve the weld
quality (Ref. 5). In Fig. 12, h is wall thick-
ness. It can be seen that when it is controlled
such that h1/h = 0.35, the temperature dif-
ference of the V-shaped point cross section
can be reduced significantly, avoiding the
cold weld phenomena in the center of wall
thickness.

Effect of Frequency on Temperature Difference

As shown in curve C of Fig. 10, the
higher the welding frequency, the stronger
the skin effect, and the larger the temper-
ature difference in the cross section in the
direction of the wall thickness, so it is easy

Fig. 16 — Design of a thermal simulation specimen size.

Fig. 17 — Microstructure of a thermal simulation test
specimen.
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to produce the undesirable phenomena of
an overheated surface.

Effect of Current on Temperature Difference

As shown in curve B of Fig. 13, with the
gradual increase in density of the current
loaded to the coil, the ring effect between
the coil and tube becomes stronger, causing
the eddy current excited by the induction
coil to become highly concentrated in the
direction of the tube edge wall thickness, re-
sulting in an excessive temperature increase
rate at the tube surface such that the heat
cannot be transferred to the wall thickness
center in time, leading to an excessively
large wall temperature difference.

In summary, if the site conditions allow,
in order to reduce the temperature differ-
ence and obtain good weld quality, a smaller
magnetic bar radius should be used, the
welding frequency and loaded current
should be minimized, and an appropriate
milling amount corresponding to the range
of x should be taken so as to obtain the high-
est possible heating quality.

Model Validation

It is difficult to directly detect the tem-
perature field within a pipe billet in actual
factory production with regard to the
model-predicted temperature field (ex-
cept at the external surface). Different mi-
crostructures will appear in the welding
process because the distances between the
weld to various points of the HAZ on both

sides of the weld are different, and weld-
ing thermal cycles experienced by each
point are different. The weld HAZ is a
nonuniform continuum with a tempera-
ture gradient and a microstructural 
gradient.

In this research, validation experi-
ments were conducted with thermal simu-
lator technology and metallographic
analysis of microstructures to validate the
model predictions, because different char-
acteristics of the microstructure morphol-
ogy will be generated for different thermal
cycle curves (Refs. 6, 7). The data of the
locations of the temperature point pre-
dicted in the model are extracted first,
along with corresponding metallographic
photos of the high-frequency welding test
specimen, and are then analyzed and com-
pared with the test results of the Gleeble-
3500 thermal simulator and microhard-
ness test results. Also, while it is
considered that the comparison of mi-
crostructure photos is intuitive, it may lack
the quantitative comparison effect; thus,
microhardness testing was introduced for
quantitative verification and analysis, and
comparison.

Extraction of Model-Predicted Results

Temperature points at 1300°, 1100°,
900°, and 700°C were extracted in the cir-
cumferential direction from the middle
wall thickness of Fig. 4B with ANSYS soft-
ware and are recorded as points A, B, C,
and D, respectively, as the data points to

be verified in Fig. 14. The distances from
these points to the weld are recorded to be
0.1, 0.6, 0.9, and 1.3 mm, respectively. An-
other, point E at the internal surface of the
pipe, is selected for photographing where
the line CE and the weld WYZ are paral-
lel, and the temperature corresponding to
point E is recorded as 986°C. The distance
between point O and the weld is 100 mm,
and the peak temperature there is 42°C.

Metallographic Experiments on
High-Frequency Welding Test Specimen

First, the test specimen is ground and
polished, then etched in a 4% nitric acid
alcohol solution and photographed at the
corresponding test specimen positions
with an Axiovenrt200 MAT-type metallo-
graphic microscope as shown in Fig. 15.
The microstructures corresponding to
points O, A, B, C, D, and E are shown in
Fig. 15A–F, respectively. Among them,
Fig. 15A shows the substrate of pipeline
steel, and it is composed of polygonal fer-
rite and pearlite.

Gleeble-3500 Thermal Simulator Test

The design of the prepared thermal
simulation sample size is shown in Fig. 16.

Four groups of test protocols were con-
ducted on the Gleeble-3500 thermal simu-
lator. As shown in Fig. 17, the impact of the
welding thermal cycle on microstructural
change is simulated under the conditions of
the peak temperatures of 1300°, 1100°, 900°,
and 700°C, respectively. Among which, the
thermal simulator only heats the middle
section of the test specimen, followed by
continuous cooling to 25°C to simulate the
change process of the thermal cycling
process at different locations of the HAZs
during the welding process.

After cooling, the test specimens are cut
open horizontally from the middle of the
heating zone with a wire-cutting machine.
After being ground and polished, they are
etched in a 4% nitric acid alcohol solution,
and the microstructures of each test speci-
men are observed under a metallurgical mi-
croscope as shown in Fig. 18. The corre-
sponding heating peak temperatures of Fig.
18A–D are 1300°, 1100°, 900°, and 700°C,
respectively, and the test specimens are
marked as F, G, H, and L, in turn.

Microhardness Test

The hardness of each test specimen
was measured with an FM-700 digital mi-
crohardness meter with a load of 10 kg and
a load-holding time of 10 s. The results are
recorded as shown in Table 2. As can be
seen, the microhardness values change ac-
cordingly with the changes in microstruc-
tures, as well as the changes in mechanical
properties.
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Fig. 18 — A to D — Microhardness values at different locations.
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Analysis and Comparison of the
Microstructure Morphology

The microstructural type and morphol-
ogy of the HAZ are changed substantially
due to the different thermal cycle peak
temperatures experienced. The mi-
crostructure morphology corresponding
to different conditions of thermal cycling
curves are compared and analyzed to ver-
ify the model. As shown in Fig. 15A, the
microstructure of a pipeline steel sub-
strate is mainly polygonal ferrite with a
small amount of pearlite, as well as the dis-
persively distributed island-like mi-
crostructures of martensite-austenite
(MA) with the hardness of 209 HV.

As shown in Fig. 15B, the metal is in the
melted zone. High-frequency welding
heat input is mostly concentrated in the
contacting edge of the slab billet. Austen-
ite grain grows sharply adjacent to the
weld, the overheated coarse-grained zone
has austenite completion, and the major
microstructures are acicular ferrites. The
microstructure in the zone is much differ-
ent from that of the substrate, greatly im-
pacting the strength and toughness uni-
formity of welded joints. The results are
consistent with the thermal simulation ex-
periment results under the peak tempera-
ture of 1300°C in Fig. 18A, and the hard-
ness values of point A and specimen F are
increased substantially by 38 and 40 HV,
respectively, compared with the substrate.

As shown in Fig. 15C, in the over-
heated zone, there is phase transition re-
crystallization in the microstructures of
the zone. The coarse microstructure
formed after cooling leads to a substantial
reduction in the toughness of the zone,
which tends to be the valley zone of the
welding zone toughness, and the hardness
values of point B and specimen G (Fig.
18B) are increased substantially by 20 and
17 HV, respectively, compared with the
substrate.

Figure 15D shows the point at the nor-
malizing temperature range (temperature
range between Ac3 and 1100°C). The mi-
crostructure in the zone is refined and uni-
form, the toughness is restored, the hard-
ness is somewhat decreased, and the
overall mechanical properties can be im-
proved as compared to the overheated
zone. The hardness values of the test spec-

imen at point C and specimen H (Fig.
18C) are increased slightly by 6 and 3 HV,
respectively, compared to the substrate.

As shown in Fig. 15E, the zone does not
reach the normalizing temperature. There
is little phase transition recrystallization in
the original ferrite with smaller heat input.
After the zone cooling, it consists of fine
microstructures with phase transition and
coarse microstructures without phase
change. The morphology of Fig. 15E is
consistent with thermal simulation exper-
iment results in Fig. 18D, and the hardness
values of the test specimen at point D and
specimen L are matched, and their inten-
sity reduction magnitudes are both
smaller than the substrate by 3 and 5 HV,
respectively.

Figure 15F shows the higher-tempera-
ture zone with the normalizing tempera-
ture. Phase transition recrystallization oc-
curs in the microstructure of this point,
which is beginning to grow rapidly. As in-
ferred from the microstructural observa-
tions, the thermal cycle peak temperature
must be greater than 900°C, which is
caused by the hourglass-shaped tempera-
ture field specific for high-frequency weld-
ing. The temperature peak (with a numer-
ical simulation result being 986°C)
corresponding to point E is higher than
that of point C, and the hardness value
also increases by 4 HV.

It can be seen from the above experi-
mental analysis and comparison that the
microstructure corresponding to the tem-
perature obtained from numerical simula-
tion is consistent with that obtained from
the thermal simulation experiment.

Conclusions

1. The quantitative relationship be-
tween heating efficiency and the position
and size of magnetic bars, coil radius, coil,
welding frequency, and current density is
obtained through finite element analysis
of three-dimensional electromagnetic
thermal coupling during a high-frequency
induction heating process of longitudinal
welded pipe.

2. It is pointed out that the key to elimi-
nating the undesirable phenomena of a cold
weld at the joint center and an overheated
edge, etc., is to reduce the excessively large
temperature difference at the welding cross

section, and the quantitative relationship of
temperature difference between the mag-
net radius, current density, current fre-
quency, coil position, and plate edge shape
and direction of thickness is presented.

3. The most effective way of improving
the weld quality is through processing the
plate edge shape and size, reducing the
temperature difference between the cross
sections of a weld joint.

Acknowledgment

This research was supported by the
Technology Department of Hebei
Province in China (Project No.
E2009000395).

References

1. Wei, L., Yufeng, Z., Lixing, H., and
Caiyan, D. 2007. Measuring and three-dimen-
sional finite element numerical simulation of
residual stress of high frequency electric resist-
ance welded pipe. J. Hanjie Xuebao/Transac-
tions of the China Welding Institution Vol. 28:
37–40.

2. Asperheim, J. I., and Grande, B. 2006.
Tao, Z. (editor and translator). The influence
factor on weld quality of HF welded pipe with
thick wall. J. Welded Pipe and Tube Vol. 29: 85.

3. Hyun-Jung, K., and Sung-Kie, Y. 2008.
Three dimensional analysis of high frequency
induction welding of steel pipes with impeder.
Journal of Manufacturing Science and Engineer-
ing 3(10): 51–57.

4. Enlin, Y., Yi, H., Yulin, F., and Yuqian, Z.
2010. Simulation of coupling of electromag-
netic and thermal fields for process of high-fre-
quency induction heating of HFW pipe. J. Han-
jie Xuebao/Transactions of the China Welding
Institution Vol. 31: 5–8.

5. Yi, H., and Enlin, Y. Effects of opening
angle on temperature distribution of HFIW
pipe. The International Conference on Manage-
ment Science and Artificial Intelligence (MSAI),
Nov. 4–6, 2010, in Henan, China.

6. Boumerzouga, Z., Raouache, E., and De-
launois, F. 2011. Thermal cycle simulation of
welding process in low carbon steel. J. Materials
Science and Engineering A 530: 191–195.

7. Chung, P. C., Ham, Y., Kim, S., Lim, J.,
and Lee, C. 2012. Effects of postweld heat treat-
ment cycles on microstructure and mechanical
properties of electric resistance welded pipe
welds. J. Materials and Design 34(2): 685–690.

277-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

AWS Expands International Services

With international membership on the rise, the American Welding Society (AWS) launched a series of country-
specific Web sites known as microsites for members to access information in their native languages.

Multilingual microsites are now live for Mexico at www.aws.org/mexico, China at www.aws.org/china, and Canada 
(English/French) at www.aws.org/canada. They feature information on services offered by AWS in each country, mem-
bership benefits, exposition information, online education, and access to AWS publications and technical standards.

Other countries will be added later.
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