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SUMMARYY

An inter-disciplinary investigation of induction heating for forging of alloy
steel, sintered, powder compacts of axi-symmetric shape is described, with
attention to the importance of compact properties and shape complexity
for induction coil design.

The present facility for coil design, using the equivalent circuit analogy
for solenoidal coils, is assessed and compared with an industrial example;
the limitations of the method are identified. The influence of powder and
compact production stages on the material properties:- electrical
resistivity, p ; thermal conductivity, k ; and magnetic permeability, u ;
and the absence of reliable data on these properties,are shown in a
literature review. Values of p , k and u are measured against
compact density, up to lDGUDC, in specially developed apparatus and
confirm semi-empirical relationships from the literature.

A simple method is advanced for simulating the temperature distribution
with time and, from corroboratory tests on simple shaped compacts, it is
deduced that sintered materials behave similarly to solid steel during
induction heating.

The principal advantage of using powder compacts for forging applications
lies in the reduced cost of machining, favouring parts of complex shape.
Production coil options, for preforms of various degrees of complexity, are
considered and the inductor configuration, the linear coil, proposed.

Measurements of current density distribution over simple billet surfaces in
a linear coil provide preliminary evidence on the relationships between
induced power and efficiency, and the number and position of coil
inductors. No theoretical analysis of the heating behaviour of linear coils
was hitherto available. Proposals are given for extending predictions to
cover complex-shaped preforms, using computer simulations, for both linear
and solenoidal coils.

An economic assessment of proposed production applications is presented,
showing the impact of metal loss during heating, down-time costs and coil

efficiency. Preforms are grouped, according to complexity, and
recommendations made for the choice of inductor coil type.
KEY WORDS

Induction Heating, Powder-Forging, Induction Coil Design,
Powder Compact Properties
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CHAPTER 1 : INTRODUCTION

1.1 The Collaborating Organisation

Guest, Keen and Nettlefolds (G.K.N.) Ltd is the largest international
company in Britain specialising in most metal production and forming
applications. This project is sponsored by G.K.N. Forgings Ltd, a
wholly owned subsidiary of G.K.N., consisting of six companies, Table

1.1, currently employing over 6000 people, with an annual turnover of

£185m.[1]
G.K.N. FORGINGS Ltd
{Sub~-Group Headquarters,Bromsgrove )
G.K.N. Shardlow Ltd G.K.N.GarringtonsLtd Smith-ClaytonForge Lid
(Sheffield) {Bromsgrove, (Lincoln)
Hartlepool) Darlaston)
G.K.N.Garringtons Ltd ScottishStamping Smethwick Drop-
Powder Forgings Division & Engineering Co. Ltd Forgings LM
(Reddifch) (Ayr) o

(Kidderminster)

TABLE 1.1: Companies of the G.K.N. Forgings Ltd. Sub-group.

Production capacity of 300 000 tonnes per annum within the
Sub-Group of as-forged items for the automotive, agricultural,
aerospace and allied industries constitutes about half of the total
output of the British forging industry. High-volume production
installations produce forgings of 16g to 1t from carbon and alloy
steels in the form of axle beams, crankshafts,connecting rods,
suspension and transmission parts, compressor and turbine blades, air
frames and undercarriage components. The Sub-Group's major
customers are other U.K. companies, although some components are

sold within the Group for finishing and assembly and approximately



16% of production is exported to the U.S.A. and Europe. To maintain
this position in the forging industry, G.K.N. Forgings Ltd is backed by
its own Process and Product Development Department (P. and P.D.) at
Bromsgrove, which carries out a continuous programme of
modernisation and development in both forging and ancillary processes
on behalf of the Sub-Group companies. The P. and P.D. programme is
geared to up-date production methods and technology to meet the
increasing needs and growing sophistication of major markets. In
addition, the Group has access to research facilities at the G.K.N.
Group Technological Centre at Wolverhampton, whose function it is to
perform more fundamental research and development work on

metallurgy, materials and equipment used by all G.K.N. companies.

Recently the P. and P.D. department has developed the
Powder-Forging technique for producing "near-finished" forgings from
compacted powder compact '"preform" shapes (of approximate
dimensions of the final component). The process was advanced to
give an operational production process set up at Redditch in 1977,

G.K.N. Powder-Forgings Division, now a division of Garringtons.

1.2 The Problem

Production of powder forgings was begun after development work at
P. and P.D.department had shown [2] that the process was viable. It

was estimated that considerable savings could be made using the
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powder route; material utilization, from powder to finished
product,was increased to over 90%, compared with 40% for
conventional forging; machining operations were considerably reduced
or eliminated; and press and die lives were increased, as fewer
forging operations were necessary for powder-forged parts. Further
deveiopment  studies, and the experience of some American
manufacturers, indicated that choice of the heating method used was
crucial in maintaining the consistency, performance and reliability of
powder-forged components. Induction heating was considered desirable
to give greater efficiency and flexibility of heating with units of
reduced size and better compatability with automatic handling

equipment than conventional furnaces.

A novel production heating system was developed [3] by G.K.N. from
research by the Electricity Council Research Centre, Capenhurst [4].
The principle is that components are moved on a mesh belt between a
number of straight rectangular-sectioned tubes usually arranged in
pairs, conducting medium frequency current. This constitutes the
induction heating coil (figure 1.1) ; this design is commonly referred

to as a "skate" coil within G.K.N.

Compacted preforms require three stages of heating (Chapter 4).
During the first stage the lubricant, which is added for ease of
compaction and die longevity, is evaporated or "burned-off". Secondly,

consolidation and extension of the interparticle bonds occurs



in the sintering stage. Finally, the compact is heated to the high

temperature required for forging.

It was found that difficulties were experienced in applying induction
heating to powder-forging during the first and second stages. Due to
inefficient burn-off, the final mechanical performance was reduced,
due to contamination by lubricant residue after combustion, and
non-uniform heating and localized melting occurred during sintering.
The present Powder-Forging production line was established where
de-waxing and sintering occur in conventional gas-fired furnaces, and
heating for forging is performed by the '"skate" coil induction heater.
However, the processing of parts in a gas furnace is incompatible
with the continuous heating of the induction coil: Sintered parts are
therefore cooled before being re-heated to forging temperature in the
coil. G.K.N. are committed to developing a complete induction heating
process from compaction to forging in order to eliminate this energy

waste.

This project was initiated after Powder-Forging Division found
difficulty in the induction heating of preform shapes, other than
simple rings and flat discs, in the "skate" coil. Non-uniform heating
occurred, resulting in local melting of the preform surface or failure

to achieve forging temperature.

The aim of the project is to improve the technique of heating

complex shapes. The project would be a theoretical and experimental



study of the induction heating of powder-compact preforms, to

establish factors and relationships to aid coil design.

1.3 Project Definition

It became clear at the beginning of this investigation that the
Company had little information on induction heating and powder
metallurgical concepts that would Ieaéi to improvements in their coil
design methods. Experienced personnel had been lost when an
independent company, Birwelco* (Newport) Ltd, had been formed and
all induction coil specifications had to be bought from that
organisation. Birwelco's reluctance to consider '"skate" systems,and the
requirement to independently assess the design of conventional

solenoidal coils, have prompted the instigation of this project.

This project aims to increase company knowledge, to inject a more
rational and theoretical approach to coil design, and to preserve

G.K.N.s lead in this technology.

A full solution to the problem of coil design for the heating of
powder preforms demands evaluation of the interaction of a number
of factors relating to the preform and to the coil. The preform
factors are:-

- powder composition (constituents and particle sizes)

- heating atmosphere

*Now re-named Newelco.



- preform density distribution
- preform state (unsintered (known as green), or sintered)
- preform shape
The coil factors are:-
- operating frequency or frequencies
- power input levels
- coil shape and size
- method of preform support and t‘ranspor‘t

- coil insulation

It is impossible for a study of this type to cover all aspects of this
problem in the time available. The first requirement is that any
present theory available for induction heating coil design for solid
materials needs to be identified. The degree of application of
induction heating theory to powder compact material heating may
then be determined. From here, extensions to the coil design theory
may be considered for G.K.N.applications. This study endeavours to
overcome the problems of coping with the wide range of factors
influencing coil design, by generating new knowledge based on typical
G.K.N powders and powder preforms in the sintered state. The
conclusions drawn may be applied to metal powder preforms generally,
provided that the physical properties of the specific cases are known.
Similarly,the coil design methods proposed may be used, with care,to
predict for wider industrial applications than are explicitly derived in
the thesis. This work forms a case study for the application of

induction heating to powder-forging.



Criteria for assessing the value of the results may be stated quite
simply. Study of existing methods of coil design will provide G.K.N.
with the necessary knowledge of induction heating design, with guides
for its application in practice. Comparison of these methods with
practical experience of production coil systems will pin-point the
limitations of present calculations, and surmount present problems of
coil under-performance by expanding the theory. Success of the
refinements will be measured by the accuracy of predictions compared
with experimental tests. A similar principle may be applied to
comparable trials using sintered metal parts to assess whether preform
heating theory may be compared to the known behaviour of solid

materials of simple shape.
Further investigation of the effects of heating coil and preform shape
will be judged by the correlation of experimental measurements and

extensions to theory, and by greater facility for coil design.

1.4 Organisation of the Research

This thesis describes the development of the study through the
following stages;-
IDENTIFICATION of the current state of knowledge and the

nature of the problem,

DIAGNOSIS of the areas where new knowledge is needed and

attempts to generate this,

RESULTS, and their discussion,
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CONCLUSIONS that may be drawn.

This project consists of a number of related but separate topics,each
requiring some consideration of all four stages independently. An
outline plan is contained in block diagram form in figure 1.2, which

shows the relationship between parts of this study.

1.4.1 Identification

This stage is considered in Chapters 1 to 4. These chapter
contents may be briefly summarized in the following
sub-sections.

The basic principles of induction through-heating of steels for

forging will be briefly presented in Chapter 2, highlighting:-

a) The importance of the strength and distribution of the
magnetic field produced by coil conductor configurations.

b) The effect of the heated material's relative magnetic
permeability and its variation with temperature on the
induced field.

c) The limits imposed by electrical resistivity and thermal
conductivity of the heated material on heat generation and
transfer.

Chapter 3 will develop a more detailed treatment of the theory

in the section below.

1



Chapter 3 is an examination of the mathematical basis of
induction heating. The solution of the magnetic flux equations
will be produced to derive the equivalent circuit calculations
for coil design. The methods, as described in the literature,
will be compared with practical experience drawn from

production coils and the limitations of the methods shown.

The heat transfer equations governing temperature distribution
will be developed, and the importance of skin effect, metal

properties and radiation on the heating pattern demonstrated.

The basic principles of powder metallurgy will be briefly

presented in Chapter 4, highlighting :

- The production of powder compacts and its influence
on properties (micro-and macroscopic);
- The influence of forging and heat treatment stages on
compact density, and its importance;
- Preform shape and complexity with respect to physical
properties.
The contents of Chapters 2 and 4 contain short résumés of
both subjects. It is intended that these be of sufficient general
and detailed nature to satisfy workers in the respective fields
of study, while directing attention to the relevant topics of
specific interest. The current state of knowledge of coil design

in the literature and in industrial practice is defined and the

need for quantifying powder compact properties shown.

12



1.4.2 Diagnosis

Diagnosis of areas where new knowledge is required and
attempts to generate the information are described in Chapters

5,6, 8 and 9.

A literature survey of powder compact physical properties
contained in Chapter 5, shows the need for measurement of
electrical resistivity, thermal conductivity and magnetic
permeability. The chapter will then describe experiments to
determine values for those quantities. These values will be

related to information gained by referring to the literature.

Chapters 6 and 7 are written to link Chapters 3,4 and 5. This
section will consider induction heating of sintered parts with
reference to existing coil design theory and the extensions of
the theory as shown in Chapter 6. Important differences in the
heating of solid and sintered parts (relating to properties) will
be described. Predictions of the heating performance of
powder-metal parts in solenoidal coils will be compared with
the performance of solid material. Identified also in Chapter 6
are the limitations of coils in current use for heating the full
range of G.K.N. shaped preforms. The need for more elaborate

designs is considered in the following section.

13



"Coil Options for production" (Chapter 8) introduces the

second part of the thesis which concentrates on "skate" coil
work. It indicates the limits and advantages of solenoidal coils
for G.K.N. production, and presents alternatives. Of these the
linear "skate" coil is favoured by G.K.N., chiefly for reasons of

production convenience and simplicity.

Two further topics of the remainder of the thesis, solenoidal
and linear coil development, are directed in Chapter 10

towards the heating of complex shapes.

A literature review of theoretical methods for predicting
induction heating of shaped parts is presented in Chapter 10.
This introduces the need for further development of methods
applicable to more complex geometries, and identifies a
deficiency in experimental results for comparison with

calculations.

1.4.3 Results and their Evaluation

The presentation of results occurs at strategic positions within
Chapters 5,6,7 and 9 after discussion of the following
information:-

Powder compact properties (Chapter 5) ;

Induction heating of solid and compacted powder billets

(Chapters 6 and 7) ;

14



1.5

Induction heating of shaped parts (Chapter 9).

Evaluation of these results and their implications for the
spensoring Company appears in Chapter 1l. Some discussion
inevitably follows chapters reporting experimental results since
correlation between these values and theoretical study provides

justification for the subsequent chapters.

1.4.4 Conclusions

Overall discussion and the conclusions that may be drawn from

the results are shown in Chapter 12.
Recommendations for further studies in the field of induction
heating of powder compacts are also discussed in this final

chapter.

Summary of Principal Findings :

1.5.] On Current Methods used in Coil Designs

- These methods are limited to considering the heating of
cylindrical shaped parts in solenoidal coils.

- Present methods fail to enable production coil systems to be
designed with sufficient accuracy.

- New modifications are presented for improving the methods.

- Guide - lines for their use for practical coil designs used in
production are given.

- Comparison of the improved method with experimental

verification shows a distinct increase in prediction accuracy.

15



1.5.2 On Powder Compacts

- Absence of reliable information on the physical
properties (i.e. magnetic permeability, electrical resistivity
and thermal conductivity) of G.K.N. powders was identified.

- Apparatus was designed, built and used to determine the
powder compact properties.

- A relationship between the powder compact properties and
density was found and compared with predictions presented

in the literature.

1.5.3 On Induction Heating of Cylindrical Powder Compacts

- Temperature measurements were made during heating of
simple preforms in a production solencidal coil.

- Comparison between predicted performance and experimental
results shows excellent agreement.

- Similar heating characteristics of solid and sintered metal

parts under the influence of induction heating is established.

1.5.4 On Induction Heating of Shaped Metal Parts

- The range of theoretical models is reviewed and their
limitations to the solution of simple two-dimensional
non-magnetic cases shown.

- The feasible options for production coil systems are
identified.

- Further theoretical modelling for the solenoidal and linear

"skate" coil is proposed , with attention to varying

16



material properties and various ferro-magnetic materials.

- Predictions of coil performance for heating shaped parts are
made and compared with preliminary tests on linear coil
heating. The effect of coil proximity and field strength is

shown.

1.5.5 On the Implications for G.K.N.

An  economic  assessment of induction heating of
powder-forgings presents the advantages of the route over
conventional heating processes.

- All calculation methods are presented in a form that
facilitates the extension of these findings for general
consideration of other shapes. Methods of elaborating the

predictions for more complex shaped parts are discussed.

1.6 Observations

The fundamental relationships for the solution of magnetic field
equations and the principles of heat transfer have been well
understood since before the turn of the century. Analytical solutions
to these equations for induction heating applications exist only for
the most simple cases [5]. It is not surprising therefore, that progress
towards solution of actual induction coil design problems has been

slow.

Approximate coil design methods have been available for some time.

However, it was not until the introduction of the computer,

17



making available fast calculation speeds and large amounts of
information storage, that numerical solutions could be developed to

approximate more closely to practical systems.

The delicate energy balance of induced power input to a part being
heated, and heat transfer within the part may now be more
accurately predicted. The prediction allows for the changing
magnetic and thermal conditions prevailing at each stage of heating.
However, it appears that the practicalities and realistic application of
these methods have been largely ignored, with the assumptions

required for approximate solutions.

This study utilizes theoretical and practical approaches from
fundamental roots, and develops potential solutions for a practical
case study within the constraints of an industrial setting. These
principles may also be generally applied to a new application where

induction heating is considered.
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CHAPTER 2 : AN INTRODUCTION TO INDUCTION HEATING

21 Principles of Induction Heatinag [6-18]

A metal object placed within a pulsating magnetic field has an
electromotive force (V) induced within it to oppose the initiating
magnetic flux change. The associated flow of current is resisted by
the metal, and heat is generated by the Joule heating effect (where

I2R=power induced). This phenomenon is the basis of induction heating.

The magnetic field is produced within a water-cooled copper coil by
connection to an alternating current supply. Careful location of the
coil and the metal to be heated (commonly referred to as the work,
workload, load or workpiece) ensures that most flux paths encounter
the workpiece, thus minimizing wasteful flux leakage (figure 2.1). The
basic arrangement is similar to a transformer, differing only in that
the secondary winding is a shorted single turn (figure 2.2), separated

from the primary coil by a small air-gap.

A non-uniform current distribution is induced in the metal; the
current density decreases from the surface to the centre of the load
as the magnetic flux is exponentially reduced by the opposing field
developed in the part. A characteristic penetration or '"skin"
depth is defined where the current density is reduced to l/e times

(approximately one third) the surface value,

20
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FIGURE 2.1: Induction heating of a cylindrical load in a solenoidal
coil. The flux paths linking the work, the coil and

the air-gap are shown.
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FIGURE 2.2: Transformer analogy of induction heating. Large
currents flow in the shorted secondary circuit.
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fru (2.1),

This depth is dependent on the frequency f of the primary flux
change and two properties of the workload material, the electrical
resistivity p and the magnetic permeability u *. Power developed by
current flow in the primary coil is also governed by the same

principles.

For greatest induction heating efficiency, the power induced in the
workload must be at a maximum and the coil losses kept to a
minimum. Heat is transferred to the surroundings from the workload
surface by conduction, which is determined by the material thermal
conductivity k , and by radiation. The relationship between the
induced power density and dispersal of the heat within the lcad is
complex. The temperature profile may be altered by control of the
penetration depth, by altering frequency and primary current input

with time, to suit a particular application.

2.2 Applications of Induction Heating

Induction heating is used for a wide variety of applications [19] since
the process has major advantages in comparison with fuel-fired

furnace installations. These advantages for steels are summarized

* u is a product of the material relative magnetic permeability u,

and the permeability of free space Mg (defined as

u, =47 x107 H/m )
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here and considered in greater detail later.

High heating rates, resulting in short heating times, reduce the
amounts of scaling and decarburization produced on the surface.
The greater speed and improved control of temperature lends the
induction heating process to automated production lines. The better
overall efficiency is enhanced when the more rapid start-up
associated with induction heaters is considered. This feature is highly
relevant in relation to meal breaks and production stoppages for tool
attention etc. Fuel-fired equipment, at best, can only be switched to
a "stand-by" during these periods. Because heat is generated more
efficiently within the workload, rather than from an external fuel
source, a cooler working environment exists and greater utilization of
floor space is possible. The absence of noxious combustion products
allows better metallurgical control of the metal surface conditions to
be achieved. By a more precise control of workload temperature

relative to time, metallurgical structure can be closely controlled.

Applications may be divided into three categories in order of
increasing frequency. In the first,localized surface heating within a
shallow skin depth & is used for surface hardening, soldering, brazing
and tube-welding [16]. High power densities are delivered at medium
to high frequencies (keeping & small), using coils of few turns to
confine the heated area. This study concerns the second application,

through-heating of steels for forging. In this application, uniform
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heating is achieved using long coils with lengthier heating times, and
arranging deeper penetration depths using low to medivm frequency
supplies. Finally, induction heating is used extensively ior steel
smelting. The three categories are shown in table 2.1, with typical

frequencies used.

This thesis concentrates on through-heating applications for forging,

especially those related to the needs of G.K.N.

27 Through-heating for Forging

Most applications involve the  heating of cylindrical or
square-sectioned steel billets of between 50mm and 150mm diameter
or side length. Billet length lies between 50mm and 2000mm. Forging
temperatures are between 1100°C  and lZSDOC, depending on
application, with temperature uniformity in an individual workload

within + 25°C.

FREQUENCY (Hz)
TYPE APPLICATION 10 100 1k 10k 100k 1M 10M
STEEL
MELTIN }-——-—-——i
4 i SMELTING
THROUGH STEEL FORGING
HEAT ING i eef
SURF ACE 2 :
HARDENING ! i
SURFACE
HEATING TUBE WELDING I_l
BRAZING l l
& JOINING
Table 2.1 : Induction heating systems and applications.
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For maximum heating efficiency, Chapter 3 shows that the medium
frequency supply should be chosen as shown in table 2.1. The
penetration depth is related to the workload diameter d by the

equation

d > 3586 (2.2).‘

For square-sectioned billets of side a, the relationship 1.28 a 2 3 §

is used.

However, the skin depth alters significantly as the steel is heated,
due to changes in the relative magnetic permeability of the material.

Materials which are magnetic at room temperature, having a high i,

value, become non-magnetic ( B == 1) at a particular temperature
i Jknown as the Curie temperature. 6 . lies between 720°C
curie curie

and 760°C for steel, depending on carbon content. It is therefore
necessary to induction heat using two frequencies, one below and the
other above Curie, or suffer the consequence of reduced efficiency
above éeurie when equation 2.2 is not met. Table 2.2 shows typical

frequencies for various workload diameters.
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BILLET DIAMETER FREQUENCY
(mm)
Below Curie Above Curie
Temperature Temperature
6 to 12 3kHz 8 to 10 kHz
12 - 25 1kHz 8 to 10 kHz
25 - 38 1kHz 3 to 10 kHz
38 - 50 50/60 Hz 1 to 3 kHz
50 - 150 50/60 Hz 1 kHz
over 150 50/60 Hz 50/60 Hz
Table 2.2 : Frequencies for thrgugh-heating steel of various diameters

for forging at 1250°C. [18].

Power supply systems for delivering the primary current supply are of
three types. For larger diameter workloads, mains supply heaters are
used, needing no frequency conversion and requiring only transformers,
switchgear and load-matching capacitors. These low-maintenance units
are the cheapest induction heaters in terms of kilowatt installed.
The second type is the use of electric motor-alternators to supply
fixed frequency between 500Hz and lkHz. These alternators are
normally driven by an induction motor and loads are matched by
switchable capacitors. The system is extremely reliable and easy to
maintain by production workshops. Except where constant frequency
output is desirable, the motor-alternator is rapidly being superseded

by the third type, the static inverter. The static inverter is a

solid-state device, operating between 500Hz and 50kHz. Load
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matching occurs as the output frequency automatically alters and so
maintaining efficiency by continuously matching frequency to the
changing load impedance during heating. Although solid-state
alternating current supply for induction heaters represents the biggest
recent advance in the field, it may be some time before they
completely replace motor-alternators on established production lines.
The following section describes a typical through-heating arrangement

for production forging at G.K.N.

2.4 G.K.N. Production Layout

The industrial production system produces 2.7kg/kWh (6l1b/kWh)
(typically) of steel at forging temperature and consists of a
motor-alternator set or sets, delivering between 140kW and 1700kW,
connected to the induction heater. To reduce noise and release space
for the actual production line, the power generator is often sited
away from the heater. The heater unit comprises the following:-

- power control switch-gear

- power-factor correction capacitors

- voltage, current, power and reactive power meters

- the induction heater process timer

- water-cooling supply tanks and manifolds

- coil

- coil electrical and water-cooling connections

- workload handling equipment.
The heater often serves as a platform for the induction coil, so that

heated billets may be gravity fed to the forging press.
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Billets are normally supplied to the coil via an automatic feed
magazine, cycled by the process timer on the heater. The
work-handling equipment includes compressed air pistons which push
the billet column into the coil; the coil is fitted with internal
longitudinal quide rails of stainless steel with a hard coating on
which the billets travel. The purpose of a through-heating coil is to
electrically couple as close as possible . with the workload shape,
taking into account loading and unloading clearances, adequate
thermal and electrical insulation and mechanical rigidity. Typical

air-gaps for good working practice are indicated in table 2.3.

FREQUENCY
50/60 Hz 1kHz 3kHz 10kHz
BILLET i
TEMPERATURE( C) |550 850 1250 | 850 1250 | 850 1250 |850 1250
WORKLOAD
DIAMETER (mm) AIR-GAP (mm)
0- 60 25 25 50 50 62 50 62 50 62
60 - 125 25 3 S0 62 75
125 - 250 25 38 B0 75 80

Table 2.3 : Typical air-gaps for through-heating in solenocidal coils [14.

The coil is constructed of high-conductivity copper tubing of round or
rectangular section, wound on a former; this is cast in refractory

cement within an asbestos-type (Syndanyo) box. Multiple water

circuits within the coil tubes are provided to ensure adequate cooling.
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As discussed above, the power input to the billet alters at the Curie
temperature. There may also be a "soaking" stage at the end of the
heating cycle to reduce the temperature gradient through the section
which is due to the use of high power densities at the surface. For
these reasons, production coils oftén consist of as many as four
sections [17,20]. The first, "sub-Curie" section, contains a high
density of coil turns giving high power input to efficiently heat the
billet quickly to the Curie temperature. A second section may be
present to heat the billet through the Curie point where power is
absorbed to supply latent heat for the magnetic transition. The next,
"super-Curie", stage brings the billet to forging temperature at a less
efficient rate. A higher frequency supply may power this section for
more efficient heating by providing a closer approximation to
the d/823.5 relationship. Finally, a "zero-energy" section is
provided to overcome radiation losses from the surface, whilst the
temperature distribution becomes uniform. Division of the coil into
these sections and adjustment of the power input to each, allows
various heat patterns to be obtained in the load. It also provides the
nearest approximation to a continuously variable coil, ideally

matched to the changing properties of the workload during heating.

The inter-relationship between the coil shape and the distribution of

heat within the part is complex. The coil designer's problem
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lies in developing a coil to raise the billet temperature efficiently
and at the maximum rate to a uniform temperature distribution,
without overconcentration of thermal stresses, or locally overheating

or even melting the workload.

The next chapter considers the theory of induction heating and
develops the existing state of coil design methods for production
systems. An example is given of a G.K.N. coil and the degree to

which prediction methods accord with practical experience is discussed.
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THEORY OF INDUCTION HEATING
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CHAPTER 3 : THEORY OF INDUCTION HEATING

2.3 Introduction

This chapter introduces the theory of induction heating and shows
how an approximate solution for industrial coil design has been
developed from the theory. The general theory described in section
3.2 is divided into two parts. First, the electromagnetic solution may
be solved from first principles for a metal part subjected to an
external magnetic field, leading to the derivation of the flux, current
and power distributions. Secondly, the principles of heat transfer are
applied to describe the flow of this energy within the workload and

the resulting temperature distribution.

Application of the theory for coil design is described in section 3.3
and the calculation method shown. The major coil and supply
parameters may be calculated from the values obtained. The method
only approximates to the physical conditions, however, and section 3.4
summarises the extent to which these predictions agree with an

example of G.K.N. production coil design.

Section 3.5 gives the limitations of existing design practice and shows

where the calculation method may be significantly improved.
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3.2

General Theory

3.2.1 Solution of the Electromagneatic Equations [18]

The distribution of the magnetic field H, the electric
field E and the current density J in metals within the
frequencies used for electroheating are described by the

diffusion equations

V2H=ﬁiH— : 72E=
P at

© e

NG ) v =
it '

BT -

2
v D)

Qs

For a sinusoidally varying magnetic field the first expression in
equation 3.1 may be written (depending on the appropriate form

for the workload shape), in rectangular co-ordinates,

4°H 22H 2°%H

dn 5 p 5 #pw{Hx+Hy oH, ) (3.2)

ox? 2y o7

or in cylindrical polar co-ordinates,

o

n

+*
- |-

%ﬁL ST (3.3)
Similar expressions exist for E and J. These equations may be
solved with applicable boundary conditions for the problem. The
simplest solution, in mathematical terms, occurs for a flat slab,
and is given by Davies and Simpson [18]. However, practical
G.K.N. workloads are of cylindrical symmetry and are heated

within a solenoidal coil by an applied H'_'HUm coswt.
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The Bessel function solution of equation (3.3), [18]

H = Alj(kr) « BK,(kr)
(3.4)

where Io and KD are Bessel functions of zero order, may be

shown [21] using Maxwell's equations [22] to give

sl el A v bery2 ar + jber'y7 ar .
e EQHR bery2aR + jbery2aR (B

at a radial distance r within a solid cylinder of radius R

(figure 3.1). Here «a is the inverse of penetration depth, i.e.

=
- | &

The total magnetic flux o within the cylinder,

R
@, = IB . dr (3.6)
0

is rationalized to give

P =ubg A, (Q -jp) G.7)
where Aw is the cross section area of the workload,
q = _{Z_ bey2aR bery2aR - beyZaR beiy2aR (3.8)

aR ber?y2aR + bei’V2aR
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FIGURE 3.1: Solid Cylindrical workload within a solenoidal coil.
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FIGURE 3.2: p and g functions for a solid cylinder. & i

When 2R/8>8 , q=2/(d/8);p=2/(123+d/5)
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and

7 veifZaR benZaR _+ bedlZaR ber2aR (3.8)
aR berlV2aR + be:i 2V 2aR

p =

The p and q values are plotted in figure 3.2 as functions of
d/§ , the work diameter divided by the skin depth. The
simplified expression for the flux (equation 3.7) has been solved
for other simple cases and similar p.and g graphs may be found
for a slab and various hollow cylinders [18,23].

The power F’W developed in the load is, per metre length

v ﬁnpctHz R bery2aR berV2aR + be2aR be V2R
w Rm ber?y2aR + bei?V2aR

(3.9)

which can be defined in terms of p;
2
P, =unfh, P, A) (W/m)
where é is the workload length. The Power density.~7 is then

.(Pw =wrf|'|:m%p . (w/m*)
(3.10)
It will be noticed that power loss within the worklcad is
directly proportional to the value of p. Figure 3.2 shows
that, for the solid cylinder, the maximum value of p occurs
at d/8=3.5 and declines slowly for larger d/& ratios.

Clearly, for efficient induction heating g@;/ should be

36



maximized by adhering to the relationship

a
v

3538 :

The fundamental equations above are developed for coil

calculations in section 3.3.

3.2.2 Thermal Solution

The principles of heat transfer .are well eslablished and
various authoritative works [24,25] exist for the explicit
solution of simple problems. Here, the theory related to
cylindrical billets only will be shown. Expressions may be
derived from the theoretical formulae that demonstrate the
effects of induction heating variables on the billet temperature
distribution, and are therefore useful for coil design. If the
power input (equation 3.10) to the work is derived from a
constant magnetic field strength and assumed to be
concentrated at the billet surface, then the temperature

distribution within a cylindrical billet can be solved [18] to give

Qo
_Pr s b o JiAI/R) }
9 -"—k"— 2'!' +W‘T—2%J exp[-[f‘r}m (3.11) .

6 is the temperature rise at radius r after time t seconds and

7,the dimensionless normalized time,is given by

k t
VeR f (3.12)
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The summation term ( 2. term) describes the transient
temperature rise that disappears after v = 0.25, giving a
steady parabolic temperature distribution with a constant

surface-to-centre difference

£ i (3.13)

The normalized temperature is obtained by dividing equation

3.1l by equation 3.13 and is plotted in figure 3.3.

£ 0.5
: T=0.
2.4 \ /

2 /

2.0

Normalized \ /
1.8

Temperature ™" 3 /
( 6 Yl ) % W
93_9t 025 \ \\_../ T=0.25
1.4

il i
1.0 \ /
o N Y

T=0.05

0.4 \\\ P // / S e0.028

0.2 \E\\* //‘//f/'r=0-0125
10" 0% 05 025 0 025 05 075 1.0 Radius ratio,

(r/R)

FIGURE 3.3: Distribution of temperature with radius in a solid
cylinder, with normalized time r. Surface power input
is assumed. All temperatures are normalized with

respect to (6, - 6.) PO P R/2k, See equation
3.1 ¥

38



After the initial transient has decayed, the temperature

distribution assumes the following form,

2
R r 1
g ’j%('(Z‘ : ‘“) (3.14) .

R b

(Equation 3.13 is derived by substituting r = O and r = R in

equation 3.14)

In practice, however this expression of steady temperature rise
is modified by the following factors; the presence of some
heating power developed below the surface, within the
penetration depth; radiation losses from the billet surface; and

changes in the power input.

3.2.2.1 Effect of Skin Depth

In section 3.2.2. and equation 3.1l the power was assumed to
be concentrated at the surface. In fact, power is also
generated below the surface by a current of exponentially
decaying magnitude. It has been shown [18] that a full

solution modifies the temperature profile as shown in figure 3.4.
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FIGURE 3.4: Distribution of temperature with radius in a solid
cylinder, modified from the steady-state curves of
figure 3.3 to account for the effect of skin depth.
Curves plotted are for various values of R/8, R[§=>
corresponds to the steady curves of figure 3.3,
where 7 > 0.25.

3.2.2.2 Effect of Radiation

Radiation losses from the billet surface (at absolute
temperature TS), to the coil refractory lining at absolute
temperature Te may be calculafed from the

Stefan-Boltzmann law,

-(/aa AL IT; % T:} (3.15)
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2,4

where Stefan's constant U = 5.67 x l[] W/m“K and € is

the emissivity coefficient of the surface.

If the refractory temperature is unknown, radiation loss may
be adequately approximated by taking 75% of the free air
radiation (Te=293K) to give a net ‘power density,l@ny. A
mean radiated power density "@F?m over the temperature

range Tl to 'l'2 ’
1
Pr = g (3.16)

may also be used. However section 3.2.2.1 was based on
the assumption that the power density in the billet is
uniform. Davies and Simpson [18] and Simpson [21] show

that the surface-to-centre differential may be approximated

by
SR T AR
%ot =5k T (k Z(k,) (3.17)
where
Z(k) = bery2aRberY2aR  + beiy2Rbeiy22R
and where
X g} = bertx + bei®x

The correction factor to equation (3.13) within square

brackets in equation (3.17), is plotted in figure 3.5.
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FIGURE 3.5: Correction factor of equation 3.17 (within square

R/S

brackets) for temperature distribution due to radiation

for a cylinder.

also accounted for.

3.2.2.3 Effect of Power Input Change

The effect of finite current depth is

The power input to the billet will be modified by three

factors.

When the billet emerges from the coil (or in a

part of the coil where the power input is only sufficient to

overcome

0=1(r)

begins to equalize.

radiation

represented by the equation [26],

0, =-—Z— Jr f(r)dr + z ew(-ﬂfz‘r)
T R2 O n

R

o0

n=l

losses) the temperature

R

0

distribution

This soaking period may be

—Jiftx,—‘/—';” [ 1) (@ TR) dr

(3.18)

The transient ( 2. ) term describes the diminution of the

temperature

differential

towards

the

final

uniform

temperature, represented by the integral. Figure 3.6 shows

the normalized surface and centre temperatures
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with time for a parabolic initial distribution, with the

asymptote at the mean value of ( g+ )/2.

Temperature 1.0
ratio

0.8

|

s C

\ /('as : ec-‘)
06 N i
\\
urface
=
//___-—

0-4 /unrre

e /( S, )

0 0.05 010 015 0.20 0.25

Normalized time, T

FIGURE 3.6: Variation of surface temperature 6, and centre
temperature 0. during soaking period. 6, and ., are the
initial temperatures of the parabolic distribution.
(Also Appendix 2)

The second change, in multi-section coils, occurs when the
power input will alter as the billet progresses from one
section to another. Appendix 2 derives the mathematical
equations to describe this change and shows graphically the
temperature profile with time. The effect is somewhat
complex but may be considered as a superposition of a

transient rise, according to
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equation (3.11), with the new power density over a soaking

period of the temperature profile of the original section.

The third major power input density change occurs during
the Curie transition. When a portion of the metal becomes
non-magnetic, the power loss falls dramatically. This is
extremely difficult to describe quantitatively since the
surface regions of the billet b.ecorne non-magnetic before
the interior, which is still absorbing power at the
below-Curie rate. The effect may be visualized by
imagining a high power input band of thickness equal to the
skin depth &, passing from the billet surface to the centre
as the region outside the band exceeds the Curie
temperature. In practice a soak period for a transition time

tcurie is defined [18] as

(Energy for Magnetic Transition) R
tne= >
e 2 ‘5? (3.19)

7’
wherez_@la’is the super-Curie power density to the billet.

Heat transfer theory has also been applied to calculations
for the water cooling of the induction coil itself. Much
experimental work has been done to verify the
well-established theory. The coil designer need only refer to
standard works [27,28] on fluid flow to find graphs of the

water quantity required to give a desired rate of cooling
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for most tube shapes and dimensions. Care must be exercised
to ensure that the pressure drop in the water cooling circuits
is not excessive and that the cooling paths are arranged so

that sufficient coil surface area is presented to the water.

3D Equivalent Circuit Coil Design Method

In section 3.2.1 the workload r.m.s. flux @, was stated,
Pw =puHy Ay (g -jp) (3.7)

In practical coils, not all the flux is linked solely with the workload
and the coil; some appears within the air-gap of even the most
closely coupled coils. The total flux o is the sum of the total
workpiece flux A coil flux e and air-gap flux wg , shown in
figure 2.1. Davies and Simpson [18], page 44, show that the remaining
terms may be written,

k. p, 8. (7 d.)

9 = : Hy (1) (3.20)

o kr is a correction factor that allows for the spacing between the

coil turns.
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and ng = U, HOmAg (3.21)

where
Hom =V2 1N (3.22)
L

sc and dc are the coil penetration depth and diameter,

respectively. Since the r.m.s. coil voltage is given by
Ec = f—}zf—f Nc P
by substitution and collecting terms, this may be written as
2

_ 2afu N L ko d&Y . -

A s SR e (3.23)
C

It has been common practice, following Baker [23], Vaughan and
Williamson [29,30] to represent equation (3.23) by an equivalent series
circuit where the coil and workload resistances and reactances Rc’

Rw’ XD, Xw and air-gap reactance Xg are given by

Ry = K (1pA,)
Re = K (kmd.dsh)
xg = K Ag (3.24)
Xu = K (o qA)
X = K (k n4.d./2)
where
K = (27fuN. /L)
and

27 = iRsRY s DCe R A% )
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As the physical analogy of the equivalent circuit is the subject of
some debate for coil design, only the basic equations (3.24) will be

used here.

It is a simple matter to calculate the major coil properties from the

above. Coil efficiency n is given by

Ry
Bl y
el (3.25)
Coil power factor, cos ¢, given by
s ¢ = Ry + R
£ (3.26)

is used for calculating the capacitive load required to match the coil
and workload to the electrical supply. Coil power PC is found from
the workload power Pw which is the power required to heat the

metal to temperature (see section 3.4)

PC = —-Pb‘-
" (3.27)
Coil volt-amps (VA)C is given by
IYAL Y Bl 17
s g (3.28)

Coil volts per turn Ec/Nc and r.m.s. ampere-turns Ich follow,

b L
E./N, =\/(VA) Z/N
: c

(3.29)
LN, = [ (VAL

(Z/N)
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FIGURE 3.7: Physical properties of solid (En8) steel with temperature
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The coil dimensions and heater connections may now be calculated
with the power requirements from the electrical supply. The following
section gives an example of this design method for a G.K.N.

production coil.

3.4 Example of Equivalent Circuit Coil Design

Numerical values for the example are given in tables 3.l and 3.2. The
two section coil heats billets of 51 mm (2") diameter and is also used

later in this study (see Chapters 6 and 7).

3.4,1 Initial Specifications

For through-heating, the required through-put, the dimensions
and physical properties of the workload and the temperature
rise in each section are needed. The physical properties p , k
and u for steel are given with temperature in figure (3.7). The
electrical resistivity is usually taken as the mean integrated
value* over the coil section temperature range. The power per
tonne over the temperature rise required may be found from

the heat content, plotted in figure 3.8.(p52)

* The integrated resistivity P is found from the corresponding

values P and p, over the temperature range and given [18] by

2
: {Lﬁzl:‘_m.}_ (3.30)

m
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ITEM QUANTITY METHOD OF VALUE UNITS
CALCULATION
1 Required Through-put 245 kg/h
2 Billet Mass 0.613 kg
3 Billet Length, l" 38 mm
4 Billet Diameter, d 51 mm
5 Metal Density,V, (2)/({3}::%(&)2 7860 kgfm3
FIRST SECTION - Sub Curie
6 Temperature Rise 20°C to 760°C 740 K
7 Maximum 66,40 310 K
8 Metal Resistivity, p, equation (3.30) 0.57 uQm
9 Kilo-watt hrs/tonne fig. 3.8 137 kWh/t
10 Work Power, '\11 (9).(1) 385 kW
11 Frequency, f supply available 4 kHz
12 Relative Permeability,u | estimate 11
113 Penetration Depth, 3W equation 2.1 1.81 mm
14 d/é (4)/(13) 28.15 5
15 Power Density, % eqn.3.17 & (7) 28 K/m
16 Minimum surface area (10)/(15) 4.6x10 m
17 Minimum Length (16)/m. (4) 0.287 m
18 No. of Billets (17)/(3) 7.5~8
19 Billet Heating Time (18).(2).3600/(1) 72 secs
CURIE TRANSITION
20 Transition Time ] Fig. 3.8 l 8.8 secs
SECOND SECTION - Super Curie
21 Temperature Rise (1250°c-760°C) 490 K
22 Maximum 0.—0.,A60 75 K
23 Resistivity, p equation 3.30 1.18 pu2m
24 Kilo-watt Hrs./t fig. 3.8 100 kWh/t
25 Work Power, 8\2 (24)x(1) 24.5 kW
26 F requency, f supply available 4 kHz
27 Relative Permeability,u, equation 2.1 8.64 mm
28 dsé (4)/(27) 5.9
29 Ratio of 6-0.to ideal Fig. 3.4 0.75 -
30 Power density,v equation 3.17 460 kW/m
31 Radiation Power Density (22)(29) 2
s equation 3.16 97 e k'g/m
32 Minimum Surface Area (25)/((30+(31)) 4.4x10 m
33 Minimum Length (32)/(4).m 0.275 m
34 No. of Billets (33)/(3) 7.3~8
35 Billet Heating Time (34).(2).3600 72 secs
SUMMARY
36 Total Heating Time (19)+(20)+(35) 153 secs
37 No. of Billets/Hour ((18)+(34)).3600 377 1/h
(36)
38 Actual Through-put (37)x(2) 231 kg/h
39 Total No. of Billets
in coil (18)+(34) 16 2
40 - Power Density Total (15)+(30)+(31) 1285 kW/m
41 Total Work Power (40).71.(3}.(39)(3) 125 kW
42 Billet Speed (1)/K8)°.(5))  |4.24 mn/sec
43 Active Length,lst section (42). (19) 30.5 mm
44 Active Length,2nd section| (42).((35)+(20)) 34.25 mm
45 Coil Internal Diameter (4)&Table 2.3,2ve, 10.3 mm
46 Work Power, lst section (15).(43).(4) 35.5 kW
47 Work Power, 2nd Section (30).(44).(4) 35.25 kW

Table 3.1 :

specification.
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3.4.2 Solution

The frequency is chosen from table 2.2 and the recommended
air-gap from table 2.3. The thermal power is found from the
coil through-put and the power per tonne required. The
maximum allowable temperature differential defines the power
density which is found from section 3.2.2.1, allowing for the
finite current depth, and subtrz;cting radiation losses according
to section 3.2.2.2, equation 3.16. From the power density and
the thermal power, a minimum heated area is calculated and
thus a coil minimum length. Due allowance is made for the
Curie transition by including a period calculated from equation
3.19, using the transition energy indicated by figure 3.8. The
billet heating time follows and the total power to the workload
F'w then found. Final coil diameters may be estimated from

table 2.3.
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FIGURE 3.8: Specific heat capacity for (En8) steels, from 20°C,

A Note:- British standards (B.S.970, 1950) En8 steel is superseded
by B.S. 970: 1972: 080M40 specification.

Taking the data above, the equivalent circuit method follows,
for calculation of the coil variables. Due regard for available
power supplies may influence the choice of supply frequency,

voltage and current.

For ferrous materials an immediate problem arises in
calculating the equivalent impedances below the Curie
temperature; in that a value of u s needed for R~ and X
The coil current however, and hence the magnetic field H,
upon which u is dependent ‘(equation 3.29), has yet to be
derived. In practice the calculations of equations 3.24 to 327
are iterated with various initial H values until agreement is

achieved.
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ITEM QUANTITY METHOD OF VALUE UNITS
CALCULATION
FIRST SECTION - Sub-Curie
i Magnetic Field, H,,, estimate 105 KA/m
2 Work Penetration bLepth,d, Table 3.3,(13) 1.81 mm
3 Coil Penetration Depth,d. 1.20 mm
4 p and q values p=0.068
figure 3.2
q=0.071
- Work Ree.istanr:e,-/Tum2 s 1.53)(1[3'_3 Q
6 |Coil Resistance/Tur K. 2.59x10° Q
7 | Coil Reactance/Turn equation 3.24 K. 2.59x10° Q
8 Work Reactance/Tur K. 1.56x10° Q
9 | Gap Reactance/Turn K. 6.23x10° Q
10 |K Factor 0.104.N2 Q/n?
11 | Total Impedance, Z equation 3.24 K. 8.0x10~
12 Coil Efficiency,n equation 3.25 0.856
13 cos @ equation 3.26 0.215
14 Coil Power, R, equation 3.27 39.1 kW
15 Coil Volt-Amps equation 3.28 182 KVA
16 Coil Volts per Turn equation 3.29 12.6 v
17 Coil Amp-Turns equation 3.29 14.5 KA
SECOND SECTION - Super Curie
18 Work penetration Depth,d, 8.64 mm
19 p and q values figure 3.2 p= 0.28
2 q=8.33 &
20 Work Resistance/Turn K. 5.72x10 Q
21  |Coil Resistance/Tur K. 2.76x10° Q
22 Coil Reactance/Turn K. 2.76x10° Q
23 | Work Reactance/Tur equation 3.24 K. 6.74x10° Q
24 | Gap Reactance/Turn ke s.zsxiu' Q 5
25 K Factor 0.100. N, £/m
26 |Total Impedance, Z equation 3.24 K. 7.31x10°
27 Coil Efficiency, 7 equation 3.25 0.675
28 cos @ equation 3.26 0.116
29 Coil Power P, equation 3.27 36.3 kW
30 Coil Volt-Amps, equation 3.28 313 kVA
31 Coil Volts per Turn equation 3.29 15.1 v
32 Coil Amp-Turns equation 3.29 20.7 kA
33 Ratio of Voltages =(P IIP 2) 1.07
34 Generator Voltage s 340 v
35 Coil Total Voltage (34)-transmission | 323 v
loss 6%
SUMMARY
36 | Volts Drop for section o v, = 167 v
(35}=V2+1.D7V2
37 V. = 155 v
38 No. of Turns in lst sect. | (36)/(16) 13
39 No. of Turns in 2nd sect. | (37)/(31) 10
40 Coil Current, lst Section | (17). (13)/(38) 240 v
41 Coil Current, 2nd section | (32). (28)/(39) 240 v
Table 3.2 : Equivalent circuit calculations for the two-section

production coil design of Table 3.1, described in

section 3.4.
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The equivalent circuit is repeated for both sections and
compared with the supply voltage (less 5% for transmission
losses in the connections between motor-alternator, heater and
coil) to give the coil turns. Consideration of the coil cooling
then dictates the coil tube cross-section to be wused. For
optimum electrical efficiency, the combined coil and work
volt-amps should share the same phase angle as the electrical
supply e.g.,Midlands Electricity Board (M.E.B) power factor,

cos ¢ = 0.98 lagging [3!]. Before correction the coil represents

(kVAr), =\AVAY - (R) T

of lagging reactive power, as shown in the phase diagram in

figure 3.9, where the T suffix represents the totals for all coil

sections. Capacitors* are needed [31] to alter the electrical

load presented to the supply to give, after correction,
’ - -

(kVAr),  =(R.) tan(cos 0-98) (3.32)

of lagging reactive power.
* If the correction capacitors are rated at Vl volts and f1 hertz

and used at a lower V2 voltage and f2 frequency then they should be

derated, according to the formula

f
lkVArJvz.&: (kVA”v,.q Hl—él (3.33)
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FIGURE 3.9: Phase diagram of power factor correction.

3.5 Discussion of the Coil Design Method

As an approximate method of coil design, the equivalent circuit
method and associated calculations (Tables 3.1 and 3.2) provide the
designer with a ready tool for practical purposes. This approach is
of limited value to understanding the physical reality of billet heating
however, due to the assumptions made. Although the temperature
profile has been shown to rise parabolically, design calculations
assume that the billet temperature is uniform at the start and end of
each coil section. This supposition introduces errors in calculating
the material properties in force at a particular position and time.
The work power, and hence coil length and heating time, is also
erroneous since parts of the billet are above the assumed end

temperature.
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VERTICAL COILDESIGN FOR 51mm DIAMETER BILLETS TO

MATCH 150kW, 340V, 4000Hz MOTOR ALTERNATOR

Coil Length 0.610m
Copper internal diameter 0.103m
Refactory internal diameter 0.060m
Inside of guide rails at diameter 0.572m

First coil section 30.5cm long, 13 turns of 19mm by 9.5mm high

conductivity copper tube, wound flat.

Second coil section 30.5cm long, 9 turns of 25mm by llmm high

conductivity copper tube, wound flat.

Anticipated operating conditions

340 volts, 140kW, 350kg/hr of 51mm diameter steel heated to
1250°C.

Capacitors 120 kVAr at 400 volts.

Table 3.3 : Two-section production coil specification for 350
kg/hr through-put used as a coil design example in

section 3.4 for a 245 kg/hr through-put.Seep57.
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The material electrical and thermal properties vary with
temperature, but are incorporated in the calculations using mean
values. The maximum surface-to-centre temperature difference, A0
however, will be exceeded when the thermal conductivity falls below
the mean value. The designer must ensure that the maximum value

of A@ is a sufficiently conservative estimate.

The Curie transition is not well represented by the simple inclusion
of a heating time to allow the metal to absorb the transition energy.
The calculation method also assumes that the whole billet is at
uniform Curie temperature at the start of the second section. In
practice, the billet surface achieves super-Curie temperatures before
the centre and continues to absorb power in the first coil section at
a rate, which is not calculated, while the remainder of the billet
becomes non-magnetic. Davies and Simpson give experimental and
theoretical evidence for modifying the power absorbed in the work
load, to account for the non-linear relationship between H and B for
magnetic materials. For a sub-Curie coil, multiplication by the factor
1.47 gives good results but the value of this factor, for coil sections
where heating both below and above the Curie point occurs, is

unclear.

The production coil, from which the initial values of Table 3.1 were

taken, is specified for a through-put of 350 kg/hr in table 3.3.
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Comparisons between the calculated and true performances follow.

The calculated dimensions compare well to the actual.values. Coil
section lengths are exact, apart from a calculated 37.5mm length for
the Curie transition in the second section. The number of coil turns
differs only by one in the second section, also caused by the Curie
approximation. This also accounts for the slight difference in
calculated and specified heating times and through-put. The air-gap is
within the range specified in table 2.3 at the average billet

temperature.

The ratio of coil power to the specified value for 350 kg/hr
through-put is within 7% of the coil current and (VA); ratios. It is
interesting to note that the first section efficiency is far higher than
that of the second coil section. However, 7 would be significantly
improved if ratio d/§ were to be reduced from its high value of
d/8 ~ 28 towards the optimum (equation 2.2) by using a more suitable
frequency (table 2.2) for sub-Curie heating. Power factor correction
of 475 kVAr is provided by capacitors rated 730 kVAr at 400 volts,

4kHz.
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3.6 Concluding Summary

The discussion of this and the previous chapter gives an introduction
to induction heating and the theoretical principles related to coil
design methods in current use. The mathematical basis of induction
heating for simple billets has been examined and the derivation of
magnetic flux equations developed towards a calculation method for
coil design. A calculated example of a GKN production coil design
shows that calculated values are in general agreement with practical
results but at variance where the billet becomes non-magnetic. The
method is limited in accuracy, depending on the applicability of the
assumptions for a particular case. As presented in the literature, no
calculation method adequately accounts for multi-sectioned coil design
for through-heating of steel billets with relevance to the physical
nature of the heating process and changing material properties.
Further consideration to this problem is given in Chapters 6 and 7
for induction heating of both solid and sintered billets. This follows
after an introduction to powder-forging in Chapter 4 and discussion

of the properties of sintered parts (Chapter 5).
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CHAPTER FOUR

AN INTRODUCTION TO POWDER FORGING
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CHAPTER 4 : AN INTRODUCTION TO POWDER FORGING

4.1 Introduction

The behaviour of the metal workload in induction heating has been
described in Chapter 2. To recapitulate,when alternating current is
passed through the electrical circuit of the induction coil a magnetic
field is established in the coil vicinity. An induction field B is
induced in a workload placed within the coil, such that
(4.1)

B =u H
where the permeability u describes the concentration effect of the
workload. This constant of the workload rﬁaterial is often related to
that of free space Mo by the relative magnetic permeability oy M=
e By . Where different magnitudes of B are present in nearby
areas of the workload, voltage differences occur. The form of Ohm's
law, E= pJ , describes the subsequent current density distribution
in the material, subject to the natural resistance to current flow, the
electrical resistivity p . The energy loss density W(W/m3) in
overcoming this flow,

W oE (4.2)

= Jp

appears as heat in the workload.

Conduction of heat energy from the surface through the medium is
governed by the temperature gradient present, and the thermal
conductivity k of the material. The quantity 1l/k = % ,.e. the

thermal resistivity, is the heating analogy for p . To avoid any
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possible confusion with  p , throughout this work 'conductivity'

always refers to thermal, and 'resistivity' to electrical quantities.

Thus, three physical properties of the material control the induction
heating process, the relative magnetic permeability, Hr, electrical
resistivity p and thermal conductivity k . For induction heating
calculations it is important to define these properties, their
dependence on temperature and their relationship with the physical
structure of the heated material. Chapter 3 has shown how this
information is used at present for solid material heating where these

properties are well known in the literature.

The production process itself alters both the chemical composition of
powders and their physical structure. The purpose of this chapter is
threefold. First, section 4,2 presents an introductory outline of the
major methods of powder manufacture and powder compact production
[32,33]. Next, Section 4.3 considers each stage in detail with specific
reference to its influence on the named properties. Finally, section
4.4 defines the range of GKN (steel) powdertypes and compacts, and

the physical variables that may be expected to govern their properties.
In conclusion, it is clear that the vital information on properties

depends on a wide variety of factors related specifically to powder

materials.
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Values of p , k and u are greatly influenced by the size, shape
and composition of the particles forming the structure. The production

route is instrumental in determining these characteristics.
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ROUTE 1 ROUTE 2 ROUTE 3

ELEMENTAL MIX PARTIALLY PRE-ALLOYED PRE- ALLOYED POWDERS
POWDERS
ELEMENTAL ELEMENTAL PRE-ALLOYED
POWDERS POWDERS POWDERS
MIXING ] MIXING ]
v
HEAT TREATMENT ANNEALING
(PARTIAL PRE-ALLDYING)
4 A J
v
BLENDING OF
LUBRICANT AND GRAPHITE
h
COMPACTION |
Y

PRE~SINTERING
(Lubricant removal)

b

SINTERING b-oeeveeed (cooLing) |
- ¢
[ rorcInG be--amemme|  (RE-HEATNG)

FINAL HEAT TREATMENT
(TEMPERING, HARDENING

FINISHED COMPONENT

Figure 4.1 : Production routes for powder-forging steel parts.See p 65.
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4.2 Powder and Compact Production

Manufacture of powder metal components may be summarized by the
flow chart of figure 4.1. Three routes (sections 4.2.1 - 4.2.3) exist
for producing the metal powder alloy, depending on the initial degree

of homogeneity of constituents desired.

4,2.1 Elemental Mix

The simplest method consists of blending powders of different
elements and sizes in large double-cone or 'Y' mixers. Mixing
times are varied, depending on the range of particle sizes
present, to ensure a powder with uniformly distributed

constituents.

4.2.2 Partially Pre-alloyed Powders

In this route, the elemental mix is further treated by heating
in a reducing atmosphere, to allow limited diffusion of the

constituent elements between adjacent powder particles.

4.2.3 Fully Pre-alloyed Powders

Steel powders are produced by water atomization. Metal of the
required chemical composition is melted and fed at controlled
speed through a nozzle of precise size. Water jets aimed
below the nozzle break the molten metal stream into droplets
(atomization), which solidify into particles as they fall.

Control of the nozzle size, metal temperature
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and water jet flow rate gives powder particles of the required size.
Fully pre-alloyed powders offer complete chemical homogeneity of
each particle, but suffer from poor compressibility*due to powder
hardness. Poor compactability results due to oxidation from the
water jets. A subsequent annealing stage softens the powder to
improve compressibility, and if performed in an oxide reducing
atmosphere, improves compactability. After powder manufacture, the
production stages are common to all three powder routes shown

above.

The powder is blended with carbon in the form of graphite, to
give the required final carbon content, allowing for some
decarburization that may take place during sintering. A
lubricant, usually Zinc Stearate powder, is ad-mixed # to

reduce inter-particle and die-wall friction. This improves

powder flow into the die and eases ejection of the compact.

Conventional die compaction generally utilizes a double action
method by "floating" the die on springs. Thus, a portion of the
downward force on the top punch is re-directed upwards

through the bottom punch to give a

* For a given compaction pressure, the higher the final density
the greater is the compressibility.

# For high compressibility powders, or where higher pressure
may be used, lubricant is also sprayed directly onto the die

walls rather than blended with the powder.
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more uniform density distribution within the compact. The
process consolidates the powder into a compact of the desired
shape and approximate dimensions, with sufficient strength to
facilitate handling.

De-waxing, i.e. heating at low temperature, follows to
evaporate the stearate compaction lubricant froin the compact.
The main sintering stage occurs at high temperature, generally
at about two thirds of the alloy melting temperature, in a

protective atmosphere.

Sintering [34] is often the final stage of component production,
where sufficient mechanical properties are developed, or for
applications, where the residual porosity of 10-15% is
acceptable, and accuracy of dimensions and surface finish are

adequate.

Mechanical strength is significantly improved by a forging
operation [35,36). Forging may follow directly after sintering,
or after cooling and reheating, and imparts the final shape and
density to the part. This ensures that mechanical strength and

tolerances of the component are met.

The final heat treatments, involving quenching, tempering or
hardening of components are performed in protective

atmospheres.

'-
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4.3 Influence of Production Stages on Properties

The physical changes occuring during each stage are summarized in
the following sub-sections 4.3.1 - 4.3.5 under appropriate headings.
Included in each is an indication of the influence on the

electromagnetic and thermal properties u, p and k .

4.3.1 Powder Production

Some heterogeneity will be present in the composition of

elemental mix and partially pre-alloyed powders, but thorough
mixing minimizes any variations in properties caused by this.
Fully pre-alloyed powders are chemically homogeneous and
isotropic. No variation in properties will occur as there are no

differences in the distribution of alloying constituents.

Initial values of u , p and k are controlled by particle
shape and size distribution. Mixing may alter this distribution
by fracturing, rounding and smoothing and agglomeration of
particle surfaces. Electrical and thermal continuity is provided
by areas where adjacent particles touch. Both electrical
resistivity and thermal conductivity will be determined by the
size, nature and number of inter-particle contacts allowed by

the packing structure within the powder.

The number of interparticle contacts depends on the range of

particle sizes present and the shape of these particles.
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A small range of rounded particles will not cohere as well as a
more irreqgular arrangement with a large size range, where

small particles may fill the spaces between large ones.

Non-spherical shapes increase the size of the particle contact
areas, especially if the shapes have irreqular surfaces. Thermal
and electrical contact, through the contact areas, may be
degraded by oxide film created on the particle surfaces on
exposure to air. Magnetic permeability is a more macroscopic
phenomenon which depends on the shape and orientation of the

particles, and also the overall density of the material.

4,3.2 Lubricant and Graphite Blending

The addition of lubricant further reduces particle-to-particle
contact by effectively coating each particle with a
non-conductor. Added carbon may alter the packing density,
and particle contact depending on the size and shape of the

graphite particles.

4.3.3 Compaction

Consolidation of the powder enlarges areas of particle contact
bonding, as prominent lobes are fractured. The surface oxide
films rupture and the particles deform and interlock. The bulk
movement and interlocking results in a denser, more efficient

powder packing. The number of contact areas is increased
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- . - * . -
as the average particle co-ordination number rises with

densification.

The compaction process increases the bulk density of the
powder towards that of the solid material. Porosity reduction
therefore alters p, wu and k closer to the solid material
properties. The degree and - distribution of porosity after
compaction is related to the powder characteristics of particle
size and shape, compressibility and friction coefficient. Other
factors include variable-compaction pressure, press design and
finally die shape. Surface oxide film is removed by
interparticle abrasion and plastic deformation during pressing.
Clean metal areas produced by plastic deformation will be
protected from further oxidation. The electrical resistivity of
the 'green' unsintered compact will be significantly reduced,
and the thermal conductivity increased, by the removal of the

high-resistance oxide coating.

4.3.4 Sintering

Sintering influences the electrical and thermal properties
through a) the variation of p and k with temperature and
sintering temperature, and b) the change in character of the

interparticle bonds previously established. Graphs of

*This is defined as the average number of particles that

are in contact with any selected individual particle.
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thermal conductivity and electrical resistivity with temperature

are well known for solid materials (figure 3.7).

Atomic diffusion between particles occurs, increasing bonding
of adjacent particles, to give a higher degree of integrity to
the material. Atomized carbon diffuses rapidly into the steel
during the early stages of heating, so producing the chemical

composition required.

The newly-formed bond areas between particles, necks, grow as
material is transported to the neck growth sites. However, no
change in the porosity distribution, or continuity, occurs until
this process reaches the stage where pores become closed and
the nature of the porosity is discontinuous and more rounded.
As sintering continues, pore shrinkage results in the elimination
of small isolated pores. The rate of increase in volume of large
pores diminishes. This changes the pore distribution and
therefore the electrical and thermal paths, but may not be
sufficient to make a major contribution to bulk material

properties.

Densification occurs as large pores shrink, decreasing the

powder air-qgaps, thus altering p , # and k towards the values

for solid metal.
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4.3.5 Forging

Further densification to approximately 99% of theoretical
density may occur at this stage. The forging process is used

to achieve optimum mechanical properties.

4.4 G.K.N. Powders and Powder Compacts

The Powder-Forging division uses low carbon, fully pre-alloyed powder
steels (route 3, fig 4.1) with varying proportions of additional
elements - manganese, sulphur, phosphorus etc. Four major powder
compositions may be identified with typical particle size distribution
as shown in table 4.l. Each trace element is incorporated to improve

mechanical or physical properties of the compact [37,38].
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Before compaction, varying additions of carbon are added to these
four powders, together with 1% by weight lubricant. Compacted
green compacts, preforms, are made in various forms depending on the
final component. For most gear parts the preform is of the same
approximate shape but without gear teeth and over-size in thickness.
Other parts, rings and discs are about 10% oversize. Figure 4.2
indicates the range of preform shapes in production. Density
measurements of compacted 'green' preforms appear in figure 4.3.
Density variation within the preform is approximately 15%, and the
average density is 75% of solid metal (Details in Appendix s
Measured density after sintering shows a 5% - 10% change under
typical sintering conditions e.g. heating in a controlled atmosphere at

1150°C, using an endogas mix, for 300 seconds.
Figure 4.4. shows a scanning electron microscope photograph of a
typical powder batch. Note the irregular shape, size range and lobed

surfaces present.

Compaction in the forging press results in parts of over 99% of

theoretical density with the typical mechanical properties of Table 4.2.
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FIGURE 4.4: Scanning electron microscope photograph of compacted
'W4' powder of table 4.l1.
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4.5 Concluding Summary

The major powder-forged metal production routes have been outlined
in this chapter. The effect of each stage upon the powder density
and particle size and shape has been shown. The physical
properties p , k and u have been linked to the changes imposed by
each process, namely macroscopic density and contact area changes ofa
material. It may be ccncluded that' these compact properties are
highly sensitive to the production methods used. The importance of
metal properties demands that these properties be known when
considering induction heating. The primary relationship between
component density distribution and mechanical properties has been
recognised by G.K.N.[36]. However, its influence on the electrical,

magnetic and thermal properties has been unexplored.

Values for electrical resistivity, thermal conductivity and magnetic

permeability are considered in further detail in the next chapter.
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CHAPTER FIVE

POWDER COMPACT PROPERTIES
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CHAPTER 5 : POWDER COMPACT PROPERTIES

2.1 Introduction

The previous chapter describes the major methods of powder and
compact manufacture and defines qualitatively the influence of
various production stages on the properties of the powder compact
material. To determine how powder compacts react to induction
heating, a more quantitative definition of the thermal, electrical and

magnetic properties is i-equired.

This chapter identifies the extent of the literature on this subject, in
section 5.2, and describes experiments to measure electrical
resistivity, thermal conductivity and magnetic permeability in section
5.3. The results of section 5.4 show that p and k are related to

values P, and ko for the solid material by the semi-empirical equation,

ROE
4§ ks

1
AN ng (5.4)
The constant n  varies for different powders, depending on the
manufacturing route and degree of contamination during the sintering
process; for the powders used by G.K.N, this constant was. found to
be n = 9. The relative magnetic permeability is also shown in
section 5.4, to be related to the ratio of powder density to that of

the solid by the equation
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M = M, o

(e} (5.12)
The measurements in this section are significant in providing G.K.N.
with hitherto unrecorded information on the physical properties of

their powders, to complement previously measured mechanical

performance [38].
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.2 Review of the Literature

5.2.1 Theoretical Predictions - Packing Models

The electrical, thermal and magnetic properties of a powder
will be largely influenced by the number and nature of
inter-particle bonds. The packing arrangement will determine
the character and distribution of the contact areas. Theoretical
attempts to predict the type of packing of particles have been
based on two approaches.[39]

The construction of a hypothetical ordered assembly

of particles has been used to produce a number of ideal

packing arrangements with which powders are often

compared. This method does not consider the influence of

the powder sizes or compaction method on the packing

arrangement.

Qualitative discussions have been made of the

statistical probabilities of particles adopting positions

corresponding to a stable, systematic structure when poured

into a container. This has been compared with empirical

measurements of the co-ordination number and local density

of large scale packed spheres in containers under various

pouring conditions.

Both approaches have been limited to spherical particles of

very restricted size range.

The basis for any mathematical definition of packing must

consider the possible positions adopted by particles as they
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are deposited. It is possible to calculate the number of final
positions of a single sphere, when dropped on an ordered or
disordered horizontal layer. However, other orientations of the
original layer would have to be considered and , in practice,
the influence of the other falling spheres must be taken into
account. Powders are composed of a range of sizes: a simple
model could not therefore describe the packing of normal

powder.

The resilience and departures from sphericity of powder
‘particles also increases the complexity of the real situation. It
is, therefore, unlikely that a mathematical description would
result in a full solution to packing and compressing problems
[40]. The only approach likely to be fruitful is an experimental
one, based on the relative significance of all variables.
Comparisons between the properties of the powders and solid

metals may then be made in relation to the packing structure.

5.2.2 Empirical Results

The influence of the powder structure on thermal and
electrical conductivities of powder compacts has been

considered in the literature.

A general introduction to Powder Metallurgy may be found in

the literature, and current developments are reported in regular

review publications [41]. Many references are cited
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to support general conclusions of the influence of all powder
production variables on the properties of compacts. The results
of previous experiments differ, however, due to the inherent
variations in powder types, number and quantity of alloying
additions, mixing methods, compacting pressures, die shapes,
sintering and heat treatment, temperatures, atmospheres,
process times and experimental conditions. General trends found
may be reported; Jones [42,43] and Hausner [44] conclude that
electrical and thermal resistivities are greater for sintered
metals than corresponding cast metals and that coarser particle
size, greater compaction pressures, cycles and process times

reduce these resistivities.

The properties of the compact are highly sensitive to the
production methods however, and comparisons of the results of
various workers may often be difficult if insufficient

information is given.

Although considerable effort has been expended by G.K.N. to
develop alloys for powder-forging, the emphasis has been placed
on mechanical and chemical property measﬁrements for strength
comparisons with wrought materials [45-48]. Similar articles
exist of results for other powder-forging case studies [49]. The

primary relation between powder compact density and mechanical
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properties has been recognised but its influence on the
electrical and magnetic properties of preforms has been largely

unexplored.

Three factors affecting the value of electrical resistivity, and
the thermal conductivity may be identified, viz. the basic
material resistivity, the particie concentration i.e. density and
thirdly, the number and nature of interparticle "junctions".
Properties of the basic material in solid form are well
documented. Powell [50] and Griffiths [51,52] give details
of p and k measurements on a number of steels of varying
compositions. From these, En3 and EnB8 steels closely
approximate to the elemental constitutents of W4 and W78

powders (Figure 3.7).

The influence of the compact density has been discussed by

various authors.

Guidelines [53,54] have been given to determine the density
distribution within various preform shapes, in the form of
density contour maps of the preform cross-section. Density
redistributions during sintering [55,56] have also been studied,
relations between the physical and micro-structural changes
were derived [57], and the resulting macroscopic distortion of

preforms indicated.
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Grootenhuis, Powsll and Tye [58] give experimental results of k
and 1/p for sintered porous bronze, of 60% to 100% theoretical
density, for temperatures between 20°C and 200°C. They
demonstrate by plotting k/ko with density that the ratios of
conductivities of porous to solid bronze are approximately
directly proportional to the density of the material by the

equation for a straight line,

Pk
g gl (5.1)

where the porosity § of the powder is related to the

density ¥V of the powder by

(5.2)

a"‘t:l'v.'

The zero subscripts in equations 5.1 and 5.2 refer to the solid
material. Previous work on porous copper, nickel and iron
properties is also reported and confirms equation (5.1) for

metals above 60% theoretical density.

Since the powders used in previous accounts had been
manufactured by widely differing methods, the constituent
particles were likely to be dissimilar. Thus particle size
distribution and shape are of only secondary importance to the
dependence of p and k on porosity. However, Grootenhuis et al.
observe that results for some specimens used in earlier

accounts diverge from the expected relation in equation (5.1).
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This was explained by referring to the non-standarc conditions
of compaction pressure and sintering times by which they were

made, giving incomplete sintering.

Extrapolation of the straight line graph of equation (5.1)
results in the prediction that zero conductivities occur at
52.4% theoretical density. Grootenhuis, Powell and Tye equate
this density with the minimum that may be obtained when
spheres are packed in a cubic lattice of co-ordination number
6. Grootenhuis et al. claim that their atomized bronze powder
particles are substantially spherical and will conform to this
packing structure at densities near 52.4% of theoretical. No
experimental evidence of particle packing is given to support
these claims, but previous discussion above indicates that the
approximation of particle sphericity may be made for
theoretical comparison. The cubic lattice may not be considered
universal. For example, results reported by Adlassig and Fogler
[59] on porous copper may be represented better by a straight
line giving zero conductivities at approx 40% of theoretical
density. This may correspond to a systematic assemblage of
spheres of co-ordination number 5, as shown by Manegold and

others [60].
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More recent studies by Koh and Fortini [61,62] of the electrical
and thermal conductivities of stainless steel and copper
powders extend the range of results to densities between 25%
and 100% of theoretical density, and to a temperature of
900°C. Graphs of p and k with density show that all results

are confined within the straight line boundaries defined by

2 i
- -
—Q—P (1 x§)

1
s (5.3)

where x varies from 1, resulting from a parallel cylinder
model where cylindrical pores are considered, to 2.5
(Grootenhuis et al.). Koh and Fortini's results follow those of

Grootenhuis but diverge below 70%  of theoretical

density,(figures 5.1 and 5.2)

Although, for the density range of interest here, there is only
a 10% maximum difference, it is best to consider the more
fundamental and accurate results of Koh and Fortini, for the
future possibility of preforms below 70% relative density. These
results may be approximated by a generalized semi-empirical

equation

£otlnk 1-4¢
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(5.4)

* Figures appear at the end of this chapter,from page 107 to

page 134 .



derived by Aivazov and Domashnev [63] where n = Il (figs 5.2
and 53 which was found to give the best
approximation to the experimental result.s. Aivazov and
Domashnev deduce this relation from analytical expressions by
Odelevskii [64] for hypothetical cubic lattices, where cubic and
cylindrical pores are arranged in a regular array. Measurement
of the dependence of p and k for titanium-nitride agreed
closely with equation 5.4,when n = 6 is used. The physical
significance of n is stated to be the integrity of inter-particle
contacts, character of the pore distribution and the pore shape;
empirical comparison of equation 5.4 with experiments gives the
value of n. However, no quantitative relation exists for the
dependence of n on the physical properties of the powder,
since the reqular lattice used in deriving equation 5.4, can only

approximate to the true powder structure.

The significance of the physical nature of powders on

their electrical and thermal behaviour is shown below. Endo,
Kubo, Morioka & Itoh [65] record results of electrical
resistivity measurements on iron powder compacts during
sintering. The influence of sintered and green densities, powder
type, atmosphere and oxidation treatment summarise the

findings of many earlier reports.
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Endo et al. show that equation 5.5 closely describes their

*
results

L 2P a ]
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Values r and r, are respectively,the spherical metal particle
radius and radius of contact between particles, p is the
material resistivity, and Py the inter-particle boundary layer
resistivity of thickness a . The second term in equation 5.5
describes the effect of inter-particle contact due to changing
particle boundary composition and shape during sintering. Above
3500(3, for .sintered powders, a simplified form of equation 5.5',
ignoring the second term, is used. The  simplified equation
relates the resistivity of the powder to that of the solid by
direct proportion of r to r_. The ratio 1'/1*c describes the
effect of neck growth between particles, and given by

1

L
2 ’ (5.6)
o

o and o, are the tensile strengths of the sintered particle

system and the solid, respectively.

* The original paper containing equation 5.5 appears without
the factor a. This equation is dimensionally incorrect. The
writer has corrected this error after consideration of results

described in an earlier report by Endo et al.[66].
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The results of Endo et al agree with equation 2.4. as shown in
figure 5.3. Without complete tensile strength data or direct
measurements of r/rc at all stages during sintering, no
comprehensive comparison of experimental results with equation

5.5 can be made: However, a qualitative explanation of the

resistivity changes occuring whilst sintering is given below.

Equations 5.5 and 5.6 would form an adequate theoretical
model for the powder/property relationship for a regular
packing of uniform particles. For real powders of irregular
shape and variety of size however, theoretical predictions

remain on a semi-empirical level.

The third contribution to electrical resistivity and thermal
conductivity lies in the nature of interparticle junction "necks".
The influence of oxide layers is shown by the change in
resistance with compaction pressure and negative temperature
coefficients of resistivity occuring during sintering.
Quantitative comparisons show that resistivity is inversely
proportional to density, and inversely proportional to the square
root of compaction pressure. Hausner [44] and Goetzel [67]
indicate the marked importance of sintering temperature on the
electrical properties of powder compacts, corroborated by Sands

and Shakespeare [68].

The importance of the resistivity of particle contacts to the

overall resistivity of the compact was shown by
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Leheup and Moon [69,70]. They report electrical resistivities of
03 m 2w at room temperature, falling to 1.7 uQm at
375°C for unsintered pure iron compacts heated in air; lower
resistivities being retained on cooling to 20°C. They conclude
that the electrical resistivity of unsintered compacts is
controlled by interparticle contact regions and that a plausible
and consistent explanation is the growth and structurai

modification of surface oxide films.

Similar trends of high values of resistivity (1.0m Q m)have been
reported for unsintered steel compacts at room temperature,
falling to 0.1m Qm as temperature is raised to 250°C. Conta
[71] explained this as due to the loss of adsorbed gas and
moisture during heating but,although this may be a contributory
factor, it is unlikely to be the primary cause of the changes
observed [66,70], since these are irreversible. It is more likely
that this is due to changes in the nature of the surface layer

of particles.

The effect of surface layers on the electrical resistivity of
copper and nickel powders was investigated [72] with increasing
compaction pressure. A similar dramatic drop in resistivity from
12 uQm to 0.26 uQm at 20°C was found as the oxide layers

- were removed from particle contacts during compression.
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An empirical equation quoted relates the electrical resistance
to compacting conditions. It is unlikely that the form of this
equation gives an insight into the changing resistance during
sintering since the mechanisms of oxide removal are different.
However, agreement with the results of Leheup and Moon and

Conta may be concluded.

Magnetic permeability measurements of powder compacts have
been reported in the literature [73-78], using standard
measurement techniques described by Berkowitz and Kneller
[79). Results show a large variation in the magnetic
permeability that may be expected, depending on the number
and amounts of alloying elements present. Many articles refer
only to high nickel, molybdenum and cobalt alloy steels, found
to give very high magnetic permeabilities and suitable for many

magnet applications.

Widely differing values have been quoted for bulk solid
material relative permeability Hg for example, ranging from
2400 to 9000 for iron, depending on purity. Bozorth [80] quotes
increasing maximum permeability related to increasing carbon
content in iron. For percentages of 0.23% and 0.4% carbon
(approximately corresponding to ' W78 ' and 'W4' materials),
the maximum permeability is reduced to 0.16 and 0.15 of the

plain iron value, respectively.
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The dependence of I with field strength H varies widely in

the literature: from May's [81]

£ 6-33x10° B.
H (5.7)
to Baker's [23]
PRI L 2 ek R
. H (5.8)

Most equations have the following form

H (5.9)

Y
I8 =|_ﬂs_l g
where Bs is the saturation flux density. Davies and Simpson

[18] use y = 0.92 and neglect 1 to give

092

B
He = (Liﬂti_) (5.10)

This agrees well with their experimental results.

Experimental values of u for powder materials are also
reported. Degtyareva and Shvartzman [73] give magnetic
permeability dependence on magnetic field strength H for 98%
pure iron powder. They found that the relation
u = 20419 H?
(5.11)

gave agreement with results, up to 250 A/m. It is questionable
5

whether this relation may be extrapolated to orders of 10

A/m for induction heating. Other references [74-76]
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give results in the form of graphs of meacurements using
various powders but with no corresponding data for solid
material; no conclusions are drawn for predicting the magnetic
permeability from the powder composition for magnetic field
strength. The most reliable information on the effect of powder
density on magnetic permeability is reported by Legg & Given

{82] and others [83,84], and is generaily represented by

(5.12)
Typical maximum relative permeabilities are given as Memax ™=
104 , and values of B = 700-1000 for densities between 65%

and 85% of theoretical density.

The work of Steinitz [85,86] on iron powder compacts, sintered
at 1150°C, gives fair agreement with equation 5.12 (see figure
5.4), where measurements of Hax are plotted against density,
with values for pure Armco iron and from equation 5.12 for
comparison. Also shown is data by Lenel [87] for iron powder
compacts sintered at a higher temperature, 1300°C. Reference
is made [86] to theoretical studies by Polder and Santen [88]
whose predictions are also shown in figure 5.4 for spherical
holes and disc shaped holes in a solid substance. On the basis
of the modern concepts of the sintering mechanism, the pores

in the pressed compact may be somewhat flattened,
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with high temperatures and longer sintering times favouring the
transformation of these pores into spherical holes. The results
of figure 5.4 confirm the influence of sintering temperature
on u and are in approximate agreement with theory. Lenel's
compacts are sintered more than Steinitz's, approximating to
the curve for powders with spherical pores, as opposed to

those where disc-shaped pores dominate.

Little information on the temperatt}re dependence of magnetic
permeability has been found, although Kir'yanov [89] reports
that T declines linearly with a temperature coefficient of
about 6.3 (K'l) for iron powders, well below the Curie
temperature. Fiueregu [90] provides the most complete graphs
seen of permeability against temperature and field strength, but
his source is not stated. Due to the critical dependence of wu
on the exact powder constituents, and the variability of solid
material H with temperature and magnetic field, for
comparison, measurements of powder magnetic permeability are

required.

Measurement of Powder Compact Properties

5.3.1 Electrical Resistivity

The measurement principle lies within the definition of
resistivity szA//. R is given by V/I and A is the
cross-sectional area of the rod, where voltage measurements
are made over length Z.ﬂTo ensure uniform current distribution
(assumed in the definition) the measurement points are

positioned where I is uniform.
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Sintered carbon steel discs of 68mm diameter were prepared
from two material compositions 'W4' and 'W78', at relative
densities }/}’o of 0.74, 0.79 and 0.84. From these, six bars
of 60mm x 10mm x 10mm were cut, surface ground and
polished (figure 5.5a). Two similar nichrome measurement wires
were spot welded 25mm apart on one face of each bar and
insulated along their length. A mineral insulated chromel -
alumel thermocouple was implanted 3