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ABSTRACT

Soft magnetic materials produced by the P/M sintering technique are commonly used for DC applications. -
Iron-resin composites made by powder metallurgy show much better capability of machining and :
considerably lower eddy-current losses than laminated steels at medium and high frequencies. Itis

known that the magnetic induction and the permeability of iron-resin composites vary with the density.
The warm compaction technology permits to increase the density thus increased maximum permeability
and induction saturation may be expected by using that technique. Potential typical applications for this
kind of materials are in automotive ignition cores, lighting ballasts, transformer cores, low frequency - .
filters and chokes and electric motors. :

In this paper, the mechanical and magneti.c properties at low and high frequencies of iron-Tesin composite -
bars and rings made by cold and warm-pressing at different temperatures with and without curing are
presented. The effects of these manufacturing conditions on the properties of the composites.are
discussed. : ' o . :

1. INTRODUCTION

The powder metallurgy (P/M) technology is a well known process for the mass production of near net.
shape products in an economical manner. Many soft magnetic materials used for DC magnetic L
applications are produced by powder compaction and sintering of iron-based powder mixes (pure irom,
iron-nickel, iron-phosphorus, etc.). New iron-based powder mixes are now available for AC magnetic
applications. One of these products, ATOMET EM-1, is made of an iron powder admixed witha
thermoset resin. The purity and high compressibility of the iron powder insures good ferromagnetic -
properties while the thermoset resin provides adequate mechanical properties and more importantly the . . .
necessary insulation between iron particles to minimize eddy currents. Soft magnetic composite materials
can thus be produced using P/M compaction techniques followed by a low temperature curing treatment - -
to cross-link the thermoset resin. This production technique rednces production costs, minimizes wasted
products and allows to reach high density and good mechanical strength while maintaining precision of
tolerance control compared to manufacturing of laminated steels. Iron-dielectric materials, in which the
amount of resin is usuaily lower than 2 wt % [1], are also known as dielectromagnetics [2]. These
materials are used in AC and pulsed DC electromagnetic systems [3]. Among the interesting properties of
these soft magnetic composites, it is worth mentioning the isotropic magnetic and thermal properties
providing a spatial distribution of magnetic flux and heat, the low AC magnetic core losses and their ease
of manufacturing. They present many advantages over steel laminations that have anisotropic magnetic
and thermal properties. Steel laminations are mainly restricted to low frequency applications (high core
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losses at medivm and high frequencies) and to simple geometries with magnetic flux in the plane of the
sheet to avoid excessive eddy current losses [4].

Among potential applications of iron-resin composites, there are the replacements of costly lamination
stack assemblies, brushless DC motors and micromotors, choke cores, linear tube asynchronous motors
[5], cores of different electrical machines such as disc drive, rotary linear, ac homopolar, rotary
cylindrical and linear tube induction motors [6]. The use of iron-resin composites to replace a costly
lamination stack has recently been demonstrated [7]. There are also many other applications where the
iron-resin composites will probably be used in the future. Designers, electrical and mechanical engineers
should now rethink the concept of motors using laminations in order to most efficiently use the material
and the fact that it is possible to have an isotropic distribution of the induction with the use of iron-resin
composites. Design teams should take radical new design concepts. However to compete, iron-resin
composites must show physical, mechanical and magnetic properties as good or better than those of
stacked low carbon steel laminations. The warm pressing technology which uses heated powder in heated
tooling during the compaction process, provides a means to produce P/M parts with high green densities
in the 7.2-7.5 g/cm3 range in a single step and to improve mechanical properties. Since the density has a
great impact on magnetic properties (core loss, permeability, maximum induction, etc...), warm pressing
is a promising technology to enhance these properties.

In this paper, some physical, electrical, mechanical and magnetic properties of iron-resin composites
made by warm pressing, with or without a subsequent curing, are presented. Results and discussion of the
effect of compaction temperature on DC and AC magnetic properties at low, medium and high frequency
(up to 1 MHz) are also presented.

2. EXPERIMENTAL PROCEDURE

In order to study the effect of different compaction temperatures on physical, mechanical and magnetic
properties of iron-resin composites, rectangular bars and rings were prepared by uniaxial compaction. The
iron-resin mix composed of a high purity water-atomized iron powder (ATOMET 1001 HP) and

0.8 wt % of thermoset resin powder, was prepared by dry mixing in a V-cone blender for 30 minutes. The
particle size of the iron powder is nominally less than 250 um while that of the resin powder is below to

150 pm.

For each experimental condition, ten transverse rupture strength bars (3.175x 1.270x 0.635 cm) were
compacted according to the MPIF Standard 41 and two ring specimens (5.08 0.d. x 4.45 1.d. x 1.27 cm)
were also compacted in a floating compaction die. Bars and rings were pressed to 620 MPa (45 tsi) at
room temperature (22°C), 65, 100, 120 and 140°C. There was no lubricant in the mixes and die wall
lubrication with graphite spray was used for all compactions. The lubrication was first applied to die walls
of the heated die and the powder was preheated in the die for a period of four minutes in order that the '
powder reached a uniform temperature before pressing. For each compaction temperature, half of the
samples (bars and rings} were cured at 175°C for 1 hour in air. This curing was done to fully cross-link
and bind the resin to particle surfaces in order to increase the mechanical strength of specimens.

Density (measured from weight and physical dimensions of parts), electrical resistivity and fransverse
rupture strength (TRS) (MPIF standard 15) were evaluated before and after curing . Electrical resistivity
was measured using a commercial micro-ohmmeter equipped with a four-point probe (0.8 cm between
contact points). Ten resistivity measurements were taken on each rectangular bar before and after curing
and averaged: five on one side and five on the other side in the compaction direction.

Magnetic measurements for DC and AC characterization at low and medium frequencies were made
using a SMT/ACT-500 computer-automated magnetic hysterisgraph. For DC magnetic characterization, -
rings were wound with 600 primary turns of #24 gauge insulated copper wire and 150 secondary turns of
#30 gauge copper wire. For AC characterization at low and medium frequencies, each ring was wound -
with 250 primary turns of #24 gauge insulated copper wire and 250 secondary turns of #30 gauge copper
wire. At high frequency, the apparent permeability was evaluated with a HP 4192A LF impedance
analyzer and with a HP 16047 A test fixture . The high frequency characteristics were evaluated from 1
kHz to 1 MHz. The excitation was 1 Vs producing an induction field B < 5x10-4T. For the
characterization at high frequency, rings were wound with 96 turns of #24 gauge insulated copper wire.
The specific losses or core losses P(w) were evaluated at 0.001 T (10 G) using the following relation:”
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where o (=2xf) is the frequency , By (4% x 107 H/m) is the permeability of free space, p' and p” are
respectively the real and imaginary part of the complex permeability u*(®) and B¥*(w) the induction.

This relation is valid only at low harmonic applied field which is the case for 0.001 T (10 G) induced field
and mathematically represents the integral of the applied field H from the extreme tips of the hysteresis
loop. _ : : '

3. RESULTS AND DISCUSSION

3.1 Physical, mechanical and electrical properties =

The effect of the compaction temperature on density of iron-resin rectangular is presented in Figure 1.
The densities, before and after curing, increase with the compaction temperature for all samples. This can
be attributed to an increase of the ductility and a reduction of strain hardening of iron particles during
compaction in the heated die [8]. For instance, a density of 7.35 g/cm3 is reached on bars warm-pressed at
120 and 140°C. This corresponds to 97.7% of the theoretical density of the specimen (7.53 g/cm3)..
However, the curing does not significantly affect the density of samples in the range of compaction
temperatures studied. In preliminary tests [9], it had been observed that the density slightly decreases
above 140°C. This was likely caused by cross-linking in the resin during the powder heating before
compaction. Figure 1 also shows that the density of bars is systematically higher than that of rings. This
is probably caused by a higher friction in the die during compaction of rings that have larger sliding
surfaces than rectangular bars. The pressure transfer from punches is less efficient for a ring than for a
rectangular bar because the surface in contact with die walls is approximately three times larger for a ring.
It should also be noted that the evaluation of density is more accurate for rectangular bars (5 samples for
each experimental condition) than for rings (2 samples for each experimental condition). R
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Figure 1: Effect of compaction temperature on density of rectangular bars and rings
pressed at 620 MPa (45 tsi). (As-pressed or after curing at 175°C for one hour)
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The effect of the compaction temperature on TRS is presented in Figure 2. For as-pressed specimens, the
strength increases with the compaction temperature, while for cured specimens strength is relatively high
for low compaction temperatures (116 to 130 MPa) and decreases for compaction temperature higher than
120°C (90 to 95 MPa). The TRS of as-pressed specimens principally increases because the density
increases with compacting temperature as shown in Figure 3. Below a compaction temperature of 100°C,
the curing treatment provides a large increase in strength while above that temperature the gain is less
important. Consequently, for certain applications where a high density is needed, warm-pressing at a
temperature above 100°C can provide both high density and high strength without curing.
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Flgure 2: Effect of compactlon temperature on fransverse rupture strength of rectangular
bars pressed at 620 MPa (45 tsi). (As-pressed or after curing at 175°C for one hour)
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Figure 3: Transverse rupture strength as a function of the density of bars pressed at
620 MPa (45 tsi) and at different temperatures. (As-pressed or after curing at 175°C for one hour)

20-66-




The effect of compaction temperature on the electrical resistivity of bars is presented in Figure 4. As
expected, the electrical resistivity rapidly decreases with the compacting temperature because the number
of metal to metal contacts between iron particles increases. This figure also shows that there is no
significant difference at 95% confidence interval between the electrical resistivity measured before and
after curing. The larger standard deviations for specimens pressed at 22°C suggest that the distribution of
the resin is less homogeneous or uniform in these specimens than in those compacted at higher
temperature. It is believed that the resin flows better during compaction at temperatures higher than 22°C.
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Figure 4: Effect of compaction temperature on electrical resistivity of rectangular bars
pressed at 620 MPa (45 tsi). (As-pressed or after curing at 175°C for one hour)

3.2 DC magnetic properties

Plots of the maximum induction By, maximum permeability pm,,, residual induction B; and coercive
field H, as a function of the compaction temperature for different applied fields H are presented in _
Figures 5 to 8 respectively. Generally, characteristics that make soft magnetic materials good are a narrow
hysteresis loop (low H,, and high .y, and high By, Low residual induction, B, is also suitable in order
to avoid induced reverse current during the application cycles [10]. Since these characteristics are
generally improved with an increasing density, warm-pressing could be an interesting alternative to
regular compaction at room temperature. As shown in Figure 5, maximum induction increases with
increasing compaction temperature. A maximum induction close to 1 T is reached at an applied field of
3980 A/m (50 Oe). At 9950 A/m (125 Oe) and 19900 A/m (250 Oe) applied fields, maximum inductions
of 1.35 and 1.55 T are reached respectively for compaction temperatures in the 100 to 140°C range.
Maximum permeabilities also increase by increasing the compaction temperature and values in excess of
300 can be reached by warm-pressing (see Figure 6). However, residual inductions and coercive forces
are virtually not affected by varying the compaction temperature and values near 0.24 T and 420 A/m
respectively are obtained. (Figures 7 and 8). o '
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Figure 5: Effect of compaction temperature on maximum induction at different applied
fields of rings pressed at 620 MPa (45 tsi). (After curing at 175°C for one hour)
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Figure 6: Effect of compaction temperature on maximum permeability at different applied
fields of rings pressed at 620 MPa (45 tsi). (After curing at 175°C for one hour)
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Figure 8: Effect of compaction temperature on coercive force at different applied fields
of rings pressed at 620 MPa (45 tsi). (After curing at 175°C for one hour)
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3.3 AC magnetic properties at low and medium frequencies

The effect of compaction temperature and curing treatment on apparent core losses of iron-resin
composite materials is shown in Figure 9. There is no significant difference in core losses measured on
as-pressed or cured rings at both 60 Hz (Fig. 9a) and 400 Hz (Fig. 9b). It has been noted in Figures 1 and
4 that density increases and resistivity decreases with an increase of the compaction temperature. Since an
increase in the density decreases hysteresis loss and a decrease in the resistivity results in an increase of
the eddy current loss, experimental results show that they probably cancel each other when the
compaction temperature increases. Nevertheless, as expected, it is shown that apparent core losses
increase with both frequency and magnetization. In fact, apparent core losses increase because eddy
currents increase with the square of frequency and the magnetic induction [11]. The average core losses
at 60 and 400 Hz are respectively 11 and 79 W/kg for a magnetization of 1.0 T. These values are as good
or better than those obtained with carbon steel laminations (1008 or 1018). For instance, the average core
loss of a 1008 carbon steel laminations at 60 and 400 Hz are respectively 10 and 180 W/kgat 1.0 T
magnetization [12]. At a magnetization of 1.5 T and 400 Hz, the iron-resin composite performs better
than a 1018 steel lamination with core losses of 130 and 200 W/kg respectively [13]. :

The effect of the compaction temperature on apparent permeability measured at 60 and 400 Hz for as-
pressed or cured iron-resin composites is shown in Figure 10. Permeabilities at 60 and 400 Hz for as-
pressed or cured specimens are approximately the same, thus not affected by the frequency. For as-
pressed specimens, the apparent permeability increases with the compaction temperature, reaches a
maximum and then decreases. This is mostly related to the density of rings. After curing, the apparent
permeability increases with compaction temperature. It seems that a certain stress relief of the iron occurs
during curing even at this low temperature (175°C or 350°F). The apparent permeability of rings pressed
at 120 and 140°C increases by approximately 10 and 25% respectively after curing. The apparent
permeability decreases with an increase of the magnetization. In fact, for this range of frequencies, as the
applied field increases, eddy currents increase and induce an opposing magnetization which decreases the
overall effective magnetization thus also decreasing the permeability. The maximum apparent
permeabilities are achieved for high compaction temperatures (100-140°C) after curing: values of 500 and
400 are reached for inductions of 0.5 and 1.0 Tesla respectively.

3.4 AC magnetic properties from 1 kHz to 1 MHz

The effect of the frequency on initial permeability of rings pressed at different temperatures is illustrated
in Figure 11. Initial permeabilities, measured at very low induction (0.001 T), are constant up to a certain
frequency range over which they start to drop with further increase of the frequency. Figure 11 also shows
that the initial permeability increases with the compaction temperature: 75 for rings pressed at room
temperature, 80 at 65°C, and approximately 85 for rings pressed in the 100-140°C compaction
temperature range. This increase in initial permeability is attributed to the increased density. On the other
hand, the better the insulation between iron particles, the higher the frequency at which initial
permeability drops. This is mainly caused by eddy currents that increase with the square of the frequency.

The effect of the frequency on specific losses calculated according to equation (1) for rings pressed at
different temperatures is shown in Figure 12. At low frequency levels (1 kHz), where the total loss is
dominated by hysteresis loss, specific losses are similar for all materials with a value near 0.7 pW/cm3. At
frequencies higher than approximately 10 kHz, specific losses of materials varies with the compaction
temperatures: lowest, medium and highest losses are respectively obtained for rings pressed at room
temperature, 120 to 140°C and 65 to 100°C. Materials with the lowest losses correspond to those with the
highest resistivities. However, it is useful here to recall that these materials are designed for applications
at low and medium frequency. Nevertheless, by using warm-pressing it is possible to maintain low
specific losses. For instance at 10 kHz, specific losses of 13 and 16 pW/cm3 were measured on rings
pressed at ambient (22°C) and 120°C respectively after curing at 175°C during 1 hour. '
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4, CONCLUSIONS

In this paper it has been demonstrated that warm-pressing of iron-resin composite powders can broaden
the range of physical, mechanical and both DC and AC magnetic properties. Depending on the type of
application, the needed properties can be obtained by varying the compaction temperature, with or
without a curing treatment at 175°C for 1 hour in air. These composite mixes are specifically designed for
AC applications at low and medium frequency but quite impressive DC and AC properties at high
frequency are also achieved. The following conclusions can be drawn from this study:

1- The highest resistivities (250 pQ-m) are obtained by pressing at room temperature
(22°C) and curing; ' -

2- The highest strength (130 MPa or 18,850 psi) are obtained by pressing at 65°C -
(temperature usually reached during industrial production) and curing;

3- A combination of high density (7.33 g/cm?) and high strength (60 MPa) can be
achieved by warm-pressing at 120°C without curing; S

4- DC magnetic properties can be improved by warm-pressing at 120°C and curing:
close to 1.6 T of magnetic induction at (19900 A/m or 250 Oe) applied field and a .
maximum permeability close to 300;

5 improved AC magnetic properties are also obtained by warm-pressing at 120°C and

curing: an apparent AC permeability and core loss at 400 Hz (1.0 T) of
approximately 400 and 80 W/kg respectively and an initial permeability of 86.
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