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SUMMARY 

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, uw ; 
and the absence of reliable data on these properties,are shown in a 
literature review. Values of p , k and mw are measured against 
compact density, up to 1000°C, 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. 
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rad 

inverse of penetration depth 
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a difference 
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centre temperature 

absolute permeability 

relative permeability 
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thermal resistivity 
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normalised time 
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power factor 
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General Subscripts 

Unless given above, subscripts assume the following meanings:- 

c coil 

curie at the Curie magnetic transition 
temperature 

e external, environment 

g air-gap 

h horizontal 

i initial value 

m mean 

max maximum 

min minimum 

n net value 

oO solid 

R radiated 

F total 

Vv vertical 

w work 

cartesian co-ordinates 

N
M
 

x 

I 
2 induction coil section or 
3 temperature 

~ matrix 
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CHAPTER _1 : INTRODUCTION 

i. 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.Garringtons Ltd Smith-Clayton Forge Ltd 
(Sheffield) (Bromsgrove, (Lincoin) 

Hartlepool) Darlaston) 
G.KN.Garringtons Ltd Scottish Stamping Smethwick Drop- 

Powder Forgings Division —& Engineering Co. Ltd Forgings Ltd 
(Redditch) ts) , 

(Kidderminster) 

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

Production capacity of 300 O00 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 lt 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-Groups 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 

development 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 

Tesearch 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 feee 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 

tational 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 ftranspere 

- 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. 

11



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.



"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) 5 

Induction heating of solid and compacted powder billets 

(Chapters 6 and 7) ; 
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Induction heating of shaped parts (Chapter 9). 

Evaluation of these results and their implications for the 

sponsoring Company appears in Chapter 11. 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. 

1.5. Summary of Principal Findings : 

1.5.1 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 

1 

x 

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. 

-5.3 On Induction Heating of Cylindrical Powder Compacts 

Temperature measurements were made during heating of 

simple preforms in a production solenoidal 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. 

-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 Heatina [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 

R=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 lI/e times 

(approximately one third) the surface value, 
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FIGURE 2.1: Induction heating of a cylindrical load in a solenoidal 
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FIGURE 2.2: Transformer analogy of induction heating. Large 

currents flow in the shorted secondary circuit. 
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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 wu NK 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 load is 

complex. The temperature profile may be altered by contro! 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 

* mw is a product of the material relative magnetic permeability 4, 

and the permeability of free space My (defined as 

HM, =42x107H/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 6 is used for surface hardening, soldering, brazing 

and tube-welding [16]. High power densities are delivered at medium 

to high frequencies (keeping 65 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 medium frequency 

supplies. Finally, induction heating is used extensively for 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. 

2.3 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 1250°C, depending on 

application, with temperature uniformity in an individual workload 

within + 25°C. 

  

  

  

  

  

          
  

FREQUENCY (Hz) 

TYPE APPLICATION 10 100 Ik 10k 100k 41M = 10M 

STEEL 
MELTING H—1 

STING SMELTING 

THROUGH STEEL FORGING 

HEATING Al 

‘SURF ACE 

HARDENING eres 
‘SURF ACE 

HEATING TUBE WELDING t+ 

BRAZING i | 

& 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 2 35% (2.2). 

For square-sectioned billets of side a, the relationship 1.28 a 23715 

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 Hy, 

value, become non-magnetic ( My = 1) at a particular temperature 

sknown as the Curie temperature. 0 lies between 720°C Oe A 
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 one 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 kHz 8 to 10 kHz 

25 - 38 kHz 3 to 10 kHz 

38 - 50 50/60 Hz lto 3 kHz 

50 - 150 50/60 Hz 1 kKiz 

over 150 50/60 Hz 50/60 Hz 

Table 2.2: Frequencies for through-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 IkHz. 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  (6lb/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 guide 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 AkHz 3kHz 1OkHz 

BILLET 

TEMPERATURE(°C) 550 850 1250 | 850 1250 | 850 1250 |850 1250 

WORKLOAD 

DIAMETER (mm) AIR-GAP (mm) 

O- 60 255 L270 50) 50. 62 50 62 50 62 

60 - 125 25.1 938) 950 6275) 

125 - 250 25 38 80 75 80 

Table 2.3: Typical air-gaps for through-heating in solenoidal coils tid. 

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 often 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/523.5 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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CHAPTER THREE 

THEORY OF INDUCTION HEATING 
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CHAPTER 3: THEORY OF INDUCTION HEATING 

3.1 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 5.3 

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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General Theory 

3.2.1 Solution of the Electromagnetic 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 

vue L2H , vee GE | Wye 
peat Pét ' o

i
r
 

G.I) w 

as 
at 

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, 

      

w =f than, +H, } (3.2) 

or in cylindrical polar co-ordinates, 

19H , bw 

y roar ; al 
a (3.3) 

Pp 
  

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 HH 9, cosat. 
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The Bessel function solution of equation (3.3), [18] 

H = Alg(kr) + BK,(kr) 
(3.4) 

where Le and Ky are Bessel functions of zero order, may be 

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

eve 4 beV2ar + jber¥2ar 

bce ine ber¥2aR + jber¥ZaR eu 

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

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

The total magnetic flux a within the cylinder, 

R 

Ran | B. dr (3.6) 

0 

is rationalized to give 

Oy sUHa Aw (g -7 P) 
(3.7) 

where a is the cross section area of the workload, 

NZ beW2aR berV2aR = _berV2aR ve V2aR (3.8) 
aR ber’V2aR + bei?V2aR 
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FIGURE 3.1: Solid Cylindrical workload within a solenoidal coil. 

    

p&q values 

1.0 

0.8 

D6: q 

O 
% ee, ae 

o-+ + r 
1 2 3 & 4 5 6 7 8 Work diameter to 

3- penetration depth, 
iS r * 2R 

FIGURE 3.2: p and q functions for a solid cylinder. 5 

When 2R/5>8 , q=2/(d/5); p=2/ (1-23 +d/6) 
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and 

WZ beiVFaR bev2aR + be¥2aR beV2aR (3-8) 

aR ber’V2aR + bei“V2aR 

  

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 q graphs may be found 

for a slab and various hollow cylinders [18,23]. 

The power Raa developed in the load is, per metre length 

Pp = VOnpat® p | renZaR beVZaR + beW2aR beVZaR 
‘ pana ber2¥2aR + bei2V¥ZaR 

G.9) 

which can be defined in terms of p3 

2 
Posuafy, P(e Ad (W/m) 

where ie is the workload length. The Power density. is then 

Ff. = Hf Heo P -  (W/n*) 

(3.10) 

It will be noticed that power loss within the workload 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/5=3.5 and declines slowly for larger d/5 ratios. 

Clearly, for efficient induction heating GF should be 
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maximized by adhering to the relationship 

a lV
 3.5 5 5 

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 established 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 

= PR 8 lavas @r+ ee 5 exp( a eas — GD). 

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

t,the dimensionless normalized time,is given by 

  

reR ‘ (3.12) 
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The summation term ( 2 term) describes the transient 

temperature rise that disappears after + = 0.25, giving a 

steady parabolic temperature distribution with a constant 

surface-to-centre difference 

2k : (3.13) 

The normalized temperature is obtained by dividing equation 

3.1 by equation 3.13 and is plotted in figure 3.3. 
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FIGURE 3.3: Distribution of temperature with radius in a solid 
cylinder, with normalized time t. Surface power input 
is assumed. All temperatures are normalized with 
respect to (0, - 4) Soro = FP R/2k, See equation 
3.11 ee 
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After the initial transient has decayed, the temperature 

distribution assumes the following form, 

R C4 @ = 2r+ = 
k ( 2R r) (3.14) . 

(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 3.11 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/6, R/d= © 

corresponds to the steady curves of figure 3.3, 

where t > 0.25. 

3.2.2.2 Effect of Radiation 

Radiation losses from the billet surface (at absolute 

temperature T,)s to the coil refractory lining at absolute 

temperature We may be calculated from the 

Stefan-Boltzmann law, 

P= a € |v : «| (3.15) 
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where Stefan's constant a = 5.67 x 108 wim?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 (1,=293K) to give a net power eraitys Pe « A 

mean radiated power density ae over the temperature 

range V5, to T, 5 

. 5 5 
Dp 1 be =e 

sm Q@E Rm 5 | enn (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 

_ 9, Ak |, P (Xd -1 
2k PB \k, Zk) Gan 

where 
Z(k,) = beraaRbeV2aR +  beivZaRbei/2aR 

and where 

X(x) = bePx + 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 
brackets) for temperature distribution due to radiation 
for a cylinder. The effect of finite current depth is 
also accounted for. 

3.2.2.3 Effect of Power Input Change 

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 radiation losses) the temperature distribution 

@=f(r) begins to equalize. This soaking period may be 

represented by the equation [26], 

R ao R 

2 Se eae) . 
a= fi Finds: Dost oh pf Meee 

(3.18) 

The transient ( > ) 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 ( 6+ 9,)/2. 
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Normalized time, 7 

FIGURE 3.6: Variation of surface temperature @ and centre 
temperature 0, during soaking period. @, 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 become 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 4, 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 

tourie 8 defined [18] as 

_ (Energy for Magnetic Transition) R 
fourie= 2 (3.19) 

, 

where Fis 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. 

Bed Equivalent Circuit Coil Design Method 

In section 3.2.1 the workload r.m.s. flux a, was stated, 

Pw =H HerAw (qd - 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 x is the sum of the total 

workpiece flux 3 coil flux Ps and air-gap flux % » shown in 

figure 2.1. Davies and Simpson [18], page 44, show that the remaining 

terms may be written, 

= ke tte 8 (7 de) 5 = : Hl =s) (3.20) 

a k. is a correction factor that allows for the spacing between the 

coil turns. 
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and q = He HomAg (3.21) 

where 

Ham =¥2 oN. (3.22) 
4 

56 and dn are the coil penetration depth and _ diameter, 

respectively. Since the r.m.s. coil voltage is given by 

Ec Beet No 

by substitution and collecting terms, this may be written as 

2 

g, = Set HaNe te . fe (- Ae ttede) st) + a(n gAe thd be ) (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 Ry 

Rw Xo Ms and air-gap reactance nS are given by 

Ry = K (up A) 

R. = K (ka dd4) 

X= K Ag (3.24) 

X = K (4, GAY) 

X. = K Ck, 74.4,/2) 

where 

Ko = (2nf uN /L) 

and 

2? =(ReRl® (%o Xye%el 
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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 1» is given by 

eed 
eRe: (3.25) 

Coil power factor, cos 9, given by 

cosg@ = Rut Ro 

a (3.26) 

is used for calculating the capacitive load required to match the coil 

and workload to the electrical supply. Coil power a is found from 

the workload power ey which is the power required to heat the 

metal to temperature (see section 3.4) 

Pee one 
4 (3.27) 

Coil volt-amps (VA), is given by 

(VANE oe eez 
sate (3.28) 

Coil volts per turn EIN, and r.m.s. ampere-turns IN, follow, 

  

en 
Ec/No = (VA), Z/NE 

(3.29) 
IN, = [| (VAL 

(27) 
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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 3.1 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 m 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 Pon is found from the corresponding 

values P, and fp, over the temperature range and given [18] by 
1 Zz, 

i {es + W,}° (3.30) Pm fe 
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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, 1 38 mm 
4 Billet Diameter, d 51 om 
5 | Metal Density, V, (23a)? 7860 kg/m 

FIRST SECTION - Sub Curie 
6 Temperature Rise 20°C to 760°C 740 K 
7 Maximum 0-0, ,40 310 K 

8 Metal Resistivity, 2, equation (3.30) 0.57 BwQm 

9 Kilo-watt hrs/tonne fig. 3.8 137 kilh/t 

io Work Power, P, (9).(1) 33.5 kW 

a1 Frequency, f supply available 4 ktz 
12 Relative Permeability,u, | estimate ul 
3 Penetration Depth, 4, equation ‘2.1 1.81 mm 

4 d/5 (4)/(13) 28.15 2 

as Power Density, eqn.3.17 & (7) Bs key/a 
6 Minimum surface area (10)/(15) 4. 6x10 m 
17 Minimum Length (16)/7. (4) 0. 287 m 
18 No. of Billets (7)/(3) 7.5~8 

9 Billet Heating Time (18).(2).3600/(1) _| 72 secs 
CURIE TRANSITION 
20 _| Transition Time [_ Fig. 3.8 [ 8.8 secs 
SECOND SECTION = Super Curie 
a Temperature Rise (1250°C-760°C) 490 K 
22 Maximum @-0,,A0 75 K 

123 Resistivity, p equation 3.30 1.18 BwQn 

24 Kilo-watt Hrs./t Fig. 3.8 100 kilh/t 
25 Work Power, P) (24)x(2) 24.5 kW 

26 Frequency, f, supply available 4 kHz 

27 Relative Permeability,“ | equation 2.1 8.64 mm 

28 d/5 (4)/(27) 5.9 

29 Ratio of @-,to ideal Fig. 3.4 0.75 . 
30 Power density, 7, equation 3.17 460 kW/m 

31 Radiation Power Density | (22)(29) 2 
p equation 3.16 7 ky/m 

32 Minimum Surface Area (25)/((30+(31)) 4.4x10 m 

33 Minimum Length (32)/(4).7 0.275 m 

34 No. of Billets (33)/(3) 7.3~8 

35 Billet Heating Tine (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/n 
(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). 7 « (4). (59)(3) ]125 kW 

42 Billet Speed (D/A (5)) 14 24 mn/sec 
43 Active Length, 1st 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,ave. {10.3 mm 

46 Work Power, Ist section | (15).(43).(4) 35.5 kW 

47 Work Power, 2nd Section | (30).(44).(4) 35.25 kW 

Table 3.1: Worked Example of coil design (section 3.4) for a 

two-section series-connected production coil 

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 Buctreeting 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 

Py 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 201Cs 

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 H is needed for Ry. and Xwe 

The coil current however, and hence the magnetic field H, 

upon which uw is dependent (equation 3.29), has yet to be 

derived. In practice the calculations of equations 3.24 to B29 

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 Lepth,d, | Table 3.3,(13) 1.81 mm 
3 | Coil Penetration Depth, 1.20 mn 
4 |p and q values p=0.068 

figure 3.2 
q=0.071 

5 | Work Resistance/Turn? kK. 1.53x107> | 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. 6.23510" Q 5 

io | K Factor 0.104.N¢ Qn 
11 | Total Impedance, Z equation 3.24 K. 8.0x10™ 
12 | Coil Efficiency, equation 3.25 0.856 
13° | cos equation 3.26 0.215 
14 | Coil Power, P.; 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 Atp-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 

3 g 0.33 
20 | Work Resistance/Turn: K. 5.72x10 2 
21 | Coil Resistance/Tur: K. 2.76x10_ Q 
22 | Coil Reactance/Turn’ K. 2.76x10" Q 
23 ‘| Work Reactance/Tur1 equation 3.24 K. 6.74x10" 2 
24 | Gap Reactance/Turn K. 6..23x}0- Q : 
25 | K Factor 0.100. Ne Q/m 
26 | Total Impedance, Z equation 3.24 K. 7.31x10~ 
27° | Coil Efficiency, equation 3.25 0.675, 
28 | cos 9 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 15s v 
32 | Coil Amp-Turns equation 3.29 20.7 kA 
33 | Ratio of Voltages =(P ,/P 9) 1,07 
34 |Generator Voltage oe 340 v 
35 | Coil Total Voltage (34)-transmission | 323 v 

loss 6% 
SUMMARY 
36 [Volts Drop for section os V, = 167 Vv 

(35)=V,+1.07V, 
37 V, = 156 v 
38 |No. of Turns in 1st sect. | (36)/(16) 3 
39 |No. of Turns in 2nd sect. | (37)/(31) 10 
40 {Coil Current, Ist 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 used. 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 g = 0.98 lagging [31]. Before correction the coil represents 

pee 
(kVAr), = VVAR = (RY Re 

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),  =(P.) tan(co3'0-98) 5) 

of lagging reactive power. 

* If the correction capacitors are rated at vy volts and fy hertz 

and used at a lower Vo voltage and fo frequency then they should be 

derated, according to the formula 

f. 
Levan Ee ea ey (3.33) 
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CAPACITANCE 

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.See p57. 
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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, 40 

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, 1 would be significantly 

improved if ratio d/S5 were to be reduced from its high value of 

d/5 ~ 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 materia! 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 

41 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 

eae 4.) 

where the permeability 4 describes the concentration effect of the 

workload. This constant of the workload material is often related to 

that of free space Hy by the relative magnetic permeability Hy BE 

H. My . 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 Wow/m?) in 

overcoming this flow, 

Wo eee (4.2) 

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 1/k = 4, lee. 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, Mr, 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) powder types 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 mw 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 
PONDERS 

ELEMENTAL ELEMENTAL PRE-ALLOYED 
POWDERS POWDERS POWDERS 

MIXING MIXING 

HEAT TREATMENT ANNEALING 
(PARTIAL PRE-ALLOYING) 

a 

BLENDING OF 
LUBRICANT AND GRAPHITE 

COMPACTION ] 

PRE-SINTERING 
(Lubricant removal) 

9 

SINTERING ---»---{ (cooLtns) |         

  

FORGING } 

  

  

FINAL HEAT TREATMENT 

(TEMPERING, HARDENING 
      

FINISHED COMPONENT       

Figure 4.1: Production routes for powder-forging steel parts.See p6s. 
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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 siearate compaction lubricant from 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. 

67 

 



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 «, p andk .- 

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 y , 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 irregular 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 irregular 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, m 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 

ie 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-gaps, 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 4.1. Each trace element is incorporated to improve 

mechanical or physical properties of the compact [37,38]. 
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FIGURE 4.2: Typical range of G.K.N. preform shapes with the 

corresponding finished part. 
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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 1). 

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 4.1. 
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45 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 mu have been linked to the changes imposed by 

each process, namely macroscopic density and contact area changes ofa 

material. It may be concluded 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. 

79



CHAPTER FIVE 

POWDER COMPACT PROPERTIES 
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CHAPTER 5 : POWDER COMPACT PROPERTIES 

5.1 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 compaci 

material. To determine how powder compacts react to induction 

heating, a more quantitative definition of the thermal, electrical and 

magnetic properties is required. 

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

  

Cooma are easy 
py ak Tang (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 

81



% y 
je Sabu Le 

tvs} (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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5.2 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 measurements 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 particle 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 En8 steels closely 

approximate to the elemental constitutents of W4 and W/7/8 

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, Powell 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/k, 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, 

He 4 - 248) Ga) 
‘0 

  

where the porosity § of the powder is related to the 

density Y of the powder by 

es 
y (552) 

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-standard 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) 

Tesults 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 

(5.3) 

where x varies from 1, resulting from a parallel cylinder 

mode! where cylindrical pores are considered, to 2.3 

(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 

  

eds 1-$ 2 ss 
Pp ke Aing 

(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 5.3), which was found to give the best 

approximation to the experimental results. 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 tor 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 regular 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 

> 

  

af fas + 2828 
-(&) [: 7 eR ee) 

Values r and tT, are respectively,the spherical metal particle 
a)
 

radius and radius of contact between particles, p is the 

material resistivity, and Ps the inter-particle boundary layer 

resistivity of thickness a . The second term in equation 5.9 

describes the effect of inter-particle contact due to changing 

particle boundary composition and shape during sintering. Above 

350°C, 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 To The ratio rr, describes the 

effect of neck growth between particles, and given by 

  

a. a 

_ | (5.6) 

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 t/t, 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 

05m 2m at room temperature, falling to 1.7 “Qm 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 Qm)have been 

reported for unsintered steel compacts at room temperature, 

falling to 0.1m 2m 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 wQm to 0.26 wQm 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 Hy 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 Ms with field strength H varies widely in 

the literature: from May's [81] 

5 
ines 6-33x10" B, 

a (5.7) 

to Baker's [23] 

6 4-43x10° _B, 
— =i... 

be: H a (5.8) 

Most equations have the following form 

(5.9) 

where B, is the saturation flux density. Davies and Simpson 

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

238x10° \ 
Ese (2280_.) (5.10) 

This agrees well with their experimental results. 

Experimental values of mu 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 

w= 2019 Ho” 
(5.11) 

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

o 
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 oiners [83,84], and is generally represented b g P 

woe tn, Fe 
(5.12) 

Typical maximum relative permeabilities are given as Hemax= 

io » and values of HS 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 Mnax 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 « 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 temperature dependence of magnetic 

permeability has been found, although Kir’yanov [89] reports 

that M, declines linearly with a temperature coefficient of 

about 6.3 (K7) for iron powders, well below the Curie 

temperature. Flueregu [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 mu 

on the exact powder constituents, and the variability of solid 

material Hy 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 p=RA/“.R_ is given by V/I and A is the 

cross-sectional area of the rod, where voltage measurements 

are made over length “16 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 v/%, 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 3mm into the opposite face 

(fig 5.5b). 

A test bar was positioned.in the apparatus as shown in figure 

5.6, consisting of a long steel tube capped at one end, an 

internal rod and a device for exerting pressure on the central 

rod and test bar to ensure electrical continuity. The test bar 

sides were electrically insulated. The apparatus assembly was 

inserted into a thermostatically controlled tube furnace, such 

that the test bar was sited in uniform temperature at the 

furnace centre, and heated from room temperature to 1000° C 

at 50°C intervals, or at 20°C intervals during Curie transition 

between 700°C and 800°C. The potential difference between 

the wires was measured when a known direct current was 

passed longitudinally through the bar, via leads brazed to the 

rod and tube ends. The readings were confirmed during cooling. 

Similar experiments were completed for bars of the other 

densities and material. Also tested were standard test bars of 

high purity iron, 0.74% carbon steel and En8 steel to check 

measurement accuracy and the dependence of the Curie 
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temperature on material composition. 

5.3.2 Thermal Conductivity 

The principle (derived in Appendix 3) of these measurements 

lies in the theoretical equation 

[ee  Aoalen + Vico-1)] 
Vig teakey +ViG-1 (5.13) 

+ & 
relating the ratios ie pra of the test bar to 

that of a standard bar for which the conductivity ko is known. 

Six test bars (0.74, 0.79 and 0.84 relative density of'W4' and 

'W78' powder) were prepared according to subsection 5.3.1. A 

standard En8 bar was similarly made. Each bar was thermally 

insulated except at each end and wound with a small resistance 

heating element, as shown in figure 5.7 to provide a thermal 

gradient along the bar. Three ceramic insulated chromel-alumel 

thermocouples were implanted at 3mm depth at 25mm intervals 

on one face of each bar. 

A test bar was placed in the apparatus (figure 5.8), which was 

then positioned in the furnace described above. The thermal 

gradient along the bar was enhanced by setting the test bar at 

a part of the furnace where a gradient exists and by forced 

air cooling of the opposite end of the apparatus. The 

thermocouple temperatures were recorded at 100°C intervals as 

the test bar was heated from 20°C to 1000°C, and at 20°C 

intervals during the Curie transition between 700°C and 800°C. 

This experiment was repeated for all test bars and for a bar 

of standard En8 material. 
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5.3.3 Magnetic Permeability 

Six toroids of mean radius R and sectional area A were 

prepared from 'W4'and 'W78!' composition sintered discs of 0.74, 

0.79 and 0.84 relative density (figure 5.9) [91,92]. These were 

wound with approximately N,=200 primary and No= 35 

secondary turns of insulation sleeved wire (the exact number 

being recorded) and connected to the apparatus shown in figure 

5.10. A chromel-alumel ceramic insulated thermocouple was 

embedded 3mm into each toroid. 

An alternating current was fed to the primary turns 1 from a 

1 kVA amplifier with feedback, and the voltage drop across a 

known resistor displayed on the x axis of a cathode ray 

oscilloscope (C.R.O.). The voltage Vo induced in the secondary 

windings was integrated and displayed on the y axis of the 

C.R.O. Standard formulae may be used to calculate the 

magnetic field H , 

cal (5.14) 

and the magnetic induction B, 

=i Bo =-— /\. dt 
wal” (5.15) 

from these quantities. 

The hysteresis loop of H vs. B was recorded, as L was 

increased, by multiple exposure photographs of the oscilloscope 

screen. The process was repeated at approximately 100°C 

intervals as the toroid was heated in sand from 20°C to 

760°C. The: experiment was repeated using the other five test 

toroids. 
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5. Results _and Discussion 

5.4.1 Electrical Resistivity 

Measured values of electrical resistivity with temperature for 

test bars of 'W4' material appear in figure 5.11 and for 'W78!' 

powder are given in figure 5.12. Experimental values for the 

standard bars of high purity iron, En8 steel and 0.74% carbon 

steel are presented in figure 5.13, with the expected curves 

from the literature. The predicted curves of figures 5.11 and 

5.12 are plotted using the resistivity values of similar solid 

materials and the semi-empirical relationship of Koh & Fortini 

(equation 5.4) relating powder resistivity p to that of solid 

material Re. 

The constant n was found by plotting the ratio of 

experimental values with equation 5.4, using various n values 

(figures 5.15 & 5.14). For 'W4' powders n was found to be 

between n = 9 and n= 10 and for 'W78' powders n = 9 

approximately. Measured values for the standard bars agree 

closely with the predicted curves from the literature (figure 

5.13). The experimental accuracy of these measurements is 

approximately 5%. This represents good accuracy for 

measurements which are difficult, especially at high 

temperatures without major refinement of the apparatus. 

Current uniformity within the test bar between the 

measurement wires may be assured. 

Graphs of the experimental electrical resistivity ratio against 

temperature show that there is general agreement with 
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the predictions of Koh and Fortini but that their constant n 

lies between 9 and 10. It proved difficult to establish the 

dependence of the Curie temperature on material composition 

as the change in slope of the resistivity versus temperature 

curves is not sharp at the Curie point. 

5.4.2 Thermal Conductivity 

The presentation of thermal conductivity results follow similar 

lines to those of the previous section. Measured thermal 

conductivity values with temperature for three powder densities 

appear in figures 5.16 and 5.17, for 'W4' and 'W78' types, 

respectively. The thermal conductivity of the standard bars was 

not low enough for reliable measurements to be made from 

small temperature gradients present. Again, predicted curves 

are shown on figures 5.18 and 5.19 from the thermal 

conductivity ratio part of equation 5.4 for both powder and 

solid metal. Here a constant value n = 9 for 'W78! and n = 9 

for 'W4' was found to best fit the results. 

These results show fair agreement with the predictions of Koh 

and Fortini [62]. The inherent inaccuracies of temperature 

measurement give a larger variation of results than the 

electrical resistivity measurements. The experimental error of 

10% gives greater deviation of the ratio k/k, in figures 5.18 

and 5.19, from predictions. 
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However, the thermal conductivity results give no contradictory 

evidence for any other relationship. The average ratios 

strengthen the argument for accepting that the equations 

pkioie tas, 
kK 1092 (5.16) 
  

describe the dependence of k upon density. 

5.4.3 Magnetic Permeability 

The relationship, 

B 

parece (5.17) 

was used to obtain relative permeability readings from 

measurements taken from C.R.O. photographs. H, is plotted 

against magnetic field H, for 'W4' (figure 5.20 to 5.22) and 

'W78' (figure 5.23 to 5.25) powders of ey, = 0.74, 0.79 and 

0.82, respectively, for temperatures between 50°C and 760°C. 

The results for W4 powder of 0.74 relative density are taken 

as an example and replotted (figure 5.26) showing the 

dependence of relative magnetic permeability with temperature 

for various field strengths. Measured Hy values at the lowest 

temperatures recorded and _ the predicted _ relationships 

considered in sub-section 5.2.2 are given in figure 5.27 for 

'W4' and 'W78' powders at V/V, = 0.74, in figure 5.28 for 

103



both types at 0.79 relative density and similarly for the 

remaining density in figure 5.29. 

The relative magnetic permeabilities of compacts in both 

powder types were comparable, although Hw, was generally a 

little larger for 'W78' powder. Values of Hw, appear to 

decline steadily with increasing temperature to about 650°C 

and fall sharply to unity between 650°C and 760°C for all 

powders. 

The measured dependence of My with magnetic field strength, 

H (figures 5.20 to 5.25) is consistently lower than the curves 

drawn from inserting the dependence of permeability of the 

solid to H from May (equation 5.7), Baker (equation 5.8) and 

Davies and Simpson (equation 5.10) into the relationship for the 

powder, 

we (uP (5.12) 

May's equation gives closest agreement with measured values 

but deviates at high field strengths. A better approximation is 

made by taking Davies and Simpson's relation and using lower 

saturation flux densities 5, of 1.2 T for 'W78' and 0.7 T for 

'W4' rather than the value B, of 2.0 T for low carbon 

steels. The literature gives little information beyond the 

endorsement that B, and w do fall with increasing carbon 

content. 
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oD Concluding Summary 

Consideration of the literature on the sintered preforms properties, 

electrical resistivity, thermal conductivity and magnetic permeability 

has shown that various theoretical relationships have been 

postulated. Of these, the semi-empirical equations that have been 

found are the most successful in describing experimental results. 

However, it is hazardous to extend conclusions due to the limited 

validity of these equations and the variety of powder compositions 

and types used in confirmatory tests. For this reason, p , k 

and m were measured for the particular G.K.N. powders, using the 

methods reported here. The results show that both electrical 

resistivity and thermal conductivity are related to the values of the 

corresponding solid material by the equation 

  

Ae kwe, Bans 
BR ks 1498 

(5.16) 

The powder magnetic permeability jm was found to agree with the 

relationship 

Vi 
w= {a} (5.12) 

where Uy is the permeability of the solid and P and * are the 

densities of the powder and solid. The value for Ms varies in the 

literature and is not available for a similar alloy to 'W4' or 'W78'. 
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Closest agreement with experimental values was obtained using the 

formula 

6 0.92 

fe a 19x10 8 
Ae (5.18) H 

where saturation flux B, is equal to 1.2 Tesla for 'W78' and 0.7 

Tesla for 'W4' powder. 

With powder properties thus defined, it is now possible to proceed to 

consider the induction heating of 'W4' and 'W78! materials both 

theoretically, in the next chapter, and expenmentally in Chapter 7. 
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FIGURE 5.1: Thermal conductivity measurements with powder density, 
with the theoretical predicted curves from equations 

5.1, 5.3 and 5.4 for various powder compositions and 
structure, as indicated. 
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FIGURE 5.2: Electrical resistivity measurements [62] with powder 

density and theoretical predicted curve from equation 

5.4. 
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Electrical Resistivity, p (uQm) 

ORF 

  

    
6.0 6.2 6.4 66 6.8 10 12 

Sintered density,(Mg /m*) 

«Iron Powder, reduced from millscale (low Sulphur content) 

= Iron Powder, reduced from millscale (high Sulphur content) 

© ron Powder, reduced from ore 

© Iron Powder, electrolytic 

4 Iron Powder, atomized 

——-—— Predicted curve 

FIGURE 5.3: Electrical resistivity measurements, [65,66] with density 

recorded by Endo et.al. for iron powders produced by 

various methods. Also given is the predicted relationship 

of equation 5.4., n = ll. 
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Theoretical Relationships 
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— — — from equation 5.12 

FIGURE 5.4: Relative magnetic permeability measurements with [85,86] 

density and predicted relationship from Polder and Santen 

[88], Legg and Given [82], equation 5.12. 
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FIGS.5b 

FIGURE 5.5: Preperation of test bar for measurement of Electrical 

Resistivity. a) Test bar cut from sintered disc b) 

Attachment of spot-welded measurement wires, 

thermocouple and insulation. See figure 5.6 for apparatus. 
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    60mm   
FIG. 5-7b 

3mm 
  

Thermal insulation 

FIGURE 5.7: Preparation of test bar for measurement of Thermal 
Conductivity. a) Test bar cut from sintered disc. b) 

Attachment of thermocouples, heating coil and thermal 
insulation. See figure 5.8 for Apparatus. 
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SECTION A-A   

  

  
FIGURE 5.9: Test toroid cut from sintered disc for measurement of 

Magnetic Permeability, u . 

1kVA Amplifier 

output 

    

   
      

    

  

     

  

   

Feedback te 
Oscilloscope known Amplifier input 

x resistor 

axis 

Oscilloscope 

Y = 20uF 
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Secondary turns 

  
Integrator 

Thermocouple 

FIGURE 5.10: Apparatus for « measurements from 50°C to 760°C, 

showing position of insulated windings on test toroid 

(these extend around the complete circumference)and 

connections for power input and oscilloscope. 
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28 Electrical Resistivity, p (4 Qm) 

     

2.6 
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Predicted curves 
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FIGURE 5.1]: Measured electrical resistivity values for 'W4! powders 

with predicted curves from equation 5.4, where n=9. 
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FIGURE 5.12: Measured electrical resistivity values for 'W78! 

powders with predicted curves from equations 5.4, 

where n=9. 
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Electrical Resistivity, p (fQm)    
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: Temperature (°C) 
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FIGURE 5.13: Measured electrical resistivity values for standard solid 

bars with the predicted curves from the literature [52]. 
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Electrical Resistivity 
Ratio Be 

8 X experimental values, YG = 0.82 

experimental values. YG = 0.79 
Bm experimental values,’ = 0-76 

—— average of experimental values 

——-- predicted ratio & , for given n 
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FIGURE 5.14: Measured ratio of 'W4' powder resistivity p to solid 

resistivity p,, with predicted ratios (dashed lines) from 

equation 5.4 for various n values. 
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Electrical Resistivity 
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FIGURE 5.15: Measured ratio of 'W78' powder resistivity p to solid 

resistivity p., with predicted ratios (dashed lines) from 
equation 5.4. for various n values. 
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FIGURE 5.16: Measured thermal conductivity values for 'W4' 

powders with predicted curves from equation 5.4 where 

n=9. 
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FIGURE 5.17: Measured thermal conductivity values for 'W78' powders 

with predicted curves from equation 5.4 where n=9., 
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FIGURE 5.18: Measured ratio of 'W4' powder conductivity k to solid 
conductivity ., with predicted ratios (dashed lines) 
from equation 5.4, for various n values. 
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Thermal Conductivity 

Ratio k 
0.8 ” i yy. x experimental values “ff = 0.62 
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m experimental values Lf = 0.74 

——— average of experimental values 
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FIGURE 5.19: Measured ratio of 'W78' powder conductivity k to solid 

conductivity k,, with predicted ratios (dashed lines) 

from equation 5.4, for various n values. 
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field at temperatures up to 760°C for 'W78' powder of 

0.74 relative density. 
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Measured relative magnetic permeability with magnetic FIGURE 5.24: 
9 

field at temperatures up to 760°C for 'W78' powder of 
0.79 relative density. 
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FIGURE 5.27: Measured #, values for 'W4' and 'W78' powders of 0.74 
relative density at the lowest temperatures recorded, 
with theoretical curves from equations 5.7-5.10 using 
the formula w=(u.y” of Legg & Given. 
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FIGURE 5.29: Measured uw, values for 'W4' and 'W78' powders of 0.82 
relative density at the lowest temperatures recorded, 
with theoretical curves from equations 5.7-5.10 using 

the formula u=(u.) ) of Legg & Given. 
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CHAPTER 6 : SOLENOIDAL COIL DESIGN FOR SIMPLE SHAPES 

6.1 Introduction 

In Chapter 3, the coil design theory, as presented in the literature, 

was shown to have limitations for the design of production coils of 

multiple sections. It does not help the coil designer to appreciate 

the influence of physical properties on the heating pattern within the 

workload. In this chapter, the design method is modified to 

overcome some of these limitations, and a simple iterative process 

described for plotting the temperature distribution within a billet 

shaped workload. The predicted temperature profile is compared 

with measured values for solid material to show the degree of 

accuracy achieved. 

Section 6.2.1 describes the extensions to the equivalent circuit 

coil design method and derives the load power densities used for the 

iterative thermal solution. In section 6.3, the predicted 

temperature field during heating is compared with experimental 

values recorded using methods described in Chapter 7. 
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6.2 Revised Coil Design Calculation Method 

Because the material properties vary with temperature, the workload 

presents a continuously altering electrical load to the coil. Ideally, 

the coil and load should be matched at all times to accommodate 

these changes, thus for continuous through-put, this corresponds to a 

coil infinitely ‘tunable' along its length. In practice this is 

approximated by having a number of coil sections, each imposing a 

particular temperature profile on the heated part. Here the method 

of Chapter 3 is extended to give a better approximation for 

designing the solenoidal coil to give the desired heating effect, 

efficiently. 

In the improved method, the heating is divided into sub-Curie and 

super-Curie phases. Each section is treated individually for 

equivalent circuit calculations, and the power density found for a 

subsequent iterative calculation of temperatures. The following 

detailed example relates to the same two-section coil considered in 

section 3.4. 

6.2.1 Calculation of Power Density 

6.2.1.1 First Section (sub-Curie) 

Initially, a value of My must be found. This is related 

to the field strength by equation 5.10. 

However H is found from the coil amp-turns and coil 

length a only after the equivalent circuit calculations 
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are performed. To enter this closed cycle, a magnetic 

permeability 1s assumed and then compared with HelNo/Ce 

- The assumed #, is then adjusted until consistent 

results are obtained. 

The average electrical resistivity from 20°C to 760°C is 

given by, 

seta a HQM (3.30) 

Assuming a magnetic field strength Hj, = 71 kA/m, the 

relative magnetic permeability H, is taken from 

py = A900. 29 He 

Penetration depth 6 , is 

5 = |2 S02 
y Mant 

Here the workload penetration depth is 

&, = 1.3mm 

Similarly, the coil penetration depth, 

6, . = 1.2mm 

The ratio dis » workload diameter to penetration depth, is 

used to calculate p and q , 

WK, = 39.23 

‘end p =0-049 

q = 0.051 
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The equivalent circuit resistances and reactances are found 

to be 

R/Ne= K 247x103 

R/N= K 2.59x10" 2 

X/N= K 2.59x10" a 

X/NP= K 2.24x107 @ 
Xo/No= K 6-23x10? 2 

where 

K = 103-6x107N2 = Q/m* 

Z = 9-39x10" 2 

the coil efficiency n = 0.894 relates the power 

generated in the coil Be to the power absorbed by the 

workload P., 
w 

R= RA 

In the first section, below Curie temperature, 

Py = 33-5 kW 
BR = 37.5 kW 

cosg = 0-268 

(VAL.= 139-7 kVA 

Coil volts per turn and ampere turns are, respectively, 

VAN, =VIVA), (Z 782 

and 

TeNs =V{(VA), /(Z/N2)} 

With substitution these give, 

a VN, = 11-45 OV 

I,N, = 12-2 kA 

The billet surface reaches Curie temperature before the end 

of the first coil section. The approximate coil length, a = 

170mm, gives 

H =71 kA/m 

1:39:



6.2.1.2 First Section (super-Curie) 

The calculations of section 6.2.1.1 are repeated for 

non-magnetic billets in the first coil section. These are 

heated from 760°C to an estimated 850°C, the surface 

temperature at the end of the first section. Coil 

parameters are relatively insensitive to a small deviation 

from this final temperature. 

Fep-s0= 0°33 HQM 

6 = 457 mm Ww 
d/§= 11-2 

giving 

p = 0-162 
q = 0-179 
we 4 

thus, 

R/N2 = K 330x10" 2 

R/N= K 2-59x 10" 2 

X/N= K 2.59x10" 2 

X/N= kK 3:36x10% 9 
Xo/N = K 6-23x10? Q 

The efficiency, 

  

1 =0-56 

so 

cos 9 =0-0845 
PB, =11-9 kW 
PR =21-2 kW 

(VA),= 251 kVA 
13-5 V 

IpNe= 18-7 kA 

The remaining coil length is 

@, = 0.135 m 

thus 

H = 134-1 kAAn 
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6.2.1.3 Second Section 

Super-Curie heating from 850°C to 1250°C assigns 

Paso-s250 = 1-18 eQm 
6, =1-2 mm 

Sy = 8-64 mm 

A/S = 5-9 
giving 

p = 0-28 

q = 0.33 

med 

thus 

RUNG = KoSi2x40." 0 

R/NE= K 2-76x10% Q 

X/N= K 2-76x10% @& 

X/N= K 6-74xt0% © 

X%/N=K 6.23x109 2 

K = 103-6x10°N2 Q/m? 

The efficiency is 

n =0-675 

and since 

BR = 23 kW 

then 
R= 341 kW 

cosp = 0-116 

(VA), = 294-2 kVA 

Volts per turn F V/No = 14-9 
and ampere-turns 

I, No 197 kA 
follow. 

Therefore the magnetic field strength is 

H = 65-1 kA/m 

The magnetic fields are substituted in. the equation 
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Summary of temperature distribution calculations for solid 

En8 billet.See p143. 
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Pp. mint Ap 
i nd, 

giving the workload power densities in the first 

section (sub-Curie), 

P= 1.08 MW/m? 

in the first section (super-Curie), 

g = 0.59 MW/m? 

and in the second section 

P= 0-24 MW/n? 

The equivalent circuit results may be developed further for 

coil turns, capacitors etc., as was discussed in Chapter 3. 

Here we need only the power densities for the following 

thermal solution. 

6.2.2 Iterative Thermal Solution 

Although calculation times and intervals between steps would 

be reduced by the use of a computer, for ease of presentation 

a manual calculation is given here. A summary of the 

approximate solution steps appears in table 6.1 and is 

described below. 

From ambient temperature, the billet temperature rises in 

the first coil section, according to the transient stage of 

power input density. Za This is represented by a single 

step, but may be considered in detail using figure A2.2. 

The steady-state conditions are represented by considering 

mean temperature rise intervals of 100°C. During each 

step, the temperature at the billet surface and centre are 

re-calculated from the prevailing power density and the 

average thermal conductivity. Due regard is shown for the 
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6.3 

effect of radiation one. The influence of finite current 

depth is taken into account by reducing the (6 - 6,4) 

difference by the amount indicated in figure 3.4 of the 

temperature profile with various d/é ratios. As soon as the 

surface temperature reaches approximately 760°C, the power 

density used to calculate ( Ge 6) is reduced to the 
o 

super- Curie value a - The temperature difference Cer 

= 8, ) continues to be calculated trom GA » until Or 

Surie. There the temperature field imposed ty GF is allowed 
4 

to 'soak' while the transient stage of Fis superimposed for 

the duration of the Curie transition period. 

During any remaining time in the first coil section, the 

super-Curie power transient temperature rise is completed and 

the steady-state profile is established. A similar superposition 

occurs as the second, and subsequent coil sections are 

¢ 
entered. The Fe distribution equalizes with a soaking 

period and the new power density. temperatures are added. 

Comparison of Calculated and Measured Temperatures 

Figure 6.1 shows the calculated centre, surface and mean 

temperatures from table 6.1, plotted with measured values at r= 

Oo, Ripe 3R/4 and R, where R is the billet radius. Details of 

the experimental method may be found in Chapter 7. 
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FIGURE 6.1: Measured temperature curves at various radii with 
induction heating time for a solid En8 Steel billet of 
radius R=25.4mm and 51mm length. Surface, centre and 
mean temperatures, calculated using the method of section 

6.4, are shown for comparison. 
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The calculated and measured temperatures with time agree well. 

The effect of decreasing thermal conductivity from 20°C to 760°C 

is reflected by a steady increase in ( o = 6.) temperature 

differential, in the steady-state of the first coil section. The initial 

transient takes longer to reach the predicted temperatures than 

expected. This is due to the reduced magnetic field occuring at the 

ends of the coil as flux spreads into the external regions. 

Above @ varie? the calculated temperatures are slightly higher than 

the recorded data. This may be due to inaccuracies involved in the 

Curie transition approximation, and also to a larger radiated power 

than predicted. During measurement, the coil refractory lining was 

cooler than it would be under normal operating conditions, for which 

the calculations apply. 
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6.4 Concluding Summary 

The modifications to the equivalent circuit coil design method and 

the iterative thermal calculations presented here, are in agreement 

with measured values. 

It is recommended that these calculations are done for any new 

design so that more information is gained on the physical heating 

behaviour before the coil is buill. Tie method is well suited to 

automatic computation, where smaller calculation intervals would 

improve accuracy. However, the intention here is to identify the 

principles involved, the relative importance of the coil and work 

load variables, and show that a simple manual calculation may be 

sufficient for coil design purposes. 

Calculations for production coils should be treated with care; it was 

found that, in practice, small deviations in billet and coil dimensions, 

and billet initial temperature,could alter the work power by as much 

as 5%. [93]. 

The magnetic transition remains the area for improvements in 

prediction methods. The approximations used here are still quite 

primitive. A system for dividing the billet into layers for 

calculation of work power purposes would allow better representation 

of the radius at which greatest power is developed. This is 

especially important at the Curie temperature where the outer 

regions may be above ane while the inner parts are still 

magnetic. This is further considered in Chapter 10 with predictive 

methods for complex shapes. 
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CHAPTER SEVEN 

SOLENOIDAL COIL INDUCTION HEATING 

OF SIMPLE SINTERED BILLETS 
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CHAPTER 7 : SOLENOIDAL COIL INDUCTION HEATING OF SIMPLE 

SINTERED BILLETS 

7.1 Introduction 

In Chapter 6 the coil design method used in the literature was 

extended and an iterative solution developed to describe the heating 

of a solid steel billet within a solenoidal induction coil. The 

predictions were compared with the results of practical tests. 

This chapter describes the experimental method used (section 7.2) 

and considers the results of similar heating trials on sintered 

billets. The results are discussed in section 7.3 by considering the 

comparison of measured and predicted values (section 7.3.1), the 

comparison of solid and sintered billet heating (section 7.3.2), and 

the effect of density (section 7.3.3). A summary of the calculated 

values is contained in Appendix 4. 
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ch? Method of Billet Temperature Measurement 
  

A cylindrical test billet was prepared from each of the following 

materials; solid En8 steel, 'W4' sintered steel at relative densities of 

approximately 0.74, 0.79, and 0.82. Five holes were drilled as shown 

in figure 7.la to accommodate ceramic insulated chromel-al umel 

thermocouples for temperature measurement at the biliet surface 

(radius R), centre and at radial distances of R/4, R/2 and 3R/4. 

The positions of the thermocouples were chosen so that any 

disturbance of the temperature distribution due to neighbouring 

thermocouples was minimal. 

The test billet was placed within a solenoidal coil (figure 7.1b) and 

the thermocouples connected to a_ six-input temperature chart 

recorder. The thermocouple leads were directed as shown because 

the coil unit incorporated an automatic billet feeding and extraction 

mechanism. This could not be made inoperative while the heating 

coil was in use. The billet was positioned at the entrance to 

the coil, and rose towards the billet extraction claws during heating 

as more billets were fed in below it. The test billet was the first 

to travel the full length of the coil and thus experienced the normal 

heating cycle. (Those above and below the test billet ensure that 

the coil and load are matched at all times). 

The temperature at each measurement position was recorded every 9 

seconds as the test billet passed through the energised coil 
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FIGURE 7.1: Preparation of cylindrical test billet, of radius R, for 
temperature measurement at r=0, R/4, R/2, 3R/4 and R 
(Fig 7.la). Position of billet within a solenoidal coil prior 
to testing, (Fig.7.1b). 
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from the starting position shown in figure 7.1 to when it was 

gripped by the extraction claws. This test was performed using all 

four test billets. 

ad Results of Temperature Measurements 
  

The temperature curves at radii r = ‘0, R/4, R/2, 3R/4 and R for 

the solid En8 steel billet were plotted against heating time in figure 

7.2. Also shown, at selected heating times, are the surface, centre 

and mean temperatures calculated by the method described in 

Chapter 6. Similar graphs . appear in figures 7.3, 7.4 and 7.5 for 

sintered steel test billets with a relative density of 0.74, 0.79, and 

0.82 respectively. A summary of calculated values for sintered 

billets appears in Appendix 4. 

The recorded coil voltage, current, coil power and reactive power 

are shown with heating time in table 7.1. Power factor correction 

capacitors are automatically switched in to reduce reactive power. 

Voltage and current limiters are also in operation. This explains 

some anomalies, for example during heating of the powder billet of 

74% relative density, the maximum number of capacitors available 

had switched in after 60 seconds. 

_—< 
The thermocouple at r = R/4 failed during the tests on sintered 

billets of Le = 0.79 and 0.82 and so the temperature curve was 

not recorded. 
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TIME coIL COIL REACTIVE | COIL 

VOLTAGE CURRENT POWER POWER 

(sees) (vy) (A) (kVAr) (kW) 
t 

0 550 240 20 Lag 130 

15 550 205 10 112 

Solid En8 30 550 200 8 110 

Steel Billet 45 550 200 10 109 

60 550 230 25 124 

75 560 190 5 106 

90 560 200 a 112 

105 560 200 5 112 

120 560 195 3 109 

TIME corL COIL REACTIVE) COIL 

VOTAGE CURRENT POWER POWER 

(secs) (Vv) (A) (kVAr) (KW) 

oO 560 300 30 lag 165 

Sintered 30 570 270 45 147 

billet 60 580 240 60 125 

rm” =0.74 90 580 230 60 ng 
120 580 230 60 119 

TIME coIL COIL REACTIVE | COIL 

VOLTAGE CURRENT POWER POWER 

(secs) | (V) (a) (KVAr) Caw) 

0 560 260 50 lag 137 

30 560 260 49 137 

Sintered 60 560 250 49 131 

billet 90 560 220 25 121 

Vy, 20.79 120 560 220 25 120 

TIME corIL coIL REACTIVE | COIL 

VOLTAGE CURRENT POWER POWER 

(secs) | (V) (a) (kVAr) (KH) 

o 565 240 0 lag 136 

30 570 210 15 lead lg 

Sintered 60 570 210 16 118 

billet 90 570 210 14 118 

Vy =0.82 120 570 210 15 118 

Table 7.1: Recorded voltage, current, reactive power and coil power 
during temperature measurement tests on solid En8 and 
sintered billets in the solenoidal coil of section 3.4. 

157.



The comparison of practical results and calculated values for the 

solid billet has already been considered in Chapter 6. 

The temperature predictions from approximate iterative theoretical 

methods may now be compared with practical results for sintered 

billet heating (section 7.3.1.) The effect of changes in the thermal 

and electromagnetic properties, is investigated in section 7.3.2, by 

comparing the experimental resuits for the. sintered billets with those 

for the solid material, and in section 7.3.3 by considering the effect 

of various densities on the heating characteristics. 

7.3.1 Comparison of Predicted and Measured Results for 

Powder Materials 

The calculated temperatures are generally in excellent 

agreement with the measured values. The calculated surface 

and centre temperatures are compared with the measured 

temperature curves at r = R andr = QO, respectively, and the 

measured curve at r = 3R/4 is approximated by the calculated 

mean temperature. This mean occurs at r = O.71R for a 

parabolic temperature distribution. 

Steady-state heating within the first coil section (between 

approximately 30 and 45 seconds), and the second section 

(between 90 and 145 seconds), are well matched by the 

calculated values. The  surface-to-centre temperature 

difference 

  

° (3.13)



rises in the first section as the thermal conductivity falls 

with rising temperature. A marginal increase in k during 

the second section reduces the final ( oo 4) in all 

cases to below 50°C. Temperature equalization in the second 

section is assisted as the billet becomes hotter, as more 

induced power is radiated from the surface, and as the coil 

magnetic field decreases at the coil ends as more flux is 

"lost' to the air-gap and surroundings. Towards the end of 

the second section, the calculated temperatures are slightly 

higher than the measured values. This is due to an 

under-estimate of the power lost to the refractory lining by 

radiation. The lining was cooler than it would be under 

normal operating conditions, for which the predicted values 

apply, as the tests were performed from the initial cold state. 

The effect of reduced magnetic field at the coil ends also 

accounts, in part, for the variance between the measured and 

the calculated heating times for the transient temperature rise 

at the start of the first coil section. In practice, the time 

taken for the steady state temperature profile to become 

established is nearly twice the calculated value. For the 

sintered billet of 0.74 density in particular, an increase in 

time at the start of heating may be attributed to a delay in 

the operating of the billet feed (piston) mechanism. 
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The method of calculation for treating the Curie transition 

follows similar lines te the solid billet case of Chapter 6, as 

follows. 

During steady-state heating in the first section, as the 

temperature rises above qe0eG) the surface-to-mean 

temperature difference (@,-6,) is calculated from the reduced 
Jia)s 

super-Curie power input. F tor the non-magnetic part of the 

billet. The effect of current depth on the temperature 

profile is also taken into account. The temperature rise for 

the magnetic part of the billet continues, using the sub-Curie 

power density Fa When the mean calculated temperature 

reaches 760°C, the billet is subjected to the superposition of 

a soaking period and a transient temperature rise calculated 

KE from if for the duration of the Curie transition. For 

heating during the remainder of the first coil section above 

6 ie? the billet completes the transient state and enters the 
curl 

steady-state. 

Figures 7.3-7.5 show that the magnetic transition is well 

approximated by the above method. Computed surface and 

centre temperatures are within 5% of measured values but 

calculated mean temperatures are lower than expected. The 

mean temperature is calculated from the equivalent 

steady-state temperature parabola: In practice however, the 

profile is altered for the effect of finite current depth, thus 

more of the billet is above the ( 6,+ 62 mean for the 

parabolic case. 
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The temperature profiles of sintered billets of various 

densities are well predicted by the approximate method of 

Chapter 6, using the measured dependence of the billet 

density on the thermal and electromagnetic properties. 

7.3.2 Comparison of Solid with Sintered Billet Heating 

The measured temperature distributions with time for sintered 

billets (figures 7.3-7.5) may be considered with the results for 

the solid billet (shown in figure 7.2). However, table 7.1 shows 

that, although the coil power is not identical for each test, 

especially at the the start of heating, the powers vary 

nominally only by 8%, and the following trends may be 

identified. In general the coil power falls from about 130kW 

initially to a steady 120kW. The v7 = 0.74 powder billet 

has an abnormally high coil power (165kW) at the start but 

falls to the typical value of 126kW after 60 seconds. 

The solid material reaches the Curie transition temperature 

before the powder billets, since the sub-Curie work power 

density is larger for En8 solid by virtue of higher Mps giving 

increased surface power density. Above Brie however, the 

sintered steel power densities EF are larger than for the 

solid, since the higher resistivity gives deeper skin depth and 

161



reduces d/d5 for a larger p factor (figure 3.2). Higher 

temperatures, therefore, exist in a sintered billet at the end 

of the first section, the surface temperature being 

approximately 1100°C, compared with 960°C for a solid 

billet. This difference is maintained in the second coil 

section where, despite lower magnetic field strength, the 

higher resistivity of the sintered material ensures higher 

efficiency and thus more heat generated within the billet. 

The final surface temperatures are 200°C higher for the 

porous material. 

In general the surface-to-centre temperature differential is 

greater for sintered metal, since lower thermal conductivity 

slows heat conduction from the billet surface. 

7.3.3 Effect of Density on Sintered Billet Induction 

Heating 

Throughout periods of steady-state heating, in the first and 

second coil sections, the surface-to-centre temperature 

differential follows the expected trend of larger (6, - 6.) 

with decreasing density. This occurs due to the reduced 

conduction of the generated heat from the surface to the 

billet centre, with reduction of the number of powder particle 

bonds at lower densities. 

An increase in electrical resistivity with porosity gives higher 

final temperatures for the 0.74 relative density 
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sinter ( e.= 1367°C) compared with Wr, = 0.79 and 0.82, 

n= 1328°C and 1312°C, respectively. 

During sub-Curie conditions, the heating rate falls with 

declining relative permeability Hy at reduced densities; 

heating times to 4, = 760°C are 38, 40 and 44 seconds 

for V/¥, = 9.82, 0.79, and 0.74 respectively. 
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7.4_ Concluding Summary 

The evidence described in this chapter shows that excellent 

agreement may be achieved between the measured temperature 

profile of powder-metal billet induction heating with time and the 

predicted values, as calculated from Chapter 6. In particular, the 

treatment of the steady-state temperature rise, including the effect 

of current within the skin depth, the influence of radiation, and the 

complex magnetic transition at the Curie temperature %urie, concur 

with experimental values. 

Comparison of sintered and solid billet heating reveals that reduced 

power input occurs below Oc isie for the former. This is because 

of the lower magnetic permeability of powder materials. However, 

above the Curie temperature, powder billets achieve higher 

temperatures as larger electrical resistivity dissipates greater 

quantities of heat within the body. 

As expected, the effect of density on the physical properties of the 

material may be seen from the powdercompact results. The heating 

rate below @ curia falls with decreasing density and therefore 

lower Hye The surface-to-centre temperature difference increases 

with falling thermal conductivity at low density. Higher final 

temperatures are recorded for the least dense billets, with largest 

values and consequently greater power density. 
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These results provide additional confirmation that the calculation 

methods of Chapter 6, extended from the procedure in current use 

(Chapter 3), give an accurate description of induction heating with 

time for simple shapes in a multi-sectioned production coil. In this 

chapter a further variable, that of powder material, is considered. 

The results of Chapter 5 are used to give p»k and pw for 

each powder billets. These approximate calculations are equaily 

applicable to the heating of powder compact billets in solenoidal 

coils.



CHAPTER EIGHT 

PRODUCTION COIL OPTIONS - 

QUALITATIVE CONSIDERATIONS 
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CHAPTER _8: PRODUCTION COIL OPTIONS - Qualitative 
  

Considerations for sintered preforms of complex shape 

8.1 Introduction 

An introduction to induction heating for forging, including 

established theory and present induction coil design methods, was 

presented in Chapters 2 and 3. The application of these ideas to 

the induction heating of simple shaped sintered billets in solenoidal 

eoils was described in Chapter 6 (with extensions of the present 

theory) and compared with practical tests (Chapter 7). 

Previous discussion and the economic considerations of Appendix 5 

indicate that the advantages of using the powder metallurgy route 

are greatest where machining costs are substantially reduced, i.e. for 

more complex shaped parts (eg. bossed gear wheels). The use of 

induction heating would reduce the costs of heating these complex 

shaped preforms prior to forging. However, long straight-sided 

solenoidal coils produce unacceptable non-uniformity of heating at 

high power and large production through-puts. 

This chapter introduces the latter part of the study on coil design, 

directed towards the induction heating of complex sintered shapes. 

Initially, the advantages and limitations of solenoidal coils in current 

use are discussed. The general requirements and production demands 

of the induction coil follow, with regard to foreseeable shape 

complexity. The range of induction coil types is then briefly 
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evaluated and the relative merits of the more viable options 

considered. 

Later chapters report theoretical. and practical studies on the most 

promising solenoidal and linear coil systems, and the developrnent of 

coil design guidelines for heating powder compact parts of complex 

shape (for which no present method completely describes the heating 

behaviour for all coil conditions). 
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Solenoidal Coils 

8.2.1 Advantages 

The theory of induction heating of simple shapes is well 

known. Approximate analytical solutions for solid and hollow 

non-magnetic billets exist, “where  temperature-invariant 

properties are assumed. These solutions have been 

successfully modified to take account of "end-effect" 

corrections for short coils and short billets, and also used for 

calculating the electrical parameters of sectionalised inductor 

coils. Refinements may be introduced for varying the power 

input to the billet during production standby periods [94] and 

to allow for temperature equalization within the billet. 

The close coupling of the coil toa heated billet for simple 

cylindrical shapes reduces flux leakage and ensures a high 

overall efficiency( approaching 50%) to give uniform heating. 

Much production experience has been gained over many years, 

resulting in adequate billet-heating coil design for most 

industrial applications. Ease of fabrication, electrical 

insulation and water cooling makes the solenoidal coil cheap 

and reliable. These coils may be easily adapted for automatic 

in-feed, transport and handling of parts. 
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8.2.2 Disadvantages 

Present analytical solutions do mot accommodate metal 

properties which vary with temperature and cannot completely 

describe the behaviour of magnetic materials. Although 

numerical iterative techniques have been evolved to overcome 

this, the literature considers Gnly billet heating, since the 

complex problem then reduces to a simpler one-dimensional 

solution. The heating of parts of complex shape in solenoidal 

coils has not yet been completely described. 

In practical tests, non-uniformity of heating complex 

axi-symmetric shapes has been found, since parts of the shape 

are closer coupled to the coil than others. Experimenters at 

G.K.N. [3] have previously had difficulties maintaining close 

control on the induction furnace atmosphere during continuous 

powder-metal part production. 

Alignment of complex-shaped parts during automated operation 

may not be easy using the "pusher feed/grab withdrawal" 

system favoured for use with solenoidal coils. 

Coil Requirements 

The following list indicates the general attributes required for an 

ideal induction heating coil for this forging application. 
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COIL? 
REQUIREMENTS Sided 

Solenoidal 
Coil 

Stralght- | 

COIL TYPE 

Shaped 
Solenoldal 
Coll 

  

Multiple 
Shaped 

solenoidal 
carousel! 

Trans 
former type, 
nternal 
flux 

Linear 

"Skate! 
Coll 

    

| Heats full 
range of GeK«Ne 
Parts. 
  

2 Temperature 
distribution 
control! 

see section 8.2.2 * see section 8.4.4 

  

3 High efficiency 

  

4 High Through-put discontinuous 
‘single-shot 

coil’ 

discontinuous 

‘single-shot 

coil’ 
  

5 Adjustable or 
interchangeable 

for many parts 

  

6 Simplicity of 
construction, 
maintenance etc 

  

7 Resistant to 
mechanical and 
thermal shock. 

  

8 Sufficient flow 
of water for cooling see section 8.4.4) 

  

9 Ability to 
heat parts at 
Press rates. 
  

10 Automation. 

  

ll Maintenance of 
Protective 

« atmosphere. 
  

12 Power Input 
control           power concentra ted| 

on inner portions|     
  

Table 8.1 : Ability of various coil types to meet desired coil 
attributes. An asterisk (*) indicates that a particular 
requirement is met by the coil type, in general, and a 
question mark shows that the desired attribute is met in 
part or in some cases. 
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These points have been used when considering the possible coil 

options to construct the check list of Table 8.1. 

The coil(s) should;- 

1) heat the full range of component preforms produced at 

2) 

3) 

4) 

5) 

6) 

7) 

8) 

G.K.N. Powder-Forgings Division (figure 8.6), 

heat parts to a controllable final temperature (to within 

25°C) and with a surface-to-centre temperature difference 

less than 50°C, 

be efficient, with small air-gap between part and coil for 

close coupling, consistent with the practicalities of part 

transport through the heating stages, 

be capable of heating parts at high through-put rates, 

be either adjustable, interchangable or capable of 

accommodating all part sizes and shapes. Each component 

of the range should achieve an acceptable temperature 

by whichever method is used, 

be simple to construct, install and maintain, 

be adequately robust to withstand mechanical and thermal 

shocks, 

allow sufficient water flow for coil cooling. 

The system should;- 

9) 

10) 

deliver parts at the approximate rate of 1 every 7 

seconds, for full utilization of the forging press, 

be automated to reduce handling costs and to ensure 

repeatability of the heating cycle for each part, 
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11) allow the maintenance of a protective atmosphere in all 

stages of heating and permit removal of undesirable 

combustion products, 

12) provide for changes in the operating conditions, e.g. power 

factor correction and contro! of input power. 

8.4 Coil Options 

The range of practicable coil types considered for production 

systems is given below. Reference to table 8.1 allows comparison of 

each method and an indication of the coil requirements fulfilled; 

only the major advantages and disadvantages are stated below. 

8.4.1 Conventional Straight-sided Solenoidal Coil (Figure 8.1) 

This coil will heat some simple G.K.N. parts (figure 8.6 part 

a) in the form of rings and discs. Other more complex shaped 

parts will be heated non-uniformally and therefore require 

long temperature equalization time, inconsistent with high 

through-puts. This type has a proven record for meeting 

requirements 6 to 10, but not all parts may be heated by 

simple coil adjustment or change. 

8.4.2. Shaped Solenoidal coil (figure 8.2) 

This extension of the solenoidal coil type allows a suitable 

temperature distribution to be developed, dependant on the 
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coil position and power [95]. Since the part is stationary, the 

coil may be shaped closer to the part to heat all those shown 

in figure 8.6. 

It is doubtful however, whether power input could be 

controlled and directed to the desired areas of the shape (at 

different stages of heating) with the few coil turns 

permissible in the space available. One coil would be 

inadequate for the high through-puts demanded. 

8.4.3 Multiple Shaped Solenoidal Coil Carousel (figure 8.3) 

The drawbacks of low through-put and semi-fixed power input 

for a single shaped coil are removed by using multiple stages; 

one coil may be used for heating to Curie temperature, 

another for heating to forging temperature at the surface and 

yet another for equilization of temperature. These distinct 

advantages must be weighed against reduced efficiency caused 

by thermal losses during transfer from coil to coil and 

increased complexity of the mechanical apparatus. 

8.4.4 Transformer-type, Internal Flux Concentration 

(figure 8.4) 

The part to be heated forms the secondary "winding" of a 

transformer. All G.K.N. components may be heated by this 

method. However, since current is induced on the inner 
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surface and is conducted to the outer regions of the shape, 

variable radiation losses may cause uneven heating. The 

addition of insulation around the preform would reduce the 

heat loss and improve temperature uniformity. 

A more controllable temperature distribution could be achieved 

by combining this method with an outer shaped solenoidal 

coil. This system is not readily adaptable for automated 

high-throughput production as the need to insert and remove 

the component hinders good flux linkage in the magnetic core 

and the provision of adequate cooling. 

8. ear ("skate") Coil (Fiqure 8.5) 

Long straight conductor pairs in series are used to induce 

current to heat the parts travelling through the coil. This 

coil satisfies most of the coil requirements having easy 

atmosphere maintenance, part transport and coil change. 

The linear coil suffers from the disadvantages of low 

efficiency (since flux leakage is high) and possible localised 

heating near the coil bars. A transport system that allows 

for rotation of the parts would reduce non-uniformities of 

heating. 
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Flux concentrators [96] may be used with any of the coil options 

above to modify the magnetic flux linked with the heated part to 

improve efficiency or to modify the heating pattern by shielding 

areas of low thermal capacity. The concentrators would be either 

located on the parts before entering the coil, contained within the 

coil assembly or attached to the part transport mechanism. 

8.5_ Concluding Summary 

Choice of coil type for a production system for heating the range of 

powder-metal parts produced by G.K.N. is by no means straight 

forward. Table 8.1 show that each option fails to meet all the 

requirements for an ideal system. The most promising arrangements 

are multiple shaped solenoidal coils and the linear coil. 

At present, no theory has been developed nor tests conducted on the 

performance of the linear coil. to heat metal parts for forging. 

Chapter 9 describes the initial trials of this study on heating simple 

shaped parts in the linear coil and developments of the theoretical 

aspects for linear coil design of simple shapes. 

Coil design for complex shaped parts is considered in Chapter 10. 

Extensions of present solenoidal coil design methods for billets 

(Chapter 6) are developed for predictions of shaped solenoidal coil 

design, and results of the study on linear coils are projected 

towards linear coil design for G.K.N. component preforms. 
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Application of these ideas to G.K.N. operations will be discussed in 

Chapter 11, including an economic and technical appraisal of the 

relevance of the project to the Company with the implications for 

the choice of coil type. 
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CHAPTER _NINE 

LINEAR COIL INDUCTION HEATING OF 

SIMPLE SHAPES 
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CHAPTER 9 : LINEAR COIL INDUCTION HEATING OF SIMPLE SHAPES 

91 Introduction 

Chapters 2 and 3, and Chapters 6 and 7, considered the induction heating 

of simple shaped solid and powder compact workloads in straight-sided 

solenoidal coils. The equivalent circuit design method has been presented, 

with its derivation from theory. Solution of the mathematical equations 

relies upon a knowledge of the distribution of induced current streamlines 

and a reduction in the complexity for a problem with axial symmetry. 

After solution, it is possible to calculate the efficiency of the coil, and 

the effect of increasing the air-gap and coil magnetic field on the 

workload heating behaviour. 

The latter part of this thesis focuses on electroheating of more complex 

shapes. Chapter 8 outlines the types of coil suitable for induction 

heating of shaped parts for forged part production. Of these coils, the 

-shaped solenoidal coil (and carousel) and the linear coil are the most 

promising categories for heating G.K.N. axi-symmetric powder preforms. 

Chapter 10 considers the development of equivalent circuit solenoid coil 

design theory, for application to rotationally-symmetric coil and workload 

arrangements. 

However, the linear coil configuration does not conform to a simplified 

two-dimensional symmetry that facilitates solution of axi-symmetric 

preform heating. Unlike the solenoidal coil, the current distribution for 

the linear configuration is unknown, even for simple shaped workloads. 
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For heating axi-symmetric shapes in solenoidal coils, all parts of the work 

load are closely coupled to the coil, since the air-gap is minimized around 

the workload circumference. However, where shaped workloads are heated 

in the linear coil only the portions nearest o the coil conductors are 

closely coupled. This is analogous to proximity heating, where the 

magnetic field produced by curent in a straight conductor is coupled only 

with a flat workload surface adjacent to it. In the linear induction coil 

case, the power induced in the remainder of the workload is small and 

therefore these areas are largely heated passively by conduction from the 

active areas of heat generation near the coil bars. 

In attempting to define the expected temperature distribution from linear y 

coil heating of steel workloads, it is of fundamental importance to 

determine the induced heat distribution. In practical terms, the only 

method available is to measure the accessible induced current density 

distribution at the surface. 

The aims of this chapter are to define the current density J field 

experimentally for simple shapes and derive relationships for the influence 

of increased air-gap and magnetic field on the induced power density 

2 
W = pd (W/m?) and it distribution. The significance of Won the 

workload average heating rate is defined by ((18], p 34), 

Patron % 
where Vy, is the workload volume and Ay is the total surface area 

heated. In terms of the average volume density of induced power W the 

equation above becomes 

~— 8 x Vw 

W=—2cr —* 

the (9.1) 
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For ferromagnetic materials the average power induced is not easy to 

derive from the surface values of W measured here, since the current 

density does not fall exponentially with depth into the workload, because 

of the nonlinear variation of m . For a first approximation to the 

efficiency of various coil configurations used in this chapter, exponential 

attenuation of current density is assumed. 

With the benefit of results gained fore, Chapter 11 and Appendix 5 

evaluate the relative merits of linear and solenoidal coils for heating 

G.K.N. preforms on an industrial scale. Chapter 10 considers methods for 

developing theoretical techniques for induction heating problems, with 

particular emphasis on solutions for treating ferromagnetic workloads and 

complex shapes. 

Section 9.2 describes the principle of the current density measurements, 

preparation of the test billets, experimental method and apparatus. 

Previous discussion of the results of Chapter 7 has shown that sintered 

powder compacts heat in a way that is easily related to that of solid 

metal: For ease of preparation, therefore, solid billets are used for these 

tests. Section 9.3 gives the results of J measurements on the surface of 

a cube and cylinder test billet and these are discussed in section 9.4. A 

concluding summary is given in section 9.5. 
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Measurement of Current Density 

  

9.2.1 Principle of Current Density Measurements 

* 

Pp 222 

Surface current flows, due to potential differences induced in the 

workload by the coil magnetic field. The temperature distribution 

is then determined by the heat flux density W » generated by ip 

power loss, and by heat transfer. Measurement of the voltage 

differences, over a representative measurement area of the 

workload surface, provides an indirect means of assessing workload 

heating. 

In these tests, the measurement area was divided into small 5mm x 

5mm square regions. Two orthogonal voltage measurements are 

required to measure the average current density magnitude and 

direction within each small square. A voltage measurement utilizes 

two lacquer-insulated fine wires, spot-welded at the mid-point of 

opposite sides of the 5mm x 5mm square (figure 9.2a") [99]. 

However, voltage induced in the wires themselves, by the presence 

of the coil magnetic field, must be minimized by ensuring that no 

area is enclosed by any pair of measurement wires. The wires are 

glued close to the billet surface so that negligible area is enclosed 

by the loop comprising the wires and the return electrical circuit 

through the metal. Similar precaution is taken, for the lengths of 

wire between the measurement area and the voltage recorder, by 

machine-twisting each pair. 

Figures and tables for this chapter appear between p 202 and 
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* 

The necessity for two potential difference measurements means that 

two wires would cross at the centre of each small square (figure 

9.2a). This arrangement introduces an undesirable area beneath one 

wire. To overcome this problem, two identical measurement areas 

are used: On one area, only wires in a vertical direction are 

spot-welded, and on the other, only those positioned horizontally 

are affixed. Vector addition of the measurements taken for 

corresponding squares in the two: areas, gives the desired orthogonal 

measurement of potential differences over each 5mm x 5mm square. 

9.2.2 Preparation of Test Billets 

Two test billets, figures 9.2b and 9.3b, were machined and surface 

ground in preparation for J measurements. The first billet was a 

cube with side length of 50mm, the second was a solid cylinder of 

50mm diameter and 50mm height. 

Measurement of the current density distribution over the complete 

surface was unnecessary, because of the symmetries existing in both 

shapes. The minimum measurement areas were defined as one 

quadrant of one cube face and a quarter of the circumference of 

half of the cylinder surface . Each measurement area was 

prepared as described in section 9.2.1. A datalogger was used for 

voltage measurement, consisting of a D.C. digital voltmeter and 

high-speed switches (10/second) for connecting each input to the 

meter in turn. : 

The flat surfaces of the cylindrical billet were excluded due to a 

restricted total number of voltage measurements possible. 
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Potential difference measurements were recorded on punched paper 

tape for subsequent analysis. Each pair of measurement wires was 

connected to an input channel, with a diode at each pair to rectify 

the signal. 

High speed recording reduced the labour involved in taking readings 

and minimized the effect of any change in J distribution (with time 

or temperature) during experiments. 

9.2.3 Experimental Method 

Figure 9.1 shows the linear coil and a photograph of the 

apparatus. The coil consists of three supported brackets of 

adjustable height and width: To these are bolted hollow 

rectangular-sectioned conductor bars 2.4 m_ long, of high 

conductivity copper, via long, threaded shafts brazed normal to the 

bar in the middle and at either end of the bar. The conductors 

are mounted in pairs and connected by hollow copper U - tubes via 

hydraulic compression fittings to give a single water cooling circuit 

and electrical continuity through the coil. The linear coil is 

connected to a 400V, 400A, 4kHz motor-alternator induction heater 

by low-loss co-axial cable. The induction heater set incorporates 

automatic power factor correction by switchable capacitors and 

provides meters for kV, A and kVAr monitoring. 

A test billet was positioned between the bars of the linear coil, 

with nine other billets to ensure that the coil impedance matched 

that of the heater. The test billet was air-cooled to prevent 

over-heating, with possible damage to the measurement wires or 

change in the current density field. 
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Measurement area voltages were recorded at room temperature for 

both test billets in a linear coil, consisting of one, two or three 

conductor bar pairs, adjusted so that the minimum spacing d 

between a coil bar and billet was 5, 10 or 15mm. Each test 

consisted of two measurements without energising the coil, and two 

recordings with coil current flowing. The test was performed three 

times on the cube billet: Between each test the billet was rotated 

so that faces A, B and C ‘(figure 9.2 b) were recorded in 

succession. A single test was necessary for the cylindrical billet. 

Readings from duplicate measurements were averaged. Induction 

heater voltage, current and reactive power were similarly recorded. 

9.3 Results of Current Density Measurements 

The current density J is found from the vertical V, and horizontal Vj), 

voltage differences recorded, at each small measurement square, using the 

formulae, 

iy 
(9.2) 

4, = |=
 

>|
- a 

Z 

l 

where Cis the distance between spot welds of each pair (here 5mm). 

4 and J, are added vectorially to give the resultant magnitude of the 

current density. Since diodes are used to rectify the datalogger inputs, 

the direction of J is deduced from the physical nature of the problem. 

The surface power loss density, 
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oa 2 

Wo erps (9.3) 

may then be calculated. W results are considered for the cube and 

cylinder test billets in sub-sections 9.3.1 and 9.3.2, respectively. 

Table 9.1 gives details of the measured induction heater voltage, current 

and reactive power during the tests. These readings are taken from 

meters with few scale markings and must be regarded as approximate 

only. For the purposes of comparison between tests, the coil currents 

used for linear coils comprising one, two and three conductor bar pairs 

were scaled to 45A, 90A and 135A, respectively. 

9.3.1 Cube Test Billet 

Figures 9.4, 9.5 and 9.6 show the current density distribution for 

one, two and three coil conductor bars, where coil currents are 

45A, 90A and 135A, for spacing d of 5, 10 and 15 mm. These 

distributions are summarised in figure 9.7, where the arrow line 

width indicates the approximate strength of the induced current. 

The isometric projection of figure 9.8 shows this information, in 

relation to the position of the coil bars, and extended over the 

upper half of the cube. 

The induced surface power density Ww is plotted at selected 

positions over the measurement face (on logarithmic scale) against 

the coil spacing d, for measurement area faces A (figure 9.9), B 

(figure 9.10) and C (figure 9.11). The dependence of W on the 

number of conductor bars, and hence coil current, appears in figure 

9.12 for face A, and figures 9.13 and 9.14 for faces B and C; a 

logarithmic scale is used. 
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9.3.2 Cylinder Test Billet 

The current density field is plotted for the single, double and triple 

conductor pair coil, where I, = 45A, 90A and 135A, in figures 9.15, 

9.16 and 9.17 with the summarized version appearing in figure 

9.18. Figure 9.19 shows the position of the cylinder, measurement 

area and J distribution with respect to the coil bars. In a similar 

way to the cube billet, figure 9.20 shows the measured power 

density for increasing coil spacing. The relationship between W 

and the number of conductors, and hence coil current, is given in 

figure 9.21. 

Discussion of Results 

9.4.1 Cube Test Billet 

The current flow distribution may be best considered by referring 

to figures 9.4 to 9.6, with reference to the generalized pattern 

(figure 9.7) and its relation to the coil position indicated in figure 

9.8. 

High current is concentrated around the mid-plane of the cube, 

parallel to the coil bars, on the lower parts of faces A and B 

(path a on figure 9.7). This horizontal flow reduces in intensity as 

the distance from the mid-plane increases . On face B, current 

flows divide (path b on figure 9.7); one path continues in the 

horizontal plane around the cube while the 
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other proceeds vertically onto face C, parallel to the longitudinal 

axis of the coii (path c on figure 9.7). On the cube top face, 

nearest to the longitudinal mid-plane of the coil, the current 

decreases to near zero. Also evident, on faces adjacent to the 

coil bars, are circulating flows indicated by path d, extending onto 

the top face (path e on face C, figure 9.7.). 

Examination of the recorded current densities of figures 9.4 to 9.6 

reveals that departures of the current flow from the 

circumferential path a decline with the addition of conductor bars; 

particularly noticeable is reduced circulation on face A (path d, 

figure 9.7). Horizontal current flow around the circumference is 

favoured by the more uniform magnetic field, produced by a larger 

number of linear coil bars. 

The relationship between induced power density and the number of 

conductor pairs, and increasing coil current, was found to be 

W (=pi!)antac? (9.4) 
This is represented by a straight line slope on log-log scales 

(figures 9.12 to 9.14), with the index s shown, where s=2.0. 

Measurement inaccuracies appear as bends in some lines on these 

figures. The closely coupled face A positions conform to the 

expected square law relationship, W « (conductor pairs)’, with an 

index s=2.0. 
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Lesser slopes on figures 9.13 and 9.14, for faces B and C, 

illustrate the reduction of current flow on non-circumferential 

paths (along paths c and e of figure 9.7) as a) a more uniform field 

develops for a greater number of coil bars, giving J flow less 

restriction to the circumference, or b) as the (weaker) coupling 

between coil and workload decreases for larger coil spacing d. 

The graphs of power loss density (on logarithmic scale) against coil 

spacing d (figures 9.9 to 9.11 ) are not as consistent. The average 

index s = -0.07 suggests that the governing equation is approximately 

W = Wh exp {-0-07d } 
(9.5) 

This reflects the dependence of the magnetic potential K on coil 

spacing, 

K oc exp{-kd} 

This assumption is used by Reichert [106] and Renner {115], who 

set up the differential equations in terms of the magnetic vector 

potential, for numerical solution of a solenoidal coil surrounding a 

cylindrical workload. They state that this exponential equation 

approximates to the dependence of Ay in free space, with radial 

distance between the workload and coil, and is valid at close 

coupling near the plane of the coil. Therefore, the power density 

W is given by 

we 2 atl? 
We pJ re 
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and equation 9.5 follows. Provided that the coil and workload are 

closely coupled, as for face A of the cube billet and regions of the 

cylinder close to the conductors, a similar relationship exists for 

the linear coil case. 

9.4.2 Cylindrical Test Billet 

Analysis of the current density distributions follow along similar 

lines to the cube, with reference to figure 9.15 to 9.17 for one, 

two and three conductor bar pairs and coil currents of 45A, 90A 

and 135A, respectively. Generalized current flow appears in figure 

9.18, and its relationship to coil bar position is shown in figure 

9.19. For the cylindrical test billet, the currents are more 

constrained to lie on circumferential paths. Some deviation may be 

noted, however , as the distance from the coil bar nearest to the 

cylinder transverse mid-plane increases. There is no evidence of 

significant circulating flows in the immediate proximity of the coil 

bars, but current flow in a vertical plane, to cross the top surface, 

is apparent. An increasing predominance of circumferential flow 

occurs for larger Ne and coil current, especially where the coil 

spacing d is small, as the magnetic field becomes more uniform. 

Somewhat surprisingly, the J distribution is confined to flow 

approximately parallel to the coil bars at all spacings, especially in 

the centre part of measurement area ABCD. Greater evidence of 

circulating paths was expected for weaker magnetic fields; no 

explanation has been found for this anomaly. 
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Conformity to the expected relationships between power density and 

coil current, and between W and coil spacing, is fair. The 

relationship W « (conductor pairs), confirming equation 9.4. Figure 

9.20 contains the greatest variability of slope for the dependence 

of W on d spacing. 

9.4.3 Cube and Cylinder Results Comparison 

Quantitative comparisons between current density distributions on 

the cube and the cylindrical test billet are difficult to make, with 

the limited amount of data presented here. Few measurement 

points on both test billets are in equivalent positions, with respect 

to the linear coil. The distribution of current flow is also largely 

influenced by the billet shape: Circumferential flow around the 

cylinder was greater than similar flow around the cube, with a 

corresponding reduction in current towards the upper and lower 

faces of the billet. In general, current density flow around the 

cylinder mid-plane was approximately 40-50% greater than measured 

values at equivalent positions on the cube face A. If the current 

distributions were comparable, and therefore proportional to the 

circumferential path length, only a 28% improvement would be 

expected. On areas not adjacent to the coil bars, 

non-circumferential flow around the cylinder reduces to 

approximately 12% more than the corresponding J results on the 

cube; circumferential flow on these areas is increased to between 

1.6 and 2.0 times the flow around the cube. 
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Power density at each measurement square, averaged for both 

shapes at each test condition of spacing and N,, indicates that the 

induced power is comparable for cube and cylinder test billets. 

The first approximation to overall efficiency (table 9.1) indicates 

that the cylinder is slightly more efficient than the cube, in 

general. These figures may be misleadingly high, since current 

density on the flat portions of the cylinder was not measured. On 

these faces, significantly lower J values may be expected. A more 

representative estimate of 7 (contained within brackets in table 9.1) 

is found by assuming that the average power density on the 

cylinder flat faces is reduced, in relation to the measured average 

on the curved faces, by a similar ratio to the averages found on 

the cube face C to that on face A. Within the accuracy of these 

tests, the efficiencies of cube and cylinder billets are comparable. 

Without further data, notably on the cylinder flat faces, further 

comparison must be inconclusive. 

9.4.4 Efficiency 

Overall efficiencies, between 4% and 26%, are low. By comparison, 

solenoidal induction coils for heating solid cylindrical billets of 

equivalent dimensions and air-gap may be expected to show 

efficiencies between 88% and 91%, below Curie temperature [93]. 

9.4.5 Uniformity of Heating 

Figures 9.4 to 9.6 and figures 9.15 to 9.17 show that, on the cube 

and cylinder faces with greatest current concentration, the induced 

power density decreases with distance from the coil bars to 
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approximately one half of its maximum value. The rate of temperature 

rise, calculated from equation 9.1, will not exceed 0.4°C/s for the largest 

power densities of table 9.1. The power for these experiments was kept 

low to avoid damage to the insulation on the fine measurement wires. 

For a production linear coil heater, higher power densities must be used to 

raise the through-put of the coil. Assuming that production power 

densities will be commensurate with heating similar shaped parts in 

solenoidal coils, power densities below and ebove the Curie temperature 

will be approximately Peaviwin? and Feo.2smulm’, respectively 

from table 6.1. Taking the worst case of heating for the cube, where 

the induced power is confined to the active faces of the billet closest to 

the coil bars, analogy may be drawn with the heating of a small slab 

from both sides. Following [18] p391, the time to heat a slab of 

thickness b to 1250°C is given by, 

teeme= vols > e 

where suffices 1 and 2 refer to temperatures below and above Serie’ 

Substituting the relevant values into this equation gives 

t, ata ase ) = B+ 447 = 635s = 10%min 

The normalized time at the end of sub-Curie heating, 

k t, 
yer = 0-44 

is greater than 0.25, so the temperature distribution will be parabolic. 

Inasimilar manner to the method of Chapter 6, superposition of a soaking 

period of the sub-Curie temperature distribution, and the temperature 

distribution established by the GF induced power density, gives the final 

temperatures. 
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At the Curie temperature the surface and centre temperatures may be 

found [18}- 

=0 pees. 423°C 
6, «1 4k 

BaieaiOe 4. 760 + 282 = 1042°C 
s1 

ee 20x " 619°C 

The (@,- 6) difference is reduced during the soaking period of to, after 

which 7,=1.04. A similar graph to figure 3.6, but for a slab [18], figure 

A2.3, shows that at t)=447s, 91= 93= 6 y= 760°C. The temperature 

distribution created by the super-Curie Peomponent is derived similarly, 

Oy? tage pb thet, BO .4u9e7 = 520°C 
se mt Gk Ob 

One - Be. 106°C 
s2 c2 

opal gy Ones 414°C 

Thus the total temperatures are 

6, = 760 +520 = 1280°C 

0,= 760 + 414 = 1174°C 

AO = 106°C 

From [18], figure A2.3 this temperature difference will be reduced to an 

acceptable + 25°C for forging after a minimal soaking time (+ =0.057) of 

~25 seconds. 
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9.5 Concluding Summary 

Measurements of the induced current density distributions, on the surfaces 

of simple cubic and cylindrical test billets, within a linear coil are 

reported in this study. Described here are apparatus and techniques 

necessary to minimize anomalous results, caused by induced voltage from 

stray magnetic fields. The current density is difficult to measure 

accurately and experimental error of 16% may be expected from the 

results; no similar measurements of this kind are known for comparison. 

The relationship between the power density W induced in the workload 

and the coil current I, was found to be 

W (= pixie 

(9.4) 

and the effect of coil bar spacing d mm, given by 

W = Wh exp {-0-07d} 
(9.5) 

Overall efficiency of the linear coil in these tests varied between 4% and 

26%, comparable efficiencies were estimated for the cube and cylinder 

billets under similar conditions. For the most uniform and efficient 

heating of simple shaped parts within the linear coil, the conductor bars 

should be positioned with the minimum spacing consistent with mechanical 

clearances, and a large number of bar pairs used to give the most uniform 

field possible. The low efficiency of the linear coil, in comparison to 

solenoidal arrangements, suggests that its use can only be justified where 

the advantages of simplicity and flexibility for production are paramount. 
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Qualitative assessment of the J distribution revealed that deviations of 

the flow, from that expected for a solenoidal coil, were reduced where a 

more uniform magnetic field was established by the linear coil (at close 

coil spacing and with a large number of conductor bars). Power density 

magnitudes were found to vary by a factor of two over faces of the test 

billets. It is estimated that temperature differences produced by this 

variation are unlikely to produce large differences in the final 

temperature, over a typical heating cycle, for induced power magnitudes 

of production heaters. 

The next chapter considers the heating of more complex shaped parts. 

The results of these tests, for parts of uniform cross-section, may be used 

to provide preferential heating effects in parts of more complex shapes. 
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Number of] Coil spacing] Voltage Current Reective | Current Cuil 

Induction Power Power 

coil bar | 5 10 15 Scaled Scaled 

pairs mm mm mm (v) (A) (kVAr) to (kW) 

1 * 200 31s 40 lag 458 7 

1 * 200 310 40 lag 45A 6.9 

iz * 200 315 40 lag 458 6.9 

2 * 240 190 30 lag 90A 16 

2 * 240 190 28 lag 90A 7 

2 * 240 170 29 lag 90A 15 

3 * 220 120 17 leg 135A 23 

3 * 210 130 17 lag 135A 22 

3 x 230 150 10 lag 135A 30 

INDUCED POWER_DENSITY Overall Efficiency 
(MWw/m3) 

averaged over surface and 
within skin depth. CUBE CYLINDER 

Cube Cylinder] 

1 * Sel 6.5 11% 12% (10%) 

1 * 2.8 3.4 6% 6% (5%) 

1 * 1.8 ae 4% 4% (3%) 

2 * 16.6 27.1 14% 20% (17%) 

2 * 10.2 20.1 9% 15% (13%) 

2 * BS 351 6% 10% (8%) 

3 * 36.7 S207 21% 26% (22%) 

3 * 24.2 22.2 14% 11% (9%) 

3 * 19.6 21.8 11% 11% (9%)           
  

Table 9.1 : Calculation of coil power, average induced power 

density and overall efficiency during current density 

measurements on cube and cylinder test billets. 
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2<_linear coil bar 
inductors 

(adjustable in two directions) 

FIG. 91a 

lectrical connection 

water connection 

FIG. 9-1b motor alternator datalogger and 

eee heater, controls (at rear) paper tape 
and meters c recorder 

electrical cable 
to coil 

cooling water supply 

forced air billet. 
cooling 

test billet 

adjustable linear 
coil 

  

FIGURE 9.1: Apparatus for linear coil experiments showing a) the 

adjustable coil and b) connections to the induction heater, 

(photograph). 
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fine wire 
glued to —= 
surface 

    
  

FIG 9.2a 

&\
 

we 
FIGURE 9.2: Preparation of cube test billet for current density 

measurements, showing a) division of the measurement 

quadrants 1 & 2 and positioning of spot-welded wires 

(dashed lines on quadrant 1 indicate corresponding 

measurement positions on quadrant 2) and b) position of 

cube with respect to linear coil bars (one pair shown) for 

measurement of faces A, B and C. 
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FIG. 9.3a fine wire 
glued to —— 
surface 

    

twisted 
pair —=| 

   

    
(F at rear of cylinder) 

FIG, 9-3b 

FIGURE 9.3: Preparation of cylinder test billet for current density 
measurements a) division of measurement areas ABCD and 
BEFC and positioning of spot-welded wires (dashed lines on 
ABCD indicate corresponding measurement positions of 

BEFC) b) position of cylinder with respect to linear coil 
bars (one pair shown). 
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FIGURE 9.4: Measured current density distribution with spacing d on 

cube test billet surfaces A,B and C in a single conductor 

pair linear coil. 
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FIGURE 9.8: Generalized current density distribution on the cube billet 

of figure 9.7 shown in relation to the linear coil conductor 

position (single pair shown). 
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FIGURE 9.18: Generalized current density distribution of figures 9.15 
to 9.17 on cylinder surface. Arrow line width indicates 

induced current magnitude. 

  
FIGURE 9.19: Generalized current density distribution on cylindrical 

billet of figure 9.18 shown in relation to the linear coil 

conductor position (single pair shown). Dashed lines 

show the extrapolated distribution on the top face. 
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CHAPTER 10 : INDUCTION HEATING OF COMPLEX SHAPES 

10.1 Introduction 

The post-heating forging operation is dependant on the temperature 

distribution in the heated preform. Temperature uniformity is required for 

prolonged die life, assumption of the final shape and acceptable 

metallurgical response. The heating coil must be designed to induce 

maximum power consistent with high production rates, without surface 

overheating, and yet conform to requirements for a low final 

surface-to-centre temperature difference. 

For complex shaped preforms, the qualitative discussion of Chapter 8 

showed that the shaped solenoidal coil, and the linear coil, offer the most 

promising solutions for the industrial production of axi-symmetric G.K.N. 

powder preforms. Similar to the heating of simple shapes, as discussed in 

previous chapters, the solution of practical induction heating problems may 

be separated into two distinct but interrelated stages. First, the 

characteristics of the electromagnetic field have to be resolved to give 

the power distribution generated in the workload. Secondly, analysis of 

the flow of heat by conduction and radiation leads to the temperature 

distribution. 

In this chapter the major methods of developing the solenoid 

electromagnetic theory will be considered, (section 10.2). No solutions are 

presented here; this chapter is intended as a review of existing techniques 

with particular emphasis on methods for their extension for application to 

heating rotationally-symmetric complex shapes. 
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The extent to which similar solutions may be used for complex shape 

heating in linear coils is discussed in section 10.3 with reference to the 

results of Chapter 9. Solution methods for the thermal problem appear in 

section 10.4. Section 10.5 considers the combination of calculations of 

power and heat distribution for a full solution. Further work is necessary 

on the implementation of the recommendations of this chapter before 

these techniques may be ratified. 
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10.2 Electromagnetic Solution for Solenoidal Induction Coils 

For efficient heating, an inductor of solenoidal shape is best suited for 

close coupling with cylindrical or axi-symmetric loads. 

The design treatment of simple shaped billets, rings and discs has been 

considered in Chapters 3 and 6. In the basic theory it has shown that 

optimum efficiency occurred when the p function for a particular shape 

was maximized. In extending the theory in Chapter 6 for closer 

predictions of billet heating, the remaining disparities were concluded to 

be:- the extended time taken for heating at the ends of the coil and the 

poor approximations of values during the Curie magnetic transition. 

Drawing on previous work described in the literature, solutions to each of 

these problems are considered in this section. Sub-section 10.2.1 describes 

methods for solenoidal coils of constant radius (straight-sided), and 

sub-section 10.2.2 examines more complex coil and workload geometries. 

10.2.1 Straight-sided Solenoidal Coils 

As shown in Chapter 3, Baker [23], Vaughan and Williamson [29,30] 

have presented equations, developed from Birch and Davis's treatment, 

for calculating the equivalent electrical circuit of a long solenoidal 

coil when heating a long cylindrical billet. The close analogy between 

induction heating and the transformer permits the calculation of the 

_effective resistances and reactances of circuit components. From this, 

the major coil properties of efficiency, power factor, and voltage and 

current in each coil turn are determined. 
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The simplest approximation to practical coils of finite length is to 

modify this solution to represent the short coil and load 

configuration. Baker's empirical modification factor ke is included 

to account for external leakage flux at the coil ends in short coils. 

This factor may be replaced by a correction coefficient taken from 

graphs derived analytically by Lavers and Biringer [100,101]). This 

modifies the p factor in the induced power equation to give 50% 

improvement in accuracy for “a limited range of cylinder and 

straight-sided solenoid configurations. 

Other shapes may be considered by defining the p and q shape 

coefficient functions for the example. This is not simple, but 

Horoszko [102] gives an elegant approximation for the workload . 

heating power of a sphere within a straight-sided solenoidal coil, by 

replacing it with an equivalent cylinder of mean p and q values. By 

dividing the sphere into 'slices' on planes perpendicular to the coil 

axis, and calculating values for cylinders of equivalent 

cross-section, mean p and q coefficients may be calculated from 

the averaging formulae 

p(x) Lyin) cost 

and (10.1) n 
q(x) =z g%) cos? gy 

Experimental values quoted for the power input to non-magnetic 

spheres are between 80% and 85% of calculated values. Although 

very approximate, the method may be applied generally to arbitrary 

workload shapes. However, this does not give the detailed 

information on the distribution of power within the work. 
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The implications have been largely ignored in the literature in 

favour of developments of the equivalent circuit design method, 

where the power input distribution may be more closely defined. 

The equivalent circuit method is well suited for the coil designer's 

first approximation for rapid solutions to simple cases, but as the 

results and calculations of Chapters 6 and 7 show, it is inadequate 

for accurate appraisal of high throughput production systems. The 

material thermal and electrical properties (p and k) are assumed to 

have mean values throughout the heating cycle, which can lead to 

errors as large as 10% in the surface-to-centre temperature 

difference. The primitive treatment of the magnetic permeability («) 

variation with temperature, severely restricts the use of an 

equivalent circuit method for magnetic loads. In discussion of 

Baker's paper [23] Weed asserts that "the greatest single error in 

this (Baker's) approach is the assumption of constant permeability, 

particularly when working with ferrous materials", and Biringer 

states that large errors may be expected when the surface layers 

of the part assume a relative permeability of unity at the Curie 

temperature, whilst the core remains magnetic. It is clear that 

detailed analysis of a particular coil and load configuration requires 

the use of more accurate theoretical models, especially for 

ferromagnetic materials, to reflect the effect of non-linear “ ,p 

and k for high output coils and to predict for a wider variety of 

geometries. 
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Most of the recent attempts at achieving better solutions involve 

sub-division of the coil and/or workload into a round- or 

rectangular-sectioned sub-conductor mesh, as shown in figure 10.1. 

filament 

  

  

              

  

  

                          COIL BARS WORK PIECE f 

(m elements) (n elements) 

axis of 
rotational 
symmetry 

Figure 10.1: Division of coil and workload into mesh elements for finite 

difference solutions of the electromagnetic and thermal 

equations. 

The mesh elements must follow current stream-lines, giving toroidal 

sub-conductors for rotationally-symmetric arrangements. The mesh is 

more finely divided within the current penetration depth, where 

flux changes are greatest. A series of simultaneous equations is 

developed, equating the known coil element voltages or currents to 

the resistance of each element and the mutual inductances with 

every other element in the mesh. A numerical procedure, usually 

accomplished by computer, solves the resulting matrix equation, 

subject to the boundary conditions or physical constraints of the 

arrangement. 
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Ryff, Biringer and Burke [103] compare three methods for 

calculating the current distribution in non-magnetic single-turn coils 

of arbitrary cross-section. It is of value to discuss these here for 

comparision with the methods of other workers. 

The mathematical treatment of the current distribution in a 

conductor is governed by the diffusion equation 

v2 je gu ids 

fat (10.2) 

with similar relationships for H and E. 

For a solution using classical techniques, the boundary conditions 

(namely surface current densities) are required. In general these are 

unknown and vary during heating. The first method is based on the 

solution of a first boundary value problem for the diffusion 

equation of the form, 

2 eee gH Heo . v Pp Ot (10.3) 

Approximate boundary values of the magnetic field H are found 

from an equivalent filament, carrying the total coil current, at the 

centre of the coil mesh ( figure 10.1). 

Rewriting equation 10.3 into the following form, 

VH-KH = 0 (10.4) 

Numerical integration of the equation proceeds over the whole mesh 

of n regions. The matrix system 

AH =b (10.5) 
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results, where b is a column vector of the initial boundary values 

and A is ann xn matrix, relating b to the unknown matrix H of 

magnetic field values at the interior points, from which the current 

density J may be calculated. The new current density is used to 

improve the accuracy of the boundary values of H and the process 

is repeated until convergence is established. 

The second approach concerns the solution of the integral equation, 

derived from the vector potential: 
a 

aN i is p, J, = #aily i IRR « [2 EK Ue) ) a 

Pies 
where (10.6) 

Bi 4Rrsin 
te +2Resine 

and K () and E («) are the complete elliptic integrals of the first 

and second kind [104]. Equation 10.6 may be written as 

Meee ea ie 
De epee oe Ate Oe (10.7) 

a system of simultaneous linear equations with complex coefficients, 

where 4a is a measure of the mutual induction between segments 

k and 1. As in the first method, this may be solved in the form, 

>
 seb (10.8) 

The final method appears more closely related to the equivalent 

circuit approach . Each  subconductor is replaced by _ its 

corresponding electrical circuit representation as shown in figure 

10.2. 
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Figure 10.2 : Equivalent electrical circuit representation of a solenoidal 

coil and billet workload. 

Again, this results in a matrix system of equation 10.8, where b is 

a column matrix of the known coil voltage, x are the unknown 

mesh element currents and A contains the resistances of each 

element and the approximate mutual inductance of a filament at 

each element centre. 

The solution of the complex matrix equation for each method is 

found using the numerical technique of Gaussian elimination [105] 

with partial pivoting, i.e. re-ordering of the matrix rows. 
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This is the most commonly used direct method of solving systems of 

simultaneous equations, e.g. equation 10.9, 

  

a Np ees . Sut ead 

iar any i b, 

ia ! adit —+ayT, = 6 (10.9) 

and avoids instability in the ies: The first equation is divided 

by 217 to obtain an expression for Ty and the result used to 

eliminate T) from all other equations. The second is divided by the 

new coefficient of To and the corresponding expression tor Ty is 

eliminated in a similar way. After the whole matrix is so treated, 

| 
is formed. The last unknown is given by 

hee — 

and the rest may be found by back-substitution, 

the upper triangular matrix, 
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Ryff et al. state that the three methods are comparable in terms 

of required computer storage and calculation times. However, the 

first method suffers from the disadvantage of uncertainty when to 

terminate the iteration process, and the third uses a rather 

approximate method of calculating mutual inductances. 
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Various authors have extended the methods of Ryff et al. to tackle 

the non-magnetic billet in finite solenoidal coil problems. Coil and 

billet mesh sub-division allows the variation of p and k with 

temperature to be accounted for, using local values for each 

segment at different temperatures. Riechert [106] uses the 

differential equation approach of method 1, but no experimental 

comparision with his results is given, and long computer calculation 

times of approximately 20 minutes are involved, to reach 

convergence. Kolbe and Reiss [107,108] followed method 2 of Ryff 

et al., but considerable error was introduced by using an inadequate 

representation for the mutual inductance between mesh elements. 

Burke et al. [109] solved the coupled equivalent circuit (method 3) 

but were restricted to solutions for hollow billets due to the 

limited validity of their inductance formulae and use of a 

uniformly segmented mesh. Dudley and Burke [110] appear to have 

resolved many of these problems in their paper describing the 

coupled equivalent circuit approach for three-dimensional 

axi-symmetric cases. The range of validity of inductance formulae 

is discussed and the more refined formulae of Weinstein [111], Lyle 

[112] and Rosa [113] used. Much needed experimental verification is 

given [110] for the current distributions in a solid billet within a 

wound coil, a billet and sheet coil arrangement, and in the turns of 

a coil: Measured and calculated data agree well. 

Few articles which consider the mathematical problem of magnetic 

materials appear in the literature.



Since the dependance of the induced flux upon the magnetic field H 

is non-linear (the ratio B/H= # ), it is necessary to assume an 

initial H value boundary condition at the air-gap and proceed with 

a magnetic solution (similar to Ryff's method 1). Current densities 

are calculated using local m values and the initial boundary 

estimate compared with the calculated value at that point. The 

matrix solution is repeated until convergence is achieved, when the 

calculated current densities are consistent with the effects of 

penetration depth and known surface field strength. Lavers [114] 

describes a simple, efficient method of solving the magnetic 

problem in one-dimension in a way which dispenses with the need 

for large amounts of computer storage. Although his technique is 

limited to long, solid or hollow billets in long coils, it provides 

valuable insight into using this method for larger mesh systems and 

more complex geometries. A similar one-dimensional solution is 

provided by Renner [115], and Flueregu [90] for a flat slab. Gibson 

[116,117] reports on computer programs, known as SLEDDY and 

BIEDDY, which apply the method to flat slabs and long cylindrical 

billets in one-dimension and to long rectangular slabs and billets in 

two-dimensions, respectively. The programs cater well for a wide 

range of industrial applications and include the ability to impose 

constant or variable induction furnace power and constant coil 

current during heating. This exemplary work provides the user with 

quick and more accurate solutions to real problems of slab and 

billet within straight-sided solenoidal coils. 
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Figure 10.3: General flow diagram for the computer solution of the 

electromagnetic and thermal equations by finite differences, 
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10.2.2 Complex Geometries 

Although only simple shaped workloads of non-magnetic metals are 

considered in the literature, the mesh sub-division method shows 

promise for applications where complex axi-symmetic coil and 

workload shapes are used. The shaped coil and load may be 

approximated by setting to zero all currents in mesh elements not 

corresponding to the conductor area, as shown in figure 10.1. In 

matrix terms, the modification simply eliminates the impedances of 

the appropriate elements before solution, The full solution may be 

computed according to the flow diagram of figure 10.3, discussed in 

section 10.5. In principle, it should be possible to predict for any 

axi-symmetric load, co-axial with a solenoidal coil of arbitrary 

configuration using this method, provided that adequate information, 

similar to the results of Chapter 5, is available on the changes of 

material properties with temperature. In the past, inadequate 

attention has been given to this factor, especially for magnetic 

materials where the crude assumption of a "step" approximation for 

the magnetic permeability is used 

0 M, = constant 0<4A< 760°C 

Bw = 1 6 2 760°C (10.12) 

10.3 Electromagnetic Solution for Linear Coils 

The results of Chapter 9 show that the current distribution induced in 

simple shapes within linear coils is not rotationally-symmetric. It is not 

Possible to reduce the problem to two-dimensions by considering current 

stream-lines, as with solenoidal arrangements. The coil designer must 

therefore employ one of the following methods. 
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A first approximation to the power induced in a complex-shaped workload 

may be estimated from a superposition of the empirical relationships for 

simple shapes found in Chapter 9. For example,where a gear preform boss 

requires only one third of the power necessary to raise the lower portion 

to forging temperature, the spacings dy and a may be related by 

eg n()- a7 
Ww exp(-0.07 di) 0.07 We a (10.13) 

or the number of bars adjacent to upper and lower parts, Ny and Ni 

respectively, in the ratio 

tl . [me . 1 
NU] Ww AF (10.14) 

Conduction across the boundary between upper and lower parts has been 

ignored here. 

An alternative approach may be considered if there is a facility for 

rotating the preforms about an axis normal to the linear coil plane. If 

part rotation is rapid, compared with heat conduction within the metal, 

then the coil arrangement approximates to that of a shaped solenoid with 

respect to the workload. Since the magnetic field at the centre of the 

coil is less than that near the conductor bars, an oscillating field 

strength, or a mean H value, should be used in the equivalent circuit 

calculations, which now apply. 

For a better approximation to the temperature distribution established by 

a particular coil arrangement, it is necessary to resort to a complete 

three-dimensional solution in space. 
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Some computer programs [118-120] exist for multi-dimensional 

axi-symmetric electromagnetic field analysis, but these are extremely 

costly in calculation time, for parts of complex geometry. Michaels and 

Streifer [121] and Mufioz-Yagiie and Leturcq [122] show that long linear 

coil conductors may be considered to be composed of simple sections and 

the electromagnetic field, in the plane normal to the coil bars, is then 

easily calculated by superposition of each contribution. This is a 

considerable aid to reducing the solution time required, but the induced 

power and heat fluxes within the load must still be calculated explicitly 

for a three-dimensional thermal solution. 

10.4 Thermal Solution 

Analytical solutions to the temperature distribution of an induction heated 

load exist only for some simple cases. Carslaw and Jaeger [24] consider 

these in detail. Heisler [123] and others [124,125] have plotted the results 

for cylinders with surface heat flux in graph form, to ease calculation. In 

practice however, power cannot be assumed to be concentrated at the 

surface, especially for magnetic materials heated through the Curie 

temperature. Radiation and material properties varying with temperature 

also influence the distribution. Again it is necessary to use finite 

difference methods for a reliable solution. For axi-symmetric shapes, the 

governing Poisson equation may be written 

at oie ee 
t art 

  

Wek 2 OPT. 

kok at (10.15) 

in cylindrical polar co-ordinates, where ry is the heat flux density. 
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For solid and hollow billets with power input depending only on radius, a 

one-dimensional solution is required. Heat flow within more complex 

axi-symmetric shapes, where the shape varies with the z co-ordinate, 

needs solving in two-dimensions (r,z) (figure 10.1) As for the 

electromagnetic solution, the load is divided into small rectangular 

elements in a one- or two-dimensional mesh. Each derivative of the 

partial differential (Poisson) equation may then be replaced by an 

algebraic approximation for each element in the region. The resuiting 

difference equation system approximates to the energy balance in each 

element, where heat is lost and gained by conduction, lost by radiation 

and gained by eddy-current heat generation. The use of Taylor expansions 

provides a brief and simple way of representing these derivatives. As an 

example, the generalized equation in one-dimension may be written 

Tur, 1 E, Ste tere coke Aa hee 20 ae 
ot dx? eh (is yet agp a(t, ic -)| SAK (10.16) 

where Vj is the temperature of the ith mesh element at the jth time-step. 
’ 

Finite difference transient heat conduction problems may be solved 

explicitly or implicity [126]. An explicit method of solution is one in 

which the temperature of an unknown mesh position is expressed directly 

in terms of the known temperatures at a previous time, (a = O in 

equation 10.16). This method is straightforward and is easily solved from 

initial temperature values or power generation histories by computer, 

without large amounts of storage space. However, the solution 

becomes unstable if the time-step dt>xi(s)ywhere 5x (m) is the mesh 

element width. This limitation becomes more restrictive as the mesh is 

refined to improve accuracy. 
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Alternatively, an implicit solution method may be used, whereby the 

expression for the unknown temperature at a point includes other unknown 

temperature terms, (a = 1 in equation 10.16). For the implicit case, at 

each time-step of the transient state, a system of algebraic equations has 

to be solved for the element temperatures. This approximation is 

unconditionally stable and convergent where a = Wy in equation 10.16, - 

the Crank-Nicolson [127] approximation. The resultant tri-diagonal matrix 

system may be solved in one-dimension by Gaussian elimination with 

partial pivoting, [104Jas in the electromagnetic case. For solution in two 

dimensions, it is necessary to solve in each dimension individually at each 

time-step. For the full implicit Crank-Nicolson method, the solution of n x 

m simultaneous equations is required,where n’ and m are the number of 

mesh positions in direction r and z respectively. For large meshes the 

computing time becomes prohibitive, and an ‘alternating direction’ implicit 

method is most efficient. This method advances by solving the 

temperatures in one direction explicitly and in the other direction, 

implicitly. As the mame suggests, at the next time-step, the mesh 

temperatures in the first direction are found implicitly,and in the other 

explicitly. This alternating procedure involves only m sets of n unknowns 

or n sets of m unknowns,so using less computing time, and is stable for 

constant time-step. By suitably adjusting the mesh by eliminating unwanted 

elements, the methods above may be adapted for any axi-symmetric part. 

Computer programs exist for the solution of large meshes and problems in 

three-dimensions [128]. Here the temperatures are solved by an_ iterative 

nrandee which sequentially up-dates the value at each mesh point, with 

regard to the temperatures at neighbouring points, until convergence is 

achieved. 
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10.5 Combination of Electromagnetic and Thermal Solutions 

Initially, the material properties and starting temperatures are defined and 

the time-step set. The electromagnetic problem is then solved, using a 

fine mesh to cope with large changes in H over small distances. This is 

followed by the transient thermal calculations over the time-step where a 

coarser mesh is adequate. The choice of mesh requires careful 

consideration so that the magnetic and thermal fields are sufficiently 

defined, but computing time does not become excessive with over-fine 

divisions. The shaped coil and the complex shape may be approximated by 

setting the currents equal to zero in those elements of the mesh not 

corresponding to the conductor area, as shown in figure 10.2. The mesh 

matrix is adjusted before solution to include zeros at appropriate places. 

The solution then proceeds according to the flow-diagram in figure 10.3. 

For each time-step the following procedure is adopted. The matrix of 

equivalent circuit impedances is generated and iterated until the boundary 

conditions of the problem concur with their respective mesh 

representation. The matrix is then solved by Gaussian elimination with 

partial pivoting, to give the mesh element current densities. From these, 

the heat fluxes generated in each element are found and solved to give 

temperatures by the method described in section 10.4 in two-dimensions. 

Updated material properties are found at the new temperatures and 

checked against the old values. If too large a difference is found, the 

properties have changed too much, giving a crude approximation. The 

solution reverts to the equivalent circuit component stage for a 

re-calculation of the fluxes developed within each mesh element based on 

the new properties. 
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If old and new properties are within the defined limits, the old mesh 

temperatures are superseded by the new values, and the thermal solution 

repeated until the end of the time-step. At the end of each calculation 

time-step, the program returns to the first stage of equivalent circuit 

calculation and electromagnetic solution. Any change in coil power input 

or position of coil bars may be included for the next time, so that change 

in part position in the coil, expansion of the part and soaking period may 

be taken into account. 

At the end of each time-step the results are stored for later output and 

also to facilitate the partial running of a previous solution where, for 

example, only the second stage is repeated. At the end of the heating 

time the relationship between temperature and time may be displayed. 

With this method it should be possible to predict for any axi-symmetric 

shape part within any solenoidal coil arrangement. Adequate attention may 

be given to the changes in properties with ternperature in various parts of 

the workload. 

Few authors consider the full solutions of both the electromagnetic and 

the thermal problem together, and fewer give comparison between their 

predictions and experimental results. Flueresu [90], Holmdahl and Sundberg 

[118] and Gibson [116,117] give flow diagrams for their respective 

computer programs which, in general form, are similar to figure 10.3. 

Flueregu's predicted results, at 50Hz, 500 Hz and 5000 Hz, for steel 

heating show the effect of current depth on the surface-to-centre 

temperature differential and highlight the pronounced change in power 

input as the material becomes non-magnetic at the Curie temperature. 

Gibson [129] gives comparisons between the anticipated temperature 

distribution and measured values within a solid steel billet. 

243



Agreement was within 15%, which may be adequate for predicting overall 

furnace performance. Gibson states that the discrepancies were due to an 

inaccurate value for the Curie temperature, but the author suspects that 

the disparity is caused by inaccurate assumptions when calculating the 

magnetic permeability, (equation 10.12) and the use cf explicit rather than 

implicit methods for the thermal solution. 

10.6 Concluding Summary 
  

A survey of the literature related to predictions of temperature 

distribution for complex part induction heating shows that, in the past, 

emphasis has been placed on the solution of solenoidal arrangements. Of 

these studies, two solution systems have been identified; those based on 

extensions of the overall equivalent circuit form, and more fundamental 

methods of sectioning the shape and performing incremental equivalent 

circuit calculations, approximating to the electromagnetic and thermal 

conditions at all depths in the workload. Although many of the latter 

solution types claim to be able to incorporate variable material 

properties p , k and w , lack of experimental data, especially for ys 

where a crude step approximation 

mM, = constant , 0 < @ < 760°C 

a = 1 ve 0 2 760°C 

is often used, has limited the accuracy of predictions. It may be apparent 

from this chapter that sophisticated techniques may be generally employed 

to solve induction heating problems by computer. 
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Methods by which these may be adapted for special consideration of 

complex shape heating in both shaped solenoid and linear coils have been 

presented here. Care must be exercised in using these methods to avoid 

excessive computing times by using an over-fine mesh, whilst retaining the 

required degree of accuracy. A flow chart of calculation steps has been 

developed which, with reliable property information on sintered parts of 

Chapter 5, will enable definitive programs to be written, giving a better 

approximation to the solution and for comparison with measured data of 

Chapters 7 and 9. 
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CHAPTER ELEVEN 

IMPLICATIONS FOR G.K.N. 
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CHAPTER 11 : IMPLICATIONS FOR G.K.N. 

11.1 Introduction 

Until now, this thesis has concentrated upon the theoretical aspects of 

induction heating, related to coil aestoo) The equivalent circuit has been 

modified and compared with practical trials on billet heating. With the 

results of property measurements on sintered powder compacts, it has 

been shown that sintered metal behaves in a similar way to solid metal 

under induction heating. 

In Chapter 8, the qualitative aspects of coil design for the heating of 

shaped preforms were introduced and the shaped solenoidal coil and linear 

coil were identified as the most feasible coil types . The commitment of 

G.K.N to the use of the linear induction coil, directed further 

experimental work to the study of this coil type for heating simple shapes 

as seen in Chapter 9, and some preliminary relationships relevant to 

induction heating were defined. Consideration of the theoretical aspects 

of adapting coil design prediction techniques for shaped part heating has 

been presented in Chapter 10. It is now appropriate to consider the 

implications of this study for the sponsoring Company, in terms of the 

economic and technical viability of induction heating for powder-forging. 

How this affects the choice of coil-type for production systems, is also 

examined in more detail. 

Appendix 5 contains details of cost analyses prepared for this thesis 

comparing a) induction heating with conventional fuel furnaces b) the 

powder-forging route with conventional forging of solid material and 
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c) the merits of induction heating for full scale powder-forging 

production. The main findings are summarized in section 11.2 under 

appropriate sub-headings. Section 11.3 discusses the influence on cost 

analyses of production requirements and the heating coil chosen. The 

constraints briefly presented in Chapter 8, are now considered with 

particular reference to their effect on manufacturing costs. It is now 

possible to put forward guide-lines on the choice of coil system to suit 

the complexity of sintered preform shape (section 11.4). In particular, the 

efficiency necessary for a coil system is shown, with due regard to the 

effect on capital and running costs, and the implications these have on 

the viability of a production system. In many cases, where only financial 

factors are considered , the more general advantages of induction 

furnaces are over-looked. It is frequently difficult to quantify the less 

obvious attractions of induction heating for a meaningful comparison in 

projected feasibility studies. Section 11.5 raises some of these 

environmental and utility issues, so that a balanced view of all 

implications for the production system under consideration may be 

formulated. 
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e e tN
 | Cost Analyses 

11.2.1 Induction Heating versus Conventional Heating 

For similar production schedules, induction heating for forging is 

generally cheaper than using conventionally fuelled furnaces. The 

examples given in section A5.2.2 show that the most important 

factors affecting profitability of heating for forging are metal loss 

in heating and forging (scale,scrap and flash), and costs during 

down-times. 

Considering the capital and running costs of heater and forging 

press alone, the cost per tonne of forged material is reduced by 

about one quarter, using induction methods. This economy is typical 

of many installations of other manufacturers. The overall 

profitability of the complete forging installation is increased by 

50% to 16% of the forged part price, which may be wholly 

accounted for by reduced scale and scrap loss. The cost advantages 

of the other factors, listed above, offset the higher cost of energy 

for the induction route. 

11.2.2 Powder-Forging versus Conventional Forging 

By comparing the total energy consumed in material and part 

production, section A5.3 shows that, at present, the powder-forging 

route offers considerable cost savings over conventional forging 

methods. On changing to powder-forging, consumption is reduced by 

at least 30% of the previous requirement. The savings are achieved 

by improving material utilization due to a large reduction in 

machining necessary. 
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Similar results have been reported in the literature for many 

diverse applications, where powder metallurgy methods have 

replaced existing technologies. Within the foreseeable future, the 

more widespread adoption of automation, for which powder-forging 

is well suited, will result in cheaper parts and powder through 

increased demand, and accentuate the advantages of powder-forging. 

11.2.3 Induction Heating of Sintered: Preforms for Forging 

It is not easy to compare the combined findings from sections 

11.2.1 and 11.2.2, i.e. the induction heating of preforms for forging, 

with its most costly counterpart, since no equivalent production 

plants have been found that produce similar forgings using the 

entirely conventional methods of fossil fuel-fired heating of solid 

metals. However, an energy cost reduction of 30% for powder 

compacts may by expected to reduce the overall cost per tonne for 

heating in a solenoidal coil by approximately 40% compared with 

gas heated solid parts. Profitability rises by 60% or more to 17% of 

the sale price. Projected cost estimates for simple-shaped ring 

preforms and gear preforms show that running costs are reduced by 

45%-50%, using induction heating, compared with single shift 

operation using gas. This is reduced to 35%-40% if the gas furnace 

is used at its optimum level of continuous, three shift operation. 

For this estimate, the induction and gas heaters were assumed to 

be 35% and 19% efficient, respectively. Gas furnaces are frequently 

of lower efficiency than this. The induction heater efficiency 

depends largely on the coil type: 
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It has been shown that solenoidal coils assume an overall efficiency 

of about 65%; Table A5.11 shows that the measured efficiency of a 

linear coil for heating simple ring shapes lies between 26% and 

33%. Section 11.4 considers the implications of this for coil design 

in detail. 

11.3 Production Requirements 

It is essential that the best possible coil system is chosen by rigidly 

adhering to the constraints of production. In the following assessment of 

the individual attributes desired of the coil in relation to the cost 

analyses of Appendix 5, it is difficult to isolate each factor since they 

are closely inter-related. The major contributions to the processing costs 

are; 

~ metal loss in heating and forging (scale, flash and scrap), 

costs during down-times, 

- die life, 

- labour costs, 

1 forging rates. 

The reduced amounts of scale and scrap are an intrinsic feature of 

induction heating. Provided that a protective atmosphere can be 

maintained in all stages of heating, and that a controllable final 

temperature with limited surface-to-centre difference can be assured, each 

induction coil type will perform better than its fuel-fired counterpart. 

Tests at G.K.N., on vertical straight-sided solenoidal coils [3], showed that 

decarburization and oxidation occurred during heating, caused by an 

ingress of air that could not be completely prevented, even when using an 

‘air-lock' system for preform insertion and extraction. 
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Reports of other examples, however, do not mention this problem for 

production systems. A static arrangement of coil and workload facilitates 

the maintenance of an atmosphere, in the shaped solenoid, multiple 

solenoid carousel and transformer-type coils. The method used for the 

linear coil is less efficient, where the gas is kept at a slight positive 

pressure inside the coil and is burned-off at the entrance and exit. The 

cost of the extra gas is negligible compared with the total energy 

requirement. 

Temperature distribution and efficiency control are improved for shape 

preforms by using coils where the coil is closely coupled to the workload, 

i.e. shaped solenoid, multiple solenoid carousel and linear coil. Coil 

efficiencies are discussed in section 11.4. Die life is closely linked to 

preform temperature. Up to 30% improvement in die life is credited to 

induction heating systems due to lower die temperature, resulting in less 

severe thermal cycling, and accounting for half of the cost advantage for 

heating solid material, table A5.6. 

The second major contribution to costs concerns expense during 

down-times. Again induction heaters have an intrinsic advantage over 

conventional furnaces, where the costs of maintaining temperature during 

standby periods exceed normal heating charges by 25% - 30% for single 

shift operation, (table A5.12). For two shift use, standby energy costs 40% 

of the total gas heating bill; only when continuous operation is 

considered, are the heating charges for induction and gas furnaces 

comparable (for 35% and 19% furnace efficiencies, respectively.) 

252



Indirect factors are also important. During production stoppages, steel 

may be scrapped due to overheating from the gas furnace, since the 

temperature cannot be reduced to a standby state, where heated material 

is maintained at temperature, until full throughput is resumed. While the 

absolute cost is small, profit is reduced by 4%, the delay after breaks is 

detrimental to forging press rate and hence output. 

Maintenance is closely linked to down-time costs. Constituting between 

15% and 24% of the running costs of projected powder preform induction 

heating, maintenance costs represent a sizeable contribution. Simplicity 

of coil construction and installation will minimize expenditure on 

maintenance, favouring shaped solenoidal and linear coils, which will cost 

about the same as the straight-sided solenoid. It is not easy to estimate 

the increase in cost of maintaining a complex system such as the multiple 

shaped solenoidal coil without first-hand experience. At worst, however a 

linear relationship between number of coils and repair costs may be 

assumed. Thus, for only 35% induction coil efficiency for heating the 

preforms of table A5.12, when more than four shaped coils are used, 

running costs between induction and gas heating are equal. 

Labour costs generally account for 40-50% of the cost of processing, 

approximately 10% of the total works cost. A reduction of labour costs 

by half, with automation,would increase gross profit for billet heating by 

8% of the sale price. Similar figures may be expected for preform heating. 
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Such automated systems are invariably expensive and longer payback time 

must be allowed for, to offset the additional capital expenditure. An 

individual assessment ofaparticular proposed installation is essential. 

Nevertheless, depreciation of capital cost accounts for only 4% of the 

total costs per hour for billet heating. (table A5.6). For example, at the 

expense of a reduction in profit from 16% to 13% of sale price, and 

accounting for increased profit from labour reduction, an automated 

equipment or a more complex coil system. of six times the value of the 

billet heater may be installed. 

Section 11.4 considers the design of efficient induction coils, best suited 

to complement the cost advantages of induction heating for 

powder-forging, within the production constraints outlined above. 

11.4 Coil Design 

It has always been the policy of G.K.N. to develop specialised plant and 

equipment which would be flexible in operation, and capable of meeting 

the fluctuating needs of automotive and general manufacturing industries. 

With this tenet in mind, the Company has been committed to the linear 

coil principle. However, in Appendix 5 and Chapter 9, the linear coil is 

shown to be rather inefficient for heating simple shaped parts. At the 

lowest value, using a single return electrical circuit of one coil bar, the 

efficiency is 4%, rising to a maxmimum of 33% with three bars. Lower 

efficiencies may be anticipated for larger, more complex shapes, where a 

greater amount of flux is distributed in the coil surroundings. 
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The arguments for selecting which coil type is best suited to heat a 

particular preform shape are complex. It has already been shown in 

section 11.3 that much depends on the effects of all costs, pin-pointed by 

a full cost analysis of an individual system. 

The influence of the type of coil chosen, on the major factors identified 

in the cost analyses of Appendix 5, are coil efficiency and throughput. 

Calculation of coil efficiency for heating G.K.N. preform shapes is not 

advanced enough for prediction, until the computer methods of Chapter 10 

are implemented. However, the limits of efficiency for solenoidal and 

linear coils, found in this study, may be compared with the costings in 

Appendix 5 to derive general trends for G.K.N. preforms (figure 8.6).They 

may be treated separately by grouping similar preforms; rings and discs 

figure (8.6a) are considered in section 11.4.1; stepped billet preforms of 

figure 8.6b in section 11.4.2; and the heating of gear preforms, of figure 

8.6c, in section 11.4.3. 

11.4.1 Heating of Ring and Disc Preforms 

Ring and disc shaped preforms, figure 8.6a, may be heated in a 

straight-sided solenoidal coil, or a linear coil. The minimum 

induction coil efficiency is 9% for comparable running costs with 

the most efficient continuous use of a gas furnace (table A5.12). 

The linear coil (figure A5.3) at G.K.N. Powder-Forgings Division has 

a uniform magnetic field and heats ring preforms with an efficiency 

of 32%, giving a reduction in running cost of 48% over continous 

gas furnace operation. However, unless specific production reasons 

dictate the use of a linear coil, the solenoidal type should be used. 
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The overall efficiency of a straight-sided solenoidal coil for heating 

preform rings will be approximately 70%, provided that the air-gap 

is no greater than for billet heating and the ratio of diameter to 

penetration depth gives a similar value of the p function. In 

practice, provided that the ring diameter is not greater than 

twenty times the ring thickness, the graphs of p functions, for 

hollow and solid cylinders yield similar values. Running costs for 

powder preform heating are meduced by 57% of the costs for 

continuous operation of the gas furnace. 

For both coil types, a separate coil will be required for each ring 

or disc, since the efficiency falls as the eecen increases. For 

linear coils especially, the air-gap must be reduced to the minimum 

clearance allowed by coil insulation and variability in preform 

positioning, otherwise the coil will fall below the minimum 

requirement of 9% efficiency. It is curious that the efficiency in 

heating preform F390 in the Powder-Forge linear coil (figure AS.3) 

where the air-gap is 17mm, is approximately the same as heating 

solid cylinder in the adjustable linear coil (figure 9.la) with an 

air-gap of 5mm. The powder part will certainly be more efficient 

due to higher resistivity, but if solid billet tests are similar, an 

efficiency difference of only 5% would be noted between powder 

compact and solid samples: This is worthy of further investigation. 

11.4.2 Heating of "Stepped Billet" Shaped Preforms 

The preforms of figure 8.6b are shapes of intermediate complexity, 

consisting of a combination of hollow billets of various radii. 
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For those parts where radius does not vary greatly over the 

preform length, a_ straight-sided solenoidal coil may stil! be 

considered. Lower efficiency is to be expected since the air-gap is 

increased at the portion of the preform of smaller radius. 

This fact may be beneficial in limiting the power input to the 

thinner walled section of the preform, where less heat energy is 

required to raise the metal mass to temperature than for the 

thicker section. For example, preform F351 (figure 8.6b) consists of 

a thick lower section with a radius of 29mm, and thin walled 

portion of approximately the same length with a radius of 20mm. 

As before, a straight-sided solenoidal coil of 50mm radius will heat 

the larger radius at approximately 70% efficiency. For the thinner 

walled section, the efficiency reduces to 48%,(after taking the new 

values of p and AY in the equivalent circuit approximation.) For a 

given coil power Po the equal lengths of thick and thin walled 

parts will absorb about 0.35 os and 0.24 Pe respectively. Even with 

a reduced power input, 68% of the power to the thick walled 

section, the thin walled portion may still overheat, since the mass 

ratio of the two halves are only 0.4. However,the surface area per 

unit of mass is larger, so that radiation may reduce the net power 

input to the thin-walled portion to a more acceptable value. The 

use of a straight-sided solenoidal coil, for heating a stepped billet 

shape, can only be justified where the ratio of efficiencies happens 

to coincide approximately with the ratio of energies required to 

raise both thin and thick walled parts of the preform to 

temperature. 
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It would be better to use a shaped solenoid arrangement for shapes 

that do not conform to this requirement. 

Although efficiency averaged within the shaped coil will be 

comparable with the straight-sided type for billet heating, no more 

than 60% may be expected for the most efficient case where there 

is little spacing between preforms. The use of coil turns of various 

radii wiii give better control of induced power, and hence 

temperature, within different parts of the preforms. Some parts, for 

example, numbers F351, F349 and F392 (figure 8.6b), may be heated 

within the same shaped solenoid, but a reduction in efficiency must 

be expected if this entails a larger air-gap for some preforms of 

the group. The only advantage of using the linear coil for heating 

this range, to the detriment of efficiency, would be if the 

temperature at some parts of the preform could not be controlled 

sufficiently. The preforms may be spaced along the linear furnace 

mesh belt to prevent overheating above about 1300°c, when the 

preforms would otherwise tend to stick together. 

11.4.3 Heating of Gear Preforms 

Preforms F382, F348, F350 and F391, figure 8.6c are best suited to 

the shaped solenoidal and linear coil types. Preform mass for gear 

parts is high compared with others in figure 8.6. To maintain 

forging rates it is essential to increase the efficiency of heating, 

so the power input must be raised, or to 

increase the number of preforms heated at one time. Heating time 

should be reduced to minimise radiation energy loss from the large 

surface area. 
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For the shaped solenoidal coil, an increase in heating efficiency is 

unlikely because adequate mechanicel clearances must be preserved. 

The use of a shaped coil carousel allows relatively slow heating 

while keeping forging output high. The effects of increased capital 

and maintenance expenditure on running costs have been discussed 

previously. Nevertheless, it may be noted that the gear preforms 

are of approximately similar shape and size. At least one shaped 

coil in the carousel may give a suitable temperature distribution in 

all gear preforms, in the initial stages of heating. For heating 

different gear shapes in the same carousel, only one coil may need 

to be inter-changeable. Savings in down-time and maintenance costs 

will result. 

The linear coil presents similar problems for more efficient heating 

of gear preforms. However, heating time would be reduced if more 

coil power were to be applied and the air-gap kept to a minimum. 

To avoid localized overheating in close proximity to the coil as a 

result of this, it will be necessary to rotate the preforms as they 

are heated. Therefore, the capital and maintenance costs will be 

increased. It is unlikely that the extra cost of preform rotation 

machinery will be as expensive as the construction of a coil 

carousel. Also, maintenance charges will be less for this simpler 

system. It may be argued that the efficiency will approach 30%, 

since the air-gap can be reduced as a result of precise preform 

positioning on the rotating supports. Individual linear coils for each 

part shape may be required to take advantage of this closer 

coupling. 
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The factors affecting the choice between the carousel and linear 

coil types are complex. A thorough cost analysis is needed for each 

proposed production system, but is hampered by lack of reliable 

information on the capital cost of each coil type, and its 

reliability. These guide-lines indicate the major constraints to be 

considered for future applications of induction heating on preform 

shapes. All things considered, with experience of the G.K.N. 

production workshop environment, the simpler linear coil is to be 

preferred. 

11.5 Other Factors 

For a production system, flexibility and adaptability are important factors. 

For heating a small number of parts especially, induction heating systems 

must be designed to aid quick coil removal, for replacement and 

maintenance, or coil exchange for the heating of another preform type. 

The system is then competitive with conventional muffle furnaces, which 

accept a wider range of part sizes without alteration. 

The possibilities for automation of the heating and forging processes are 

similar for induction and conventional heating methods. However, the 

consistency of induction heating produces fewer reject parts with 

unacceptable temperature distributions. Also, faster heating times improve 

forging rhythm and increase output by as much as 20%. Higher quality is 

ensured by automatic control of furnace power, and lower price is 

achieved with reduced inspection and supervision costs. 
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Fixed costs of furnace operation are usually accounted by shop floor 

space occupied. Induction heaters occupy considerably less floor area than 

conventional units of comparable power. Running costs are reduced since 

automated equipment requires only semi- or non-skilled workers. Ireuation, 

heaters are lighter and more compact than conventional types and can be 

optimally positioned in the forging suite. G.K.N. Garringtons Ltd. found 

that by raising their heaters, hot billets could be chuted into the forging 

press, improving press rates by 20% [136]. Environmental and working 

conditions are improved using induction heating, with the advantages of 

less radiated heat, fewer combustion fumes and reduced noise levels. Noise 

emanates from the heater power supply, which may be conveniently 

located away from the forging area, and also from the automatic handling 

equipment. 

Efficient though induction heating is, it is worthwhile commenting 

briefly on some methods of improvement. Coil efficiency is improved using 

a static inverter rather than a motor-alternator. The inverter frequency 

continuously alters to match the coil and work impedance. Closer 

coupling of the coil to heated metal will improve efficiency by minimizing 

air-gap flux. The flux may be further utilised by incorporating flux 

concentrators or intensifiers. These carbony!-iron powder materials, of 

high magnetic permeability, are shaped around the coil to modify and 

concentrate the flux distribution into the preforms. 

The flexibility of the coil arrangement affects its efficiency. It may be 

more cost-effective to heat more than one shape of part in a single coil 

arrangement rather than incur the cost of building and installing more 

coils. 
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This is at the expense of the most efficient energy use, and will depend 

on the variety and numbers of preforms to be heated, in relation to 

production volumes. 

Apart from energy saved by powder recycling (section A5.3.3) much can 

be done to conserve heat energy, and thus reduce costs when induction 

heating powder compacts for forging. Better coil insulation will result 

in less radiation losses, lowering the overall heating time and power input. 

Heat produced by the burning-off of protective atmosphere at the furnace 

ends may be used, possibly as a preform or atmosphere pre-heat. Heat 

exchangers could be incorporated in the coil cooling system to use heat 

from circulating water, at approximately a0 0) for office and workshop 

heating. Savings of £2500 per annum, with a £10 000 system [147] may be 

expected, and are worthwhile considering for new installations. Heated 

air from cooling forgings may be used for a similar purpose if heat pumps 

are installed. 
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11.6 Concluding Remarks 

The discussion of economic aspects for induction heating of powder 

preforms, presented in this chapter, with regard to production systems or 

applications on an industrial scale, illustrate the complexity of resolving 

the technical problems in the most cost-efficient manner. Cost analyses 

for induction heating and powder-forging, given in detail in Appendix 5, 

show that major advantages may be gained by considering this route. The 

effects of the major constraints imposed by production are considered 

with respect to the financial evaluation of the installation. Guide-lines on 

choice of coil type are also given. Inevitably, generalised statements fall 

short of a more rigorous analysis of an operating design. Greater precision 

must await the realization of these ideas, and the implementation of the 

computer prediction methods of Chapter 10, for complex shapes. 
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CHAPTER TWELVE 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
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CHAPTER 12: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

12.1 Introduction 

In this chapter, the knowledge gained by this study is reviewed, and the 

extent to which the initial questions posed on the problem topics 

considered, have been answered. A general overall view of the results in 

relation to the industrial context of the sponsoring Company follows, with 

recommendations for further work to complement future developments in 

G.K.N. 

A brief summary of the academic results of experiments is described in 

section 12.2, and conclusions drawn from these findings (section 12.3). The 

implications of the project results for industry are summarized in section 

12.4. Finally section 12.5, recommendations for further studies, discusses 

the logical progression of this study. 

265



12.2 Summary of Results 

12.2.1 Induction Coil Design 

The first priority of all induction coil design studies is to define 

the desired heating pattern within a metal workload, of known 

properties and dimensions. Chapter 2 has shown how this 

information may be combined with required coil throughput and 

workload heating depth, so that the optimum coil frequency is 

chosen and a suitable power input and heating time selected. 

The current theory of induction heating coil design was derived 

from the fundamental equations, in Chapter 3. By analogy with the 

transformer, it was shown that the induction coil and workload may 

be represented by an equivalent electrical circuit. This standard, 

but approximate method was used to calculate the design of a 

single section production coil of low throughput, for heating solid 

metal billets of circular section. The design results are in 

agreement with practical trials with the built coil. However, the 

assumptions of the present method lead to discrepancies when 

applied to more efficient, high production-rate coils. The equivalent 

circuit method is inadequate to describe solenoidal coils of varied 

sections, and gives little information of the thermal history of 

various parts of the billet, especially during the Curie magnetic 

transition. 

An improved version of the equivalent circuit design method was 

proposed in Chapter 6.



The equivalent circuit method is used for each coil section 

individually, and the sub-Curie and super-Curie heating are 

separately treated. Once the power inputs at all stages of heating 

are derived from the electrical analogue an iterative routine, simple 

enough for manual solution, is used to calculate the temperature at 

strategic positions within the billet. Corrections for radiation loss 

and the effect of finite depth of induced current are accounted 

for, and the iteration does not suffer from the assumption of 

uniform initial temperature for calculation purposes. Better 

appreciation of the Curie transition is possible and closer 

approximation to the actual heating pattern shown by comparative 

calculations and experimental results. 

However, the method still has limitations. The equivalent circuit 

may be used only where the paths of induced currents are known, 

effectively limiting solution to co-axially symmetric cases of 

constant radius. 

The heating of shaped metal workloads requires more advanced 

techniques. Because of the complexity of the problem and the 

number of calculation steps necessary, a solution by computer is 

required. 

Chapter 10 discusses iterative techniques involving finite difference 

segmentation of two-dimensional cases. The calculations of Chapter 

6 show the relative importance of material properties and the 

critical factors for accurate prediction. 
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These concepts have been considered when constructing a possible 

flow chart for computer solution. In this manner, knowledge 

accumulated at G.K.N of the induction heating of axially-symmetric 

workloads in solenoidal coils has been extended. 

The linear coil favoured at G.K.N., presents a very different 

problem. It is shown that no theory has been developed to explain 

the behaviour of this shape, since the induced current paths are 

unknown. Chapter 9 gives experimental information on the current 

distributions to be expected in simple shapes, and postulates 

approximate relationships between the coil bar spacing and number 

of coil turns, in relation to the coil power and efficiency that may 

be expected of this type of coil. It will also provide an 

experimental example for comparison, when 3-D computer prediction 

programs are developed to derive explicitly an electomagnetic field 

and subsequent thermal analysis. 

12.2.2 Induction Heating of Powder Compacts 

The suitability of induction heating for powder-forging applications 

depends largely on knowing how compacted powder workloads 

behave in the coil. Chapter 4 introduces powder-forging, and 

shows the importance of material physical properties. 

A shortage of information available on the relevant compacted 

powders used by G.K.N was identified in Chapter 5. 
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Here, experiments to measure electrical resistivity, thermal 

conductivity and relative magnetic permeability are described. 

These results are used in Chapter 7, where experimental trials, the 

use of the improved equivalent circuit and the iterative thermal 

calculation, with the measured values of p,k and mw, show that 

sintered powder billets heat in the same way as solids, and good 

correlation between the predicted temperature profile with 

measured values is found. The results showed that a faster 

temperature rise could be achieved with sintered preforms because 

the larger electrical resistivity gave more Joule heating. 

12.2.3 Industrial Application of Induction Heating for 

Powder-F orging 

This project has been conducted with the collaboration of G.K.N. 

and, as such, the aims are for industrially orientated 

interdisciplinary research. Beyond the improved theoretical 

understanding and new experimental evidence provided by this 

study, the industrial viability and applicability of the results have 

been considered. The industrial constraints of ease of operation, 

maintenance and automation have to be considered with regard to 

G.K.N. production and the coil options available. 

Chapter 8 introduces various coil possibilities and outlines some 

advantages of each. It is as much a result of the commitment to 

the linear coil at G.K.N., as for fundamental academic reasons, that 

this option is pursued in later chapters. 
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G.K.N.'s enthusiasm for the linear coil must be tempered with the 

strictly economic consideration of the advantages of various coil 

types, with respect to a full cost analysis of the induction heating 

of powder preform route. Chapter 11 considers the economic 

aspects, with reference to the cost analyses of Appendix 5. This 

chapter highlights the complexity of calculating the influence of 

production factors on the coil analysis and the importance of 

conducting an economic assessment for each production installation 

considered. The recommended coil types for particular part shapes 

are shown in the next section, with the other conclusions of this 

study. 

Conclusions 

12.3.1 On Current Methods used in Coil Designs 

a) The current equivalent circuit methods are limited to considering 

the heating of cylindrical shaped solid metal workloads in solenoidal 

coils of constant radius. 

b) Present methods fail to take account of the variations in 

properties with temperature and the effect of the Curie transition 

with sufficient accuracy, and cannot cope easily with 

multi-sectioned production coils. 

ce) Modifications are presented for improving the current methods, 

and a simple iterative solution presented to provide more 

information to the coil designer, and give more physical significance 

to the variables and their effect on the temperature distribution. 

d) Comparison of the improved method, with experimental results of 

temperature distribution with time, showed excellent agreement 

within the accuracy required for coil design. 
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12.3.2 On Powder Compact Properties 

a) An absence of reliable information on the physical properties of 

sintered steels i.e. electrical resistivity, thermal conductivity and 

magnetic permeability, was identified. 

b) Using apparatus specifically designed and built for the purpose, 

the required powder properties were determined. 

c) Relationships between the powder properties and density were 

established and compared with those reported in the literature. k 

and p are related to the properties of the solid metal by the 

relation 

eS 
eras 1595 

and magnetic permeability similarly related to mw, by 

a= (al 
6 0.92 

ae Gee B ) 
H 

Here, B, is 0.7 T and 1.2 T for 'W4' and 'W78' powder, respectively. 

where 

12.3.3 On Induction Heating of Cylindrical Powder Compacts 

a) Temperature measurements made during the heating of simple 

preforms in a production solenoidal coil, and comparisons between 

predicted performance and experimental results, showed that similar 

heating characteristics of solid and powder compacts occured during 

induction heating. 
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12.3.4 On Induction Heating of Shaped Metal Parts 
  

a) The limitations of the range of theoretical! models for shaped 

part heating to the solution of two-dimensional cases was shown. 

b) The shaped solenoidal coil and linear coil were identified as the 

most suitable coil options for shaped part heating for production 

systems. 

c) Further theoretical modelling for the solenoid and linear coil is 

proposed, with attention to varying material properties and ferro- 

magnetic materials. 

d) Preliminary tests on linear coil heating of simple shaped parts 

culminated in the relationships 

Wo=lpti)ak , W=W, expl-0.07d) 

for describing the influence of power input with coil bar number 

and spacing. 

12.3.5 On the Implications for G.K.N. 

a) An economic assessment of induction heating for powder-forging 

indicates that costs are reduced by 27% over conventional processes. 

b) The likely efficiencies of the suggested coil types in heating 

parts of various complexity show that:- 

- For ring parts, straight-sided solenoidal coils are applicable; 

- For shaped billets, shaped solenoidal coils are suitable; 

- For gear preforms, shaped solenoidal or, preferably, linear coils 

are desirable. 
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c) The relative influence of changing factors in the economic 

analysis may be seen, and extensions of this anaylsis may easily 

be made when more information is available on powder part 

future demand and untried coils. 

12.4 Industrial Implications of This Study 

The author views this work as a case study of the application of 

induction heating to powder-forging that will ultimately lead to a 

computer-aided preform and coil design facility. This project has 

concentrated on the experimental aspects which identify the major 

variables acting, and shows in which directions future studies should be 

aimed. 

In relation to G.K.N., it has identified the areas of most importance when 

considering induction heating for powder-forging, and will help the 

Company to choose the best coil arrangement for further study. It is 

often difficult to make firm recommendations, especially in the present 

economic climate, where it is uncertain whether money or orders will be 

forthcoming. It is known that G.K.N. favour the linear coil and a 

continuous heat route comprising pre-heat, sinter and heat for forging 

[148]. 

The methods for property measurements, as described in Chapter 5, may 

be used for green compacts to determine their p jk and pw values. Only 

small modifications to the apparatus will be necessary for measuring the 

physical properties during the sintering process. 
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The whole apparatus may be inserted in a sintering furnace, with a 

suitable atmosphere, and subjected to the normal sintering cycle, to give 

dynamic p ,k and « measurements during sintering. From this stage, the 

application of green preforms to induction heating may be treated in the 

same way as sintered material. Provided that an over-concentration of 

power input, with localized melting [149,150,151,152Z] in the compact is 

avoided, the current flow paths will be the same. To minimize the 

chances of localized melting, shaped sdlencidal or rotated linear coils may 

be used to produce more even heating. Rotation in the linear coil will be 

essential to equalise the flux distribution within the preform. Complex 

shaped parts show more promise for increasing profitability by minimizing 

the higher cost of machining and it is to these shapes that attention 

should be focused. 

This study has shown the need for a critical economic assessment of a 

particular application. There must be proven financial advantages in 

addition to the desire to try new production routes, such as the linear 

coil. 

The use of induction heating for non axi-symmetrical preform shapes, such 

as connecting rods and crankshafts, cannot be ruled out. The intricacies 

of coil design, and the low efficiencies to be expected from the heating 

coils, must relegate the priority of these applications. Furthermore, 

general use of induction heating may be considered for other areas of 

metal heating and re-heating. Post-forging forming operations on parts of 

forged components may well benefit from the close control offered by 

using induction coils. 
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The coil design methods considered in this study will aid the construction 

of suitable workload/inductor arrangements. 

In future research and development work within G.K.N. the following 

observations should be noted. At the start of this project a 

Powder-Forgings Development erimittce was established with members 

from each of the interested G.K.N. companies; Powder-Forging Division, 

the Group Technological Centre and Forgings Product and Process 

Development Department. Frequent meetings provided an invaluable 

opportunity for discussion of individual research topics, sharing of 

facilities, disseminating information and constructing realistic schedules, 

budgets and dead-lines. Since this committee was dissolved, inter-company 

communications on developments has substantially reduced. Without such 

co-operation, further development work will be hindered, especially in 

topics where previous investigations within the Company have been 

inadequately documented. 
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12.5 Recommendations for Further Study 

The results of this thesis suggest the following topics for futher study:- 

1 Experiments to measure the current density distribution during 

induction heating of complex shapes in a shaped solenoidal coil 

and in a linear coil. Investigation into whether heating of 

rotated parts within a linear coil approximates to the shaped 

solenoid case; 

Fundamental investigation on the relationship between preform 

temperature distribution and quality of forging, including the 

influence on die life; 

An examination of preform design is necessary to minimize the 

complexity of preform shape, with possible improvements in 

density uniformity; 

Further developments and implementation of computer-based 

predictions is necessary to describe shaped solenoidal and linear 

coil configurations. A computer-aided simulation of the 

approximate heating pattern to be expected from a particular 

arrangement will facilitate coil and preform design. 

For the single "sinter-forge" route, combining pre-heating, sintering and 

heating for forging in a single continuous operation, additional information 

will be required on:- 

2 The physical properties of unsintered powders; electrical 

resistivity p » thermal conductivity k and magnetic 

permeability @ ; 
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The changes to p,k and jw occuring during the sintering process, 

including any lubricant burn-off stage; 

The maximum power density must be determined, above which 

localized melting occurs in unsintered preforms. Induction 

heating predictions may then be modified to treat unsintered 

material; 

Specific economic assessment of the "sinter-forge" route will be 

required, following the format of Chapter 11 and Appendix 5. It 

will then be possible to ascertain whether increasing green 

density is the most effective way of optimizing costs[153]. 
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APPENDIX 1 : METHOD OF DENSITY DETERMINATION 
  

A selection of green and sintered gear preforms, made by G.K.N. 

Powder-Forgings Limited, were cut into small blocks. Density 

measurements were made using Archimedes' principle described 

below. Test blocks were cut from preforms as indicated in figure 

4.3 and weighed in air and water to determine the density. It was 

found that the specimen absorbed water due to its porosity. Three 

weighings were therefore necessary to give true mass in air m,, 

mass in water my? and mass in air with absorbed water, mee 

The density may be found from 

ms_Yw 
Ma (Al.1) 

where P and eg are the specimen and water densities respectively, 

m, is the true mass in air and mg is the mass difference given by 

my = (mh my) (Al.2) 

The results shown in figure 2.3 show that the density throughout the 

preform is variable. Green preforms F391, F364 and sintered 

preform F364 exhibit lower density in the centre, but sintered 

preform F350 shows greater density at the centre. The results are 

inaccurate as it proved difficult to exclude adhered air bubbles from 

the small blocks during weighing in water, especially for green 

preform: This problem may be overcome in the future by coating 

each block with a light impervious layer 
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to eliminate water absorption. However, as measurements on 

adjacent blocks gave densities consistent with the trend in each 

preform, the variation must therefore be due to differences in the 

filling of each gear shape as the powder is poured into the die. 

Note that green preform F391 and sintered preform F350 are slightly 

dissimilar as no green preform of the same shape as F350 was 

available. 

The results provide sufficient information on the range of densities 

present in typical G.K.N. preforms. 
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APPENDIX 2: DERIVATION OF TEMPERATURE DISTRIBUTION during 

change of INPUT POWER DENSITY 

A2.1 The Problem 

After a solid, cylindrical billet of radius R has been heated for 

some time with a constant power density. at the surface, the 

cross-sectional temperature profile is parabolic. The solution below 

derives the new temperature distribution reached when the power 

input changes to assume a different value. 

In effect, the new temperature distribution is a superposition of a 

'soak' period of the initial temperature distribution f(r) (section 

A2.2.1), according to equation 3.18 and given in section A2.2.2, with 

the temperature profile established from a uniform mean 

temperature on vyF (ection A2.2.3). 

A2.2 The Solution 

A2.2.1 Initial Power Input 

The temperature distribution is assumed to have passed the 

transient stage, so that the normalised time ™% 

(3.12) 

is greater than 0.25 and the temperature at radius r is given 

by 

od carr ARON | orient ete 
ane : a ‘ (3.14) 

*The subscript 1 refers to the variables before the change in power 

input and subcript 2 to those after the transition. 
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FIGURE A2.1: Variation of parabolic temperature profile during 

soaking. @,, and 0, are the initial surface and centre 

temperatures at the start of the soaking period. 
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This may be re-written in terms of the mean temperature Qo 
mi 

@(r) = 8, + Pe tan? /2)) (A2.1) 

A2.2.2 Soak of Power inpin 2 

On passing to the new power input the initial distribution 2? 

£,@) equalises to 

R ao 

0 =2, fr rf(r)dr + BY entity i fe She) dr 
0 ni 

(3.18) 

The normalised surface and centre temperature with time have 

previously been plotted in figure 3.6. Figure A2.1 gives a 

more detailed description by plotting the complete temperature 

profile of equation 3.18 with time. 

Substituting equation A2.1 into equation 3.18 gives 

  

R 

0 -4,{ fay «Zt (r? - RY2) jar 
0 

oo 
2 Y By on in af {ane et J, (ion) dr 

n=1 (An) 

=A+B 
(A2.2) 
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Integration of A, equation A2.2 gives 

  

(A2.3) 

As expected, the ultimate temperature after soaking is 

9 
mi” 

The integral part of B, 8 may be written 

B= [eoke Bh. [Be Pyar = C+D 

  

(A2.4) 

Carslaw and Jaeger [24] on page 198 show that 

1 
t Jlar)dr =—r Jar) 

J Z ee (A2.5) 

Thus term C, equation A2.4 becomes 

R 

c= fan +Z Ze} [i405 
° (A2.6) 

which is zero from the definition of J,¢ BD) 

Term D, equation A2.4 when integrated by parts gives 

Pf # 
D = K Z J,(B)) 

(A2.7) 

Substituting equations A2.3, A2.4, A2.6 and A2.7 into equation 

A2.2 gives 

oo a 2 2 q,- 2AR N° seleBomd 4 VAR) 
Ore eem aie ye, ena Lu) a 

(A2.8) 
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A2.2.3_ Power Input pensity 

The second contribution to the modified temperature 

distribution is the profile created by a Carslaw and 

Jaeger's equation 

oo 

AR et 2), 

are | pace S| aes Bal #00 
=1 

(3.11) 

may be re-written in terms of-the average mean temperature 

(steady-state) Br 

Qo = ae 2% 

of the new power input and given by 

oo 
20 Rea ied ae (BY 
G09 Fl eet] = 2D eet Bil 

n=t 

(A2.9) 

A2.2.4 Superposition of Temperature Distribution 

The complete solution is given by adding equations A2.8 and 

A2.9 and rearranging to give 

2 tad PN (exobbim} Jai. %e) 
=(b, np 28(5- i|-2 ae rs) we AND 

(A2.10) 

The first term is the final mean temperature after the soak 

of F ews after steady-state conditions have been reached 

tor. F The second defines the steady-state parabola of 

temperature associated with the mew power input. The 

transient development of the G profile is represented by the 

third term, with the transient reduction of the F distribution 

during soaking. 
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Two graphical examples appear in figures AZ.2 and A2.5. The 

first plots the changes in temperature profile during the 

power input change commensurate with the Curie transition. 

The second shows a similar change as the billet passes from 

one coil section to another. 
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Temperature (°C) 
1000 . 

  
500 . 1.1 MW/ mt 

Go=0.25 Mw/at   
10 0.75 0.5 0.25 0 0.25 05S 0.75 1.0 

Radius ratio, r/R 

FIGURE A2.2: Example of the change in temperature profile during 

. power input change at the Curie transition, not 

corrected for the effect of finite current depth. 
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Temperature (°C) 
13005 

1200 4 

1100 

1000 

  

900 

8004   ’ 
GY: 0.25 MW/m? 

B:- 0.19 MW /m? 

t r T T T 
1.0 0.75 0.5 0.25 0 0-25 0.5 0.75 1.0 

Radius ratio, r/R 

FIGURE A2.3: Example of the change in temperature profile during 

power input change at the transition from one coil 

section to another, not corrected for the effects of 

finite current depth. 
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APPENDIX 3 : DERIVATION OF EQUATION 5.13 for DETERMINING 

THERMAL CONDUCTIVITY _k 

Carslaw and Jaeger [24] consider the linear flow of heat in a rod of 

length Zo The temperature at all parts of a transverse section 

through the rod of area A is the same, although each element of 

the rod loses heat by radiation from the surface, with surface 

thermal conductance ke The rod ends are maintained at fixed, 

steady temperature, Ty and To 

The equation 

2 
Gli sks Reema kn pT 

Fob chs 4 Oixe cvaA 
(A3.1) 

may be solved, where p' is the rod section perimeter; k, the 

thermal conductivity, ¥ the density and c the specific heat of the 

rod material. T is the absolute temperature, avr the first 

differential of temperature with respect to time and arvar is 

the second differential of temperature with respect to distance along 

the bar. Omitting the second term on the right hand side of 

equation (A3.1) gives the heat diffusion equation without radiation. 

The second term describes heat loss to the external medium for 

small temperature differences between the bar and surroundings, 

setting the outside temperature to zero. 
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For steady conditions, the left hand side of equation (A3.1) becomes 

zero and the solution of 

2 

  Gel eee sap ven (0<x<é) 
ox se (A3.2) 

is found, where 

Ts | at x=0 

T= Jat xe 

and ’ 
v= ‘ok 

kA 

The solution of equation (A3.2) gives 

T a> \Cee% +. Bee” 

‘and Y= C+B x= 0 

T= ce! » pest x = 0 

Thus the temperature is 

T = Tsinh s(¢-x) + Tzsinnsx (A3.3) 
sinhs¢ 

Let the temperature be Ty Th and UE, at points Xa9 Xb and Ka along 

the bar, where Xbb ae 

Lies 2eoshsa = 2C (A3.4) 

Hence, ‘ 

ee 2 4 Vic -1) 

which is independent of ny and T, , the bar end temperatures. 

For two bars (1 and 2) of the same perimeter, cross-sectional area 

and surrounding medium conductivities, the ratio of their thermal 

conductivities is given by, 

aN, toghcy + (cF-4)] 
m, tog Ec, +(ch~1)] (A3.5) 
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A comparison of the thermal conductivities of two substances may 

be made, which is independent of the absolute temperatures of the 

bars and of radiation from the bars. ky and c, may be found 

by tests using a standard bar of known conductivity, (bar 1), thus 

equation (A3.5) and cy may then be used to calculate ko for the 

test bar under the same conditions. 
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APPENDIX 4 : SUMMARY OF CALCULATIONS FOR _ SINTERED 

BILLETS OF CHAPTER 7 by the method of CHAPTER 6 

Abridged equivalent circuit calculations appear in the following 

tables for sintered billets of 0.74 (table A4.1), 0.79 (table A4.2) and 

0.82 (table A4.3) relative density. 

The resultant temperature distribution with time is summarized in 

tables A4.4 to A4.6 for vA, = 0.74, 0.79 and 0.82, respectively.
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Summary of temperature distribution calculations for 

sintered billet ( 7/7 =0.82). 
Table A4.6 
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APPENDIX 5:COST ANALYSIS OF INDUCTION HEATING _OF 

POWDER-FORGING 

A5.1 Introduction. 

In this appendix, a quantitative assessment of the powder-forging 

route for sintered parts, using induction heating, is presented. 

Section A5.2 gives details of the cost advantages of using induction 

heating, compared with other furance types. With the rapid rise in 

fuel cost over the last few years, induction heating presents a 

considerable saving over thermally-inefficient coventional furnances. 

The capital expenditure and running costs are compared, using 

approximate figures for realistic production forging systems of the 

typical size used by G.K.N. 

Section A5.3 compares the powder-forging route with conventional 

forging methods. The powder-forging process has been developed by 

G.K.N. for over a decade, culminating in the establishment of a full 

commercial production plant for high volume production of ring and 

gear parts for automotive and agricultural equipment. Povwder- forging 

has now reached maturity in a fiercely competitive, depressed 

market. The expansion of the process in the future depends on 

further cost reductions to improve competitiveness. Here, the 

critical factors in determining the economy of the forging route are 

identified. Apart from initial powder cost, the most expensive part 

of production of powder forged parts is the energy cost for sintering 

and heating for forging. This discussion concentrates on energy 

utilization since labour costs are so dependent on other factors, such 

as degree of automation and shift organization, considered further 
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in Chapter ll. 

An economic assessment of the combination of induction heating and 

powder-forging appears in section AS.4. Information is drawn from 

the present experience of G.K.N. Powder-Forging Division on heating 

sintered parts and projected to future use of the process. 

The figures used in sections A5.3 and A5.4 are approximate values 

for three reasons. First, since whenever possible much information 

has been derived from actual G.K.N. production, sensitive company 

information has been protected. Secondly, quoted figures have been 

found to vary widely depending on the source and date of the 

information. Finally, and especially in section A5.4, some 

arrangements combining induction heating and powder-forging have 

not as yet been subjected to the concrete test - the production 

line. This analysis represents the first stage in assessing the 

process from the Company's viewpoint. The hard economic facts 

derived here may be used in Chapter 11 to determine the coil type 

and design needed to heat preforms of various complex shapes with 

regard to other, more qualitative, environmental or convenience 

aspects, that do not lend themselves to critical financial 

consideration. 
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A5.2 Induction Heating Versus Conventional Heating 

A5.2.1 Furnace Comparisons 

For sintering, forging and annealing applications the major 

industrial furnances are of the following types: 

- oil fired 

- gas fired 

electric radiant 

- induction heating. 

Conventional furnaces suffer from poor energy efficiency 

because heat is applied by radiation and convection onto the 

metal surface and also into the surrounding atmosphere (table 

A5.1) [132]. Higher efficiencies are achieved during induction 

heating, where heat is generated and transported by 

conduction within the metal, and not subject to the associated 

heat transfer coefficient using external heat sources. General 

economic considerations are often difficult to assess due to 

changes in furnace capital cost and fluctuating fuel costs. 

Furnace efficiencies depend largely on their particular use, 

especially for induction heating where correct matching of the 

coil to work, and the heater to coil system, is required. For 

G.K.N. powder-forging applications, a medium frequency 

induction heater with an output of 100-160kW is compared 

with equivalent conventional furnaces, for heating solid steel 

billets, of 50mm typical diameter to 1250°C. 
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A5.2.1.1 Capital Costs 

Table A5.2 indicates that equipment expenditure for induction 

heating are generally three times the cost of conventional oil, 

gas-fired or electric radiant furnaces of ecuivalent heating 

capacity. Some price variation occurs according to the 

frequency of the induction heater used {131], dictated by the 

metal size and magnetic state (table 2.2). The capital cost of 

induction heating equipment is increased if two units, at 

different frequencies, are required to heat the metal 

efficiently below and above the Curie fenmerentre: For a 

particular application, the extra cost of installing a sub-Curie 

heater must be weighed against the benefits of greater 

efficiency and hence lower energy consumption. To achieve a 

uniform temperature distribution parts heated in conventional 

furnaces usually require longer soaking times at high 

temperature than induction installations. For heating powder 

preforms, the heating must be indirect within an inert 

atmosphere to avoid scaling and decarburization. These 

factors result in costly, larger capacity furnaces for an 

equivalent throughput. When increased installation costs and 

ancillary equipment charges, eg. atmosphere, have been added 

to the energy cost for longer heating times, the cost per 

tonne of heated parts is greater for electric, radiant, oil, and 

gas-fired types than for induction furnaces. 
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A5.2.1.2 Running Costs 

Table A5.3 gives comparative fuel costs in May 1961 and 

equivalent direct conversion based on average furnace 

efficiencies. Heating by gas and oil can, exceptionally, reach 

20%+ efficiency but for the indirect heating method required 

here 15% is more likely. Although induction heating furnaces 

are more efficient, electricity is considerably more expensive 

than fossil fuels and so the overall energy costs are 

comparable for all types or with a small advantage for 

induction heating, depending on the coil shape and workload 

coupling. The advantages of induction or conventional heating 

depend largely on how the heating units are operated. Oil 

and gas-fired furnaces require long "start-up" times before the 

furnace refractory walls reach operating temperature and 

acceptable atmosphere uniformity is achieved. Up to 15 hours 

start-up time is required (table A5.4) [133] to avoid excessive 

thermal shock to the furnace walls. Continuous production 

presents the optimum ulitization of fossil-fuel furnaces, but is 

inconsistent with an industrial situation where shift changes, 

maintenance, lunch breaks, and breakdowns interrupt production. 

In contrast, induction heating allows infinite variability in the 

heating process (figure A5.1). Full power is available seconds 

after energising the heating coil with minimal energy 

wastage. Within limits, the process is unaffected by any 

production halts. 
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During stand-by periods the induction heater power may be 

easily reduced to a value just sufficient to overcome radiation 

losses from the heated metal [94]. On resumption of forging, 

full power input is assumed and metal parts at the correct 

forging temperature emerge almost immediately from the coil. 

No billets are at an unacceptable temperature when leaving 

the furnace and rejects are minimized. Running costs are 

further reduced using induction coils by careful selection of 

frequency and power inputs, to give most rapid heating during 

the more efficient sub-Curie phase. A balance must be found 

between the lower cost of heating more rapidly for o°C to 

760°C at efficiencies approaching 80%, and increased energy 

loss by radiation incurred before forging, while equalizing the 

larger temperature differential produced in the billet. 

Maintenance costs are reduced using induction heating. Fewer 

furnace parts are subjected to high temperature and cleaning 

operations are fewer, due to the purer heating atmosphere. 

Coils are easily disconnected for repair or replacement. Coil 

replacement time may be as little as 20 minutes [130]. 

Temperature uniformity over many parts ensures reduced wear 

on forging dies and press. 

Few rejects and less scrap occur during induction heating as a 

result of the consistancy of high quality part production. 
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Metallurgical properties can be more easily controlled.in the 

absence of fossil-fuel combustion products by the use of 

protective atmospheres. For gas and oil furnaces, lack of 

adequate temperature and atmosphere control give oxidation or 

decarburization of the metal surface layers in contact with 

the atmosphere. This scale waste is typically six times the 

induction heating figure. High-output induction heaters, 

producing consistent quality parts with low scrap and reject 

rates, are well suited for automation. The more regular 

through-put gives a constant forging rhythm and forged output 

increases [130]. This is consistent with rapid forging and 

reduced costs since die life is improved as pressing time 

(billet time-in-press) falls and die temperature is lowered. 

A5.2.2 Heating for Forging: Comparisons 

Examples of simplified comparisons between induction heating 

and gas are given in tables A5.5 and A5.6. For the cost 

analyses of furnaces (table A5.5) and of a heating and forging 

suite (table 5.6), comparable equipment throughputs have 

been used for heating 50mm diameter billets to forging 

temperature. All figures are based on G.K.N. practice and 

existing equipment in May 1981 where applicable. As stated 

in Chapter 11, the important factors affecting profitability of 

heating for forging are: 
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- metal loss in heating and forging (scale and scrap) 

- cost during down times 

die life 

- labour costs 

- forging rates. 

Table AS.5 assesses the appropriate comparative equipment 

power rating, capital costs and running costs for 

through-heating 500kg/n of 50mm diameter steel billets to 

1250°C for forging. One 8 hour shift for 250 days per annum 

produces 2000 tonnes a year, using a 160kW induction heater 

of 25% overall efficiency or an equivalent gas furnace 

(consuming 38.66 m/h, which corresponds to 400kW 

approximately, and the best efficency possible, 25%). 

Referring to the itemised descriptions in table A5.5, in 

brackets viz.( ), capital costs (1) are found using table A5.2. 

Here a single 3kHz induction unit has been used, which will 

not be as efficient below Curie as a kHz _ furnace. 

The energy cost per tonne (13) and (14), is marginally in 

favour of the gas furnace. However, this is far out-weighed 

by the cost of greater scale loss (18) with the conventional 

furnace, due to decarburization. In general G.K.N. practice, 

the labour cost with induction heating is less than that for 

gas furnaces. Reduced scrap rates and automated furnace 

feed reduce the labour costs with the induction route. 
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Maintenance is here taken as the same for bath furnaces; in 

practice, induction heaters are more reliable, but the costs of 

maintenance labour (24) is shown to be negligible. The 

overall cost per tonne is reduced by 27% (25), by the use of 

induction heaters rather than gas-fired furnaces. This is 

typical for many installations of other manufacturers. 

[18,134,135]. The difference in capital costs is £10 O00 in 

favour of gas heating, but the running cost difference per 

year (26) is £14 820 in favour of induction heating; therefore 

the difference is recovered within a year. 

Table A5.6 considers another production arrangement in more 

detail by including the complete forging installation, and 

compares the overall profitability of heating by induction and 

by gas over a typical ten hour period. Here, two 8 hour 

shifts for 250 days per year, producing 654ka/hr of forged 

billets, are considered. A 600kW induction heater is compared 

with a gas furnace (consuming 66 mh gas, corresponding to 

680kW approximately). Item (7) shows that the increased 

scrap rate for the gas furnace adds 6% to the cost of heating 

the greater initial quantity of metal required. Again, the 

energy cost (9) and (11) is in favour of gas heating but is not 

enough to overcome the greater cost of heating the scrap. 

Die costs (13) are considerably reduced with the induction 

furnace, accounting for about half of the overall works 

cost/hour (19). 
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A5.3 

It is during non-forging periods that the advantages of 

induction heating are strengthened. With reduced power input 

in the induction furnace, the energy lost in heating non-forged 

material is minimal. With gas however, the furnace must be 

maintained at temperature and with the loss of the contained 

metal. Overall, the induction route reduces costs over the 10 

hour period by 6% (29) and increases profitability (34) by 52% 

of sale price. 

A5.2.3 Concluding Summary 

The use of induction heating for forging is cheaper than 

conventional furnaces. The examples given show that cost 

may be reduced by between 6% and approximately one 

quarter, to give a 50% increase in profitability. It must be 

stressed that, in view of widely varying equipment capital and 

running costs, the only reliable method of obtaining a precise 

cost comparison is to carry out a rigorous analysis based on 

the specific requirements of the projected installation. Care 

must be taken to ensure that comparable units are considered 

and that no part of the production process has been omitted 

from the study. 

Powder-Forging vs. Conventional Forging   

A5.3.1 Energy Consumption 

A comparison is made between the conventional forging 

process from the starting point of a steel melting furnace, 

and the powder-forging route, starting with the powder plant. 
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This gives a realistic comparison by considering the 

manufacturing routes from similar raw material to the near 

finished component. (Any fine-finish machining and 

heat-treatment subsequent to machining have not been 

included). 

A5.3.1.1 Conventional Forging 

Steel Production 

Steel is melted in large furnaces and cast into ingots. After 

various stages of reheating, rolling and removal of the 

decarburized surface layer, the billet is ready for forging. 

Most of the bars or billets purchased for conventional forges 

undergo one of three process combinations in the steel 

works. The route used depends on the supply sources, 

quantity and size. Table A5.7 [136] outlines these processes 

and gives details of the energy used by each route. Typical 

material utilisation is 40% [136,137] after removal of forging 

flash and machining. This is incorporated in table A5.7, by 

multiplying the energy used in kWat > by a factor of 2.5 to 

give energy per tonne of finished product. Most 

powder-forgings are competing against parts made using Route 

3. 

Forging and Machining 

Billets are forged (often in a number of stages) and the flash 

removed. The final shape and tolerances are achieved by 

machining. Table A5.8 gives a generalised analysis of energy 

used in forging and machining operations. 
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A5.3.1.2_ Powder-Forging 

Powder Production 

Steel is smelted in an induction furnace and then atomised 

with water jets to produce powder particles of the required 

size and shape. The powder is then dried and annealed to 

reduce internal stresses. Table A5.9 shows the energy 

consumption for powder production for the smaller scale of 

operation at current powder production levels. 

Powder-Forging 

In the powder-forging process, the powder is mixed and then 

seived before compaction. The compacted "preform" is 

sintered to allow diffusion of alloying elements and 

improvement in inter-particle bonding. After cooling, the 

sintered preform is re-heated and then forged to give near 

100% of theoretical density, and impart the desired mechanical 

properties to the part. Heat treatment and definning follow, 

resulting in the finished part. The energy utilization (table 

5.10) assumes that the process is as used by G.K.N. Forgings 

at present. 

A5.3.2 Advantages of Powder-Forging 

The powder-forging process has tangible cost advantages over 

conventional forging due to a reduction in machining. The 

improved material utilization results in reduced energy 

consumption in all stages of production. 
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The total energy consumption for conventional forging, using 

route 3, is 4139 kwht72 of the finished product (adding the 

totals from tables A5.7 and A5.8). Comparable powder-forging 

energy use is currently 2839 kWae7_ (adding the totals from 

tables A5.9 and A5.10). Therefore, the powder-forging route 

consumes only about 70% of the energy for the conventional 

route. Some other benefits are outlined below. It is difficult 

to quantify the effects and implications of these factors, 

since, although some give improvements over conventional 

methods, others are unique to the powder forging process. 

These advantages may be summarised to be: 

Alloy systems may be made to precise compositions for 

particular applications demanding specific tensile strength, 

hardenability, wear resistance and fatigue performance 

properties [36]. 

More complex shaped parts may be manufactured, within the 

contraints shown in figure A5.2, via one compaction and a 

single forging operation. 

Parts may be produced in a wide range of sizes to very close 

tolerances and finish. 

The mixing of powders which gives greater flexibility of alloy 

structure formation, than under conventional melting. 

Practices may create problems due to immiscibility of phases, 

and lack of solution. 

Controlled levels of porosity may be created by careful 

preform and die design, to reduce part weight in areas of the 

compacted metal part under reduced stress. 
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A5.3.3 Other Factors 

The powder cost is often a critical factor in deciding whether 

a powder-forging route is economic. The following methods 

ensure that this cost is minimized. It is advantageous to 

consider large production runs, since powder unit cost falls 

with increasing demand. The process lends itself well to high 

volume production of small parts. An automated system of 

die lubrication and die filling, compaction heating and forging, 

can achieve this, with labour costs kept to a minimum. 

Compaction die wear is improved by the reliability of 

automatic lubrication and accuracy of precise powder filling. 

Forging die life is increased as high temperature preforms are 

present for only a short time during high speed automatic 

operation. The use of re-cycled scrap for raw material 

production by direct comminution has been considered. It is 

estimated [138] that such a powder could replace about 20% 

of the existing market if it proved less expensive and energy 

consuming. If the energy required to make this 'scrap' 

atomised powder is reduced only by the energy needed to melt 

and refine steel for atomised powder, the average energy 

consumption of the overall process could be reduced by 4%. 

A Concluding Summary 

At present, the powder-forging route offers considerable cost 

savings over conventional forging methods. Energy 

consumption is reduced to at least 70% of the previous 

requirement. 
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This comparison is typical for G.K.N. operations at present. 

However, within the foreseeable future, such advances as 

larger powder plants,* and the use of a continuous furnace 

for both sintering and heating for forging, could reduce 

consumption to 40% of the current conventional forging 

figures. Similar reductions in energy use for powder-forging, 

compared with conventional forging, have been reported in the 

literature. An energy reduction of between 5% and 23%, 

depending on shape, occurs for hot isostatic pressing (H.1.P.) 

[137]. Precision part production from iron powder gives a 

50% reduction in energy over conventional means [138]. A 

15% cost reduction is possible for powder metal "superalloy" 

turbine discs [139]. Powder-metal automotive parts have been 

produced with energy savings between 40% and 60% [140]. 

Some of the examples given above do not consider the 

complete production process from steel or powder production 

plant. However the cost of these have incorporated within 

the respective steel billet or powder prices. The price of 

many powders , especially those of low production volumes or 

of specialized constituents, have fluctuated widely over the 

past ten years, [140] within the constraints of supply and 

demand. This may lead to an unrepresentatively low cost 

advantage for powder-forging in some cases. 

* These would decrease melting furnace energy use from 1000 

1 
kWht~ to 600 Wat, as for conventional steel plants. 
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A5.4 Induction Heating of Sintered Metal Preforms for Forging 

A5.4.1 Billet Heating 

The advantages of using induction heating for heating solid 

billets (Section A5.2) apply equally for heating simple shaped 

sintered powder preforms to forging temperature. It has been 

found in Chapter 7 that the process is even more efficient 

for powder parts since the metal resistivity is greater than 

for the solid metal, creating more rR heating. Control of 

heating time and atmosphere ensures that element diffusion, 

oxide reduction and temperature observed with powder billets 

accelerates diffusion and oxide reduction, minimizing the total 

heating time. 

A5.4.2 Heating of Shaped Parts 

Conventional induction billet systems will not satisfactorily 

heat the total range of ring and gear components 

manufactured by G.K.N. Powder Forgings Division (Figure 

8.6). Using solenoidal coils it was found that some portions 

of the preform heated preferentially. Also, long, inefficient 

soak times were necessary to even the temperature 

distribution before forging. Some difficulty was also 

experienced in adapting solenoidal coils for high-volume 

production. Linear "skate" coils have been developed to 

overcome some of these problems. The linear coil suffers 

from low electrical efficiency, due to poor coupling with the 

heated material (Figure A5.3), but preform transport through 

the coil is well suited to high-volume automated production. 

314



Better atmosphere control in the linear coi! ensures the 

correct metallurgical properties of the finished paris. Mesh 

belt transport prevents welding of preforms at high 

temperature, and gives flexibility to heat various shaped parts 

in one coil system. Examples from G.K.N. Powder-Forgings 

production of simple ring parts in Table A5.11 [114,145] 

shows the linear coil efficiency to be approximately 25-35%. 

It is difficult to make meaningful cost comparisons with 

heating for forging, using conventional furnaces, since 

practical production results with comparable sized furnaces 

are not available. However, Tables A5.12 and A5.13 [146] 

give a projected estimate of the cost saving per annum using 

induction heating for forging powder preforms, compared with 

a gas furnace of equivalent capacity. (Part production 

quantities are based on a 1978 sales forecast for 1981). For 

a single shift operation of this installation, running costs are 

reduced by 45-50%, using induction heating. 
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It must be noted however, that the gas furnaces in tables 

A5.12 and A5.13 are* mot of equivalent capacity to the 

respective induction units. 

Empirical development work has continued (143) to improve 

the skate coil efficiency and heat distribution in more complex 

shaped parts by reducing the air-gap between the preform and 

coil turns. Typical efficiencies of arrangements tried in 

Chapter 9 are between 9% and 15%, but these could be 

improved by even closer coupling, the use of thermal 

insulation around the preform and coil, and higher power 

inputs to minimise radiation during soaking time at high 

temperature. The implications for G.K.N. of these cost 

analyses of coil design for induction heating powder-metal 

preforms for forging, are examined in Chapter 11. 
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Cost comparison of induction heating and gas-fired 
furnaces with operation time. Figure A5.la refers to 
the cost analysis of table A5.12 and figure A5.1b refers 

to table A5.13. 
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METHOD OF HEAT TRANSER MW/m 

CGNVECTION 0.065 

RADIATION O.1 

CONDUCTION 0.2 

FLAME 10 

INDUCTION HEATING 30 

  

Table A5S.1: Typical Power densities for various methods of heat 

transfer in metals [132]. 

  

FURNACE TYPE CAPITAL COST(£/kW) 

GAS-FIRED ~ 50 

OIL-F IRED ~40 

ELECTRIC RADIANT ~ 60 

~Supply Systems (50Hz) 40-65 

INDUCTION 

-Motor Alternators (1-10kHz) 90-160 

HEATERS) 

~Static Inverters (1-10kHz) 65-170 

  

Table AS.2: Capital cost comparisons for major furnace types, from 

manufacturers quotations in May 1981. 

  

FUEL cosT COST per APPROXIMATE TOTAL FUEL 

TYPE (p/therm) 10°k3(£) EFFICIENCY Cost per 
% 10°kJ (£) 

GAS 30.3 2.8 10 - 20 14 - 28 

OIL 34.9 3.3 10 - 20 17 - 33 

-Radiant 15 - 20 39 - 52 

-solenoid 82.0 7.8 50 - 80 10 - 16 

coils 
ELECTRICITY } Induction 

Heaters |-other 

coil 10 - 35 22 - 78 

types 

  

Table AS.3: Fuel cost and furnace efficiencies (May 1981) [155]. 
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FURNACE 

TEMPERATURE TIME TAKEN COMMENTS 

  

(°c) (n) 

oO - 700 3-4 start-up 

700 - 800 2 mesh belt inserted 

800 - 900 1 gas atmosphere introduced 

1 
900 - 950 /. 

Zz 

950 - 1150 4 furnace at forging temperature 

1150 4 temperature and atmosphere 

stabilised. 

TOTAL «131-141 h 
202 

ENERGY CONSUMPTION 

Nominal Heating Capacity 280 kg/h 

Heat Supplied to furnace 364 kW 

Heat Supplied to Load 59 kW 

furnace casing 31 kW 
Heat | -open ends of 

furnace 0.4 kW 

Lost 

To -gas atmosphere 22 kW 
-mesh transport belt 252 kW 

Overall Efficiency 16 % 

Load Temperature Uniformity +5 %   
  

Table A5.4 : Start-up sequence and energy consumption for an 

indirectly-fired gas furnace, used by G.K.N. [133]. 
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Cost analysis of induction heating and gas for billet 
heating at May 1981 charges [154]. 

Table A5.5 
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TTEM | OESCRIPTION [CALCULATION UNETS INDUCTION GAS 

  

  

  

  

    

  

  

Now ETH neATER FURNACE 

1 Capital Cost-Forging = £ 190 000 190 000 
Press 

-Hoater 28 EB 100 000 33 500 
“Total =e « 290 000 213 500 

2 | depreciation/Ye (piss e/year 43 500 32 000 

3 | Proguction per Year op nh 4 000 4 000 
(To Shifts) 

4 Depreciation per Hour (2/0) i/n 10.88 8.00 

COSTS PER HOUR, WHEN FORGING 

s Throughput, Forged Weight ae um 0.658 0.658 

‘6 Losses in heating, Forging ete] [18], p303 |x 25 32 

¥ Raw Steel Required (5)x(100+(6))/100] t/h 0.817 0.863, 

8 | Rew Steet Cost jezes/e x(7) tm 252.85 205.96 

9 Electricel Energy/Tonne _ kitvt 385 - 

10 Electricity Cost @2.8p/kW (9)(10)/(7) E/y B19] --- 

n Gas Fuel Consumption/Tonne = ave = 100.5 

2 Gas Cost @ 10.61p/n? anxa247 jem aoe = 12,36 
a Press Crew Wages 3 men @£3.60/h E/n 10.80 10.80 

: 4a Die Cost per Tome lave. die life |e/t 27 39 

15 | die cost per Hour (24) x(5) e/n 17.66 26.13 
16 | Acditionsl costs 

(cropping, handling & _ i/n 16,00 18.60 inspecting) 

wv Additional Fixed Works G.K.N accounting 
Costs/Year (buildings policy. Induction |£/year As 825, 43 825 
land and services) igure maybe lover 

18 Fixed Works Costs/hour 7G) £/y 10.96 10,96 

oy TOTAL WORKS COST/HOUR (4)+(10)+(12)+ 

|(13)+(15)(16)+(8)E/r N2.36 ‘332. 

20 Total Works Cost of (as)a7"/, le 2 342.70 2 496.09 T'/,h of Forging an 10h 
  

COSTS PER HOUR, WHEN NOT FORGING 
  

a | Wages of Press Crew (3) lacs. 60/n 

  

  

              
lem 7.38 

2 Plant Depreciation cay lem 10, 8.00 
2 Heating Costs of 

Unforyed Steel km 1st 5.89 

Fry Additional Fixed Works 
Costa/hour (as) tym 10.96 10.96 

2 TOTAL WORKS COST/HOUR (21)+¢22)4(26) fem 30.69 32.19 

2% Tytel Works Cost for ‘ 
21/, Non-productive Hours |(25)x 2'/, 2 76.73 80.48 

a TOTAL WORKS cSt FOR 71/,h — |(20)+(26) ie 2 419,03 2 576.56 
FORGING and 2°/ 2h 10LE 

28 Managerial and on-costs (x 5% £ 121.17 128.83 

TOTAL COSTS for 10 HOURS (2794428) £ 2 548.50 2705.39 

Cost per hour (9/0 th 258.45] 270.34 

x Selesble Forgings (9-18 scram | tm 0.608 0.648 

2 Value of Forgings OD «eye [em 401.76 401.76 

3 Sales per Hour G27 'z nian | em 301. 32 301.32 

x Gross Profitability (3)-(09) £m 46.87 30.78 
  

Table A5.6: Billet heating cost analysis for induction heating and 
gas-complete production process [154]. 
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mills without cooling after soaking. 
ROUTE 2: Ingots are allowed to cool after casting and are then reheated for the cogging 

and billet mills. 

ROUTE 3: As for route 2, with subsequent reheating and rerolling. 

ROUTE 1 ROUTE 2 ROUTE 3 

ene? uate? tent sane sean rent? 
of of of 
Finished finished finished 
product product product 

MELTING FURNACE 600 1500 600 1500 600 1500 
(sst are furnace) 

SOAK 30 15 30 5 30 75 

REHEAT a ae 200 500 200 500 

INGOT COGGING 30 15 30 75 30 5 

BILLET MILL 20 50 20 50 20 50 

REHEAT = 4 a a 200 cr 

REROLL es ass ak 2a 20 50 

TOTALS 1700 2200 2750 

Routes comprise :- 

ROUTE 1: The straight-through route. Ingots are pessed through the cogging and billets 

This is usually for 
sizes of 50mm square maximum; most powder-forgings are competing against parts 
made from steel using this method. 

Table A5.7: Energy consumption for three routes of steel billet 

production used in conventional forging [136]. 
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sent? saint) of 
finished 
products 

COLD CROP 2 5 

HEAT FOR FORGING @ 200 kW for 585 kg 338 845 

FORGE : 1000t 40% MAXIMUM LOAD 43 79 

2 350t 40% " 5 22 41 

SHOT BLAST 3S 5 

HEAT TREATHENT 200 340 

MACHINING ue 74 

TOTAL 1389 

Table A5.8 : Energy consumption for conventional forging and 

machining [136]. 

sewn? 

  

  

MELTING 20t HF UNIT 1000 

ATOMIZING AND DRYING 57 

ANNEALING 60 

TOTAL 17 

  

Table A5.9 : Energy consumption for GKN powder production [136] 
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kin? 

  

  

MIXING AND SIEVING 2 

PREFORM PRESSING 55 

SINTERING : @ 160kWh per 270 kg 590 

3.7 ki MESH BELT PREFORM TRANSPORT 14 

ENDOTHERMIC GAS 390 

HEATING FOR FORGING : @ 200 kW for 340 
585 kg 

FORGING 350t press 2. 

HEAT TREATMENT 306 

DEF INNING 4 

1722 
  

Table AS.10 : Energy consumption for GKN powder-forging [136]. 
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PREFORM NUMBER F345 F325 F390 
FURNACE T.H. | GAS THis | BAS T.H. GAS 

Frequency KHz 3] --- 31 -—-- 3 a 

Voltage v 890 | --- 800 | --~ | 705 --- 

Induction 

Heater Current A 140 | —- 150 | —- | 125 -—- 

conditions Reactive Power kVAr 46 

Capacitors 14] —-- 14 | —- 14 — 

Power kW 125 | 364 70 |} 364 88 364 

Mesh Belt Speed mm/sec 9.65 | --— 15.5 | --- _ -—_ 

Throughput kg/h 253 | 280 179 | 240 220 272 

Energy Supplied/h MJ 450 | 1300 252 |1310 | 317 1310 

Preform mass kg 0.703 |0.703 |0.371 |0.371 }0.366 |0.366 

Final temperature °c 1090 } 1100 | 1090 | 1100 | 1090 | 1100 

Heating time min 10 7 4 

Energy required/h MJ 117 131 | 82.5 ill 102 127 

Efficiency % 26.0 | 10.1 | 33.0 8.5 32 9.7               
Table A5.11 : Performance of linear coil in heating preforms (Figure 8.6) 

using the coil arrangement of Figure A5.3 [144, 145]. 

327 

 



  

  

        
    

    

ITEM | DESCRIPTION UNITS | METHOD OF INDUCTION GAS 
CALCULATION HEATING FIRED 

1 Quantity/year --- ~ 220 G00 220 0c0 

2 Furnace Power kW - 124 70 

3 Theoreticel 
Production h — 730 963 
Hours 

4 Tool Changes h --- 352 352 
5 Breakdowns h (6)x 10% 104 169 

6 Actual Hours h 1044 1691 

Production 

7 Start-up Time h -- 3382 

(single shift) 

8 Fuel Consumption Mith (6) x (2) 129 118 

-Full Load 

2 -Standby Load MWh (5)x(2)x7% 0.9 

((4)+(5)+(7)) x40kH 156 

10 Fuel Cost 
-Full Load £ 3624 1222 

ll -Standby Load £ 26 1616 

12 Water cooling, 
endothermic gas £ 823 1038 

and ancillaries 

13 Total Fuel Cost & (10+11+12) 4473 3876 

14 Production c (6)x1x£3. 60 3758 
-Labour (6)x2x£3.60 12175 

15 ~Supervision £ (14) x10% 376 1217 

16 Total Labour £ (14) + (15) 4134 13392 

7 Replacement £ - 2000 5032 

Parts 

18 Maintenance & ((5)x2x£3.60 749 1217 

Labour 

19 Total Repair £ (17) + (18) 2749 6249 

20 Total Running £ (13)+(16)+(19) 11356 23517 

Costs 

21 Running Costs Pp (20) / (1) 5.2 u 

per part 
  

Table A5.12 : Projected running cost estimates of induction heating of 

ring-shaped powder preforms for forging. compared with 

gas heating [129]. 
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ITEM }| DESCRIPTION UNITS METHOD OF INDUCTION GAS 

CALCULATION HEATING FIRED 

1 Quantity/year a, oe 1eo 069 1e0 ovo 

2 Furnace Power kW --- 350 322 

3 Theoretical 

Production h --- 486 841 

Hours 

4 | Tool Changes h ac 288 288 
5 Breakdowns h (6)x 0.1 75 148 

6 Actual Hours h 747 1476 

Production 

7 Start-up Time h _ 2952 

(single shift) 

8 | Fuel Consumption | MWh (6) x (2) 261.5 475 
Full Load 

9 | -Standby Load Mith (5)x(2)x7% 1.8 
((4)+(5)+(7) 
x175kW) 595 

10 Fuel Cost 
-Full Load £ 7320 4920 

il -Standby Load & 52 6159 

12 Water cooling, 

endothermic gas & 940 6097 

and ancillaries 

13 Total Fuel Cost é (10+11+22) 8312 17176 

14 Production é ((6)x2x£3. 60) 5378 67384 

~Labour 

15 -Supervision £ (14) x10% 538 878 

16 Totel Labour £ (14) + (15) 5916 9662 

17 Replacement £ 2000 5009 

Parts 

18 Maintenance £ ((5)x2xz3.60) 540 1065 

Labour 

19 Total Repair £ (17) + (18) 2549 6065 

20 Total Running £ (13)+(16)+(19) 16769 32903 

Costs 

21 Running Costs Pp (20) / Q) 9 18 
per part 
  

Table A5.13 : Projected running cost estimates of induction heating 

gear-shaped powder preforms for forging, compared with 

gas heating [129]. 
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