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ABSTRAIT 

Un capteur résistif a été construit pour étudi~ 

l.es changements métallurgiques qui s.e produisent lors du 

recui t en four d f acier au carl;>one à basse teneur. Le 

capteuÇ,\ qui. fonctionne sur courant al t~rnatif , a été 

conçu pour mesurer la chute de tension ( Â V) pendant le 

recuit entre un échantillon traité !. froid et un 

échantillon du même matériau préablement recuit. En 

ut,ilisant cette technique, il est possible de surveiller 

de façon continue les étapes de recrystallisation 
, 

des ~ains récupér a ti ve et la croissance pendant le 

procédé. Un microproce s seur a ~ utilis!l pour 
l.. \ 

la acquisition des' données, et d f en tracer les graphes en, 

temps réelj ainsi que pour la manipulation 'des données. 

L'étape importante de recrystallisation est accentuée en 

traçant le dérivé de la différence:-en-tension b. V pendant 

le traitement ~ chaleur. 

surveiller de. la' même façon 

doit être rafinée pour 

Il est également possible de 

des grains mais la technique 
1 

améliorer la fiabilité des 

résultats. 
i 

Des suggestions sont offertes, 
, 

l'une d'elles 
1 

étant' l'incorporation de . capteur dans un syst~me de 

controle en feedback du recuit de l'àcier en four. 
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ABSTRACT 
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A resistivity sens or has been designed to follow 

the metallurgieal changes that oecur during the batch 

annealing of low carbon steel. The sensor utqizes an 

A. C. technique designed to measure the difference in 

voltage (fj V) between a eold worked sample of the material 

being anneale~ and an annealed reference standard" made of 

the same material. It is possible using this technique, 

to continuously monitor the recovery, reerystallization, 

and grain growth stages during anneal:ing. A 

microprocessor system has been used for data acquisition, 

enabling real time plotting and data manipulation. The 

important recrystallization stage is highlighted by 
~ 

arranging for the plotting of the derivative of fj V during 

hea t treatment. It was also possible to monitor grain 

growth continuously, but the technique needs further 

ref inement to improve the reliabili ty of the results. 

Suggestions are made as to how the sensor could be 

incorporated in a feedback control system for the batch 

annealing of steel. 
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CHAPTER l 

1.1 INTRODUC~ON 
\ / 

For many centuries, the heat treatment of cold 

worked metals has been used to soften them prior to 

further fabrication or deformation. Th~s is as true today 

as it eve.r was. For example, many metals taday are 

produced in the form of cold rolled strip. At particular 

stages in the production of the strip, there cornes a Ume 

when further deformation of the metal will either be very 

difficult or may even damage it. The strip will have 

hardened because of the deformation it received and i t can 

only be softened by annealing i t at 
" 

a sui table 

temperature. Further deformation can the'n be carried out, 

for instance, by a pressing or deep drawin9 process, or by 

further rolling. 

To explaiI:l the hardening and softening . behav~aur 

of metals due ta deformatl.on and annealing, it is 

necessary ta consider how the microstructure of· a metal 

affects its mechanical properties. 

1. l • 1. LATTICE DEFECTS 

An ideal crystalline material has no defects, and 

the atoms are arranged in an ordered and regular array. 

i 
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Plastic defox;mation of a perfect crystal can occur by the 

sliding of one set 'of atoms in a plane over the atoms in 

~an adjacent plaf!:e. This is called glide, the cooperative ~ 

movement of all the atoms in a plane from one position of 

pe.rfect registry to a neighbouring position. The shear 

stress required to p:t;:od~ce this, was first calculated by 

Frenkel In the situation illustrated in Figure l, it 

is " assumed that the shearing force required to move 
ft' 

the 

top row of atoms across the bot tom ro'W is' given by the 

sinusoidal relation:" 

b 27Tx 
T = -sin 

2 a b 
(l) 

where T is the shear modulus; b, t,he interatomic spacing 

in the direction of shear stress; a, the spa~ing between 

the rows of atoms; and X, the distance from the low energy 

equilibrium position. The theoretical shear stress is thus 

reduced to: 

b G 
; 

T = ( 2 ) 
a 2 

Since b:::: a, a theoretical shear stress is \ only à small 

fraction of the shear modulus. Using a mo\re 
\ 

realistic 

expression for the theoretical shear stress force as a 

function of displacement, a value of: 

2 
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T '" G /30 (3) 

for copper, silver, and gold has been obtained. 

Although these calculations are only approximate, 

~he shear stresses involved are many orders of magnitude 

higher than those values obtained experimentally from real 

materials. It is now generally acknowledged that it is 

the "defects" present in the material, known as 

" dislocations, i'hatz" accbunt ,for the striking difference 
( 

between theore\ical predictio~ and experiment. 
• '> 

A dislocation is a linear lattice imperfect10n 

which is the interface between a fully slipped reg10n of 

the lattice and an unslipped region. The slipped region 
\ 

may grow at the expense of the unslipped region by the 

,advance of a dislocat10n through it. 0 

There are two basic types of dislocations: edge 

and screw dislocations. An edge dislocation can be 

considered as an additional plane of atoms in an otherwise 

regular lattice, shown by the line XX 1 1n Figure 2 (l) . 

Figures 2 (2) and 2() illustrate how an edge dislocation 

moves through the lattice, helping the nucleation and 
, 

growth of slip deformation ine;' the lattice. The net 

result, in this case, is the displacernent of one plane of 

atoms over another by one lattice spacing ,in .the direction 

of <movement of the dislocation. Figure 3a ,shows the 

region around a typical right hand screw dislocation in a 

4 
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Figure 2. The Movement of a Dislocation throuqh a 
Reqular Lattice. 
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simple lattice. Unlike the edge dislocation, the planes 

intersected by the dislocation are no longer a family of 

s~parate parallel planes. They are aIl joined up into a 

single helicoidal surface -- hence the name screw 

dislocation. Figure 3b shows the resuit of the passage of 

"-..a.. screw dislocation XX' through a crystal lattice. In 

thi...s case, the displacement is one latt1ce spacing 

perpendicular to the direction of dislocation movement. 

1.1.2. THE ROLE OF DISLOCATIONS IN WORK HARDENING 

Hardening by plastic deformation is an important 

means of strengthening certain metals and alloys. For 

rapid work hardening to occur, plastic deformation on two 

or more intersecting glide systems is necessary. In cubic 

structures, thère are two distinct stages. The first stage 

is the "easy glide" of planes over one another. At this 

point, there i5 l1ttie work hardening before the 

characterist1c rapid rise of the second stage begins. It 

is during this second stage that the gr$atest rate of work 

hardening occurs. The greatest rate of work harden1ng in 

pure single crystals, measured over straips which are 

large compared with the elastic strain, is of the order of 

d cr Id e: = lJ 1150. The rate of work hardening r1ses 

linearly, but above a certain resolved shear stress, which 

.depends on the temperature, it falls off in a parabolic 
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manner. Figure 

() 
(j 

4 depicts this relationship for a 

selection ofometals. 

Electron \microscopy has confirmed that the 
'~ 

mechanism of work hardening involves the production of 
/ 

more dislocations, and their mutual'obstruction by gliding 

along intersecting planes. There are several means by 

which dislocations may influence or pin one another: by 

their internaI stress fields, caused by the distortion of 

the lattice structure; by penetration of one another's 

glide planes, like trees in a forest which have to be cut 

through for glide to continue; by intersecting one 

another, they may become Iocked and unable to move in the 
, . 
conventional manner of conservative movement. This mutual 

: ~ 

entanglement and subsequent immobilization of dislocations 

on intersecting glide systems is the basis of work, 

hardening. 

1.1.3. 

however, 

~ 

PRECIPITATION HARDENING 

The above description applies ~9)pure metals only; 

there are many metals and al{OYS in which work 

hardening occurs by the pinning of di~locations with 

precipitated second phase particlès and impurities. One 

example of this is the solution of carbon in iron, where 

the carbon atoms pin the dislocations in the matrix. In 

addition to the effect of interstitial carbon atoms, 

8 
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there is the effect of the precipitated second phase of 

iron carbide. The importance of these precipitates lies 

in their size and their subsequent degree of coherency or 

incoherency. Figure 5 is a 'schematic representation of 
2 

precipitate zones which give rlse to coherency 

strains, caused by the enforced accommodation of the 

precipitate within the solvent matrix .. The elastic 

strains around the precipitates can be relieved in two 

ways: by the formation of a dislocati6~ interface around 

the precipitate zone ta produce a semi-coherent boundary, 

or by bulk diffusion which creates a high angle boundary 

around ~he precipitate. 

precipitate incoherent. 

The latter makes the grain 

Substitutional solute atoms can produce three 

basic hardening effects due ta: 

1. substitutional solid solution 

2. formation of coherent precipitates or zones 

3. formation of inconerent precipitates or zones 

In aIl of the above cases, the moving dislocations 

engendered by cold working processes must overcome the 

resistance provided by these barriers. The ease with 

which a dislocation does this depends on the size and 

distribution of the precipitates. 

Consider a perfectly straight dislocation line 

lying in a crystal with randomly distributed solute atoms, 

10 
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Figure 5. Two Forms of Precipitate Zone Giving Rise 
to Coherency Strains. 
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as illustrated in Figure-6. When thé dislocation i5 close 

to à solute atom, its strain field will interact with that 

of the solute atom and the dislocation will be attracted 

or repelled, according to the orientation of the 

dislocation. providing the dislocation remains straight, 

there will be n9 net force on the dislocation, since the 

algebraic sum of aIl the interaction energies will be_ 
l 

zero, and the strain fields of the solute atoms will 

provide no resistance to the passage of the dislocation. 

However, the dis,*ocations are fl~ible and will take up 
'~~ 

lower energy positions by bending around regions of large 

interaction energy. Hence, the position of a dislocation 

and, therefore, the type of interaction will depend on the 

average spacing, L, of the parti&les. 

Figure 7 illustrates the effect of three different 

particle sizes and distributions on the movement of 

flexible dislocations in a material. In Figure 7a the 

particle spacing, L, is small and the local stress fields 

of the precipitates are not sufficient to bend the 

dislocation around each particle. The dislocation 

therefore overrides the strain field of the particles and 

can pass through the material. In Figure 7b the' 

dislocations are able to bend around the particles sa that 

their radius of curvature, P is equal to L. Glide 

occurs by each dislocation loop overcoming the inter~ction 

12 
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Figure 6. Interaction of a Dislocation 
with Solute Atome. 
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Figure 7. Effect of the Size of Solute Atome on 
the Movement of Flexible Dislocations. 
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energy of the particle, a major contribution being 

provided by the work done in shearing through the 

particle. When the crystal is in this condition, it is at 

its max~mum hàrdness and yield strength. In Figure 7c the 

distance between the particles is much larger, and 

dislocations can bow around the particle leaving a loop of 

dislocation around it. In this case, the dislocations are 

able to pass through the crystal lattice with relative 

ease sinee there is no work involved in shearing through 
~ 

the partiele. ,) 

Thus, there is an optimum precipitate distribution 

offering the greatest resistanee to dislocation movement,_ 

resulting ,in a maximum attainable yield stress J by 

precipitation hardening. Figure 8 surns up the change in 

yield stress with increasing particle distribution, .with 

points a, b, and.e correSP5ding to the particle 

dispersions in Figure 7. 

A practical examPle: of prec'pitation hardening can 

be illustrated by ~he aging Of~Single crystal of Al-Cu 

alloy at 190°C. The vari~on of the shear stress with 

aging time is similar ta t~ seen in Figure 8 (aging time 

being linked ta particle size.) In commercial ---alloys, 

the resolved l shear strength rises from approximately 1-0 )J 
/ o' '';~ _. -. ---------------__________ -= 

in the aslqu~nChed condition, to 10)J in the fully 

hardened çondition, where is the shear modulus. The 

14 
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maximum hardening corresponds to a parti cIe spacing of 

100 A to 1000 Â. 
o 

Particles smaller th an 100 A do not 

harden the alloy rnuch beca?se the»mal energy fluctuations 

~re able to "push" the dislocations through them. If the 

particle distributions are greater than 2000 K, the 
1 

hardness of the a~loy is low~r because the dislocations 

bow a~ound the precipitates leaving loops of dislocations 

around the particÎes,.as has already been explained. 

1 

1.1~4. :RECOVERY, RECRYSTALLIZATION AND GRAIN GROWTH 

It was illustrated in FiguTe 4 that there is a 

limit to the degree of u~eful work hardening that can be 
il 

produced' in a metal or, alloy.· For furthe:r: cold 

fabrication to tiake place~ the structure of the 
- ---------------------------------

material 

must be returned to a more deformable s~ate, which is 

brought about by a ,r~duction in the dislocation densit:y. 
\ 

The cold wor astate is mechanically stable and can 

remain in uch astate almost indefinitely;~however, it is 

not hermodynamically stable. Approxima1;,ely 5%.of the 

~~otal energy of plastic deformation is store~ within the 

~ dislocation structure of the material (the remaining 

energy being dissipated as heat during deforrnation.} 

Heating up the metal al'lows the dislocâtïons' to 

move out of their slip planes, thus enabling them to move 

along new sets of glide planes. The way in which 

16 
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dislocâtions are able ~o do this depends on the type of 

qislocation involved. 
, . , Screw dislocations move by cross-

slip, 'which generally occurs at relatively low 

temperatures. At higher temperatures, edge dislocations, 

unable to move a~ low temperatures, are able to climb past 

their pinning obstacles. 

Thus the arinealing of cold worked metals occurs 

through a number of processes which rnay occur concurrently 

or consecu~ive-Iy during heat treatment. These are: 

1. The reactions of point defects and point defect 

'" agglomerates (especially the annihilation of 

,these defects). 
, 

2. ~he ~nnihilation of dislocations of opposite 
, 

sign and the shrinking of dislocation loops. 

3. The rearrangement of dislocations to form 

energetically more favourable configurations, a 

,c process usually called pOlygonization. 

. • 

'-

'4. Tpe absorption of point defects and dislocations 

by "grain boundaries migrating through 

material. 

5. The reduction of total grain boun4ary area. 

the 
) 

: \ \ Points rand 2 are discussed und~r the heading Recovery:, 
\ / \ -

.' ' Points 3 and 4 un der Re'crystallization~ and poine 5 under 

Grain Growth. 

'p 

! -

L 
'~ 
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1.1.4.1. RECOVERY 

The hardness of a metal is one 'of the best 

indicators of the degree of deformatian that the metal has 

recei ved.o During the recavery stage of annealing, there is 

little or ~a reduction in the haroness of a, cold worked 

metal. Thus the \ recovery pracess is thought ta be the 

"tidying-up" or reorganizing of the dislocation str~cture 

prior to the nucleatian of recrystallization. Minor 

changes may accur in sorne of the physica~ properties of a ' 
0-

metal, e.g. the resistivity and the amount of stared 

lattice energy. 

~ 

\ 

1.1. 4.21• RECRYSTALLIZATION 

Recrystallization is ch~racterized b~ a very 

drastic softening that commonly occurs at ternperatures of 

0.3 T m for pure metals and 0.5 T m for impure metals and 

alloys, where Tm 1S the melting point of the metal. The 

"recrystallization temperature" may be taken as the 

approxima te tempe rature at which a sufficient amount of 

energy has been supplied to activate substantial 

recrystallization in a heavily cold worked metal in a 

matter of hours. A particular quantity of energy is 

required to form the strain-free nuclei from which a fully 

recrystallized structure can grow in a defect lattice. 

What is n~t fully understood fs exactly how nucleation 

18 
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takes place, since the nucleus formation requires an 

increase in the total free energy of the material, in 

opposition to the general "downtrend" ln free" energy 

demanded by thermodynam1cs_ 

From experimental observations of the connection 

between deformed structures and recrystal1ized reg~ons 

within those structures, it has however been concluder. 

that nuc~ spring up in reg~ons where stored energy is 

locally concentrated or wh en there is strong 1attice 

curvature. There have been two general exp1anations of 

these experimental observations. The first is based on 

the ide a that nucleation is a spontaneous, and random 

process ~ the second assumes that there is a contl..nuous 

sequence. of reactibns of lattl..ce defects, u1 timate1y 

1eading to a recrystallized region large enough to be 

capable of continuous growth. The latter explanation 

leads to the more general assumption that nucleation 

cons~sts of the development or rl..pening of latt~ce regions 

already present after deformation. 

Two models have been suggested for each concept: 

1.1.4.2.1. Homogeneous Nucleation 

a) The c1assical model is similar to the classical phase 

transition theory, in -wh-ich a nucleus of a cri tical size 

must be formed before growth can occur. II! th~s case, i t 

is assumed that the nucleus is formed as a resul t of 

19 



thermal fluctuations of a number of atoms. However, when 

applied to a homogeneous1y deformed material, the cr1 tical 

nucleus size and the activation energy required to form it 

is much greater than actually observed. If the 

deformation is assumed to be heterogeneous ~ i. e. localized 

regions of high strain energy exist throughout the metal, 
, 

betf.er agreement 16 obtained. However, the estimate of 

the local dislocation· densi ty is very high when compared 

with what is generally observed. The dislocation density 

that would be required for such high lattice strains 1S of 

the order of 1014 to 10 15 cm-~ whereas the values 

usua11y 

to 1012 

observed for cold worked metals is more like 1010 

-2 cm • 

bl The martensi tic model assumes that there are lattice 

,egions of specifie mutua1 orientation and specifical1y 

orientated l.nterfaces that occasionally lie next to each 

other. Both of these regions combine wi th each other in a 

new third orientation by a martensi tic -like process, due 

to the reaction of partial dislocations. The lattice 

region formed in this way is the nucleus which has 
, 

achieved a suitab1e size for growth to continue. There 

has been sorne recent circumstantia1 evidence which would 

4 justify suç:h a mechanism. 

20 
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1.1.4.2.2. Heterogeneous Nucleation 

a) Subgrain coarsening is a form of heterogeneous 

nucleation in regions of high dislocation density. This 

applies mainly to metals having second phase boundaries at 

which lattice mismatch strains have brought about regions 

of high dislocation density. These regions grow by slow 

graduaI recovery and rearrangement of lattice defects, 

especially dislocations. At first small angle grain 

boundaries are formed, from which mobile large angle grain 

boundar~es grow. The transition of the former to the 
1 

latter is a controversial p01nt still under discussion. 

There are two possible ways which could bring about such 

a transformation: subgrain growth and 'subgrain 

coalescence. For subgrain growth, large angle boundaries 

are thought to, be formed by the migration of subgrain 

boundaries during annealingi for subgrain coalescence, the 
\ , 

disintegration of sorne subgrain boundaries is thought to 

have the sam~ effect. In either instance, large subgrains 

are formed in wh~ch parts of the subgrain boundaries are 
," 

large angle boundaries. Evidence for both processes has 
6 

. 7 e 9 10 
been obtained from electron microscopy studl.es. ' , , 

b) The bulging mechanism takes into account the fact that 

a cold worked metal has_large angle boundaries present in 

the structure. These large angle boundaries bow out in 

21 



areas of locally higher stored energy, and create a 

nucleus of dislocation-free lattice which is then free to 

grow. Evidence for the bulging mechanism has also been 
1 l l 2 

obtained repeatedly. 

In summary, the experimental evidence suggests 

that nucleation during recrystallization may occur in a 

number of different ways, but the specifie conditions 

which account for the occurrence of one mechanism in 

preference to another are not yet understood. 

1.1.4.3~ GRAIN GROWTH 

Recrystal~~zation is complete once the moving 

grain boundaries impinge upon one another and the cold 

worked structure has been completely consumed leaving a 

new grain structure. With continued heating, the larger 

grains will continue to grow at the expense of the smaller 

50 that the mean grain diameter gradually increases. 

There are two majo~ modes of grain growth: normal (or 

continuous) grain growth, where the grain diameter rema~ns 

uniform throughout the specimert; and discontinuous grain 

growth, often referred to as secondary recrystallization. 

In the latter case, a small number of grains grow much 

more rapidly than the ethers, a phenomenon which has been 

varieusly ascribed te the surface energy of the metal 

and/or differences in specifie beundary energy between 

neighboring grains. 
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In the initial stages of grain growth, ~he process 

appears discontinuous but, on continued annealing, the 

grain growth becornes normal, especially if the initial 

grain size distribution i6 broad. Normal grain growth 

ceases wh en the mean grain diameter is approximately the 

same as the specimen dimension, e.g. the sheet thickness 

or wire diarneter (a grain size generaIIy much greater than 

this 1s not needed cammercially). The graln boundar les then 

become pinned at the surface by "thermal grooving. Il In 

exceptional cases where the pinning force is smaii enough / 

ta be overcome by the grain boundary, a tertiary 

recrystallization process is sometimes ini tiated. The 

driving force in this process results from the difference 

in surface energy' between adjacent grains of different 

orientation. 

Normal grain growth, which is the mode of grain 

growth most important commercially, has been extensively , 

investigated. For very pure rnetal's, the grain size 

failows the relationship: 

D - D = Kt 1 / 2 
o 

( 4 ) 

where Do i5 the initial grain size, K i .. s the rate 

constant, and t ia the anneal'ing tirne. However, for 

al10ys and commercial puri ~Y metaIs, the .rate of growth is 

slower and the power of t i6 nearer ta 0.3 th an 0.5. This 
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is' because- grain boundaries and dislocations are pinned by 

second phase precipi tates of insoluble inclusions, as has 
\ 

been explained in' Section 1.1. 3 . As the grain size 

increases, the driving force per unit area decreases 1 and 

eventually a stable grain size is reached at which the 

anchoring forces balance the dri ving forces. From an 

estimate of these forces Smith 1 3 has deduced that this 

stable grain size i5 about 4r/3 ex in a rnetal which 

con tains a volume fraction 1 ex, of inclusions of rad~us r. 

(The grain size of rnetals can be contro1led using 

controlled generation of inclusions as in the production 

of Aluminum-killed steels). 

1.2 INDUSTRIAL ANNEALING 

1.2.1. INTRODUCTION 

The causes of work hardening in metals and the way 

it can be removed by annealing have been discu5sed. It 

remains to be seen how annealing i5 carried out on an 

industrial scale. Since the research work to be describedj 

later is concerned with developing an annealing sensor for' 

low carbon steel, particular reference will be made" to 

current annealing practices in the steel industry " 

Before cold ro.lled steel strip can be fabricated, 

it must be annealed. The sole purpo5e of annealing i5 to 
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soften the steel so that i t can be used in severe cold 

working operations, such as pressing and deep drawing 

wi thout tearing. 

An example of how important the ànnealing stage is 

in the produ~tion of steels for fabrication can be seen , ~ 

from sorne approximate world steel production figures: In 

1983 total world output was approximately 800 million 
l .. \ 

tonnes About 60 % of this production was in thè form 

o of cold rolled strip, most of which has to be annealed, 

i.e. more than half the wor Id 1 s steel requires annealing 

before shipment. 

There are basically two processes available for 

annealing of cold rolled strip: Batch and continuous 

annealing. Each has i ts advantages and disadvantages. 

1. 2 • 2 • BATC'H ANNÊALING 

The most common batch al1nealing furnace used in 

industry is the gas powered bell furnace. The bell is a 

hood which is placed' over the charge of tightly wound 

steel coils, and then either filled with a protective gas 

or totally evacuated. A protecti ve atmosphere furnace is 

principally used for the bright annealing of cold rolled 

low carbon steel strip, whereas the ?mnealing of high 

carbon and alloy steels is carried out using a combination 

of vacuum and inert gas met,hods. 
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Figure 9 is a cutaway diagram of a typical bell 

type furnace, the details of which are enumerated in 

Figure 10. 

The furnace, consisting of the gas burners and hot 

gas recuperators, can be lifted on or off the bells, 50 

that the charge can be cooled or, loaded more rapid ly. 

During the cooling cycle, the furnace can be replaced by a 

fan-drivelil cooling hood which directs cool air on ta the 

bells. The furnace, meanwhile, can be transferred to 

another loaded base where heating can be resumed. Small 

single stack batch annealing furnaces are designed ta work 

on a carousel system, i. e. te rotate from one base ta 

another from a fixed central column. 

The amount of steel in a large batch annealing 

furnace can be as mu ch as 250 tonnes, consuming about 175 

kcal of heating gas per kilogram of steel. This is a very 

large energy requirement, due to the high heat capacity of 

steel, 50 a lot of the heat is required to ensure 

that aIl parts of aIl the coils reach the annealing 

temper a ture. 

1.2.3. CONTINUOUS ANNEALING 

Continuous annealing is a relatively new process 
1 

(although the first installations were ma<ile about 50 years 

aga), and will be dealt with purely as a centtast to batch 
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Figure 10. Section Oiagram of a Bell Annealing Furnace. 
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~~ealing. In continuous anriealing, the coU is gradually 

un~ound and the strip passes through a furnace, thu~ bein~ 

rapidly heated to the annealing temperature. Dqring ,its 

passage through the furnace, it is held at the annealing 

temperature for a short period, and then rapidly cooled. 

The total annealing time for any one section of the strand 

is from four to eight minutes. Figure Il 15 shows the 

comparison of the, heat t;reatment cycles for" continuous 

and batch annealing. The quick conclusion from this 

comparison is that the continuous process wouold be the 

more desirable. However,. there are serious disadvantages 

to continuous annea1.ing which will be discussed in the 

next section. 

Modern continuous artnealing furnaces' ha,"e been 

incorporated into full processing lines, e.g. the 

installation at N.K.K. l6 (Figure 12. ) Pickling, 

electrolytic cleaning, and tempElr rOlling are aIl combined 

into one process. 

1.2.4. COMPARISON BETWEEN BATCH AND CONTINUOUS ANNEALING 

Continuous and batch annea1ing are two very 

different processes: Batch annealing is a very simple but 

l,engthy process which is diffictÎlt to control; continuous 

annealing is a short but complex set up that is relati vely 

easy to control. From a metallurgical viewpoint, the 
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large ·time difference between the two processing cycles 

has important ~ffects 

product. 

î 
on the structure of the f~nal 

The aim of industrial annealing i6 to obtain a 

satisfactory grain size that will p~ovid~ the' material 
• 

with the desired mechanical properties suitable for 

further fabrication processes. Low carbon steels, 

especially. Drawing Quali ty Specially Killed (DQSK) steels, 

usually require the grain size to be a minimum of 30 ]J m , 
and a maximum of 40]J m. The upper limit is usually 

defined by the appearance of the "orange peel" effect, 

caused by the steel having so large an average grain size 

that, when cold worked, it produces a roughened and 

objectionable surface similar to that of the peel of an 

1 orange. 

Fort y ~m is a large grain size, and is not easily 

achieved in a typical low carbon steel. For instance, a 

steel with a carbon content of -about 0.05 w/o has . 
approximately 0.03 w/o of carbon out of solution at an 

annealing temperature of 700°C. AIso, there can be sorne 

complex oxides -- mainly alumina spinels -- and sulfides 

present which, together with the undissolved carbon, 

prevent the movement of grain boundaries. For this 

reason, low carbon steels need long soak periods at 

temperature so that the desired grain size can be 
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achieved. The ann~aling time for the continuous process 

is very short and allows no time for .' 
gra~n growth to 

occur; hence, alumin~m-killed steels are not annealed on a 

continuous annealing line because of the presence of 

insoluble inclusions whic~ prevent grain growth. Batch 

annealing, however, can provide the soak times that are 

needed for low carbon steels with a high inclusion 

content. Grain growth rates can be increased in the 

continuous process by raising the annealing ternperature 

above the Al temperature (approximately 720°C.) This is 

possible because the short annealing times do 

the carbide precipitates to coarsen by a 

not allot 

SignificaJt 
1 

1 

amount, a p~enomenon which would otherwise decrease the 
~ 

forrnability of the steel. IBatch annealing on the ,other 

hand is restricted to tem~eratur~s.below Al because, bot 

only would the carbide precipitates coarsen at higher 

Itemperatures with the long soak periods, but also, 

adjacent wraps in the coils would tend ta stick together. 

Drawing quality specially killed (DQSK) steels not 
\ 

only have to have a suitable grain size, but also must 

have isotropie mechanical propert.ies. The batch process 

is the preferred method for annealing these steels, 

because precipitation of alurninum nitride during early 

recrystallization promotes the growth of grains having 

suitable crtstallographic textures for good deep 
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drawability. In continuous annealing, aluminum nitride is 
\ 

undesirable because, like the aluminum oxide inclusions in 

killed steels, the nitride particles restrict grain 

growth. 

Ano.ther factor affecting grai~ growth is the 

heating rate. Slow heating rates, like those used in 

batch annealing, are thought to act to reduce the number 

of active recrystallization nuclei, and 50 increase the 

final graip size. 
1 ~ 

The quality of the heat treatment received by thê 
"

steel can differ greatly between the two processes. The 

heat treatment of a single strand is easier to control and 

monitor than that of a large number of stacked coils. 

Therefore, the anneallng of steel by the continuous method 

is more uniform and repeatable than the batch process. 

The heat treatment received by a coi"l in the batch process 

i. very dependent upon the position of the coil within the 

furnace. Coils at the top of the furnace tend to heat 

'more quickly and reach a higher tempe rature than those at 

the bottom. Ways of minimizing this have been developed 

by controlling the direction of gas flow around the '-\ 

furnace, and will be discussed in more detail in Section' 

1.2.5.4. 

The greatest advantage that aIl batch operations 

have over continuous ones is that they can allow for a 
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\ 
great deal of process flexibility. Continuous processes, 

once installed; cannot be dramatically altered to suit a 

widely varying product requirement, because of the high 

capital cost ~ncurredby altering the process. Batch 

annealing furnaces can deai with the wide variety of steel 

compositions and heating/cooling cycles required by 

different customers. Batch annealing furnaces are 

therefore still w~dely preferred because of the process 

flexibility in spiteof their disadvantages outlined above. 

Batch annealing furnaces are therefore unlikely to 

be superseded by the continuous annealing line, 

particularly ~n view of the hïgh capital cost of the 

latter; ~ut lt ~s probable that larger quantities of steel 

are going to be processed by the continuous process as new 

alloys are·d~veloped. 

l. 2 .5. BATCH ANNEALING:. ADVANCES AND CURRENT PRACTICES 

Modern batch annealing pract~ce is governed by two 

major factors: a need for greater heating efficiency 

brought about by escalating fuel costs; and technological 
~ 

advancements in aIL phases of steel-making which have 

increased the rate of product10n. For instance, heats of 

45 minutes 1n the basic oxygen furnace, computerized 

slabbing and hot ~ills, and high speed tandem mills have 

aIL forced' an increase in the turn-around time for the 

batch anneàling process. 
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1.2.5.1. GAS VELOCITY 

The heating efficiency and heating rate are both 

very dependent upon the volume and velocity of the heating 

and protective gases. The latter is directl~ controlled 

by the gas agitation fan at the base of the furnace 

(Figure 10). To reach the most 'even temperature 

distribution possible with~n the stack, the fan sho~ld be 

able to deliver the protective gas at particularly high 

temperatures and velocities. Should the gas velocity be 

too low, the heat treatment received by the coils can be 

very va.r iable . In a similar way, the combustion gases 

within the combustion chamber should have a high velocity 

to give the best possible temperature distribution over 
J' 

aIL the protective bells. This is achieved by posit~oning 

the burners in the combustion charnber so as ta cre&te a 

swirling motion (Figure 13.) This reduces the' number of 

burners and associated hardware that are required, and 

also means that the burner flarnes do not directly impinge 

on apy of the bells, a circumstance which would create 

localized hot spots that set up thermal stresseE>, 

ultimately causing the bells to rupture. 

1.2.5.2. BURNER EFFICIENCY 

Burner efficiency has been increased by preheating 

the fuel/air mixture prior to combustion, and maintaining 
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the correct fuel/air ratio throughout the hea~ing ~ycle. 

The combustion mixture ,is preheated, using recuperators 

situated within the furnace. As the preheat temperature 

increases, 50 the energy wasted in heating the combustion 

gases by direct combustion decreases, and the fuel/air 
17 

ratio has to be changed accordlngly (Figure 14 ) . The 
Il 

correct ratio is automati cally maintained, regardless of 

preheat temperature, by a simple arrangement of diaphragm 

~egulated pressure valves. If the proper fuel/air ratio 

is not maintained~ fuel savings gained from recuperation 

would be lost due to inefficient combustion. 

1.2.5.3. INCREASED COOLING RATES 

On flxed base annealing plants in cold rolling 

mllls operating with protective gases, equipment to 

accelerate cooling is used either ta save space or to 

speed up production. This has permitted ,the base to 

furnace ratio to be lowered from 3:1 to 2:1, giving lower 

capital outlay, but increasing operating and maintenance 

costs. 

Accelerated cooling rates are r achieved usin'g 

built-in water-cooled cooling units in therbase of the 

furnace (Figure 10). One version of this system has been 

developed under the trade name "Intra Kool" by Surface 

Di v. , Midland Ross Corp. 17 During the heating cycle, 
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the Syst~s dry~ on cooling, water is introducéd when 

the temperat1,1re has decreased to the 600 to 550°C range. 
\ 

This results in rapid cool~ng of the gas atmosphere 

recirculating within the bell. The cooled gas, in turn, 

cools the load by forced convection from the gas agitat~on 

fan. Using the "Intra Kool" system, a 250 tonne charge 

can be uncapped in 30 to 35 hours, compared with 60 to 65 

hours in normal practice. By this means, up to 50 % more 

tonnage can be produced from a given floor area when 

compared with conventional cooling techniques. There have 

been difficulties using the Intra Kooi technique because 

the cooling spirals are subject to ~istortion, mechanical 

restraint, corrosion~ and atmosphere collapse. These 

problems are being resolved with better design and 

materials selection for the spirals and support brackets, 

as weIl as improved installation techniques. 

1.2.5.4. PROTECTIVE GAS CIRCULATION 

wi thout Ithe presence of a forced circulation of 

protective gas, the temperature distribution within the 

furnace would be very uneven, since the heat transfer 

would depend only on the protective gas convection 

currents. Studies carried out on heat transfer models of 

the batch annealing process have brought about profound \ 

changes in the gas flow systems within the furnaces. 
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The temperature distribution within any particular 

coil in a batch annealing furnace has been studied by 

Terzic 18 who mathematically modelled the change in 

temperature contours through vertical sections of the 

coils. It was shown that the radial transmission of heat 

is not negligible, and may have a value of 5 kcal/mhoC 

which, in the longitudinal direction, amounts ta 32 

As a consequence of the radial\ heat 

transmission, the cold spot during heating, or hot spot 

du ring cool~ng, is offset towards the axis of any 

particular steel coil. If a charge of coils is to have a 

un~form h~at treatment ~n a batch annealing furnace, then 

the heat transfer from the circulating gas to the coils 

must also be uniform. It has aiready been stated in 

Section 1.2.5.1. that the overall heat transfer is high1y 

dependent on the pressure and veloc~ty of the gas but, 

more recently, the flow pattern around the coils has been 

found to be equa11y significant~ Harries and Guthrie 19 

used laboratory water models to model the gas flow in a 

production annealing stack, and found that the system had 

very poor flow characteristics. Approximately 70% of the 

flow was channelled around the outside of the coii and 

down the axisi with 15% flowing through each of the spaces 

between the coils (Figure lSa). In conventional furnaces 

the coils at the top of the stack heat up more quickly 
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than the coils at the bottom. Often the coils at the top 

become overheated long before the bottom coils reach the 

soak temperature. This is an unnecessary waste of energy 

caused by poor gas flow and inefficient heat transfer. A 

plexig1ass water model was used to model the gas flow 

around a stack of coils. . The best flow system was found 

to be a swirling motion caused by a series of diffusers 

and spa cers placed in the base and in between the coils 

(Figure l5b): This evened out the flow throughout th$ 

stack; 32% of the f10w was channeled in between each of 

the coi1s, 20% down the axis and 16% in through the base. 

The result of this was a decrease in the overall annea1ing 

~ime by 12 hours between the original flow system and the 

new system: an improvement of 10-15%. 

1.2.5.5. FURNACE CONTROL AND OPTIMIZATION 

By far the largest customer for annealed steels is 

the automotive industry, the required tonnage products 

being DQSK steels. The invariance of the product and its 

heat treatment means that the control system itself can ne 

fairly simple. 

~ The batch annealing facility· at North 

Annealing l 7 anneals these steels at a standard cold spot 

temperature of 704-715°C, the standard furnace temperature 

being 815°C. The parameters have been based on past 

experience in the annealing of DQSK steels. 
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The control system, made by Leeds and Northrup, 

records the furnace temperature, as weIl as each 

individual stack temperature. Control is effected~ by 

using the furnace temperature reading and one of the stack 

temperatures as a second control reference. 

The bat ch annealing process, like many other 

processes, can of course be adapted to computer or 

micraprocessor control. This has already been 

accomplished in the cold rolling mill at Krupp Stahl A G, 

Bochum in Germany 20 with the introduction of 

microprocessors, each microprocessor controlling one 

furnace installation in accordance with preset parameters 

for the annealing and cooling cycles. 

A great deal of work has been done in the U.S.A. 

with the aim of reducing the annealing cycle times using 

computer control. Midland 'Ross 17 have developed an "on-

line" real time monitoring and control system which uses 

feedback infnrmation from four thermocouples in each stack 

(Figure 16). These readings are used ta predict the 

thermal gradienis within the coolest coils, using a heat 

transfer analysis model. Such information can be used to 

automatically"'trim individual burners in order to control 

the overall furnace temperature, as weIl as any 

irregularities in temperature pistribution in each stack~ 
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... Thus there are three major benefits from the use 

of-a computer-controlled system: 

1) Improved reliability and process repeatability 
. 

2)· Energy savin~s through reduction of excess 

heating time 

3 ) 

• 
Increased productivity 

The use of the computer in the future will 

no doubt be extended to include inventor~ control and 

~alculation of optimum load, based on priority, coil size, 

cycle time, and stack heights. 

An example of the successful applicat~on of 

computerization in the annealin? of steels is the computer 

program developed by the Engineering Corporation of 

Amer ica 17 , used to predict f iring time on charges. This 

program has allowed the firing of coUs in each charge 

according to their nature, rather than to an average time, 

with a safety margin added. The use of the program 

brought about savings of 15% on firing time, 9% on 

atmosphere gas, and 8% on natural gas. 

,. 
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1.3. SUMMARY 

1. 

-. 
The properties S'f metals, which are dramatically 

changed by the generation and movement of 

dislocations during cold work, may be restored" by 

annealing. 

2. Industrial annealing of cold rolled low carbon 

steels is carried out in batch and continuous 

annealing furnaces. 

3. The development of more efficient burners, and 

better gas flow within the batch furnace, have 

greatly improved effl.ciency f)f the process, as 

weIl as reproduc1bl.I1 ty of p'roperties of the 

annea led steel. 

4. ~croprocessors and computers have recently been 

adapted to control batch annealing. 
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CHAPTER 2 

2.1 OBJECTIVES OF THE, PRESENT RESEARCH 

The batch annealing cycle time is very long; this 

leads ta high costs. However, there is l~ttle to gain 

economically from m~nor reductions in the process ~ime. 

For any lncentive for change, it is desirable ta achieve 

reductions in time of an order of magn~tude. 

There ~s 11. ttle ~nformation in the 1.1. terature to 

indicate that the operatlng parameters for batch annealing 

furnaces are based on anyth.1.ng more than previous 

annealing exper1ence. The advent of computer modell~ng 

and control has improved the 51 tu·atlon by taklng into 

account the physlcal propertles of the steel. Al though 

,the appllcatlon of computer modelling and control has made 

the process more eff .l.C1ent and reproduc.l.ble, more precise 

control of the furnace, and hence the f .l.nal product, could 

fi be effected lf tnere were some means of taking a dl.rect 

m~asurement of a mechanlcal or physical property of the 

steel that would exactly follow the progress of anneallng. 

The present research pro ]ect was designed te 

develop a sensar capable of cont~nously mon~ torlng 

recrystalllzat.1.0n and graln growth durlng the anneal.1.ng of 
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lOW carbon steels. An important factor in designing a 
~ 

sensor was its potential adaptability to the currently 

used batch process and equipment in order to be an 

acceptable means of control. Other factors which 

influence sensor design include the size; cost, ease of 

manufacture or replacem~nt, and adaptab~lity to 

'instrumentation and control under industrial cond~t~ons. 

The next chapter will outline a new technique 

which was thought to be capable of following all of the 

annealing stages, and of fulfilling the requirements 

outlined above for a batch annealing sensor. 
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CHAPTER 3 

• 3.1 THE DESIGN OF AN ANNEALING SENS6R BASED ON 

ELECTRICAL RESISTIVITY 

There are many properties of co~d worked metals 

which could be used to follow the changes that take~lace 

during~ annealing. Sorne of the techniques and physical 

phenomena which have been or could be used to follow such' 

changes " are, the hardness test 2 l density 

measurements 22 
2 3 electron and optlcal metallography 

1 2'+ l . . 25 ca orlmetry , u tra-sonlC attenuatlon , eddy current 

changes 26 1 and even:more sophistlcated methods such 

2 7 X-ray topography and posltron annlhllation. 28 

as 

AIl 

these methods are capable of loentlfying the, changes WhlCh 

occur durlng the several stages of annealing. However, 

they are generally much better sUlted to laboratory 

~nvestigatlons than ta lndustrial monltoring, where the 

for accuracy; robustness, rellabill ty, and 

adaptability to control procedures are aIl influentlal 

conslderatlons. 

After revlewing the vaiious posslbilities, the 

physical parame ter that appeared to be best sUlted to 

eventual industrlal appllcation as a sensor was electrical 

resisti vi ty. Belng a quantity that is very sensitive to 

structural change, ~t can be measured with great acèuracy, 

-
and 15 amenable to instrumentatlon. 
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3.2 THE ELECTRICAL RESISTIVITY OF METALS 

The resistance to the flow of thermal and electric 

currents in any metal ~s caused by scattering of the 

conducting electrons. The two principal sources of 

electron scattering are thermal vibrations of the latt~ce, 

and defects in the Iatticèi. The latter can take the 'form 

of impurity atoms and lattice defects, sueh as 

dislocat~ons and vacancies Î which Iimi t the me an free 

paths of the electrons, thereby increasing the resistance 

of the metal. It is aiso assumed that the resistivities 

due to thermal vibrations and lattice imperfections are 

bath addi ti ve . This was the basis for Matthiessen' s Rule 

of 1884, which states that the e1ectrical resistivity, 0, 

of a metal at temperature, T, can be expressed as: 

p (T) = Pi + C", + C,C T", + o:;B (5 ) 

where ç i i8 the residual resisti vit y due to impur~ ties; PT 

is the res~dua1 resistivity due ta lattice v~bration 

scatter ing; P r T " is the res~dual resist~vity caused by 
~w 

lattice 1mperfect10ns (V1Z dislocations and vacanc1es)ic~_ 
uD 

is the residual resistivity due ta scattering at grain 

boundar ies. P GB is very much sIIJill1er than ;) cwand in the 

case of a s~ngle crystal, P GE == O. For a fully annealed 

metal with a relatively large grain size, it can be, 

assumed that P == 0 and GB 
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3.3 EXPERIMENTAL METHODS FOR DETERMINING ·ELECTRICAL 
jj 

RESISTIVITY 

For many \ decades, the standard approach ta the 

measurement of low resisti vi ty materials has been ta use a 

D. C. method, such as the Hoopes or Kelvin Bridge (Figure 

17) • For example, the D. c. method has been the standard 

procedure for measuring the electrical resistivity of 

copper for industrial qua1ity control since the ASTM B-193 

specification was first published in 1944. It is reported 

that the method provides an accuracy of plus or minus 0.3 % 

for materials having a resistance of lOJ.lrlor more. The 

drawback of techniques such as the Kelvin bridge is that a 
1 

correction must be made for the temperature at which the 

measurement 1S të;\ken, due to the tempe rature component of 

res1stiv1ty. Tc) measure the absolute resisti vi ty of a 

metal ta a h1gh degree of accuracy, the measurement must 
\ 

be taken at 4K. At this low temperature, i t is assumed 

-that P T== 0, and that the value of res1stivity is entirely 

due ta impurities and lattice defects present in the 

material. 

'l'wo classical approaches to following annealing 

processes using resistivi ty measurements, are (i) to quench 

samples from the heat treatment temperature after various 

times of annealing and then measure the resistivity at the 

temperature of liquid ni trogen 29 , or (ii) ta measure 
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D.C. 

UNKNOWN STANDARD 

Pigure 17. Hoopes or Xel vin Bridge. 
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the resistivity of quenched sarnples at roorn temperature 

and then make tempera ture corrections to the readings so 

that they can aIl be considered to have been taken at 

exactly the same temperatures. These techniques are, of 

course, unsuitable for continuous measurements at high 

temperatures. If the micr'ostructural and physical changes 

that occur during annealing are to be ;studied, 
j) 

it is 

essential te eliminate the contributions te the electrical 

resistivity due te temperature and impurities present in 

the lattice. Fortunately, a very sensitive differential 

A.C. technique has recently been developed by Drew et 

al 3 l that was theught te be adaptable te the special 

requirernents of the annealing of steels. 

3.4 THE D IFFERENTIAL A. C. TECHNIQUE 

If the resistance of a cold ~.Qrked metal is 

rneasured during annealing, the cha.nge in Pcw is small 

compared to P T and, therefere, any changes due te 

recrystall~zatien are kasked. However, l.f it were 
( 

possible to rneasure dri'ectly the d~fferenc'è in resisti vit y 

(tJ. P ) between a cold worked sarnple and a prevl.ously fully 

annealed specimen (i.e. a reference standard) of the same 

material, then: 

. t::.p = P CH +" P GB ( 6 ) 

assuming that P ~ and PT are not influenced by cold work, 

and that p cw and P GB can both be regarded as zero 
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for a fully annealed sample. Thus, /jp is a direct 

indication of the pr~gress of annealing, regardless of 

temperature or temperature fluctuations. 

The circuit originally proposed by Muir and Strom-

Olsen 32 can be modified to measure the difference in 

resistance of two spec1mens (Figure 18a). The lock-in 

amplifier has a differential 1nput wh1ch may be switched 

to read ei ther V l or V 2 (the voltages across each sample), 

or f"V = V l - V 2 • Since th~ resistances of the samples 

are of the order of a few m111iohms , the 500 ohm ballast . 
resistor converts the signal generator 1nto a constant 

current source. If the change 1n the resistance is very 

small (of the order of 0.05 milliohm), then the change _1n 

the voltage across the cold worked specimen is 

correspondingly small. This change is magnified by two 

commerclally available, h1gh quallty, shielded 30=1, audio 

transformers, which are ident1ca1 

performance to w1thin 0.1%. 

Th1S arrangement also had ta be adapted to mon1tor 

the change 1n electr1ca1 resistlvity of metals during 

annea1ing. Th1s was done by building a probe that could 

be inserted 1nto a furnace and, 1n part1cular, hold 

~,pecially designed speci~ens of the ,metal. 

In or der to determine from the measured 

voltage, ~V, the geometry of the speclmens must be known. 
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Since the same current flows through both the cold worked 

and annealed specimens, then: 

(7) 

where L and A are the length and cross-sectional area, 

respectively, of the specimens.< If the specimens are 

identical, then: 

60 = 6 :[:J (8 ) 

(i. e. Clp is directly proportional to Cl V) • 

Specimens of identical geornetry were produced (Figure 

lab) using a die and punch, which enabled them to be 

matched more ~losely. Mismatch of the specimens results 

1n a deviat10n from that of matched pairs by an amount 

proport1onal to: 

, < 

(9 ) 
x 

, , i5 a difference in temperature between the specimens. In 

order to equalize the temperature between the cold worked 

sample and the standard, the specimensweretightly held in 

/ 

56 



500.n \ 
1 T

1 

COLO-WORKED 

SAMPLE 

LOCK-IN 

AMP 
ANNEALED V

2 Sn STANDARD 

T2 

Ca) 

v v 
Cb) 

END VIEW SIDEVIEW 
V V 

MICA :::"~:!~~~iS:::- SA M PLE S ====::'~~;:::::;,::~: ,~,,>I 
1 CERAMIC 

SLEEVE 

Cc) 
Figure 18. Circuit, Sample Design and Sample Holder. 
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a copper holder (Figure l8~), and insulated from each 
,> 

other with thin sheets of natural mica. 

'1'he leads ta the specimen were insulated from each 

ether by small diameter, twin bore, ceramic thermocouple 

tubes. The current leads (1) were separated· fr~m the 

potential leads (V) by approximately lcm, to minimize any 

inductive coupling between them. 

The voltage, 11 V, and temperature were recorded 

continuously on a floppy dise, using a microeomputer 

system. This system will be described in greater d€tail 

later. 

The great advantage ef the differential A.C. 

techn~qu~ over D.C. methods is that the effects due ta 

thermally generated', emf 1 s produced in the CUIrent and: 

petential leads are completely eliminated. This enables 

measurements to be taken continuously and "in situ" for 

the complete duration of the annealing cycle. 

-
3.5 APPLICATION OF THE DIFFERENTIAL REISTIVITY METHOP TO 

THE ANNEALING OF LOW ,CARBON STEELS 

The differential resistivity téchnique descri~ed 
,'. 

" 

in the.. previous section was first successfully used, by 

al 
31 

Drew et 
, 

ta follow the progress of annealing of cold 

rolled Ct -brass and copper, beth !:?il).gle-phase materials. 

The purpose of the present research was to develop and 
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refine this m~thod 50 that it could be used to follow the 

progress of annealing in cold worked low carbon sheet 

steel. This 
i~ 

was 0 expected k:o be difficult since the 

recrystalli~ation temperature 
/" 

(and therefore the 

industrial annealing temperature) of low carbon steel is 

approximately 400°C· higher than that of copper .o~ 'u-

brass. 
\, 

Steel~~ being at least a two-phase material, is 

also a more complex material. 

Another di~ficblty arises from the fact that, 

unlike copper, the rate of ~ncrease ~f the resistivity of 

steel is not pro~\rt~onal to the increase in' temperature. 

, Figure 19 shows the reduced resistivity ( P TI P RT) for 

steel 3 3 " 3 3 copper a and plotted as 

function of temperature" where
D 

PT is the electrical 

resisti vi ty at temperature T, and P RT is the electrical 

resistivity' at room temperature. The data for plain 

carbon steel correspond closely ta those for the steel 

psed in the present researchi further information on this 

steel will be gi ven later. 

The 'increase in the reduced ~esistivity for 

copper from room temperature to 700°C is of the order of 

3: 1. In contrast, the value of PT/ PRT for plaip carbon 
-... 

steels varies much more strongly with temperature, 

increasing by about 9:1, from room temperature to 700°C. 
'0 

Th~ effect of this, when measuring the differential 

/ 
resistivity during the annealing of steel, 

1 
is to increase 
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the accuracy of the measurement. This is because there is 

a larger increase in voltage across each steel sarnple than 

in the case of copper o~ a -brass (In general, the 

larger the voltage drop, the more accurately it may be 

measured) . Although this makes measurement at high 

temperatures more accurate, if the two specimens differ in 

temperature o by more than about ±D.S C, the accuracy of 
rK-~.~ 

measurement of ~V decreases to an unacceptable level. It 

is for this reason that the two specimens must be clamped 

tightly . together in a copper holder ta minimize t}lermal 

gradients. The net result is that the accuracy of 

measurement of ~ V for iron and steel is about ±4%, much 

lower than that for copper ( ±l %) , or a-brass 

(tD. S %) 31 

Since steel is (at least) a two-phase system, the 

solution (or precipitation) of carbon was also expected to 

influence the accuracy of measurement. However, wi th the" 

use of a differential method - assuming the composition of 

the samples ta be identical - these effects turned out to 

be of minor importance, and did not affect the accuracy of 

measurement. 

3.6 SENSOR DESIGN 

The samples prepared by Drew et al 31 in the 

s.tudy of copper and CL -brass were machined from plate or 

strip metal ta the dimensions seen 1n Figu~e 18c. Apart 
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f rom being a long and tedl.ous pro,cess, machining did no't: 

provide the preCl.se dimensional control required for 

sample matching. In Sect~on 3.4 l.t was explained how 

differences in the dimensions affected the final results. 

In the present work, aIl the samples were made uS~J a 

special!y des~gned punch and die, wh~ch ~mpr?ved the 

dimensional precis~on to better than 1%. 

Another difficulty arose due to the variat10n in 

the thickness of the sheet across the rolll.ng direction, a 

consequence of poor roll quality. To solve this problem, 

a. smal! jig was des1gned (Fl.gure 20) which enabled the 

differential resistivity of two co Id worked specimens to 

be measured at raom temperature. One~speclmen was used as 

a reference, agal.nst whl.ch about 2~ ta 25 others were 

compared. Samples were then matched up by pa~rlng off 

those with the Most simllar read1ngs agal.nst the 

reference. One of the speclmens ~n each matched pal.r 

cou!d then be annealed to the requ1red heat treatment. 

Electr~cal connectl.ons for the voltage and current 

leads were made by spot welding constantan Wlre to the 

tags on the matched pal.rs. The cold worked and annealed 

samples were 'then spot welded together at one end (Flgure 

21 ). Constantan Wlre l5 an ideal material for electrical 

leads: it spot welds easl.ly to steel, daes not undergo 

any phase changes ln the annealing temperature range (near 
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700 ) , and 

, , 

has a low temperature coefficient of 

resistiv~ over that range. 

3.7 ANNEALING OF REFERENCE STANDARDS 

J 

high 

the 

the 

The~ steel reference standards were annealed in a 

vacuum to protect them fro~oxidatlon. ~Table l.shows 

five heat treatments that wer~ed. Figure 22 shows 
~ 

typical grain structures and grain"sJzes obtained by 

these heat treatments. 

The object of heat treatment A was to obtain a 

reference standard that retained as much carbon as 

possible in solutio~ at low temperatures. 
\ 

Standards 

treated in th~s way were stored at -20°C to prevent aging 

(i.e., precipitatlon of carbldesJ at room temperature 

prior to being used. 

Heat treatments Band C aimed to achieve a minimum 

and maximum gra~n size at a tempe rature of 700°C. Flgure 

23 shows the increase in grain size with annealing tlme at 

From this graph it is clear that a minimum grain 

size' of 5. 8lwm is obtained after 15 minutes annealing time 

and the maximum of 8.78~m after 64 hours. By allowing the 

standards to cool slowly in the furnace from the annealing 

temperature, it was hoped that their carbon compositions 

would be ln equilibrium on reaching room temperature. 
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TABLE l 

BEAT TREATMENTS USED TO PRODUCE REFERENCE STANDARDS 

BEAT TREATMENT 'f'IME/TEMPERATURE COOLING METHOD 

A lS minutes @ 700°C water quench 

B 15 minutes @ 700 oC furnace coo1ed 

C 64 hours @ 700°C furnace coo1ed 

D 0.5 hours @ 1100 0 C furnacè cooled 

E 0.5 hours @ 1100 0 C + 
64 hours @ 700°C furnace coo1ed' 

\ 
\ 

• 
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(a) G.S.= 5.1 JJ 

(c} G.S.= 8.81-1 
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(e) G.S=31.2~ 

FIGURE 22.-TYPICAL GRAIN STRUCTURES 
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(b) G.S=5.9~ 
,.. 

(d) G.S.= 30. 3 ~ 



,..., ... 
E 
E 

,,~ 

E 
E ..., 

o 
> 
.j.J 

c: 
:::l 

" a 
Il 
L 
< 
t: -a 
L 

L:I 

-a 
u 
a 
~ 
L 
Il 
~ 
t: 

\ 

260 

220 

180 

140. 

a 

TlmQ (Min) 

Figure 23. Increase in the Grain Size of the Steel 
with Annealing Time at 700°C. 

67 

480 



/' 

By heat~ng the standards to 1100°C (into the 

austenite range), as in heat treatments D and E, and then 

slowly coo~ing from th~s temperature, a very large gra~n 

size of 30.3~ was obtained, with about 35% of the gra~n 

-structure be~ng pearl~te. Further heatlng at 700°C for 64 

hours, as ~n he~t treatment E,~ ensured that the pearl~te 

became spheroidlzed. 

The reference standards used in heat treatments 0 
( 

and E were slowly cooled in the furnace to room 

temperature in order to ensure that they were in 

equilibrium. 

3.8 FURNACE CONTROL 

The furnace used for the main study of in-situ 

changes in resistivity during annealing was mad~ up of a 

40 cm long, 12.5 cm inside diallleter mullite tube. Kanthal 

A-I resistance wire was wound around the tube ~n a blfllar 

manner to avoid electrlcal induction ~n the samples. The 

coils were also wrapped around the tube in such a way that 

the co~ls at the ends were closer together than ln the 

middle. Th~s made the hot zone as long as possible 

(approximately 10 cm) . The maximum variatlon ln 

temperature wlth~n this zone was ±2°C. The furnace was 

heated by a regulated D.C. power supply, controlled by a 

~roportion~l gain control, and ~re-programmed ramp 
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generator. The ramp generator was capable of proviàing a 

rang~_of constant heat~ng or cool~ng cycles of 30 minutes 
-~--

to 128 hours, to th~ required temperature ~n increments of 

a factor of two: 

I;..!.. 
.,j.9 ATMOSPHER'E CONTROL 

AlI experlments were carr1ed out under vacuum, 

using a rotary and diffus~on pump sys~em capable of 

-5 
achieving a vacuum of 10 torr. There was also provision 

for the introduction of a protectlve gas. To ensure that 

oxidation of the samples was reduced to an absolute 

minlmum, a few small pieces of titanlum sponge were placed 

in the hot zone to act as an oxygen getter. 

Il! 
-3.10 EXPERIMENTAL PROCEDURE , 

The basic arrangement nf the annealing probe as 

used 1n the experimental furnace is shown in Figure 24. 

The probe, wlth the copper holder and samples clamped 

t~ghtly within it, was placed ln a quartz tube sealed at 

one end. The seal between the probe and the quartz tube 

was provided by an "0" ring, squeezed against the quartz 

tube to make the seal. AlI the electrical leads and 

thermocouples were sealed into the probe with high-vacuum 

sealing wax. 
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Both the control and measuring thermocouples were 

of the "E" type bècause, in~he range of 0 to lPOOoC, the 

"E" type thermocouple gives the highest voltage output of 

all the thermocouple types, and, therefore, the most 

accurate reading, and is also suitable for use\ in a~ 

vacuum. The tip of the measuring thermocouple was pressed 

against the centre of the copper holder to give the best 

reading of the sample temperature~ The control 

thermocouple passed between the quartz tube and the 

furnace wall sa that the control action and response times 

could be as fast as possible. In addition, both 

thermocouples were compensated for room temperature, using 

Omega-CJ ,cold junctlon compensators. 

All cables to and from the sensor were shielded 

with coaxial cable to prevent any spurious A. C. 

interference arising from other devices in the vicinity of 

the experiment. 

3.11 DATA ACQUISITION SYSTEM 

l th ' k d b D et a1 31 n e prevlous wor one y rew the 

data were plotted continuou~ly with an X-y chart recorder. 

~hlS proved to be an awkward means of treating the data 

because there were a number of subsequent calculations 

which had to be carried out and which, when done by hand, 

were very tlme-consuming. ~ decision was therefore made 
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to employ a microcomputer which could handle _ data 

acqui si tion, manipulation, storage, and real time 

plotting. 

Figure 25 is a schematic illustration of, the 
. 

system that was used. The central component was the Gimex 

" (6809). micropr'ocessor, which was able to control the 

various peripherals like the floppy dise drives, the 
• Co 

graphies pIotter, and the UMAC-4000 analogue-to-digi'tal 

converter. The computer worked with a low level assembler 

language, 
.l 

simultaneously wl.th a high level ~asl.c 

language. The assembler prograrn which, for copyright 

reason~, cannot be published here, was supplied by &.A. 

Argy~opoulos. 3'+ This activated, éontrolled, and 

recei'ved data from the llMAC-4000, and stored these values 

on a temporary spot on the computer rnemory. The Basl.c 

programme (Appendix ,I) then took these data and :::performed 

several functions: 

1. 

2 • 

. 
The thermocouple temperature reading was converted 

from millivolts to degrees celsius by a polynomial 

conversion. The Basic progra~e ,computed and 

directed this result, with the~V reading to be stored 

c1Ii a 'floppy dl.s·c drive. 

The temperature and f::, V data were then used ta 

cal'culate cthe derivative of the data. JThis - was 

T 

, . 

\ 

__ accomplished by completing a regression analysis over-- ---~_;_---.~--
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twenty points a tempe:ature span of approximately 

From th~s , the slope at a part~eular 

temperature was obtained and, once again, direeted to 

a separate f11e on a floppy dise. This data group 

was then advanced by five readings! and the whole 

operatio~ repeated. 

3. The Basic programme also controlled and relayed both 

sets of data d~rectly to a Hewlett Packard 7224A 

graphies pIotter 50 that the data eouid be plotted on 

a reai tlme basls. Th~s meant that both sets of datà 

eould be plotted s 1mul taneous Iy dur1ng 

exper~ments . 

3.12 METALLOGRAPHY AND HARDNESS MEASUREMENTS 

Metallography and hardness measurements 
" 

the 

were .. 
requ1red on samples of the steel under study 1n order to 

compare them wlth the results obta~ned from the 

different1aI res1stl V1 ty measurements .. Samples of steel 

were prepared to correspond to d~fferent stages of the 

annealing eycle. Each sample was heated to th@ requ1red 

temperature at the same rate,as was used ln aIl the 

experiments, and then coo1ed rapidly (but stll1 ln vacuum) 

outside the furnaee. 

Hardness tests were earried out ~mmediately after 

heat treatment, in order ta eliminate any age hardening 
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UE;ed 

m1ght othérwise oeeur. :S Vieke;s hardness t~ster 
ta take the measurements uSlng a load of 2.5 kg. 

was 

" Metallographlc speclmens of the same heat treated 

samples were pol~shed ln stages from 240 to 600 mesh 

silicon carblde papers, and then from 6 mlcron down to 

0.25 micron wlth dlamond pollshlng wheels. 

Photomlcrographs -,,;e:-e ::aken of ,:he s::;eClmer.s or. 

1 
Neophot metallograph. Graln Slze measurements were made 

directly on the ml.crographs USHl.g the grain boundary 

ll.near lntercept method. 

3.13 MATERIAL SELECTION 

The steel used ln thlS work was a ,commerc1al grade 

of steel, of the type commonly supp11ed to the automobile 
lB 

1ndustry, and made avallable by Stelco Inc. 

The chemlcal analysls of the steel was carrled out 

on an emlSSlon spectrometer, and showed lt to be a run~of-

the-m111, low carbon steel ""Table II) . Table III detalls 

the amount of cold reduction 
(' 

received by the steel, its 

thlckness, flnal hardness, and room temperature 

resistl.vity. These properties are sim~lar to those 

expected of a low carbon cold rolled steel sheet of an 

AISI-SAE grade 1020 steel. 

\ 
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TABLE II 

Chemical Analysis 

C Mn P s Si Cu Ni Cr Mo 

0.175 0.590'" 0.005 0.016 0.010 0.028 0.019 0.128 0.002 

Prior Cold 
Reduction 

( % ) 

82 

TABLE III 

Physical Analysis 

Cold Rolled 
Thickness 

(mm) 

0.41 

76 

Vl.ckers Diamond 
Pyramid Hardness 

(VHN) 

234 

Room Temperature 
Resistivity 

(n Q ml 

172 

\ 
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CHAPTER 4 

RESULTS AND DISCUSS~ON 

4.1 I.NTRODUCTION 0 

The dlScusslon of the experlrnental work descrlbed 

ln thlS thesls wlll be ln the followlng sequence. 

a) The flrst sectlon wl11 deal wlth typicai resu1ts 

obtalned Wl th the dlf feren t l al- reSl Stl Vl ty technlque 

for the low carbon 

detalled ln Chapter 

steel whose 

3. The 

rropertles 

three stages 

were 

of 

anneallng (recovery 1 recrystaillzatlon and graln 

growth) wll1 be dlscussed ln detailo Speclal use 

101111 be made of the derlvatlve .plots of the 

reslstlvlty/temperature curves, WhlCh 111 ustrate 

more drarnatlcally than stralght plots the ç:hanges 

ln reslstlvlty that occur upon anneallng. 

bl The second sectlon wIll pOlnt out sorne anomalous 

behaVlor ln the reslstlvlty/temperature~relatlonshlp5 

durlng the recovery stage of anneallng. ThlS 

wlll be expiained uSlng the resul ts of 

Subsldiary heat treatrnent experiments. 

c) The third sectIon wl11 examlne how the differentlal 

resl sti {rI ty technlque might be Improved to moni tor 

and measure graIn growth 

ternperatures norma11y used ln 

(6S0-72S
o
Cl. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

The discussion of the experimental work described 

in thl.s thesl.s will be in the follow1ng sequence: 

a) The f irst will deal wi th typl.cal results obtained 

b) 

w1.th the differential res1stivity technique for the 
, 1 

low carbon steel whose properties were Jetailed 1.n 

Chapter 3. The three stages of annealing, recovery, 

recrystalll.zation, and grain growth will he dl.sCUSSe~ 

in detail. Special use will he made of the derl.vative 

plots of the resistivity/temperature curves, which 

illustrate more dramatically than stralght plots the 

changes in resistivity that occur upon annealing. 

The second sectl.on wl.Il pOl.nt out sorne anomalous 

behav1.or ln the resistivity/temperature relatl.onships 

during the recovery stage of anneall.ng. This behavior 

will be explained using the results of subsidiary heat 

treatment experiments. 

c) The third section will examine how the differential 

resistivity technique ml.ght be improved to monitor and 

'\ measure grain growth at the annealing temperatures 

~ normally used in steel processing (650 - 72SoCl. 

/ 
1 
1 

/ 
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dl The' fourth section will be concerned wi th experiments 

on the simulation of industrial batch annealing. 

el The final section will discuss the potential 

adaptation of the technique to the monitoring and 

control of a large (250 tonne) industrial batch 

annea11ng furnace. 

4.2 GENERAL DISCUSSION OF ANNEALING OF LaW CARBON STEEL 

It was' preVlous ly explalned ln Chapter 3.4 that 

lJ V ls direct ly proport10nal to 
~ 

the d1 f ferential 

resist1vity ( 60). Since all of the measurements recorded 

in each exper1ment were in terms of the voltage (:. V), 

henceforward. aH references to the dl. f ferentl.al 

reslst1vlty will be referred ~o as t, V. 

Fl.gure 26 shows a typical plot of L V versus 

temperature obta1ned for the low carbon sheet steel' 

deta11ed in Chapter 3. The cold worked sample was matched 

wl.th a reference standard annealed to heat treatment B 

(Table 1) . The lines OM and MF represent the change 1n 

6 V with temperature dur1ng the heating and coo11ng cycles 

respec'tively. V SAMpand VRS indicate the direct10ns that 

an ~ncrease in the resistivity of the sample or reference 

standard would have on the value of t.V. 



, \ 
The three stages of annea1ing ar~ identified in 

Figure 26. Recovery (Stage 1), which occurred between 

room temperature and 530°C, resulted in a decrease of 60% 

in f:. V. Recrystallization (Stage 2) resulted in a 40% 

decrease in t;. V between 530 and 600 oC. The change in 

f:.V resulting from grain growth (Stage 3) between 600 

700°C was very small in this case, and could not be 

accurately quantif1ed. However, further 1nvest1gat~on 

into grain growth was carried out and will he described 

l~r. 
The overal1 percentage decrease in LV at room 

temperature res1sti vi ty ~s 

X 100 = 

given 

'/ !:. T 
'/ 

RS 

by: 

X 100 (10 ) 

where LloT and t:. VT are the total d1fferent1al resistivfty 

and voltage changes after annea11ng, and cRS and VR2 are 

the resist1vlty and voltage across the reference standard , 

at room temperature. 

The overall percentage decrease 1n room 

temperature resistivity resulting from anneallng was 4.5% 
1 

(this 'decrease corresponding to the ~hange from an 80% 
"-

cold rolled state ta a fully annealed one). Thl.s compares 

with decreases of 13% and 2% reported previously 31 for 

60% cold worked a -brass and 50% co1d worked copper 

respectively. The magnitude of the decrease in t;. V during 
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recrystallization is an intrinsic property of the metal 

being tested, as well as being depend~nt on the degree of 

cold work. 

Also shawn ~n F~gure 26 is the change\in hardness 

thàt resulted from anneàling. Good correlation was 

observed between t::. V and hardness data; as expected, the 

largest change hardness occurred dur~ng 

recrystall~zat~on (Stage 2, 530°C), with only a m~nor, 

decrease ~n hardness result~ng from gra~n growth 

(Stage 3). 

F~gure 27 ~llustrates the metallograph~c changes 

that occurèd dur~ng stages 2 and 3. Micrograph (a) 

" 

illu.strates the m~crostructure at about 50% 

recrystall~zat~on, (b) after complete 

recrystalllzat~on. Very l~ttle gra~n growth occurred 

between 640°C and 700°C (m~crograph (c», whlch expla~ns 

the relatively small changes ln te. V and hardness that 
\ 

were observed in Stage 3. 

Flgure 28 shows the plot of t::.V and the derïvat~ve 

of f':, V, (d(t::.V)/dT), as a function of temperaturé for the 

annealing heat~ng cycle (li~e. OM ~n F~gure 26). Both 

graphs were plotted s~rnultaneously by the microprocessor 

during the exper~ment. 
\ 

\ 
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\~ -The----derivative curve --cleaL~ defines the .' 

'4t 
recrystallization stage a,s a large peak which is much mor"{ 

obvious than the slope change in the conventional IJ.V 

versus temperature plot. The beginning, middle, and end 

of recrystallization can easily be identified in this way. 

For this particular experiment, the rnidpoint of 

recrystallization (i. e. the point where nucleation and 

growth rates are clearly at a maximum) was at 570°C. This 

method of portraying results (using the deri vative of 

lJ, V is also important from an operational viewpolnt: the 

technique, backed up by the microprocessor and 

instrumenta tion already described, thus allows continuous 

moni toring of what lS happening at any moment wi thin the 

steel i tself . Observations are free of inference or 

"experJ.ence" or personal judgement. The resisti vi ty probe 

plus microprocessor and plot ter is indeed an accura te, 

direct sensor of the rnJ.crostructural state of the metal. 

4.3 RECOVERY STAGE 

The previous section pointed out that the three. 

stages of annealing (recovery, recrystallization, ànd 

grain growth) ,can clearly be identif ied using the 

differential resistivity technique. The recovery stage 

( Stage 1) in Flgure 26 showed an unexpected ( but 

repea table) increase in lJ,v. This was 'followed by a 

84 
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decrease prier to recrystallization. It was assumed that 

the resistivity of the reference standard increased 

continuously {only as a result of PT with the increase 

in te~perature. The increase in 11. V was therefo,re 

ascribed to a physical change occurring in the cold wor~ed 

sample ,that. was not occurring in the reference standard. 

An increase in the resisti vi ty has to be a resul t of the 

increase in the number of electren scattering points (such 
, 

as intersti Ual atoms) . Such an increase would be 

inconsistent with previous observations of the changes in 

the resistivity of metals during recovery 22, 2'3, 3 S 

which have all shown that the resisti vi ty decreases and 

approaches its original' value (prior te cold work). This, 

it is argued, would be expected, since recovery is 

presumed to be a fearrangement of the structure of the 

cold worked la ttice before recrystall~zation. The 

'problem, however, i5 that recovery is an overall change 

that. oceurs as a result of a combination of processes, 

#hich have to be studied indi vl.dually to determine their 

effects. It is generally accepted that recovery is: (1) 

the orderl.ng and annihl.lation of dislocations ta form 

dislocation cells; (2) the production and annihilation of 
:\ 

point defects; and (3) the precipitation of '1nterstitial 

atoms around di~ocations. These re-orderin~ , processes 

are preswned tb resul t in a decrease in 
1 

th~ n~er of 
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electron scattering points and consequently result in . a, 

decrease in resisti vi ty. 

The anomalous behavibur recorded in the recovery 

stage in the previous experiments is prQbably made more 

visible because the differential resi~tivity technique is 

an "in situ" method, which is very accurate and, in this 

case, i5 measuring changes in voltage between the matched. 

pairs of specimens as small as l in 400 mV (0.25%). at 

these temperatures. • • ., '22. 29 30 35 
PreVlous lnvestlgatlons • • • 

relied on measuremenrs taken on specimens quenched from 

the annealing temper~ture. As a consequence, previous 

results could have been subjected to uncertainties and 

inaccuracies related to, for example, the quench rate, 

which would otherwise overshadow small (real) changes in 

resistivity during recovery. 

lt has already been stated that recovery is the 

rearrangement of dislocations and the annihilation of 

vacancies prior to recrystallization. Since the structure 

becomes 'more ordered, it is no~ possible to reverse the 

process of recovery, therefore any physical properties 

affected by recovery would also be irrevkrsible. 
~ 

Hence, 

if the profile of the !:J. V/temperature data up to 400°C, 

seen in Figure 26, is due to recovery, it should be an 

irreversible change. This was investigated by conducting 

an identical experiment to the one that produced the 
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0 
reault seen in Fïgure 26 but, this time, the ~ worked 

sample was also heat treated. This heat treatment was 

carried out for 15 minutes at 400°C (the temperature at 

which the part of the recovery stage of interest was 

presumed to ~ave finished l, and then .allowed to cool 

slowly. The resul t of the experiment' can be seen in, 

Figure 29, and i5 compared to the result seen in :!figure 26 

(broken line) • The profile of the data seen in Figure 26 

below 400°C has"disappeared as a result of the 400°C heat 

treatment, and the profile seen in Figure 26 can therefore 

" 
be attributed to processes occurring during recovery. 

The exact nature of the structural changes thât 

cause this anomalous behavior ~ld probably be 

determined, using reference standards that have been heat 

treated in a different way (e.g. heating to tHe'annealing 

temperature and then quenchingl. By providing an annealed 
" ~ 

reference standard in which one particular aspect of its 

structure (e.g. the precipitation of carbides) changes 

during a heat treatment experiment, it was hoped that the 

structural changes occurring in the cold worked sample 
, 

could be identified. The object of heat treating the 

reference standard, therefore, was to create a structure 

in the steel which, when used in a di!ferential 

resistivity experiment, would 'exhibit similar changes in 

electrica~ resistivity (upto 400°C), as. in a cold worked . 
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samp."!e. Thè behavior of thè tJ. V;temperature relationship 

in such an experiment during recovery,would be expect~d to 

he constant. 

The' heat treatment of the reference standard that 
, 

, '- j was able to give a result like that described above was 
"-.. 

heat treatment A in Table 1. The reference standard was 

quenched from 700o~ ~o produce: (1) a structure with a 

large proportion of the carbon content in solid solution 

at room temperature, and (2) to quench in vacancies which 

are formed at,high temperatures. 

The result gained from using the reference 

standard described above is shown in Figure 30, ;, with the 

re~ult illustrated in Figure 26 superimposed upon it 

( broken, line). The entire curve has been displaced 

downwards by almost 2 mV from the broken line, because (i) 

the grai~ size of the reference standard is smaller than 
~ 

the r~ference standard uSed in the experiment that gave 

the 
, 

,result more in Figure 26, and (ii) therè was also 

carbon in solid solution. -- The profile seen in Fiqure 26, 

thought to be due to recovery upto 400°C, is now no longer 

pr~sent, with the remaining profile of the curve almost 

unchanged. This irnpl~es that thére "are changes occurring , . 
in ~;the reference standard that are similar to those 

occurring in the cold worked sample. 
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4.3:1. EXPLANATION OF THE ANOMALOUS RECOVERY BE'HAVIOR 

The variation of the resistivity with temperature 
" . 

of a steel sample anriealed to heat treatrrlent A was 

i.nve'stigated ,-in the following experiment. 'l'wo samples of 

steel were annealed, one according to heat treatment A, 

the other to heat treatment B. 

agai~t each other, using the 
• 

These were then tested 

differential resistivity 

apparatus, under the Barne conditions as a~l the previous 

°experiments. The result is seen in Figure 31, and shows a 

peak sirnilar to that attributed to recover~ in ~igure 26. 

The type \ of behaviour seen in Figure 31 has 

cert~inly been' seen in alumi~um-2' copper alloys by 

Feder~ghi 3 Il (Figure 32). ' The peak\seen in Figure 32 has 

been a~tributed to either of two * pro cesses : the 

retardation of the vacancy annihilation by the éopper or 

the clustering of solute atoms, both of which would 

produce an increase in resistivity of the alloy. Similar 

atomic processes qould apply in the annealing of the 

quenched steel reference standards and the cold worked 

steel samples, i.e. the clustering of carbon atoms in 

solid solution would produce an increase in electrical 

resistivity. Once the clusters reach a critical size, the 

matrix could \ no longer accommodate them, and thus the 

clusters would become incoherent precipitates of iron 

carbides. Once the precipitation startsr there would be a 

91 

.'. 

\, 



· , 

,.. 
> 
E ..., 

> 
<J 

/ 

" 

a 

Tcampa/""ctu/""a (OC) 

Figure 31. One Sample Annealed to Heat Treatment "A, 
the Oth~ealed to Heat Treatment B. 

92 



1 .-
,~ 

, 
"" • U 

~ .... 

·' 

-..- AI-2SCu 

-e-- AI-1SCu 

-20 

-200 

T amparatur-a ( OC> 

Figure 32. Change in DifferentiaI Resistivity ( Ap) 
'--) with Temperature for Al-Cu Alloya. 

93 

/. 

) 



J , 

, 
decrease in the electrical resistivity because of the 

decrease in the cortcentratiqn of carbon atoms in the 
/ 

matrix which act as electron scattering points~ In this 

case,' the ons~~ of precipitati~n would be at approximately 
,/', . 

160 oe, when the "recovery profile" seen in Figure 26 

reaches a maximum. 

Abe and Suzuki 37 usinç a thermoelectric power 

versus electrical conductivity plot, have ident{fied three 

stages during recovery that would be consistent with the 

observations described above. 

In the first stage, the dislocations rearrange 

themselves and a few will annihilate one another; the 

carbon atoms that become dissociated from the cementite" 

segregate to the dislocations. As a consequence, the 

carbon ls accomm9dated w~thin the lattice interstices. by 

virtue of the dislocations. These atomic processes, 

since they result in an increase in the number of electron 

scattering points, increase the resistivity of the steel. 

The sec~nd stage beglns when the dislocations are 

sa~urated with respect to carbon,' and the dissociated 

carbon atoms occupy interstitial sites of the dlslocation

free regions of·t~ matrix. 
~ 

, In the final stage, the remaining cementite 

particles continue ta dissolve into the completely 

recrystallized'matrix. 
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These assumptions are consistent with the result 

seen ~n Figure 26. The resistivity of the cold worked 

sample therefore increases ~ore rapidly than that of the 

reference standard because it has a higher dislocation 

densitYi henc~ the peak sean in Figure 26. Since it is 

the strain energy of the dislocations that provides the 

driving force for the dissociation of the carbon atoms, 

a higher dislocation density enhances this effect 

considerably. The rate of increase of the resistivity in 

the cold worked sample then decreases after about 230oC~ 

due to decreases in the dislocation density and the number 

of vacancies during the rearrangernent of dislocations in 

dislocation cells. 

The behaviour explained above might aiso be 

attributed 

vacancies. 

to the production and annihilation of 

Pinned edge dislocations can only rnove out of 

their glide planes by climbing past the obstructions 

pinning them. Climb is carried out by the production of 

-vacancies by dislocations which would, in turn, result in 

an increase in the resistivity. However, it ls unlikely 

that climb takes place, since resistivity measurements 

show a greater response to changes in dissolved carbon 

th an changes in the dislocation density 37 
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4.4 RECRYSTALLIZATION 

The successful observat~on of recrystall ~ zatlon 

hjis already been descr~bed l.n deta~l ln Sect~on 4.2. 

Partlcular reference was made ta the derl.vative plot of 

fJ. V whl.ch was able to determ~ne the prec~ se mldpoint of 

re'crystaillzatlon wlth a d~stlhct peak. 

4.5 GRAIN 'GROWTH 

At present, the most l.mportant crlter1a for 

determ1.nlng the end point of anneallng for a. fully 

annealed low carbon sheet steel lS the eIfd of recrystal-

Il zat~on. This l.S pr1.marlly because there are no 

suitable "on-llne" technl.ques available that are able 

to quantl.fy the gra~n Sl ze of low carbon steel during 

batch anneal~ng. A rellable gra~n size measurlng devlce 

would be very benef l.c~al for the purposes af quaI i ty 

control, and for the achlevement of partlcular grain 

slzes required by variaus steel customers. 

The. dlfferentl.al reslst~vlty technlque, especl.ally 

ln the derivat~ve/mlcroprocessor/plotter form, is easlly 

able to ident~fy recovery and recrystalllzatl.On as they 

bccur but, sa far, has not been able ta, c:learly l.dentlfy 

graln growth after recrystallization 1.S complete. 

Flgure 33 shows the resul t of the change in fJ. V as 
1,-

a funct1.on of time for a 4-hour isotherrn at 700 ~C, u~ 

a reference standard annealed ta heat treatment B. 
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Initially there is a small, but discernible, decrease in 

6. V which, after about 10 minutes, does not change 

dramatically for the remainder" of the isotherm. It ~as 

0( 

thought that if the initial decrease in. l:,V was, due to the 

grain size of the cold worked sample approaching the grai.q 

size of the reference standard, then this decrease could 

be enhanced by increasing _the grain size of the reference 

standard. This 

treatments C, D, 

was 
4"

and E. 

the principal 
.. . 

obJect of heat 

These aIl produced large grain 

si z es,' f rom 9 II to 31. 5 II however,' D and E did not 

pro vide the desired resul t for alJ.. the cycles of 

differential resistiyity \experiments, as will bè shown 

below. 

Figures' 34(a) and 34(b) show the two results of 

the change in",!:. V as a function of temperature, usiI?-g. 

reference standards annealed to heat treatments D and E 

respectively. Both of the resul ts are compared wi th the 

result taken from Figure 26 (broken lines). The first 

point to note is that the room temperature value of !J.N in 

both cases is approximately 3 mV lower than that observed 

in Figure 26. This merely indicates that the resisti vit y 

of the reference standards has .been due to the 

heat treatments they have received. 

o 1 
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The heat treatment of the reference standards took 

them up to 1100 oC; at this temperature, their structure was 

austenite, which, when cooled, formed large grained 

ferrite and pearlite. This, however, is not the only 

consequence of austenitization, because the size of the 

magnetic domains (regions of unidirectional magnetic 

dipoles) 
, ~' 

is also ~ncreased wh en the steel is heated above 

the, eurie temperature (770 oC). The magnetic domain size 

has an important contribution to the ove~all electrical 

resistivity of steel 3 e • , and it is thought ,that a 

significant increasè} in the magnetic domain size wou Id 

result in an increase in this component. This would 

account for the decrease observed in ~v values at room 

temperature, and subsequent temperatures in' Figures 3~ (a) 

and 34 (b) . 

Heat treatments D' ~and E were investigated to 
\ . 

determine their suitability for reference standards used 

for the investigation of grain growth. It was found that 

the change in ~ V wi th time during a 4-hour isotherm at 

700 oe, when using a reference standard annealed to heat 

treatment D, did not enhance the "visibilityn of the 

grain growth. In this case, the de crea se in ~ V was very 

small, approximately 0;25 mV (Figure 35), and it was 

thought that this was due to a combination of two opposing 
fi 

processes: grain growth occurring in the cold worked 
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and ~pheroidizatio~ of the pearlite in the 

reference standa~. The changes in resistivity that occur 

because of these processes are both very smail. However, 

they are of the same order of magnitude and, since they 

are working iri opposition, cancel each other out. 

Similar experiments were carried out using 
\ 

reference standards anneaied to heat treatment E (Figure 

36). In this case, there was a much more noticeable 

decrease in ~V dur!ng the first 30 minutes than was seen 

in Figure 35. However, the effect that the Slze of the . 
magnet~c doma1n had on the measurement 'of ~V was not 

understood. Therefore, the decision was made t.o conduct 

the grain size investigation with reference standards 

annealed below the Curie temperature. Figure' 37 

illustrates the result obtained when using a reference 

standard annealed to heat treatment C. 

Up until this point in the experimental program, 

the measurement of ~V during isothermai annealing was 

severely clouded by a high degree of background noise. 

This was caused by the deposition of carbon on the probe 
~. 

and contact Ieads which, at 700o e, has a conductivity high 

enough to cause minor sh~rting of the leads. The carbon 

was deposited by the decomposition of traces of 

hydrocarbons that were present on the surface of the 

contact lead sheaths and the probe itself. The amount of 
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background noise was reduced, but not alt0ge~her removed, 

by ensuring that aIl the surfaces of the probe were 

grease-free. The noise level was reduced even more by 

mathematically smoothing the data during collection. The 

degree of smoothing, however, was limited so that it did 

not remove the real changes in t:, V that might be caused by 

a change in the grain size of the steel. As an example, 

Figure 37 shows how the variation of 6V with time has been 

smoothed to remove as much background noise as possible. 

The result illustrated in Figure 33 (broken line) 

was superimposed upon Figure 37, by taking the value of 

6V at the enp of the isotherm in both cases, and using 

those points a~ reference point (' 6 V Mlrt • 6 V - t:, V
M1N 

was then plotted against time to give the absolute change 

in t:, V during the isotherm. It is clear from Figure 37 

that there is a 'more significant decrease in t:, V over the 

first 30 minutes, using reference standards annealed to 

heat treatment C thanithere ie 

annealed to heat treatment B. 

using those standards 

4.5.1 CORRELATION OF GRAIN GROWTH WITH DIFFERENTIAL 

RESISTIVITY MEASUREMENTS 

The grain growth occurring within the steel during 

a 4-hour isothermal heat treatment at was 

determined from metallographic samples periodically 
( 

/ 

10-5 



removed from the furnace. The change irr grain size at 
, 

700°C is plotted as a function of time in Figpre 38, along 

with ,the change in 6V pr~viously illustrated in Figure 37, 

over the same time period. The change in 6 V, (li V -lIVMIN ) 

was then plotted as a'function of the interfacial grain 

boundary area per unit volume (Sv) (Figure 39), using the 

equation 3 ~ 

s = V 2N L (10 ) 

where NL is the 'average number of intersections along a 

1 random line per unit length on p two-dimensional sectior. 

There appeared to be an approximately proportional 

relationship between the two measurements. By regression 

analysis on the data, a straight line with a correlation 

coefficient (r) of ~.973 (ideally this value s~ou1d be 1), 

-8 
and a slope of 0.939 x 10 V.m. was obtained. From this 

value it was possible to calculate the specifie 

resistivity for a grain boundary (i.e. the specifie 

resistivity pe~ grain boundary interfacial area), us{hg 

the dimensions of the specimen, the current, and the 

amplification r factor (see 'Appendix II for the 

calculation) . The specifie resistivity 
'1. 

obtained w~ 

of 167 x 10 -i6 2 nm, which lies between the values 

140 to 230 x 10 -16 nm2 , reported by G. Lomard and M. 

Chevreton 3~ for irone 

1 1 
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Although the AV vs. ti~e data (Figure 37) were 

mathematically smoothed to reduce the effect of background 
,r;.~~(' 

noise, the values of ~V were still not as accurate as had 

'been hoped. The measurement of AV would have been more 

precise if the amount of grain growth in the steel had 

been gr~ater: the measurement of the change in AV would 

have been more prominent above the background noise. 

However, the low carbon steel used in this research 

project had a high inclusion content which obvious1y 

limited the amount of grain growth. It i~ therefore 
J' 

.expected that the detection of grain growth using this 

technique would be more reliable with cleaner steels or 
f 

with s~eels that recrystallized te a "finer grain size 

(e.g. after very heavy cold rolling). 

4.6 SIMULATION OF BAT CH ANNEALING 

Chapter l has already described the design and 

operation of a typical batch annealing furnace, and the 

long cycle times invo1ved. The heating cycle, during 
~ 

which recrysta11ization takes place, and'the seak times at 

temperature, are typically of the erder of 16 and 8 hours 

respective1y. It was hoped that the differential 

resisti vi ty teChnique cou1d be used (i) 'te detect 

recrysta1lizatTori ---and particularly to identify its "end 

point" and (ii) to follow grain growth through ta the end 
, 

of the long cycle times involved in batch annealing. 
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Up to this point, ,aIl the experiments using the 

differ~ntial resistivity technique were carried out using 

a 2-hour heating cycle and a 4-hour isothermal anneal at 

700°C, i.e. cy~le times which are substantially, shorter 

tha~ those used industrially. To investigate any'changes 

in the results that might be brought about by longer 

annealing times, experiments were carried out using a 

heating cycle time of 16 hours fo1lowed by an 8-hour 

isothermal anneal at 700°C. The reference standard that 

was useà was annealed to heat treatment C, since this 

proved to 'be the most appropriate during the heating and 

isothermal , cycles, and" giving the best indication of 

grain growth. Figures 40 (a) and (b) are the results 

obtained for both cycles. These figures show th~t there 

is little difference between these and the experiments 

conducted with shorter cycle times. Thus, the results 

obtained and the comments made so far would apply to the 

long annealing times used in industrial annealing. 

41• 7 APPLICATION TC INDUSTRIAL ANNEALING 
\ 

The studies indicate that a differential 

res{stivity sensor could be applied to the batch an~ealing 

of steel. Chapter 2 pointed out that, as yet, there is no 

direct mèans by which the metallurgical (microstructural) 

state of the steel can be determined in a batch annealing 
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furnace . 
~ 

The coils" of steel within the furnace are . 
tightly wrapped (except in the much less common technique 

of open coil an~ealing, in which the individual turns of 

the coils are kept slightly apart to allow for better . 
heat., transfer) and i t would be most useful to know the 

stage of annealing of the steel, particularly within the 

coils 'situated et the coolest locations (if necessary 

using several sensors) in the furnace. However, the 

dimensions of the probe (approximately 1.5cm x l.Scm x 

6cm) might make this direct approach inconvenient (or a~ 

least less acceptable to operators who are used to dealing 

with much less bulky thermocouples). A possible solution 

to this difficulty is the arrangement shown in Figure 41. 

Here,' a thermocouple is placed w~thin the coil wraps (or 

wherever the microstructural information is needed) and is 

'connected ta a controiler which precisely reproduces, with 

no time delay, the temperaturejtime cycle of this location 

in a remotely situated laboratory sized "Slave" furnace. 

The differential resistivity probe is then placed in this 

slave furnace. Since the samples in the resistivity probe 

would be selected from the same,material as that of the'ù 

coi15" the changes in . resistiv:lty, hence 

micr6s'tructure, wou Id correspond exactIy wi th that of the 

steel adjacent to the sensing thermocouple in ~he batch 
0" 

annealing furnace. 
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Recent discussions with representatives of major 

steel-making companies have indicated that their most 

important need is the knowledge of the end., point of 

recrystallization and not the actual grain size of the 

steel. As this project has shown, the differential 

resisti vit y technique can clearly def ine recovery, 

recrystallization, the end point of recrystallization, and 

can at least indicate grain growth. 

The derivative curye shows such a definite peak at 

the point of recrystallization that it would be an 

excellent parameter to use in the operation of an 

industrial batch annealing furnace. The operator of th~ 

furnace, or even a computer control unit, could act upon 

the occurrence of the deri vatr:i ve peak to shut 
li,' 

down the 

burners of the furnace and commence the cooling cycle. 

Deterrnining the precise moment to shut down the 

furnace in this way would mean that the fastest turn-

around time possible had been achieved which, in turn, 

would give improved efficiency of fuel usage. The ability 

to measure the grain size at the end of the annealing 

process (at' least approximate1y) is an added bonus and 

would be particularly useful should the grain size of the 

steel have to be guaranteed. 

Chapter 1.2 outlined the advancements that have 

been developed to make the batch annealing furnace a more 
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efficient and reliable process. However, i t was pointed 

,put that there was no sensor currently available that is 

capable of determining the actual progress of annealing. 

This research project has th us successfully developed a . , 
senaot capable of continuously monitoring the entire 

annealing ~rocess for lo~ carbon ste~is with . particular 

appli:cation to the control of batch annealing furnaces . 
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CHAPTER 5 

S:l CONCLUSIONS 

l. Differe'ntial resistivity measurements have been used 

to continuous ly monitor the microstructural and 

property changes which occur during annealing of a 

cold worked low carbon steel at temperatures up to 

2. The recovery, recrystallization, and grain growth 
-

stages can, aIl be clearly identified during annealing. 

3. The initial increase in the dlfferential resistivity 

4. 

5. 

6. 

during recovery is attributed to the dissociation of 

carbon atoms, an~ their subsequent segregation to 

dislocations. 

The recrystallization stage i5 particularly weIl 

defined in the form of a derivative 6V plot. 

Grain growth could be followed after 

-16 2 
recrystallization, and a value of 167 x 10 ~m was 

obtained for the specif,ic aesistivity per interfacial 

grain boundary area for the low carbon steel. 

The differential resistivity technique is thought to 

be easily adaptable to industrial \ batch furnace 

contror;-- particularly using the idea of a "slave 

furnace" . 
" 
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CHAPTER 6 

6.1 SUGGESTIONS FOR FURTHER WORK 

1. Test the response of the technique to a variety of 

commercial grade low carbon steels. 

2. Improve the accuracy of \the technique for the 

continuous monitoring of grain growth during 

annealing. 

3. Carry out industrial trials using the differential 

resistivity technique to monitor a batch annealing 

furnace and evaluate its suitability as a means of 

fur na ce control. 

4. Adapt the technique to the heat treatment of other 

high volume production alloys such as copper, nickel, 

and aluminum alloys. 

J 
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, 
LIST RECRYST. B~5 
1 (} Xl %=1250 X2%=9200 
20 Yl7.=1164 Y:ï.~7163 

30 OPEN' 'F'RINT' AS 0 
4(0 

,-:)0 
70 
80 
90 
J 00 
110 
1 ;::0 
13(1 
140 
1::10 
160 
17(1 
18(1 
:1 9ü 
:' 00 
210 
:220 
::'30 
:~40 

250 
260 
270 
280 
290 
300 
310 
3:!O 
330 
340 
350 
360 
370 

Si; = -200 Bï. = 600 
PRINT 'FIRST AND LAST DËLTA V = -200 ,600' 
PRINT 
S17.,;;, 0.0 Uï. = 720 
F'RlNT 'FIRST AND LAST TEMPERATURE = 0 r 720' 
PRINT 

S2~ = -10 : B2ï. = 1 
PRINT 'FlRST & LAST DERIVATIVE = -10 , l' 
PRINT 

PRINT ' DO YOU WISH TO CHANGE ANY OF THE ASOVE 'i" 

INPUT AU 
IF AU ,;. 'Y 1 THEN GOTO 200 

INPUT 'INPUT FIRST & LAST DEL TA V'; 57. Hl': 
INPUT 'INPUT FIRST & LAST SLOPE ' ; S:;:';; B::i~ 
INPUT 'INPUT FIRST & LAST TEMP' , ;Sl::0Ll7. 

PR l rH 
REM LINE TYPE IS NULL' 
LET L T$ = ,,. 
M3-1700./(B2%-S2ï.) 
M2-= 1700./ (B7.-S%) 
B 1 i~= ( L 1 ï.-S 1 /.: ) *1 0 

[llM X(21)rY(21) 
1 l ,; = HEX ( , 7E04 ,. ) 
PRINT 'INPUT TEMPERATURE VS. DELT~ V FILENAME' 

INPUT LINE F'S 
PRINT 'INPUT TEMPERATURE VS. D(DELTA V)/DT FILENAME' 

INPUT LINE G$ 
OPEN NEW F$ AS 1 
OPEN NEW G$ AS 2 
PRINT 'CHANNEL LIMITS.ENTERED ARE 3,4' 
LET C1ï.=3 
LET C2ï.=4 
POKE HEX (/8002' >rCl% 

, l 

, 380 
390 
400 
410 
420 
430 
440 
.. 50 

POKE HEX (' 8003' ) ,C2% 
INPUT 'INPUT INTERUAL 

" Il ï. = 1000*N7. 
REM *********BEGIN DATA 

DPOKE HEX (' B004' ),117. 

8ETWEEN SAMPLES IN ~CONDS';N~ 

ACQUISITION FROM ASSE~iBLER;j(**;f.;j(++*** 

INPUT ' INPUT DURATION OF EXPERIMENT IN MINUTES' ;Ml 
Ml = Ml * 60 

LET J = 0 
DPOt<F HFX (' RFFD' )"HF.:X (' ROR~' ) 

o 
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460 LET Z = 0 
470 AA = USR ( 0 ) 
480 I~ = II/. 
490 X$ = • • 
500 Y1S: .,. 
51 0 Y $ = CHR $ ( PEE" ( l /. n 
~:'O I/.: = Ii. + 1 
~:;O .IF YS :.. ':' THEJ.I 610 
:140 IF Y!J. = 1/' THEN 590 
550 X$ = X$ + Y$ 
500 
570 
~8() 

::;90 
600 
610 
é,20 
630 
640 
650 
660 
670 
68e 
690 
700 
710 
72Q 
730 
740 
750 
760 
770 
7S0 
790 
8'00 
810 
820 
83.0 
840 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
91.0 

IF XS -= '+OVLOA[I' THEN GOSUB 1700 
IF X$ = '+OVLOAD' THEN GOTO 470 

GOTO 510 
LET V3 = VAL< X$ , 
GOTO 490 
LET v::! ;:: VAL< X$ ) 
Z = Z + 1 
V1 = V3 :« 1000 

IF Vi ~ 45150. THEN 680 
IF V1 , 64927. THEN 750 
IF VI ~ 76358. THEN 820 

REM CAN PUT A THERMOCOUPLE OVERLOAD MESSAGE HERE 
~EM E TYPE COEFFICIENTS FROM 0 TO 600 CENTIGRADE 

AO = 0.0 
Al = 1.6410783E-2 
A2 =-1.3560189E-7 
A3 ;::: 1.8630042E-12 
A4 =-8.~535337E-18 

GOTO 890 
REM 600 TO 850 CENTIGRADE 

AO = 2.5192188E+1 
Al = 1.3909529E-2 
A2 =-4.7201133E-8 
A3 = 5.5638781E-13 
A4 =-1.7775228E-18 

GOTO 890 . 
REM 850 TO 1000 CENTIGRADE 

AO =-7.1l02114E+2 
Al = 5.6554599E-2 

~A2 =-9.7013068E-7 
A3 = 9.3938146E-12 
A4 =-3.3333675E-17 

REM THERMOCOUPLE POLYNOMIAL 
Tl=««A4*Vl+A3>*Vl+A2>*Vl+Al>*Vl+AO) 

LET V2 '" V2 *, lOOO 
LET V2S=STR$ (V2) 
LET T1$'=STR$(Tl) 
Xl $=T1 S+Yl S+\l2' 

REM STORE; TEMPERATURE & VOL TAGE DATA ON DISC 
PRINT +1, Xl' 
PRT NT IIRT Nn ':Ut..;t;t •••••• l • TA1H?O) Tl, TAFI·( ~O) V:-? 
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'70 
<}80 
990 
1000 
1010 
10:!0 
1030 
1040 
1050 
10i,O 
1070 
1080 
1090 

, 1100 
1110 
L 120 
1130 
1140 
l:î. 50 
1160 
117ü 
11 ~:(l 
1190 
1:00 
1:210 
12~0 

1230 
1::40 
1:50 

. 1260 
1270 
1::80 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 

'REH ON FIRST DATA POINT INITIALIZE PLOTTER 
IF Z ~c 1 THEN G05UB 1610 

T~ = 112 * (V2-S7.) 
Ki.: = 10 * (Tl-S1~) 

IF Tl , Sl~ THEN 1060 
IF Tl L17. THEN 1060 
PRINT 10, '~SP1;' 
REM PLOT TEMP & VOLTAGE DATA 
PRINT tO, / H'A' ;K/,;H/,;; ';PD;PU;PA'; 
J=Jtl ' 

IF J , 20 THEN GOSUR 1740 
XeJ) = Tl 
Y e J) = V::! 

Ml = Ml - Ni.: 
IF Ml ~= 0 THEN 1500 

IF J 20 THEN GOTO 470 
IF Z : 1440 THEN 470 
IF Z 144 THEN 470 
IF J ,20 THEN 470 
REM BEGIN CALCULATING THE DERIVATIVE 

FOR J = 1 TO 20 
51 = 51 + X(J) 
52 = 5: + y (J) 

S3 = 53 + ~X(J) * Y(J» 
54 = 54 + (X ( J ) ~2 ) 

NEXT J 
~EM 85 = THE 5LOPE OR DERIVATIVE AT THE POINT Sl/::!O 

y 86 = «:20 * 53)-(51 * 52» 
57 = «20 * S4)-(51~2» 
IF 57=0 THEN 1390 
S5 = 56/57 
T2 ;; 51/20 
55$=5TR' (55) 
T2$=5TR$<T2) 
X7$=T2$+Yl$+5S$ 
REM STORE TEMPERATURE & DERIVATIVE ON Drse 

PRINT t2,X7$ 
PRINi U5ING ' •••••• 111.t.',TAB(40)T2,TAB(50)55 

T7. = M3 * (55-527.) 
PRINT lO,';SP2;' 
REM PLOT TEMP & DERIVATIVE 
PRINT .0, ' ;PA' H<XHX;' ;PD;PU;PA'; 

FOR K = 6 TO 20 

LET 
LET 
LET 
LET 
II='T 

LET X(K-5) = X(K) 
LET Y(K-5) = Y(K) 

NEXT K 
J ::. 15 
Sl :: 0 
S2 = 0 
53 = 0 
~4 = 0 
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1480 LET 55 = 0 
1490 GOTO 470 
1500 DPOKE HEX( 'BFFD') ,HEX( 'BOEO') 
1~10 REM STOP ALL INTERRUPTS 
15:20 F'RINT tO,';Spo;' 
1530 PRINT tO, ';IN;' : CLOSE 0,1,2 
1540 AA = USR(O) 
15~,0 PRINT 'EXPERIMENi 15 OVER';CHR$'(07) 
1560 DPO"E HEX ( 1 BFFD' ) , HEX ( 1 CD03' ) 
1~70 AA = USR(O) 
1SnO END 
1590 REM **~*******************************'**'**.***** 
1000 REM INITIALIZE PLOTTER 
1610 Ti:: = M2 * (V2-Si::) 
16~0 Ki:: = 10 * (tl-SIX) 
1630 PRINT +0, ,lN; IP' ; Xli;; Y1i.:; X2i.:; Y2~O 
1640 PRINT tO. ';IW';Xl'-:;Ylï.;X2i~;Y2X; 
16::;0 PRINT tO, ';SCO,';oli.:;',0,'H700; 
1660 PRINT to, , ;F'A' ;Ki-;T:i.:;' ;PU;PD;PA'; 
lo70 PRINT tb, ';LT';LT$j';PA'; 
1680 RET~RN 

1690 REM ********************************************** 
1700 PRINT 
1710 PRINT '*********OVERLOAD OUTPUT***+**********~' 
1720 RETURN 
1730 REM *********************************************** 
1740 FOR ~ = 6 TD ~O 
1750 LET X(~-5)=X(K) 
1760 LET Y(K-5)=Y(~) 

17/0 NEXT ~ U 
1780 J = 15 
1790 RETURN, 

t++ 
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Dimensions CT specimen seen in Figure 18(b) 

Length between contacts (L) 25.7 x 10- 3 III 

x ,10":'3 
~ 

Width ( W) 2,.70 m 

Thickness (t) 0.43 x 10 -3 m 

Current ( 1) = O. OSA ,,--
Amplification factor * ( ~f) 507 

Slope of Une ( Figure 39) (Vm) 0.939 x 1'0 -8 V. m. 

Spec~Xic Resisti vi ty/lnterfacial grain boundary area 

V m Wt l 
x x 

l L 507 

= (2.7 x 10 -3) x (0.43 x 10 -3) 
V m x 

o .0"5 x (25.7 x 10-3) x 507 

= V m x 1.782 x 10-6 

= 167 x 10 _16 
stm 

2 

'< 

* The amplification factor was the amplification of the 
potential drop across the contact points on the 
sarnples by the transform~rs Tl and T2 in Figure 18 (a) . 

~ 
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Dimensions of specimen seen in Figure 18 (b) 

Length between contacts ( L) = 25.7 x 10 -3 m 

Width " (W) = 2.70 x 10 -3 m 

Thickness (t) = 0.43 x 10 -3 m 

Current ( 1) O. OSA 

Amplifica tion factor * ( Af) 507 

Slope of line ( Figure 39) ( V m) = 0.939 x 10- 8 V.m. . 

* 

Specif ic Resisti vi tyjlnterfacial grain boundary area 

.V m Wt 1 
= x x 

--l L 507 

= (2. 7 x 10-3 ) x (0.43 x 10 -3) 
Vm x 

0.05 x ( 25.7 x 10- 3) x 507 

Vm x 1. 782 x 10-6 

= 167 x 
_16 2 

10 Sim 

The amplification factor was the amplification of the 
potential drop across the contact points on the 
samples by the transformers Tl and T2 in Figure 18 (a) . 
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PATENT PROTECTION 

Patent protection is presently being sought 

for the' differentfal resistivity technfque and its 

possible ~pplications . 
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