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Induction sintering is developed as an alternative method to conventional
sintering in order to sinter iron-based powder metal (PM) compacts. In this
study, the 12 kW power and 30 kHz frequency induction-sintering machine
is used for 3 wt.% copper-mixed iron. The effects of different shapes and siz-
es of the induction coil, and temperature differences on the PM compacts up
to sintering temperature are investigated; these parameters are determined
both theoretically and experimentally during induction sintering. Iron-based
PM compacts are sintered at 1120°C. Induction sintering of iron-based PM
compacts are simulated using a program to examine the effects of magnetic
flux and temperature distribution in the sample over time. The results are
compared with the experimental studies.

Iapgyknifine coikaaHa OyJio po3po0JieHO SK ajJbTepHATHBA 3BUUYAHOMY CIIi-
KaHHIO, 1100 cHiKaTu 6puKeTH HopoInKoBux MarepisaniB (ITM) ma ocHOBI 3aJri-
3a. B ganiit po60Ti BUKOPUCTAaHO iHAYKIIIMHY aryioMepaliiiny MaIlnuHy IIOTY-
skHicTio y 12 kBT i wactoror y 30kI' s cuikanuA cyminni s3asisa 3 3 Bar.%
migi. JocaigsxeHo BILIMBY PisHUX (opM i po3MipiB iHAYKIiHOL IITysi, pisk-
HUIb TemIiepaTyp Ha 6pukeru IIM ax mo TeMmepaTypu CIIiKaHHsA; Ti mapaMeT-
pu OyJIO HOCTIIMKEHO AK TEOPETUYHO, TAK I eKCIIePUMEHTAJILHO HiJ Yac iHgyK-
mitinoro cuikauua. Bpukeru IIM Ha ocHoBi 3aiisa cuoikaaues mpu 1120°C. Tu-
IyKiifine crrikanHa 6puketiB IIM Ha ocHOBI 3ajisa Tak0K MOIeJIbOBAHO 3 BU-
KOPHCTAHHAM IIPOTPaMU, SKa MOCJIiKy€e BIJIMBY MAarHeTHOTO IIOTOKY Ta PO3-
IOAiNy TeMIlepaTypu y 3pasKy 3 uacoM. Pe3yibTaTu OPiBHAHO 3 pe3yJbTaTa-
MU €KCIIEPUMEHTAIbHUX JOCIIi[KeHb.
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NunyknuonHoe coexanue ObLIO paspaboTaHO KaK aJbTepHATHBA OOBIUHOMY
CIIeKaHUI0, UTOOBI CIIEKATh IPECCOBKM MOPOIIKOBLIX MaTepuaJioB (IIM) Ha oc-
HOBe JKejie3a. B manHoIi paboTe UCIIOIb30BaHA MHAYKIITMOHHAA arjioMepaIiuoH-
Hasa MalrrHa MoIfHOCThI0 12 kBT u vacroroit 30 KI'M A/ ClIeKaHMSA CMECH JKe-
sesa ¢ 3 macc.% wmenmu. MccaemoBadbl BIUAHUA PA3JINUYHBIX (OPM X PA3MEPOB
VMHIYKIMOHHBIX KAaTYIIeK, PasHuIl TeMiiepatyp Ha Opukersl IIM BIIoThH m0
TeMIIEPaTyPhI CIIEKAHUA; STH IapaMeTPhl ObLIN HCCIEIOBAHLI KAK TeOpeTHuye-
CKU, TaK 1 9KCIePUMEHTAJIBLHO BO BpeMsA UHAYKIIMOHHOTO CIIeKaHnA. BpuKeThl
IIM ma ocHoBe xejesa cmekanauch mpu 1120°C. MHAYKIIMOHHOE CIIEKaHIe
6puketroB ITM Ha ocHOBe ’KeJjie3a TaKyKe CMOIEJIUPOBAHO C MCIIOJIb30BAHUEM
IporpaMMbI, KOTOpasA uccjaeayeT BIAUAHNE MAarHUTHOTO IIOTOKA U pacupemeie-
HUS TeMIepaTypbl B o0pasiie co BpeMeHeM. Pe3yabTaThl COIIOCTABJIEHEI C pe-
3yJIbTaTaAMHU SKCIePUMEHTAJIbHEIX NCCIeTOBAHMIM.
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1. INTRODUCTION

Generally, powder metal (PM) compacts are sintered using conven-
tional sintering furnaces. The sintering furnace controls heat and time
during the sintering loop. In addition, it maintains the required at-
mosphere and provides the possibility of heat treatment[1, 2].

Different PM steels were produced using different methods and dif-
ferent shapes. Salak et al. studied low-carbon steel and distalloy of SA
and SE (hdéganas powders) [3]. They used pressed iron-based PM pow-
ders produced by uniaxial cold pressing and sintered by the conven-
tional method at temperatures in the range of 1120—-1300°C similar to
our iron-based PM compacts sintered at 1120°C by the conventional
method. They tested the machinability of the iron-based PM steels.
Cristofolini et al. [4] produced ring-shaped parts with a Fe—Cu—P alloy
by a conventional powder metallurgy process. They investigated the
effect of anisotropic dimensional change on the precision of PM parts.
In this study, despite a slight densification, dimensional changes were
anisotropic; in some cases, swelling was observed, whereas shrinkage
was observed in others. Raza et al. [5] sintered 316L stainless steel in
vacuum by powder injection moulds. Reducing the cooling rate re-
duced the density, mechanical properties, and corrosion resistance of
the 316L PM compacts.

Kurt and Ates[6] used the ASC 100.26 iron-based composition. They
have found that densification is better for the samples sintered at
1150°C. In addition, Arik and Turker [7] were investigating mechani-
cal alloying of the same composition. They reported that mechanical
alloying resulted in the formation of finer powder particles containing
homogeneously distributed carbon in iron. They said this process also



THERMAL ANALYSES FOR INDUCTION SINTERING OF POWDER METAL COMPACTS1249

caused the high deformation of particles, which increased the internal
energy.

Shon et al. [8] investigated the sintering of TiC without the use of a
binder by the high frequency induction heated sintering (HFIHS)
method. The aim of their research is to produce dense fine grained
binderless TiC hard material. Consolidation temperature decreased
with milling time because driving force for sintering and contact
points of powders for atomic diffusion increased. Shon et al. [9] de-
scribed effect of Fe,O; addition on consolidation and properties of 8
mol.% yttria-stabilized zirconia using high-frequency induction heat-
ed sintering.

Watanabe and Kohno [10] reported that the bonding infiltrated
skeletons of ion green parts of up to 25% porosity when infiltration
was carried out by C-10Sn bronze at 1150°C for 15 minutes in hydro-
gen followed by furnace cooling. The heating rate was kept at
7°C-min~".

For these HIFIHS studies, they used a 50 kHz induction generator.
On the other hand, Cavdar et al. studied iron and iron-based powder
metal compacts sintered by a low-medium frequency (30—-50 kHz) in-
duction heated system after compacts were pressed coldly [11-14].

Cavdar et al. studied iron and iron-based powder metal compacts for
sintering by medium frequency induction sintering [11-14]. Cavdar et
al.[11-14] have sintered cold pressed iron—copper compacts via medi-
um frequency induction. These induction sintered compacts have
higher density than conventional sintered compacts. Strength and mi-
crohardness increased with increased sintering time [11] and increas-
ing copper content up to 3% . Cavdar’s [14] studies show that the best
compositions were 3 wt.% Cu and 3 wt.% CuSnl5-mixed iron-based
PM compacts for the induction sintering process. Cavdar and Atik [14]
reported that the optimum sintering temperature of the medium fre-
quency induction heated sintering process of iron-copper PM compacts
was 1120°C and sintering time was 500 seconds. Therefore, we used
same compositions and same induction sintering parameters in this
work.

When medium (30 kHz) frequency induction and conventional sin-
tering processes of the iron-based PM compacts energy costs are com-
pared, the induction sintering process is approximately 3.5 times
cheaper [15]. The advantage of less consuming energy could be used for
the sintering of PM compacts industrially. Cavdar and Atik [15] re-
ported that induction-sintered iron-based compacts are sintered nearly
five times quicker than conventional sintered compacts.

In this study, we investigated 3 wt.% Cu and iron-based PM com-
pacts sintered by medium frequency induction heated system. The
thermal and magnetic analyses of induction-sintered compacts were
modelled by the ANSYS program.

The goal of this research is to compare experimental and numerical
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results of sintering temperature of powder metal compacts with medi-
um frequency induction heating method.

2. MATERIALS AND METHODS

The sizes of the iron and copper powder were 45-106 um. The powder
metal samples sizes were 10x10x55 mm? and weighed approximately
37 gr. Sample compacts were produced by pressing at a pressure of 600
MPa using a uniaxial press. The compacts were sintered by induction
sintering furnace

PM compacts were sintered by 12 kW, 30 kHz (medium frequency)
in an induction-sintering furnace during 8.33 minutes (500 s) under
atmospheric environment. The temperature of the compacts was meas-
ured by infrared thermometer (£5°C) during the induction sintering
process. Compacts were cooled naturally. Cavdar [14] obtained opti-
mum sintering parameters for induction and conventional sintering of
the iron-based PM compacts as used in this study.

In the sintering process of the induction, PM compacts were heated
rapidly. Due to this rapid heating, some hot spots are seen in the com-
pacts. Hot spots caused rapid delubrication of zinc stearate [15]. This
is a common failure in induction sintering [16]. To avoid such failures,
a continuous sintering mechanism was developed. Using a moving
sample through an induction field, three zones were formed: pre-
sintering, sintering, and cooling, producing better delubrication and
heat distribution. A horizontal and square coil was designed for the
induction sintering process of PM compacts. The induction coil had a
diameter of 8 mm and a wall thickness of 1 mm. The copper wire was
wrapped 10 times to make a coil with an inner diameter of 32 mm. The
coil was wrapped horizontally as presented in Fig. 1. 30 mm (outer di-
ameter) quartz tube was used to centre the PM compacts. Homogenous
magnetic flux was achieved by centring of the PM compact (Fig. 2).

PM compacts were sequentially pushed forward with a constant rate
through the induction field. A ceramic material was used for the push-
er rods to avoid its interaction with the magnetic flux. There were
three stages during the movement of samples: pre-sintering, sintering,
and cooling process. In the pre-sintering zone, zinc-stearate was delu-
bricated without creating hot spots.

Fig. 1. PM compact and coil design.
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a b

Fig. 2. General aspect of induction sintering mechanism (a) and cross-
sectional aspect of sintering action showing the samples and pyrometric tem-
perature measurement (b).

The magnetic flux, which interacts with the sample, penetrates to a
certain depth. This is defined as the penetration depth in scientific lit-
erature [17]. Penetration depth can be formulated as below:

d = 50004/p/uf [em] [17],

where p is a specific resistivity, u is magnetic permeability and f is fre-
quency.

Specific resistivity p of the Fu—Cu compact was calculated by de-
signed system, which is given in Fig. 3. This system was designed by
Prof. Dr. Haldun Karaca in Electronic Engineering Department of
Dokuz Eyliil University.

The penetration depth was calculated as 3.3 mm when we used a fre-

PM compact

———

Fig. 3. Measurement of the resistivity of PM compact.
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quency of 30 kHz during the experiments. The penetration depth of
magnetic flux is presented in Fig. 4.

Processing parameters of medium frequency heated sintering of PM
compacts are presented in Table 1.

The thermal and magnetic analyses of the induction-sintered com-
pacts were modelled by ANSYS program. The relative magnetic perme-
ability of iron-based compacts was reduced to 1 due to a rise in temper-
ature when the sample was heated to the Curie temperature of 769°C.
Above the Curie point, the compact acted non-magnetically. Electrical
resistance increased with temperature and slowed down after a certain
temperature was reached. The relative magnetic permeability of air
and coil was chosen as 1 and the emissivity of iron-based compacts was
set to 0.56 during the investigations according to literature [14, 18].

A
IS.3 mm
g i 13.3 mm
5 | -
1 |
~ [ J
A\ J
< 10 mm >

Fig. 4. Penetration depth of magnetic flux in the cross-section of the sample.

TABLE 1. Processing parameters of medium frequency induction heated sin-
tering of PM compacts.

Parameter Applied value for induction sintering
Maximum Temperature 1120°C
Power capacity 12kW
Frequency 30 kHz
Pre-sintering time Unavailable
Duration 8.33 minutes (500 s)
Heating rate =75°C/s
Cooling rate Naturally

Environment Atmosphere
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Magnetic influence has been recognized ‘0’ for external surfaces of the
air. Symmetric boundary condition has been entered for the bottom
surface of the sample. Radiation boundary condition has been entered
for the other surfaces of the sample.

Plane 13 is generally used for a 2D magnetic, thermal, electrical,
and structural field capability with limited coupling between the field
applications. This element has nonlinear magnetic capability for mod-
elling B—H curves or permanent magnet demagnetization curves. Be-
cause Plane 13 was used for coil, PM compact and air during magnetic
flux were analysed by ANSYS. Plane 55 is usually using a plane ele-
ment or an axisymmetric ring element with a two-dimensional thermal
conduction capability. In addition, Surf. 151 is used for various load
and surface effect applications. It may be overlaid onto a face of any
2D thermal solid element. The both Plane 55 and Surf. 151 elements
are applicable to two-dimensional thermal analyses. Plane 55 is used
for thermal analysis of PM compact and Surf. 151 is used for investi-
gation of radiation effect over the sample. To improve the interaction
of magnetic flux with the sample, the square was chosen. Coils were
wrapped as square and circle and then they used ANSYS analysis. One
edge of the square was sectioned coil and inner diameter of circle sec-
tioned coil 32 mm was chosen and the sample cross-section was set to
10x10 mm? during ANSYS analysis. The interactions of magnetic flux
for both coil design is given in Fig. 5. It was found that magnetic flux
is much more congested in the edges of sample for circle-sectioned coil
than the square-sectioned coil.

Heat distributions over time during pre-sintering, sintering, and
cooling zones are investigated by the thermal analysis method of
ANSYS for moving samples. Three consecutive samples were investi-
gated by ANSYS. Half of the cross section of the sample and coil were

IMagnegtic Square Coil.

T%\“];_I =1
=

PM Samplé

il e s L Baeteda T

Fig. 5. Magnetic flux interaction with PM sample for square sectioned coil (a)
and circle sectioned coil (b).
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modelled during investigations. The samples and the coils were than
meshed. The numerical analyses results of the mesh structure are simi-
lar to the results obtained from those of an experimental study as
shown in Fig. 7. The power of the induction generator is fixed as 1.2
kW. Air, induction coil, and cross-section of the three compacts were
drawn in the discretization analyses (Fig. 6).

3. RESULTS AND DISCUSSION

Three consecutive samples were moved with a constant rate through
the induction coil during experimental induction sintering studies.
The power of the induction generator was set to 1.2 kW. The ANSYS
analysis was carried out by heating to the sintering temperature for 1,
5, 10, 45, and 53 seconds as shown in Fig. 7. It was measured by infra-
red pyrometer that the sample PM compact was heated to 1120°C in 53
seconds during experimental studies while ANSYS modelling claimed
that the sample could be heated to 1120°C in 45 seconds.

In modelling, following three PM samples were named S1, S2, and
S3, respectively. These three samples are shown in Fig. 6. S1 was pre-
sintering, S2 was sintering and S3 was cooling PM compact of the in-
duction sintering process.

The midpoint-centre temperatures of the S2 PM compact for 1-53
seconds sintering time were 116°C (for 1 second in Fig. 7, a), 370°C
(for 5 second in Fig. 7, b), 760°C (for 10 second in Fig. 7, ¢), 1150°C
(for 45 second in Fig. 7, d) and 1110°C (for 53 second in Fig. 7, e) re-
spectively. The midpoint-surface temperature of S2 PM compact for 1—
53 seconds sintering time were 207°C (for 1 second in Fig. 7, a), 497°C
(for 1 second in Fig. 7, b), 805°C (for 1 second in Fig. 7, ¢), 1100°C (for

Air Induction Coil

A YAV

Cross sections of the 3 sample PM
compact

induction heating

Fig. 6. Aspect of meshing 3 samples following one after another, coil and air.
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1 second in Fig. 7, d), and 1170°C (for 1 second in Fig. 7, e), respective-
ly. Both centre and surface temperatures of the PM compacts are in-
tercompared in Fig. 8. Centre and surface temperatures were very sim-
ilar after 10 seconds.

This is one of the advantages of PM compacts sintered with induc-
tion. Because of the close temperature range, PM compacts are sin-
tered more homogenously than during convention sintering. This cal-
culation is one of the most important points of this study, because we
do not know the inner temperature of the samples while they are heat-
ing. Midpoint-surface temperature of S1, S2 and S3 are intercompared
in Fig. 9. S1 (pre-sintering) and S3 (cooling) surface temperatures are
completely same as the real temperatures of the induction sintering
processes, but S3 surface temperatures are not. The curves of S1 and
S3 are overlapped. Because of this, the curve of S3 is not seen in the
Fig. 9. In the cooling operation, PM compacts are cooled naturally.

While comparing surface temperatures of the ANSYS analyses and
real process, the error ranges of the analysis is £5% . Only the cooling
operations were not calculated by ANSYS analysis in the induction sin-

a ANSYS; b ANSYS|
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r 1 f 1
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1] 3 8 229.823) | B4.062  202.18% 320,308 438.431
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|
|
|
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Fig. 7. Heat distribution in the sample during induction sintering in 1 s (a), 5 s
(b), 10 s (¢), 45 s(d) and 53 s (e).
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tering process.

PM compacts were heated together with magnetic fields and conven-
tion transfer. Cavdar et al. [14] reported that in the induction sinter-
ing process magnetic fields passed through nearly 300 uym from interi-
or and exterior surface of the PM bushing compacts. Because of these
magnetic fields, almost 600 um of the PM bushing compacts cross-
section were heated for the same time. This resulted in quicker heating
and sintering of the PM compacts.

1200~

- T T T T 1 T
| 1 Surface Temperature /

| 2 Center Temperature

°C

1000

800

600

Sintering Temperature,

15 20 25 30 35 40 45 50 55
Sintering Time, s

<
SN
—
<

Fig. 8. Variation of sintering temperature with sintering time of surface and
centre temperature of iron-based PM compacts in ANSYS modelling.
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Sintering Temperature,
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Sintering Time, s

Fig. 9. Variation of sintering temperature with sintering time of surface tem-
perature of S1, S2 and S3 iron-based PM compacts in ANSYS modelling.
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Cavdar and Atik studied medium frequency induction sintering of
pure iron, 3 wt.% copper-mixed iron or 3 wt.% bronze-mixed iron
[15]. Same Fe—Cu composition as investigated in this study. Iron and
iron-based powder metal compacts sintered at 1120°C by induction
during 8.33 minutes are similar to those sintered conventionally in 30
minutes [15]. Mechanical properties are improved by the addition of
copper or bronze powders to the iron matrix. Higher density, hardness
and bending strain results were obtained from all induction sintered
PM compacts compared to results from conventional sintered com-
pacts. Experiment results illustrate that more ductile, dense and hard
iron-based PM compacts can be produced by induction [15]. This study
is a thermal analyses of medium frequency induction sintered Fe—Cu
compacts of the previous [15] study. This work illustrated that thermal
and magnetic analyses could be calculated with ANSYS program for
induction sintering of powder metal compacts. In addition, this study
shows that all heating and sintering applications of bulk and powder
metal compacts could be simulated using a program to examine the ef-
fects of magnetic flux and temperature distribution.

4. CONCLUSIONS

The following results were attained.

The penetration depth was 3.3 mm when we used an induction gen-
erator with a power of 1.2 kW and frequency of 30 kHz. Heat transfer
produced by induction interaction heated the distance of 1.7 mm to the
centre point of sample. PM compacts were heated to a sintering tem-
perature of 1120°C in 53 s using the mentioned induction generator.
Compacts were heated homogenously using this induction system. It
was found by ANSYS analysis that the interaction of magnetic flux
with the sample and the heat formed is affected by coil design and sam-
ple cross-section dimensions. According to ANSYS modelling of a
sample with cross-section dimensions of 10x10 mm?, it was found that
the best design for wrapping coil for the interaction of magnetic flux
with the sample is square shaped with inner edge of 32 mm. ANSYS
models were used for predictions of coil design, magnetic flux interac-
tion, and sample shape, which decreases the need for extensive tiring
experimental studies.
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