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Abstract The temperature distribution characteristics in
high-frequency induction brazing of cubic boron nitride
(CBN) super-abrasive grains is investigated based on finite
element simulation in this article. Influences of the following
factors, i.e., current frequency, current magnitude, heating
gap, and scanning speed, on the resultant heating temperature
are discussed. The results obtained display that, during the
rotating induction heating process, the effective heating zone
is concentrated on the top surface of the metallic wheel sub-
strate (i.e., AISI 1045 steel) below the coil. The highest value
of the resultant heating temperature becomes larger when
heating with a higher current frequency, a higher current mag-
nitude, and smaller heating gap values; however, a higher
peripheral scanning speed results in a decrease of the resultant
highest temperature. The optimum parameters are determined
as the heating gap of 2 mm, current frequency of 1 MHz,
current magnitude of 20 A, and peripheral scanning speed of
0.5 mm/s. Finally, the simulation results are testified and val-
idated in the high-frequency induction brazing experiment of
CBN grains.
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1 Introduction

Because a precision brazing process at elevated temper-
atures could build a chemical bridge between cubic bo-
ron nitride (CBN) super-abrasive grains and metallic
wheel substrate with the help of an Ag-Cu-Ti filler al-
loy, higher bonding strength to grains has been the pri-
mary advantage of a brazed CBN wheel, which makes
that the monolayer brazed CBN super-abrasive wheels
have been reported to outperform their electroplated
and vitrified-bonded counterparts [1-3]. For this reason,
in the recent years, the monolayer brazed CBN wheels
have shown a great potential in grinding titanium alloy
and nickel-based superalloy, which are broadly regarded
as difficult-to-cut materials [4—11].

As for the current fabrication techniques of brazed
CBN wheels, three thermal sources have been utilized
to heat the metallic wheel substrate (i.e., AISI 1045
steel materials) and Ag-Cu-Ti filler alloy, including vac-
uum resistance furnace, laser, and high-frequency induc-
tion. Surely, each thermal source has its own character-
istics and advantages. For example, as for the high-
frequency induction brazing, it has the great advantages
of rapid heating rate and locally heating. Particularly, it
is more suitable to fabricate the brazed CBN wheels
with large size (i.e., 400 mm in diameter) due to the
fact that the large wheel could not be brazed in the
vacuum resistance furnace because of the limited cham-
ber size and significant deformation of the metallic
wheel substrate, and the quality control of the laser
brazing is complex and also very difficult.

It is noted that, however, there still exist some problems
when fabricating the brazed CBN wheels based on high-
frequency induction heating technique [12], the reason of
which is due to the insufficient understanding of the heating
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temperature distribution [13]. Under such condition, the
temperature control and heating parameter optimization
could not be conducted well, which resulted in the bad
joining among the metallic wheel substrate, Ag-Cu-Ti
filler alloy and CBN super-abrasive grains [14].
Therefore, it is necessary to deeply understand the tem-
perature distribution and influencing factors during high-
frequency induction brazing of CBN grains.

Experimental detection is still an important method to
study the temperature distribution in induction heating.
For instance, Codrington et al. [15] developed the high
temperature measuring equipment, with which the ther-
mocouples are used to measure the heating temperature
and provide a feedback signal for PID control of the
induction heater. Jang et al. [16] applied the thermocou-
ples and infrared thermal imaging system, respectively,
to measure comparatively the temperatures at the inside
and outside surface of a steel hollow cylinder during the
induction heating process. Franco et al. [17] proposed
an infrared sensor and detected the real-time temperature
evolution. However, all the reported experimental tech-
niques could merely measure the temperature at one
point or at a rather local zone within the induction-
heating zone, and cannot characterize the temperature
distribution within the whole brazing zone.

In fact, besides the experimental method, the finite
element (FE) simulation method has also been broadly
applied to investigate quantitatively the temperature dis-
tribution in the current heating analysis. Chen et al. [18]
established a FE model of a 2-inch. SiC growth system
and investigated the effects of induction heating param-
eters on temperature distribution. Mei et al. [19] pro-
posed a heat-generating rate model of slab in induction
heating from a hot rolling plant, and the temperature
evolution of slab was solved by the developed FE code.
Zhang et al. [20] established a thermo-mechanical 3D-
FE model for preheating and heat bending of large-
diameter thin-walled commercial pure titanium tube in
terms of both accuracy and efficiency, and temperature
distribution of bending tools was predicted by the de-
veloped preheating model.

For the abovementioned reason, a finite element sim-
ulation is used to characterize and understand the tem-
perature distribution in the high-frequency heating sys-
tem of brazing CBN grains in the present work. The
effects of some key influencing factors on the resultant
temperature are investigated. At the same time, experi-
mental measurement is also carried out to testify the
simulation results. All these have a significant meaning
in further optimizing and controlling the induction
heating parameters in brazing CBN grains; as such,
good machining performance of monolayer brazed
CBN super-abrasive wheels could be provided.
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2 Finite element model for simulating temperature
distribution during high-frequency induction heating

2.1 Numerical simulations principle

Since the properties of heated materials are temperature de-
pendent, the induction heating process may be considered as
the coupling of steady-state alternating current (AC) electro-
magnetic field and transient temperature field. The heated ma-
terial surface is in the AC electromagnetic field, and the in-
duced eddy current field is accordingly produced. The mate-
rial surface is heated by the internal heat source, which comes
from the induced eddy current field. Under such condition, the
simulation analysis should include both the electromagnetic
field and the temperature field, in which the electromagnetic
field is governed by Maxwell’s equations, and its differential
form could be described as follows [21]:
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where f is the electric field intensity vector (V/m or N/C); ﬁ
is the magnetic field intensity vector (A/m); A is the conduc-
tion current density vector (A/m?); D is the electric flux den-

sity vector (C/m?); B is the magnetic flux density vector (T or
N/(A'm)); p. is the electric charge density (C/m’).

The field variables have the relational expressions as fol-
lows [22]:
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where 1 is the relative magnetic permeability (H/m); o is the
electrical conductivity (S/m).

.
In order to solve Eq. (1), a magnetic vector potential A and
an electric scalar potential  are brought into as follows:

— —
B=VxA (3)
oA
—
E =-Vp——— 4
v (4)

Differential form of Maxwell’s equations is solved by a
comprehensive analysis of the above equations. Considering
the following:

Vx A oA
\Y —+V =
><< . >+0<6t+ <p> 0 (5)
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where A is the magnetic vector potential (Wb/m); ¢ is the
electric scalar potential (V).

The basic equations of the transient temperature field are
specified as follows:

P =-\VT (6)
or
V'? + CVE =4q, (7)

where ¢ is the heat flux density vector (W/m?).

The final temperature field equation is solved, given as

follows [23, 24]:
V(—AV?) +Cv%—f=qup’7‘2 (8)
where 7 'is the temperature on the heated materials surface; C,
is the volume heat capacity /(> K)); q, 1s the internal heat
source density (A/mP).

In the present investigation, the finite element simulation
processes in a time increment step are clarified as follows:
firstly, solve the eddy current field based on the initial temper-
ature condition; secondly, use the eddy current field to calcu-
late the heat, and determine the temperature field based on
thermal analysis; thirdly, update the heated workpiece material
properties with temperature, and recalculate the temperature in
the next time increment step.

2.2 Geometry modeling and meshes

The two-dimensional (2D) model of a high-frequency induc-
tion heating system applied in this work is displayed in
Fig. 1a. The monolayer brazed CBN super-abrasive wheel is
composed of a commercial AISI 1045 steel substrate, Ag-Cu-
Ti filler alloy and CBN grains. Particularly, the filler alloy and
CBN grains spread uniformly on the top surface of the metal-
lic wheel substrate, as shown in Fig. 1b. The inductor, above
the CBN wheel, consists of a trough-type magnetizer and a
coil. The magnetizer material is Ferrotron 559H. The coil is
made from a rectangular copper tube with good electrical

Fig. 1 Geometry model of high-
frequency induction heating
system.a Whole geometry model.
b The inductor and heated wheel
surface

conductivity, and the cooling water flows through it for keep-
ing the coil at a low temperature.

The external and internal diameters of the wheel substrate
are 400 and 127 mm, respectively; meanwhile, the width of
the wheel outer circumference, that is, the width of the heated
top surface of wheel substrate is 12 mm. The cross-section
diagram of the inductor is schematically displayed in
Fig. 1b, in which the coil is in a size of 3 mm x2 mm and
the magnetizer is in a size of 9 mm x 12 mm. The thickness of
the coil is 0.5 mm.

Considering the finite element model established is two
dimensions, the electromagnetic edge effect [25] is not con-
sidered in the current simulation work. Additionally, because
the eddy current only occurs at the surface of the heated part of
the metallic wheel substrate, the heat produced in the induc-
tion heating only exists on the metallic wheel substrate, while
the heat transfers from the metallic wheel substrate to the CBN
grains and Ag-Cu-Ti filler alloy, which makes the filler alloy
melt smoothly. Therefore, the CBN grains and Ag-Cu-Ti filler
alloy have no influence on the temperature distribution during
induction heating. Under such condition, a simplification of
the induction heating model without the CBN grains and Ag-
Cu-Ti alloy could be made, as the finite element model shown
in Fig. 2.

Figure 2a shows the meshes of the whole finite element
model, which is mainly meshed with the triangular ele-
ments. The outer regions including the wheel substrate
and the inductor are infinite box and inner air, and the
sizes of the internal and external diameters are 1000 and
1200 mm, respectively. The local heating regions are il-
lustrated in Fig. 2b. The red section is the coil with a
hollow structure, while the yellow section covering the
wheel is compressible air. The mesh of the heated wheel
substrate surface contains two quadrangular elements in
the skin depth. The heating zone is meshed by the thin
grid with the smallest line element of 0.2 mm. The skin
depth is 0.55 mm in the case of the heating temperature
of 1000 °C during induction heating [26]. When the
heating gap is 2 mm, 145011 nodes and 70422 triangular
elements are contained in the whole mesh.

Magnetizer

AISI 1045 steel substratel

(a) (b)
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Fig. 2 Meshing of the finite
element model. a Meshing of the
whole model. b Meshing of the
coil and wheel top surface

During the induction brazing process, the melting of the
Ag-Cu-Ti filler alloy is completely realized, dependent on
the large quantities of heat and the elevated temperatures of
the metallic wheel substrate. Previous literatures have reported
that [27], when the heating temperature at the surface layer of
AISI 1045 steel substrate arrives at 880-940 °C (especially at
nearly 920 °C), good interfacial reaction could take place and
strong joining is therefore formed among the CBN grains, Ag-
Cu-Ti alloy and AISI 1045 steel in the vacuum furnace braz-
ing process. For this reason, it is necessary to control the
heating temperature of the wheel substrate surface ranged
from 880 to 940 °C in the high-frequency induction brazing
process.

2.3 Material properties and boundary conditions

The applied material properties (i.e., relative permeability,
electrical resistivity, thermal conductivity, and volumetric heat
capacity) are taken from the published literature [28-30] or
provided by the manufacturers. The magnetic non-linearity
and the dependence of physical properties on temperature
are considered in the current finite element analysis.

The material properties of AISI 1045 steel are shown in
Fig. 3. Particularly, some properties of the materials have been
simplified for finite element stimulation. For example, the
electrical resistivity and thermal conductivity of AISI 1045
steel is provided as the linear function with the independent
variables of temperature, respectively, as follows:

p(T) = po(1 +nT) ©)
A(T) = Ao(1 + aaT) (10)

where po=1.3x10" Q:m is the electrical resistivity of AISI
1045 steel at 0 °C; o;=8.8 x 107 is the slope of the straight
line expressed by Eq. (9); A\g=446 W/(m:K) is the thermal
conductivity of the wheel substrate at 0 °C; a,=-5.3 x 10
is the slope of the straight line expressed by Eq. (10).

In FLUX finite element analysis software, the volumetric
heat capacity of AISI 1045 steel can be achieved by the curve
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Infinite box Compressible air

Skin-depth layer

(a) (b)

fitting as the superposition of the Gauss function and expo-
nential function:

Cy=Cyi+ (Coo=Cy)e ™ +E x Gauss(T) (11)
2
e
Gauss(T) = ——=e¢ ° 12
(0= (12)

where C,p=3.5x10° J/(m*-K) and C,;=5.2x10° J/(m>-K)
indicate the volumetric heat capacity of AISI 1045 steel at
0 °C and o °C, respectively; E=6.7 x 10® J/m? is the energy
of phase transition of AISI 1045 steel. oy=85 is the Gaussian
standard deviation, 7,=760 °C is the temperature of phase
transition, and 7=400 is the temperature coefficient.

In FLUX software, the magnetization curve (also named as
B-H curve) of AISI 1045 steel can be described by series of
straight lines of different slopes starting from the origin, as
illustrated in Fig. 4. The B-H curves are expressed as follows:

B(H) = poH + pio(p,0~1)H-COEF(T) (13)

()
l—e\ /) T <T

COEF(T) = 10(%) T>T
e 0

(14)
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—e— Relative permeability
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Fig. 3 Material properties of AISI 1045 steel
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Fig. 4 Diagrammatic B-H curves of AISI 1045 steel

where 11o=47x 10"’ H/m is the permeability of vacuum,
t:0=200 is the initial relative permeability of AISI 1045 steel;
COEF(7) is the temperature coefficient, in which 7,.=760 °C
is the temperature of phase transition, Cy =50 is the tempera-
ture constant, and COEF(7;)=0.1.

The magnetizer is made up of Ferrotron S59H. Its magnetic
properties (including flux density and the relative permeabil-
ity) variation with the magnetic field strength is shown in
Fig. 5, and the relative permeability can be approximated as
a constant [31].

The thermal radiation and cross-ventilation are simulated for
analysis: the environmental temperature is defined as 20 °C.
The convective heat transfer coefficient and heat radiation co-
efficient between the brazing surface of the wheel and sur-
rounding air are defined as 20 W/(m*K) and 0.5 W/(m?>-K*),
respectively.

2.4 Region selections for temperature distribution analysis

The temperature distribution obtained in induction heating
is significantly influenced by four parameters as follows:
current frequency, current magnitude, heating gap and scan-
ning speed. Figure 6 displays the region selection for tem-
perature distribution analysis in a quarter of the metallic
wheel substrate. Point P is on the outer circumference of

W
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Fig. 5 Magnetic properties of Ferrotron 559H [16]

Magnetic properties of Ferrotron 559H
|
|
|

the wheel substrate below the inductor at the beginning of
heating. Point A is also on the wheel outer circumference
and the arc length / of PA is 90 mm. Two paths, denoted
by I and II, are chosen in two different directions, shown as
two red lines in Fig. 6. Path I is in the anticlockwise
direction with the arc length of 40 mm, and the midpoint
of path I is point A. Path II is also 40 mm in length, and
starts from point A along the radius direction of the wheel.

2.5 Simulation process of temperature distribution

During the high-frequency induction brazing process, the tem-
perature distribution characteristics at the effective heating
zone are very important to form good joining among the
CBN grains, Ag-Cu-Ti filler alloy, and metallic wheel sub-
strate (i.e., AISI 1045 steel). Therefore, this article will pri-
marily focus on investigating the temperature variation obtain-
ed at point A within the heating region. Based on the high-
frequency induction heating technique, the brazing process
could be described as follows:

(1) Adjust the distance (that is, the heating gap) between the
inductor and the heating surface of the metallic wheel
substrate.

(2) Load the electric current with a particular frequency and
constant magnitude through the coil, and transfer the
cooling water passing through the coil.

(3) Rotate the wheel in an anticlockwise direction at a
constant speed (Fig. 1); in this case, the resultant
heat and the elevated temperature of 880-940 °C
could enable that the Ag-Cu-Ti filler alloy melts
sufficiently to form good brazed joints between
CBN grains and AISI 1045 wheel substrate. The
Ag-Cu-Ti filler alloy melts merely within a narrow
zone owing to the heating resulted from the heated
wheel substrate of AISI 1045 steel.

Fig. 6 Point A and two reference paths

@ Springer
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Fig. 7 Finite element simulation Time: 240 s
results of the typical temperature 916.7
field. a Contour maps of typical 864.0
temperature field at the heating o géég
zone. b Magnified view of the —

705.7
653.0
600.2
547.5
494.7
442.0
389.2
336.5

heating region

Heating Temperature
2
N

231.0
178.2
125.5

72.7

3 Results and discussion

3.1 Typical contour and evolution of temperature
distribution in high-frequency induction heating

A typical contour of temperature distribution in the heating
zone of the metallic wheel substrate is displayed in Fig. 7a.
The heating gap between the inductor and wheel top surface is
2 mm and the wheel is rotated in an anticlockwise direction at
the peripheral speed of 0.5 mm/s. Meanwhile, the alternating
current is loaded in the coil with the magnitude of 20 A and
high frequency of 1 MHz. The highest temperature obtained is
916 °C when the wheel substrate is heated for 240 s. The curve
shown in Fig. 8a is obtained by calculating the highest tem-
perature of the outer circumference of wheel substrate during
the heating process. The heating procedure could be divided
into two stages: the first is an initial temperature-rising stage
(040 s), in which the temperature rises rapidly from 20 to
880 °C with the decreasing heating rate; the second is an
effective heating stage (after 40 s), in which the highest tem-
perature of wheel substrate increases from 880 °C, and reaches
the temperature 916 °C at 180 s. The highest temperature
keeps stable at 916 °C after 180 s, as the smooth part of the
curve in Fig. 8a.

Fig. 8 Change curves of 920+
temperature during induction
heating. a Time varying highest
temperature curve in the wheel
substrate b Change curve of

temperature at point A

900

8804

8604

8404

8204

Heating temperature/(°C)

(@)

(b)

Figure 8b shows the change curve of resultant heating tem-
perature at point A, which rotates following the wheel sub-
strate during induction heating. The highest temperature is
916 °C at 180.4 s, while the displacement of point A is
90.2 mm. Obviously, Point A is 0.2 mm beyond the central
coil in the scanning direction, and near the highest temperature
point. Additionally, the highest temperature appears mainly at
the heating region below the inductor, as shown in the contour
maps of the heating region in Fig. 7b.

The temperature distribution along path I and II (shown in
Fig. 6) at 180 s is demonstrated in Fig. 9, while the tempera-
ture of point A below the inductor is 914 °C and the highest
temperature is 916 °C at the peak. As shown in Fig. 9a, point
A is near the curve peak, and the temperature decreases quick-
ly from the peak to the two ends of path I. At the same time,
the temperature gradient in the positive direction of path I is
slightly smaller compared with that in its negative direction.
The lowest temperature is 880 °C at the 2-mm interval from
19.2 to 21.2 mm and reduced by merely 4 % compared with
the highest value; however, the lowest temperature is 466 °C
at the 10-mm interval from 15 to 25 mm and reduced by about
49 % compared with the highest one. Now it can be inferred
that the effective heating region mainly concentrates at the 2-
mm interval below the inductor.
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0 40

@ Springer

80

120 160 200 240
Time/(s)

(a)

fE——
0 20 40 60 80 100 120 140 160 180 200
Time/(s)

(b)



Int J Adv Manuf Technol (2017) 88:1075—-1087

1081
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The temperature distribution along path II is affected
significantly by the skin effect during high-frequency
induction heating. The eddy current is always generated
on the top surface of the wheel substrate, and greatly
focuses on the skin depth. Therefore, the region heated
by the eddy current is shallow, and focuses on the top
surface of the metallic wheel substrate. Figure 9b shows
the temperature distribution along path II. The highest
temperature, i.e., 914 °C, is obtained at point A
(Fig. 6). Along the positive direction of path II, the
temperature decreases rapidly from 0 (that is, the
starting point A) to 10 mm, while the temperature

gradient becomes smaller gradually from 10 to 40 mm.
The temperature is 864 °C at the 0.55-mm position
(equal to the skin depth), which is decreased by 6 %
compared to that at point A. The temperature is 776 °C
at the 1.1-mm position (twice the skin depth), which is
decreased by 15 % compared to that at point A. The
temperature is 652 °C at the 2.2-mm position (four
times the skin depth), which is decreased by 29 % com-
pared with that at Point A. Based on the above analysis,
it is known that the depth of the dominating heating
zone is equal to the skin depth on the top surface of
wheel substrate.
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3.2 Effects of high-frequency induction heating
parameters on temperature distribution

3.2.1 Current frequency

In order to analyze the effects of the current frequency on the
resultant temperature distribution, the other induction heating
parameters are chosen as follows: the heating gap of 2 mm, the
current magnitude of 20 A, and the peripheral scanning speed
of 0.5 mm/s. The temperature curves of point A varying with
the heating time are demonstrated in Fig. 10a. The resultant
temperature of point A rises with an increasing heating rate,
during which point A is rotated following the wheel substrate
and approaches to the inductor gradually before 180 s. The
temperature of point A is 914 °C when it is below the inductor
at 180 s, while reaching the highest 916 °C at 180.4 s.
Subsequently, point A rotates away from the coil, and the
temperature of point A decreases gradually with a decreasing
heating rate. Meanwhile, the heating rate and the highest tem-
perature of point A increase with a higher frequency. When
the heating time is 180 s, the highest temperature values of
point A with different current frequencies are illustrated in
Fig. 10b. The temperature is 914 °C with a current frequency
of 1 MHz, which is decreased by 17 % in comparison to the
temperature of 1096 °C with a current frequency of 1.5 MHz

and increased by 8 % compared with the temperature of
844 °C with a current frequency of 500 KHz.

Figure 10c and d display the effects of the current frequen-
cy on the temperature distribution along path I and II, respec-
tively. Obviously, the heating zone concentrates on the center
more violently with a higher current frequency, which is more
beneficial for increasing the heating rate and efficiency during
the induction heating process. Considering that the tempera-
ture of 880-940 °C is essential for brazing CBN grains, the
current frequency is optimized at 1 MHz.

3.2.2 Heating gap

The effects of the heating gap on the temperature distribution
in induction heating are displayed in Fig. 11a. In this case, the
peripheral scanning speed is 0.5 mm/s, the current is 20 A in
magnitude and 1 MHz in frequency. It is significant that the
heating rate and the highest temperature obtained at point A
are increased with decreasing of the heating gap. Figure 11b
shows that the temperature of point A is 8§19 °C when the
heating gap is 3 mm, which is decreased by 11 % compared
to 914 °C in case of the heating gap of 2 mm. The induction
heating on the surface of the metallic wheel substrate is con-
sumed to the surrounding environment by means of thermal
radiation. The heat loss increases when the higher temperature

Fig. 11 Variation of temperature 1200 - o81200 1
distribution versus heating gap. a —_ 3
Variation of temperature curve. b s | 3
. . <1000 =
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is obtained. Therefore, the highest temperature at point A is
inversely proportional to the heating gap.

Figure 11c, d demonstrate the temperature distribution
along path I and path II, respectively, versus the heating gap.
When the heating gap value becomes smaller, the heating
zone tends to concentrate on the central region of induction
heating, and the rate and efficiency of induction heating be-
come larger as well. Furthermore, the minimum heating gap is
also required during induction brazing when taking into ac-
counts the particle size of CBN grains (i.e., 150-400 wm) and
the filler layer thickness (i.e., 60-160 pm), as displayed in
Fig. 1b. As a result, heating gap of 2 mm is selected as the
optimal parameter.

3.2.3 Current magnitude

On one hand, when the current magnitude increases, the
inducted alternating magnetic field becomes stronger, which
enlarges the eddy current generated on the metallic wheel
substrate. On the other hand, larger induction heating current
results in a higher heating power and heating rate. Figure 12a
shows the effects of the current magnitude on the heating
temperature of point A. The current frequency is 1 MHz with
the heating gap of 2 mm, and the peripheral scanning speed is

Fig. 12 Variation of temperature
distribution versus current
magnitude. a Variation of heating
curve. b Variation of highest
temperature. ¢ Temperature
distribution along path I. d
Temperature distribution along
path II

1000

8001

6004

400

Heating temperature/(°C)

0.5 mm/s. Figure 12a displays that both the highest tempera-
ture of point A and the heating rate increase with the larger
current magnitude. Figure 12b demonstrates the highest tem-
perature of point A versus different current magnitudes. The
heating temperature is 849 °C in the case of an 18-A current,
which is decreased by about 7 % compared with 914 °C in
case of a 20-A current. Figure 12c, d both display that, when
the current magnitude increases, the effective heating zone
becomes thinner to the central area of induction heating, and
the heating rate and efficiency get higher as well.

3.2.4 Scanning speed

The heating curves of point A at different scanning speeds are
shown in Fig. 13a, in which 20-A current and 1-MHz frequen-
cy and 2-mm heating gap are applied. The heating time is
360.5, 180.4, 90.2, and 45.2 s, respectively, when the temper-
atures of point A reach the peak value at the different periph-
eral scanning speeds from 0.25 to 2 mm/s. According to the
above facts, the distances of point A relative to the inductor
could be calculated at the heating time mentioned above, and
the distance is 0.125, 0.2, 0.2, and 0.4 mm, respectively, which
are all much smaller than the inductor size of 12 mm and can
be ignored. This implies that the scanning speed has little
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influence on the position where point A reaches the highest
temperature. However, the highest temperature of point A is
highly affected by the peripheral scanning speeds. As shown
in Fig. 13D, the heating temperature is 977 °C in the case of the
peripheral scanning speed of 0.25 mm/s, which is decreased
by 6 % compared to 916 °C in case of the peripheral scanning
speed of 0.5 mm/s. The heating temperature is 861 °C in case
of the peripheral scanning speed of 2 mm/s, which is de-
creased by 6 % compared to 916 °C in case of the peripheral
scanning speed of 0.5 mm/s. Higher peripheral scanning speed
contributes to smaller heating temperature at the same position
in the metallic wheel substrate.

When point A is rotated below the coil at 180 s, the tem-
perature distributions along path I and II at different scanning
speeds are provided in Fig. 13c, d, respectively. Point A is near
the peak of the curve along path I, as shown in Fig. 13c. The
region to be heated is on the left of the peak. It is obvious that
the temperature distribution becomes more concentrated at
higher scanning speed. The region on the right of the peak is
the cooling region, in which the average temperature gradients
of the curves are 31, 29, 27, and 28 °C/mm at different pe-
ripheral scanning speeds from 0.25 to 2 mmy/s. It is obvious
that the gradient values at different peripheral scanning speeds
are approximately identical. Thus, the scanning speed nearly

@ Springer

has no influence on the temperature distribution within the
cooling part of the wheel substrate. Figure 13d displays the
temperature distributions of point A along path II, and the
curves are similar to those on the left part along path I from
0 to 20 mm. That is to say, the induction heating at a higher
scanning speed would produce a higher temperature gradient,
which makes the temperature distribution near point A much
more inhomogeneous. When the scanning speed is lower,
more time is provided to transfer the heat produced in the
narrow central region below the coil to the surrounding re-
gions in the wheel substrate. As such, the preheating effect
of the region to be heated in the steel wheel substrate is more
sufficient, and the temperature gradient becomes smaller at the
lower scanning speed.

3.3 Experimental verification

In the brazing experiments of CBN grains, a high-frequency
induction heating equipment modeled SPG-06AB 1III with a
frequency of 1 MHz is used. The heating region of the CBN
wheel and the inductor are in an argon atmosphere to prevent
the oxidation. K-type thermocouple is applied to measure the
heating temperature of point A, due to its suitable temperature
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range (0—-1300 °C), fine linearity, large thermo-electromotive
force, high sensitivity, and strong resistance to oxidation.

3.3.1 Experimental verification of the heating curve
and highest temperature of point A

The wheel substrate rotates and is heated. The distance be-
tween the temperature measuring point A and the inductor is
90 mm at the beginning of the heating, and point A is on the
stable heating region based on the above analysis. In the braz-
ing experiments, the heating gap between the inductor and the
wheel substrate is adjusted to 2 mm, and the currents with
different magnitudes are loaded on the both sides of the coil,
and then the inductor scans through the heating surface of the
metallic wheel substrate at a constant peripheral scanning
speed of 0.5 mm/s until the inductor sweeps past point A
and the temperature of the point begins to decrease.

The heating curves of point A obtained in both simulation
and experiment are comparatively illustrated in Fig. 14a. At
the initial heating stage (0—140 s), the simulated heating curve
is essentially coincident with the experimental one; the tem-
perature increases slowly in the two curves, and the highest
temperature variation is 11 °C at 140 s. At the rapidly rising
temperature stage (140—180 s), the temperature increases rap-
idly, and the heating rate obtained in the simulation work is
always close to the experimental heating rate. The average
value of the temperature variation between the simulation
and the experiment is 29 °C, and the highest temperature var-
iation is 48 °C at 162.6 s at this stage. At the cooling stage
(after 180 s), the curves obtained in the simulation and the
experiment are also nearly coincident.

The highest temperature varying with the current magni-
tude (18-21 A) in both the simulation and experiment is com-
paratively illustrated in Fig. 14b. When the current magnitude
is 18 A, the temperature obtained in the simulation and exper-
iment are 849 and 866 °C, respectively, which are 2 % in
difference. When the current magnitude increases to 20 A,
the temperatures in the simulation and experiment are 916

and 918 °C, and the difference between them is 0.2 %, which
is the smallest one compared with those obtained with the
other current magnitude. When the current magnitude in-
creases to 21 A, the temperatures in the simulation and the
experiment are 975 and 946 °C, respectively, which are 3 % in
difference. Based on the above analysis, it is known that the
difference of the highest temperature between simulation and
experiment is less than 5 % with the different current magni-
tudes ranged from 18 to 21 A. That is to say, the simulation
results are generally reasonable and accredited in the current
work.

3.3.2 High-frequency induction brazing of CBN grains

Figure 15 displays the whole morphology of the brazed CBN
grain, which is produced in the case of the optimum parame-
ters as follows: heating gap of 2 mm, current frequency of
1 MHz, current magnitude of 20 A, and peripheral scanning
speed of 0.5 mm/s. It is noted that, the polishing of brazed
sample has been done to keep the three different layers (me-
tallic wheel substrate, Ag-Cu-Ti filler alloy, and CBN grain) in

$3400 20.0kV 12.4mm x100 SE

" 500um

Fig. 15 Morphology of brazed CBN super-abrasive grain
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a single plane; as such, the joining behavior of braze partners
could be easily observed. In generally, a good brazing inter-
face has been formed among the wheel substrate/Ag-Cu-Ti
filler alloy/CBN grain when applying the abovementioned
optimum parameters.

4 Conclusions

Temperature distribution and influencing factors in high-
frequency induction brazing of CBN super-abrasive grains is
researched based on finite element simulation. The following
conclusions could be drawn:

(1) The effective heating zone with a width of 2 mm is con-
centrated on the top surface of metallic wheel substrate
below the coil during the rotating induction heating pro-
cess, and the depth of the dominating heating zone is
equal to the skin depth (i.e., 0.55 mm).

(2) When heating at a higher current frequency, a higher
current magnitude and a smaller heating gap values, the
highest value of the resultant heating temperature be-
comes larger; however, a higher peripheral scanning
speed makes the highest temperature decrease in the in-
duction heating process.

(3) The optimum parameters for high-frequency inducting
brazing of CBN grains are determined as the heating
gap of 2 mm, current frequency of 1 MHz, current mag-
nitude of 20 A, and peripheral scanning speed of 0.5 mm/
S.

(4) The high-frequency induction brazing experiments of
CBN grains has validated the simulation results, in
which the errors of the highest temperatures between
simulations and experiments are less than 5 %.
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