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ABSTRACT: This study compares an energy consumption results of the TI-6Al-4V based material processing under
the 900 kHz induction heating for different cases. By this means, total power consumption and energy consumptions
per sample and amount have been analyzed. Experiments have been conducted with 900 kHz, 2.8 kW ultra-high
frequency induction system. Two cases are considered in the study. In the first case, TI-6Al-4V samples have been
heated up to 900 °C with classical heating method, which is used in industrial applications, and then they have been
cooled down by water. Afterwards, the samples have been heated up to 600 °C, 650 °C and 700 °C respectively and
stress relieving process has been applied through natural cooling. During these processes, energy consumptions for
each defined process have been measured. In the second case, unlike the first study, can be used five different samples
have been heated up to the various temperatures between 600 °C and 1120 °C and energy consumptions have been
measured for these processes. Thereby, the effect of temperature increase on each sample on energy cost has been
analyzed. It has been seen that as a result of heating the titanium bulk materials, which have been used in the experi-
ment, with ultra high frequency induction, temperature increase also increases the energy consumption. But it has
been revealed that the increase rate in the energy consumption is more than the increase rate of the temperature.
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RESUMEN: Andlisis comparativo del consumo energético de un sistema de calentamiento por induccion a alta
frecuencia para aplicaciones de procesado de materiales. En este estudio se comparan los consumos energéti-
cos al procesar Ti-6Al-4V por induccion a 900 kHz. Se ha analizado la potencia total consumida y la energia
consumida por muestra. Los experimentos se han realizado en un sistema de induccion de ultra alta frecuencia
a 900 kHz, 2,8 kW. Se han considerado dos casos, en el primero se ha calentado Ti-6A1-4V a 900 °C por el
método clasico usado en la industria y enfriado en agua; posteriormente las muestras se han calentado a 600,
650 y 700 °C y enfriadas al aire para relajar tensiones. En los tres casos se midio el consumo energético. En el
segundo caso, cinco muestras diferentes fueron tratadas a temperaturas entre 660 y 1120 °C, midiendo el con-
sumo energético en todos los casos. Asimismo se analiz6 el efecto del incremento de temperatura en el consumo
energético, observandose que al calentar los materiales de base titanio usados en este trabajo con induccion de
alta frecuencia, el consumo energético aumenta al aumentar la temperatura, siendo la velocidad de incremento
del consumo energético mayor que la velocidad de incremento de la temperatura.

PALABRAS CLAVE: Calentamiento por induccion; Consumo energético comparativo; Coste energético comparativo
para procesado de materiales; Ti-6Al-4V; Tratamiento térmico; Ultra alta frecuencia
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1. INTRODUCTION

Titanium has emerged as an important metal for
a lots of applications. Ti-6Al-4V is one of the most
important titanium alloys in the industry applica-
tions. This composition is generally using due to its
high specific strength, high operating temperature
and corrosion resistance (Ibrahim ez al., 2013).

Ibrahim ez al. (2013) reported the effects of the
Si-addition as a grain refiner on microstructure and
properties of Ti-6Al-4V alloy. Babu and Lindgren
(2013) studied dislocation density based model for
plastic deformation and globularization of Ti-6Al-4V.
Li et al. (2013) used Ti-6Al-4V in their work. Their
studies about influence of heat treatment of hot
continuous rolled titanium based material. In addi-
tion to the Ti-6Al-4V studies, Rhaipu (1998) worked
about superplastic forming of same titanium alloy.

In several studies induction systems have been
used for heating applications of Ti-6Al-4V. Brunelli
et al. (2009) 450 kHz (high frequency), Markovsky
and Semiatin (2010); Markovsky and Semiatin (2011)
400 kHz (high frequency) induction systems were
used in their studies. In addition to using high fre-
quency for the heat treated of Ti-6Al-4V materials,
in this study same titanium composition heat treated
by ultra-high frequency (900 kHz) induction system.
In many different applications induction heating sys-
tems are being used. For example forging (Cavdar,
2014), medium frequency sintering (Cavdar et al.,
2014a; Cavdar et al., 2014b; Cavdar et al., 2014c;
Cavdar and Atik, 2014), ultra-high frequency welding
(Cavdar and Gulsahin, 2014; Cavdar and Kusoglu,
2014; Cavdar et al., 2014d), ultra- high frequency sin-
tering (Sar1 and Cavdar 2015) and modelling (Riera
and Prado, 2006) applications of the iron and/or iron
based materials.

Brunelli et al. (2009) investigated the diffusion
treatment of Ni-B coatings by using induction heat-
ing generator. They were hardened the surface of
Ti-6Al-4V alloy via induction. For bulk materials
having a complex shape, induction and salt bath,
could be used. For example, Semiatin and Sukonnik
(1997) used rapid induction heating to form graded
microstructures. Titanium alloys were heated by
induction and applied by Nishikiori et al. (1996)
and Benedetti ez al. (2005). In both of these inves-
tigations, it was employed for local heating, but the
comparatively long exposure times at high tempera-
tures resulted in relatively coarse-grains and hence
poor ductility.

Most of the energy generated in the world is con-
sumed by the industry. One of the most significant
prerequisites to be able to compete in the genera-
tion industry is to decrease the generation costs. The
losses in the raw material, interruptions in the gen-
eration lines and excessive energy consumption are
among the most important factors that affect the
cost (Delgado-Gomes et al., 2013).

Power consumption is an important issue that
affects all parts of the life. Hence, power consump-
tion should be taken into consideration during the
design of home appliances (Tsai et al., 2013), elec-
tronic devices (Han et al., 2014), various communi-
cation systems (Hinton ef al., 2011; Yu et al., 2012),
device and machines used in the industry (especially
induction motors). To that end, energy efficiency of
the devices, which are used in all parts of the life,
should be high.

Taskin and Gokozan (2011) made the harmonic
analysis using the power parameters of 75 kW induc-
tion motor used in industry. Gokozan et al. (2014)
made the power quality analysis under different load
status of an induction furnace with 350 kVA power
and 1 kHz operation frequency used in steel industry.
In another study, Ozdemir and Tastan (2014) made
the inter-harmonic analysis of the power system
using the power data of an arc furnace. In this study;
also, energy consumption analysis have been made
using the same data collection system (Taskin and
Gokozan, 2011; Gokozan et al., 2014; Ozdemir and
Tastan, 2014).

Cavdar and Atik (2014) also have made a study
covering the energy consumption during the sintering
process of iron based powdered metals. Two different
sintering processes have been performed within the
scope of this study. In a part of the study, sintering
process has been made with 12 kW, 50 kHZ induc-
tion device and with a medium frequency induction
system for the iron based powdered metal materials.
In the other part of the study, iron based powdered
metal pieces have been sintered using the conventional
sintering method which is mostly used in industry.
Based on the energy consumed in these two studies,
energy consumption per kg has been calculated for
each system. Induction sintering process consumes
approximately 3.5 times less electrical energy than the
conventional process for 1 kg powder compact.

Ultra High Frequency Induction Heat Treatment
(UHFIHT) is a rapid heat process. Titanium materi-
als are very important in the automotive, aero-plane,
space and biomedical applications. In industrial appli-
cations, the most important point is the cost of the
application.

In this study, it has been seen that in heating
with ultra high frequency induction, the increase
in energy consumption is directly linked to the
increase in process temperature. Besides, it has been
seen that the energy consumption, during the time
passed until the samples reach to the desired level,
is higher and the energy consumption decreases in
the next process.

2. EXPERIMENTAL STUDIES

In this work, two different types of experiment
were investigated. One of them is heat treatment
of the titanium materials, other one is the heating
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TABLE 1.  Average chemical composition
of the Ti based materials

% (wt.)
Al \4 C (0 F Si Ti
6.37 4.12 0.02 0.25 0.24 0.02

Balance

durations (from 600 °C to 1120 °C) of the titanium
materials. For both experiments, a horizontal tita-
nium based materials and a horizontal coil was
used for ultra-high frequency induction heat treat-
ment (UHFIHT) application. The diamination’s of
the titanium materials are the diameter 16 mm and
the height 5 mm. The heat treatment was applied
to the samples the coil of the induction system.
Diameter of 4 mm and a wall thickness of 0.5 mm
of the induction coil was used for heat treatment
application. The copper wire was wrapped one mak-
ing a coil with an inner diameter of 22 mm. Magnetic
flux was achieved homogenously due to the centering
the titanium materials. Five different bulk materials
were used for three different UHFIHT process. The
energy costs were the average of the calculations. All
bulk materials were heat treated by 2.8 kW, 900 kHz
(ultra-high frequency) induction system under atmo-
spheric environment. The temperature of the bulk
materials was measured by an infrared thermometer
(%5 °C). The heating temperatures were measured and
fixed by the infrared laser of the induction system.
The chemical composition of Ti-6Al1-4V is given in
Table 1 as follows.

The numbers are given to the experiments from
El to E9. The explanations are given in Table 2 and
the cycles are given in Fig. 1 and Fig. 2.

2.1. Measurement system
Measurement system was designed by using the

NI LabVIEW program. A multi-functional graphical
user interface was designed to save power system data.

TABLE 2. Explanations of the numbered experiments

The Number of

Experiments Explanations of the experiments

El E4+E5

E2 E4+E6

E3 E4+E7

E4 T=900 °C in 60 seconds; than fast cooling
(sample dropped into a water.)

ES T=600 °C in 30 seconds; than natural cooling

E6 T=650 °C in 30 seconds; than natural cooling

E7 T=700 °C in 30 seconds; than natural cooling

E8 T=900 °C in 30 seconds; than natural cooling

E9 T=1120 °C in 30 seconds; than natural cooling
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Using this interface, the changes in the following
characteristics of current and voltage signals can be
monitored and recorded in the real time: the wave-
forms of voltage and current in each phase, changes
in the power parameters which are apparent, active
and reactive power. The overall block diagram of
the measurement system is shown in Fig. 1. It con-
sists of voltage and current transducers, data acqui-
sition card and the software. Figure 2 shows the user
interface of the measurement system.

The required calculations have been made using
the power parameters obtained with data collection
system. The formulas in Eq. (1) and Eq. (2) have been
used in the calculations.

P=U*I*cosgp (1)

were P is the power of the induction heating system
(W), U the source voltage (V), I the current drawn
by the device (A) and cos@ the power factor.

w=pP*_ L _wn (2)
3600

were W is the consumed energy amount (Wh), P the
power of the induction heating system (W) and ¢ the
operating time of the device (s)

On the one hand, three different heat treatment
processes were applied to the titanium based sam-
ples as given in Fig. 3. The all heat treatments were
done at 900 °C for 1 minute and then three differ-
ent quenching temperatures were applied to the Ti
based samples from 600 °C to 700 °C for 30 seconds.

On the other hand, for several heating durations
from 600 °C to 1120 °C Ti based materials were
heated for half minute. For five different heating
durations are illustrated in Fig. 4.

Power and energy consumption values calculated
with the formula in Eq. (1) and Eq. (2) are given in
Table 3.

3. RESULTS AND DISCUSSIONS

From the data collected during the study, Current-
Time graph of the induction heating process under
700 °C is given in Fig. 5; Power-Time graph is given
in Fig. 6.

When the Fig. 5 and Fig. 6 is reviewed, it is clearly
seen that the power consumption is high in first
7 seconds of heating system (Period-I) and it is lower
in the following period of time (Period-1I). After the
material reaches to the desired temperature level,
power consumption decreases. This is similar for all
temperature levels as seen in Fig. 7.

The power consumption values of the experiments
between ES and E9 means the temperature durations
from 600 °C to 1120 °C are given in Fig. 8. All experi-
ments were applied the samples in 30 seconds after
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Induction Heating
Power System

Current
Measurement Measurement DAQ | | DaQ | | LabviIEW
Sensors Voltage Connector NI 6221 Front Panel
Measurement
FIGURE 1. Block diagram of the measurement system.
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FIGURE 2. The user-interface of the measurement system.

Temperature [°C]

Time [s]
FIGURE 3. Heat treatment cycles of ultra-high frequency induction heating applications (Experiments from E1 to E3).
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FiGURE 4. Effects of the heating durations between 600 °C and 1120 °C of the ultra-high frequency
induction heating application of Ti based bulk materials (Experiments from E5 to E9).
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TABLE 3. The power and the energy
consumptions of the all experiments
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in power-temperature graph in Fig. 8, power-time
graphs in Fig. 6 and Fig. 7.
Considering the energy consumption values in

Number of The Power The Energy .
Experiments Consumption (W) Consumption (Wh) Eq (2), energy costs of the processes, energy unit
El 35138 273 price 0.0861 $/kWh (electrical price was taken from
© 370.87 9‘27 the web page of www.enerjienstitusu.com/elektrik-
: : fiyatlari/) and material weight have been calculated
E3 373.87 9.35 for 2 g. Process costs per material and kg are shown
E4 379.67 6.33 in Table 4.
ES5 294.80 .46 . The tqtal cost of the he_at treatment applications
E6 353 54 595 is given via bar graph in Fig. 9 as follows.
It is seen on the graph in Fig. 9 that energy costs
E7 362.26 3.02 . . .
increase depending on the increase of temperature
E8 487.02 4.06 values in stress relieving processes.
E9 744.17 6.20 In Fig. 10 energy costs per Kg are seen for the

the samples temperatures were grow up to the fixed
temperature.

In these experiments which are made under equal
process durations and different temperatures, power
consumption has increased depending on the tem-
perature. The increase in power consumption is seen

30 seconds long processes under five different tem-
peratures between 600 °C and 1120 °C.

When the temperature is increased from 600 °C
to 900 °C, it is seen that the change in energy con-
sumption is 65.2% while the change in tempera-
ture is 50%. When the temperature is increased
from 900 °C to 1120 °C, it is seen that the change
in energy consumption is 52.77% while the change
in temperature is 24.4%. From all these results, it is

40 T
30 gl - Prioq T T NN o011 1 | R frorn s >
20 IR <o
10 I
c
2 0
3 -10
-20
-30°F i
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Time [s]
FIGURE 5. Current change of the induction heating system under 700 °C.
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g
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FIGURE 6. Power change of the induction heating system under 700 °C.
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FIGURE 7. Power consumption graph depending on time under different temperatures.
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FIGURE 8.

seen that ratio between the increase in temperature
and the cost increase are not same.

In the study of Brunelli ez al. (2009), they were
used 450 kHz high frequency and 100 kW capac-
ity induction generator. They were obtained by
immersion in nickel chloride aqueous solutions
with sodium borohydride for electroless nickel-
boron coatings on Ti-6Al-4V alloy. The diffusion
treatments were carried out by induction heating
at 1020 °C in 100 seconds. They were compared
the induction heating with conventional method.

TABLE 4. The energy cost of the heat treatment
applications per samples or per kilogram

Number of Energy Cost Energy Cost
Experiments ($ / Sample) ($/Kg)
El 0.000756 0.3781
E2 0.000798 0.3991
E3 0.000804 0.4022
E5 0.000211 0.1057
E6 0.000254 0.1268
E7 0.000260 0.1299
E8 0.000349 0.1747
E9 0.000534 0.2669

The power consumptions graph of the temperature durations.

This obtained previously by heat treatments in oven
at 800 °C for 40 hours.

Markovsky and Semiatin used 400 kHz high
frequency induction generator and variable power
level of 3-5 kW for heating the Ti-6Al-4V rapidly
(Markovsky and Semiatin, 2010; Markovsky and
Semiatin, 2011). They could be control the heating
durations within 0.1 seconds.

In contrast to using the high frequency 400 kHz
(Brunelli et al., 2009) or 450 kHz (Markovsky and
Semiatin, 2010; Markovsky and Semiatin, 2011)
induction systems, in this study 900 kHz ultra-high
frequency induction system was used for heating
application of the Ti-6Al-4V alloy. Our heating fre-
quency is approximately two times higher than the
other studies on the literature. Induction frequency
is the directly proportional with penetration depth
of the magnetic field.

As a result of the studies, samples reach to the
desired temperature level very fast in the heating
with induction. So, energy consumption is higher
in this period (Period-I). In the following process
(Period-II) energy consumption decreases as the
temperature is kept stable. In the processes made
for different temperatures, it has been seen that the
temperature increase rate and energy consumption
increase rates are not same.
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4. CONCLUSIONS

The conclusions of ultra-high frequency induc-
tion heating application of Ti-6Al-4V materials,
following results were obtained:

* Titanium based bulk materials were heat trea-
ted successfully with the ultra-high frequency
induction system.

e Costs of titanium materials E1, E2 and E3 heat
treatments are 0.3781 $/Kg, 0.3991 $/Kg and
0.4022 $/Kg.

* As the temperature increases in induction hea-
ting process of titanium materials, cost per
ES5-E9 $/kg have been 0.1057 $/K g, 0.1268 $/K g,
0.1299 $/Kg, 0.1747 $/Kg and 0.2669 $/Kg.
Increase in the temperature increases the energy
cost.

*  When the temperature is increased from 600 °C
to 1120 °C, it has been seen that while the change
in temperature is 86.6%, the increase in energy
consumption is 152%. It has been determined
that the rate between the temperature increase
and cost increase is not same.
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